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บทคัดย่อ 
 

วัตถุประสงคข์องวิทยานิพนธ์นี้ คือการศึกษาการสังเคราะห์การพิสูจน์เอกลักษณ์และการศึกษา
คุณสมบัตินาโนซีเมนต์ไตรแคลเซียมอลูมิเนตเฮกซะไฮเดรต (C3AH6) และนาโนซีเมนต์ C3AH6 
ร่วมกับรีดิวซ์กราฟีนออกไซด์ (C3AH6/rGO) รวมทั้งยังได้ท าการศึกษาพัฒนาคอนกรีตบล็อกผลิต
ไฟฟ้าจากความร้อนโดยใช้แคลเซียมแมงกานีสออกไซด์  (CaMnO3) เป็นวัสดุเทอร์โมอิเล็กทริก
หลังจากนั้นตัวอย่างที่ได้สังเคราะห์จะถูกตรวจวิเคราะห์และทดสอบคุณสมบัติโดยใช้เทคนิคต่างๆ
ได้แก่ XRD, Raman, SEM, TEM, FT-IR, UV-vis, XPS และ TGA จากนั้นศึกษาคุณสมบัติทางไฟฟ้า 
ไดอิเล็กทริก การน าความร้อน ความแข็งแรง ทางเคมีไฟฟ้า และการยับยั้งเชื้อแบคทีเรีย เป็นต้น
ผลการวิจัยสรุปได้ดังนี้ คือ ผลจากการศึกษาลักษณะด้วยเทคนิคXRD ยืนยันว่านาโนซีเมนต์แสดง
โครงสร้างของ C3AH6 และโครงสร้างขนาดนาโนของ C3AH6 ยืนยันได้จากเทคนิค TEM มีคุณสมบัติ
ทางแสงซึ่งเป็นวัสดุโปร่งใสที่มองเห็นได้ ผลการตอบสนองความถี่ไฟฟ้าพบว่า วัสดุมีค่าคงที่ไดอิเล็ก 
ทริกสูง นอกจากนี้ซีเมนต์ C3AH6 ยังมีคุณสมบัติเป็นฉนวนไฟฟ้าที่สมบูรณ์แบบและซีเมนต์ฉนวน
ความร้อน ดังนั้นจึงสามารถสรุปได้ว่าซีเมนต์  C3AH6 โครงสร้างนาโนได้ถูกสังเคราะห์โดย
กระบวนการไฮเดรชัน (hydration) ส าหรับสมบัติเชิงแสง สมบัติการตอบสนองความถี่ไฟฟ้าสูงและ
การน าความร้อนต่ าที่เป็นสารประกอบซีเมนต์ส าหรับฉนวนกันความร้อนที่โปร่งใสรวมทั้งวัสดุตัวเก็บ
ประจุไฟฟ้าของซีเมนต์ C3AH6/rGO นาโนคอมโพสิต พบว่าอนุภาค C3AH6/x%rGO มีอนุภาคขนาด
นาโนเมตร C3AH6/rGO แสดงค่าความแข็งด้วย micro-hardness มีค่ามากขึ้นเมื่อเพิ่มเปอร์เซ็นต์
ของ rGO ค่าคงที่ไดอิเล็กทริกสูง และการน าไฟฟ้าเพิ่มขึ้นเมื่อมีการเติมนาโน rGO เพิ่มขึ้นอย่างไรก็
ตาม ค่าการน าความร้อนมีแนวโน้มที่จะลดลง โดยวัสดุซีเมนต์ C3AH6/rGO นาโนคอมโพสิตจะมี
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คุณสมบัติทางเคมีไฟฟ้าเพิ่มสูงขึ้นอีกด้วยและซีเมนต์C3AH6/rGO ยังแสดงฤทธิ์ต้านเชื้อแบคทีเรีย
E.coli ได้ดีขึ้นเมื่อขนาดของอนุภาคเล็กลงจากการเติมrGO เพิ่มมากขึ้นสรุปได้ว่าซีเมนต์ C3AH6/rGO
นาโนคอมโพสิต มีคุณสมบัติที่เหมาะส าหรับการใช้งาน เช่น วัสดุซีเมนต์มีความแข็งแรงที่ดี ค่าคงที่
ไดอิเล็กทริกสูง สมบัติทางเคมีไฟฟ้าสูง สมบัติการน าความร้อน ต้านเชื้อแบคทีเรียได้ และใช้เป็นวัสดุ
ตัวเก็บประจุไฟฟ้าได้ต้นแบบของแผ่นคอนกรีตบล็อกผลิตพลังงานไฟฟ้าจากความร้อน (CGH) โดย
ต้นแบบ CGH สามารถท างานที่อุณหภูมิสูงถึง 700 oC ต้นแบบ CGH โดยใช้หลักการของ Seebeck
ด้วยการแปลงความร้อนเป็นไฟฟ้าได้โดยตรง ต้นแบบ CGH ประกอบด้วยแท่งโมดูลเทอร์โมอิเล็กทริก
ที่ได้สังเคราะห์ขึ้นเองในห้องปฏิบัติการ โดยใช้วัสดุเทอร์โมอิเล็กทริก CaMnO3 จากการศึกษา พบว่า
แท่งเทอร์โมอิเล็กทริกโมดูลเดียวจะมีค่าแรงดันไฟฟ้าเท่ากับ 155mV กระแส 11mA และก าลังไฟฟ้า
1.7 mW ในอุณหภูมิที่แตกต่างกัน 470 oC ส าหรับโมดูลด้านร้อนอุณหภูมิที่ 700 oC พลังงานไฟฟ้า
สามารถเพิ่มขึ้นได้ด้วยการเช่ือมต่อโดยโมดูลเทอร์โมอิเล็กตริกหลายตัวพร้อมกัน ผลการศึกษาแสดงให้
เห็นว่าพลังงานไฟฟ้าเป็นสัดส่วนโดยตรงกับจ านวนของโมดูลเทอร์โมอิเล็กทริก  นอกจากนี้ยังพบว่า
ต้นแบบ CGH ที่ประกอบด้วยโมดูลเทอร์โมอิเล็กทริก 50 ตัวเชื่อมต่อวงจรไฟฟ้าแบบผสมที่ความสูง
ของโมดูล 2 เซนติเมตร บนแผ่นความร้อนส าหรับทดสอบความต้านทานความร้อนและสร้างอุณหภูมิ
ที่แตกต่างระหว่างด้านที่สัมผัสกับแผ่นความร้อนและด้านที่ไม่ได้สัมผัสกับแผ่นความร้อน จะมีค่าความ
ต่างอุณหภูมิสูงสุดคือ 553.50 องศาเซลเซียส (ที่อุณหภูมิด้านร้อนที่ 700 องศาเซลเซียสและด้านเย็น
เท่ากับ 146.50องศาเซลเซียส) ผลการทดสอบการวัดทางไฟฟ้าเปรียบเทียบกับความแตกต่างของ
อุณหภูมิพบว่าค่าส าหรับการศึกษาแสดงให้เห็นว่า ศักย์ไฟฟ้าสูงสุดคือ 702.44 mV กระแสไฟฟ้าคือ
55.06 mA จากข้อมูลที่ได้เครื่องต้นแบบ CGH ที่ได้พัฒนานี้อาจจะสามารถน าไปใช้ในพลังงานความ
ร้อนจากแหล่งความร้อนต่างๆ เช่น การเผาไหม้ชีวมวลโรงงานอุตสาหกรรมที่มีความร้อนสูญเสียและ
โรงไฟฟ้าโดยต้นแบบ CGH อาจจะสามารถปรับให้เป็นโรงไฟฟ้าพลังความร้อนขนาดใหญ่เพื่อส่ง
พลังงานไฟฟ้าให้กับอุตสาหกรรมได ้
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Abstract 
 

The objectives of this thesis were to study on the synthesis, characterization, 
and properties of 3CaO.Al2O3.6H2O (C3AH6) nano-cement and the C3AH6 nano-
cement incorporated with reduced graphene oxide (C3AH6/rGO) nanocomposites as 
smart cement materials. Development of the prototype of electrical power concrete 
block generation from heat by using CaMnO3 as thermoelectric materials was also 
investigated. As-synthesized smart cement samples were characterized and analyzed 
by several techniques, such as, XRD, Raman, SEM, TEM, FT-IR, UV-vis, XPS and TGA. 
Moreover, the properties of synthesized cement samples, for the example, dielectric 
constant, optical, electrical, thermal conductivities, micro hardness, electrochemical 
properties, supercapacitor, and antibacterial activity were also studied. The results 
can be briefly concluded as follows: the nanostructured C3AH6 and C3AH6/rGO 
nanocomposite smart cements were successfully fabricated by adopting a 
conventional hydration process. C3AH6 nano-cement indicated a high dielectric 
response, large optical band gap and remained thermodynamically stable at below 
350 °C with low thermal conductivity as thermal insulator. However, the C3AH6/rGO 
nanocomposite cements appeared to have good smart cements properties including 
high electrical conductivity, giant dielectric constants, greater Vickers micro-hardness 
values, high electrochemical and supercapacitor properties with high performance in 
antibacterial activities. These properties tend to increase along with an increase of 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกท้ังห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกคร้ังที่มีการนำไปใช้ 



 
 

iv 

 

rGO content (wt.x%) loading. In contrast, thermal conductivity reduced as the 
contents of rGO in the C3AH6/rGO nanocomposites increased. These results 
indicated that nano-sized C3AH6 cement incorporated with rGO material exhibited 
suitable properties for multifunctional applications as smart cement materials. In 
addition, the prototype of concrete block electric power generation from heat (CGH) 
and its applications in municipal melting furnace or municipal incinerator are 
investigated. This CGH prototype consisted of thermoelectric modules containing 
thermoelectric material synthesized from CaMnO3 thermoelectric material. It was 
found that a single thermoelectric module showed voltage as 155 mV current as 11 
mA and the electrical power as 1.7 mW in temperature difference of 470 oC for the 
high temperature side module at 700 oC. The electrical power can be increased by 
connecting several thermoelectric modules together. Also, the prototype of CGH 
consisting of 50 thermoelectric modules are connected to the electrical circuit at the 
module’s height at 2 cm on the hot plate. The results showed that electrical power 
is directly proportional to the number of thermoelectric modules. The difference in 
maximum heat temperature was 553.50 oC (at the hot side, the temperature was at 
700 oC and at 146.50 oC for the cold side). In addition, testing of electrical 
measurements, when compared to temperature differences, as showed that the 
maximum electric potential was at 702.44 mV and the current was at 55.06 mA. 
Thus, these results implied that CGH prototype can be applied to thermal energy 
from various heat sources, such as burning, biomass, waste, heat industrial and 
power plants. The CGH prototype may be scaled into large-scale thermal power 
plant to supply the electrical energy to different industries.  
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Chapter 1 

 Introduction  
 
1.1 Research motivation  

Thailand has large amount of inexpensive raw materials for producing cement 
composites for constructions purposes such as buildings and roads. Therefore, if the 
cement composites could be improved to be smart materials, the cement's raw 
materials would provide more value. Smart cement composites that can generate 
electricity from heat is one promising route because heat can be generated by 
sunlight available throughout the year in Thailand [1-4]. Physical properties of 
Portland cement materials have been widely investigated for new finding in scientific 
applications and importance technology. The Portland cements are commonly used 
in construction industries which is based mainly upon calcium aluminate (CA) 
cements compounds [5]. There are several composite calcium aluminate (CA) used 
in Portland cement such as 3CaO-Al2O3 (abbreviated C3A in cement notation), 
12CaO-7Al2O3 (C12A7) [5,6,7]. The calcium aluminate cement can be presented by 
notation of nCao-mAl2O3 (CnAm). Cement hydration process occurs when anhydrous 
cement reacts with water, for example of 3CaO-Al2O3-6H2O (C3AH6), or also known as 
Tricalcium Aluminate Hexahydrate [8,9,10]. The cement hydrate is one of the cement 
hydrate composites that draw attention in terms of dielectric behavior as presented 
by having electrical response as a function of frequency for capacitors applications 
[5,11,12]. The pure C3AH6 cement hydrate, or katoite cement mineral and 
hydrogarnet group, contains a stoichiometric formula Ca3Al2(OH)12 [8] or a solid form 
of cement containing calcium aluminate cement hydrates which is kept at room 
temperature. The crystal-like structure exhibited in a cubic unit cell located in space 
group of Ia3d (230). Dilnesa et. al. [13] has explained in detail that the C3AH6 
contains general formula Ca3Al2(OH4)3 of the Ca site as specified by divalent cations 
(Ca2+), Al site occupied by trivalent cations (Al3+) in an octahedral and a tetrahedral 
framework and the 4OH locating within the tetrahedral framework for charge 
balancing. The H+ ions bonded with each of the four O atoms with surrounding 
space. The unit cell contains 6 of the Ca3Al2(OH)12 units which possesses 132 atoms 
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(24 Ca, 16 Al, 96 H and 96 O) and were essentially formed by a three dimensional 
framework containing the Ca(OH)8 dodecahedra sub-structure and the Al(OH)6 
octahedra sub-structure [8,13]. The unit cell structure displays lattice parameters of a 
lattice constant a=12.55695 Ǻ, and unit cell volume V=1986 Ǻ3. Naturally, the C3AH6 
cement is constructed in a crystal phase at high temperatures. Furthermore, Barnes 
and Bensted [14] had explained that the C3AH6 cement hydrate can be formed by 
having C12A7 quickly reacted with water above 60 oC. For physical properties, Smith, 
et. al. [12] have reported that the C3AH6 cement hydrate displayed the characteristic 
of high frequency in response with value of 1x1012 F to 2x1012 F for frequency ranging 
from 106 Hz to 109 Hz. However, there is no report yet on the preparation process for 
nanostructure of C3AH6 cement hydrate and its effects on optical, thermal and 
dielectric properties. 

In this investigation, the nanostructure C3AH6 was prepared by applying 
hydration process of starting C12A7. Moreover, the nanostructure, optical, thermal 
and dielectric properties were observed in detail of the C3AH6 comparing to the 
precursor C12A7. Figure 1.1 illustrates schematic diagram of the reaction of 
nanostructure C3AH6 cement hydrate. 
    

 
 
Figure 1.1 The reaction schematic diagram on occurring the nanostructure C3AH6 

cement hydrate. [15]. 
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 The properties of C3AH6 hydrogarnet were better than those of materials 
containing complex nanosized structures. C3AH6 cement has the formula, 
Ca3Al2(OH)12 [8]. However, C3AH6 cement has poor dielectric and mechanical 
constant, thermal conductivity, electrochemical properties with no antibacterial 
properties. Thus, it should be improved by the incorporation of appropriate 
nanocomposite materials. Currently, many publications on the enhancement of 
cement-based compounds by using graphene oxide (GO) composites and reduced 
graphene oxide (rGO) composites are available. Among several, Sedaghat et al. [18] 
discovered the electrical conductivity and thermal diffusivity of cement/graphene 
composite structural applications were formed by partially replacing graphene with 
Portland cement. Similarly, Li and Kim [18] attempted graphene oxide composited 
with calcium aluminate cement to improve the strength of flexural and compressive 
materials for construction repairing field. Dimov et al. [16] additionally asserted that 
nanoengineered concrete composites with GO significantly provides more strength. 
Gholampour et al. [19] explained the consequences of GO and rGO composites in a 
cement mortar for axial tension and compression properties improvement. Khan et 
al. [17] succeeded in attempting the experiment on aconductive nanoscale calcium 
aluminate cement by applying rGO and GO components. Specifically, rGO, which is a 
two-dimensional (2D) carbon nanomaterial, has been acceptably applied in 
construction field because of its compatible electrical, thermal and mechanical 
properties which led to a high surface area [16,17]. Therefore, this 2D rGO material 
may have preferable performance in terms of enhancing the properties of nanosized 
C3AH6 hydrogarnet cement. Nanosized C3AH6 tend to utilize the 2D nanostructured 
rGO in various functions and applications that demand micro hardness, a stable 
dielectric constant, electrochemical properties, antibacterial activity and thermal 
conductivity.  
 For this research, the author proposed to attempt at a method on preparing 2D 
nanocomposites of minimized GO and nanosized C3AH6 by using a quick cement 
hydration process for investigating the mechanical, optical, dielectric, thermal, 
electrochemical and antibacterial properties. This approach utilizes the 2D 
nanostructured rGO incorporated in the nanosized C3AH6 cement-base, advancing its 
material properties. The improved properties of nanocomposited rGO/nanosized 
C3AH6 cement, dielectric constant, electrochemical, thermal conductivity, 
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thermoelectric, micro hardness and antibacterial properties are shown in Figure 1.2 
illustrating synthesis and differences between the two processes to produce 
nanometer sized C3AH6 and nanocomposited rGO-C3AH6 [15]. 
 
 

 
 
Figure 1.2 Synthesis and the differences between the two processes to produce 

nanometer sized C3AH6 and nanocomposited C3AH6-rGO. 
 
 This study concerned the development of a concrete block electric power 
generation from heat and applications in municipal melting furnace or municipal 
incinerator (CGH) prototype working at high temperature up to 800 oC. The CGH 
prototype was used with the Seebeck effect schematic by directly converting heat 
into electricity. The CGH prototype consisted of mechanical components: (1) steel 
structure with wheels, (2) gas fuel system, (3) waste burning system, (4) combustion 
chamber, (5) heat storage, (6) TEG and (7) hot exhaust vent. Thermoelectric modules 
have thermoelectric material synthesized from CaMnO3 thermoelectric material in a 
laboratory. A single thermoelectric module showed voltage 155 mV, current 11 mA, 
and the electrical power 1.7 mW in temperature difference of 470 oC for the high 
temperature side at 650 oC. The electrical power can be increased by connecting 
several thermoelectric modules together. The experimental results indicated that the 
electrical power corresponds accordingly to the number of thermoelectric modules. 
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It was frond that the CGH prototype consisted of 56 thermoelectric modules 
connected into series could immediately light up the 150 mW LED in temperature 
difference of 465 oC for the high temperature side at 650 oC. The CGH prototype can 
be applied in thermal energy from various heat sources such as burning biomass, 
waste industrial heat and power plants. The CGH prototype may be scaled into large-
scale thermal power plant to supply the electrical energy. Figure 1.3 showed 
prototype of concrete block electric power generation from heat and applications in 
municipal melting furnace or municipal incinerator. 
 

 
 

Figure 1.3 Prototype of concrete block electric power generation from heat and 
applications in municipal melting furnace or municipal incinerator. 

 
 This dissertation seeks to study as followed: first, to develop the electrical, 
thermal conductivity, mechanical, dielectric, and antibacterial properties in which 
pristine Nanostructure C3AH6 compounds were formed by applying hydration 
method through the use of C12A7 powder with a convenient solid-state reaction 
method. The electrical and thermal conductivity of the C3AH6 were developed by 
fabricating nanocomposites of nanosized C3AH6-rGO by using a rapid cement 
hydration process in which water is quickly heated at 100 oC in order to enhance the 
micro hardness, dielectric constant, thermal conductivity, thermoelectric, 
electrochemical and antibacterial properties. Second, the development of prototype 
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of concrete block electric power generation from heat and applications in municipal 
melting furnace or municipal incinerator (CGH) prototype working at high temperature 
up to 800 oC. The CGH prototype was used with the Seebeck effect schematic by 
directly converting heat into electricity from thermoelectric modules synthesizing 
from CaMnO3 thermoelectric material in a laboratory. The experimental results 
indicated that the electrical power corresponds accordingly to the number of 
thermoelectric modules. 
 

1.2 Objectives of the study  
 1) To synthesize and improve nanostructured tricalcium aluminate hexahydrate       

(C3AH6) cement and C3AH6/rGO nanocomposites.  
   2) To study the potential use of the C3AH6 and C3AH6/rGO on smart cement 

nanocomposites. 
   3)  To develop the electrical power generated concrete blocks from heat by using 

CaMnO3 as thermoelectric materials. 
   

1.3 Scopes of the study  
   1)  Synthesis of C3AH6 cements by using hydration method through the use of 

C12A7 powder as precursor. 
   2)  Synthesis of C3AH6/rGO nanocomposites based on cement materials. 
   3) Characterization and properties measurements of all the prepared cement 

samples. 
   4)  Development of electrical power generated concrete blocks from heat using 

CaMnO3 as the prototype of thermoelectric material modules. 
  

1.4 Benefits of the study    
   1)  Knowledge on the synthesis of C3AH6 nano-cements.  
   2)  Understanding of the use of C3AH6/rGO nanocomposite on smart cement 

material.  
   3)  Understanding of the development of electrical power generated concrete 

blocks from heat by using CaMnO3 as a prototype of thermoelectric materials 
module. 
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Chapter 2 

Theory and Literature Reviews 

 
2.1 Fundamental properties of Ca12Al14O33 mayenite 

 Chemical formula of mayenite can be written as follows: 12CaO·7Al2O3 (C12A7), 
Ca24Al28O66. C12A7 cement structure is connected by Ca, Al and O atoms conjoin 
cement configuration creating void nanometer-sized cages inside structures, while 
each cage shows a nanoporous with a size of 0.4 nm, as shown in Figure 2.1. A cubic 
unit cell of the C12A7 cement structure in different colors including red, blue and 
orange balls illustrating illustrate Al, Ca and O atoms. The grey sphere shows a cage-
like shape of the structure. The crystal structure of C12A7 has nanocages with a set 
inner diameter. An insulating unit cell of C12A7 structure consists of 2 molecules 
with 1 occupied by crystallographic nanocage and existing 4+ charged of a cage wall 
as expressed by [Ca24Al28O66]

4+. By capturing 2 free oxygen ions (O2-) in cages, or as 
called as extra framework, the 2 cages in a unit cell naturally fosters neutrality of the 
electricity. The C12A7 structure indicated that, as replaced by free oxygen anions: O-, 
O2-, free O2- ions are flexibly bounded to the lattice framework as expressed by 
C12A7: O2-. A change of anion in the cage dominates the band of energy structure as 
a result of a transition of the optical, thermal and electrical properties.     
 

 
 

Figure 2.1 A cubic unit cell of the C12A7 mayenite structure [20]. 
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2.2 Fundamental properties of Ca3Al2(OH)12 (C3AH6) katoite 

The chemical formula of katoite can be written as follows: Tricalcium 
Aluminate Hexahydrate, Ca3Al2(OH)12, 3CaO.Al2O3.6H2O and C3AH6. Cement hydration 
process occurs when the C3AH6 cement reacts to water. The pure C3AH6 cement 
hydrate, or also known as katoite cement mineral and in hydrogarnet group, contains 
the following stoichiometric formula C3AH6 [8]. At room temperature, this is the solid 
cement structure of the calcium aluminate cement hydrates. Crystal structure 
displayed in a cubic unit cell existing in the space group of Ia3d (230). The C3AH6 
cement contained a Ca3Al2(OH4)3 formula. A Ca site as assigned by divalent cations 
(Ca2+), An Al site occupied by trivalent cations (Al3+) in an octahedral and a 
tetrahedral framework and a 4OH− situating within the tetrahedral framework. For 
charge balancing, a H+ ions bonded with each of the four O atoms as surrounded by 
empty site. The unit cell contains 8 of the C3AH6 units with 132 atoms (24 Ca, 16 Al, 
96 H and 96 O) created by a three dimensional framework with Ca(OH)8 dodecahedra 
sub-structure and the Al(OH)6 octahedra sub-structure. The unit cell structure 
indicates lattice parameters of a lattice constant a=12.55695 Ǻ, and unit cell volume 
V=1986 Ǻ3. Naturally, C3AH6 cement can be created crystal phase at high ambient 
temperatures. The C3AH6 cement hydrate canexist by using C12A7 cement reacted 
rapidly with water at accelerated temperatures above 60 oC. For physical properties, 
there is no report on preparing process for nanostructure of C3AH6 cement hydrate 
and its effect on optical, thermal, dielectric and thermoelectric properties. 

 

 
 

Figure 2.2 A cubic unit cell of C3AH6 structure: blue, green red and ping balls 
represent Ca, Al, O, and H atoms and C3AH6 1x1x1, 2x2x2 unit cell.  
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2.3 Synthesis of Graphene  

2.3.1 Introduction [21] 

The current research in nanotechnology describes graphene as one of the most 
studied carbon nanomaterials. Due to its potential applications for future electronics, 
graphene drew utmost attention in terms of condensed-matter physics and materials 
science. Graphene is a hexagonal honeycomb lattice, which creates 3D bulk graphite, 
once layers of single honeycomb graphitic lattices are arranged and confined by a 
van der Waals force as illustrated on the right side of Figure 2.3. In addition, graphene 
can also create a sphere which is called 0-dimensional fullerene or rolled up 
because of its axis to create 1-dimensional cylindrical structure or known as carbon 
nanotube (CNT). Single graphitic layer is generally referred to as monolayer graphene, 
bilayer and trilayer graphene for and three graphitic layers and thick graphene- 
nanocrystalline thin graphite or multilayer graphene for those beyond 5 and up to 30 
layers of graphene.  

 

 
 

Figure 2.3 The 2D hexagonal nanosheets of graphene (top) and relevant structures: 
fullerene (bottom left), carbon nanotubes (bottom centre) and graphite 
(bottom right) [22]. 
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With high carrier density, high mobility, optical conductivity and mechanical 
properties, graphene illustrates outstanding electrical and thermal conductivity. In 
addition, in terms of electrical properties, room temperature, quantum Hall effect 
ballistic charge transport, high charge carrier density, and tunable band gap are 
similarly outstanding properties of graphene. Graphene properties also vary with 
stacked layers, therefore, creating possibility to apply to different devices. In the case 
of bilayer graphene shows gapless semiconductor pattern which takes place once 
parabolic bands of k and k’ reach the single point at the Brillouin Zone. Due to 
graphene’s outstanding electrical properties, it has drawn attentions to application to 
future electronics, for example, photonic devices, integrated circuit components, 
flexible displays, ballistic transistors, sensors and transparent conducting electrodes. 
These properties allow graphene to be used as a medium in a FET. High optical 
transparency and high electrical conductivity also prove graphene as a possible 
option for conducting transparent electrodes, necessary for applications in devices 
such as touch screen, organic photovoltaic cells, organic light-emitting diodes (OLEDs) 
and liquid crystal displays. Several devices that utilize graphene such as Li-ion 
battery, solar cells, supercapacitor, transistors and photonic devices, have illustrated 
its potential applications. Different reports explained graphene synthesis as stemming 
from chemical process, chemical exfoliation, mechanical exfoliation from graphite, 
chemical vapor deposition (CVD) and epitaxy on Si C surface. Accordingly, graphene 
brought about significant improvements to both industrial and scientific community 
as demonstrated in Figure 2.4 the scalability against cost and graphene quality trends 
that alter according to various synthesis techniques. 

 

 
 

Figure 2.4 Scalability against cost and graphene quality trends for various synthesis 
graphene techniques. (Image reproduced from Ref. [21]). 
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2.3.2 An Overview of graphene synthesis methodologies [21] 
Different methodologies, to date, have been developed to test graphene 

synthesis and graphene-derived materials namely: chemical synthesis, mechanical 
cleaving (exfoliation), thermal CVD synthesis, chemical exfoliation and epitaxial 
growth methods. Several other processes such as electrochemical exfoliation, 
unzipping of CNT, laser ablation were also developed. The methodologies of 
graphene synthesis can be categorized into top-down and bottom-up approach. The 
top-down approach describes nanoscale materials synthesis by minimizing its sizes 
from bulk.  Meanwhile, the bottom-up approach describes the formation of a 
structure by atomic or molecular arrangements. For instance, all types of exfoliation 
process are considered top-down, while epitaxial processes, CVD and pyrolysis are 
bottom-up (Figure 2.5). In 1999, mechanical cleaving of highly ordered pyrolytic 
graphite by atomic force microscopy (AFM). Using AFM cantilever, the mechanical 
cleaving method was able to concoct ~10 nm thick of graphene. In 2004, the idea of 
singular atomic thick layer graphene fabrication was mentioned when a tape was 
used for exfoliating graphene layers to create bulk graphite. In the same way, 
chemical exfoliation is a technique that exfoliates a solution-dispersed graphite by 
injecting a sizable alkali ion between layers of graphite. Similar to CNT synthesis, 
catalytic thermal CVD is proven as the most appropriate technique.  

 

 
 

Figure 2.5 Classification of graphene synthesis processes. 
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2.3.3 Chemical Synthesis: graphene from reduced graphene oxide [21] 
Graphene’s chemical synthesis is an indirect top-down technique. It is the first 

technique which indicated synthesis of graphene by chemical route.  Boehm et al., in 
1962, showed monolayer flakes of minimized GO. This technique was just recognized 
by the Nobel Prize. Three well-known GO synthesis techniques include the Brodie 
method, the Staudenmaier method, and the Hummers and Offeman method. These 
techniques involve graphite oxidation through effective oxidants and acids. The level 
of oxidation differ according to reactions of conditions such as temperature, pressure, 
stoichiometry, as well as the graphite type utilized as a starting material. Hummers 
proposed the Hummers method, or graphite oxidation by combining graphite with 
potassium permanganate, sulfuric acid and sodium nitrite. During this procedure, 
potassium permanganate and sulfuric acid react and form dimanganese heptoxide, 
which is an effective oxidizing agent as illustrated below: 

 

KMnO4 + 3H2SO4    →    K+ + MnO3
+ + H3O

+ + 3HSO4
-       

MnO3
+ + MnO4

-    →     Mn2O7                               (2.1) 
 

Chemical reduction procedure was undergone by utilizing dimethylhydrazine 
or hydrazine with either surfactant or polymer to create uniformed colloidal 
suspensions of graphene. As reported in a few researches, the reduction of GO is 
performed by applying sodium borohydrate (NaBH4) and hydroquinone. In Figure 2.6, 
the process chart is indicated in the schematic below. 
 

 
 

Figure 2.6 The process flow chart graphene synthesis derived from reduced                
graphene oxide. 
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2.4 Fundamental of thermoelectric 

2.4.1 Introduction [23] 

 Thermoelectric is linked to thermal and electrical occurrences. Thermoelectric 
procedures has the ability to turn energy from thermal to electrical. Thermoelectric 
generators illustrate capacity heat recovery of waste from automotive vehicles and 
power plants. Today, study of thermoelectric is crucial with many useful applications. 
Introduced in the early nineteenth century, before that there have not been 
considerable improvements for thermoelectricity in terms of materials or efficiency 
until the recent work in nanotechnology, which resulted in a significant performance 
improvement. Therefore, it is essential to grasp the rudiments of thermo-electrics 
development and thermal design. Back in 1821, Thomas J. Seebeck found that a 
circuit consisted of two different wires, when one of the junctions was heated, it can 
generate an electromotive force or a potential difference.  This is also known as the 
Seebeck effect. Thirteen years later, Jean Peltier discovered, in 1834, that depending 
on its direction, through a thermocouple, the passage of an electric current can 
produce heating or cooling effect. This is also known as the reverse process or the 
Peltier effect. In 1841, James P. Joule discovered Joule heating. Then William 
Thomson learned, in 1854, a difference in temperature between any two points of a 
current-carrying conductor, depending on the direction of current and material, leads 
to either heat absorbs or liberation. This discovery contributed to the Peltier heating 
or known as the Thomson effect. Mechanisms of thermoelectricity were not properly 
studied until the end of the nineteenth century with the introduction of electrons. 
Today, it is a common knowledge that, even at room temperature, an electric field, 
thermal energy or solar energy can liberate electrons from their atomic binding, 
moving them to where the electrons can move freely. This is why electrostatics exist 
everywhere. Nevertheless, as shown in Figure 2.7, once a difference in temperature 
across a conductor is detected, the hot region of the conductor generates more free 
electrons, then accelerates diffusion of these electrons which naturally resulted from 
the movement from the hot region to the cold region. In contrast, via Coulomb 
forces, the distribution of electron generates an electric field, which then leads the 
electrons to move from the hot region to the cold region. Thus, a heat flow takes 
place in the conversed direction of the current. This process is shown in Figure 2.7. 
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Figure 2.7 Electron concentrations in a thermoelectric material [23]. 

 

2.4.2 Thermoelectric Effect [24]  

Seebeck Effect  

 The Seebeck effect refers to the conversion of a temperature difference into 
an electric current. Illustrated in Figure 2.8, wire A is connected at both ends to wire 
B and a voltmeter is put in wire B. With temperature difference being imposed 
between two junctions; it is learned that voltage V or potential difference will appear 
on the voltmeter. The potential difference V is:  

 

      V= αABΔT              (2.2)  

 

 Where ΔT=Th-Tc and αAB αA-αB; αAB is known as the Seebeck coefficient, which is 
measured in μV/K. As shown in Figure 2.8, if emf tends to drive an electric current 
through wire A from the hot junction to the cold junction, the sign of α is then 
positive. In practice, it is rare to measure the absolute Seebeck coefficient as the 
voltage meter usually reads relative Seebeck coefficient between wire A and B. The 
absolute Seebeck coefficient can be derived from calculating the Thomson 
coefficient.  

 
 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกท้ังห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกคร้ังที่มีการนำไปใช้ 



15 

 

 

 
 

Figure 2.8 Thermocouple. 
 

Peltier Effect  

 As outlined in Figure 2.9, when a current flows across a junction between two 
different wires, it is discovered, in order to keep its temperature constant, heat must 
be consistently added. Heat is commensurable to the current flow and altering the 
sign once the current is reversed. Therefore, the Peltier heat can be explained in the 
equation 2.3. 

 

              𝑄̇Peltier = 𝜋AB I                                           (2.3)  

 

 Where 𝜋AB is the Peltier coefficient and the sign of 𝜋AB is positive if the 
junction at which the current enters wire A is heated, and the junction at which the 
current leaves wire A is cooled. The Peltier heating or cooling is reversible between 
heat and electricity. This implies that heating will generate electricity and electricity 
will generate heating without energy loss. 

 

 
 

Figure 2.9 Schematic for the Peltier effect and the Thomson effect. 
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Thomson Effect 

  As illustrated in Figure 2.9, which is an experimental observation depending on 
the material, when current flows, heat is absorbed into wire A with negative 
temperature gradient and liberated in wire B because of the positive temperature 
gradient [24]. The Thomson heat is commensurable to both electric currents, and is 
schematically displayed in Figure 2.9. Therefore, the Thomson heat can be explained 
in the equation 2.4. 

 

              𝑄̇Thomson = 𝜏AB I∆T                                           (2.4)  

 

 Where 𝜏 is the Thomson coefficient. Among the three thermoelectric 
coefficients, the Thomson coefficient is the most unique as it is the only 
thermoelectric coefficient that is measurable for individual materials. There is also 
another form of heat, or Joule heating.  

 

Thomson Relationships  

 1854, Thomson [25] thermodynamically observed the relationships as exhibited 
in Equations (2.5) and (2.6) by adopting the first and second laws of thermodynamics 
with assumptions that the reversible and irreversible processes in thermoelectricity 
are independent of one another. The assumption remained a challenge until the 
introduction of new thermodynamics. Compared to the Peltier effect, the Thomson 
effect is less significant. These relationships were later proven by experiments.  

 

        𝜋AB = αABΔT               (2.5)  
 

         𝜏AB = 
𝑑𝛼𝐴𝐵

𝑑𝑡
               (2.6)  

 

Equation (2.5) leads to the very useful Peltier cooling in Equation (2.3) as 
 

           𝑄̇Peltier = 𝛼AB TI                                              (2.7) 
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Where T is the temperature at a junction between two different materials and 
the dot above the heat Q indicates the amount of heat transported per unit time. 

 

2.4.3 The Figure of Merit  

The performance of thermoelectric devices is assessed by equation 2.8. 

 

    𝑍𝑇 =
𝛼2

𝜎𝑘
  = 

𝛼2𝜎

𝑘
                (2.8)  

 

Where ZT = is the figure of merit (1/K) 

𝛼  = is the seebeck coefficient ( 𝜇V/K ) 

𝜌  = is the electrical resistivity (Ωcm) 

  𝜎  = 1/𝜌= is the electrical conductivity (Ωcm)-1  

  𝑘  = is the thermal conductivity (W/mK) 

 

 The figure of merit is defined as ZT, where T is an absolute temperature. There 
is no limitation on ZT. However, it has been defined to the values around ZT≈1 in 
existing devices. The larger ZT value, the greater the energy conversion efficiency. 
The quantity of 𝛼2𝜎 is defined as the power factor. Thus, both the Seebeck 
coefficient 𝛼 and electrical conductivity 𝜎 must be maximized, while the thermal 
conductivity k must be minimized.  

 

2.4.4 New-Generation thermoelectric  

Although, in 1821, Seebeck discovered thermoelectric phenomena and 
Altenkirch, in 1911, defined Equation (1.7), it took until 1950s and 1960s to develop 
the first functioning devices, which are known today as the first generation of 
thermoelectric averaging at Z∼1.0. Devices made of these can operate at ∼5% 
conversion efficiency. After certain stagnant years, in 1990s, new theories on the size 
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effects of thermoelectric properties led to new experimental research which finally 
brought important developments in the later decades. Although the original 
theoretical ideas revolved around possibilities of increasing the power factor, 
experimental revolutions were accomplished mostly by minimizing the lattice 
thermal conductivity. Among various research methodologies, one has developed 
and has caused an almost doubling of ZT at high temperatures and has defined the 
second generation of bulk thermoelectric materials with ZT in the range of 1.3–1.7. 
This approach utilizes nanoscale precipitates and composition in homogeneities to 
significantly suppress the lattice thermal conductivity. Recently, the third-generation 
bulk thermoelectric are under development which simultaneously combines 
different innovative ZT-enhancing approaches including development of Seebeck 
coefficients through valence band convergence, and reduction of the lattice thermal 
conductivity through all length-scale lattice disorder. The third generation of bulk 
thermoelectric illustrates high ZT, ranging from 1.8 to 2.2, relating to the difference in 
temperature, with conversion efficiency estimated increase to ∼15–20%. Are shown 
in Table 2.1 and by the in Figure 2.10. 

 

 
 

Figure 2.10 Dimensionless figures of merit for various nanocomposite thermoelectric 

                materials. 
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Table 2.1 Thermoelectric properties of single crystal and bulk nanocomposite 
semiconductors [23] 

 
 

2.5 Supercapacitors 

The energy storage system is crucial for meeting a rapid growth of global 
energy demand and handling environment issues that may arise.  It has become the 
focus of different studies with an interest to improve the efficiency of devices’ 
energy storage. Supercapacitor has developed in the past decades and displayed 
great capability to support the advancements of energy storage [26]. As shown in 
Figure 2.11, as opposed to conventional devices such as capacitors, batteries and 
fuel cells, because of its increasingly high power, prolonged cycling ability and fast 
charge, discharge property, balanced energy density and rate capability, 
supercapacitor is one of the most preferred devices in terms of energy storage.  
Therefore, supercapacitor contains competitive advantages as promising energy 
storage devices suitable for applications, for example, satellites devices, 
telecommunication and powered electronics, standby power systems and electrical 
hybrid vehicles [27]. 
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Figure 2.11 Plotting of specific power against specific energy for different types of 

conventional capacitor, battery and fuel cell technologies [27]. 
 
2.5.1 Component and classification of supercapacitor 

In general, as shown in Figure 2.12, supercapacitor consists of 3 important parts 
including the electrodes which are comprised of anode and cathode with significant 
surface area electrode materials (high porous electrode materials), electrolyte 
solution and thin dielectrics (separator) to maintain capacitances in magnitude higher 
than conventional capacitors [27]. In addition, supercapacitor can be categorized into 
three sorts which are electrochemical double-layer capacitor, pseudocapacitor and 
hybrid capacitor [27]. 
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Figure 2.12 Three important parts of supercapacitor: the electrodes (anode and    
cathode), separator and electrolyte solution [27]. 

 
2.5.1.1 Electrochemical double-layer capacitors (EDLCs) 

This type of superconductor is built from an electrolyte solution, and 
thin separator dielectrics which are two material-based electrodes. Figure 2.13 (a) 
indicates the schematic of general EDLC which are similar to conventional capacitor. 
The EDLC energy storage is a charge-discharge procedure depending on electrostatic 
on the electrode surfaces. Therefore, double-layer of charge state is formed at each 
electrode. These double-layers led to a decline in the distance between electrodes 
but an increase in surface area, allowing EDLCs to maintain higher energy densities 
when compared to regular capacitors. Since it does not transfer charge between 
electrolyte and electrode nor chemical or composition changes related to non-
Faradaic procedures. Accordingly, EDLCs charge storage is highly reversible and 
cycling stable [27]. 
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Figure 2.13 Schematic representations of supercapacitor types [28]. 
 

2.5.1.2 Pseudocapacitor 
Pseudocapacitor differs from EDLCs because storage charge of the 

pseudocapacitor relies on Faradaic redox reaction through the transfer of anode and 
cathode electrode and electrolyte solution. This is also achieved through 
intercalation processes, reduction-oxidation reactions and electro sorption. 
Compared to EDLCs, the Faradaic procedureslet pseudocapacitors increases 
capacitances and energy densities [28]. 

 
2.5.1.3 Hybrid capacitors 

Hybrid capacitors sought to utilize its advantages while addressing 
drawbacks of EDLCs and pseudo capacitors to create improved qualities for better 
performance. Applying both Faradaic and non-Faradaic procedures in storage charge, 
hybrid capacitors maintained specific energy and specific power greater than that of 
EDLCs by not having to give up its affordability and cycling stability which conversely 
have held down the success of pseudo capacitors [28]. 
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2.5.2 Supercapacitor Performance [29] 
Key parameters are applied to quantitatively assess the supercapacitor’s 

performance include capacitance and cycle stability. All adopted techniques to 
derive these parameters are electrochemical ones. 

 
2.5.2.1 Electrochemical cell design for performance testing 

                 The assessment of supercapacitors are categorized into two-electrode 
and three-electrode systems. By screening electrode materials, the previous 
configuration concentrates on the estimation of electrode materials. 

1) Three-electrode system 
The three-electrode system composes of a reference electrode, a 

working electrode and counter electrode, which are all intermixed to a potentiostat 
as displayed in Figure 2.14 (a). where the working electrode is generally fabricated by 
coating active material onto the substrate of a stable electrode. The active material 
is dissipated in a selected solvent until a slurry with a uniformed dispersion is 
acquired. Carbon supplements are supplied into this slurry once the active material 
is highly conductive. There are various types of common reference electrodes with 
discrete fixed potentials such as normal hydrogen electrode, silver chloride 
electrode, and saturated calomel electrode.  

 
 

 
 

Figure 2.14 Schematic drawing of (a) three-electrode system and (b) two-electrode 
system: working electrode (W), reference electrode (R), and counter 
electrode (C) [30]. 
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2) Two-electrode system 
Figure 2.14 (b) shows a two-electrode system including a cathode 

and an anode. The anode and cathode are synthesized by creating slurry from active 
materials. The slurry is then sprayed or pasted onto the substrate electrode.                
To assess capability of each electrodes. 

 
2.5.2.2 Specific capacitance (Cs)  

 Capacitance (C) is an important performance parameter derived from 
supercapacitors analysis. Specific capacitance (Ccs) is calculated in order to compare 
the performance of electrodes. Cyclic voltammetry (CV) and galvanostatic charge-
discharge (GCD) measurements are applied to calculate the capacitance of materials. 

1) Measurement of (CV) 
Cyclic voltammetry measurement examines the electrochemical 

phenomena occurred in active materials of the working electrode. This technique 
applies potential to the working electrode, referencing electrode’s fixed potential, 
which move back and forth between the two predefined potentials in a linear 
formation. The potential range is confined by the electrolyte’s operating stability. 
Scanning the potential range provides a time-dependent current and plotting this 
current (I) against the scanned potential (E) graphs a CV curve for capacitance 
diagnosis as shown in Figure 2.15. 
 

 
 

Figure 2.15 Cyclic voltammogram curves of (a) ideal capacitor, (b) EDLC, and (c) 
pseudocapacitive materials [29]. 
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In theory, a rectangular CV as shown in Figure 2.15 (a) reveal an ideal capacitor. 
On the other hand, EDLC materials do not behave as expected, leading to a 
distorted rectangular shape as showed in Figure 2.15 (b). As seen in Figure 2.15 (c), 
Faradaic reactions from pseudocapacitors output redox peaks. These curves, specific 
capacitance can be assessed by the following equation; 

 

Vmv

idV
Csc





2
     (2.9) 

 

where  idV is the integral region of closed CV curve, V the potential scan 
rate, ∆𝑉 the potential range and  m the mass of the active material. In addition, 
potential scan rates pertain crucial impacts of on the measured capacitances. As 
seen in Figure 2.16, at lower rates, CV curves displays a nearly ideal capacitive 
pattern with a rectangular shaped curve. Notwithstanding, increasing scan rates alters 
the ideal rectangular CV curve. At higher scan rates, the electrochemical kinetics 
cannot compete with an abrupt change in potential.  
 

 
 
Figure 2.16 Cyclic voltammograms of ordered graphitic mesoporous carbon at 

different scan rates [30]. 
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2) Galvanostatic charge–discharge (GCD)  
The GCD technique utilizes a constant current density (Ag-1) and 

assesses the possible response according to the duration as showed in Figure 2.11. It 
is clear that, similar to CV plots, the two materials illustrate different responses. EDLC 
materials charge and discharge in a linear pattern, while the nonlinearity of pseudo 
capacitive materials is a result of the redox reactions. In EDLC case, the slope of the 
discharging section is operated by the following equation; 

 

dtdVm

I
Csc

/)(
     (2.10) 

 

where  C  = is the capacitance of the material. 
           I  = is the applied current. 
         m  = is the mass of the active material.  

dtdV /  = is the slope of the discharging GCD curve.  
 

 
 
Figure 2.17 Galvanostatic charge–discharge plots of (a) EDLC and(b) pseudocapacitive 

material [29]. 
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In pseudocapacitive material case, the changed of the equation without the 
slope is exhibited in the following equation; 
 

Vm

tI
Ccs






)(             (2.11) 

 
where Δt  = is the total discharge time.  
           I  = is the applied current.  
         m  = is the mass of the active material. 
           ΔV  = is the potential difference at the discharging phase.  
 

In alignment with the dependence on scan rates, current density also impacts 
specific capacitance.  

 
2.5.2.3 Energy and power densities 

Energy and power densities of a supercapacitor are crucial for identifying 
its performance for actual applications. Both CV and GCD methods can assess 
densities of power and densities. Specific energy density is expressed by the 
following equation; 

 

 2
2

1
VCscE      (2.12) 

 

where Cs = is the specific capacitance from CV or GCD techniques. 
           ΔV = is the operating potential range.  
 

The squared potential range illustrates operating voltage window that controls 
density of the energy. Therefore, the electrolyte determines the operating potential 
range. The specific power density is expressed by the following equation 

 

t

E
P


             (2.13) 

 
where  Δt is the rate of discharge of the cell. 
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2.6 Literature reviews  
 
2.6.1 Ca12Al14O33 (C12A7) cement 

Calcium, aluminum and oxygen atoms connect the C12A7 cement structure 
which contains vacant nano-sized cages with building in nanometer-sized cage within 
the structure [31-32], while each cage shows a nanoporous with a size of 0.4 nm. A 
unit cell of insulating C12A7 structure composts of 2 molecules with 1 occupying 
crystallographic nanocage with presenting 4+ charged of cage wall as illustrated in 
[Ca24Al28O66]

4+ [32]. The 2 cages in a unit cell supports neutrality of electricity by 
capturing 2 free oxygen ions (O2-) in cages as called extra framework [35]. By previous 
works in the C12A7 structure have revealed that free O-2 ions are flexibly bounded to 
the lattice framework as expressed by C12A7: O2-. Hayashi et.al. [34] explained that 
the C12A7 concoction process in dry oxygen atmosphere at temperature 1350 oC can 
generate O-, and O2-. Furthermore, Lu et. al. [35] and Hayashi et.al. [34] have argued 
that the free O- and O2- can be replaced by free electron as conducting C12A7 as 
exhibited by C12A7 and have detailed its optical and electrical properties. Chaiwat 
et.al. [20] have also studied the effect of free oxygen radical anions and free 
electrons in C12A7 structure in optical, electronic and properties of antibacterial 
activity. 

 
2.6.2 C3AH6 cement and C3AH6-rGO nanocomposites 

The CA cement can create anhydrous cement when reacting to water or also 
known as cement hydration process such an example in 3CaO-Al2O3-6H2O (C3AH6), 
which is called tricalcium aluminate hexahydrate [8,9,10]. The cement hydrate is one 
of the cement hydrate composites that has been in focus because of its dielectric 
behavior as presented by electrical response as a function of frequency for 
capacitors applications [11,12]. The pure C3AH6 cement hydrate, which is called 
katoite cement mineral and in hydrogarnet group, containing a stoichiometric 
formula C3AH6 [8]. This solid cement structure of the calcium aluminate cement 
hydrates at room temperature. The crystal structure shows in a cubic unit cell 
existing in the space group of Ia3d (230). Dilnesa et. al. [13] has described that the 
C3AH6 cement contained with formula Ca3Al2(OH4)3 of the Ca site assigning by 
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divalent cations (Ca2+), the Al site occupying by trivalent cations (Al3+) in an 
octahedral and a tetrahedral framework and the 4OH− positioning within the 
tetrahedral framework. For charge balancing, The H+ ions were bonding to each of 
the four O atoms as surrounded by empty site. The unit cell contains 6 of the C3AH6 
units with 132 atoms and naturally formed by a three dimensional framework with 
the Ca(OH)8 dodecahedra sub-structure and the Al(OH)6 octahedra sub-structure 
[8,13]. The unit cell structure contains lattice parameters of a lattice constant 
a=12.55695 Ǻ, and unit cell volume V=1986 Ǻ3. Generally, the C3AH6 cement can be 
formed crystal phase at higher ambient temperatures. The C3AH6 cement hydrate 
exits by using C12A7 reacted rapidly with water at accelerated temperatures above 
60 oC. For physical properties, there is no report on preparing process for 
nanostructure of C3AH6 cement hydrate and its effect on optical, thermal, dielectric 
and thermoelectric properties. 

Today, different reports on enhanced properties of cement-based compounds 
by using GO composites and rGO composites have been published. Sedaghat et al. 
[18] by partially replacing graphene with Portland cement, has elaborated the 
thermal diffusivity and electrical conductivity of cement-graphene composite 
structural applications. By using rGO and GO components, Khan et al. [17] succeeded 
in concocting a conductive nanoscale calcium aluminate cement. Specifically, rGO, a 
two-dimensional carbon nanomaterial, has been acceptably utilized in terms of 
construction applications because of its suitable for electrical, thermal and 
mechanical properties resulted from a high surface area [16,36]. 

 
2.6.3 Synthesis of graphene 

 Graphene’s chemical synthesis is considered an indirect top-down graphene 
synthesis. This is the first technique demonstrating graphene synthesis by chemical 
route. Boehm et al., In 1962, were the first to report monolayer flakes of rGO. The 
experiment was recently recognized by the Nobel Prize. The technique includes 
oxidation of graphite, reduction of graphene oxide and dissipation of the flakes by 
sonication. Today, there are three well-known GO synthesis methods available, 
namely, the Brodie method [37], the Staudenmaier method [38], and the Hummers 
and Offerman method [39]. These techniques involve oxidation of graphite utilizing 
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effective oxidants and acids. The level of oxidation differed according to 
stoichiometry, and the graphite type utilized as a starting material as well as to the 
reacting conditions (temperature, pressure, etc.). Brodie et al. [37] was the first to 
concoct GO by combining graphite with potassium chlorate and nitric acid. 
Nevertheless, several steps of the process consumed time and were hazardous. To 
tackle these challenges, by combining graphite with sodium nitrite, sulfuric acid, and 
potassium permanganate, Hummers [39] introduced the oxidation method for 
graphite or the Hummers method. For pristine graphite, after 1 hour of oxidative 
reaction, the interlayer distance is 3.34 𝐴̇, which is enlarged up to 5.62 𝐴̇, then at 
7.0±0.35 𝐴 ̇ , further interlayer expansion has occurred upon a continued oxidation to 
24 hour. Accordingly, the interlayer distance increased, which then led to a 
separation of a single layer from the GO bulk materials. Upon hydrazine hydrate 
treatment, GO reduced to graphene. In this manner, reduction of GO is also 
performed by utilizing sodium borohydrate (NaBH4) and hydroquinone [39,40].  

 

2.6.4 Thermoelectric generators 

 Introduced as an alternative solution, the thermoelectric power generation 
(TEG) technology seek to tackle the problem of emission reduction. Presented as an 
innovative pathway to improvements in terms of supplying the concentric shape 
adapted TEG modules and applying the heat pipe technologies. The analysis 
illustrates the sufficient power output for the limited space under the chassis of the 
passenger car. By correcting the heat pipes at the dual sides of the concentric TEG 
modules, efforts are also focused to derive enhanced convective heat transfer. 
Accordingly, temperature profile of TEG system depends on operational limitations 
and the durability of each component. Additionally, the results indicate a significance 
of heat transfer against the TEG power generation under two possible configurations 
in a passenger car. The highest power output per repeat unit is achieved at 29.8 W 
per 0.45 L with a ZT value 0.87 for a Bi2Te3-based thermoelectric material in this 
studies [41]. Thermoelectric materials have continuously attracted attentions 
because its thermoelectric effects allow direct conversion between thermal and 
electrical energy. This literature review summaries the thermoelectric phenomena, 
applications and parameter relationships. Adopted techniques for thermoelectric 
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performance enhancement include modifications of electronic band structures and 
band convergence to enhance Seebeck coefficients, nanostructuring and all-scale 
hierarchical architecture to minimize the lattice thermal conductivity. A few 
thermoelectric materials with intrinsically low thermal conductivities are also 
explained [42]. Phase composition and microstructure analysis illustrate high density 
and pure CaMnO3 phase which are achievable. The electric conductivity can be 
improved through Dy doping and resulting in a relative increase in thermal 
conductivity. The highest dimensionless figure of merit ZT of 0.15 derived at 973 K 
for x = 0.02 sample, which is about 4 times larger than that of the pure CaMnO3.This 
shows that CaMnO3 is a convincing option for n-type thermoelectric material at high 
temperature [43].  

 The physical and numerical models are formed. The effects of certain 
important parameters, for example, thermoelectric element length, slag washing 
water temperature, packing factor of the thermoelectric module and heat exchanger 
flow passage length on the performance of the thermoelectric power generation 
device are examined. The results indicate that for blast furnace slag flushing water at 
100 oC, water temperature droped 1.5 oC per meter, about 0.93 kW electrical energy 
were generated per area and conversion efficiency of 2% was achievable. The cost 
recovery period of the equipment was about 8 years [44]. The rare earth Pr doped 
Ca1–xPrxMnO3 (x=0, 0.06, 0.08, 0.1, 0.12, and 0.14) compound bulk samples were 
concocted to examine the effect of Pr doping on thermoelectric transport properties 
of CaMnO3 compound system. The electrical performances of the doped samples 
illustrated by resistivity and Seebeck coefficient fluctuations were tuned with an 
optimized power factor value of 0.342 mW/(m·K2) at 873 K for x=0.08 sample, which 
was more significant compared to that of the un-doped sample. The lattice thermal 
conduction was confined, resulting in a significantly repressed thermal conductivity. 
The thermoelectric performance was remarkably improved by Pr doping and the 
dimensionless figure of merit ZT for the Ca 0.92 Pr 0.08 MnO3 compound was 
optimized with the maximum value 0.16 at 873 K [45]. The prototype that harvest 
thermoelectric energy from railway track. By utilizing the thermal energy existed in 
railway tracks, this technology encourages power rail-side sensors in off-grid and 
distanced areas without damaging natural resources. The proposed method utilizes 
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the bottom of rails. Assessment of the prototype is performed by finite volume 
analysis, field test, and laboratory experiment. The results showed that the TEG 
prototype can generate 5.8 -316.8 mW of power across a resistant load at thermal 
gradient from 8 oC to 29.2 oC. A DC-DC buck-booster circuit with lithium battery 
management is developed to charge batteries through the harvested thermal energy. 
The system is managed at a low voltage of 0.9 V and its conversion efficiency is 
higher than 60% [46]. The internal combustion engine (ICE) does not effectively turn 
chemical energy into mechanical energy. Most of the energy is dispersed as heat in 
the exhaust and coolant. With a waste heat recovery system, efforts are focused on 
indirectly enhancing the efficiency of the engine. Both TEGs and heat pipes are 
durable, stable, silent, passive and scalable. Heat pipes also present limitations such 
as maximum rates of temperatures limit and heat transfer. Once applied in 
conjunction, these methods create the possibility to generate a totally solid state 
and passive waste heat recovery system [47]. The nanostructured Bi2Te3 and Sb2Te3 
were synthesized and deposited on both sides of a silk fabric to create TE columns. 
These TE columns were linked to silver foils to create a prototype by applying 12 
thermocouples. Effectively, in the ∆T range of 5–35 K, the generator could turn 
thermal energy into electricity. The maximum voltage and power outputs were ~10 
mV and ~15 nW, with no significant change during 100 cycles of bending and twisting. 
Various voltage output profiles were gathered from an arm-attached generator before 
and after 30 min of walking in order to showcase the possibility of a silk fabric-based 
TE generator [48]. A new set of road thermoelectric generator system (RTEGS), which 
can generate electricity when there is a temperature difference between road 
surface and ambient air, was developed, Further, to assess the capacity of energy 
generation based on indoor and outdoor tests, a RTEGS prototype was developed.  
Results indicated that in winter when the temperature difference between road 
surface and ambient air was at 15 °C, the output voltage of RTEGS was about 0.4 V 
by asphalt mixture slab (300 mm × 300 mm by size).  In summer, with a temperature 
difference of 25–30 oC, the output voltage was about 0.6–0.7 V. This implies that 
some 160 kW h of energy can be derived in 8 h from a road of 1 km in length and 10 
m in width. For asphalt pavement in tropical and subtropical regions, a significant 
variation in temperature is more appropriate for RTEGS [49]. 
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2.6.5 Smart nanocomposite cement-based materials 

 New nanocomposite smart multifunctional materials, today, are deemed 
effective technological developments in construction field where thermal-energy 
efficiency should take into account mechanical performance requirements and 
environmental sustainability. Specifically, all carbon nanoinclusions are observed to 
be able to minimize the capability of solar reflectance, while generating difference in 
thermal emittance. Graphene nanoplatelets indicate the most capable nanoinclusion 
in terms of accelerating thermal conductivity and diffusivity. Accordingly, similar 
graphene samples generate the most significant capacitance and electrical 
conductivity. Notwithstanding,  even though multi-walled carbon nanotubes seemed 
to be giving relatively less significant contributions to electrical conductivity, they are 
observed as the most appropriate  nanoinclusions in terms of ensuring strain sensing 
capabilities to the cement-based composites [50]. The influence of rGO-C3AH6 
nanocomposites on electrochemical properties. The rGO-C3AH6 nanocomposite 
samples with a varied degree of rGO loading. The maximum specific surface area and 
average pore size diameters were approximately at 74.20 m2/g and 11.72 nm for 
20%rGO-C3AH6 The charge transferring in rGO-C3AH6 nanocomposites was explained 
by adopting band alignments model between C3AH6 and rGO. Moreover, the 
electrochemical properties of rGO-C3AH6 electrodes provided outstanding capacitive 
properties, illustrating the mechanism for storage charge of a hybrid supercapacitor 
behavior [51]. The C3AH6 cement hydrate-based nanocomposites were similarly 
assessed. Conductive Ag nanoparticles (Ag-NPs) were utilized as a filler. Pellet 
samples of AgNPs/C3AH6 nanocomposites with different filler volume fractions      
(fAg-NPs) were concocted by applying a hot-press sintering technique. Microstructural 
analysis indicated that C3AH6 nanoparticles were formed and Ag-NPs was evenly 
dispersed in the C3AH6 matrix. Here, dielectric permittivity (ε′) of the nanocomposite 
with fAg-NPs=0.15 increased by a factor of 4 over the measured frequency range, while 
the dielectric loss tangent decreased. With an even further increases above            
fAg-NPs=0.16, the ε′ values at 100Hz, 1kHz and 10MHz of the nanocomposite 
significantly enhanced by factors of 484, 47 and 16. This rapid change in ε′ can be 
described by the percolation model. Nevertheless, the dielectric behavior still does 
not follow the percolation model even at 10 MHz. [52]. 
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Chapter 3  

Research methodology 

 
This chapter presents materials and methods utilized in products synthesis 

including the characterizations, preparations and measurements of the products. This 
chapter consists of: 

1. Research material and tools 
2. Experimental procedure 
3. Characterizations and preparation measurement 

 
The detail of each section is described as follows: 

 

3.1 Research materials and tools 
3.1.1 Chemicals and materials 

The chemicals for using in the experiment could be presented as follows: 
1) Calcium carbonate (CaCO3, Sigma-Aldrich (USA), 99% purity) 
2) Alumina powder (Al2O3, Sigma-Aldrich (USA), 99.9% purity) 
3) Manganese dioxide (MnO2, 99% purity) 
4) Ethanol (95%)  
5) Deionized Water (DI) 
6) Acetone (C3H6O)  
7) Graphite powder (Sigma-Aldrich (USA), 99% purity)) 
8) Sodium nitrite ( NaNO3) 
9) Sulfuric acid: 92 ml (H2SO4, 98%) 
10) Ethyl acetoacetate (CH3COCH2COOC2H5) 
11) Potassium permanganate (KMnO4) 
12) Hydrogen peroxide (H2O2, 30%) 
13) Hydrochloric acid (HCl, 37%) 
14) An ammonia solution (NH3, 28-30%) 

 
 เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกท้ังห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกคร้ังที่มีการนำไปใช้ 



35 
 

 

 

3.1.2  Experimental tools 
 The tools for using in the experiment could be presented as follows: 
 1) Balance 

 

 
 

Figure 3.1 The balance apparatus. 
 

2) Ball-milling  
 

 
 

Figure 3.2 The ball-milling equipment. 
 

3) Hot air oven (UN55, Memmert) 
 

   
 

Figure 3.3 The hot air oven apparatus. 
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4) Furnace (Nabertherm, GmbH TC03/14, Germany) 
 

   
 

Figure 3.4 The furnace apparatus. 
 

5) Alumina crucible 
 

 
 

Figure 3.5 The alumina crucible. 
 

6) Agate mortar 
 

   
 

Figure 3.6 The agate mortar. 
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7) Pelleting mould 
 

 
 

Figure 3.7 The Pelleting mould for pellet sample and bar sample. 
 

8) Hydraulic pressure 
 

 
 

Figure 3.8 The hydraulic pressure machine. 
 

9) Hot-Press sintering 
 

 
 

Figure 3.9 The hot-press sintering apparatus. 
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10) Thermocouple Type K (-200 - 1350 oC) 
 

 
 

Figure 3.10 The thermocouple equipment. 
 

11) Digital Multimeter (U1241 C/U1242C 4-Digital Handheld, Make in 
Malaysia, KEYSIGHT Technologie) 

 

 
 

Figure 3.11 The digital multimeter equipment. 
 

10) Thermal Imaging camera (Keysight Technologies U5856A, Range: -20-
650°C) 

 
 

Figure 3.12 The thermal imaging camera equipment. 
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11) Computer (Lab-top Lenovo) 
 

 
 

Figure 3.13 The Lab-top. 
 

12) High-press continuous automatic machine 
 

 
 

 
 

Figure 3.14 The high-press continuous automatic machine. 
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3.2 Experimental procedure 

3.2.1 Procedures for synthesis of C3AH6-rGO composite samples. 
The procedure for the synthesis of C3AH6 cement-reduced graphene oxide 

hybrid composites are shown by the flow chart diagram in figure 3.15 and by the 
photograph in figure 3.16. From figure 3.15, the procedure of C3AH6-rGO sample 
could be performed into 4 parts. First, (1) Preparation of cements, the procedure 
consisted of two Step, Step1: Preparation of C12A7 cement and Step2: Preparation of 
C3AH6 cement hydrates. Second, (2) Preparation of rGO, the procedure consisted of 
three Step were explained in Step 1, Step 2 and Step 3, respectively. Third, (3) 
Preparation of C3AH6-rGO nanocomposite and finally, (4) Details of preparation of 
C3AH6 cement and C3AH6-rGO nanocomposite pallets are presented as follows: 

 

 
 
Figure 3.15 Flow chart illustrating the synthesis of C3AH6 cement–reduced graphene  

oxide nanocomposite samples.   
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Figure 3.16 Photograph showing all the overview procedures for synthesis of C3AH6   

cement–reduced graphene oxide nanocomposite samples.   
 

(1) Synthesis of cements 
Step1: Synthesis of C12A7 cement 

For this step, C12A7 was synthesized by solid state reaction method. 
Starting materials composed Calcium carbonate (99%) and Alumina (99%) powders, 
which were weighted in a 12:7 ratio along a chemical formula, by equation 3.1 [31]. 
 

12CaCO3 + 7Al2O3  Ca12Al14O33 + 12CO2                        (3.1) 
 

The powder was then blended by ball milling with ethanol at room 
temperature for 24 hours and dried at 100 oC in an oven for additional 24 hours. 
After that, sintered in an electric furnace at 1350 oC for 3 hours in an alumina 
crucible under an air atmosphere. The C12A7 sample was in the end disintegrated 
into powder as shown in Figure 3.17. 
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Figure 3.17 Preparation of C12A7 cement powder. 
 

Step 2: Synthesis of C3AH6 cement hydrates  
 The C3AH6 cement were concocted by applying a hydration 

technique with the C12A7 powder as a starting material which aligns with the 
chemical reaction formula as expressed in equation 3.2 [32].   

 
  C12A7 + 33H2O --> 4(C3AH6) + 3(Al(OH)3)              (3.2)  

 
In a regular process, approximately 3 grams of C12A7 powder was introduced 

with 200 mL of the stirring DI water for 10 min at a room temperature. Then, the 
C12A7 suspension was heated at 100 oC for 2 hours over stirring. Consequently, the 
derived suspension, with DI water, was purified and rinsed then dried overnight in an 
oven at 80 oC. Finally, C3AH6 cement hydrates powder was derived as shown in 
Figure 3.18. 

 

 
 

Figure 3.18 Preparation of C3AH6 nanocement powder. 
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(2) Synthesis of rGO 
Step1: GO was synthesized by adopting the improved Hummers method 

using oxidizing graphite with a prominent acid and oxidizing agent. In a regular 
process, approximately 2 grams of graphite powder was combined with 6 grams of 
KMnO4 in a beaker. Then the solid mixture was put into a 500 mL flask and cooled to 
0 oC in ice for 10 min. After that, while stirring and cooling, approximately 46 mL of 
H2SO4 was carefully introduced. At the same time, temperature of the obtained 
mixture was kept below 15 oC. Consistently, for 30 min, the mixture was stirred at 40 
oC in water. After that, approximately 90 mL of distilled water was introduced, 
followed by heating of the mixture with stirring at 95 oC in oil for an additional 60 
min. Later, by adding 250 mL of distilled water, followed by 10 mL of a H2O2 
solution, the reaction was put to a stop. As a result, this changed the color to the 
yellowish brown. By centrifugation, the byproduct was then isolated, rinsed with a 
5% HCl solution in order to eliminate sulphate. It was purified and rinsed a couple 
times by with distilled water until pH of the purified solution was at about 7. 

Step2: To put together an aqueous suspension of GO nanosheets, it was 
again distilled for 90 min under ultrasonication, followed by centrifugation. A dark-
brown supernatant of an aqueous GO suspension was derived. 

Step3: The rGO was synthesized by using a modified chemical reduction 
method [60] as explained. In short, 100 mL of the derived GO suspension was 
combined with 100 mL of distilled water in a beaker, followed by 0.1 mL of 
hydrazine hydrate solutions and 1 mL of an ammonia. The combined substance was 
then stirred and heated at 95 oC in oil for 45 min. During this process, colour of the 
suspension changed from brown to black as shown in Figure 3.19. 

 

 
 

Figure 3.19 Preparation of reduced graphene oxide (rGO). 
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(3) Preparation of rGO-C3AH6 nanocomposite  
            The rGO-C3AH6 were concocted by applying a quick cement hydration 
process. This begins by rapidly heating water at 100 oC with the concocted C12A7 
powder as a starting material. This process was executed with a variation of rGO 
loading, that are 1%, 2%, 3%, 5%, 7%, 10% and 20 wt% where the wt% of rGO to 
the C12A7 precursor. In a regular process to produce 1%rGO-C3AH6 cement, 
approximately 3 grams of C12A7 powder combined with 50 ml of acetone solution, 
120 mL of stirring DI water maintained for 10 min at room temperature. Then, 30 mL 
of an rGO suspension was introduced and heated at 100 oC for 2 hours while stirred. 
After that, the byproduct of uniformed combination was purified, rinsed with DI 
water, and dried overnight in an 80 oC oven. Eventually, rGO-C3AH6 nanocomposite 
cement was derived. The same process was adopted to produce other 1%rGO-
C3AH6 samples by deviating the degree of rGO loading. For this experiment, a 
purified C3AH6 sample was similarly concocted by using the abovementioned 
process, however without rGO loading as shown in Figure 3.20. 
 

 
 

Figure 3.20 Preparation of rGO-C3AH6 nanocomposite. 
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(4.) Preparation of C3AH6 and rGO-C3AH6 pallets  
The powder of C3AH6 and all rGO-C3AH6 samples were pressed into 

pellets (without a binder) of 10-12 mm in diameter and 1-3 mm in thickness by 
uniaxial compression at 200 MPa. Then, the silver paste was painted on each pellet 
face of these samples. Next, all samples were kept in an oven at 150 oC for 2 hours. 
Finally, the samples were measured the dielectric properties. For the measurements 
of thermal conductivity and thermoelectric the products were compressed by hot-
pressed sintering into disc-shaped pellets that were 10 mm in diameter and 2–3 mm 
thick at 400 oC for 1 hour. 
 

3.2.2 Procedures for synthesis of CaMnO3 as thermoelectric materials 
The procedures for synthesis of CaMnO3 was executed by applying a 

solid-state reaction method. Preceding materials composed of Calcium carbonate 
(CaCO3, 99% purity) and Manganese dioxide (MnO2, 99% purity) powders, which were 
used as starting materials that  align with the chemical reaction formula, 

 

                             CaCO3 + MnO2   →   CaMnO3 + CO2             (3.3) 
 

The starting materials were crushed in a ball mill machine for 24 hour 
and then dried at 100 oC. The mixed powder was calcined at 1200 oC under air 
atmosphere for 12 hour. The product showed black powder showing the CaMnO3 
powder. To examine structural properties of the samples, XRD was used. Morphology 
was noted by utilizing SEM and EDS. The thermoelectric modules CaMnO3 were 
compacted by High-press continuous automatic machine sintering into Cylindrical-
shaped pellets at 8500 kPa that were 10 mm in diameter and 20 mm thick at room 
temperature. The modules CaMnO3 Cylindrical-shaped pellets were sintered by 
performed inside alumina boat in furnace at 1200 oC in air for 12 hour. The 
procedures for the synthesis of CaMnO3 as thermoelectric materials are shown by 
the flow chart diagram in Figure 3.21 and by the photograph in Figure 3.22. The 
detail could be presented as follows: 
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Figure 3.21 Flow chart for the synthesis of CaMnO3 as thermoelectric modules 
materials. 
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Figure 3.22 Photograph showing the overview procedures for synthesis of 
CaMnO3 as thermoelectric modules materials. 

 
3.2.3 Prototype of concrete block electric power generation from heat and 

applications in municipal melting furnace or municipal incinerator 
 The concrete block electric power generation from heat, and its 
applications in municipal melting furnace or municipal incinerator (CGH) prototype 
working at high temperature up to 800 oC. The CGH prototype was used the Seebeck 
effect schematic by directly convert heat into electricity. The CGH prototype was 
consisted of thermoelectric modules having thermoelectric material synthesized 
from CaMnO3 thermoelectric material in our laboratory. The components of the 
machine: (1) Steel structure with wheels, (2) Gas fuel system, (3) Waste burning 
system, (4) Combustion chamber, (5) Heat storage, (6) TEG and (7) Hot exhaust vent. 
The Prototype of concrete block electric power generation from heat and 
applications in municipal melting furnace or municipal incinerator are shown by the 
photograph in figure 3.23.  
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Figure 3.23 Photograph showing the prototype of concrete block electric power 
generation from heat and applications in municipal melting furnace or 
municipal incinerator. 

 
3.3 Characterizations and properties measurements 
      3.3.1 Characterizations  

Samples were investigated in structural properties and confirmed by 
several techniques such as X-ray Diffraction (XRD) with a 2θ scanning range from 10 
to 80 degrees (Rigaku, Miniflex Cu K-alpha radiation). Raman Spectroscopy is a 
spectroscopic technique for observing vibrational, rotational and low frequency 
modes. Photons of the laser light are absorbed by the molecular and then emitted. 
Raman is an effective technique that was adopted to assess the structural 
configuration of graphene-based materials. Scanning Electron Microscope (SEM), were 
also employed to examine morphology of the surface and distribution. Transmission 
Electron Microscope (TEM), (HRTEM) (JEOL-2100 operating at 200 kV) Fourier-
Transformed Infrared Spectroscopy (FT-IR), vibration function of the atomic bonding. 
UV-vis Diffuse Reflectance Spectroscopy (DRS), (Perkin Elmer, Lambda 950), the 
optical properties of cement powder samples were also evaluated. In addition, to 
assess weight loss of the samples, thermogravimetric analysis. Thermogravimetric 
Analysis (TGA), (Netzsch STA 449F3 Jupiter) was conducted over a temperature range 
of 50-1200 ˚C with under air. 
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3.3.2 Properties measurements 

With the Nano-Flash thermal diffusivity analyzer using a NETZSCH LFA 477, 
thermal properties of the samples were then studied on flat specimens that were 2 
to 3 mm thick and 12 mm in diameter. By using an impedance analyzer (precision 
LCR meter Model: E 4980A), the dielectric measurements were performed. Similarly, 
electrical conductivity was assessed over a frequency range from 20 Hz to 10 MHz. at 
room temperature. In order to evaluate micro-hardness of the C3AH6 precursor and 
rGO-C3AH6 samples, a pyramid on square based method with a diamond indenter of 
the Vickers indenter hardness tester system (Shimadzu HMV-G21) was adopted. 
Electrochemical behavior, electrodes from all samples were then evaluated by using 
potentiostatic cyclic voltammetry (CV) measurements at constant current at 
potential windows of 0 to 1 V while remain conjoined to a Metrohm Autolab 
PGSTAT302N potentiostat-galvanostat system. To test samples, an agar disk-diffusion 
technique was applied against Gram-negative, Escherichia coli bacteria 1×108 
CFU/mL concentration to conclude their antibacterial properties. The samples were 
put into disc shaped specimens with a diameter of 12 mm at approximate. After that, 
the disc samples were positioned on the E. coli seeded agar plates and incubated for 
24 hours at 37 ˚C. Consequently, the developed inhibition zones surrounding the 
discs were recorded. 

 

 
 

Figure 3.24 Flow chart of characterizations and properties measurements. 
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Chapter 4  

Results and discussion 
 

For this chapter, discussions of results are categorized into three sections in 
terms of improving C3AH6 technique and prototype of concrete block electric power 
generation from heat. Firstly, synthesis of nanostructure tricalcium aluminate 
hexahydrate (C3AH6) cements. Secondly, synthesis of C3AH6 cement-reduced 
graphene oxide (rGO) nanocomposites, and finally prototype of concrete block 
electric power generation from heat and applications in municipal melting furnace or 
municipal incinerator. 
 

4.1  Synthesis of nanostructure C3AH6 cements 
4.1.1 Microstructural characterizations  

- X-ray diffraction (XRD) 
The XRD pattern of the concocted C12A7 sample as a precursor and the 

C3AH6 sample. The diffraction patterns of C12A7 sample aligned with that of PDF#09-
0413 file and in accordance with the formation of standard C12A7 phase with the 
space group, I4̅3d. The XRD pattern also illustrated diffraction of the concocted  
C3AH6 sample at diffraction angles 2θ on 17.26, 19.96, 26.51, 28.37, 33.41, 34.94, 
36.41, 39.22, 40.56, 44.39, 45.60, 50.24, 52.45, 53.52, 54.59, 58.71, 59.71, 66.47, 70.18, 
73.80 and 75.57o which supported the Miller index of the diffraction peaks at (211), 
(220), (321), (400), (332), (422), (431), (521), (440), (611), (444), (640), (552), (642), (651), 
(800), (741), (840), (664), (844), and (860) respectively as shown in Figure 4.1 implied 
that diffraction patterns of the C3AH6 sample aligned with the diffraction patterns 
peaks standard of the PDF#03-0125 file. Accordingly, the XRD pattern of the 
concocted C3AH6 indicated a significant emergence of phase at 2θ = 18o and 20.5o as 
suggested in the phasing of alumina trihydrate (aluminium hyhroxide; (Al(OH)3) (AH3) 
which was explained in the previous work in Ref. [11]. The C12A7 cement hydration 
process’s reaction to water corresponded to the reaction C12A7 + 33H2O ---> 
4(C3AH6) + 3(AH3) and also supported in Ref. [10] led to such results. Similarly, the 
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AH3 phase appeared in a tiny amount by duration time of the C12A7 hydration 
process. 

 

 
 

Figure 4.1 XRD pattern for pristine C12A7 and C3AH6 samples comparison with 
C12A7 and C3AH6 reference. 

 
The average size of crystallite of the concocted C3AH6 sample can be studied  

by applying  the following Scherrer’s equation [12], by equation 4.1. 
 

0.94

cos
XRDD



 


              (4.1) 
 

Where  𝐷𝑋𝑅𝐷  is the average crystallite sizes  
         λ      is the X-ray wavelength (λ= 1.5406 A ̇ ) 
         β     is the full-width at half- maximum of the highest intensity peak 
           θ      is the half of diffraction peak angle 
 

The calculation indicated that the average size of crystallite of the concocted 
C3AH6 sample was roughly 61.53 nanometers. It can be inferred from the result that 
the C3AH6 had nanostructure in both crystalline and particles.  
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- IR spectroscopy 
To clarify the occurrence of the hydration process on synthesized C3AH6 

cement, IR spectroscopy was performed. Figure 4.2 showed the IR spectra of the 
concocted C3AH6 in comparison to the results of the C12A7 precursor samples. In 
terms of the C3AH6 cement absorption band, the spectra illustrated three bands in a 
lower region of the wave-number area between 200 and 1000 cm-1 which was in 
alignment with the M-O (M=Ca, Al) stretching. Frequency of the absorption bands at 
535 cm-1 and 760 cm-1 were initiated from AlO6 octahedra and the absorption band 
in the frequency of 420 cm-1 given to CaO polyhedral. The frequency of bands at 760 
cm-1 supported the stretching vibrations of Al-O bonds and the frequency of 530cm-1 
which aligned with the bending vibrations of Al-O-Al bonds. In addition, the band 
ranges from 700 to 500 cm−1 which were linked to the hydration with condensed 
AlO6 octahedral [12]. The bands at 3460 cm-1, again, supported the M-OH (M=Ca, Al) 
stretching vibrations as corresponding to the C12A7 preceding samples. In addition, 
the absorption band of the concocted C3AH6 indicated the vibration of O–H-bending 
at peak 1630 cm-1 and the vibration of O-H stretching at a peak at 3670 cm-1 as an 
indication of water molecules (H2O) [13]. The appearing of the O-H-bending and O-H 
stretching absorptions as initiated by the Al(OH)6 octahedrons, while the O-H-bending 
and O–H stretching vanished from the C12A7 precursor sample. The results also 
corroborated the occurrence of the hydration process for fabrication C3AH6 cement 
hydrate. 

 

 
 

Figure 4.2 IR spectra of C3AH6 specimen and the concocted C12A7 precursor. 
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- X-ray Photoelectron Microscopy (XPS) 
Figure 4.3(a) illustrated the wide scan XPS survey spectra of the concocted 

C3AH6 specimen. The spectra detailed the existence of the XPS spectrum for 
compiling Ca, Al and O 1s energies peaks with regards to the C 1s peak [16]. Figure 
4.3(b) indicated the XPS spectra of Ca 2p of the concocted C3AH6 specimen. The XPS 
spectra outlined 2 peaks references which situated approximately at 347.3 eV and 
350.8 eV. The peak at 347.3 eV was designated to the Ca 2p3/2 and the peak at 
while 350.8 eV was assigned to Ca 2p1/2 core levels of Ca2+ ions. Two different 
peaks of Ca 2p XPS spectrum were a result of the spin orbit splitting [14]. Figure 4.3(c) 
clarified the XPS core-level spectra of Al 2p for the concocted C3AH6 specimen. The 
Al 2s XPS spectra was placed around 74 eV, which corresponded to the previous 
reports [16]. The peak at 74.25 eV was an illustration of the Al3+ in the concocted 
C3AH6 specimen. The state of AI valence ascertained the existence of the Ca-O 
bonds and Al-O bonds in the C3AH6 specimen structure. Figure 4.3(d) illustrated the 
O 1s spectrum, which was assigned approximately at 531.5 eV. These indicated the 
existence of the O bonding in the C3AH6 specimen structure. 
 

    

     
 

Figure 4.3 (a) XPS survey spectrum of C3AH6 and XPS spectra of (b) Ca 2p, (c) Al 2p, 
and (d) O 1s for pristine C3AH6 samples. 
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- Thermogravimetric analysis (TGA) 
Analysis of the concocted C3AH6 specimen in thermal terms. The TG-DTA 

curves presented four exothermic in the temperature range from 100 to 900 oC by 65 
% weight loss. The C3AH6 specimen dissolved slowly to amorphous anhydrous and 
to water vaporization between 100-550 oC. The significant loss was observed at 200-
300 oC. Meanwhile, a less significant loss was observed between 400-550 oC [32]. At 
dehydrations between 300 and 350oC, the C3AH6 dissolved to create C3AH 1.5 at 
around 550 oC [16]. The diagram below displayed complete dehydrations to form 
C12A7 phase at temperature over 740 oC. The outcome showed C3AH6 as a solid 
material appropriate for application in ranging lower than 300 oC. 

 

 
 

Figure 4.4 TGA curves of pristine C3AH6 cement hydrate samples. 
 

- Scanning electron microscopy (SEM)  
  The SEM image and EDX spectrographs of chemical compositions for the 

concocted C12A7 and C3AH6 specimens. Table 4.1 (a) illustrated the SEM image of 
the concocted C12A7 specimen magnified at 6,000x. Table 4.1 (b) showed the 
appetence of Ca, Al, and O atom of the C12A7 specimen. The chemical structure of 
the C12A7 specimen were accordingly derived from the EDS with atomic percentages 
for Ca, Al and O atom. For the concocted C3AH6 specimen, Table 4.1 (c) displayed 
the SEM image of the C3AH6 specimen in the magnifications 6,000x. Table 4.1 (d) 
displayed the appetence of Ca, Al, and O atom of the C3AH6 specimen. Clearly, the 
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EDS spectrographs did not show the atomic percentages of H atom because it was 
not observed by the EDS technique. Results above confirmed that the phasing of the 
fabricated C3AH6 structure was formed. 

 
Table 4.1 SEM and EDX of the prepared C12A7 cement powder (a and b), and SEM 

and EDX of the concocted C3AH6 cement hydrate powder (c and d). 
Samples SEM EDX 
 
 
 
C12A7 
cements 
 

 

 
 

 

 

 
 
 
C3AH6 
cements 
 
 

 

 

 

 

 
- Transmission electron microscopy TEM  

Using TEM, the surface morphological was illustrated in Figure 4.5. Figure 4.5(a) 
displayed layered nanostructure of the particles varied in size approximately 
equivalent of 10 to 50 nanometre, as small nano-size particles which was close to 
the average crystallite size by calculation resulted from the XRD results. The yield of 
nanostructures was possibly an outcome of the concoction of C3AH6 cement 
hydrate by mixing C12A7 with water in an accelerated duration for heating 
temperature to 100 oC. The amount of AH3 structure was characterized by the 
building up of the nanosheet-like structure as exhibited in Figure 4.5(a). Additionally, 
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Figure 4.5(b) explained the diffraction rings of the SAED pattern, illustrating a high 
poly-crystalline. The building up of C3AH6 with nanostructures implied further 
industrial applications. 

 

 
 

Figure 4.5 (a) Microscopy images of transmission of electron for the concocted C3AH6 
powder (b) the SAED pattern. 

 
4.1.2 Optical Properties  

Optical properties were measured to definition of excitation energy using 
UV-visible spectra and optical property of the concocted C3AH6 specimen and the 
concocted C12A7 precursor. Absorption coefficient spectra () of the C3AH6 and the 
C12A7 specimens were measured at room temperature. Figure 4.6(a) displayed 
absorbance spectra of the C3AH6 and the C12A7 samples. The results showed that 
the higher peak for absorption spectra of the C3AH6 and C12A7 samples presented 
under the wavelength 400 nm. For C3AH6 sample, the absorption spectra was lower 
than that of the C12A7 sample in terms of  wave length ranging from 200 nm to 700 
nm. As for the absorption coefficient spectra, the correlation between photon energy 
and energy gap can be explained in equation 4.2. 
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 where  Eg    is the direct optical gap  
           h    is the photon energy  
            m = 1/2 is the value of allowed direct transition  
            m = 2    is the value of allowed indirect transition [17].  
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 The value of Eg can be derived by fit curve of (αh)
2 versus h in the linear line 

to the interception of photon energy (h) axis. Figure 4.6(b) displayed the Eg of the 
concocted C3AH6 cement hydrate sample and the prepared C12A7 sample at room 
temperature. The value of Eg for the C3AH6 sample was at 4.1 eV and for the C12A7 
sample was at 3.9 eV [18] as presenting transparent materials (Eg> 3.0 eV). The results 
revealed direct energy gap of the C3AH6 sample which was more significant than that 
of C12A7 sample. Figure 4.6(c) presented the indirect energy gap of the concocted 
C3AH6 sample and the prepared C12A7 sample at room temperature. The results 
indicated that the value of indirect energy gap of the C3AH6 sample was at 2.5 eV. 
While, the indirect energy gap of the C12A7 sample was at 2.45 eV for the first 
transitional level, and at 4.0 eV for the second transitional level. 
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Figure 4.6 (a) absorbance, (b) direct energy gap and (c) indirect energy gap of the 
concocted C3AH6 specimen and C12A7 samples. 
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4.1.3 Dielectric properties  
In terms of dielectric properties measurement, the concocted C3AH6 

power and the C12A7 precursor powder were hot-pressed in disc shape of graphite 
molds at 400 oC for 1 hour. The specimens in size of 12 mm diameter and 3 mm 
thickness for disc shape pellet were obtained. Both sides of the C3AH6 and the 
C12A7 discs were cleaned and coated with Ag electrodes in order to support an 
Ohmic contact. The dielectric properties as the relation to electrical nature on the 
samples were investigated. In the experiment, the electrical impedance response 
with frequency was recorded from 20 Hz to 2 MHz and the C and the dissipation 
factor (as loss tangent = tanδ) values were measured. Figure 4.7(a) indicated the C 
behavior of the C3AH6 and C12A7 specimens as a function of frequency. The C 
measurements of the two samples were conducted with the frequency range from 
40 Hz to 2 MHz at room temperature. The results illustrated that the C of the C3AH6 
specimen were above the C of the C12A7 specimen in all frequency range. The C of 
C3AH6 specimen was rapidly rose from 10-10 F to 10-11 F from frequency 40 Hz to 2 
MHz. While, the C of the C12A7 specimen was totally unrelated to the frequency of 
the constant at 6x10-12 F. The  value can be obtained by equation 4.3. [53] 

 

                                   '

o

C l

A



                 (4.3)  

 
where  l   is the thickness of the sample  

A  is the area of the sample  
 εo  is the Permittivity of free space (8.85 × 10−12 F/m) 

 
The assessments of both specimens were performed with the frequency 

ranging from 40 Hz to 2 MHz at room temperature. Figure 4.7(b) outlined dielectric 
constant of the C3AH6 and C12A7 specimens as a function of the frequency. The 
results indicated that  of the C3AH6 specimen was higher than that of the C12A7 

specimen in all frequency ranges. For the frequency of 20 Hz to 10 kHz, and constant 
value at 20 for frequency of 10 Hz to 2 MHz, the  value of C3AH6 specimen has 
quickly subsided from 150 to 20 while, the value of the C12A7 specimen remained 
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obtained by a formula " ' tan    Figure 4.7(c) displayed the values of the 
C3AH6 and C12A7 specimens as function of the frequency. The results indicated that, 
with an increased frequency, the values of the C3AH6 specimen has quickly 
subsided from 2 to 0.8. At the same time, values of the C12A7 specimen remained 
constant at 0.05 all frequency ranges. Equation 4.4 explained the electrical 
conductivity as function of the frequency.  
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where    is the electrical conductivity  

  is the electrical resistivity 

L  is the thickness of the specimen 

A  is the cross section area of the specimen  
R  is the resistance of the specimen 
 

Figure 4.7(d) indicated AC electrical conductivity of the C3AH6 and C12A7 
specimens. The results illustrated that the value of the C3AH6 specimen was close 
to the results of the C12A7 specimen in all frequency range. Similarly, C3AH6 and 
C12A7 samples both contained the value lower than 10-7 S/m. This implied an ideal 
electric insulator for both samples. The abovementioned results explained the 
electrical impedance of the C12A7 which was not in alignment with the frequency in 
ranging from 20 Hz to 2 MHz. In addition, the electrical conductivity of the C12A7 
showed an ideal electric insulator. Also, dielectric constant, dielectric loss and 
capacitance contained small value as displaying non-dielectric materials. In contrast, 
the abovementioned results displayed the value of dielectric constant, dielectric loss 
and capacitance of the fabricated C3AH6 as higher than that of the C12A7 specimen 
in the frequency in ranging from 20 Hz to 2 MHz. This implied that the C3AH6 
responded to the frequency and vice versa. The C3AH6 frequency response was a 
result of the dielectric polarization in the compounds because of the deformational 
and relaxed polarization of materials under ac-electric field. Also, the high value of 
the dielectric constant and dielectric loss of the C3AH6 were a byproduct of the 
dielectric polarization of cement hydration component in the nanostructures. This 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกท้ังห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกคร้ังที่มีการนำไปใช้ 



61 

 

 

 

pointed out that the C3AH6 cement materials may be display application of smart 
wall capacitor from low cost cement materials. 
 

 
 

  

Figure 4.7 (a) the capacitance, (b) the dielectric constant, (c) the dielectric loss, and 
(d) the AC electrical conductivity as function of the frequency of the 
C3AH6 and C12A7 specimens. 

 

4.1.4 Thermal properties   
For thermal conductivity assessment of the concocted C3AH6 and the 

concocted C12A7 precursor, the samples were hot-pressed in the disc shape pellet 
of 12 mm diameter and 3 mm thickness. The thermal conductivity () was conducted 
by applying the relation by equation 4.5. [54] 

 

= aDCp               (4.5) 
 

where  a   is the thermal diffusivity 
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  D   is the bulk density 
Cp is the specific heat of the specimen 

 
Applying the Archimedes method, D of samples were assessed. Using the 

thermal diffusivity measurements over a temperature range of 298 to 573 K by laser 
Flash technique, the values of the a and Cp were derived. Thermal diffusivity for the 
samples was assessed by applying the Parker’s formula as by equation 4.6. [55] 
 

2

(1/2)0.139 /a d t                (4.6) 
 

Where   t(1/2)   is the  time to reach half of the maximum temperature amplitude 
            d      is the thickness of the bulk samples across the direction of heat flow  
 

Figure 4.8(a) indicated the thermal diffusivity of the C3AH6 and the C12A7 
specimens. The results showed the thermal diffusivity of the C3AH6 was lower than 
that of the C12A7 specimens in all temperature range. Figure 4.8(b) presented 
thermal conductivity as function of the temperature of the C3AH6 and C12A7 
specimen. The results showed the  values of the C3AH6 specimen lower than that 
of the C12A7 specimen. The range of thermal conductivity of the C3AH6 specimen 
was around 0.5 W/mK. For the thermal conductivity relation, the  can be expressed 
in equation 4.7 

 
= e + ph               (4.7) 
 

Where     is the total thermal conductivity (W m-1 K-1) 
e   is the electronic thermal conductivity (W m-1 K-1)  
ph  is the phonon thermal conductivity (W m-1 K-1) 

 
By AC electrical conductivity as in Figure 4.8(b), the e value by above relation 

of both the C3AH6 and C12A7 specimen displayed small value. This implied that the 
 values of the both materials were mainly controlled by the ph part. By neglecting 
e part, the equation for describing the thermal conductivity of ph part can be 
explained by equation 4.8 [56]. 
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Where  Tkx B/  ;  

    is the reduced Planck constant  
              is the phonon angular frequency  
              is the phonon velocity  
 T    is the absolute temperature 
           

ph is the phonon relaxation time 
            

  Figure 4.8(c) showed the curve of phonon versus 1/T3 for the C3AH6 and C12A7 
specimens. The results illustrated that the values of the C12A7 specimens were 
directly proportional to invert of temperature, while, the C3AH6 was small and 
proportional to invert of temperature. This implied that the low thermal conductivity 
of C3AH6 was mainly controlled by the point defect term due to complexed 
structure of the O-H functional group as occurrence from the hydration process and 
the grain boundary term by the small gran size of nanostructure. With the above 
results, the lower value of the thermal diffusivity and thermal conductivity of the 
C3AH6 specimen than that of the C12A7 specimens was caused by the cement 
hydration in the concrete nanostructures. The results pointed out that the reduction 
the thermal diffusivity of the C3AH6 was advantageous for reducing thermal 
conductivity as affecting a decrease in thermal cracking and improving thermal 
integrity with durability in concrete structures. 
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Figure 4.8 (a) Thermal diffusivity, (b) Thermal conductivity as a function of the 
temperature (T) and (c) as a function of 1/T3 of the concocted C3AH6 and 
C12A7 sample. 
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4.2 Synthesis of rGO-C3AH6 nanocomposites 
4.2.1 GO and rGO characterizations 

Different spectroscopic techniques were applied to examine the crystalline 
phases and chemical structure. The applied techniques include:  

 
- X-ray diffraction (XRD) 

The XRD results confirmed the crystal structures of pristine graphite (as 
starting materials), as-synthesized graphene oxide (GO), and reduced graphene oxide 
(rGO), which all the results are illustrated in Figure 4.9. It was implied that XRD 
pattern of GO appeared around at 2θ = 10.2o only (has the thickness of the sheet as 
0.866 nanometer). However, the characteristic peak of pristine graphite was not 
found. This finding implied that the starting materials of graphite was successfully 
reacted to different chemicals. At the same time, the XRD pattern of the synthesized 
rGO exhibited peak around at 2θ = 24.5o with had the thickness of the sheet as 0.363 
nanometer, but no characteristics peak of GO was found. This finding confirmed that 
GO successfully reacted to different chemicals using this reaction, yielding products 
with purified rGO product.  

 

 
 
Figure 4.9 XRD pattern for pristine graphite and the synthesized GO and rGO samples. 
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- Raman spectrum  
Figure 4.10 displayed the resulted from Raman spectroscopy (Raman) of 

starting graphite materials, GO and rGO samples. It was observed that the absorption 

peaks of both GO and rGO samples exhibited two characteristic at approximate wave 

range of 1350 cm-1 (D band) and 1600 cm-1 (G band) as showing the functions of sp3 

carbon, and graphitic carbon sp2 (-C=C-), respectively. After the graphite oxidization 

with the modified Hummers method, the proportion of GO intensity peak of D band 

against G band (ID/IG) was increased from 0.06 to 0.96. At the same time, after the 

chemical reduction process of GO the proportion of intensity of peak D band against 

G band (ID/IG) was also increased from 0.96 to 1.23. These findings illustrated the 

change of functions group on the structure of graphite as a starting material to GO 

and rGO products through these both reactions. These results corresponded to the 

data on crystallite and chemical structures by XRD, UV-vis and FT-IR techniques. 

 
 

Figure 4.10 Raman spectra for pristine graphite and the synthesized GO and rGO 
samples. 

 
- UV visible spectrometer 

Figure 4.11 showed UV-Vis spectra (UV-Vis) of GO and rGO suspension 
samples. It can be seen that the absorption band on the wavelength range at 230 
nm confirmed the characteristics structure (-C=C-) of GO of (-*) and on the wave 
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length range of 300 nm due to characteristic band (-C=O) of GO (n-*). However, after 
the reduction process of GO through this reaction, it was found that the characteristic 
band of (n-*) due to -C=O group of GO structure disappeared and were not found 
on UV-vis spectrum of rGO product. Meanwhile shifted peak of -* of rGO appeared 
at wavelength at around 267 nm. These findings indicated that the functional groups 
on the GO structure were eliminated through the chemical reduction process, 
yielding of purified rGO product.  

 

 
 

Figure 4.11 UV-vis spectra of as-synthesized GO and rGO samples. 
 

- FT-IR spectra 
Figure 4.12 illustrated the FT-IR spectra of as-synthesized GO and rGO 

samples. From the figure it can be observed that the vibration peaks of the oxygen 
functional groups, such as hydroxyl, carbonyl/carboxyl, and epoxy groups exhibited 
for the GO sample, which appeared at approximately 3410 cm-1, 1740 cm-1, and 1050 
cm-1, respectively. The peak was observed at approximately 1630 cm-1 due to the 
skeleton of sp2 aromatic carbon [18-19]. With after the chemical reduction of GO, the 
intensity peaks of the oxygen functional groups were decreased, and some peak was 
disappeared. These results implied that during such processes, GO was reduced to 
rGO owning to the oxygen containing groups were mainly removed from the skeleton 
of GO. 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกท้ังห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกคร้ังที่มีการนำไปใช้ 



68 

 

 

 

 
 

Figure 4.12 FT-IR spectra of the synthesized GO and rGO samples. 
 

4.2.2 Nanometer sized C3AH6 cement and rGO-C3AH6 nanocomposite  
characterizations 

- X-ray diffraction (XRD) 
Figure 4.13 showed the XRD peaks of the synthesized C3AH6 and 

x%rGO-C3AH6 composites with different rGO contents. The results indicated that the 
diffraction patterns of all C3AH6 and x%rGO-C3AH6 samples corresponded with the 
diffraction patterns of the pristine C3AH6 peak, indicating the formation of C3AH6 
phase in all samples. The lattice constant of C3AH6 was a =12.583 Å, and for 4%rGO-
C3AH6, a = 12.581 Å. However, the presence of an excessive Al(OH)3 phase at 2θ = 
18o and 23.5o can be appeared in all samples. In addition, however, the characteristic 
peaked at 2θ =25.2o of rGO [15,32], were not observed in all the x%rGO-C3AH6 
samples because of an amorphous phase and a low content of the rGO composite in 
the C3AH6 specimen. 
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Figure 4.13 XRD pattern of pristine C3AH6, and 1%rGO-C3AH6, 2%rGO-C3AH6,  
3%rGO-C3AH6, and 4%rGO-C3AH6 composite samples. 

 
Moreover, the average crystallite sizes of the pristine C3AH6 and x%rGO-C3AH6 

samples were evaluated by adopting the Scherrer’s [13] equation as shown in 
equation 4.1. Figure 4.14 showed the average size of C3AH6 which was around 61.53 
nm, and while those of x%rGO-C3AH6 were 75.73, 66.15, 65.40, and 69.59 nm for x=1, 
2, 3 and 4, respectively. The results indicated that both C3AH6 and x%rGO-C3AH6 
exhibited nanometer crystalline sizes. The average size of crystallite x%rGO-C3AH6 
was similar to that of C3AH6. This explained that no changes in an average size of 
crystallite x%rGO-C3AH6 was due to the rGO loading in the C3AH6 cement.  
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Figure 4.14 An average of crystallite and particles sizes of C3AH6 and x%rGO-C3AH6 

with various contents of rGO loading. 
 

- Scanning electron microscopy (SEM)  
The morphology and element composition for all samples were carried out 

using SEM and EDX techniques, and the result is shown in Table 4.2. It was found 
that the edge shaped particles can be observed with all samples, whereas, amount 
of carbon in the 2% and 4%rGO-C3AH6 samples as the rGO in the composite has 
elevated to a level about 2 times greater than that of the C3AH6 sample. This 
indicated that by incorporating of the C3AH6 and rGO to form composite materials. 
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Table 4.2 SEM images and EDX analysis of (a) pristine C3AH6, (b) 2%rGO-C3AH6 and 
(c) 4%rGO-C3AH6 samples. 

Samples SEM EDX 
 
 
 
pristine 
C3AH6 
 
 

 

 
 

 

 

 
 
 
2%rGO-
C3AH6 

 

 
 

 

 

 

 

 

 

 

 

 

 
 
 
4%rGO-
C3AH6 
 
 

 

 
 

 

 
- EDS mapping 
The EDS mapping of the C3AH6 sample exhibited a uniformed distribution of 

the powder surface as illustrated in Figure 4.15 that by applying a hydration process 
colloid with rapid heating, C3AH6 can be obtained from a C12A7 precursor. The 
results revealed elements of Ca, Al, O, and C on the surface Interestingly, the 
appearance of compound formed in the C3AH6 sample also confirmed the finding. 
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Figure 4.15 EDX elemental mapping of C3AH6 samples 
 

As indicated in Figure 4.16, the EDX elemental mapping of 2%rGO-C3AH6 
samples illustrated a uniformed distribution of carbon on the powder surface. By 
applying a hydration process with rGO colloid with rapid heating, the rGO and C3AH6 
composite can be obtained from a C12A7 precursor. The results indicated the 
elements of Ca, Al, O, and C on the surface.  
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Figure 4.16 EDX elemental mapping of 2%rGO-C3AH6 samples. 
 

As illustrated in Figure 4.17, the EDX elemental mapping of 4%rGO-C3AH6 
sample indicated a uniformed distribution of carbon on the powder surface. By 
applying hydration process with rGO colloid with rapid heating, the rGO and C3AH6 
composite can be obtained from a C12A7 precursor. The results indicated elements 
of Ca, Al, O, and C on the surface.  
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Figure 4.17 EDX elemental mapping of 4%rGO-C3AH6 samples. 
 

- Transmission electron microscopy TEM 
Figure 4.18 (a) showed TEM images of synthesized rGO. The results exhibited 

layers of nano sheeted and nano flaked material in the synthesized rGO, 
corroborating that the synthesized rGO had a nanosheet morphology. Figure 4.18(b) 
illustrated TEM images of synthesized C3AH6 sample. The results outlined the 
particle sizes of the C3AH6 sample in a layered nanostructure. The smallest 
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nanosized particles were around 40 to 50 nanometer. The nanosized particles of 
C3AH6 sample were roughly around 50 nanometer in diameter, like the calculated 
average crystallite size of C3AH6 (61 nanometer). Figure 4.18(c) and (d) similarly 
indicated the surface morphology, particles size and shape of the x%rGO-C3AH6 
composite samples for x=2 and 4. The displayed dark areas implied that a higher 
resolution of TEM imaging technique could elaborate the x%rGO-C3AH6 composite 
[23]. The rGO and C3AH6 particles were observed as nanosheets and dark 
nanoparticles. This indicated the occurrence of nanocomposited rGO-C3AH6 with 
nano flaked rGO and nanometer sized C3AH6 cement. The images exhibited small 
x%rGO-C3AH6 nanocomposite particles with sizes of 10 to 20 nanometers. The 
particle sizes ascertained that the synthesized x%rGO-C3AH6 nanocomposites 
contained nanometer sized particles. The smallest particle size of the 2%rGO-C3AH6, 
as illustrated in Figure 4.18(c), was ~20 nanometer, while the smallest particle size of 
the 4%rGO-C3AH6, as displayed in Figure 4.18(d), was 10 nanometer. The results 
indicated that the nanometer sized particles of the 4%rGO-C3AH6 sample were 
smaller than that of those the 2%rGO-C3AH6 sample. The rGO content majorly 
impacted the grain sizes of the rGO-C3AH6 composite samples. It was implied that 
the grain sizes relates to the amount of rGO in the composites. Selective Area 
Electron Diffraction (SAED) has been utilized to identify the crystal forms of single, 
double and multilayer rGO. TEM images, SAED patterns and EDX of the rGO 
nanosheets, nanometer sized C3AH6, and x%rGO-C3AH6 nanocomposite samples 
indicated  diffraction rings implying a high poly-crystalline content as explained in 
Figure 4.18. The results illustrated ring patterns of the rGO sample. This was the 
attributes of poly-crystalline rGO deriving from its stacked multilayer orientation. 
Figure 4.18(b) exhibited the SAED pattern of the C3AH6 sample. This SAED pattern 
illustrated diffraction rings similarly suggesting high poly-crystalline content, 
subsequently, ascertaining the presence of nanometer sized C3AH6 particles. Figure 
4.18(c) and (d) illustrated the SAED patterns of the synthesized nanocomposited 
x%rGO-C3AH6 samples. This SAED pattern was an attribute of combined diffraction 
rings resulted from a mixture of polycrystalline rGO and nanometer sized C3AH6 and 
x%rGO-C3AH6 cements, ascertaining the production of nanocomposited.  
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Figure 4.18 TEM images of synthesized (a) rGO nanosheets, (b) nanometer sized 

C3AH6, and (c) nano composited 2%rGO-C3AH6 and (d) 4%rGO-C3AH6 
samples. 
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- Raman spectra analysis 
The Raman spectra of the lattice structure of the C3AH6, the Raman bands 

situated at 100-1200 cm-1. The synthesized of C3AH6 at 533 cm-1 and 1050 cm-1 

caused two peaks as illustrated in all synthesized samples. The attribute of C3AH6 
bands sample appeared at 533 cm-1 and was marked to [AlO4

5-] stretching. The peak 
situated at 1050 cm-1 which is a characteristic of the C3AH6 structure. This was 
available in all samples of the x%rGO-C3AH6 since they contained a C3AH6 
component. It was noted that the D (1348 cm-1) and G (1576 cm-1) band peaks of the 
rGO structure were found in all x%rGO-C3AH6 samples. However, these were not 
found in the C3AH6 sample. This implied that the disappearance of rGO contributed 
to a successful synthesis of C3AH6. The x%rGO-C3AH6 composites samples illustrated 
in both D and G band peaks of the rGO structure and peaks at 533 cm-1 and 1050 cm-

1 of the C3AH6 structure. This ascertained that the nanometer sized rGO sheets were 
converted to a nanocomposite with nanometer sized C3AH6 particles to produce x% 
rGO-C3AH6 nanocomposites. 
 

 
 

Figure 4.19 Raman spectra of pristine C3AH6 and x%rGO-C3AH6 samples. 
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- FT-IR spectra analysis 
In addition, to confirm the rGO composite in the C3AH6 matrix, the FT-IR 

spectroscopy was used. Figure 4.20 illustrated the FT-IR spectra of C3AH6 cement-
based and the x%rGO-C3AH6 nanocomposite in different of x weigh % contents. The 
FT-IR spectra of all x%rGO-C3AH6 specimens showed reflection dips close to the 
energy of the functional group -C=C- of rGO at 1626 cm-1 as indicated in the inset. 
The weak reflection dips was also seen at the energy position of functional group -
C=O of GO at 993 cm-1 all samples. The reflectance decreases at the dip position by 
increasing the amount of rGO as expected.   
 

 

Figure 4.20 FT-IR spectra of pristine C3AH6, 1%rGO-C3AH6, 2%rGO-C3AH6, 3%rGO-
C3AH6 and 4%rGO-C3AH6 samples. 

 
- X-ray photoelectron spectroscopy (XPS)  

Figure 4.21(a) outlined a wide scan XPS survey spectra of the synthesized 
C3AH6, and 2%rGO-C3AH6 samples. The XPS survey exhibited the spectra of O (1s), 
Ca (2p), Ca (2s), Al (2p) and C (1s) of the C3AH6 and 2%rGO-C3AH6 samples 
respectively. The spectral results indicated synergies of Ca, Al, O (1s) and C (1s) peaks. 
Figure 4.21(b) illustrated the XPS spectra of C1s from the synthesized C3AH6, 2%rGO-
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C3AH6 and 4%rGO-C3AH6 samples. The XPS spectra exhibited a peak at 285 eV as 
indications of the C3AH6 sample and three peak positions situated at 284.42 eV, 
285.39 eV, and 288.92 eV, as evident in all of the 2%rGO-C3AH6 and 4%rGO-C3AH6 
samples. Two peaks of 2%rGO-C3AH6 and 4%rGO-C3AH6 samples situated at 288.92 
eV and 285.39 indicated C=O and C-O bonds [12] for carbon atoms in these samples. 
The peak situated at 284.42 eV [12], which represented the C-C bond of sp2 carbon 
atoms in a conjugated honeycomb lattice rGO, appeared in the synthesized 2%rGO-
C3AH6 and 4%rGO-C3AH6 samples. 

 

 
 

Figure 4.21 (a) XPS survey spectra of C3AH6 and 2%rGO-C3AH6 samples and (b) XPS 
survey spectra of C(1s) of the synthesized C3AH6, 2%rGO-C3AH6 and 
4%rGO-C3AH6 samples. 

 
- UV-visible spectroscopy 

Figure 4.22(a) The UV-visible spectra of x%rGO-C3AH6 varied from the spectra 
of the C3AH6. The x%rGO-C3AH6 samples illustrated a low absorption over the 
visible range, however, a high absorption in a lower energy range. The UV-absorption 
band of rGO at 270 nanometer, indicated that the inset [25], was missing from the 
spectra of the x%rGO-C3AH6 samples. Nevertheless, the rGO absorption peak was 
observed in the spectra of x%rGO-C3AH6 nanocomposites with rGO at 1, 2, 3and 4 
wt% levels. The absorption of the x%rGO-C3AH6 nanocomposite was higher at 
elevated levels of rGO, which corresponded to the dark brown color of the powder 
samples. Figure 4.22(b) illustrated direct optical gaps (Eg) of the sintered C3AH6 and 
x%rGO-C3AH6 nanocomposited samples at room temperature. The Eg of C3AH6 was 

(a) (b) 
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4.2 eV, while those of the x%rGO-C3AH6 were 3.0, 2.5, 2.0 and 1.5 eV for rGO 
contents where x=1, 2, 3, and 4 wt%, accordingly. These implied that the Eg of the 
x%rGO-C3AH6 decreased as rGO content increased. Furthermore, C3AH6 had a high Eg 
value of 5.55 eV, while the Eg values of x%rGO-C3AH6 had a constant value of 6.05 
eV. 
 

 
 

Figure 4.22 (a) Absorption coefficient of C3AH6 and x%rGO-C3AH6 samples and (b) 
the relationship between an allowed direct optical gap of C3AH6 and 
x%rGO-C3AH6 samples. 

 
- TGA analysis 

Figure 4.23 explained a TGA diagram of the C3AH6 specimen and the x%rGO-
C3AH6 nanocomposited specimens. The diagram showed mass loss at from water 
decomposed from the C3AH6 specimen and the x%rGO-C3AH6 nanocomposited 
specimens at around 100 oC. The C3AH6 specimen and the x%rGO-C3AH6 
nanocomposited specimens gradually dissolves with amorphous anhydrous and 
water vaporization at between 100-550 oC. The major mass loss was at 200-300 oC 
and a smaller loss was at between 400-550 oC. For the dehydrations between 300 
and 350 oC, the C3AH6 decomposed and formed C3AH1.5 and at around 320-550 oC 
completely dehydrates to form C12A7 compound. The results pointed out that the 
x%rGO-C3AH6 nanocomposited suit table using to application in ranging lower than 
300 oC. 
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Figure 4.23 TGA diagram of C3AH6, 2%rGO-C3AH6, 3%rGO-C3AH6 and4%rGO-C3AH6 

samples. 
 

4.2.3 The properties of rGO-C3AH6 nanocomposites  
- Micro hardness properties 

Micro hardness of the concocted nanometer sized C3AH6 and 
synthesized x%rGO-C3AH6 samples were assessed by adopting the pyramid on a 
square base method as explained by the Vickers indenter hardness (HV) technique. 
This technique evaluate micro hardness by defining the ratio of the load applied to 
the projected area of the indentation as shown in equation 4.9 [57] 

 
                                 HV = 1854(P/d2)     (4.9) 
 

 where  HV is the Vickers micro hardness value  
   P   is the applied load (kg)  
   d   is the average diagonal length (mm) 
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Figure 4.24. The image was enlarged by a factor of 10 from the machine. The 
derived d values were 0.225, 0.216, 0.202, 0.1827 and 0.167 mm for the nanometer 
sized C3AH6 and nano-composited 1%, 2%, 3%, and 4% rGO-C3AH6 samples, 
respectively. It was discovered that shading of the dark brown colour on the surface 
of the C3AH6 and x%rGO-C3AH6 nanocomposited samples intensified as the 
percentage weight of rGO increased. 

Figure 4.25 these HV values were 74, 80, 90, 111, and 132 HV/2kg, respectively. 
It was illustrated that the HV values increased by a power of two with elevating 
weight percent of rGO. An improvement of rGO-C3AH6 composites shown in the HV 
value as observed in the nanometer sized rGO-C3AH6 nanocomposites. For the TEM 
results, the decreased sizes of the nanocomposited rGO-C3AH6 specimens were 
altered because of an accelerating percent weight of rGO that intensified the HV 
value. 
 

 

                   
 
Figure 4.24 Diagonal length of the impression on surfaces of C3AH6, 1%rGO-C3AH6, 

2%rGO-C3AH6, 3%rGO-C3AH6 and 4%rGO-C3AH6 composited samples. 
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Figure 4.25 Micro-hardness of C3AH6, 1%rGO-C3AH6, 2%rGO-C3AH6, 3%rGO-C3AH6 

and 4%rGO-C3AH6 composited samples. 
 

- Antibacterial properties 
The results were explained in Figure 4.26. It was noted that nanometer sized 

C3AH6 generated no clear zone implying that the substance was unable to kill 
bacteria. The 12 mm red line in the figure represented the diameter of a C3AH6 
pellet. The x%rGO-C3AH6 nanocomposited indicated clear zones revealing 
antibacterial activity against E. coli. The width of clear zones resulted from the 
1%rGO-C3AH6, 2%rGO-C3AH6 and 3%rGO-C3AH6 nanocomposite samples enlarged as 
the increasing level of rGO loading. 4%rGO-C3AH6 cement produced the highest 
degree of antibacterial activity against E. coli. This implied that the antibacterial 
property of the x%rGO-C3AH6 cement is interlinked with the level of rGO in the 
nanocomposited cement and with the smaller particle sizes, 10 to 20 nanometer, of 
x%rGO-C3AH6. The antibacterial action of the nanocomposited x%rGO-C3AH6 was a 
result of the extraction of phospholipids from lipid membranes [58], generating strong 
interactions with these molecules in bacterial cell membranes. These results 
corroborated the importance of minimized particle size to generate increased rGO 
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content within the nanocomposited x%rGO-C3AH6 and concurrently accelerated 
antibacterial activity. 

 

 
 

Figure 4.26 Antibacterial properties of (a) C3AH6, (b) 1%rGO-C3AH6, (c) 2%rGO-C3AH6, 
                (d) 3%rGO-C3AH6 and (e) 4%rGO-C3AH6 composited samples. 
 

- Dielectric properties  
Utilizing an impedance analyzer to evaluate dielectric properties of the 

x%rGO-C3AH6 nanocomposites, the values of electric capacitance (C) and resistance 
(R) of the specimens were assessed. These measurements were conducted over the 
frequency range of 20 Hz - 2 MHz. Figure 4.27(a) the results indicated that the 
dielectric response of the C3AH6 and x%rGO-C3AH6 samples exhibited strong 
frequency dependence. The real dielectric constant of all samples decreased as 
frequency increased. The  values of the samples at low frequency were greater 

than that at high frequency. The  value of C3AH6 was 1.52102 at 20 Hz, and those 

of x%rGO-C3AH6, at 20 Hz, were 4.45102, 6.86 102, 1.010103 and 3.2103 for x=1, 
2, 3 and 4, accordingly. It was noted that the  values of x%rGO-C3AH6 samples 
were higher than that of C3AH6. The dielectric constant of the 4%rGO-C3AH6 sample 
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was roughly 10 times greater than that of the nanometer sized C3AH6 sample. The  

value of 4%rGO-C3AH6 (3.2103) exhibited nearly significant dielectric magnitude. 
The dielectric constant of x%rGO-C3AH6 increased with the percentage weight of rGO 
composite, which aligned with the decreased size of particle of the x%rGO-C3AH6 
nanocomposites. This illustrated that the decreasing particle sizes of the x%rGO-
C3AH6 specimens accelerated dielectric constants of the nanocomposited rGO-
C3AH6 samples. The results above indicated that the dielectric constant values of 
x%rGO-C3AH6 were greater than that of C3AH6 over the entire frequency range and 
the values increased as the particle sizes reduced in the samples. The x%rGO-C3AH6 
samples exhibited a uniformed distribution of nanometer sized particle. The 
nanometer sized particles of the x%rGO-C3AH6 nanocomposites created a large 
dielectric constant. The dielectric constant increased as with the percentage weight 
of rGO. The results indicated that the surfaces of rGO nanocomposites affected the 
acceleration of the dielectric constant by controlling the dispersion of rGO sheets. 
Figure 4.27(b) illustrated the tangent loss of the C3AH6 and x%rGO-C3AH6 samples. It 
was noted that the loss tangents of C3AH6 and x%rGO-C3AH6 decreased with 
increasing frequency. The loss tangents of x%rGO-C3AH6 nanocomposites were 
greater than that of C3AH6 over the entire frequency range studied. The 4%rGO-
C3AH6 nanocomposite pertained the highest loss tangent. These results indicated 
that the loss tangent of x%rGO-C3AH6 increased with the amount of rGO. The trend 
of loss tangent for x%rGO-C3AH6 nanocomposite accordingly increased with the rGO 
content. This pattern was explained at high frequency and was linked to dipolar 
relaxation. At lower frequencies, it was linked to interfacial polarization and 
conductivity. This effect related to the surface morphology of rGO nanocomposites 
with C3AH6 arising from the diffusion of rGO sheets and the surface interface 
between the conducting grains and insulating grain boundaries. Figure 4.27(c) 
illustrated the AC electrical conductivity (ac) of nanometer sized C3AH6 and x%rGO-
C3AH6 nanocomposited specimens vs. the percentage weight of rGO at 20, 104, 105, 
106 MHz. The AC conductivity of these specimens increased with the rGO content. 
The ac values of the x%rGO-C3AH6 nanocomposites were larger than that of C3AH6 
over the entire frequency range under the study. The 4%rGO-C3AH6 nanocomposite 
illustrated the highest ac values. The ac of x%rGO-C3AH6 increased with the rGO 
content.  
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Figure 4.27 (a) Dielectric constant and (b) dielectric loss as a function of frequency, 
and (c) electrical conductivity of C3AH6, 1%rGO-C3AH6, 2%rGO-C3AH6, 
3%rGO-C3AH6 and 4%rGO-C3AH6 nanocomposites samples. 
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-  Thermal properties 
Figure 4.28(a) illustrated thermal conductivity as a function of the 

temperature for the C3AH6 and x%rGO-C3AH6 samples. The  values of all samples 
insignificantly altered according to temperature. These values for the x%rGO-C3AH6 
samples were greater than that of the C3AH6 sample and decreased with the 
amount of rGO. High rGO contents in x%rGO-C3AH6 nanocomposites increased, 
resulting in reduced  values. The thermal conductivity. Based on the AC electrical 
conductivity exhibited in Figure 4.28(b), the e values of the x%rGO-C3AH6 and C3AH6 
were small. Magnitude of  values of all samples was mainly influenced by phonon. If 
the e value is neglected, the thermal conductivity of phonon. Figure 4.28(b) indicated 
the relationship, 𝐾𝑝ℎ𝑜𝑛𝑜𝑛 versus 1/T3, for the x%rGO-C3AH6 and C3AH6 samples. The 
results revealed that only C3AH6 had and an inverse relationship with temperature, 
suggesting that phonon processes (𝜏𝑈) mainly influenced the thermal conductivity of 
C3AH6. The x%RGO-C3AH6 samples did not illustrate similar pattern. Definitely, the 
grain boundary ( 1

𝜏𝐵
= 𝑣/𝐿) term influenced the effect of nanocomposite of the 

x%rGO-C3AH6 specimens. L, the characteristic grain size of the x%RGO-C3AH6 
nanocomposites, was nanometer sized. Similarly, the nanometer sized grain 
characteristic reacted to reduce the phonon value of the x%RGO-C3AH6 
nanocomposites. The reduction of thermal conductivity of the x%RGO-C3AH6 
samples was a result of a smaller particle size at the boundary. They were reduced 
from 20 nm to 10 nm as the percentage volume of the rGO nanoflakes increased 
during the preparation process. The rGO nanocomposite content in C3AH6 influenced 
the development of the thermal conductivity of x%RGO-C3AH6 nanocomposites. The 
specific heat (Cp) values of the C3AH6 and x%rGO-C3AH6 samples were derived from 
the thermal diffusivity measurements over a temperature range of 298 to 573 K by a 
laser flash technique. Figure 4.28(c) explained Cp as a function of the temperature of 
the x%rGO-C3AH6 and C3AH6 samples. The results illustrated that the Cp value of all 
samples increased according to the temperature. The Cp of 1%rGO-C3AH6 and 
2%rGO-C3AH6 was greater than the C3AH6 cement, while 3%rGO-C3AH6 and 4%rGO-
C3AH6 pertained lower Cp values. The lower rGO content in x%rGO-C3AH6 
composites led to higher Cp values. This trend of x%rGO-C3AH6 indicated a decrease 
in Cp with increasing amounts of rGO. The high rGO content in x%rGO-C3AH6 
composites reduced the Cp values. 
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Figure 4.28 (a) thermal conductivity a function of temperature, (b) thermal 
conductivity a function of inverse of temperature,  (c) Specific heat of 
C3AH6, 1%rGO-C3AH6, 2%rGO-C3AH6, 3%rGO-C3AH6 and 4%rGO-C3AH6 
samples. 
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- Electrochemical properties 
The fabricated a slurry for working active electrodes, each obtained at a ratio 

of 80: 10: 10 wt% of all material samples (C3AH6 and all x%rGO-C3AH6), PVDF and 
acetylene black were well mixed with a slurry of N-methyl-2-pyrolidone (NMP) 0.5 ml 
using by ball milling method at room temperature for 24 hours. Then, a slurry was 
coated onto a nickel foam sheet within a coating area of 1x1 cm2 and kept dried for 
3 hours in an oven at 80 °C. Finally, these active electrodes were pressed at 1.5 tons 
for 1 min by using uniaxial compression and soaked into 1.0 M KOH aqueous solution 
for 3 hours before performing an electrochemical test. Figure 4.29(a) shows CV curves 
of all electrodes at a scan rate of 100 mV s-1 in a potential window of -0.1-0.0 V. The 
CV curves of C3AH6 and all rGO-C3AH6 electrodes show a clear reversible reaction of 
a capacitive behavior occurring at the interface of electrode and electrolyte, 
suggesting the storage charge mechanism of electrical double layer capacitors (EDLCs) 
behavior. As shown in Figure 4.29 (b)–(h), the CV curves of C3AH6 and all rGO-C3AH6 
electrodes at scan ranges from 10 to 200 mV s-1, illustrated intensity and area of 
these CV curves gradually increase with an increasing scan rate because of the 
efficient migration of OH- ions through the porous structure and oxygen containing 
functional groups at electrode surface of rGO Figure 4.30 (a)–(h) presents the GCD 
curves of C3AH6 and all rGO-C3AH6 electrodes conducted within a potential window 
of -0.1 - 0.0 V at a scan rate of 0.5 A g-1 and different current densities ranges from 0.2 
to 10 A g-1. All GCD curves exhibited a symmetric shape, which represents 
characteristics of EDLCs behavior. It was noted that the discharge curves of C3AH6 
and all rGO-C3AH6 electrodes indicated low internal resistance (Ri), implying high 
conductivity of electrode material. Specific capacitances (Csc) of C3AH6 and all rGO-
C3AH6 electrodes were assessed based on the CV curve and discharge curves as 
illustrated in Figure 4.31 (a)–(b) and the derived values are explained in Table 4.3. 
Figure 4.31 (a)–(b) showed that the Csc values deceased with an increasing current 
density due to the imperfection of electrodes that prevent the diffusion and 
penetration of electrolyte ions into the active sites of electrode materials. 
Furthermore, small particles could lead to high surface area and large mesopore of 
active redox sites for more OH- ions to be accessible in electrolyte. Notwithstanding, 
it was found that all rGO-C3AH6 electrodes provided excellent cycling stability as 
shown in Figure 4.29(c). 
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Figure 4.29 (a) CV curves at a scan rate of 100 mV s-1 of C3AH6 and all rGO-C3AH6 
electrodes. (b), (c), (d), (e), (f), (g) and (h) CV curves at different scan rates 
of C3AH6 and all rGO-C3AH6 electrodes. 
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Figure 4.30 (a) shows GCD curves at a scan rate of 0.5 Ag-1 of C3AH6 and all rGO-
C3AH6 electrodes. (b), (c), (d), (e), (f), (g) and (h) show GCD curves at 
different current densities of C3AH6 and all rGO-C3AH6 electrodes. 
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Figure 4.31 (a) and (b): specific capacitance plots of C3AH6 and all rGO-C3AH6 
electrodes at different scan rates and current densities were calculated 
by CV and GCD test and (c): cycling stability of C3AH6 and all rGO-C3AH6 
electrodes using GCD test at a current density of 5 Ag-1. 
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Figure 4.32(a) explained the Nyquist plots of C3AH6 and all rGO-C3AH6 
electrodes. The intercepts on Z′ axis in a high frequency region usually links to a 
series resistance (Rs) of solution at the interface of electrode/electrolyte. A 
semicircular curve is mainly assigned to the charge transfer resistance (Rct), which 
aligns with the charge transfer mechanism arises at the interface of 
electrode/electrolyte. As illustrated in Figure 4.32(a), all electrodes illustrated a 
semicircle in a high frequency region and a straight line in a low frequency region. 
These EIS spectra of all electrodes were examined in detail by inputting the 
experimental data with the equivalent circuit model through Z View software, as 
shown in Figure 4.32(b)–(h) and the obtained values are explained in Table 4.3. These 
results indicated the low Rct values, implying a faster charge transfer mechanism at 
the electrode/electrolyte surface. Furthermore, in a low frequency region of Nyquist 
plots, the slopes of all rGO-C3AH6 electrodes were higher than that of C3AH6 
electrode, implying a proper electrical conductivity because of the influence of rGO 
and the low diffusion resistance (DEdiff) of electrolyte ions. This result implied that a 
composite of C3AH6 with rGO NSs can improve the electrochemical performance of 
C3AH6 electrode. 
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Figure 4.32 (a) Niquist impedance plots of C3AH6 and all rGO-C3AH6 electrodes. (b), 
(c), (d), (e), (f), (g) and (h) the fitting niquist impedance plots with inset the 
enlargement of the plots near origin and showing an equivalent circuit of 
C3AH6 and all rGO-C3AH6 electrodes. 
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Table 4.3 Csc value at different scan rates and current densities were calculated by 
CV and GCD test, and EIS analysis of C3AH6 and all rGO-C3AH6 electrodes 

 
Parameters 

Electrodes 

C3AH6 1%rGO 
-C3AH6 

3%rGO 
-C3AH6 

5%rGO 
-C3AH6 

7%rGO 
-C3AH6 

10%rGO
-C3AH6 

20%rGO
-C3AH6 

Csc (F g-1) by CV 

10  mVs-1 5.348 12.740 13.775 16.685 16.352 19.927 26.650 

20  mVs-1 4.614 11.013 12.299 15.316 15.126 18.511 25.140 

50  mVs-1 3.545 8.499 10.058 13.069 13.237 16.200 22.699 

100 mVs-1 2.747 6.495 8.142 11.029 11.549 14.005 20.279 

200 mVs-1 2.042 4.607 6.216 8.723 9.674 11.413 17.084 

Csc (F g-1) by GCD 

0.2 A g-1 5.290 15.800 19.700 21.800 22.000 27.900 35.400 

0.5 A g-1 3.230 11.800 14.200 18.000 18.200 23.100 31.400 

1 A g-1 2.120 8.830 11.000 15.300 15.700 20.000 28.800 

2 A g-1 1.270 5.850 8.020 12.300 13.200 16.700 25.600 
5 A g-1 0.772 3.140 4.460 7.740 7.840 11.300 19.900 
10 A g-1 0.686 2.330 3.250 5.100 5.320 6.540 16.400 

EIS analysis 
Rs () 
(%error) 

1.003 
(1.3017) 

0.93215 
(1.366) 

0.94597 
(1.4679) 

0.93441 
(1.4352) 

1.051 
(1.3108) 

0.92941 
(1.4364) 

1.06 
(1.3846) 

CPE-T 
(%error) 

0.008707 
(4.5899) 

0.020318 
(4.6502) 

0.017097 
(5.563) 

0.012761 
(7.793) 

0.011238 
(12.083) 

0.018427 
(14.955) 

0.01958 
(23.69) 

CPE-P 
(%error) 

0.71507 
(1.3251) 

0.67337 
(1.6964) 

0.66357 
(1.6508) 

0.70711 
(1.9237) 

0.7097 
(2.4747) 

0.70428 
(3.1401) 

0.67395 
(5.0391) 

Rct () 
(%error) 

1.642 
(16.635) 

1.021 
(21.665) 

0.7612 
(15.775) 

1.001 
(14.164) 

0.61836 
(11.043) 

0.5397 
(13.421) 

0.44839 
(10.888) 

Cp (F) 
(%error) 

0.003940 
(7.7826) 

0.008577 
(11.401) 

0.01989 
(8.6576) 

0.0237 
(7.4599) 

0.024722 
(5.7807) 

0.040222 
(7.1391) 

0.08097 
(6.0448) 

DE-R () 
(%error) 

3.064 
(27.011) 

1.38 
(44.401) 

4.693 
(31.807) 

8.713 
(27.076) 

1.279 
(31.61) 

0.78066 
(48.185) 

0.94206 
(60.441) 
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- Thermoelectric properties 
Measurement methods S and ρ were measured simultaneously in the range 

of 300 to 523 K using a commercial apparatus (Ulvac ZEM-3) under a redcued He 
atmosphere. The value of density d was calculated from the measured weight and 
dimensions from Division of Sustainable Energy and Environmental Engineering, 
Graduate School of Engineering, Osaka University, Japan (Osaka Lab). Table 4.4 shows 
the summary of differences of preparation method and characteristic of 10%rGO-
C3AH6, prepared at KMITL and this lab.  

 
Table 4.4 Summary of differences of preparation method and characteristic of 

10%rGO- C3AH6 prepared at KMITL Lab and this Osaka Lab. 

10%rGO-C3AH6 KMITL Lab Osaka Lab 

Production method Cold pressing Spark plasma sintering (SPS) 

Conditions 6 MPa, 300 K for 10 min 60 MPa, 600 K for 10 min 

Sample  Cuboid (5×5×20 mm)  Pellet (⌀12.7 mm, h ~ 1.8 mm ) 

Measured density 2.01 g cm-3 1.40 cm-3 

Resistivity (ρ) at 300 K 1.16  0.35 m 

 

Figure 4.33(a) shows the Resistivity (ρ) as a function of temperature of 
differences of preparation method and characteristic of 10%rGO-C3AH6, prepared at 
KMITL lab and Osaka lab. The ρ value of 10%rGO-C3AH6 sample was approximately 
1.16  and 0.35 m, respectively. Figure 4.33(b) shows temperature dependence of 
Seebeck coefficient (S) of the 10%rGO-C3AH6, prepared at KMITL lab and Osaka lab 
in temperature 300K to 550K. The bulk rGO-C3AH6 sample showed negative of 
Seebeck coefficient value as presenting n-type thermoelectric materials. The Seebeck 
coefficient values of bulk rGO-C3AH6 sample was decreased from -9.30 µV/K to -7.76 
µV/K and 9.41 µV/K to 2.10 µV/K, respectively, prepared at KMITL lab and Osaka lab 
for temperature increased from 300 K to 550 K. Figure 4.33(c) shows the comparison 
of the power factor (PF) of bulk rGO-C3AH6 samples.  
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Figure 4.33 (a) The Resistivity (ρ), (b) Seebeck coefficient (S) and (c) Power factor (PF) 
of the 10%rGO-C3AH6 sample.  
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4.3 Prototype of concrete block electric power generation from heat  
and applications in municipal melting furnace or municipal 
incinerator 
 

4.3.1 Synthesis of CaMnO3 as thermoelectric materials 
The CaMnO3 oxide compound, which was synthesized in the previous 

laboratory for analysis. The characteristic of CaMnO3 compounds its reproducibility 
was also confirmed by XRD SEM and EDS. The measurement results will show as 
follows. 

 
- X-ray diffraction (XRD) 

Figure 34 showed the XRD diffraction patterns of the CaMnO3 after 
calcining the sample at 1200 oC for 12 hours. It was found that crystalline powder 
with CaMnO3 diffraction pattern appeared at diffraction angle at 2θ (o) = 23.836 o, 
33.928 o, 36.190 o, 38.268 o, 40.040 o, 42.193 o, 44.141 o, 15.545 o, 48.929 o, 50.373 o, 
53.886 o, 54.935 o, 56.402 o and 62.258 o. The samples showed major phase of CaMnO3 
structure, corresponding to JCPDS file no. 03-0830. 
 

 
 

Figure 4.34 XRD patterns of prepared CaMnO3 precursor referencing the  
        JCPDS#03-0830 file. 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกท้ังห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกคร้ังที่มีการนำไปใช้ 



99 

 

 

 

- Scanning Electron Microscope (SEM)  

The SEM is a test process that scans a sample with an electron beam 

to produce a magnified image for analysis. The CaMnO3 oxide compound was 

synthesized in the previous lab for analysis by SEM with magnifications from (a) 500x, 

(b) 2000x, (c) 4000x and (d) 6000x, respectively. It was found that the SEM images 

obtained CaMnO3 oxide compound can be prepared to homogeneous and has a 

rough porous surface. Which has a good effect on low thermal conductivity is a good 

property of thermoelectric materials was shown in Figure 4.35. 
 

   

   

 

Figure 4.35 SEM images of CaMnO3 with magnifications from (a) 500x, (b) 2000x, (c) 
4000x, and (d) 6000x, respectively. 

 

 

 

(a) (b) 

(c) (d) 
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- Energy Dispersive X-Ray Spectrometer (EDS)  

The EDS is a measurement and analysis of energy elements to analyze 

various elements which is a mixed proportion of each element. And the distribution 

of the elements is separated into various colors. Figure 4.36 showed the results of 

EDS identify the elements in the CaMnO3 oxide compound by the weight ratio of the 

elements C: O: Ca: Mn will be 7.38% : 39.41% : 22.77% : 30.45%. It was found that 

each element is well distributed. 

 

 

 

Figure 4.36 SEM images with inset a high magnification view of selected area, and 
displayed the EDS-mapping images for C, O, Ca and Mn elements of 
CaMnO3 samples. 
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4.3.2 The prototype of wall panel thermoelectric module for electricity 

production from high temperature heat from municipal waste 

incinerator prototype 

- Electrical connector new thermoelectric cell module rods 

Generally, there are 2 types of electrical connection thermoelectric cell 

module rods such as N-type and P-type connected in series. The other side provides 

heat from the heat source and the other side is cool. Must have a cooling system 

helps to cooling with the heat sink to make a difference in temperature as shown in 

Figure 4.37. 

 

 
 

Figure 4.37 Connection of conventional thermoelectric modules N-type and P-type. 

 
The connection of new thermoelectric modules with single type of N-type. Is a 

preparation of N-type thermoelectric materials that are connected in pairs were as 
shown in Figure 4.38(a) and can expand the number of series circuit thermoelectric 
modules as shown in Figure 4.38(b) and can expand the number of parallel circuit 
thermoelectric modules as shown in Figure 4.38(c). The other side provides heat from 
the heat source and the other side is cool without cooling fan but can be to make a 
difference temperature which the new type of thermoelectric modules connector. 
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(a) 

 

 
 

(b) 
 

 
 

(c) 
 

Figure 4.38 Connection of conventional thermoelectric modules N-type. 
 

- The using of new electrode materials 
Using stainless steel materials to be used as electrodes for connecting 

to self-prepared thermoelectric modules in the laboratory as shown in Figure 4.39(a) 
which can actually be used in the temperature range of 700 oC but there was 
disadvantage that the process of forming the electrode is difficult and heavy weight. 
Therefore choose new materials using materials made of aluminum. The advantages 
are cheaper and lightweight compared to materials made of stainless steel. After that 

coated with silver to improve electrical conductivity and reduce the adhesion of the 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกท้ังห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกคร้ังที่มีการนำไปใช้ 



103 

 

 

 

oxides that occur which can actually be used in the temperature range not more 
than of 600 oC as shown in Figure 4.39(b). 

 

    
                         (a)                                           (b)          
 

Figure 4.39 (a) Stainless steel electrode materials (b) aluminum electrode materials 
after coated with silver 

 

- Connect the thermoelectric module wall plate to generate  

electricity from heat. 

The prototype of the thermoelectric module wall plate to generate 
electricity from heat include of 50 thermoelectric rods with compound electric circuit 
connected by heat resistant wires. After that, the calcium silica plates are splice on 
both sides to short circuits protection. The hot side has been drilled to allow radiant 
heat to pass directly to the module which is a new design. As a result, the heat 
distribution to the prototype of the wall thermoelectric module produces electricity 
very well as shown Figure 4.40. 
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Figure 4.40 Prototype of thermoelectric module wall plate to generate electricity 
from heat. 

 
 4.3.3 Prototype of concrete block electric power generation from heat 

and applications in municipal melting furnace or municipal 
incinerator 
The construction of a municipal hybrid electricity waste stove system 

consisting of heat-resistant wall panels and embedded thermoelectric modules. The 
detailed designs are in the appendix and the municipal waste stove system 
components are hybrid power generation models. The basic principle is to use gas 
fuel to warm up and burn waste, will be able to burn wet waste. After that, when 
the complete combustion occurs, the fuel gas system will be cut off from 
the combustion system to use a general combustion aeration system. The 
components are as follows  (1) Steel structure with wheels (2) Gas fuel system (3) 
Waste combustion system (4) Combustion chamber (5) Heat storage room (6) Heat 
resistant wall power generation (7) Hot air vent. The prototype of the incinerator can 
be installed prototypes of thermoelectric module panels to generate electricity 
directly from heat is a total of four sides. Which has been designed on each side are 
size 25x25x5 cm equal to the prototype of the wall panel, the thermoelectric 
module produces electricity that can be splice installed as shown in Figure 4.41. 
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Figure 4.41 Prototype of concrete block electric power generation from heat and 

applications in municipal melting furnace or municipal incinerator. 
 
 4.3.4 Electrical Properties of Thermoelectric Modules 

4.3.4.1 The result of a single thermoelectric module from CaMnO3 at 
the diameter of 1 cm to connect series electrical circuit 
- At the height of the module 1.5 cm 
The results of the thermoelectric module test in the laboratory. Bring 2 

module of the thermoelectric module of the above size to test on the hot plate for 
test the heat resistance and create different temperature between the side that 
touches the hot plate and the side that does not touch the hot plate. The results 
showed that the difference of the maximum heat temperature was 552.8 oC (at the 
hot side temperature of 700 oC and the cold side was 148.2 oC) as shown in Figure 
4.42. The results of testing of electrical measurements compared to temperature 
differences as showed that the maximum electric potential is 95.30 mV, the current is 
2.29 mA and the electric potential can be constant as time changes as shown in 
Figure 4.43. Shows as electricity measurement results show that the fabricated 
thermoelectric modules can directly convert heat into electricity. Which corresponds 
to the Seebeck effect and the electrical value increases according to the temperature 
difference with has tendency to be increase. 
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Figure 4.42 The temperature difference in the room temperature range to 700 oC for 
at the height of module 1.5 cm. 

 

      
 
 

Figure 4.43 Graph relation between temperature difference voltage (mV) and current 
(mA) for at the height of module 1.5 cm. 
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- At the height of the module 2.0 cm 
The results showed that the difference of the maximum heat 

temperature was 574.3 oC (at the hot side temperature of 701.1 oC and the cold side 
was 123.8 oC) as shown in Figure 4.44. Figure 4.45 showed the results of testing of 
electrical measurements compared to temperature differences as showed that the 
maximum electric potential is 126.20 mV, the current is 1.68 mA and the electric 
potential can be constant as time changes. The results electrical value increases 
according to the temperature difference with has tendency to be increase. 
 

 
 

 

Figure 4.44 The temperature difference in the room temperature range to 700 for at 
the height of module 2.0 cm. 
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Figure 4.45 Graph relation between temperature difference voltage (mV) and current 

(mA) for at the height of module 2.0 cm. 
 

- At the height of the module 2.5 cm 
The results showed that the difference of the maximum heat 

temperature was 615.6 oC (at the hot side temperature of 701.1 oC and the cold side 
was 85.5 oC) as shown in Figure 4.46. Figure 4.47 showed the results of testing of 
electrical measurements compared to temperature differences as showed that the 
maximum electric potential is 125.20 mV, the current is 2.38 mA and the electric 
potential can be constant as time changes. The results electrical value increases 
according to the temperature difference with has tendency to be increase. 
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Figure 4.46 The temperature difference in the room temperature range to 700 oC for 

at the height of module 2.0 cm. 
 

 
 

Figure 4.47 Graph relation between temperature difference voltage (mV) and current 
(mA) for the module at a height of 2.5 cm. 
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The results of the production of thermoelectric modules for a single 
thermoelectric module to connected in series electric circuits at various heights. It 
can found that at height of 1.5 cm provides a minimum voltage compared to an 
increase in height of 2.0 cm and at height of 2.5 cm provides similar electric 
potential. We could see that too much height is not good because it will increase the 
number of masses. Therefore, should design the optimum of height as shown in 
Figure 4.48. 

 

 
 

Figure 4.48 Graph relations between hot side temperature and voltage (mV) for 2 
module of the thermoelectric module to connect series electrical circuit 
at the height of the module at 1.5, 2.0 and 2.5 cm.  

 
4.3.4.2 The result of 2 thermoelectric module of CaMnO3 at the 
diameter of 1 cm to connect parallel electrical circuit 
- At the height of the module 1.5 cm 

The results of the thermoelectric module test in the laboratory. Bring 
2 module of the thermoelectric module are connect parallel electrical circuit of the 
above size to test on the hot plate for test the heat resistance and create different 
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temperature between the side that touches the hot plate and the side that does not 
touch the hot plate. The results showed that the difference of the maximum heat 
temperature was 542.6 oC (at the hot side temperature of 700.7 oC and the cold side 
was 165.4 oC) as shown in Figure 4.49. The results of testing of electrical 
measurements compared to temperature differences as showed that the maximum 
electric potential is 80.00 mV, the current is 2.32 mA and the electric potential can 
be constant as time changes as shown in Figure 4.50. Shows as electricity 
measurement results and the electrical value increases according to the temperature 
difference with has tendency to be increase. 
 

 
 

Figure 4.49 The temperature difference in the room temperature range to 700 oC for 
2 module of the thermoelectric module to connect parallel electrical 
circuit at the height of the module at 1.5 cm.  
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Figure 4.50 Graph relation between temperature difference voltage (mV) and current 

(mA) for 2 module of the thermoelectric module to connect parallel 
electrical circuit at the height of the module at 1.5 cm.  

 
- At the height of the module 2.0 cm 

The results showed that the difference of the maximum heat 
temperature was 602.20 oC (at the hot side temperature of 700.80 oC and the cold 
side was 98.60 oC) as shown in Figure 4.51. Figure 4.52 showed the results of testing 
of electrical measurements compared to temperature differences as showed that the 
maximum electric potential is 94.20 mV, the current is 2.43 mA and the electric 
potential can be constant as time changes. The results electrical value increases 
according to the temperature difference with has tendency to be increase. 
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Figure 4.51 The temperature difference in the room temperature range to 700 oC for 
2 module of the thermoelectric module to connect parallel electrical 
circuit at the height of the module at 2.0 cm.  

 

 
 

Figure 4.52 Graph relation between temperature difference voltage (mV) and current 
(mA) for 2 module of the thermoelectric module to connect parallel 
electrical circuit at the height of the module at 2.0 cm. 
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- At the height of the module 2.5 cm 
The results showed that the difference of the maximum heat 

temperature was 617.90 oC (at the hot side temperature of 700.50 oC and the cold 
side was 82.60 oC) as shown in Figure 4.53. Figure 4.54 showed the results of testing 
of electrical measurements compared to temperature differences as showed that the 
maximum electric potential is 119.80 mV, the current is 3.73 mA and the electric 
potential can be constant as time changes. The results electrical value increases 
according to the temperature difference with has tendency to be increase. 
 

 
 
Figure 4.53 The temperature difference in the room temperature range to 700 oC for 

2 module of the thermoelectric module to connect parallel electrical 
circuit at the height of the module at 2.5 cm.  
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Figure 4.54 Graph relation between temperature difference voltage (mV) and current 

(mA) for 2 module of the thermoelectric module to connect parallel 
electrical circuit at the height of the module at 2.5 cm.  

 
The results of the production of thermoelectric modules for 2 modules are 

connected in parallel electric circuits at various heights. It can found that at height of 
1.5 cm provides a minimum current of 2.32 mA compared to an increase in height of 
2.0 cm the current is 2.43 mA and at height of 2.5 cm provides the current is 3.73 
mA. We cloud see that the height of the module affects the production of the 
electric current which the current will increase according to the height. Therefore, 
should design the height suitable for the actual be use as shown in Figure 4.55. 
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Figure 4.55 Graph relation between hot side temperature and current (mA) for 2 
module of the thermoelectric module to connect parallel electrical 
circuit at the height of the module at 1.5, 2.0 and 2.5 cm.  

 
4.3.4.3 The result of 50 thermoelectric module of CaMnO3 at the 
diameter of 1 cm at the height 2 cm to connect compound 
electrical circuit 
The results of the thermoelectric module test in the laboratory. Bring 50 

module of the thermoelectric module are connect compound electrical circuit at the 
height of the module 2 cm test on the hot plate for test the heat resistance and 
create different temperature between the side that touches the hot plate and other 
side that does not touch the hot plate. The results showed that the difference of the 
maximum heat temperature was 553.50 oC (at the hot side temperature of 700 oC 
and the cold side was 146.50 oC) as shown in Figure 4.56. The results of testing of 
electrical measurements compared to temperature differences as showed that the 
maximum electric potential is 702.44 mV, the current is 55.06 mA and the electric 
potential can be constant as time changes as shown in Figure 4.57. Shows as 
electricity measurement results and the electrical value increases according to the 
temperature difference with has tendency to be increase 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกท้ังห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกคร้ังที่มีการนำไปใช้ 



117 

 

 

 

 
 

Figure 4.56 The temperature difference in the room temperature range to 700 oC for 
50 module of the thermoelectric module to connect compound 
electrical circuit at the height of the module at 2.0 cm. 

 

 
 

Figure 4.57 Graph relation between temperature difference voltage (mV) and current 
(mA) for 50 module of the thermoelectric module to connect 
compound electrical circuit at the height of the module at 2.0 cm.  
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Chapter 5  

Conclusions and Suggestions 

 
5.1 Conclusions  

This dissertation seeks to study the synthesis and properties of smart cement 
C3AH6-rGO nanocomposite and the development of thermoelectric generator by 
using CaMnO3 as follows:  

1. Synthesis of nanostructure tricalcium aluminate hexahydrate (C3AH6) 
cements. 

2.  Synthesis of C3AH6 cement/reduced graphene oxide (C3AH6-rGO) smart 
cement nanocomposites. 

3.  Development of thermoelectric generator from heat using CaMnO3 and 
applications in municipal melting furnace or municipal incinerator. 

 
Samples were investigated in structural properties using X-ray Diffraction (XRD), 

Raman Spectroscopy, Scanning Electron Microscope (SEM), Transmission Electron 
Microscope (TEM), Fourier-Transformed Infrared Spectroscopy (FT-IR), UV-vis Diffuse 
Reflectance Spectroscopy (DRS), X-ray Photoelectron Spectroscope (XPS), 
Thermogravimetric Analysis (TGA), and the properties measurements dielectric LRC, 
electrochemical properties, optical, electrical conductivities, thermoelectric, thermal 
conductivity, supercapacitor, antibacterial activity and micro hardness. The result can 
be concludedas follows: 

Samples of smart cement were characterized and confirmed by several 
techniques such as, XRD, Raman, SEM, TEM, FT-IR, UV-vis, XPS, TGA. Moreover, the 
properties of as-synthesized cement samples, for example, dielectric constant, 
electrochemical properties, optical, electrical, thermal conductivities, thermoelectric, 
micro hardness, supercapacitor, and antibacterial activity were also studied. The 
results can be concluded as follows, the nanostructured C3AH6 and C3AH6-rGO 
nanocomposite smart cements were successfully fabricated by a conventional 
hydration process. C3AH6 nanocement displayed a high dielectric response, large 
optical band gap, thermodynamically stable at below 350 oC and low thermal 
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conductivity as thermal insulator.  However, the C3AH6-rGO nanocomposite cements 
appeared to have good smart cements properties including high electrical 
conductivity, giant dielectric constants, greater Vickers micro hardness values, high 
electrochemical and supercapacitor properties and high performance in antibacterial 
activities. These interested properties tend to increase as the rGO content (wt.x%) 
loading increases.  In contrast, thermal conductivity reduced against an increase in 
contents of rGO in the C3AH6-rGO nanocomposites. These results indicated that 
nanosized C3AH6 cement incorporated with rGO material exhibited in suitable 
properties for multifunctional applications as smart cement materials.  

In addition, the prototype of concrete block electric power generation from 
heat (CGH) and its applications in municipal melting furnace or municipal incinerator 
are investigated. This CGH prototype consisted of thermoelectric modules having 
thermoelectric material synthesized derived from CaMnO3 thermoelectric material. It 
was found that a single thermoelectric module indicated voltage as 155 mV, current 
as 11 mA, and the electrical power as 1.7 mW in a difference in temperature of 470 
oC for the high temperature side module at 700 oC. The electrical power can be 
increased by connecting several thermoelectric modules together. Also, the CGH 
prototype consisted of 50 thermoelectric modules, were connected to the electrical 
circuit at the height of the module as 2 cm on the hot plate. The results showed 
that the electrical power was directly proportional to the number of thermoelectric 
modules. The difference in the maximum heat temperature was at 553.50 oC (the 
hot side temperature was at 700 oC and the cold side was at 146.50 oC). In addition, 
testing of electrical measurements, when compared to temperature differences, 
showed that the maximum electric potential was at 702.44 mV and the current was 
55.06 mA. Thus, these results implied that CGH prototype can be applied to thermal 
energy from various heat sources such as burning, biomass, waste, industrial heat and 
power plants. The CGH prototype may be scaled into a large-scale thermal power 
plant in order to supply the electrical energy to industries. 
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� Nano-sized C3AH6 was fabricated by
simple hydration process from C12A7
precursor.

� Nano-sized C3AH6 cement showed
high capacitance and dielectric
constant.

� C3AH6 was visible transparent
materials with a direct energy gap of
4.1 eV.
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The present study investigates the optical and dielectric properties of nano-sized C3AH6 cement
hydrates. A cement product was fabricated via a simple hydration process using a derivative of a
C12A7 cement precursor reacting with de-ionized water while raising the reaction temperature to 100
�C. A crystalline phase of the C3AH6 cement product was characterized and confirmed using an XRD tech-
nique. Its morphology was also evaluated using TEM and SEM techniques. It was found that nano-sized
C3AH6 (in size 10–50 nm) was successfully derived via this process. This cement product was thermody-
namically stable over the range of room temperature to 300 �C. The optical direct gap was 4.1 eV and the
indirect energy gap was 2.45 eV. Over the range of 20 Hz to 2 MHz, the observed capacitance was 10�10

F–10�11 F and the dielectric constant varied from 20 to 150. The dielectric properties were enhanced over
those of general cement compounds. This effect was due to its complex structure in which –O–H bonding
appeared in the structure and the formation of nano-sized structures from this process. These results sug-
gested that the nano-C3AH6 hydrated particles were transparent to visible light and exhibited a high fre-
quency electrical response. This implies an important role for these cement-based materials as potential
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ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกท้ังห้าม
candidates having optical and dielectric properties appropriate for applications such as smart building
materials in the form of transparent electrode windows, smart wall capacitors, triboelectric devices
and supercapacitors.

� 2018 Elsevier Ltd. All rights reserved.
าร
1. Introduction

Recently, cement-based materials [1] have attracted significant
attention owing to their very interesting optical and dielectric
properties for applications as smart building materials including
transparent electrode windows, smart wall capacitors, triboelectric
devices, and supercapacitors. These cement-based materials are
composed of Portland and calcium aluminate cements. They are
abundant, low cost and easily fabricated materials. Portland
cements, which are composed of phases of lime-silica minerals,
are commonly used in structures, agro-industrial infrastructure
and transport infrastructure [2]. Calcium aluminate cements,
which consist of reactive phases of lime-alumina compounds with
various geometric structures, represented by the notation, nCao-
mAl2O3 (CnAm in cement notation), are used in construction and
optical devices, among other applications [3–6]. Calcium aluminate
cements, such as monocalcium aluminate [CaO-Al2O3 (CA)] [4] and
monocalcium dialuminate [CaO-2Al2O3 (CA2)] are used for refrac-
tory castable and structural materials [3]. It is notable that dodeca-
calcium hepta-aluminate [12CaO-7Al2O3 (C12A7)] cement offers
high performance in optical smart materials such as transparent
electrodes [7], transparent conducting oxides [8], emitters [9],
and electrides [10]. Hussain et al. [11], Lobo et al. [12] and Ruttana-
pun et al. [13] reported a direct optical energy gap for the C12A7
insulator phase of approximately 3.5 eV [12], 3.64 eV [11], and
4.2 eV [13] by computer simulation and 3.9 eV [13] by calculation.
For calcium aluminate cements (CA, CA2, CA6, CA3), Hussain et al.
[11] reported a direct optical energy gap of 3.85–4.62 eV using a
first principles approach. Dielectric properties are related to the
electrical nature of a material. Cabeza et al. [2] reported a dielectric
constant for Portland cement of approximately 13 for frequencies
ranging from 100 kHz to 15 MHz. Torres-Luque et al. [14] and Hus-
sain et al. [11] reported that calcium aluminate cements (CA, CA2,
C12A7) displayed dielectric constants of approximately 2–4 over a
frequency range of 100 Hz–5 MHz. In another study, Smith et al.
[13] worked with hydrated alumina cements and observed dielec-
tric constants for calcium aluminate decahydrate [CaO-Al2O3-
10H2O (CAH10)] and tricalcium aluminate hexahydrate [3CaO-
Al2O3-6H2O (C3AH6)] cement hydrate in the range of 15–35 at a
frequency of 1 GHz. From this, it can be concluded that the
hydrated alumina cements of this type displayed dielectric con-
stants that were higher than those of calcium aluminate cements.
Using the Kramers-Kroing approach [3], the dielectric and optical
properties (AC conductivity and absorption coefficient) can be
related via the dielectric function consisting of the real and imag-
inary parts of dielectric constant. Consequently, hydrated alumina
cements are promising candidates to improve optical and dielectric
properties for smart building materials in applications such as
smart wall capacitors, triboelectric devices and transparent elec-
trode devices [4,15,16].

Moreover, C3AH6 cement hydrate is the focus for investigation
of the optical and dielectric properties because it is a thermody-
namically stable cement structure derived from calcium aluminate
cement hydrate compounds at room temperature [16]. Pure C3AH6
is called katoite cement and it is a mineral in the hydrogarnet
group. It has a stoichiometric formula of Ca3Al2(OH)12 [17]. Its
crystal structure displays a cubic unit cell in the Ia3d (2 3 0) space
group. Dilnesa et al. [18] found that C3AH6 can be described by a

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือก
มิให้ดัดแปลงเนื้อหา และ
general formula, Ca3Al2(OH4)3, with the Ca site occupied by diva-
lent cations (Ca2+), the Al site by trivalent cations (Al3+) in an octa-
hedral and a tetrahedral framework, and the 4OH� positioned
inside the tetrahedral framework. The H+ ions were bonded to each
of the four O atoms surrounding the vacant site for charge balanc-
ing. The unit cell contained six Ca3Al2(OH)12 units, comprising 132
atoms (24 Ca, 16 Al, 96H and 96O). It basically formed a tree frame-
work consisting of Ca(OH)8 dodecahedra and Al(OH)6 octahedral
sub-structures [17,18]. The unit cell structure had a lattice con-
stant of a = 12.55695 Å, and a unit cell volume V = 1986 Å3. In nat-
ure, C3AH6 can form a crystalline phase at high temperatures.
Literature reports [17,19,20] detailed that C3AH6 can exist as an
anhydrous cement when CA reacts with water in a cement hydra-
tion process [17,19,20]. Additionally, Barnes and Bensted [21]
reported that C3AH6 can be prepared using C12A7 cement as start-
ing material that can be rapidly reacted with water at elevated
temperatures above 60 �C. However, to best of our knowledge,
there are no reports of an investigation into the optical and dielec-
tric properties of C3AH6 cement hydrate.

This work therefore aims to investigate the optical and dielec-
tric properties of C3AH6 cement hydrate. A C3AH6 product was
synthesized via a simple hydration process using a C12A7 cement
precursor reacting with water at 100 �C. The C12A7 precursor and
the resulting products were characterized using X-ray diffraction
(XRD), transmission electron microscopy (TEM), and a high-
resolution TEM (HRTEM), IR spectroscopy, X-ray photoelectron
spectroscopy (XPS), thermogravimetric analysis (TGA), and differ-
ential thermogravimetric analysis. Ultraviolet/visible/near-infra
red (UV–VIS–NIR) spectroscopy and impedance analysis of optical
and dielectric properties were done. Their optical and dielectric
properties were investigated. Surface nano-scale morphology and
thermodynamic stability were evaluated. The effect of nano-
C3AH6 particles on dielectric properties are reported.
2. Experimental details

2.1. Chemicals

Calcium carbonate (CaCO3, 99% purity), alumina powder (Al2O3,
99.9% purity), and ethanol (95%) were purchased from Sigma-
Aldrich (USA). All chemicals were used as received without further
purification.
2.2. Preparation of C12A7 cement

In this work, C12A7 cement powder was first prepared via a
solid state reaction using CaCO3 and Al2O3 as starting materials.
In brief, CaCO3 and Al2O3 powders were stoichiometrically mixed
following the reaction, 12CaCO3 + 7Al2O3 ? Ca12Al14O33 (C12A7)
+ 12CO2. The powder was mixed during ball milling with ethanol
for 24 h at room temperature. This was followed by drying in an
oven at 80 �C for 24 h. Then, the resulting powder was placed in
an alumina crucible and sintered in an electric furnace at 1200 �C
in an air atmosphere for 24 h. Finally, the obtained C12A7 cement
sample was crushed into a powder for use as a precursor material
to prepare C3AH6 cement-hydrates.
ศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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Fig. 1. XRD patterns of the fabricated C3AH6 cement hydrate and the prepared
C12A7 precursor samples.

Table 1
The XRD diffraction angles corresponding to
the Miller index of the diffraction peaks of the
fabricated C3AH6 sample.

Diffraction angles (2h) Miller index

17.26 (2 1 1)
19.96 (2 2 0)
26.51 (3 2 1)
28.37 (4 0 0)
33.41 (3 3 2)
34.94 (4 2 2)
36.41 (4 3 1)
39.22 (5 2 1)
40.56 (4 4 0)
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2.3. Preparation of C3AH6 cement hydrate

C3AH6 cement hydrate was prepared via a simple hydration
method using the prepared C12A7 powder as a precursor. This
reaction was according to C12A7 + 33(H2O)? 4(C3AH6) + 3(Al
(OH)3) [22]. In a typical process, about 3 g of C12A7 powder was
mixed with 200 mL of de-ionized (DI) water. DI water was used
in preparation process since it contained no ions. A volume of
200 mL of DI water was used in this process to enable a facile
hydration reaction process. First, C12A7 powder (3g) and DI water
(200 mL) were blended in a beaker by magnetic stirring at room
temperature for 10 min. Then, the C12A7 suspension was stirred
and heated from room temperature to 100 �C. Next, the suspension
was stirred at 100 �C for 2 h. After that, the obtained suspension
was filtered, washed with DI water several times, and then dried
overnight in an oven at 80 �C. The resulting product was a
C3AH6 cement hydrate powder.

2.4. Preparation of C3AH6 and C12A7 pellets

The fabricated C3AH6 cement and prepared C12A7 precursor
sample powders were prepared by hot-pressed sintering in gra-
phite molds into disc pellets of 12 mm diameter and 2–3 mm
thickness at 400 �C for 1 h for dielectric property measurements.
Then, these pellets were polished on both sides, and coated with
Ag electrodes for supporting Ohmic contact.

2.5. Characterization

The lattice parameters were investigated using an X-ray diffrac-
tometer (XRD), (Rigaku, Miniflex Cu K-alpha radiation), with a 2h
scanning range from 10 to 80�and stepping interval of 0.02�. The
vibration mode of atomic bonding was evaluated using a Fourier-
transform infrared spectroscopy (FTIR), (Bruker, Senterra). An X-
ray photoelectron spectroscope (XPS), (Kratos, AXIS Ultra DLD)
was employed for determining the charge states of each element
in the sample with Al Ka radiation (hv = 1486.6 eV). A transmission
electron microscope (TEM), and a high-resolution TEM (HRTEM)
(JEOL-2100) operating at 200 kV) were used to measure nano par-
ticles size, crystallite size of the samples. Thermogravimetric anal-
ysis (TGA, Netzsch STA 449F3 Jupiter) was performed over a
temperature range of 25 �C–900 �C with a heating rate of 10 �C/
min in air to measure the weight loss of the samples.

2.6. Properties measurement

The optical properties of the samples were investigated using a
UV Visible Near Infrared Spectrometer, (Perkin Elmer, Lambda
950). The optical measurements determined the absorption coeffi-
cient spectra of the specimens at room temperature. The dielectric
properties were determined using an impedance analyzer (Preci-
sion LCR Meter; Model: E4980A). The dielectric measurements
were used to determine the capacitance, resistance and dissipation
factor (loss tangent) values of the samples at room temperature
and over various frequencies in the range of 20 Hz to 2 MHz.
44.39 (6 1 1)
45.60 (4 4 4)
50.24 (6 4 0)
52.45 (5 5 2)
53.52 (6 4 2)
54.59 (6 5 1)
58.71 (8 0 0)
59.71 (7 4 1)
66.47 (8 4 0)
70.18 (6 6 4)
73.80 (8 4 4)
75.57 (8 6 0)
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3.1. XRD characterization

Fig. 1 shows the XRD patterns of the prepared C12A7 sample
that was used as a precursor and the fabricated C3AH6 cement
hydrate sample. The XRD patterns of the diffraction file pattern
of the Joint Commission for Powder Diffraction Standards File
PDF#09-0413 and PDF#03-0125 were inserted into the figure for
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referencing the peak positions. The diffraction patterns of the pre-
pared C12A7 sample were in good agreement with the PDF#09-
0413 file, confirming its conformance to the standard C12A7 phase

within space group, I 4
�
3d: Additionally, the XRD pattern for the

diffraction of the fabricated C3AH6 sample at 2h diffraction angles
corresponded to the Miller index of the diffraction peaks as is
shown in Table 1. The results demonstrate that the diffraction pat-
terns of the C3AH6 sample corresponded well to those of the
PDF#03-0125 file. Obviously, the XRD pattern of the prepared
C3AH6 showed an excessive phase at 2h = 18� and 20.5�, indicat-
ing a phase of aluminium hyhroxide (Al(OH)3), as reported in pre-
vious work [22]. The appearance of shorter and fewer peaks of the
AH3 sample corresponded to the diffraction patterns peaks of the
standard in the PDF#76-1782 file. This result was due to a hydra-
tion process of the C12A7 cement reaction with DI water corre-
sponding to the reaction, C12A7 + 33H2O ? 4(C3AH6) + 3(Al
(OH)3) as discussed in the literature [21,22]. However, the AH3
phase appeared for a very small duration during the process, when
the derivative C12A7 underwent a hydration process. The average
crystallite sizes of the fabricated C3AH6 sample were examined
using Scherrer’s equation as follows [23]:

DXRD ¼ 0:94k
bcosh
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Fig. 3. IR spectroscopy spectra of the fabricated C3AH6 cement hydrate and the
prepared C12A7 cement precursor samples.
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where DXRD is the average crystallite size, k is the X-ray wavelength
(k = 1.5406 Å), b is the full-width at half- maximum of the highest
intensity peak, and h is half of the diffraction peak angle. The calcu-
lation showed that the average crystallite size of the fabricated
C3AH6 sample was approximately 61.53 nm. This result implied
that the C3AH6 cement hydrate crystal structure was nano-
crystalline.

3.2. TEM analysis

Surface nano-scale morphology, nano-particle sizes and shapes
of nano-particles of the resulting C3AH6 specimens were studied
using TEM. The surface morphology is presented in Fig. 2. Fig. 2
(a) displays layered nano-particles of the C3AH6 specimen that
vary in size from approximately 10–50 nm. The yield of nano-
particles resulted from the preparation of C3AH6 cement-hydrate
using a derivative C12A7 cement with DI water at an elevated tem-
perature of 100 �C. Moreover, the degree of the AH3 structure was
also represented by the formation of nano-sheet-like structures as
shown in Fig. 2(a). Furthermore, Fig. 2(b) shows diffraction rings of
the SAED pattern indicating a high poly-crystalline content. Also,
the formation of nano-C3AH6 cement hydrate particles revealed
optical and dielectric properties that suggest further industrial
applications.

3.3. IR spectroscopy analysis

IR spectroscopy was performed to elucidate the hydration pro-
cess of synthesized C3AH6 cement. Fig. 3 displays the IR spectra of
the fabricated C3AH6 cement compared to those of the C12A7 pre-
cursor samples. The spectra showed three bands in the low part of
the wave-number region between 200 and 1000 cm�1 correspond-
ing to M�O (M = Ca, Al) stretching. The absorption bands at fre-
quencies of 535 cm�1 and 760 cm�1 originated from the AlO6
octahedral framework, and the absorption band at the frequency
of 420 cm�1 was assigned to the CaO polyhedral framework. The
bands at 760 cm�1 corresponded to stretching vibrations of Al–O
bonds while those at a frequency of 530 cm�1 corresponded to
bending vibrations of Al–O–Al bonds. Also, the bands in the region
ranging from 700 to 500 cm�1 were associated the hydration of the
condensed AlO6 octahedral framework [23]. The bands at 3460
cm�1 corresponded to M�OH (M = Ca, Al) stretching vibrations in
the C12A7 precursor. Additionally, the absorption band of the fab-
ricated C3AH6 cement displayed a vibration mode of O–H bending
Fig. 2. (a) Transmission electron microscopy (TEM) images of the fab
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at the1630 cm�1 peak and the vibration of O–H stretching at a peak
at around 3200–3670 cm�1, indicating the presence of water mole-
cules (H2O) [24]. The appearance of the absorptions for O–H-
bending and O–H stretching originated from the Al(OH)6 octahe-
dral framework. O–H bending and stretching disappeared from
the C12A7 precursor. These results confirmed a hydration process
in the fabrication of C3AH6 cement hydrate.

3.4. Schematic diagram

A schematic depicting the hydrate reaction is shown in Fig. 4.
The schematic is supported by the results. A nano-particle mor-
phology in the fabricated C3AH6 sample was produced from a
derivative C12A7 cement reacting with DI water at temperatures
100 �C. The C12A7 cement structure can be described by a unit cell
occupying 12 crystallographic nano-cages with 4+ charged ions at
the cage wall, as denoted by [C12A7]4+ [25]. Trapping of free O2–

inside two of the 12 cages in a unit cell occurred for charge balance.
This C12A7 phase was a C12A7 insulator. The C3AH6 structure can
be described as an octahedral and tetrahedral framework of con-
nected by Ca2+ divalent cations and Al3+ trivalent cations with
4OH– positioned inside the tetrahedral framework [18]. H+ ions
bonded to each of the four O atoms for charge balancing. Fig. 4
ricated C3AH6 cement hydrate powder and (b) its SAED pattern.
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Fig. 4. Suggested reaction schematic diagram for the nano-sized C3AH6 cement hydrate.
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describes the production of the nano-sized C3AH6 cement. The
reaction fully succeeded using a derivative C12A7 with DI water
at an elevated temperature of 100 �C over a short time. This reac-
tion was a hydration process according to reaction, C12A7 + 33
(H2O) ? 4(C3AH6) + 3(Al(OH)3) [22]. The XRD results revealed that
this cement hydration produced yielded a tiny amount of a AH3
nano-sheet structure.
3.5. TGA characterization

Fig. 5 shows the thermal analysis of the nano-C3AH6 cement
hydrate particles. The TG-DTA curves present four exothermic
events in the temperature range of 100 �C–900 �C as weight losses
(65%). The first weight loss was due to the physically absorbed
water evaporating from the C3AH6 specimen at around 100 �C.
The C3AH6 specimen gradually decomposed to water vapor and
an amorphous anhydrous material at 100–550 �C. The major mass
loss was at 200–300 �C and a smaller loss occurred between 400
and 550 �C [26]. After the dehydration between 300 and 350 �C,
Fig. 5. Thermal analysis of the fabricated C3AH6 cement hydrate specimen.
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the C3AH6 decomposed to form C3AH1.5 at around 550 �C [27].
Finally, the sample was completely dehydrated to form a C12A7
phase at a temperature greater than 740 �C. The results show that
the nano-C3AH6 particles were thermodynamically stable in over
the range of room temperature to 300 �C.
3.6. XPS analysis

Fig. 6 shows the XPS survey spectrum and XPS spectra of O 1s,
Ca 2p, Al 2s and Al 2p of the nano-C3AH6 cement hydrate particles.
XPS measurements were done calibrating all peaks using a carbon
deposit C 1s binding energy of 284.8 eV. Fig. 6(a) presents a wide
scan XPS survey spectra of the fabricated C3AH6 specimen. The
spectra showed XPS spectrum evidence for the binding energies
of Ca, Al and O 1s peaks with reference to the C 1s peak [27].
Fig. 6(b) presents the XPS spectra of Ca 2p of the fabricated
C3AH6 specimen. The XPS spectra showed two peak positions
located at around 347.3 eV and 350.8 eV. The peak at 347.3 eV
was assigned to the Ca 2p3/2 and the peak at 350.8 eV was due to
Ca 2p1/2 core levels of Ca2+ ions. The two distinguishable peaks of
Ca 2p in the XPS spectrum were due to spin orbit splitting [25].
Fig. 6(c) presents the XPS core-level spectra of Al 2p for the fabri-
cated C3AH6 specimen. The Al 2s XPS spectra were positioned at
around 74 eV, which is consistent with literature reports [27].
The peak at 74.25 eV indicated Al3+ in the fabricated C3AH6 spec-
imen. The valence state of Al confirmed the existing of Ca-O and Al-
O bonds in the C3AH6 specimen. Fig. 6(d) presents the O 1s spec-
trum, which occurred at around 531.5 eV. This showed the pres-
ence of O bonding in the nano-C3AH6 particles.
3.7. Optical properties

Fig. 7 shows the UV–visible spectra and optical properties of the
fabricated C3AH6 cement hydrate and the prepared C12A7 precur-
sor specimens. In the measurements of the C3AH6 and the C12A7
specimens, the absorption coefficient spectra (a) were obtained at
room temperature. By the absorption coefficient spectra, the rela-
tion of the energy gap to photon energy can be presented by

a htð Þ / ðht�Eg Þm
ht , where Eg is the optical energy gap, ht is the photon

energy and m = 1/2 is the value of the allowed direct transition and
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Fig. 6. (a) XPS survey spectrum and XPS spectra of Ca 2p (b), and Al 2p (c) and O 1s (d), of the fabricated C3AH6 samples.
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m = 2 is the value of allowed indirect transition [28]. The Eg value

can be evaluated using the formula [13], ahtð Þ2 ¼ Aðht� EgÞ,
where A is a constant that is independent of ht. The value of Eg
can be obtained by a linear fitting of (aht)2 versus ht to determine
the intercept of the photon energy (ht) axis. For the indirect energy
gap, the formula used m = 2 and the indirect Eg value can be deter-
mined by fitting a curve of (aht)1/2 versus ht to determine the
intercept of the ht axis.

Fig. 7(a) shows absorbance spectra of the C3AH6 and the C12A7
samples from wavelengths of 200 nm–800 nm. The results showed
that spectra line of the C3AH6 sample was lower than that that of
the C12A7 sample at all measured wavelengths. The results high-
light that the C3AH6 sample absorbed less light than the C12A7
sample. The absorption spectra of both samples displayed lower
spectra curves at wavelengths greater than 400 nm. So, both sam-
ples absorbed less light at wavelengths over 400 nm.

Fig. 7(b) displays the direct Eg value of the C3AH6 and C12A7
samples at room temperature. The results showed that direct Eg
value of the C3AH6 sample was 4.1 eV and that of the C12A7 sam-
ple was 3.9 eV. This shows that both samples were transparent
materials since their Eg values were greater the 3.0 eV [28]. The
results revealed that the direct Eg value of the C3AH6 sample
was larger than that of the C12A7 sample.

Fig. 7(c) presents the indirect energy gap of the C3AH6 and the
C12A7 samples at room temperature. The indirect energy gap of
the C3AH6 sample was 2.5 eV, and that of the C12A7 sample wasเอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือก
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2.45 eV for first transition level and 4.0 eV for second transition
level. The results revealed that the indirect energy gap of the
C3AH6 sample (2.5 eV) was similar to the indirect energy gap of
the C12A7 sample (2.45 eV) for the first transition.

The above results indicated that the C3AH6 cement hydrate was
a transparent material. It had a direct optical energy gap of 4.1 eV.
Its optical energy gap was higher than that of the reported direct
optical energy gap of the C12A7 insulator (3.5 eV [12], 3.64 eV
[11], and 3.9 eV [13]. Additionally, the optical gap value of the
C3AH6 occurred in the energy gap region of calcium aluminate
cement (CA, CA2, CA6, CA3) materials (3.85 eV–4.62 eV [11]). This
strongly indicated that C3AH6 cement hydrate materials displayed
an optical gap similar to calcium aluminate cement materials. Due
to the limited values of the optical energy gap of the C3AH6
cement materials, the optical properties were considered using
their dielectric constant values by the Clausius-Mosotti equation

[29] following a ¼ f �1
þ2

h i
, where e0 is the real dielectric constant, f

is a constant value, as discussed in the next section.

3.8. Dielectric properties

Fig. 8 shows the dielectric properties of the fabricated C3AH6
cement hydrate specimen and the prepared C12A7 precursor. The
values for capacitance (C) , resistance (R) and loss tangent (tan d)
were obtained for these materials. The complex dielectric constant
(e*) of the materials consisted of a relative dielectric constant (e0)
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Fig. 7. (a) Absorbance, (b) direct energy gap and (c) indirect energy gap of the
fabricated C3AH6 cement hydrate and C12A7 cement samples.
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as the real part and the dielectric loss (e00) as an imaginary term fol-
lowing the relation e* = e0+ie00 [30]. The e0 value can be determined
from the equation, e0 = (Cl)/(eoa) [31], where l is the thickness of the
sample, a is the area of the sample and eo is the permittivity of free
space (8.85 � 10�12 F/m). The dielectric loss (e00) was calculated
from the relation, e00 = e0 tan d.
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Fig. 8(a) displays the C behavior of the C3AH6 and C12A7 spec-
imens as a function of frequency from 20 Hz to 2 MHz. The results
showed that the C value of the C12A7 precursor sample was virtu-
ally independent of frequency. This value was constant at 6 � 10–
12 F. The C value of C3AH6 cement sample rapidly increased from
10�10 F to 10–11 F over the frequency range of 40 Hz to 2 MHz.
The results showed that the C value of the C3AH6 specimen was
higher than that of the C12A7 specimen at all measured frequen-
cies. This confirmed that hydrated alumina cement materials pre-
sented a larger C value than calcium aluminate cement materials.
The result might have been due to the presence of H+ bonding to
each of the O atoms to produce Ca(OH)8 and Al(OH)6 sub-
structures in the C3AH6. Additionally, the C value for the C3AH6
specimen in the current work was larger than that reported by
Smith et al. [16] of around 10�12 F to 2 � 10�12 F in the frequency
range of 106 Hz–109 Hz. This result might have been due to the for-
mation of nano-size particles in the C3AH6 compound.

Fig. 8(b) shows the dielectric constant (e0) of the C3AH6 and
C12A7 specimens as a function of frequency from 20 Hz to 2
MHz. The results show that the e0 value of the C3AH6 specimen
was greater than the e0 value of the C12A7 specimen at all mea-
sured frequencies. The e0 value of the C12A7 precursor sample
was a constant value of 0.05 at all measured frequencies. The e0

value of the C3AH6 sample rapidly decreased from 150 to 20 over
the frequency range of 20 Hz to 10 kHz, and was a constant value
of 20 at frequencies ranging from 10 Hz to 2 MHz. These results
were greater in magnitude than those of previous reports for Port-
land cement (�13 at frequencies from 100 kHz to 15 MHz) by
Cabeza et al. [2], and for calcium aluminate cements (�2–4 at fre-
quencies from 100 Hz to 5 MHz) by Torres-Luque et al. [14]. Addi-
tionally, the e0 value of the C3AH6 specimen at frequencies from
106 Hz to 109 Hz was larger than that of a previous report for cal-
cium aluminate cement hydrate by Smith et al. [16]. This con-
firmed that the nano-sized particles of C3AH6 hydrated cement
compound displayed a higher e0 value than that of general
cement-based compounds.

Fig. 8(b) shows the dielectric loss (e00) of the C3AH6 and C12A7
specimens as a function of frequency from 20 Hz to 2 MHz. The
results showed that the e00 value of the C3AH6 specimen rapidly
decreased from 2 to 0.8 as frequency was increased, while the e00

value of the C12A7 specimen was constant at 0.05 at all measured
frequencies. This showed that the e00 of the C3AH6 specimen was
slightly smaller than for the C12A7 cement.

The electrical equivalent circuit of the materials with their fre-
quency response was evaluated via a parallel RC-circuit, where R is
the sample resistance and C is the sample capacitance. The
alternating-current (AC) conductivity as a function of frequency
can be expressed by the relation, r = l/aR, where r is the AC electri-
cal conductivity as a function of frequency of the specimen. Fig. 8
(d) shows the AC electrical conductivity of the C3AH6 and C12A7
specimens as a function of frequency from 20 Hz to 2 MHz. The
results showed that the r value of the C3AH6 specimen was similar
to that of the C12A7 specimen at all measured frequencies. Also,
both samples showed r values lower than 10�7 S/m, indicating
that both samples acted as perfect electric insulators.

The above results revealed that the electrical impedance of the
C12A7 cement remained unchanged over the frequency range of
20 Hz to 2 MHz and the electrical conductivity of the C12A7
cement displayed the behavior of a perfect electric insulator. The
dielectric properties (capacitance, dielectric constant and dielectric
loss value) of the C12A7 cement were very small, as would be
expected for non-dielectric materials. The results showed that
the dielectric properties of the C3AH6 cement hydrate were higher
than those of the C12A7 specimen at all measured frequencies. The
results were affected by dielectric polarization in the C3AH6 struc-
ture due to deformational and relaxation polarization of the mate-
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Fig. 8. (a) Capacitance, (b) dielectric constant, (c) dielectric loss, and (d) AC electrical conductivity as a function of frequency of the C3AH6 and C12A7 specimens.
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rial under an AC electric field. This effect was caused by the com-
plex structure of the C3AH6 cement, i.e., O–H bonding to produce
H+ bonding with each the O atoms occurring in the Ca(OH)8 and Al
(OH)6 sub-structures as shown in Fig. 4. Furthermore, the results
revealed that the effect of nano-sized particles on the dielectric
properties was higher than that of the C3AH6 hydrated cement.
This implied that nano-sized particles played a key role to enhance
dielectric properties. Thus, the effect of nano-sized particles on
dielectric properties might affect the optical energy gap of the
C3AH6 cement as described by the Clausius-Mosotti equation.
าร
4. Conclusions

Nano-sized C3AH6 cement hydrate was successfully fabricated
via a hydration reaction of a C12A7 precursor in DI water as its
temperature was rapidly increased to 100 �C. The optical and
dielectric properties of the resulting cement product were investi-
gated. Characterization by XRD techniques confirmed that the
crystallization of a C3AH6 phase structure was a hydrogarnet
cement hydrate structure. TEM techniques confirmed the existence
of nano-sized structures as in size of 10 nm–50 nm. XPS and EDX
revealed Ca, Al, and O components. The TG-DTA results indicated
thermodynamically stable materials in the range of room temper-
ature to 300 �C. The C3AH6 cement displayed a direct energy gap of
4.1 eV and an indirect energy gap of 2.45 eV, indicating that it is a
transparent material. Impedance analysis showed the C3AH6
cement response at frequencies ranging from 20 Hz to 2 MHz.
The C3AH6 cement structure had a large capacitance value, in
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the range of 10�10 F–10�11 F. The dielectric constant was in the
range of 20–150, whereas a smaller value of the dielectric loss
was in the range 2–0.8. The large values were due to the complex
structure of the C3AH6 cement with –O–H bonding where H+

bonding occurred with each O atom in the structure. Moreover,
enhancement of the dielectric properties was due to the nano-
sized particles of C3AH6 hydrate cement. It can be concluded that
nano-sized C3AH6 hydrate cement particles were visibly transpar-
ent and had a high electrical frequency response. Thus, nano-sized
C3AH6 cement products are potential candidates for applications
as smart building materials, such as transparent electrode win-
dows, smart wall capacitors, triboelectric devices, and
supercapacitors.
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A B S T R A C T   

This work aimed to fabricate nanocomposites of reduced graphene oxide (rGO)-nanosized C3AH6 cement via a 
rapid cement hydration for enhancing its micro-hardness, dielectric constant, thermal conductivity, electro
chemical and antibacterial properties.rGO-nanosized C3AH6 nanocomposites (~10–20 nm in diameter) with 1, 
2, 3, and 4% weight of rGO, were successfully synthesized from a Ca12Al14O33 and rGO colloid that was rapidly 
heated with water to a temperature of 100 �C. Nanocomposites of x%rGO-C3AH6 (x ¼ 1, 2, 3, and 4) were 
characterized using XRD, UV–vis spectroscopy, Raman spectroscopy, X-ray photoelectron spectroscopy and TGA 
techniques. The chemical composition was confirmed using SEM and EDX characterization. The results revealed 
a nanocomposited rGO-C3AH6 material with nanosheet and nanoflaked rGO, as well as nanosized C3AH6 par
ticles. The results presented rGO-C3AH6 with high performance multifunctional properties that included 
enhanced mechanical, dielectric, and thermal properties. The vickers micro-hardness and dielectric constant 
were enhanced by the effect of rGO-C3AH6 nanocomposites. The thermal conductivity of rGO-C3AH6 was higher 
than that of C3AH6. The electrical conductivity and electrochemical properties were effectively increased with 
greater levels of rGO in the material. Its antibacterial activity was confirmed by the formation of clearing zones 
on a Petri plate seeded with Escherichia coli (E. coli). The diameter of these zones increased with the rGO content. 
These results confirmed that nanocomposited rGO-C3AH6 was effective in enhancing mechanical, dielectric and 
thermal properties while serving as a high performance multifunctional cement-based material.   

1. Introduction 

The new urban civil works, smart buildings, are a combination of 
modern engineering, architecture and technology requiring multifunc
tional cement-based construction materials. They provide modern 
infrastructure for consumers that is friendly, safe and healthy, built with 
energy efficient and low cost materials [1]. Conventional cement ma
terials can be modified with enhanced properties to improve their per
formance with multifunctional properties. These outstanding properties 
consist of high mechanical strength, low thermal conductivity, energy 
storage capability and antibacterial action. Smart building infrastruc
ture require highly unique properties including resistance to heat con
duction, the ability to producing energy by converting thermal energy 

into electricity. They employ a thermoelectric effect [2]) storing energy 
as super-capacitors or batteries [3] and their structural members can 
resist bacterial growth [4]. In general, conventional cement-based 
compounds [5] use large amounts of raw materials that consist of four 
mineral phases, alite, betite, aluminate and ferrite. Alite is referred to as 
tricacium silicate (Ca3SiO5) or C3S. Betite is dicacium silicate (Ca2SiO4) 
or C2S, while aluminate is tricalcium aluminate (Ca3Al2O6) or C3A. 
Ferrite is tetracalcium aluminoferrite phase (Ca4AlnFe2-nO7) or C4AF. 
Main products of cement hydration, which are products of the reaction 
between cement and water, consist of ettringite (Ca3Al 
(OH)6-12H2O]2-2H2O), calcium silicate hydrate (3CaO-3SiO2-4H2O, 
and calcium hydroxide (Ca(OH)2) [6]. In hydrated Portland cement, 
aluminate cement (C3A) hydration can occur very rapidly to form 
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C2AH8 (CaO-Al2O3-8H2O) and C4AH13 (4CaO-Al2O3-8H2O) phases, 
and to finally form C3AH6 (3CaO-Al2O3-6H2O). The C3AH6, which is a 
stable phase in room temperature [6,7],.is the primary hydrate of 
Portland cement. Additionally, the C3AH6 product is easily produced 
via a rapid reaction of Ca12Al14O33 cement with water, elevating its 
temperature to above 60 �C [8,9]. Also, anhydrous cement, C3AH6, can 
be used as a multifunctional cement-based material due to its thermo
dynamic stability at room temperature and easy preparation via a con
ventional hydration process using low-cost starting materials. C3AH6 
cement is a mineral in the hydrogarnet group with the general formula, 
Ca3(AlxFe1 x)2(SiO4)y(OH)4(3 y), where x ¼ 1, and y ¼ 0 [6]. Previous 
work [8] has reported that C3AH6 has poor dielectric properties as its 
dielectric constant varies from 20 to 150 over the range of 20 Hz to 
2 MHz. There have limited reports on its mechanical and electro
chemical properties as well as its antibacterial nature. Also in the 
Portland cement group, a calcium aluminate cement can be used in 
unique and innovative multi-functional ways, such as transparent elec
trodes [10], transparent conducting oxides [11], and conducting elec
tride [12] devices. It may have antibacterial properties to assist in 
keeping the environment clean [14]. Similarly, C3AH6 cement may 
display other high performance multi-functional properties. For 
example, Ref. [13] has revealed that the value of the dielectric constant 
of C3AH6 can be improved by three orders of magnitude by incoropo
rating nano-Ag and nano-sized C3AH6 in to a composite material. This 
shows that nano-composites can improve C3AH6 cement for use as 
smart cement-based materials. 

In addition, there have many reports that the conventional cement- 
based compounds have been enhanced properties by compositing with 
modifying graphene based (graphene oxide (GO) and reduced graphene 
oxide (rGO) [1]. Particularly, GO and rGO, which are a two-dimensional 
(2D) carbon nanomaterial, has been widely used for construction ap
plications due to its favorable mechanical, thermal and electrical 
properties resulting from a high surface area [1]. There have several 
modifying cement hydrate for high performance cement materials. The 
nanoparticle Ca12Al14O33 electrides have been successfully prepared 
via a carbon nanoreaction process [15,16] with reduced graphene oxide 
composite (rGO) coated by nanocaged Ca12Al14O33 particles for 
enhancing electrical conductivity. Khan et al. [16] succeed in fabricating 
a conductive nanoscale calcium aluminate cement using rGO and GO 
components. Sedaghat et al. [17] reported on the thermal diffusivity and 
electrical conductivity of cement/graphene composite structural appli
cations prepared by partial replacement of graphene with Portland 
cement. Li and Kim [18] used graphene oxide composited with calcium 
aluminate cement for improving the flexural and compressive strength 
of materials used for repair in the construction field. Dimov et al. [1] 
presented nano-engineered concrete composites incorporating GO that 
provided ultrahigh strength. Gholampour et al. [19] reported the effect 
of GO and rGO composites in a cement mortar for improving its axial 
tension and compression properties. Thus, this 2-D rGO material may 
have excellent performance for improving the properties of nanosized 
C3AH6 hydrogarnet cement. However, to the best of our knowledge, 
there are no reports of an improvement mechanical, dielectric constant, 
thermal conductivity properties to high performance and reveals of 
electrochemical, antibacterial properties of C3AH6 cement hydrate by 
co-operating with 2-D nanostructured rGO for smart cement-based 
materials. Moreover, Phrompet et al. [8]. have reported that nano
structured C3AH6 hydrogarnet cement was derived from a 
Ca12Al14O33 cement precursor reacting with water at an elevated 
temperature in a simple hydration process [20,21]. Also, the smart 
cement materials should be improved by incorporation between nano
sized C3AH6 with using 2-D nanostructured GO or rGO in multifunc
tional applications requiring micro-hardness, an appropriate dielectric 
constant, thermal conductivity, electrochemical properties and anti
bacterial activity. 

Herein, this work is proposed a method for preparing 2-D nano
composites of reduced graphene oxide (rGO) and nanosized C3AH6 

cement via a rapid cement hydration process for investigation of its 
mechanical, optical, dielectric, thermal, electrochemical, and antibac
terial properties. This mechanism employs 2-D nanostructured rGO 
inserted into a nanosized C3AH6 cement-base enhancing its material 
properties. The Ca12Al14O33 cement precursor and the resulting 
products were characterized using X-ray diffraction (XRD), transmission 
electron microscopy (TEM), high-resolution TEM (HRTEM), IR spec
troscopy, X-ray photoelectron spectroscopy (XPS), the thermogravi
metric (TG) and the derivative thermogravimetry (DTG) analysis and 
UV–vis spectrometry. The micro-hardness, dielectric constant, thermal 
conductivity, and electrochemical properties of these materials were 
investigated. Surface nanoscale morphology and thermodynamic sta
bility of these materials were evaluated. The enhanced properties of 
nanocomposited reduced graphene oxide-nanosized C3AH6 cement, 
micro-hardness, dielectric constant, electrochemical, thermal conduc
tivity and antibacterial properties are reported. 

2. Experimental details 

2.1. Chemicals and materials 

Calcium carbonate (CaCO3, 99% purity), alumina powder (Al2O3, 
99.9% purity), graphite powder (99% purity), and hydrogen peroxide 
(H2O2, 30%) were purchased from Sigma-Aldrich (USA). Sulfuric acid 
(H2SO4, 98%), hydrochloric acid (HCl, 37%), and potassium perman
ganate (KMnO4) were obtained from Merck (Germany). An ammonia 
solution (NH3, 28–30%) was supplied from Baker (USA). All chemicals 
were used as received without further purification. 

2.2. Preparation of reduced graphene oxide (rGO) 

First, graphite oxide was synthesized via a modified Hummers’ 
method by oxidizing graphite with a strong acid and oxidizing agent. In 
a typical procedure, about 2 g of graphite powder was mixed with 6 g of 
KMnO4 in a beaker, and then the solid mixture was poured into a 500 mL 
round bottom flask and cooled to 0 �C in an ice bath for 10 min. After 
that, about 46 mL of H2SO4 was gradually added under stirring and 
cooling, so that the temperature of mixture was maintained below 15 �C. 
Then, the mixture was stirred at 40 �C in water bath for 30 min. Next, 
about 90 mL of distilled water was slowly added, followed by heating 
the mixture under stirring at 95 �C in an oil bath for another 60 min. 
Subsequently, the reaction was stopped by adding 250 mL of distilled 
water, followed by 10 mL of a H2O2 solution, changing the colour of the 
mixture to a yellowish-brown. The resulting product was separated by 
centrifugation, washed with a 5% HCl solution to remove sulphate. It 
was filtered and washed several times using distilled water until the pH 
of filtered solution was about 7. After that, the resulting solid paste 
product was dried in an oven at 65 �C overnight, resulting in a graphite 
oxide product. Next, to prepare an aqueous suspension of GO nano
sheets, the synthesized graphite oxide powder (800 mg) was re- 
dispersed in distilled water (120 mL) under ultrasonication for 90 min, 
followed by centrifugation. Finally, a dark-brown supernatant of an 
aqueous GO suspension was obtained. 

Second, reduced graphene oxide (rGO) was synthesized via a previ
ously described modified chemical reduction method [2]. In brief, 
100 mL of the obtained GO (2 mg/mL) suspension was mixed with 
100 mL of distilled water in a beaker, followed by addition of 1 mL of an 
ammonia and 0.1 mL of hydrazine hydrate solutions. Then, the mixture 
was heated and stirred at 95 �C in oil bath for 45 min. During the 
reduction, the suspension colour changed from brown to black. Finally, 
a stable aqueous suspension of rGO nanosheets was obtained. 

2.3. Preparation of Ca12Al14O33 cement 

In this work, Ca12Al14O33 cement powder was first prepared via a 
solid state reaction using CaCO3 and Al2O3 as starting materials. In a 
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typical procedure, CaCO3 and Al2O3 powders were stoichiometrically 
weighed following the reaction, 12CaCO3 þ 7Al2O3 → Ca12Al14O33 þ
12CO2 [8,20]. The powder was mixed by ball milling with ethanol for 
24 h at room temperature, and dried in an oven at 100 �C for another 
24 h. The obtained powder was placed in an alumina crucible, and then 
sintered in an electric furnace at 1200 �C under an air atmosphere for 
24 h. Finally, the obtained Ca12Al14O33 sample was crushed into a 
powder to be used as a precursor material to prepare C3AH6 
cement-hydrate. 

2.4. Preparation of rGO-C3AH6 nanocomposite 

The nanocomposite composed of rGO and C3AH6 cement, which 
produces a cement of the formula, Ca3Al2(OH)12 [9], with a rGO-C3AH6 
nanocomposite were prepared via a rapid cement hydration process by 
rapid heating with water at 100 �C using the prepared Ca12Al14O33 
powder as a starting material according to the chemical reaction, 
Ca12Al14O33 þ 33H2O → 4(C3AH6) þ 3(Al(OH)3) [8]. This was done 
with varying degrees of rGO loading, i.e., 1%, 2%, 3% and 4 wt%. The 
nanocomposite cements were referenced as x%rGO-C3AH6, where x is 
the weight percentage (wt%) of rGO to the Ca12Al14O33 precursor. In a 
typical procedure to make 1%rGO-C3AH6 cement, about 3 g of 
Ca12Al14O33 powder was mixed with 120 mL of de-ionized (DI) water 
and 50 mL of an acetone solution with stirring at room temperature for 
10 min. After that, 30 mL of a rGO (1 mg/mL) suspension was added and 
heated at 100 �C for 1 h with stirring. Then, the resulting homogeneous 
mixture was filtered, washed with DI water, and dried in an oven at 
60 �C overnight. Finally, 1%rGO-C3AH6 nanocomposite cement was 
obtained. Similar procedures were used to prepare the other x%rGO-
C3AH6 cement samples by varying the rGO loading. To make the total 
volume of all mixtures equal to 200 mL, the amounts of DI water were 
varied as 90 mL, 60 mL, and 30 mL for preparation of the 2%rGO-
C3AH6, 3%rGO-C3AH6 and 4%rGO-C3AH6 samples, respectively. For 
an experimental control, a pure C3AH6 cement sample was prepared 
using the procedure described above, but with no rGO loading. 

2.5. Preparation of C3AH6 and rGO-C3AH6 pallets 

In thermal conductivity and dielectric constant measurements, the 
C3AH6 cement and all rGO-C3AH6 products were compacted by hot- 
pressed sintering into disc-shaped pellets that were 12 mm in diameter 
and 2–3-mm thick at 400 �C for 1 h. For electrical frequency response 
measurements, the both sides of the discs were polished and coated with 
gold for Ohmic contact by Sputter coating. 

3. Characterizations 

The lattice parameters were investigated using X-ray diffractometry 
(XRD), (Rigaku, Miniflex Cu K-alpha radiation), with a 2θ scanning 
range from 10 to 80� and stepping interval of 0.02�. The vibration mode 
of the atomic bonding was evaluated using FTIR, (Bruker, Senterra). An 
X-ray photoelectron spectroscope (XPS), (Kratos, AXIS Ultra DLD) was 
employed to determine the charge states of each element in the sample. 
Transmission electron microscopy (TEM), and a high-resolution TEM 
(HRTEM) (JEOL-2100 operating at 200 kV) were used to determine the 
surface morphology. The optical properties of cement powder samples 
were investigated using a UV–visible spectrometer, (PerkinElmer, 
Lambda 950). Thermogravimetric analysis (TGA, Netzsch STA 449F3 
Jupiter) was performed over a temperature range of 35–900 �C with a 
heating rate of 10 �C/min in nitrogen gas for measuring the weight loss 
of the cement samples. 

4. Property measurements 

The dried materials were ground into fine powders. The fine powders 
were sintered into a disc shape, 12 mm in diameter and 2 mm thick in 

alumina molds at a pressure of 8 MPa and temperature of 200 �C for 1 h. 
Stoichiometrically mixed powders were ball milled in ethanol (95%) for 
18 h and dried for 24 h at room temperature. The mixed powders were 
pressed into pellets confined in an alumina crucible, and sintered in an 
electric furnace at 1200 �C in air for 24 h. The thermal properties of the 
samples were determined on flat specimens that were 2–3 mm thick 
using a NETZSCH LFA 477 Nano-Flash thermal diffusivity analyzer. 

The dielectric measurements were done using an impedance 
analyzer (precision LCR meter Model: E 4980A). Electrical conductivity 
was measured at room temperature over a frequency range from 20 Hz 
to 10 MHz. 

The micro-hardness of the C3AH6 precursor and x%-rGO/C3AH6 
samples was evaluated using a pyramid on square base method with a 
diamond indenter of the Vickers indenter hardness tester system [Shi
madzu HMV-G21]. 

Electrodes made from the C3AH6 precursor and x%-rGO/C3AH6 
samples were used to measure their electrochemical behavior. A 2 mg 
mass of powder from each sample was sandwiched between nickel foam 
plates and compressed at 10 kPa for 1 min after soaking in electrolyte for 
12 h. Electrodes from all samples were evaluated by potentiostatic cyclic 
voltammetry (CV) measurements at constant current within potential 
windows of 0–1 V while connected to a Metrohm Autolab PGSTAT302 N 
potentiostat-galvanostat system. 

Neat C3AH6 sample and the obtained x%rGO-C3AH6 cement com
posite samples were tested using an agar disk-diffusion method against 
Gram-negative, Escherichia coli (E. coli) bacteria at concentration of 
1 � 108 CFU/mL to determine their antibacterial properties. The x% 
rGO-C3AH6 samples were hot-pressed into disc shaped specimens with a 
diameter of approximately 12 mm. Then, the disc samples were placed 
on the E. coli seeded agar plates and incubated at 37 �C for 24 h, after 
which the inhibition zones that had developed around the discs were 
photographed and diameters of clear zones reported. 

5. Simulation of XRD peaks 

Calculation XRD structures was done using the Powder Diffraction 
function in Visualization for Electronics and Structural Analysis 
(VESTA) software. VESTA is a module for simulation and analysis of X- 
ray diffraction pattern data. The crystal structure parameters of 
Ca12Al14O33 cement referenced to 09–0413 of the JCPDS standard 
database were used. 

6. Results and discussion 

6.1. Ca12Al14O33 cement characterization 

Fig. 1(a) shows XRD pattern of a prepared Ca12Al14O33 [8] sample 
as a precursor using the JCPDS#09–0413 file as a standard reference 
peak and the XRD pattern from the simulation Ca12Al14O33 peaks. This 
confirmed that the prepared Ca12Al14O33 sample formed a phase 
consisting of the resulting cement structure. The Ca12Al14O33 sample 
was used as a precursor for synthesis of a nanosized C3AH6 cement 
hydrate sample and nanocomposite between 2-D sheets of rGO and 
nanosized C3AH6 specimens. 

Fig. 1(b) shows an SEM image and Electron Dispersion Spectroscopy 
(EDS) of the chemical composition of the fabricated Ca12Al14O33 and 
an SEM image of the prepared Ca12Al14O33 specimen at a magnifica
tion of 6000 � . The image displays the morphology of a micrometer 
sized edge shaped crystal. The inset of Fig. 1(b) depicts the appearance 
of Ca, Al, and O atoms in the prepared Ca12Al14O33 specimen. The 
chemical composition of the Ca12Al14O33 specimen was obtained from 
the EDS showing atomic percentages of 13.81%, 15.01%, and 60.69% 
for Ca, Al and O atoms, respectively. This result of EDS confirmed the 
formation of the prepared Ca12Al14O33 specimen. 
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6.2. GO and rGO characterizations 

The chemical structure, crystalline phases and identity of the func
tional groups of synthesized GO and rGO samples were investigated and 
confirmed using several spectroscopic techniques. Fig. 2 shows the 
characterization of synthesized GO and rGO samples. Fig. 2(a) shows the 

UV–vis absorption of synthesized GO and rGO samples. The results show 
an absorption peak at 230 nm due to a π-π* transition (-C¼C-) of GO that 
was red-shifted to a longer wavelength (at around 268 nm) during the 
chemical reduction. This indicated that the electronic conjugation inside 
the rGO structure was restored after the reduction of GO [2,5,16], which 
is the possible reaction mechanism for the chemical reduction of GO to 

Fig. 1. (a) XRD patterns of prepared Ca12Al14O33 precursor referencing the JCPDS#09–0413 file [8] and the simulation Ca12Al14O33 peaks and (b) SEM and 
insert of EDS elemental spectrum of the prepared Ca12Al14O33 cement powder. 

Fig. 2. (a) UV–Vis (GO and rGO aqueous dispersion as insert), (b) FT-IR, (c) XRD and (d) Raman spectra of synthesized GO and rGO samples.  
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produce rGO as previously described [16,19]. Furthermore, the colour 
of the GO aqueous dispersion changed from a light brown to black 
during the chemical reduction using hydrazine as a reducing agent (see 
the inset of Fig. 2(a)). The colour change of the GO suspension after 
reduction was confirmed to result from the reduction of GO to rGO [16, 
19]. 

Fig. 2(b) illustrates the FT-IR spectra of the obtained GO and rGO 
samples. As can be seen from this figure, the vibration bands for the GO 
sample appeared at around 3410 cm 1, 1740 cm 1, and 1050 cm 1, 
which correspond to the presence of hydroxyl (-O-H stretching), 
carbonyl/carboxyl (-C¼O stretching), and epoxy (-C-O-C- stretching) 
groups, respectively. The peak at around 1630 cm 1 is attributed to the 
skeleton of sp2 aromatic carbon (-C¼C- stretching) [16,19]. After the 
chemical reduction of GO, it was observed that the peaks due to oxygen 
containing groups decreased in intensity and sometimes vanished, sug
gesting that GO was completely reduced to rGO during such processes. 
This result implies that the oxygen containing groups were mostly 
removed from the skeleton of GO along with some carboxyl groups to 
form rGO [16,19]. 

An XRD technique was used to determine the crystal structure phase 
and interlayer d-spacing of graphite in the synthesized GO and rGO 
samples, and the results are presented in Fig. 2(c). It can be observed 
that graphite exhibits a sharp diffraction peak at 2θ ¼ 26.5�, corre
sponding to a typical diffraction of the (002) graphitic carbon plane [9, 
22]. The interlayer d-spacing of pristine graphite was calculated ac
cording to Bragg’s law and determined to be 0.336 nm. The synthesized 
GO appears as a broad peak at 2θ ¼ 10.8� with an interlayer d-spacing of 
0.819 nm. This implies that as graphite is transformed to GO, most of the 
oxygen containing functional groups are bonded to the graphite surface 
and that the interlayers of graphite are expanded by chemical oxidation, 
which results an increased interlayer value for GO [23]. After the 
reduction of GO, a very broad characteristic peak of rGO appeared at 
around 2θ ¼ 25.2� with an interlayer d-spacing of 0.382 nm. This result 
indicates that as GO was converted to rGO, most of the oxygen con
taining functional groups were removed from the skeleton and basal 
plane of each GO sheet. Overall, the interlayer d-spacing of the obtained 
rGO nanosheets was greatly decreased [16,19]. 

Raman spectroscopy is a powerful technique that can be used to 
characterize the structural configuration of graphene-based materials. In 
general, the Raman spectrum of graphitic carbon displays three bands, a 
D band and a G band with a weak 2D band [16,19]. The D band is 
associated with the breathing mode of the K point phonons of A1g 
symmetry. It mainly indicates the surface disorder and defects of gra
phene. The G band is the result of first order scattering of E2g phonons 
from sp2 carbon. It expresses the graphitic composition of the materials 
[16,19]. Fig. 2(d) displays the Raman spectra of pristine graphite and of 
the synthesized GO and rGO samples. It can be clearly observed that all 
graphite, GO and rGO samples exhibited two main peaks at around 
1338 cm 1 and 1586 cm 1, which correspond to disordered carbon (D 
band) and graphitic sp2 carbon (G band), respectively [23]. Moreover, 
the evolution of disorder is usually quantified by the intensity ratio of 
the D band to the G band (ID/IG). After chemical reduction, the rGO 
nanosheets showed an increased ID/IG intensity ratio compared to that of 
both the pristine graphite and GO. This is attributed to the formation of a 
large sp2 domain with smaller average sizes [16,19]. 

7. Nanometer sized C3AH6 and rGO-C3AH6 nanocomposite 
cements 

7.1. XRD characterization 

Fig. 3 shows X-Ray diffraction patterns of the obtained C3AH6 
cement-hydrate sample and x%rGO-C3AH6 composite samples with 
x ¼ 1%, 2%, 3% and 4% weight of rGO. The XRD peaks of the synthe
sized C3AH6 sample and x%rGO-C3AH6 composites with various rGO 
contents and the Joint Commission for Powder Diffraction Standards 

(JCPDS) File (PDF#03–0125) as cubic within space group Ia-3d are 
illustrated. The peak data of the C3AH6 cement, referenced to the CCD 
standard JCPDS No. 03–0125, was included with that of the x%rGO- 
C3AH6 composites. The results show that the observed diffraction pat
terns of all the C3AH6 and x%rGO-C3AH6 samples correspond well to 
the diffraction patterns of the C3AH6 peak standard, indicating the 
formation of a C3AH6 cement-hydrate phase in all samples. The lattice 
constant of C3AH6 cement was a ¼ 12.583 Å, and for 4%rGO-C3AH6, 
a ¼ 12.581 Å. The lattice constant of 4%rGO-C3AH6 did not change with 
the rGO content. The presence of an excess aluminum hydroxide (Al 
(OH)3) phase at 2θ ¼ 18� and 23.5� in all samples was consistent with 
the diffraction pattern peak standard of the PDF#76–1782 file and with 
previous findings [17]. A small amount of an Al(OH)3 phase appeared 
during the hydration process of the Ca12Al14O33 cement according the 
reaction, Ca12Al14O33 þ 33H2O → 4(C3AH6) þ 3(Al(OH)3) [15]. 
Another small CaCO3 precursor phase was observed at 2θ ¼ 28.5� only 
for the 2%rGO-C3AH6 sample. Additionally, a characteristic small 
3CaO⋅Al2O3⋅CaCO3⋅11H2O phase for the x%rGO-C3AH6 composite 
samples was found, but did not appear in the C3AH6 sample. This 
revealed that nanosheet rGO reacted with the nanosized C3AH6 cement 
to form a 3CaO⋅Al2O3⋅CaCO3⋅11H2O phase following the reaction, 
Ca3Al2(OH)12 þ rGO þ CO2 → 3CaO⋅Al2O3⋅CaCO3⋅11H2O. The XRD 
peak at 2θ ¼ 25.2�, characteristic of rGO [19,23,24], was not observed in 
the x%rGO-C3AH6 samples due to an amorphous phase and very low 
content of the rGO composite in the C3AH6 specimen. The XRD results 
of all samples absenced the Calcium Aluminum Oxide Hydrate which is 
chemical formula: Ca4Al2O7⋅19H2O (C4AH19) phase as referencing to 
diffraction pattern peak standard of the PDF#00-014-0628 file. 

The average crystallite sizes of the fabricated C3AH6 and x%rGO- 
C3AH6 samples were calculated via Scherrer’s [8] equation as DXRD ¼
0:94λ

β cos θ, where DXRD denotes the average crystallite size, λ denotes the 

X-ray wavelength (λ ¼ 1.5406 _A ), β denotes the full-width at 
half-maximum of the highest intensity peak, and θ denotes half of the 
diffraction peak angle. Fig. 4 displays the average crystallite size of 
C3AH6 and x%rGO-C3AH6 vs. rGO content (wt%). The average crys
tallite size of C3AH6 was approximately 61.53 nm and those of x% 
rGO-C3AH6 were 75.73, 66.15, 65.40, and 69.59 nm for x ¼ 1, 2, 3 and 
4, respectively. The results show that both C3AH6 and x%rGO-C3AH6 
display nanometer crystalline sizes. The average crystallite size of x% 
rGO-C3AH6 was close to that of C3AH6. This implies that the rGO 

Fig. 3. XRD patterns the fabricated C3AH6 and x%rGO-C3AH6 (x ¼ 1, 2, 3 and 
4) samples and the standard PDF#03–0125 file of the C3AH6 hydrate cement 
and PDF#00-014-0628 file of the Calcium Aluminum Oxide Hydrate (C4AH19). 
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loading in the C3AH6 cement at 1, 2, 3 and 4% weight resulted in very 
small changes in average crystallite size of x%rGO-C3AH6. 

7.2. SEM analysis 

Fig. 5 shows SEM images and EDS of the synthesized C3AH6, 2% 
rGO-C3AH6 and 4%rGO-C3AH6 samples. The SEM analysis displays 
morphology of edge shaped particles for all samples and a coating with a 
carbon compound, confirming a rGO composite in the synthesized x% 
rGO-C3AH6 samples. The EDS spectrum of the synthesized C3AH6 
sample had phases where Ca ¼ 18.29 wt%, Al ¼ 12.53 wt%, 
O ¼ 61.08 wt% and C ¼ 8.10 wt%, the synthesized 2%rGO-C3AH6 
showed phases where Ca ¼ 14.48 wt%, Al ¼ 14.53 wt%, O ¼ 56.48 wt% 
and C ¼ 14.50 wt%, and the 4%rGO-C3AH6 displayed the phases with 
Ca ¼ 7.70 %wt, Al ¼ 19.97 %wt, O ¼ 57.30 wt% and C ¼ 15.02 wt%. It 
can be observed that the amount of C in the 2% and 4%rGO-C3AH6 
samples as the rGO in the composite was increased to a level about 2 
times greater than that of the C3AH6 sample. This implies that a com
posite of rGO and C3AH6 can be successfully derived from a 
Ca12Al14O33 precursor via a hydration process with a rGO colloid and 
rapid heated. The EDS mapping of the 4%rGO-C3AH6 sample displayed 
a homogeneous distribution of carbon on the powder surface. This 
confirmed the presence of a carbon compound in the rGO composite of 
the 4%rGO-C3AH6 sample. 

7.3. TEM, SAED and EDX characterizations 

Surface morphology, particle size and shape at a nanoscale of the 
synthesized rGO, C3AH6 cement and x%rGO-C3AH6 composite samples 
are shown in Fig. 6. This figure shows small grains and pores with 
nanometer sized grains. Fig. 6(a) illustrates TEM images of synthesized 
rGO. The results display layers of nanosheeted and nanoflaked material 
in the synthesized rGO, confirming that the synthesized rGO had a 
nanosheet morphology. 

Fig. 6(b) displays TEM images of synthesized C3AH6 sample. The 
results show the particle sizes of the C3AH6 sample in a layered nano
structure. The smallest nanosized particles were approximately 
40–50 nm. The nanosized particles of C3AH6 sample were approxi
mately 50 nm in diameter, close to the calculated average crystallite size 
of C3AH6 (61 nm) as shown in Fig. 4, confirming the presence of 
nanometer sized particles. The nanostructure of the C3AH6 cement was 
produced using Ca12Al14O33 cement with water. The reaction time was 
accelerated by heating to a temperature of 100 �C as previous described 

[15]. This method can be used to grow nanoscale C3AH6 
cement-hydrate particles. 

Fig. 6 (c) and (d) show the surface morphology, particles size and 
shape of the x%rGO-C3AH6 composite samples for x ¼ 2 and 4, 
respectively. Dark regions in the figures suggest that the higher resolu
tion TEM imaging technique may provide more details of the x%rGO- 
C3AH6 composite [17]. The rGO and C3AH6 particles are seen as 
nanosheets and dark nanoparticles, respectively. This shows occurrence 
of nanocomposited rGO-C3AH6 with nanoflaked rGO and nanometer 
sized C3AH6 cement. The images show small x%rGO-C3AH6 nano
composite particles with sizes of 10 nm–20 nm. The particle sizes of x% 
rGO-C3AH6 were smaller than the calculated average crystallite size 
shown in Fig. 4. The particle sizes confirmed that the synthesized x% 
rGO-C3AH6 nanocomposites contained nanometer sized particles. The 
smallest particle size of the 2%rGO-C3AH6, as shown in Fig. 6(c), was 
~20 nm, while the smallest particle size of the 4%rGO-C3AH6, as shown 
in Fig. 4(d), was 10 nm. Fig. 4 shows particle sizes of C3AH6 and x% 
rGO-C3AH6 vs. rGO content (wt%). The particle sizes of C3AH6 and x% 
rGO-C3AH6 decreased with increasing rGO percent weight. The results 
indicate that the nanometer sized particles of the 4%rGO-C3AH6 sample 
were smaller than that of those the 2%rGO-C3AH6 sample. The rGO 
content significantly affected the grain sizes of the rGO-C3AH6 com
posite samples. This implies that the grain sizes were dependent on the 
amount of rGO in the composites. Nanoparticle rGO-C3AH6 was suc
cessfully prepared from the nanometer sized C3AH6 and Ca12Al14O33 
cement reacted with water at a temperature of 100 �C. The size of 
C3AH6 cement particles was limited by pore sizes and density of rGO 
nanosheets. Thus, the size of the 4%rGO-C3AH6 sample was smaller 
than that of 2%rGO-C3AH6 sample due to the higher density of the rGO 
nanosheets, leading to a smaller pore size of C3AH6 particles. Following 
Shenghua et al. [24], the regulatory mechanism of rGO-C3AH6 forma
tion during rGO cement hydration involves the rGO surface providing 
nucleation sites for the C3AH6 hydration products during growth. The 
size of the nanocomposited x%rGO-C3AH6 samples can be controlled by 
varying the percent weight of the nanoflaked rGO in the preparation 
process. 

Selective Area Electron Diffraction (SAED) has been used for iden
tifying the crystal forms of single, double and multilayer rGO. TEM 
images, SAED patterns and EDX of the rGO nanosheets, nanometer sized 
C3AH6, and 2%rGO-C3AH6 and 4%rGO-C3AH6 nanocomposite samples 
show diffraction rings indicating a high poly-crystalline content as 
presented in Fig. 6. Fig. 6(a) shows the SAED pattern of the synthesized 
rGO. The results present ring patterns of the rGO sample. This is char
acteristic of poly-crystalline rGO resulting from its stacked multilayer 
orientation. Fig. 6(b) shows the SAED pattern of the C3AH6 sample. This 
SAED pattern shows diffraction rings also indicating a high poly- 
crystalline content, confirming the presence of nanometer sized 
C3AH6 cement particles. Fig. 6(c) and (d) show the SAED patterns of the 
synthesized nanocomposited 2%rGO-C3AH6 and 4%rGO-C3AH6 sam
ples, respectively. This SAED pattern is characteristic of mixed diffrac
tion rings resulting from a combination of polycrystalline rGO and 
nanometer sized C3AH6 cement, confirming of the production of 
nanocomposited x%rGO-C3AH6 cements. 

7.4. Raman spectra analysis 

Fig. 7 shows the Raman spectra of the synthesized C3AH6 cement 
sample and the x%rGO-C3AH6 nanocomposited samples (x ¼ 1%, 2%, 
3% and 4%). The Raman bands located at 100-1200 cm 1 arose from the 
lattice structure of the C3AH6 cement. There were two peaks caused by 
the synthesized of C3AH6 at 533 cm 1 and 1050 cm 1. These peaks were 
present in all synthesized samples. The characteristic bands of the 
C3AH6 sample appearing at 533 cm 1 can be attributed to [AlO4

5 ] 
stretching. The peak located at 1050 cm 1 is characteristic of the 
structure of C3AH6 cement. This was present in all samples of the x% 
rGO-C3AH6 since they contained a C3AH6 hydrated cement component. 

Fig. 4. Average crystallite and particles sizes of C3AH6 and x%rGO-C3AH6 vs. 
rGO % weight. 
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It was observed that the D (1348 cm 1) and G (1576 cm 1) band peaks 
of the rGO structure were found in all x%rGO-C3AH6 samples, but were 
not found in the C3AH6 sample. This indicated that the synthesis of 
C3AH6 cement was successful due to the disappearance of rGO. The x% 
rGO-C3AH6 composites samples exhibited both D and G band peaks of 
the rGO structure and peaks at 533 cm 1 and 1050 cm 1 of the C3AH6 
cement structure. This confirmed that the nanometer sized rGO sheets 
were converted to a nanocomposite with nanometer sized C3AH6 
cement particles to produced x% rGO-C3AH6 nanocomposites. Addi
tionally, the intensity of the D and G band peaks was strongly increased 
with greater amounts of rGO, indicating formation of a composite be
tween the rGO and the C3AH6 cement with increasing rGO content. 

7.5. EDS mapping analysis 

The EDS mapping of the composited 4%rGO-C3AH6 sample dis
played a homogeneous distribution of carbon on the powder surface as 

shown in Fig. 8. The rGO and C3AH6 composite can be derived from a 
Ca12Al14O33 precursor via a hydration process with rGO colloid with 
rapid heating. This was confirmed by the appearance of a carbon com
pound from the rGO composite in the 4%rGO-C3AH6 sample. 

7.6. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS), which is a surface sensitive 
analytical technique, was used for determining of the chemical 
composition and bonding in the rGO and C3AH6 components. These 
measurements were made on the surfaces of the powder materials. Fig. 9 
shows the XPS survey spectrum and XPS spectra of C(1s) of the C3AH6, 
2%rGO-C3AH6 and 4%rGO-C3AH6 samples. Fig. 9(a) shows a wide scan 
XPS survey spectra of the synthesized C3AH6, and 2%rGO-C3AH6 
samples. The XPS survey displayed the spectra of O (1s), Ca (2p), Ca (2s), 
Al (2p) and C(1s) of the C3AH6 and 2%rGO-C3AH6 samples. The 
spectral results show the binding energies of Ca, Al, O(1s) and C(1s) 

Fig. 5. SEM images and EDX spectra of synthesized C3AH6, 2%rGO-C3AH6 and 4%rGO-C3AH6 samples.  
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peaks. Fig. 9(b) presents the XPS spectra of C1s from the synthesized 
C3AH6, 2%rGO-C3AH6 and 4%rGO-C3AH6 samples. The XPS spectra 
show a peak at 285 eV as indication of the C3AH6 sample and three peak 
positions located at 284.42 eV, 285.39 eV, and 288.92 eV, as indications 
of the 2%rGO-C3AH6 and 4%rGO-C3AH6 samples. Two peaks of 2% 

rGO-C3AH6 and 4%rGO-C3AH6 samples located at 288.92 eV and 
285.39 indicated C¼O and C-O bonds [16], respectively, for carbon 
atoms in these samples. The peak located at 284.42 eV [16], which 
represent the C-C bond of sp2 carbon atoms in a conjugated honeycomb 
lattice rGO, appeared in the synthesized 2%rGO-C3AH6 and 4% 

Fig. 6. TEM images of synthesized (a) rGO nanosheets, (b) nanometer sized C3AH6, and (c) nanocomposited 2%rGO-C3AH6 and (d) 4%rGO-C3AH6 samples.  
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rGO-C3AH6 samples, but was not seen in the C3AH6 sample. This 
confirms that a nanocomposite between rGO nanosheets and nanometer 
sized C3AH6 was present in the 2% and 4%rGO-C3AH6 
nanocomposites. 

7.7. UV–visible spectroscopy 

Fig. 10(a) shows UV–visible diffuse reflectance spectroscopy spectra 
of the C3AH6 cement and x%rGO-C3AH6 (1%, 2%, 3%, and 4 wt%) 
nanocomposites with various rGO contents. The UV–visible spectra of x 
%rGO-C3AH6 were different from the spectra of the C3AH6 cement. The 
x%rGO-C3AH6 samples exhibited low absorption over the visible range, 

and higher absorption in a lower energy range. The UV-absorption band 
of rGO at 270 nm, shown in the inset [25], was not found in the spectra 
of the x%rGO-C3AH6 samples. However, the rGO absorption peak was 
seen in the spectra of x%rGO-C3AH6 nanocomposites with rGO at 1, 2, 3 
and 4 wt% levels. The absorption of the x%rGO-C3AH6 nanocomposite 
was higher at increased levels of rGO, which is consistent with the dark 
brown colour of the powder samples, shown in the right-side of Fig. 3. 

The relationship between the absorption coefficient and the optical 

energy gap is given by Tauc’s law as: αðhυÞ∝ðhυ EgÞ
1=2

hυ , where hυ and Eg are 
the photon energy and direct optical gap, respectively. The exponent, ½, 
represents the allowed direct transition type. The relationship of an 
allowed direct optical gap is expressed by ðαhυÞ2 ¼ Aðhυ EgÞ , where A 
is a constant (independent from hυ). The value of Eg was obtained as the 
intercept of a straight line on the photon energy axis of a plot of (αhυ)2 

vs. hυ. Fig. 10(b) displays the direct optical gaps (Eg) of the sintered 
C3AH6 cement and x%rGO-C3AH6 (1%, 2%, 3%, and 4 wt%) nano
composited samples at room temperature. The Eg of C3AH6 was 4.2 eV, 
whereas those of the x%rGO-C3AH6 were 3.0, 2.5, 2.0 and 1.5 eV for 
rGO contents where x ¼ 1, 2, 3, and 4 wt%, respectively. These revealed 
that the Eg of the x%rGO-C3AH6 decreased with increasing rGO content. 
Additionally, C3AH6 had a high Eg value of 5.55 eV, whereas the Eg 
values of x%rGO-C3AH6 (where x ¼ 1, 2, 3, and 4) had a constant value 
of 6.05 eV. 

7.8. Schematic diagram 

The fabrication strategy for synthesis the rGO-C3AH6 nano
composite samples is schematically shown in Fig. 11. The figure presents 
of the procedure for synthesis of rGO-C3AH6 nanocomposites via a 
hydration process with rGO colloid and rapid heating. First, the 
Ca12Al14O33 cement suspension was mixed with the RGO suspension 
in the same container. Then, the mixed suspension was rapidly heated 
from room temperature to 100 �C for 2 h with stirring. During this time, 
the nanostructure C3AH6 hydrogarnet cement developed in the pres
ence of the rGO suspension via a cement hydration process according the 
chemical reaction, Ca12A14O33 þ 33(H2O) → 4(C3AH6) þ 3(Al(OH)3). 

Fig. 7. Raman spectra of synthesized C3AH6 and x%-rGO-C3AH6 samples (as 
nanocomposited cements with various rGO contents) (x ¼ 1%, 2%, 3% and 
4 wt%). 

Fig. 8. Element distribution map of the synthesized 4%rGO-C3AH6 samples.  
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Fig. 11 displays a suggested scheme illustrating the nanometer sized 
C3AH6 undergoing rapid heating from room temperature to 100 �C and 
formation of nanocomposited rGO-C3AH6 via a hydration process with 
rGO colloid rapid heated for 1 h. The schematic presents the 
Ca12A14O33 structure reacting with water to form a new nano
structural C3AH6 hydrogarnet cement via a hydration process. In same 
way, nanostructural C3AH6 was grown on the surface of rGO nanosheets 
to form a nanocomposited rGO-C3AH6. Consequently, the nano
structure of C3AH6 hydrogarnet cement was successfully loaded onto 
the surface of rGO nanosheets and formed a nanocomposited rGO- 
C3AH6 structure. The reaction implies that the volume fraction of rGO 
significantly affected the grain sizes of the nanocomposites. The grain 
sizes increased as the percent volume of rGO was increased. The size of 
C3AH6 hydrogarnet cement particles was limited them by pore size 
resulting from the density of rGO nanosheets. The regulating mechanism 
of the C3AH6 nanocomposite formation was affected by the rGO surface 
providing nucleation sites for C3AH6 hydration. The particle size of the 
x%rGO-C3AH6 nanocomposite can be controlled by varying the percent 
volume of rGO nanoflakes in the preparation process during the reaction 
of the Ca12A14O33 cement precursor with rGO colloid, as depicted in 
Fig. 11. 

8. The properties of rGO-C3AH6 nanocomposites 

8.1. Micro-hardness properties 

In investigating the improvement of the mechanical properties of the 
nanocomposited rGO-C3AH6 cement, the x%rGO-C3AH6 nano
composites samples were tested using a micro-hardness determination 
method. The micro-hardness of the prepared nanometer sized C3AH6 
and synthesized x%rGO-C3AH6 (x ¼ 1, 2, 3 and 4) samples were eval
uated using the method of a pyramid on a square base according to the 
Vickers indenter hardness (HV) technique. This technique determines 
micro-hardness by defining of the ratio of the load applied to the pro
jected area of the indentation following the relationship [26], 
HV ¼ 1854(P/d2), where HV is the Vickers micro-hardness value, P is the 
applied load in kg and d is the average diagonal length of the impression 
in mm. In testing, a load of 2 kg was applied for 5 s during mechanical 
tests. The tests were repeated in five different regions on the surface for 
each sample and average values calculated. Fig. 12 shows an image of 
the diagonal length of the impression on the surface of C3AH6 and x% 
rGO-C3AH6 nanocomposited (x ¼ 1%, 2%, 3% and 4 wt%) samples. The 
image was magnified by a factor of 10 from the machine. The obtained 
d values were 0.225, 0.216, 0.202, 0.1827 and 0.167 mm for the 

Fig. 9. (a) XPS survey spectra of the synthesized C3AH6 and 2%rGO-C3AH6 samples and (b) XPS survey spectra of C(1s) of the synthesized C3AH6, 2%rGO-C3AH6 
and 4%rGO-C3AH6 samples. 

Fig. 10. (a) Absorption coefficient of synthesized C3AH6 and x%rGO-C3AH6 nanocomposites with various rGO contents (1%, 2%, 3% and 4 wt%) and (b) the 
relationship between an allowed direct optical gap of C3AH6 and x%rGO-C3AH6 nanocomposites. 
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nanometer sized C3AH6 and nanocomposited 1%, 2%, 3%, and 4% 
rGO-C3AH6 samples, respectively. It was observed that the dark brown 
colour of the surface of the C3AH6 and x%rGO-C3AH6 nanocomposited 
(x ¼ 1%, 2%, 3% and 4 wt%) samples increased with the weight percent 
of rGO. 

The HV values of nanometer sized C3AH6 sample and nano
composited 1%, 2%, 3%, and 4% rGO-C3AH6 samples are shown in 
Fig. 13. These HV values were 73.8, 80.2, 90.2, 1101, and 132.4 HV/ 
2 kg, respectively. It can be seen that the HV values increased by a power 
of two with increased weight percent of rGO. The results revealed that 
improvement of rGO-C3AH6 cement composites reflected by the HV 
value was seen in the nanometer sized rGO-C3AH6 nanocomposites. In 
the TEM results, the decreased sizes of the nanocomposited rGO-C3AH6 
specimens were affected by an increasing weight percent of rGO that 
enhanced the HV value. The micro-hardness of nanocomposited rGO- 
C3AH6 cement specimens was affected by the amount of nano
composite in the samples. 

8.2. Dielectric properties 

To evaluate dielectric properties of the x%rGO-C3AH6 nano
composites (x ¼ 1, 2, 3 and 4), the values of electric capacitance (C) and 
resistance (R) of the specimens were measured using an impedance 
analyzer. Specimens of C3AH6 cement and x%rGO-C3AH6 nano
composites were hot-pressed into disc shapes using ceramic molds with 
side areas of 128 mm2 with an inter-electrode distance of 1.3 mm. The 
two parallel surfaces of each specimen were sputter coated with gold for 
Ohmic contact. These measurements were done over the frequency 
range of 20 Hz–2 MHz. 

The complex dielectric constant (κ), which is the relative complex 
permittivity (εr) describing the interaction of a material within an 
electric field E, consists of a real part (ε0) that represents energy storage 
and an imaginary part (ε0 0) representing energy loss. The real part of 
complex permittivity (dielectric constant, ε0) is defined as the energy 
stored inside as material in an applied external electric field. The 
imaginary part of complex permittivity (ε0 0) represents a loss factor of 

dissipated energy for a material in an external electric field. The relative 
complex permittivity (εr) is a combination of the real (ε0) and imaginary 
complex permittivity (ε0 0) terms expressed as [27,28]: 

εr ¼ ε0 þ iε00 ¼ ε∞ þ
εs  ε∞

1þ i2πf τ0
(1)  

where f is frequency, τ0 is the polarization relaxation time, εs is the 
stationary permittivity and ε∞ is the optical dielectric constant at a high 
frequency limit. The real complex permittivity (ε0) can be expressed as: 

ε0 ¼ ε∞ þ
εs  ε∞

1þ ði2πf τ0Þ
2 (2) 

The imaginary complex permittivity (ε0 0), i.e., loss factor, can be 
expressed as: 

ε00 ¼ 2πf τ0ðεs  ε∞Þ

1þ ð2πf τ0Þ
2 þ

σðTÞ
2πf ε0

(3) 

The loss factor relation (ε0 0) is a summation of the effects of the 
dielectric loss (first term) and the effects of conductivity (second term). 
In the above equation, the relationship between ε0 and ε0 0 can be 
expressed as: 
�

ε0  εs þ ε∞

2

�2
þ ðε00Þ2 ¼

�εs  ε∞

2

�2
(4) 

Additionally, the ratio of the imaginary part of complex permittivity 
to the real part defines a loss tangent (tan δ), expressed as tan δ ¼ ε0 0/ε0. 
Furthermore, the AC conductivity of dielectric materials can be 
expressed as a summation of two terms, σacðTÞ ¼ σ0ðTÞþ σðω;TÞ, where 
σ0(T) denotes the frequency that is independent of the DC conductivity 
term associated with the drifting of charge carriers. σ(ω,T) represents the 
frequency dependence of the AC conductivity term associated with 
dielectric relaxation affected by the localized electric charge carriers 
(with a value of less than 1 at room temperature). AC conductivity (σac) 
can be expressed as: 

σac ¼ ε0ε0ð2πf Þtan δ 

Fig. 11. Schematic illustration of the procedure for synthesis of rGO-C3AH6 nanocomposites and the differences between the two processes to procedure nanometer 
sized C3AH6 and nanocomposited rGO-C3AH6. 
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Experimentally, the values of capacitance (C) and resistance (R) were 
used to calculate the real (ε0) and imaginary complex permittivities (ε0 0). 
The ε0 value was calculated from the equation, ε0 ¼ (Ct)/(εoA) [29], 
where t is the thickness of the pellet sample, C is the capacitance of the 
specimen, A is the area of the circular pellet sample and εo is the 
permittivity of free space (8.85 � 10 12 F/m). The ε0 0 value was deter
mined from the equation, ε0 0 ¼ ε0/2πfRC. 

Fig. 14 shows the frequency response of the dielectric constant, 
dielectric loss and AC electrical conductivity of the C3AH6 cement and x 
%rGO-C3AH6 nanocomposites. Fig. 14 (a) shows the frequency depen
dence of the real complex permittivity (ε0) or real part of the dielectric 
constant of C3AH6 and x%rGO-C3AH6 (x ¼ 1, 2, 3 and 4) over the fre
quency range of 20 Hz to 2 MHz. The results show that the dielectric 
response of the C3AH6 and x%rGO-C3AH6 samples had strong fre
quency dependence. The real complex permittivity (dielectric constant) 
of all samples decreased with increasing frequency. The ε0 values of the 
samples at low frequency were greater than that at high frequency. The 
ε0 value of C3AH6 was 1.52 � 102 at 20 Hz, and those of x%rGO-C3AH6 
were 4.45 � 102, 6.86 � 102, 1.010 � 103 and 3.2 � 103 for x ¼ 1, 2, 3 

and 4, respectively, at 20 Hz. It was found that the ε0 values of x%rGO- 
C3AH6 (x ¼ 1, 2, 3 and 4) samples were higher than that of C3AH6. The 
dielectric constant of the 4%rGO-C3AH6 sample was approximately 10 
times greater than that of the nanometer sized C3AH6 sample. The ε0
value of 4%rGO-C3AH6 (3.2 � 103) displayed nearly giant dielectric 
magnitude. The dielectric constant of x%rGO-C3AH6 was increased 
with the weight percent of rGO composite, corresponding to the 
decreased particle size of the x%rGO-C3AH6 nanocomposites. This im
plies that dielectric constants of the nanocomposited rGO-C3AH6 sam
ples were enhanced by the decreasing particle sizes of the x%rGO- 
C3AH6 specimens. 

The above results showed that the dielectric constant values of x% 
rGO-C3AH6 were greater than that of C3AH6 over the entire frequency 
range and the values increased with the reduced particle sizes in the 
samples. The x%rGO-C3AH6 samples displayed a homogeneous nano
meter sized particle distribution. The enhanced ε0 values of x%rGO- 
C3AH6 can be described by the Maxwell–Weigner model, which relates 
interfacial polarizations at a conductor-insulator interface. The model 
describes a dielectric medium containing linked boundaries between 

Fig. 12. Diagonal length of the impression on surfaces of synthesized C3AH6 and x%rGO-C3AH6 nanocomposite cements with various rGO contents (x ¼ 1%, 2%, 
3% and 4 wt%). 
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conducting grains and poorly conducting grain boundaries acting as 
insulators. Since dielectric materials are influenced by external electric 
fields, the charge carriers stayed at the grain boundaries to generate 
large degrees of polarization and the dielectric constant. The appearance 
of a polarization effect in x%rGO-C3AH6 was due to the large number of 
oxygen vacancies or small pores at the grain boundaries. The polariza
tion process in dielectric materials resulted from the presence of a large 

number of defects in the form of oxygen vacancies, micro-pores and 
dangling bonds. The particle size of nanocomposited x%rGO-C3AH6 
was reduced by an increasing amount of nanoflaked rGO in the com
posite. This implied that the enhancement of ε0 values at low frequencies 
in x%rGO-C3AH6 was affected by the nanograin boundary size, which 
was reduced with increasing amounts of rGO. The nanometer sized 
particles of the x%rGO-C3AH6 nanocomposites caused a large dielectric 
constant. The dielectric constant increased with the weigh percent of 
rGO. The results show that the surfaces of rGO nanocomposites played 
an important role in enhancing the dielectric constant by controlling the 
dispersion of rGO sheets and the surface interface between the con
ducting grains and poorly conducting grain boundaries. 

The loss tangent (tan δ) represents energy dissipation in a dielectric 
material. Fig. 14 (b) shows the tangent loss of the C3AH6 and x%rGO- 
C3AH6 samples. The loss tangents of C3AH6 and x%rGO-C3AH6 were 
found to decrease with increasing frequency. The loss tangents of x% 
rGO-C3AH6 nanocomposites were greater than that of C3AH6 over the 
entire frequency range studied. The 4%rGO-C3AH6 nanocomposite had 
the highest loss tangent. These results showed that the loss tangent of x% 
rGO-C3AH6 increased with the amount of rGO. The loss tangent trend 
for x%rGO-C3AH6 nanocomposite linearly increased with the rGO 
content. This behavior was described at high frequency and is related to 
dipolar relaxation. At lower frequencies, it is related to interfacial po
larization and conductivity. This effect was correlated to the surface 
morphology of rGO nanocomposites with C3AH6 arising from the 
dispersion of rGO sheets and the surface interface between the con
ducting grains and insulating grain boundaries. Fig. 14 (c) shows the AC 
electrical conductivity (σac) of nanometer sized C3AH5 cement and x% 
rGO-C3AH6 nanocomposited specimens vs. the weight percent of rGO at 

Fig. 13. Micro-hardness of synthesized C3AH6 and x%rGO-C3AH6 nano
composited cements. 

Fig. 14. (a) Dielectric constant and (b) dielectric loss as a function of frequency, and (c) electrical conductivity of C3AH6 and rGO-C3AH6 nanocomposites vs. rGO 
content (1%, 2%, 3% and 4 wt%). 
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20, 104, 105, 106 MHz. The AC conductivity of these specimens was 
found to increase with the rGO content. The σac values of the x%rGO- 
C3AH6 nanocomposites were larger than that of C3AH6 over the entire 
frequency range under study. The 4%rGO-C3AH6 nanocomposite dis
played the highest σac values. The σac of x%rGO-C3AH6 increased with 
the rGO content. The electric conductivity of x%rGO-C3AH6 nano
composites arose from the homogenous dispersion of rGO sheets in the 
material promoting the conductivity of the materials. 

From the above results, the synthesized nanometer sized C3AH6 and 
nanocomposited x%rGO-C3AH6 samples were evaluated electrochemi
cally for applications in energy storage as supercapacitors [3]. The 
electrochemical properties were measured using cyclic voltammetry and 
the galvanostatic charge–discharge method. Fig. 15 shows the CV 
response obtained for the synthesized nanometer sized C3AH6, nano
composited 2%rGO-C3AH6 and 4%rGO-C3AH6 modified electrodes at a 
scan rate of 50 mV/s. These observations showed a weak oxidation peak 
current response of the nanometer sized C12AH6, nanocomposited 2% 
rGO-C3AH6 and 4%rGO-C3AH6 modified electrodes of 0.001, 0.005, 
and 0.045 V, respectively. 

This result indicates that all sample displayed the behavior of 
supercapacitors. The 4%rGO-C3AH6 modified electrode had enhanced 
performance that was greater than that of the nanometer sized C3AH6 
due to the effect of rGO nanosheets composited with C3AH6 cement. 
While, the performance of the 4%rGO-C3AH6 modified electrodes was 
more enhanced than that of 2%rGO-C3AH6 due to its smaller particle 
sizes, ~40 nm for 4%rGO-C3AH6 vs. ~100 nm for 2%rGO-C3AH6. The 
4%rGO-C3AH6 nanocomposite showed an oxidation peak current 
response at 0.045 that was 45 and 9 fold higher, respectively, then those 
of nanometer sized C3AH6 cement and 2%rGO-C3AH6. This shows that 
the particle size of nanocomposited rGO-C3AH6 played a significant role 
in the enhancement of the oxidation peak for its electrochemical prop
erties. The enhanced activity of the 4%rGO-C3AH6 nanocomposite may 
have been due to an enrichment effect via diffusion within the modified 
electrode and the high useful surface area of rGO. Free electron charge 
transfer between the material and electrode surface was increased by the 
presence of rGO nanosheets composited with the cement. The bulk 
electrode served as an adsorption matrix for its surface with a strong π-π 
effect from the rGO composite and cement media interaction within the 
material. This indicated that the rGO-C3AH6 nanocomposites were 
effective for supercapacitor applications. 

8.3. Thermal (TG) properties 

To understand the thermal stability and phase transformation of 
nanometer sized C3AH6 cement hydrate and the nanocomposited x% 
rGO-C3AH6 samples, thermogravimetric (TG) and the derivative ther
mogravimetry (DTG) techniques were carried out. The TG and DTG 
analyses of the thermal stability of nanosized C3AH6 and the x%rGO- 
C3AH6 nanocomposite, where x ¼ 2% and 4%, are shown in Fig. 16. 
Fig. 16 (a) and (b) show results of TG and DTG analyses of the 2%rGO- 
C3AH6 and 4%rGO-C3AH6 nanocomposited samples. There is similarity 
to the nanosized C3AH6 cement hydrate, its four stages of weight loss 
(%) and endothermic peaks in the range of 35 �C–900 �C. In the first 
stage, at around 35 �C–200 �C, an endothermic peak was due to the 
removal of physically absorbed water from the cement surfaces [30,31], 
while the second stage at around 200 �C–320 �C was due to the 
decomposition of water (in crystals), aluminium hydroxide (Al(OH)3) 
and amorphous anhydrous [32,33]. In the next stage, decomposition of 
nanosized C3AH6 cement occurred with an accompanying phase 
transformation to C3AH1.5 at temperatures of around 320 �C–550 �C 
[8]. Finally, in the fourth stage of the weight loss, an endothermic peak 
at around 550 �C–740 �C was observed that can be attributed to the 
decomposition of C3AH1.5 cement as well as its phase transformation to 
a stable Ca12Al14O33 structure. 

For comparation with the nanometer sized C3AH6 cement, the re
sidual weight % at above 740 �C of the nanocomposited x%rGO-C3AH6 
samples was slightly increased with rGO loading. The x%rGO-C3AH6 
samples had a higher decomposition temperature than those of nano
sized C3AH6 cement in both the second and fourth stages in the DTG 
curve, as shown in Fig. 16(b). The maximum decomposition and the 
phase transformation temperatures of the nanocomposited C3AH6, the 
2%rGO-C3AH6 and the 4%rGO-C3AH6 samples shifted to the higher 
temperatures, from 707 �C to 718 �C, as can be seen in Fig. 16(b). This 
result shows that enhancement of the thermal and phase stability of the 
nanocomposited x%rGO-C3AH6 cements was affected by incorporation 
of C3AH6 nanoparticles with rGO nanosheets. Based on a previous study 
[34], the loaded rGO in materials have high thermal stability. Thus, 
beneficial heat transfer properties (high thermal resistance) result 
without increasing the material temperature which contrubutes to the 
increased activation energy of these composite cements [35]. For this 
reason, nanocomposited rGO-C3AH6 cements are more thermodynam
ically stable than nanometer sized C3AH6 cement. There are many po
tential applications for these materials in the field of smart cements due 
to their thermal resistance, among other useful properties. 

The thermal conductivity of nanocomposited x%-rGO-C3AH6 
(x ¼ 1%, 2%, 3% and 4%) and C3AH6 samples were measured over the 
temperature range from 300 K to 550 K using a laser flash technique. The 
samples were hot-pressed into disc shaped pellets, 12 mm in diameter 
and 3 mm thick. The thermal conductivity (κ) was determined using the 
relationship, κ ¼ aDCp [29], where a, D and Cp are the thermal diffu
sivity, the bulk density, and the specific heat of the sample materials, 
respectively. The density of the samples was evaluated by the Archi
medes method yielding 1.584 g/cm3 for the C3AH6 sample and 
1.712 g/cm3, 1.764 g/cm3, 1.782 g/cm3 and 1.860 g/cm3 for the 1%, 
2%, 3% and 4% rGO-C3AH6 samples, respectively. The thermal diffu
sivity for the samples was evaluated using Parker’s formula as a ¼
0:139d2

T=tð1=2Þ [17], where, t(1/2) is the time to reach half of the 
maximum temperature amplitude, and dT is the thickness of the bulk 
samples in the direction of heat flow. 

Fig. 17(a) shows thermal conductivity as a function of the temper
ature for the 1%, 2%, 3%, 4%rGO-C3AH6 and C3AH6 samples. The κ 
values of all samples changed little with temperature. These values for 
the x%rGO-C3AH6 samples were greater than that of the C3AH6 sample 
and decreased with increasing amounts of rGO. High rGO contents in x% 
rGO-C3AH6 nanocomposites caused reduced κ values. 

The thermal conductivity, κ, can be expressed as κ ¼ κe þ κphonon, 
Fig. 15. Cyclic voltammetry (CV) of synthesized nanometer sized C3AH6, 
nanocomposited 2%rGO-C3AH6 and 4%rGO-C3AH6 modified electrodes at a 
scan rate of 50 mV/s. 
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where κe is the thermal conductivity of electronic part and κphonon is the 
thermal conductivity of phonon part. The κe value can be obtained from 
the relationship, κel ¼ L0Tσ, where L0 is the Lorenz factor 
(L0 ¼ 2.45 � 10 8 WΩ/K2), T is the absolute temperature, and σ is 
electrical conductivity. 

From the AC electrical conductivity shown in Fig. 17 (b), the κe 
values of the x%rGO-C3AH6 (x ¼ 1%, 2%, 3% and 4%) and C3AH6 were 

small. The magnitude of κ values of all samples was primarily influenced 
by κphonon. If the κe value is neglected, the thermal conductivity of κphonon 
part can be expressed as: 

κphonon ¼
kB

2π2ν

�
kBT

ℏ

�3 R θD
T

0 ðτphÞ
x4ex

ðex 1Þ2
dx [36], where x ¼ ℏω=kBT . The 

ℏ, ω, ν and τph values are the reduced Planck constant, the phonon 

Fig. 16. (a) The thermogravimetric (TG) analysis and (b) the derivative thermogravimetry (DTG) curve of synthesized nanometer sized C3AH6 and nanocomposited 
x%rGO-C3AH6 samples with various rGO contents (x ¼ 2, and 3 wt%). 

Fig. 17. (a) Thermal conductivity of synthesized C3AH6 and xrGO-C3AH6 nanocomposite samples with various rGO contents (1%, 2%, 3% and 4 wt%) as a function 
of temperature, (b) thermal conductivity of C3AH6 and xrGO-C3AH6 samples as a function of inverse of temperature, and (c) Specific heat of synthesized C3AH6 and 
xrGO-C3AH6 nanocomposite samples. 
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angular frequency, the velocity of sound and the phonon relaxation 
time, respectively. The τph value can be expressed as, 1

τph
¼ 1

τB
þ 1

τU
þ 1

τP
, 

where, τU is the phonon-phonon processes, τP is a point defect, and τB is 
the grain boundary. The τU , τP and τB values are given by 1

τU
¼ ðBÞω2T3 , 

1
τP
¼ Aω4 and 1

τB
¼ υ=L, respectively, where ω is the phonon angular 

frequency, A and B are parameters independent of temperature, υ is the 
phonon group velocity and L is the characteristic grain size. 

Fig. 17 (a) shows the relationship, κphonon versus 1/T3, for the x%rGO- 
C3AH6 (x ¼ 1%, 2%, 3% and 4%) and C3AH6 samples. The results 
indicated that only C3AH6 had and inverse relationship with tempera
ture, implying that the thermal conductivity of only C3AH6 was pri
marily influenced by phonon-phonon processes (τU). The x%rGO- 
C3AH6 (x ¼ 1, 2, 3 and 4) samples did not display this behavior. 

Clearly, the nanocomposite effect of the x%rGO-C3AH6 specimens 
was affected by the grain boundary ( 1

τB
¼ υ=L) term. L, the characteristic 

grain size of the x%rGO-C3AH6 nanocomposites, was nanometer sized. 
Also, the nanometer sized grain characteristic acted to reduce the κphonon 
value of the x%rGO-C3AH6 nanocomposites. The reduction of thermal 
conductivity of the x%rGO-C3AH6 samples resulted from the smaller 
particle sizes at the boundary. They were reduced from 20 nm to 10 nm 
as the volume percent of the rGO nanoflakes was increased during the 
preparation process. The rGO nanocomposite content in C3AH6 played 
an important role in development of the thermal conductivity of x%rGO- 
C3AH6 nanocomposites. 

The specific heat (Cp) values of the C3AH6 and x%rGO-C3AH6 
samples were obtained by thermal diffusivity measurements over a 
temperature range of 298–573 K by a laser flash technique. Fig. 17(c) 
shows Cp as a function of the temperature of the x%rGO-C3AH6 and 
C3AH6 samples. The results reveal that the Cp value of all samples 
increased with temperature. The Cp of 1%rGO-C3AH6 and 2%rGO- 
C3AH6 was greater than the C3AH6 cement, while 3%rGO-C3AH6 and 
4%rGO-C3AH6 had lower Cp values. The lower rGO content in x%rGO- 
C3AH6 composites caused higher Cp values. This trend for x%rGO- 
C3AH6 showed a decrease in Cp with increasing amounts of rGO. The 
high rGO content in x%rGO-C3AH6 composites reduced the Cp values. 

8.4. Antibacterial properties 

The anti-bacterial activities of nanocomposited rGO-C3AH6 samples 
were measured. These properties of the prepared C3AH6 and x%rGO- 
C3AH6 nanocomposite cements were tested using an agar disk-diffusion 
method against a Gram negative bacterium, Escherichia coli (E. coli) and 
the results are shown in Fig. 18. It was observed that nanometer sized 
C3AH6 cement produced no clear zone indicating that it was ineffective 
in killing bacteria. The 12 mm red line in the figure represents the 
diameter of a C3AH6 pellet. The x%rGO-C3AH6 nanocomposited ce
ments showed clear zones indicating antibacterial activity against E. coli. 
The width of clear zones produced by the x%rGO-C3AH6 (1%rGO- 
C3AH6, 2%rGO-C3AH6 and 3%rGO-C3AH6) nanocomposite samples 
increased with the level of rGO loading. 4%rGO-C3AH6 cement pro
duced the greatest degree of antibacterial activity against E. coli. This 
indicates that the antibacterial property of the x%rGO-C3AH6 cement is 
correlated with the level of rGO in the nanocomposited cement and with 
the smaller particle sizes, 10–20 nm, of x%rGO-C3AH6. The antibacte
rial action of the nanocomposited x%rGO-C3AH6 was due to the 
extraction of phospholipids from lipid membranes [37], producing 
strong interactions with these molecules in bacterial cell membranes. 
These results confirmed the importance of reduced particle size to pro
duce increased rGO content within the nanocomposited x%rGO-C3AH6 
cements and concurrent increased antibacterial activity. 

Clearly, the experimental results from the nanocomposited x%rGO- 
C3AH6 cements confirmed that these specimens produced multifunc
tional material properties, including enhanced micro-hardness and 
dielectric constant, as well as improved electrochemical properties and 
antibacterial activity. Thermal conductivity and electrical resistance 
were lowered with nanometer sized particles and rGO loading. 

9. Conclusions 

Nanocomposited rGO – C3AH6 cements, with particle size diameters 
of 10–20 nm, were successfully synthesized from a Ca12Al14O33 pre
cursor and rGO colloid by rapid heating with water at 100 �C. The 
properties of nanocomposited x%rGO-C3AH6 materials was confirmed 

Fig. 18. Antibacterial properties of (a) the synthesized nanometer sized C3AH6 and x%rGO-C3AH6 nanocomposite samples with various rGO contents of (b) 1%, (c) 
2%, (d) 3% and (e) 4 wt% against Gram negative Escherichia coli (E. coli). 
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by the XRD peaks corresponding to the standard C3AH6 hydrate cement. 
The presence of nanocomposited x%rGO-C3AH6 was confirmed by 
Raman spectra peaks, FT-IR spectra, UV–visible spectra, XPS spectra, 
TGA analysis and TEM surface morphology images. The experimental 
results revealed nanometer sized x%rGO-C3AH6 particles with small 
pore sizes and dense rGO nanosheets. Nanocomposited x%rGO-C3AH6 
was produced at various rGO weight percentages. The mechanism of 
action of C3AH6 on the 2-D rGO composite was to present nucleation 
sites on the surfaces of the growing C3AH6 hydration products. The 
nanocomposited rGO-C3AH6 specimens showed greater Vickers micro- 
hardness values with increasing rGO content. They displayed high 
dielectric constants, close to those of giant dielectric materials and 
increased electric conductivity as the rGO content was increased. 
Thermal conductivity tended to be reduced with increasing levels of 
rGO-C3AH6 in the nanocomposites. The electrochemical properties of 
nanocomposited rGO-C3AH6 cement compounds were improved by 
nanometer sized particles playing a significant role in the enhancement 
of oxidation peaks. Additionally, nanocomposited rGO-C3AH6 cements 
displayed greater antibacterial activity against E. coli as the particle size 
was decreased and rGO loading increased. Nanocomposited rGO-C3AH6 
displayed properties suitable for high performance multifunctional ap
plications as cement materials, including improved micro-hardness, 
dielectric constant, electrochemical properties, thermal conductivity 
and antibacterial activity. 
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เอกสารนี้เป็นเอกสารที่สงวนไว้ส

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกท้ังห้ามม
A B S T R A C T

The aim of this work was to investigate the effect of free oxygen radicals and free electrons in a Ca12Al14O33

(C12A7) cement structure on the optical, electronic and antibacterial activity of this material. Ca12Al14O33 was
successfully fabricated via rapid heating to high temperatures by high frequency electromagnetic induction.
Ca12Al14O33 cement samples were characterized using XRD and UV-Vis-DRS spectroscopy. The morphology and
chemical composition of the samples were also investigated using SEM and EDS techniques. The presence of free
oxygen radicals (O2

�ions) in the insulating structure of Ca12Al14O33 was confirmed using Raman spectroscopy
showing a spectrum peak at 1067 cm�1. The excitation of free electrons in the Ca12Al14O33 cement was indicated
by UV-Vis absorption spectra at 2.8 eV and an optical energy gap of 3.5 eV, which is consistent with the first-
principles calculations for the band energy level. The effects of free oxygen radicals and free electrons in the
Ca12Al14O33 structure as antibacterial agents against Escherichia Coli (E. coli) and Staphylococcus Aureus (S. aureus)
were investigated using an agar disk-diffusion method. The presence of O2

� anions as a reactive oxygen species
(ROS) at the surface of Ca12Al14O33 caused inhibition of E. coli and S. aureus cells. The free electrons in the
conducting C12A7 reacted with O2 gas to produce ROS, specifically super oxides (O2

�), superoxide radicals (O2
�-),

hydroxyl radicals (OH�) and hydrogen peroxide (H2O2), which exhibited antibacterial properties. Both mecha-
nisms were active against bacteria without effects from nano-particle sized materials and photocatalytic activity.
The experimental results showed that the production of ROS from free electrons was greater than that of the free
O2
� anions in the structure of Ca12Al14O33. The antibacterial actions for insulating and conducting Ca12Al14O33

were different for E. coli and S. aureus. Thus, Ca12Al14O33 cement has antibacterial properties that do not require
the presence of nano-particle sizes materials or photocatalysis.
1. Introduction

Currently, the use of antimicrobials to promote public health is a
research topic with much attention [1, 2, 3, 4]. The goal of such research
is to identify materials with antibacterial properties capable of inhibiting
or killing various bacteria through mechanisms not limited to photo-
catalytic and nano-particle effects [4,5]. Antibacterial materials have
. Ruttanapun).
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attracted significant attention due to their very interesting application in
preventing bacterial growth on smart building bathroom and kitchen
walls [4]. There are four types of antibacterial activity: (1) cation elution,
(2) pH effects, (3) electrostatic interactions between the surfaces of
bacteria with nano-size particles, and (4) the effects of active oxygen
species [4,6,7]. In addition to these, photocatalytic activity, electrostatic
interaction, cellular internalization of nanoparticles and production of
May 2019
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reactive oxygen species (ROS) also have antimicrobial activity [4, 7, 8,
9]. ROS effects are predominantly used for antibacterial activity since it is
an easy mechanism to employ [7,8]. ROS are comprised of hydroxyl
radicals (OH�), hydrogen peroxide (H2O2) and superoxide ions (O2

- ) [4,
8]. These materials cause death by contacting bacterial membranes and
directly damaging their surfaces [4,7]. ROS species can be generated
from the reaction of free particles (free electrons and holes) in the course
of photocatalytic activities [9, 10, 11]. The photocatalytic effect causes
generation of free electrons and holes in materials using phonon energy
corresponding to energy gap of the materials. There have been many
reports that titanium dioxide (TiO2) [12] and zinc oxide (ZnO) [10] can
generate ROS through photocatalysis. Practically, TiO2 and ZnO used
phonon energy at 3.1 eV [13] and 3.2 eV [7], respectively, to photo-
catalytically produce ROS. They are produced from O2 and H2O
adsorption promoting a reaction of free electrons and holes at the sur-
faces of materials to produce OH�, H2O2 and O2

- . Alternatively, ZnO [7, 8,
9,14] nanoparticles cause death of bacterial cells through electrostatic
interactions between bacterial surfaces with nanoparticles in the absence
of light, thereby damaging cell membranes. TiO2 and ZnO act through
photocatalysis and nanoparticle effects to produced antibacterial
activity.

Recently, it has been reported that Ca12Al14O33 cement exhibits free
oxygen radical O�2 ions in a vacant cage structure [15, 16, 17,18]. The
Ca12Al14O33 cement structure is linked by calcium, aluminum and oxy-
gen atoms forming empty nanometer-sized cages within the structure
[19,20], as shown in Fig. 1. A unit cell of insulating Ca12Al14O33 is
comprised of two molecules occupying 12 crystallographic nano-cages
while presenting a 4þ charge at the cage wall, represented as
[Ca24Al28O66]4þ [21]. The two cages in this unit cell support electrical
neutrality by entrapping two free oxygen ions (O�2) in cages referred to
as an extra-framework [21]. The Ca12Al14O33 structure was revealed to
contain free O�2 ions (as replaced by free oxygen radicals, O�, O2

- , or O2
2-)

loosely bound to a lattice framework, represented as Ca12Al14O33:O�2

[21,22]. Hayashi et al. [23] showed that the process of preparing
Ca12Al14O33 cement in a dry oxygen atmosphere at temperature 1350 �C
could produce both O� and O2

- (as ROS species). Lu et al. [24] reported
that the present of O� and O2

- resulted in antibacterial activity. Never-
theless, antimicrobial materials should be effective under various con-
ditions and not limited to photocatalytic activity or nano-particle effects.
Furthermore, Hayashi et al. [23] reported that free O� and O2

- could be
replaced by free electrons in a conducting Ca12Al14O33 cement, repre-
sented as Ca12Al14O33:e�. It has been reported that this material has
distinct optical and electrical properties. However, to best of our
knowledge, there are no reports of the effect and mechanisms of free
electrons in the nano-cage structure of Ca12Al14O33 cement on
Fig. 1. A unit cell of the Ca12Al14O33 cement structure: blue, orange and red balls den
structure. The crystal structure of Ca12Al14O33 contains nano-cages with a set inner
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antibacterial activity.
This work aims to investigate the effect of free electrons in the nano-

cage structure of Ca12Al14O33 cement on the optical, electronic and
antibacterial activities of these materials. The developed material pre-
senting free electrons in a nano-cage structure was characterized. Con-
ducting Ca12Al14O33 cement with free electrons was rapidly prepared by
heating insulator cement inside a carbon crucible at high temperatures
using high frequency electromagnetic induction. The mechanism and
effect of free electrons and free oxygen radicals in the nano-cage structure
of these materials on its optical, electronic and antibacterial properties
were also investigated. Their antibacterial activities against gram-
negative E. coli and gram-positive S. aureus are reported. Moreover, the
mechanism of the antibacterial action of free electrons and free oxygen
radicals in the nano-cage structure of Ca12Al14O33 cement is described.

2. Experimental

2.1. Chemicals

Calcium carbonate (CaCO3, 99% Sigma-Aldrich), alumina powder
(Al2O3, 99.9% Sigma-Aldrich) and ethanol (95%) were used as the
starting raw materials. All chemicals were used as received with no
further purification.

2.1.1. Preparation of Ca12Al14O33 cement as starting materials
Ca12Al14O33 cement powder was first prepared via a solid-state re-

action using CaCO3 and Al2O3 as starting materials. In brief, CaCO3 and
Al2O3 powders were stoichiometrically prepared following the reaction,
12CaCO3þ 7Al2O3→ Ca12Al14O33þ 12CO2. The powders weremixed by
ball milling in ethanol for 24 h at room temperature, and oven-drying at
100 �C for 24 h. After that, the obtained powder was placed in an alumina
crucible, and then sintered in an electric furnace at 1200 �C under air
atmosphere for 24 h. Finally, the obtained Ca12Al14O33 sample, refer-
enced as CAO@1200C, was crushed into a powder and used as a starting
material to synthesize a conducting Ca12Al14O33 cement sample.

2.1.2. Preparation of conducting Ca12Al14O33 cement
The as-prepared CAO@1200C powder was used as a starting material

for fabrication of conducting Ca12Al14O33 cement. A mass of 100 g of
CAO@1200C powder was placed in a carbon crucible with a carbon cap.
Then, the carbon crucible was transferred into the middle of a Cu in-
duction coil. High frequency electromagnetic induction heating was done
using an induction coil (Model: TH-60AB (90 A, 3 phase, 380 V, 50–60
kHz)). The temperature was determined using an IR detector (Model:
SENTEST (NS50PH1FF), accuracy class:2.0) focused on the surface of the
ote Al, Ca and O atoms, respectively. The grey sphere represents the cage of this
diameter.ึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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Fig. 2. XRD patterns of the CAO@1200C cement sample referencing the
JCPDS#09–0413 file of the standard Ca12Al14O33 cement phase.
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carbon crucible. The CAO@1200C powder was rapidly heated from room
temperature to sintering temperatures of 1350 �C, 1450 �C and 1550 �C
with a 40 sec holding time (referenced as the CAO@1350C, CAO@1450C
and CAO@1550C samples, respectively). Finally, the samples were
cooled by natural convection to room temperature.

2.1.3. Preparation of the cement pellets
For pellet fabrication, the obtained CAO@1350C, CAO@1450C and

CAO@1550C powders were subjected to uniaxial compression and
pressed into disc-shaped pellets that were 10 mm in diameter and 2–3
mm thick. Then, the antibacterial activity of these pellets was tested.

2.2. Characterization

The lattice parameters were determined using an X-ray diffractometer
(XRD), (Rigaku, Miniflex Cu K-alpha radiation), with a 2θ scanning range
from 10 to 80o and step interval of 0.02o. Absorption spectroscopy was
also done using a UV-Vis Spectrometer (Perkin Elmer, Lamda 950). A
scanning electron microscope (SEM), JSM5800LV, JEOL, Japan with
energy dispersive X-ray spectroscopy (EDX) (Oxford ISIS 300) was used
to measure and confirm the morphologies of all the cement particles and
bacteria, along with the elemental composition of the cement samples.

2.3. First-principles calculations

A first-principles approach was employed with the density of states of
Ca12Al14O33:2O2- cement and Ca12Al14O33:4e� cement using the Vienna
Ab initio Simulation Package (VASP) [25]. The pseudopotential used in
this work was based on the Projector Augmented Wave (PAW) approach
[26]. The PAW valence states were 3s and 3p, 4s, 3s and 3p, and 2s and
2p for Ca, Al and O, respectively. In this work, the Ceperley-Alder form of
the exchange-correlation functional [27], which is the local density
approximation (LDA), was used to determine the electronic density of
states of both the Ca12Al14O33:2O2- and Ca12Al14O33:4e� cements. A 600
eV plane-wave cutoff energy and 5 � 5 � 5 K-point sampling of the
Brillouin zone were used for all calculations. The HSE06 hybrid func-
tional was chosen to determine the density of the Ca12Al14O33:4e� states.

2.4. Property measurements

The vibration mode of atomic bonding was evaluated using Fourier-
transform infrared spectroscopy (FTIR), (Bruker, Senterra). The optical
properties of the samples were investigated using a diffused reflectance
UV-Visible spectrometer, (DRS) (Perkin Elmer, Lambda 950). Optical
measurements were used to determine the absorption coefficient spectra
of the specimens at room temperature.

2.5. Antibacterial property testing

The antibacterial properties of the CAO@1350C, CAO@1450C and
CAO@1550C samples were tested using an agar disk-diffusion method
against a gram-negative bacterium, Escherichia coli (E. coli) (ATCC
25922) and a gram-positive bacterium, Staphylococcus aureus (S. aureus)
(ATCC 25923). All samples were pellet shaped with diameter of 10 mm.
E. coli and S. aureuswere cultivated onMuller Hinton agar at 37 �C for 24.
Then, cells of E. coli and S. aureus were suspended in a 0.85%NaCl so-
lution and the cell suspension was adjusted to 0.5 McFarland (1 � 108

CFU/mL). Subsequently, the E. coli and S. aureus cell suspensions were
swabbed onto Muller Hinton agar. After drying, CAO@1350C,
CAO@1450C and CAO@1550C sample pellets were placed on the agar
surfaces. Then, the agar plates were incubated (Contherm, Scientific Ltd.,
New Zealand) at 37 �C for 24 h in a dark incubation chamber. Finally, the
inhibition zones on the agar plates were photographed and the widths of
inhibition zones reported. Inhibition of E. coli and S. aureus was
confirmed using scanning electron microscopy (SEM), JSM5800LV,
JEOL, Japan.เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือกา
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3. Results and discussion

3.1. Characterization of Ca12Al14O33 cement as a starting material

The CAO@1200C sample was prepared via a solid-state reaction at
1200 �C for use as a starting material for fabrication of conducting
Ca12Al14O33 cement. Fig. 2 displays the XRD patterns of the CAO@1200C
sample. These XRD results show a pattern corresponding to the
JCPDS#09–0413 file (a standard Ca12Al14O33 cement phase). The results
confirmed that the prepared CAO@1200C sample formed a phase of
Ca12Al14O33 cement.

3.2. Characterization of conducting Ca12Al14O33

3.2.1. Sintering process
Fig. 3 (a) presents a schematic of an electromagnetic induction

heating system for synthesizing the samples fabricated in the course of
this work. The starting CAO@1200C powder was loaded into a carbon
crucible. The carbon crucible was wrapped with a Cu induction coil.
Cooling water was circulated in a Cu coiled tube to protect against
overheating on opration of themagnetic induction heating. An IR de-
tector was used to measure the temperature of the carbon crucible and
this information used as feedback to control the power of the induction
heater. The carbon crucible was rapidly heated from room temperature to
1350 �C, 1450 �C and 1550 �C, with a holding time of 40 seconds for
sintering. Then, the samples were rapidly cooled to room temperature.
Fig. 3 (b) shows an electromagnetic induction heating time of approxi-
mately 1 minute for sintering.

3.2.2. XRD characterization
Fig. 4 shows the XRD patterns of the synthesized CAO@1350C,

CAO@1450C and CAO@1550C samples prepared by heating in a carbon
crucible by high frequency electromagnetic induction. The XRD results
showed that the patterns of the sintered CAO@1350C and CAO@1550C
samples matched the JCPDS#09–0413 file as Ca12Al14O33 cement phase
[28, 29, 30, 31, 32]. These results confirmed the synthesis of a
Ca12Al14O33 cement phase in the CAO@1350C and CAO@1550C sam-
ples. In contrast, the XRD patterns of the synthesized CAO@1450C
sample exhibited a different XRD pattern pattern that matched the
JCPDS#09–0413 file. This result was due to formation of a glass
Ca12Al14O33 cement phase as corresponding to that observed in a pre-
viously published XRD pattern [33]. This implied that the preparation
process produced a glass phase of Ca12Al14O33 cement at a temperature
of 1350 �C. Thus, this confirmed that all samples formed phases of
Ca12Al14O33 cement during high frequency induction heating. However,
the CAO@1350C, CAO@1450C and CAO@1550C samples did not
้องอ้างอิงถึงเจ้าของเอกสารทุกคร้ังที่มีการนำไปใช้ 



Fig. 3. (a) Schematic structure of the high frequency induction heating system with an image of material undergoing induction heating and (b) the temperature and
heating time in the sintering process.

Fig. 4. XRD patterns of the synthesized CAO@1350C, CAO@1450C and
CAO@1550C samples referencing the JCPDS#09–0413 file.
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exhibit 2θ XRD peaks at 26.5�, 10.8� and 25.2�. These reference graphite,
graphene oxide, and reduced graphene oxide, respectively. These results
confirmed that graphite from the crucible did not dissolve into the
samples [34].

3.2.3. Photographic and electric resistance measurements
Fig. 5(a-k) presents images CAO@1350C, CAO@1450C and

CAO@1550C samples fabricated at 1350 �C, 1450 �C and 1550 �C,
respectively, and measurement of their electric resistances using a multi-
meter. Fig. 5 (a) shows a white colored powder sample. This result re-
veals that the sample did not form a single crystal phase at this temper-
ature. The resistance of the sample was very high as shown in Fig. 5 (b)
and (c). Fig. 5 (d) presents a yellow colored sample that formed from a
single crystal in the crushed powder sample (Fig. 5 (e)). A single crystal
phase was produced that had a very high resistance as shown in Figs. 5 (f)
and (g). Fig. 5 (h) shows a greenish-black colored sample with a cement
from a single crystal type forming a green colored crushed powder (Fig. 5
(i)). This sample, sintered at 1550 �C, was electrically conductive as
shown in Figs. 5 (j) and (k), leading to the observation that sintering at
temperatures higher than 1450 �C produced a single crystal form of
Ca12Al14O33 cement. Only the CAO@1550C sample displayed electrical
conductivity after its formation at 1550 �C. The green color of this sample
was not the same as the CAO@1350C and CAO@1450C samples
implying a different mechanism for fabrication of the CAO@1550C
sample than the CAO@1350C and CAO@1450C samples.เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือกา
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3.2.4. Absorption coefficients
The differences between the CAO@1550C, CAO@1350C and

CAO@1450C cement phases were investigated from their optical ab-
sorption coefficients measured using UV Visible Spectrometry. Fig. 6
shows absorption coefficients in the UV spectrum of the prepared
CAO@1200C starting powder, and the synthesized CAO@1350C,
CAO@1450C and CAO@1550C samples at room temperature over the
range of 1.6 eV–6 eV. The absorption spectra of the prepared
CAO@1200C sample had the highest absorption peak at 4.1 eV. This was
characteristic of the electrically insulating Ca12Al14O33 cement phase
with an extra-framework O2

2- (superoxide radical) and O2- (oxygen anion
radical). They were inside the cavity-cages of the structure, denoted as
Ca12Al14O33:O cement. The absorption spectra of the CAO@1350C and
CAO@1450C samples showed their two highest absorption peak posi-
tions at 3.2 eV and 4.7 eV for the CAO@1350C sample, and 3.2 eV and
4.7eV for the CAO@1450C sample. The absorption edge value of 3.2 eV
for the CAO@1450C sample was attributed to the excitation between the
energy level of encaged free oxygen O2- ions and the cage conduction
band (CCB) as previously reported [19]. These implied the presence of
extra-framework O2- ions in a nano-cavity cage within the structure of the
insulating Ca12Al14O33:O cement, similar to the CAO@1200C sample.
Additionally, the absorption spectra of the CAO@1550C sample dis-
played its two highest absorption peak positions at 2.8 eV and 1.5 eV. The
first peak at 2.8 eV presented electrons transitioning from the occupied
cage level (an Fþ-like center level due to a relaxation time) to the
framework conduction band (FCB), as previously reported [28,29]. The
energy at 2.8 eV was due to the inter-cage transition energy for the free
electrons in cavity-cage structure. The second peak at 1.5 eV displayed an
energy level from the Fþ-like center level to the cage-conduction band
(CCB). A second peak energy level was reported in range of 0.4–1.5 eV
[28, 29, 30, 31]. This energy level was too large for the empty cage and
an electron with less energy to occupy the cage. The two peak positions at
2.8 and 1.5 eV were characteristic of conducting Ca12Al14O33:e� cement.
These results confirmed that the conducting Ca12Al14O33:e� cement was
completely converted from insulating Ca12Al14O33:O cement when
heated inside the carbon crucible to a temperature of 1550 �C. Obviously,
this method can replace free oxygen in the cavity-cage with a free elec-
tron to form conducting Ca12Al14O33:e� cement. The absorption peaks at
1.5–2.8 eV of the CAO@1550C sample were correlated to the
greenish-black color of the sample shown Fig. 5. The powder color
changed from white to green comparing the CAO@1200C to
CAO@1550C samples. The sample color was caused by the free electron
concentration in the structure. The white and green color samples pre-
sented free electron concentrations of 0 cm�3 and around 1�1020 cm�3,ึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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Fig. 5. Images of synthesized CAO@1350C, CAO@1450C and CAO@1550C samples fabricated at 1350 �C, 1450 �C and 1550 �C, respectively, (a) white colored of
CAO@1350C powder, (b) and (c) measurement of the electric resistances of CAO@1350C sample as presenting electric insulator using a multi-meter, (d) yellow
colored of CAO@1450C sample that formed a single crystal, (e) yellow colored crushed powder of CAO@1450C sample, (f) and (g) measurement of the electric
resistances of CAO@1450C sample as presenting electric insulator, (h) greenish-black colored of CAO@1550C sample with a cement from a single crystal, (i) green
colored crushed of CAO@1550C powder, and (j) and (k) measurement of the electric resistances of CAO@1550C sample as presenting electric conductor.

Fig. 6. Absorption coefficient as function of photon energy of CAO@1200C,
CAO@1350C CAO@1450C and CAO@1550C samples.
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respectively, which is good agreement with earlier reports [32]. The
CAO@1200C sample, i.e., starting powder, as well as the CAO@1350C
and CAO@1450C samples, displayed a light color without free electrons
in the structure. The CAO@1550C powder had a green color, with
approximately 2�1020 cm�3 of free electrons. Additionally, the
CAO@1200C, CAO@1350C and CAO@1450C samples were electricเอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือกา
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insulators while the CAO@1550C sample was electrically conductive.
The CAO@1200C starting powder, as well as the CAO@1350C and

CAO@1450C samples, were white colored, indicating that they were
transparent in the visible light region (1.6–3.2 eV), as well as acting as
electrical insulators. These results illustrated that the CAO@1200C,
CAO@1350C and CAO@1450C samples were electric insulators as was
the insulating Ca12Al14O33:O cement owing to free oxygen radicals in
their cavity-cages. The greenish-black color of the CAO@1550C sample
indicated light absorption in the region of 1.5–2.8 eV. This confirmed
that sintering at 1550 �C by rapid induction heating could convert
electrically insulating Ca12Al14O33:O cement to conducting
Ca12Al14O33:e� cement. This process can replace free oxygen radicals
with free electrons in an electron-doped process inside a nano-cage
Ca12Al14O33 cement structure.

3.2.5. SEM and EDS analysis
The imagery in Fig. 7 (a), (c), (e) and (g) show SEM analysis and

Figs. 7 (b), (d), (f) and (h) show EDS mapping of the synthesized
CAO@1200C, CAO@1350C, CAO@1450C and CAO@1550C samples,
respectively. All of the samples presented micrometer grain sizes. The
EDS results show the presence of Ca, Al, O and C atoms, indicating that
the samples formed a CAO phase structure. There was a homogeneous
distribution of carbon atoms on the powder surfaces. Additionally, the
percentage of C atoms was similar in all samples.

Thus, the results imply that the carbon remaining component of the
synthesized process did not alter the percentage of carbon in the obtained
CAO@1200C, CAO@1350C, CAO@1450C and CAO@1550C samples.
EDS mapping of the CAO@1200C, CAO@1350C, CAO@1450C and
CAO@1550C samples showed a homogeneous distribution of the Ca, Al,
O and C atoms on the powder surfaces in Fig. 8 (a), (b), (c) and (d),
respectively.ึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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Fig. 7. SEM (a), (c), (e) and (g), and EDX (b), (d), (f) and (h) of the synthesized CAO@1200C, CAO@1350C, CAO@1450C and CAO@1550C samples, respectively.
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3.3. Properties of conducting Ca12Al14O33

3.3.1. Raman spectroscopy analysis
Raman spectroscopy [34, 35, 36, 37] was used to characterize the

molecular structure and bonding of the fabricated materials. Fig. 9 shows
Raman spectra of the prepared CAO@1200C sample as well as the syn-
thesized CAO@1350C, CAO@1450C and CAO@1550C samples. The
absorption bands for the Ca12Al14O33 cement structure have normal
lattice properties due to vibrations of Al3þ, Ca2þ and oxygen ions in the
region from 50 to 3000 cm�1 [37]. In previous work [37], Raman peaks
between 200 and 1000 cm�1 were ascribed to the lattice framework ofเอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือกา
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the Ca12Al14O33 cement structure resulting from Al3þ ions in a tetrahe-
dral structure. The Raman spectra peaks at 330, 510, and 773 cm�1 of the
CAO@1350C, CAO@1450C and CAO@1550C samples corresponded to
peaks of the CAO@1200C sample. The Raman peak at 330 cm�1 was
caused by the oxygen (O2-) framework due to vibrations of Ca[AlO4] and
Ca–O bonding. The two bands at 510 cm�1 and 773 cm�1 indicated
bending vibrations the Al–O–Al linkages and Al–O stretching vibrations,
respectively, for a lattice structure with the oxygen and aluminum atoms
in a symmetric framework with an Al–O [AlO4]5- sub-structure [38]. The
band at 178 cm�1 appeared on the CAO@1200C and CAO@1350C
sample and was identified as characteristic of the lattice frameworkึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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Fig. 8. Elemental distribution (SEM-EDS) of the synthesized (a) CAO@1200C, (b) CAO@1350C, (c) CAO@1450C and (d) CAO@1550C samples with a homogeneous
distribution of the Ca, Al, O and C atoms on the powder surfaces.
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caused by Al3þ ion coordination. This peak may be characteristic of
insulating Ca12Al14O33 cement prepared at temperatures lower than
1350 �C. The band at 885 cm�1 appeared only in the CAO@1200C
sample resulting from bending and stretching vibrations of the Al and O
framework. This peak was characteristic of insulating Ca12Al14O33
cement prepared at 1200 �C. The CAO@1200C sample exhibited two
band peaks at around 1338 cm�1 and 1586 cm�1 that appeared only in
the CAO@1500C sample resulting from a small amount of graphite from
the carbon crucible that was not observed in the XRD results of Fig. 4.

Additionally, a peak at 727 cm�1 was observed in the CAO@1200C
and CAO@1350C samples. In previous work [37], a band located at 727
cm�1 indicated O2

2�stretching of the extra-framework O2
2�ion in electri-

cally insulating Ca12Al14O33 cement. The peak at 1067 cm�1 represents
the stretching mode of the extra-framework O2

� ions of the CAO structure
[37]. A peak at 1067 cm�1 was presented by the CAO@1200C,
CAO@1350C and CAO@1450C samples, indicating the presence of
extra-framework O2

� ions. The formation process of the O2
2� ions can be

described by Eqs. (1) and (2) [39]:

O2 (atmospheric) → O2 (cage) (1)เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือกา
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2O2� (cage) þ O2 (cage) → 2O2
2� (cage) (2)

Additionally, the formation of superoxide (O2
�) ions occurred via the

following chemical reaction in Eq. (3) [33]:

O2�(cage) þ O2 (cage) → O� (cage) þ O2
� (cage) (3)

Formation of O2
2�ions can be described by Eq. (4) [39]:

2O� (cage) → O2
2� (cage) (4)

These reactions indicated that the extra-framework O2
2� ions in the

nano-cage cavity of the structure were present in the Ca12Al14O33 cement
prepared in the temperature range of 1200–1350 �C. Extra-framework
O2
� and O� ions were present in the samples prepared at temperatures

of 1200–1450 �C. Oxygen radical O2
�and O�ions were successfully

replaced by extra-framework O2
2� ions in a caged structure at 1350 �C.

Moreover, the Raman spectra bands at 725 and 1065 cm�1 were not
observed in the CAO@1550C sample, indicating a reduction of insulating
Ca12Al14O33 cement into a conductive form. Extra-framework O2

2�, O2
�
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Fig. 9. Raman spectra of the CAO@1200C sample and synthesized
CAO@1350C, CAO@1450C and CAO@1550C samples.

Fig. 10. Absorption coefficient of the CAO@1200C sample, and sintered
CAO@1350C, CAO@1450C and CAO@1550C samples at room temperature in
range of 1.6 eV–6 eV measured by UV-Vis spectroscopy.
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and O� ions were not observed in the nano-cage cavity of the
CAO@1550C sample. This implied that the CAO@1550C sample was
completely converted from insulating Ca12Al14O33 cement to its con-
ducting form. This mechanism successfully replaced free oxygen ions in a
cavity-cage with free electrons via the reaction in Eq. (5):

C2
2� (gas) þ O2

� (cage) → e� (cage) þ CO (gas)þ CO2 (gas) (5)

This mechanism required free radical carbon ions (C2
2�) at a reaction

temperature of 1550 �C. In this process, the C2
2� ions were generated from

the carbon crucible that reacted with O2
�ions when it was heated to 1550

�C. Then, the reaction removed free oxygen O2
� ions and injected free

electrons (e�1) into the nano-cage structure. No peaks at 1870 cm�1 were
observed for the CAO@1550C sample. Kim et al. [33] reported Raman
band spectra at 1870 cm�1, ascribing them to C2

2� ions. C2
2�ions were

dissolved into the CAO@1550C sample from the C2
2� atmosphere of the

carbon crucible and were released out of the nano-cages during cooling.
In summary, the extra-framework O2

2� and O2
� ions present in the

CAO@1200C, CAO@1350C and CAO@1450C samples were responsible
for producing an insulating Ca12Al14O33 cement. The CAO@1550C
sample, i.e., Ca12Al14O33:e� cement, had free electrons in a nano-cage
structure that allowed for electrical conduction.

3.3.2. Optical properties
The absorption coefficients shown in Fig. 6 present the optical

properties of the CAO@1200C, CAO@1350C, CAO@1450C and
CAO@1550C samples. They were used to calculate to optical energy gap
(Eg) following the relationship in Eq. (6) [20]:

αðhυÞ∝
�
hυ� Eg

�1=2

hυ
(6)

where hυ denotes the photon energy, Eg represents the direct optical gap,
and 1/2 is a value for the allowed direct transition type. Thus, the
allowed direct optical gap can be calculated from Eq. (7):

ðαhυÞ2 ¼ A
�
hυ� Eg

�
(7)

where A is a constant. The optical energy gap (Eg) was fitted to a straight
line to intercept the photon energy (hυ) axis. Fig. 10 shows the optical
gap of the prepared CAO@1200C sample, as well as the sintered
CAO@1350C, CAO@1450C and CAO@1550C samples at room temper-
ature. Their energy gap values were 3.9 eV, 4.1 eV, 4.0 eV and 3.5 eV,เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือกา
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respectively. The results showed that the CAO@1200C, CAO@1350C,
and CAO@1450C energy gap values were close to 4.0 eV, indicating the
insulating nature of this Ca12Al14O33 cement. This value (4.0 eV) repre-
sents the energy gap for the allowed direct optical gap of the electronic
transition from an occupied electronic state of the upper part of the
framework conduction band (FCB) to the cage conduction band (CCB).
Moreover, the energy gap of the CAO@1550C sample was 3.5eV as
indicating a conductive Ca12Al14O33 cement phase structure. This value
(3.5 eV) represents the energy of the electronic transition from the
occupied framework valence band (FCB) to the cage conduction band
(CCB).

3.3.3. First-principles calculations
First-principles calculations for evaluating the optical properties of

Ca12Al14O33 were performed as previously outlined [40,41]. The elec-
tronic properties of insulating Ca12Al14O33:2O2- cement and conducting
Ca12Al14O33:4e� cement structures were determined in this manner. In
the present study, the unit cell of the Ca12Al14O33:2O2- structure con-
tained 12 lattice framework cages [Ca24Al28O64]4þ and two O2- anions
(extra-framework) trapped at the center of a cage. The determination of
the unit cell of Ca12Al14O33:e� used Ca12Al14O33:2O2- as an initial
configuration and two O2- anions were removed followed by the addition
of four extra electrons inside the unit cell. The results showed that the
lattice constants of the optimized structures were 11.8576 and 12.0256 Å
for insulating Ca12Al14O33:2O2- cement and conducting CAO: e� cement,
respectively.

For Ca12Al14O33:2O2, Fig. 11 (a) clearly shows a peak located at 0.3
eV below the Fermi level corresponding to the 2p states of extra-
framework 2O2- ions. Additionally, the energy gap in this case is the
difference between the energies of the highest states of the framework
valence band (FVB) and the lowest states of the CCB. In this case, we
found that the energy gap is approximately 4.1 eV. This result was close
to the energy gap of the experimental results for CAO@1200C (3.9 eV),
CAO@1350C (4.1 eV) and CAO@1450C (4.0 eV) as shown Fig. 10. The
implication of this is that the CAO@1200C, CAO@1350C and
CAO@1450C samples have a Ca12Al14O33:2O2- structure. The 4.1 eV
energy gap for the Ca12Al14O33:2O2- represents the minimum energy
required for the transition from the FVB to CCB. It was found that at least
2.3 eV is required for the electronic transition from the extra-framework
O2- ions to the CCB. The above results confirm that the CAO@1200C,
CAO@1350C and CAO@1450C samples are electrically insulatingึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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Fig. 11. The electronic density of states of (a) Ca12Al14O33:2O
2-, (b) Ca12Al14O33:4e

� calculated using the LDA functional and (c) the electronic density of states of
Ca12Al14O33:e� computed using the HSE06 functional for the framework valence band (FVB), framework conduction band (FCB) and cage conduction band (CCB),
respectively, (d) energy diagram of insulating Ca12Al14O33:2O2- mayenite and conducting Ca12Al14O33:4e� electride, respectively.

C. Phrompet et al. Heliyon 5 (2019) e01808

รศ
cement materials.
The electronic density of states of Ca12Al14O33:e� was determined

using the local density approximation (LDA) scheme shown in Fig. 11 (b).
It is well established that electrical conductivity is directly related to the
electron states at the Fermi level. A large number of electron states at the
Fermi level energy, EF (the highest occupied state), which is at 0 eV,
results in high electrical conductivity.เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือกา
9ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกท้ังห้ามมิให้ดัดแปลงเนื้อหา และต
According to the density of states of Ca12Al14O33:e�, it can easily be
seen that there are CCB states at the Fermi level. This result implies that
electron conduction comes from the CCB, in this case. Hence,
Ca12Al14O33:e� can be electrically conductive. However, the energy gap
obtained from LDA functional analysis was always smaller than the
experimentally derived energy gap. To improve the accuracy of our
calculations, a hybrid functional was used. For Ca12Al14O33:4e�, weึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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determined the electronic density of states using the Heyd-Scuseria-
Ernzerh of 06 (HSE06) hybrid functional shown in Fig. 11 (c). The
electronic density of states calculated from the HSE06 hybrid functional
looks similar to that determined from the LDA functional. Moreover, we
found that the FVB states shifted to slightly lower energy levels relative to
the FVB of LDA. Hence, the energy gap increased in this case. The energy
difference between the highest FVB state and the lowest CCB state was
approximately 4.7 eV. Additionally, the energy required for the elec-
tronic transition from FVB to FCB was rather high, 7.4 eV. Thus, it is
impossible for electrons to be excited from the FVB to the FCB.

The energy difference between the highest FVB state and the lowest
CCB state was approximately 3.7 eV–4.7 eV. This result was close to the
experimentally derived energy gap for CAO@1550C (3.5 eV). The energy
gap between FCB and CCB was about 0.42 eV, representing the metallic
bands of Ca12Al14O33:e� that are characteristic of the cage-like structures
with no extra-framework oxygen species.. According to Fig. 11 (b) and
(c), only electron states of the CCB exist at the Fermi level. Consequently,
electronic conduction was observed in this material because of the free
electrons in the cage. The above results are consistent with previous work
[42,43]. From Figs. 6, 10, and 11, the energy diagram for insulating
Ca12Al14O33:2O2- and conducting Ca12Al14O33:e� cements obtained from
both experiments and calculations [28,30,43] is summarized in
Fig. 11(d).

Moreover, the experimental and calculation results showed that the
insulating Ca12Al14O33:2O2- cement had a direct optical gap of approxi-
mately 4.0 eV for the electronic transition from the FVB to the CCB. For
conducting Ca12Al14O33:e�, the experimental and calculational results
showed the direct transition gap from FVB to CCBwas around 3.5–3.7 eV.
This information indicated that it is impossible for electron excitations to
occur between the FVB to FCB due to a rather large energy gap (3.5 eV).
The conducting Ca12Al14O33:e� cement displayed metallic behavior
when it absorbs external energy at around 2.8 eV, corresponding to the
energy level from CCB to FCB for free electron movement between cages.
This energy (2.8 eV) corresponds to the absorption peak position at 2.8
eV that results in the greenish-black color of the sintered CAO@1550C
sample shown in Fig. 5. Additionally, electrons become free electrons
when their energy becomes greater than the work function energy (Evac),
which is 2.4 eV [31,44]. The broad absorption band at 2.8 eV for the
CAO@1550C sample is attributed to the transition to intra-cage s-to-p
forms of electrons trapped in the cages. The absorption band at 1.5 eV
was due to the transition of inter-cage s-to-s charge transfer from an
electron trapped in a cage to a vacant neighboring cage [38]. The tran-
sition of free electron movement of the CAO@1550C sample
Fig. 12. Schematic diagram of the synthesized conducting Ca12Al14O33:e� cement fa
by a Cu induction coil via high frequency electromagnetic induction heating, (a) Ca12
of replacing of free oxygen ions by free electrons at powder surfaces via a reaction of
at 1550 �C and (c) the formation of conducting Ca12Al14O33:e

� cement.
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(Ca12Al14O33:e� cement) was supported by oxygen gas adsorbed at the
surfaces of the materials to produce free radicals [45] according to the
reaction Eq. (8):

O2(gas) þ e�(cage) → O2
- (8)

3.4. Schematic diagram for fabrication of conducting Ca12Al14O33

A conducting Ca12Al14O33:e� cement was successfully fabricated via a
sintering process starting with insulating Ca12Al14O33:O2- cement inside
a carbon crucible using high frequency induction heating to 1550 �C. A
schematic presenting the mechanism for converting insulating Ca12A-
l14O33:O2- cement to conducting Ca12Al14O33:e� cement via this process
is shown in Fig. 12. Fig. 12(a) shows the starting Ca12Al14O33:O2- cement
powder loaded inside a carbon crucible. The Ca12Al14O33:O2- structure is
a linkage of calcium, aluminum and oxygen atoms consisting of empty
nano-sized cages containing of free oxygen ions (O�2), loosely bound to a
lattice framework, inside cages as an extra-framework. Fig. 12(b) pre-
sents the process for producing conducting Ca12Al14O33:e� cement by
rapid heating carbon via electromagnetic induction heating to 1550 �C in
a carbon crucible. The thermal energy (Q) in the carbon crucible was
obtained from eddy currents and induced electromagnetic power [46]
via the relationship Eq. (9):

Q ¼ σ(T)[(-1)ωB]2 (9)

where σ(T) is electrical conductivity as a function of temperature(S/m),
ω is angular frequency (rad/sec), and B is the magnetic vector potential.
At 1550 �C, an active carbon radical (C2

2�) species was generated from
the heated carbon for producing a C2

2� atmosphere inside the crucible
[31,33,34]. Then, the C2

2�ions reacted with free oxygen ions in the
cavity-cages of the Ca12Al14O33:O2- cement powder to produce CO or CO2
gas, leaving an electron in the cavity-cage [34].

This process replaced free oxygen ions with free electrons by reacting
active carbon C2

2- ions with free oxygen ions. First, carbon C2
2�ions were

produced inside the crucible. Then, the C2
2� gas reacted with free oxygen

species (O2-) in cavity-cage at the surface layer of the insulating Ca12A-
l14O33:O2- cement powder to produce CO or CO2 gas and ejected free
electrons into the cavity-cages via the reaction in Eq. (10),

C2
2� þ O2� → 2e� þ CO/CO2 (10)

This resulted in formation of two free electrons in the cage obtained
from O2�ions. Finally, the reaction ran to completion when the insulting
bricated from insulating Ca12Al14O33:O2- cement using a carbon crucible heated
Al14O33:O2- (CAO@1200C) cement powder in a carbon crucible, (b) the process
active carbon (C2

2-) with free oxygen ions in a cavity-cage to produce CO/CO2 gas

ึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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Ca12Al14O33:O2- cement was entirely converted to conducting
Ca12Al14O33:e�. Fig. 12 (c) illustrates the formation of conducting
Ca12Al14O33:e� cement. A key to the production of the Ca12Al14O33:e�

cement at 1550 �C was the active carbon (C2
2�) atmosphere inside the

carbon crucible at high temperature [34].

3.5. Anti-bacterial activities of Ca12Al14O33 cements

Anti-bacterial activities of the as-fabricated CAO@1350C,
CAO@1450C and CAO@1550C samples were investigated using two
different bacterial species: (1) gram-negative E. coli and (2) gram-positive
S. Aureus as shown in Figs. 13 and 14, respectively. The antibacterial
properties of the samples were tested using an agar disk-diffusion
method. Agar plates were first seeded with the test bacteria, followed
by placed on the agar surfaces in a dark incubation chamber at 37 �C for
24 h. Both the insulating Ca12Al14O33:O2- (CAO@1350C and
CAO@1450C) and the conducting Ca12Al14O33:e� (CAO@1550C)
cement group materials were tested for antibacterial activity. Inhibition
of bacterial growth was indicated by zones of clearing around the sam-
ples after they were placed on agar plates seeded with E. coli and S. aureus
cells. SEM was used to show E. coli and S. aureus grown near the
CAO@1350C, CAO@1450C and CAO@1550C samples in Figs. 13 (a) and
Fig. 13. Anti-bacterial activity testing of E. coli (ATCC 25922) using an agar disk-di
growth and inhibition of E. Coli. (a) and (b) SEM of E. coli cell grown near the CAO
bacterial growth zones of clearing around the samples after placed on agar plates
respectively, and (f), (g) and (h) SEM images of transition regions between areas w
CAO@1550C samples, respectively.
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(b), and Figs. 14 (a) and (b), respectively. The results of these tests are
shown in Figs. 13 (c), (d) and (e), and Figs. 14 (c), (d) and (e), for the
CAO@1350C, CAO@1450C and CAO@1550C samples, respectively.
SEM images of transition regions between areas with bacterial growth
and inhibition of E. coli and S. aureus cells near the CAO@1350C, and
CAO@1550C samples are shown Figs. 13 (f), (g) and (h), and Figs. 14 (f),
(g) and (h), respectively.

The results from Figs. 13 and 14 demonstrate zones of inhibitions in
the red-circled regions around the cement pellets. The inhibition zone
widths are an index of E. coli inhibition. These zone widths were 12.8
mm, 11.1 mm and 15.5 mm for CAO@1350C, CAO@1450C and
CAO@1550C samples, respectively. For S. aureus, the zones of inhibition
were 22.7 mm, 13.9 mm and 36.2 mm wide for CAO@1350C,
CAO@1450C and CAO@1550C samples, respectively. The histogram in
Fig. 15 presents this data graphically. The results show that conducting
Ca12Al14O33:e� (CAO@1550C) exhibited much greater inhibition against
both E. coli and S. aureus than the insulating Ca12Al14O33:O2-

(CAO@1350C, CAO@1450C) cement samples. The CAO@1450C cement
displayed the smallest zone of inhibition resulting from its glass crystal
phase (as shown in XRD resultscausing low antibacterial activity and few
active sites on the sample surfaces. Moreover, it can be observed that the
inhibition zones of S. aureus were larger than for E. coli due to the
ffusion method producing zones of inhibition and SEM images showing zones of
@1350C, CAO@1450C and CAO@1550C samples, (c), (d) and (e) inhibition of
seeded with E. coli cells of the CAO@1350C, CAO@1450C and CAO@1550C,
ith bacterial growth and inhibition of E. coli cell near the CAO@1350C, and
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Fig. 14. Anti-bacterial activity testing of S. aureus (ATCC 25923) using an agar disk-diffusion method producing zones of inhibition and SEM images showing zones
of growth and inhibition of S. Aureus, (a) and (b) SEM of S. aureus cell grown near the CAO@1350C, CAO@1450C and CAO@1550C samples, (c), (d) and (e) inhibition
of bacterial growth zones of clearing around the samples after placed on agar plates seeded with S. aureus cell of the CAO@1350C, CAO@1450C and CAO@1550C,
respectively, and (f), (g) and (h), SEM images of transition regions between areas with bacterial growth and inhibition of S. aureus cells near the CAO@1350C, and
CAO@1550C samples, respectively.

Fig. 15. Histogram depicting inhibition zone width for insulating Ca12A-
l14O33:O2- cements (CAO@1350C and CAO@1450C), and Ca12Al14O33:e�

cement (CAO@1550C) against E. coli and S. aureus.

C. Phrompet et al. Heliyon 5 (2019) e01808

รศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
structural differences in the bacterial cell walls. E. coli and other gram-
negative bacteria have an outer cell membrane [47,48]. This provides
E. coli with more resistance to reactive oxygen species (ROS). The SEM
results show rod and spherical-shaped cells in the growth zones of E. coli
and S. aureus in Figs. 13 (a) and (b), and Figs. 14 (a) and (b), respectively.
Neither E. coli nor S. aureus grew in the inhibition zones shown in the
SEM images (Figs. 13 (f), (g), (h), and Figs. 14 (f), (g) and (h), respec-
tively). These results confirm that both bacterial species were inhibited to
varying degrees by the CAO@1350C, CAO@1450C and CAO@1550C
cements.

The mechanism to inactivate these bacteria was likely due to the ef-
fect of reactive oxygen species (ROS) such as super oxides (O2

�), super-
oxide radicals (O2

�-), hydroxyl radicals (OH�) and hydrogen peroxide
(H2O2). Several studies reported that reactive ROS interacting with
bacterial cell components (proteins, lipids and DNA) cause cell death [4,
7–11]. The experimental results indicate that insulating Ca12Al14O33:O2-

cement material contained oxygen radicals (O2
�and O� ions), while the

conducting Ca12Al14O33:e� cement material had a high concentration of
the free electrons in its structure. It follows that these two material
groups had different mechanisms for bacterial inactivation.

In case of the insulating Ca12Al14O33:O2- material, the Raman spec-
troscopy in Fig. 9 for the insulating Ca12Al14O33:O2- samplesเอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือกา
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Fig. 16. Schematic diagram of the mechanism of anti-bacterial activity of the conducting Ca12Al14O33:e� cement.
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(CAO@1350C and CAO1450C) displayed a band of the ROS O2
� species at

727 cm�1, indicating an extra-framework for oxygen radicals (O2
�and

O�ions) with concentrations up to 2 � 1020 cm�1 [24]. Clearly, the
presence O2

� species at the surface of the samples can cause inactivation
of E. coli and S. aureus cells, as reported earlier [24], and this mechanism
requires no photocatalytic effect.

In the case of conducting Ca12Al14O33:e�, as shown in Fig. 9, the
CAO@1550C sample did not exhibit Raman bands of the ROS, O2

� and
O�ions, species. The experimental results revealed that the CAO@1550C
samples presented conducting materials with free electrons in its struc-
ture. This implies that the mechanism of bacterial inhibition of the
conducting Ca12Al14O33:e� cement was different than that of insulating
Ca12Al14O33:O2- cement. Additionally, due to the high free electron
concentration (1 � 1020 cm�1) in the conducting Ca12Al14O33:e� struc-
ture with no photocatalytic effect, free electrons at surface of the material
actively reacted with atmospheric oxygen, forming superoxide anions
(O2

�). Then, the O2
� anions generated ROS species, i.e., H2O2, O2

�, O2
�� and

OH� as depicted in Fig. 16. These active oxygen species are extremely
reactive, oxidizing and decomposing the organic substances of the bac-
teria. This implied that the conducting Ca12Al14O33:e� cement displayed
antibacterial activity with no photocatalytic effect. The reaction gener-
ating the ROS species occurred via redox reactions [8] as follows Eqs.
(11), (12), (13), (14) and (15):

CAO(e�) þ O2(gas) → O2
� (11)

2H2O þ 2O2
� → 2H2O2 þ O2(gas) (12)

CAO(e�) þ H2O2 → OH� þ OH� (13)

H2O2 þ O2
�→ OH� þ O2

�� þ OH� (14)

H2O2 þ O2
��→ OH� þ O2 þ OH� (15)

Superoxide anions (O2
�) were first generated from O2 gas in the at-

mosphere reacting with caged free electrons (Ca12Al14O33:e� (cage)) at
the surface of conducting Ca12Al14O33:e� cement following Eq. (11).
Then, H2O2 was generated as depicted in Eq. (12). H2O2 reacted with
caged free electrons in conducting Ca12Al14O33:e� cement, along with
O2
�, and O2

�� to generate OH� radicals according to the reactions in Eqs.
(13), (14), and (15). In this manner, conducting Ca12Al14O33:e� cement
inhibited both E. coli and S. aureus through the action of nano-caged free
electrons in (Ca12Al14O33:e� (cage). Fig. 16 schematically shows a pro-
posed mechanism for the conducting Ca12Al14O33:e� cement's antibac-
terial activity. In summary, in the first mechanism of antibacterial
activity, bacteria near the surface of this material were inactivated byเอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือกา
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ROS adsorbed on the surface of the Ca12Al14O33 cement. The second
mechanism of antibacterial activity involved bacterial inactivation by
ROS species that diffused from the Ca12Al14O33 cement surfaces into the
agar. In this way, bacteria not in contact with Ca12Al14O33 cement sur-
faces were inactivated.

Bacterial inhibition consisted of two modes, 1) the effects of ROS in
the insulating cement samples, and 2) the effect of caged free electrons in
the conduction cement sample. Ca12Al14O33:O2- material displayed O2

-

species at the surface of the samples causing inactivation of E. coli and S.
aureus cells. Ca12Al14O33:e� cement displayed free electrons in cavity-
cages with easily movement to the surface of the material. Thus, the
free electrons at surface produced ROS species, i.e., H2O2, O2

- , O2
�- and

OH� at the surfaces of cement materials. Testing confirmed that the
Ca12Al14O33:e� cement displayed antibacterial action against E. coli and
S. aureus. Neither effect involved photocatalytic activity. These cement
materials can be used in smart antibacterial walls for operation rooms
and hospital wards, restaurants, nurseries, and in homes. There are also
applications in HVAC and food processing.

4. Conclusions

Antibacterial Ca12Al14O33 material was successfully prepared by a
rapid heating of insulating Ca12Al14O33 powder in a carbon crucible to a
high temperature by high frequency electromagnetic induction heating.
The CAO@1550C (Ca12Al14O33:e�) cement sample formed a conducting
phase in the Ca12Al14O33 material that was confirmed by XRD results.
EDX results presented the chemical composition of the Ca12Al14O3
cement and the UV-Vis spectroscopy showed an absorption energy at 2.8
eV, characteristic of conducting Ca12Al14O33:e� cement. Raman spec-
troscopy revealed that ROS of O2

� species did not appear in the
CAO@1550C sample, but was present in the CAO@1200C, CAO@1350C
and the CAO@1450C samples. First principles calculations confirmed
experimental results for the CAO@1550C sample. It formed a phase of
conducting Ca12Al14O33:e� cement with free electrons in a nano-cage
structure of the conducting Ca12Al14O33 cement. The conducting
Ca12Al14O33:e� cement displayed the highest antibacterial activity
against both E. coli and S. aureus with no photocatalytic activity. The
antibacterial mechanism of conducting Ca12Al14O33 (from free electrons
in a nano-caged structure) was higher for both E. coli and S. aureus than
that of the insulating Ca12Al14O33 cement (from presence of ROS species
in the structure). The inhibition of E. coli and S. aureus was due to the
presence free electrons reacting with O2 at the surface of the materials to
produce to produce ROS such as H2O2, O2

�, O2
�� and OH� with no nano-

sized particle interaction or photocatalytic effects. This investigationึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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revealed that Ca12Al14O33 cement has antibacterial properties that can
inactivate E. coli and S. aureus.
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� The ultrasonic mixingof rGO nanosheets 
/Bi2Te3 composites forming grain 
boundary interfaces. 

� The conversion of p-type Bi2Te3 to n- 
type from rGO composites to supply 
electric charge carriers. 

� Bi2Te3 þ rGO composites increase 
strorage charges with rGO contents. 

� The highest ZT value at the bulk 1% 
Bi2Te3 þ rGO composites. 

� Improving of electrochemical and ther
moelectric properties resulting from 
band alignment between Bi2Te3 and 
rGO nanosheets.  

A R T I C L E  I N F O   
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A B S T R A C T   

The electrochemical and enhanced thermoelectric properties of pristine Bi2Te3 and Bi2Te3/reduced graphene 
oxide (Bi2Te3 þ rGO) composites at 1%, 3% and 5% levels of rGO were synthesized via a simple ultrasonic 
method. The X-ray diffraction (XRD), Raman spectroscopy, scanning electron microscopy (SEM), UV–vis spec
trometry (UV–vis) and their electrochemical and thermoelectric properties were measured. The ultrasonic 
method succeeded in producing rGO nanosheets composited with Bi2Te3 forming grain boundary interfaces of 
rGO with Bi2Te3. The resulting samples displayed a continuous network structure of rGO nanosheets in Bi2Te3 þ

rGO composites for electrons in the conduction band of the Bi2Te3 structure. Electrons were transferred to rGO 
nanosheets at the interface, contributing electron charge carriers in Bi2Te3 þ rGO composites. This indicates 
band alignment between Bi2Te3 and rGO nanosheets. The Bi2Te3 þ rGO composites exhibited an increasing 
storage charge mechanism of electrical double layer capacitors with greater rGO contents. The Bi2Te3 þ rGO 
composites displayed negative a Seebeck coefficient for thermoelectric materials. The highest ZT value was 0.17 
in the bulk 1% Bi2Te3 þ rGO composite. Improved electrochemical and thermoelectric properties of the Bi2Te3 þ
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rGO 1% composite resulted from the interaction of the grain boundary interfaces of rGO nanosheets with pristine 
Bi2Te3 following the model of band alignment between Bi2Te3 and rGO nanosheets.   

1. Introduction 

Alternative energy technologies are emerging with many challenges. 
Numerous researchers seek green solutions to meet sustainable energy 
challenges while recovering waste heat from the environment as well as 
various other sources, such as sun light and a multitude of industrial 
processes, to produce electricity [1,2]. Thermoelectric (TE) materials 
are solid-state materials that can generate electricity from temperature 
gradients to produce electricity [1–3]. Efficient conversion is related to 
an energy balance of the system as a function of ZT, where T is absolute 
temperature in Kelvin and the Z value is expressed as the following: 

Z¼
S2σ
κ

; (1)  

where S is the Seebeck coefficient, σ is electrical conductivity, and κ is 
thermal conductivity. Bi2Te3 [4] and Bi2Se3 [5] based TE materials with 
large ZT values have successfully been used for TE devices. Particularly, 
Bi2Te3 is a high performance and low-temperature stable TE material 
[3]. Thus, there many methods to synthesize and enhance the properties 
of Bi2Te3 materials. These include doping and band engineering via Cu- 
and Se-doped atoms of n-type Cu0.008Bi2Te2.7Se0.3 [6] and CuI-doped 
Bi2Te2.7Se0.3 [7]. 

Recently, there have many reports of composited TE materials with 
enhanced properties employing a modifying graphene base. They are 
referred to as reduced graphene oxides (rGO) [8]. The rGO materials are 
two-dimensional (2D) carbon nanomaterials with high surface area and 
are free electron charge carriers. They are widely used for improving the 
mechanical, thermal and electrical properties of materials [9–13]. Nam 
et al. [3] reported enhanced TE properties of TiO2/rGO nanocomposites 
derived by increasing the ratio of electrical to thermal conductivity as an 
interface-controlled effect. An enhanced Bi2Te3 was reported by Ahmad 
et al. [8] using a simple and effective strategy employing the quantum 
confined structures of 2D graphene dispersed in a nanostructured Bi2Te3 
powder for evaluating thermoelectric properties. Du et al. [12] reported 
rGO/Bi2Te3 nanocomposite powders that were synthesized via a 
one-step in-situ reductive method. 

However, there are no reports of improved electrochemical and 
thermoelectric properties of Bi2Te3 doped with rGO via a mixing/ul
trasonic route. Moreover, Rahman et al. [9] reported incorporation of 
rGO into SrTiO3-δ (STO) that weakly affected grain boundary interfaces 
causing enhanced TE properties. Xu et al. [14] reported that an ultra
sonication treatment with stirring produced strong π–π interactions be
tween the rGO and polymer molecules of poly (3, 4 
ethylenedioxythiophene) for enhanced TE performance. Also, ultra
sonication can be used to improve the TE properties of Bi2Te3/rGO 
composites. 

Herein, this work proposes an ultrasonication method for preparing a 
2D rGO nanosheet composite with p-type pristine Bi2Te3 to improve the 
electrochemical and thermoelectric properties of such materials. An rGO 
precursor was prepared and characterized using X-ray diffraction (XRD), 
Raman spectroscopy, scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), high-resolution TEM (HR-TEM), and UV–vis 
spectrometry. 2D rGO nanosheets and pristine Bi2Te3 with various rGO 
contents were synthesized using an ultrasonication method. Then, the 
bulk materials were fabricated by hot press sintering them. The elec
trochemical properties of all powders and their thermoelectric proper
ties were characterized. The Seebeck coefficient, electrical conductivity 
and thermal conductivity of bulk samples were investigated. 
Morphology and thermodynamic stability of these samples were eval
uated. The enhanced properties of rGO nanosheets and pristine Bi2Te3 
composites were examined to determine the effects of grain boundary 

interfaces by rGO incorporation with pristine Bi2Te3 on the thermo
electric and electrochemical properties of these materials. These results 
are reported. The effects of the ultrasonication method on grain 
boundary interfaces by rGO nanosheets and pristine Bi2Te3 behavior are 
discussed. 

2. Experimental details 

2.1. Chemicals and materials 

Commercial grade p-type pristine Bi2Te3 powder was purchased 
from SANTECH™. Graphite powder (99% purity) and hydrogen 
peroxide (H2O2, 30%) were purchased from Sigma-Aldrich (USA). Sul
furic acid (H2SO4, 98%), hydrochloric acid (HCl, 37%), and potassium 
permanganate (KMnO4) were obtained from Merck (Germany). An 
ammonia solution (NH3, 28–30%) was supplied by Baker (USA). All 
chemicals were used as received without further purification. 

2.2. Preparation of reduced graphene oxide (rGO) 

Reduced graphene oxide, rGO, was firstly synthesized via a modified 
Hummers method by oxidizing graphite with a strong acid and followed 
by chemical ruduction method according to Phrompet et al. [15]. Briefly, 
graphite powder (2 g) was mixed with KMnO4 (6 g) in a beaker. Then the 
mixed powder was poured into a 500 mL round bottom flask and cooled 
to 0 �C. After that, H2SO4 (46 mL) was gradually added under stirring 
and cooling, maintaining its temperature below 15 �C. Then, the mixture 
was stirred at 40 �C for 30 min. Next, distilled water (90 mL) was slowly 
added and the mixture was heated under stirring to 95 �C for 60 min. 
Subsequently, the reaction was stopped by adding distilled water (250 
mL) and a H2O2 solution (10 mL). The obtained product was separated 
by centrifugation and washed with a 5% HCl solution to reduce sul
phate. After that, it was filtered and washed several times with distilled 
water until the pH of filtered solution was about 7. The resulting solid 
paste product was dried in an oven overnight at 65 �C. The synthesized 
graphite oxide powder (800 mg) was re-dispersed in distilled water 
(120 mL) under ultrasonication for 90 min, followed by centrifugation. 
Finally, the supernatant of an aqueous graphene oxide (GO) suspension 
was obtained. Thus, reduced graphene oxide (rGO) was obtained from a 
GO (2 mg/mL) suspension in 100 mL mixed with distilled (100 mL), 
ammonia (1 mL) and hydrazine hydrate solutions (0.1 mL). Then, the 
obtained mixture was heated to 95 �C and stirred for 45 min. Finally, a 
stable aqueous suspension of rGO was obtained. 

2.3. The preparation of Bi2Te3 þ rGO composites 

The p-type Bi2Te3 pristine powder was crushed and dissolved in an 
aqueous acetone solution. The composite powders of Bi2Te3 and rGO 
nanosheets at various levels, 1%, 3% and 5 wt%, were mixed using an 
ultrasonication method as shown in Fig. 1(a). In a typical procedure to 
make Bi2Te3 þ rGO samples, first, about 5 g of Bi2Te3 powder was 
dispersed in 170, 110 and 50 mL of acetone to prepare 1%, 3% and 5% 
levels of rGO, respectively. Then, various rGO solutions (2 mg/mL) were 
mixed using a sonication method at room temperature for 1 h. After that, 
the mixture suspensions were further stirred at room temperature for 1 
h. Then, the resulting homogeneous mixtures were filtered and washed 
using acetone, and then dried in an oven at 100 �C for 24 h. Finally, 1%, 
3% and 5% Bi2Te3 þ rGO powder samples were obtained. 
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2.4. The fabrication of pristine Bi2Te3 and Bi2Te3 þ rGO composite 
electrodes 

Working electrodes were made at 85 wt percent of pristine Bi2Te3 or 
as-prepared Bi2Te3 þ rGO samples, PVDF (10%) and acetylene black 
(5%) with 0.5 ml of NMP using ball milling at room temperature for 24 h 
to form a slurry. Then, the slurry was coated on a 1 � 1 cm2 area of a 
nickel foam substrate. The thickness of the nickel foam was ~1.5 mm. It 
was oven dried at 80 �C for 3 h. Next, the active electrodes were pressed 
with a force of 1.5 tonnes for 1 min producing active electrodes with a 
thickness of ~0.07 mm. The masses of active material in pristine Bi2Te3 
and 1%, 3% and 5% Bi2T3 þ rGO electrodes were 3.22, 3.49, 3.41, and 
3.78 g, respectively. Finally, these active electrodes were soaked in an 
aqueous 6.0 M KOH solution for 3 h before performing electrochemical 
testing. 

2.5. Fabrication of the pristine Bi2Te3 and Bi2Te3 þ rGO composite pellets 

For pellets prepared as shown in Fig. 1(b), pristine Bi2Te3 and 1%, 
3% and 5% Bi2T3 þ rGO samples were subjected to uniaxial compression 
into disc-shaped pellets that were 10 mm in diameter with a thickness of 
3 mm. They were hot-press sintered at 450 �C for 1 h under a hydraulic 
pressure of ~12.7 MPa. Finally, 1%, 3% and 5% Bi2Te3 þ rGO pellets 
were obtained. 

2.6. Characterization 

The XRD phase of the rGO, pristine Bi2Te3 and 1%, 3%, and 5% 
Bi2Te3 þ rGO samples were analyzed using powder X-ray diffraction 
(XRD) in a PHILIPS X’Pert (X-ray source λ CuKα ¼ 1.5406 Å). Raman 
spectroscopy was performed using a DXR Smart (Thermo Scientific) at a 
532 nm excitation wavelength. The morphology of the samples was 
observed using SEM. A TEM and a high-resolution TEM (HRTEM) (JEOL- 
2100) operating at 200 kV) were used for measuring the nano particle 
sizes of the samples. Density (D) was measured using the Archimedes’s 
principle. Thermogravimetric analysis (TGA, Netzsch STA 449F3 
Jupiter) was performed over a temperature of 35 �C to 900 �C with a 
heating rate of 10 �C/min in nitrogen gas to measure the weight loss of 
the samples. The optical absorption spectra were measured using a UV- 
VIS-NIR spectrophotometer (Shimadzu UV-3101PC) at room tempera
ture. For electrochemical properties, cyclic voltammetry (CV) and gal
vanostatic charge-discharge GCD tests were performed in a three- 
electrode cell system in an aqueous 6.0 M KOH solution, using Ag/ 
AgCl in 3.0 M HCl and platinum wire as reference and counter elec
trodes, respectively. Thermal conductivity values were measured using a 
NETZSCH LFA 477 Nano-Flash thermal diffusivity analyzer on flat 
samples that were 12-mm in diameter and 2–3 mm thick. The Seebeck 
coefficient and electric conductivity were measured using an in-house 
testing apparatus described by Wongjom et al. [16] connected to a 
34461a KEYSIGHT™ bench digital multi-meter, a 34420a KEYSIGHT™ 
nano voltmeter and a constant DC-current passed through the sample 

Fig. 1. (a) Schematic of the preparation of Bi2Te3 þ rGO 1%, 3% and 5% composites via a simple ultrasonication method, and (b) schematic of the fabrication of 
pristine Bi2Te3 and Bi2Te3 þ rGO 1%, 3% and 5% pellets by hot-press sintering. 
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using a KEITHLEY™ source meter. 

3. Results and discussion 

3.1. The analysis of rGO nanosheet 

Fig. 2(a) shows Raman spectroscopy of the prepared rGO nanosheets. 
The Raman spectra displayed two main peaks at around 1353 cm 1 and 
1592 cm 1, which correspond to disordered carbon (D band) and 
graphitic sp2 carbon (G band) characteristic of rGO. The D band was 
associated with the breathing mode of the K point phonons of A1g 
symmetry. It mainly indicated the surface disorder and defects of gra
phene. The G band is the result of first order scattering of E2g phonons 
from sp2 carbon. The evolution of disorder is usually quantified by the 
intensity ratio of the D to G bands (ID/IG). The ID/IG values were 1.031 as 
presented by reduced graphene oxide. A 2D peak at around 2700 cm 1 

was observed for the rGO sample. This confirmed the complete sintering 
of rGO. Additionally, the morphology of rGO nanosheets was analyzed 
using bright field TEM images as shown in Fig. 2(b), indicated by the 
translucent thin sheets, creases and wrinkles. Fig. 2(c) demonstrates that 

the composite Bi2Te3 þ rGO by using the pristine Bi2Te3 was grown onto 
the rGO suspension with dispersed in surfactant-assisted solvent 
(Acetone solvent). According to inset in Fig. 2(c), the newly formed 
interface at the surface might be the ionic interaction between pristine 
Bi2Te3 (þ) and rGO (e ). It was corresponded to the oxygen atoms 
existing at the rGO surface by providing tight ionic bonding with Bi3þ or 
Te4þ ions in the surface of Bi2Te3 as previously reported of a CNT/Bi2Te3 
interface [17]. Also, the Bi2Te3 þ rGO composite was caused to the 
pristine Bi2Te3 implanted into the rGO matrix. The characteristic mi
crostructures of the Bi2Te3 þ rGO composite displayed similar flake-like 
shapes with comprised a contained rGO network structure as embedded 
by the Bi2Te3 grain as shown in Fig. 5(a) – (d). 

3.2. Raman of rGO, Bi2Te3 pristine and Bi2Te3 þ rGO composite powders 

To confirm the characteristic structures of rGO, pristine Bi2Te3 and 
the interaction interface between rGO and pristine Bi2Te3 of as-prepared 
Bi2Te3 þ rGO samples, Raman spectroscopy was carried out. Fig. 3(a) 
shows the Raman spectra of rGO, pristine Bi2Te3 and Bi2Te3 þ rGO 
composite samples at various rGO levels, 1%, 3% and 5%, in the spectral 

Fig. 2. (a) Dispersive Raman spectra, (b) bright field TEM images of rGO nanosheet and (c) the schematics of rGO suspension with the pristine Bi2Te3 to be reduced 
in the surface assisted solvent with inset the newly formed interface at the surface between pristine Bi2Te3 and rGO, and focus on the ionic bonding of Bi2Te3 þ rGO 
composite where pristine Bi2Te3 are implanted into the rGO matrix. 
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range from 100 cm 1 to 3500 cm 1. Fig. 3(b) shows the Raman spectra 
of these samples in the spectral range from 1000 cm 1 to 3000 cm 1. In 
these figure, two main peaks were observed in the spectral range from 
200 cm 1 to 800 cm 1 in pristine Bi2Te3, as shown in Fig. 3(a). The two 
peaks observed at 120 cm 1 and 750 cm 1 correspond to results re
ported in the literature [12]. The Raman spectra of all 1%, 3% and 5% 
Bi2Te3 þ rGO samples showed these two main peaks which are related 
are the spectral peaks of pristine Bi2Te3. The position of these peaks in 
the spectra confirms the presence of the Bi2Te3 structure of the Bi2Te3 þ

rGO composite powders. It can be clearly observed that the two main 
peaks at 1353 cm 1 and contributed to the D- and G-bands of the pre
pared rGO nanosheets. Moreover, the presences of Raman shifts in the 
D-band (at 1353 cm 1) result from the vibration of sp3 (-C-C-) hybrid
ized carbon atoms, and G-band (at 1592 cm 1) represents the vibration 
of sp2 (-C¼C-) hybridized carbon atoms of rGO structure were observed 
in the Bi2Te3 þ rGO composite samples. The ratio of the ID/IG values 
were 1.031 for successfully prepared rGO nanosheets. This elucidates 
the presence of an rGO composite in the 1%, 3% and 5% Bi2Te3 þ rGO 
samples. Moreover, a high intensity of Raman spectra peak at 1496 cm 1 

for the 1% and 3% Bi2Te3 þ rGO samples and at 1436 cm 1 for the 5% 
Bi2Te3 þ rGO sample was observed. The Raman spectra peaks at 1255 
cm 1, 1365 cm 1, 1436 cm 1, and 1496 cm 1 were present due to -C–C- 
inter-ring stretching, -C–C- stretching, -C¼C- symmetrical stretching, 
and -C¼C- asymmetrical stretching [12,14,15], respectively. This in
dicates -C–C- and -C¼C- symmetrical stretching in rGO nanosheets in the 
1%, 3% and 5% Bi2Te3 þ rGO samples. The position of these peaks 
shows that a strong π–free electron induced interaction existed between 

the interfaces of π-π conjugation of rGO molecules and free electrons of 
Bi2Te3 conductor. Similarly, the Raman result of these peaks was re
ported in previous study due to free electrons on the π-π conjugation of 
carbon nanotubes (CNT) structure interacted with Bi2Te3 structure by 
Kim et al. [17]. The schematic proposed on the interaction of Bi2Te3 
particles and rGO nanosheets, as illustrated in Fig. 3(b). From this figure, 
a strong π–free electron from rGO nanosheets induced the grain 
boundary surfce of Bi2Te3 particles to produce the ionic interaction 
between pristine Bi2Te3 (þ) and rGO (e ), correspondingly the free 
electros exists at the rGO surface might provide tight ionic bonding with 
Bi3þ or Te4þ ions in the surface of Bi2Te3 particles. This result was due to 
the high sonication power used during the mixing process. It enhanced 
Bi2Te3 molecular adsorbsion and improved interaction with the rGO 
surfaces. The Bi2Te3 surfaces easily adsorbed material and was covered 
by the 2D templates of rGO nanosheets causing a strong π–free electron 
induced interaction. This effect occurred by exfoliation of rGO nano
sheets in an aqueous dispersion with suspended Bi2Te3 during ultrasonic 
preparation. From this result, pristine Bi2Te3 could enhance both the 
thermoelectric and electrochemical properties of these materials owning 
to the effect of the rGO nanosheets of Bi2Te3 þ rGO materials. 

3.3. XRD spectra of rGO, pristine Bi2Te3 and Bi2Te3 þ rGO composite 
powders 

The XRD patterns and an enlargement of the (015) plane in the 2θ 
range of 27–30� of prepared rGO, pristine Bi2Te3 and 1%, 3% and 5% 
Bi2Te3 þ rGO composite powders are shown in Fig. 4(a). XRD results of 
all samples showed the most dominant diffraction peaks at 2θ values of 
17.46, 27.61, 34.60, 40.04, 41.26, 44.61, 50.18, 53.82, and 57.06� that 
can be attributed to the (006), (015), (1010), (0111), (110), (0015), 
(205), (1016), and (0210) planes of a rhombohedral structure of Bi2Te3 
(R-3m as indexed by the standard data of JCPDF, No. 15-0863) [12,18]. 
The average crystalline sizes (D) of pristine Bi2Te3 and all Bi2Te3 þ rGO 
samples were calculated from the (006), (015), (1010), (0015), (1016), 
and (0210) reflection planes using Scherrer’s equation, D ¼ kλ/βcosθ, 
where D is the average crystalline size, k is a constant taken as 0.9, λ is 
the wavelength of incident X-rays, β is the full width at half maximum, 
and θ is the Bragg angle [19]. The calculated D values can be obtained 
from Fig. 4(b). As can be clearly seen in Fig. 4(b), the D value of Bi2Te3 
sample at 39.395 � 2.827 nm was different from those of samples with 
increased rGO concentrations, 43.894 � 2.911, 42.439 � 4.094 and 
38.797 � 4.503 nm for 1%, 3% and 5% Bi2Te3 þ rGO composites, 
respectively. The decrease of D value corresponded to XRD results with 
greater intensity for the (015) plane, showing a shift to higher 2θ values 
that resulted from a decreased crystallite size of these samples. Simi
larly, the lattice parameters (a, b, c) of pristine Bi2Te3 and all Bi2Te3 þ

rGO samples were obtained using a refinement employing a rhombo
hedral Bi2Te3 structure having the standard data of JCPDF, No. 15-0863, 
as depicted in Fig. 4(b). As can be seen in this figure, the lattice pa
rameters (a, b, c) also decreased with increasing rGO content in agree
ment with previous literature reports [12,18,19]. 

3.4. SEM and EDS mapping of prepared rGO, pristine Bi2Te3 and Bi2Te3 
þ rGO composite powders 

The morphology of pristine Bi2Te3 and Bi2Te3 þ 1%, 3% and 5% rGO 
composite powders were analyzed from the SEM images shown in Fig. 5 
(a) – (d). As seen in Fig. 5(a), the pristine Bi2Te3 sample consisted of 
agglomerated irregular flake-like shapes with a micrometer grain size. 
Additionally, the 1%, 3% and 5% Bi2Te3 þ rGO composites displayed 
similar flake-like shapes corresponding to the pristine Bi2Te3 sample 
with a uniform shape that comprised a continuous rGO network struc
ture of nanosheets presenting Bi2Te3 materials, as shown in the high 
magnification views of Fig. 5(b) – (d). To confirm the components and 
dispersion of elements of both pristine Bi2Te3 and 1%, 3% and 5% 
Bi2Te3 þ rGO composite powders, the EDS spectra and EDS mapping 

Fig. 3. (a) Dispersive Raman spectra of rGO, pristine Bi2Te3 and 1%, 3% and 
5% Bi2Te3 þ rGO composite powders and (b) enlarged of D and G band in the 
Raman shift range of 800-3000 cm 1. 
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were investigated. The results were shown in Fig. 6(b) – (d). It can be 
seen that only two elements, Bi (Bismuth) and Te (Tellurium), appeared 
on the pristine Bi2Te3 surfaces (Fig. 6(b)), whereas, the presence of three 
elements, Bi, Te and C (carbon) can be observed in all the Bi2Te3 þ rGO 
composite samples (Fig. 6(b) – (d)). The carbon may come from rGO 
material loading, since the latter was a carbon derivative [3,9,10]. As 
can be seen from the EDS mapping, the percentages (%) ratios of the Te 
elemental was decreased along with the increasing of rGO laoding, 
whereas Bi element was increased. This may be due to the fact that the 
percentage (%) ratio of carbon atom might be error due to the impurity 
molecules like CO2 or CO in air adsorbed on the Bi2Te3 þ rGO to affect 
the percentage (%) ratio of Bi atom. Noted that although the amounts of 
rGO (1, 3 and 5 wt%) loading of Bi2Te3 þ rGO composites were 
increased but the percentage (%) ratios of carbon atom due to rGO were 
not increased, resulting the percentage (%) ratios of each element, Bi, 
Te, and C atoms not much accuracy with the trend of rGO loading. 
Additionally, the EDS mapping inducated that all elements were 
well-dispersed and incorporated on the particle surfaces of all the 
samples (see inset of Fig. 6(b) – (d)). These results indicated that all the 
elements of composite samples were present and well-combined in the 
grain boundary interfaces of rGO with Bi2Te3 after use of a simple 
ultrasonication method. 

3.5. TGA of pristine Bi2Te3 and Bi2Te3 þ rGO composite powders 

Fig. 7(a) – (d) reveals the thermogravimetric analyses (TGA), weight 
loss and derivative weight) of the pristine Bi2Te3 and 1%, 3%, 5% Bi2Te3 

þ rGO composite powders. This was done to study the thermal stability 
of the samples. The observed TGA results in the temperature range from 
~375 to 600 �C of the pristine Bi2Te3 and 1%, 3%, and 5% Bi2Te3 þ rGO 
composite samples reveal a continuous increase in the derivative weight 
signal without significant changes in the percentage weight loss. This 
may be associated with grain growth due to a slight inhomogeneity of 
the filler (rGO) distribution in the Bi2Te3 matrix. Moreover, at temper
atures of 375 and 376 �C, based on derivative weight peak displayed, the 
initiation of oxidation occurs by an exothermic process with a peak 
ending at about 600 �C. According to our results, the remaining weight 
loss of pristine Bi2Te3 and 1%, 3%, and 5% Bi2Te3 þ rGO composite 
samples from ~375 to 600 �C was 9.89, 12.59, 9.27, and 8.58%, 
respectively. According to Fig. 7(a) – (d), at temperatures greater than 
600 �C, the weight loss under all conditions slightly increased with the 
residual mass by 2.96, 4.50, 3.76, and 3.36% for pristine Bi2Te3 and the 
1%, 3% and 5% Bi2Te3 þ rGO samples, respectively. This is due to 
ambient oxygen resulting from evaporation of absorbed water and the 
residual oxygen containing groups in the composite Bi2Te3 þ rGO 
samples, which is in agreement with Music et al. [21]. 

3.6. UV–vis of pristine Bi2Te3 and Bi2Te3 þ rGO composite powders 

The UV–vis spectra of pristine Bi2Te3 and the 1%, 3% and 5% Bi2Te3 
þ rGO composite powders are shown in Fig. 8. The results showed an 
obviously broad-absorption peak for the pristine Bi2Te3 sample that 
appeared at approximately 210 nm, and a red shift towards higher 
wavelengths of 216, 227 and 235 nm for the 1%, 3% and 5% Bi2Te3 þ

Fig. 4. (a) XRD patterns of prepared rGO, pristine Bi2Te3 and 1%, 3% and 5%Bi2Te3 þ rGO composite powders and an inset showing enlargement of the (015) plane 
in the 2θ range of 27-30�, and (b) reveals the crystalline sizes and its inset shows lattice parameters (a, b, c). 
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rGO samples, respectively. This effect resulted from electron transfer 
due to coupling between the eBi2Te3 structure and the oxygen con
taining functional groups of the rGO nanosheets [15]. The optical band 
gaps (Eg) were obtained by fitting the absorbance data to the direct 
transition equation [22], (αhν)2 ¼ k(hν - Eg), where Eg is the direct band 
gap, h is Planck’s constant, ν is the frequency of the incident photon, k is 
a constant and α is the absorption coefficient. From the plot of (αhν)2 vs. 
hν, shown in the inset of Fig. 8, the Eg value of each sample was 
determined by extrapolating the slope to the zero value of (αhν)2. The Eg 
value of the Bi2Te3 sample was 4.775 eV and the 1%, 3% and 5% Bi2Te3 
þ rGO samples were found to be 4.293, 4.004 and 3.629 eV, respec
tively. The Eg value monotonically decreased with increasing rGO 
concentration, which was caused by the red shift phenomenon in the UV 
absorption spectra. This is in agreement with Yin et al. [22]. 

3.7. Electrochemical properties of pristine Bi2Te3 and Bi2Te3 þ rGO 
composite powders 

Fig. 9(a) shows the CV curves of all electrodes at a scan rate of 50 mV 
s 1 in a potential window of  0.7 V - 0.0 V. It can be clearly seen that the 
pristine Bi2Te3 electrode displays poor capacitive behavior, while the 
Bi2Te3 composited 1%, 3% and 5% rGO nanosheets indicated clearly 
reversible reactions exhibiting capacitive behavior. The area of these CV 
curves gradually increased with rGO content. This indicates the storage 
charge mechanism of electrical double layer capacitors (EDLCs). Simi
larly, Fig. 9(b) presents the GCD curves of all electrodes within a po
tential window of  0.7 V–0.0 V at a scan rate of 0.25 A/g. The curves 
exhibit a symmetric shape, which clearly represents characteristic EDLC 
behavior [23,24]. The calculated specific capacitances (Cs) of all elec
trodes were determined from the discharge curves using the following 

Fig. 5. SEM images and a high magnification view of (a) pristine Bi2Te3 and (b) – (d) 1%, 3% and 5% Bi2Te3 þ rGO composite powders, respectively.  
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equation:  

Cs ¼ I Δt/ ΔV,                                                                                (2) 

where I is a constant current (A/g), Δt is the discharge time (s), ΔV is the 
potential window (V). Fig. 9(c) shows that the Cs values increased from 
2.35 F/g for Bi2Te3 electrode to 16.50 F/g for the 5% Bi2Te3 þ rGO 
composite electrode. In fact, the increased Cs value was caused by the 
more efficient migration of OH ions through the porous structure and 
oxygen containing functional groups at surface of the rGO [24,25]. 
Additionally, the retention capacity after 1000 charge-discharge cycles 
at a current density of 1 A/g is shown in Fig. 9(d). Excellent cycling 
stability was exhibited. This showed that rGO nanosheet incorporation 
with Bi2Te3 materials improved the electrochemical properties of these 
materials. 

3.8. Thermoelectric properties of pristine Bi2Te3 and Bi2Te3 þ rGO 
composite samples 

Bulk samples of pristine Bi2Te3 and Bi2Te3 þ rGO composites were 
investigated in pelleted samples. The results are reported as follows. 

3.8.1. XRD of pristine Bi2Te3 and Bi2Te3 þ rGO composite pellets 
The XRD patterns and an enlargement of the (015) plane in the 2θ 

range of 27–30� of bulk pristine Bi2Te3 and 1%, 3% and 5% Bi2Te3 þ

rGO composites are shown in Fig. 10(a). The results indicated that most 
diffraction peaks of the XRD patterns of powder samples present a 
rhombohedral Bi2Te3 structure as shown in Fig. 4(a). The lattice pa
rameters (a, b, c) and cell volume (V) of bulk Bi2Te3 and 1%, 3% and 5% 
Bi2Te3 þ rGO samples are shown in Fig. 10(b). As can be seen in this 
figure, the lattice parameters (a, b, c) decreased with other parameters of 
the powder samples. The average crystalline sizes (D) decreased in the 

Fig. 6. EDS spectra and an inset showing the mapped images for Bi and Te of (a) pristine Bi2Te3 and Bi, Te and C for composite samples of (b) 1% Bi2Te3 þ rGO, (c) 
3% Bi2Te3 þ rGO and (d) 5% Bi2Te3 þ rGO. 

Fig. 7. TGA curves (weight loss and derivative weight) of (a) pristine Bi2Te3 and (b) – (d) 1%, 3% and 5% Bi2Te3 þ rGO composite powders, respectively.  
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powder samples. They were found to be 26.316 � 4.552 for the bulk 
Bi2Te3 sample and 35.776 � 2.221, 36.825 � 3.049 and 30.892 � 2.313 
nm for the 1%, 3% and 5% bulk Bi2Te3 þ rGO composite samples, 
respectively. 

3.9. SEM and EDS mapping of bulk pristine Bi2Te3 and Bi2Te3 þ rGO 
composite samples 

The SEM images of bulk pristine Bi2Te3 and 1%, 3% and 5% Bi2Te3 þ

rGO composite samples revealed their surface morphology after pol
ishing, as shown in Fig. 11(a) – (d). It can be clearly seen in these figures 
that the high homogeneity of all bulk samples resulted in a highly dense 
microstructure. In the SEM images, it was found that the density value of 
bulk pristine Bi2Te3 was approximately 98%. However, the obtained 

bulk Bi2Te3 þ rGO samples showed slightly decreased relative density 
values of 98%–96%, as the content of rGO increased. Furthermore, the 
EDS spectra and mapped images of bulk pristine Bi2Te3 and 1%, 3% and 
5% Bi2Te3 þ rGO composites in Fig. 12(a) – (d) confirmed the presence 
of Bi and Te atoms in the bulk pristine Bi2Te3 sample, while Bi, Te and C 
were observed on the surfaces of bulk Bi2Te3 þ rGO composite samples. 
Moreover, C also was present on surfaces of the bulk Bi2Te3 þ rGO 
composite samples. These results confirmed the homogeneous distri
bution of all elements without no decomposition or transformation to 
the other phases during hot-press sintering at 450 �C for 1 h in the 
pelletization process. 

3.9.1. Temperature dependence of the Seebeck coefficient (S) of bulk 
pristine Bi2Te3 and Bi2Te3 þ rGO composite samples 

Fig. 13(a) shows the temperature dependence of the Seebeck coef
ficient of bulk pristine Bi2Te3 and 1%, 3% and 5% Bi2Te3 þ rGO com
posite samples over the temperature range 300 K–370 K. The bulk Bi2Te3 
sample showed a positive of Seebeck coefficient value indicating a p- 
type thermoelectric material due to its role as a major hole carrier. The 
Seebeck coefficient values of the bulk Bi2Te3 sample decreased from 52 
to 25 μV/K as temperature was increased from 300 K to 370 K. The 
Seebeck coefficient values of the bulk Bi2Te3 samples were less than the 
values of a single crystal of Bi2Te3 previously reported by Jeon et al. 
[26]. Similarly, for decreased temperatures, the Seebeck coefficient for 
the sintered Bi2Te3 sample increased. 

The 1%, 3% and 5% bulk Bi2Te3 þ rGO composite samples showed 
negative of Seebeck coefficient values, indicating that they were n-type 
thermoelectric materials and that electrical charges were transported 
mainly by electrons. The Seebeck coefficient values of the bulk Bi2Te3 þ

rGO composite samples were constant over the tested temperature 
range. The Seebeck coefficient of Bi2Te3 pristine was p-type, while bulk 
Bi2Te3 þ rGO composite samples were n-type thermoelectric materials. 
This result was caused by the effect of the rGO composite in the structure 
of the materials, as it supplied electrical charge carriers. The Seebeck 
coefficient values of the bulk 1%, 3% and 5% Bi2Te3 þ rGO composite 
samples were found to be 78, 58 and 50 μV/K, respectively. The absolute 

Fig. 8. Uv–vis spectra with an inset showing direct band gap plots of (αhν)2 

versus hν of pristine 1%, 3% and 5% Bi2Te3 and Bi2Te3 þ rGO compos
ite powders. 

Fig. 9. (a) CV curves at a scan rate 50 mV s 1, (b) GCD curves at a current density of 0.25 A/g, (c) specific capacitance plots at various current densities calculated by 
GCD test and (d) retention capacity using 1000 charge-discharge cycles at a current density of 1 A/g for pristine Bi2Te3 and 1%, 3% and 5% Bi2Te3 þ rGO composite 
powders in a 6 M KOH electrolyte. 
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Seebeck coefficient values of the bulk Bi2Te3 þ rGO composite samples 
were greater than that of pristine Bi2Te3, and this value was decreased 
with increasing rGO content. The absolute values of Seebeck coefficient 
of a semiconductor [3,12] can be described by equation (3): 

S¼
8π2k2T

3qh2 m*
d

� π
3n

�2=3
(3)  

where q, k, T, h, m* and n are the charge of the carrier, the Boltzmann 

Fig. 10. (a) XRD patterns of bulk pristine Bi2Te3 and 1%, 3% and 5% Bi2Te3 þ rGO composite samples and an inset showing enlargement of the (015) plane in the 2θ 
range of 27–30�, and (b) crystalline sizes and inset showing lattice parameters (a, b, c). 

Fig. 11. SEM images of (a) pristine Bi2Te3 pellet, (b) 1% Bi2Te3 þ rGO pellet, (c) 3% Bi2Te3 þ rGO pellet and (d) 5% Bi2Te3 þ rGO composite pellet.  

W. Thongsamrit et al.                                                                                                                                                                                                                          

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกท้ังห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกคร้ังที่มีการนำไปใช้ 



Materials Chemistry and Physics 250 (2020) 123196

11

constant, absolute temperature, Planck’s constant, the density of state 
(DOS) effective mass and the carrier concentration, respectively. 
Moreover, the Seebeck coefficient of bulk pristine Bi2Te3 decreased even 
at high temperatures. Increasing temperature resulted in an increased 
carrier concentration by intrinsic conduction. The positive Seebeck co
efficient of bulk pristine Bi2Te3 confirmed that the electrical charge 
transport was controlled by hole carriers. Additionally, the Seebeck 
coefficient values of all bulk Bi2Te3 þ rGO composite samples were 
constant over the tested temperature range. This occurred since the 
number of electron charge carriers did not change with temperature. 
However, the negative Seebeck coefficient of bulk Bi2Te3 þ rGO com
posite samples confirmed the presence of electron carriers for electrical 
transport. These results revealed that the rGO content played an 
important role for supplying electron carriers. The absolute Seebeck 
coefficients of bulk 1% and 3% Bi2Te3 þ rGO samples were larger than 
that of the Bi2Te3 sample. This confirmed that the rGO content enhanced 
the Seebeck coefficient of the Bi2Te3 by approximate doubled. The bulk 
1%, 3% and 5% Bi2Te3 þ rGO composite samples exhibited decreasing 
Seebeck coefficient values with increasing rGO content. This result was 
caused by an increased carrier concentration resulting from greater rGO 
content. 

For a semiconductor material, activation energy to produce free 
carriers for electrical transport is expressed by equation (4) [27]: 

S¼ �
kB

e

�

 
Es

kBT
þBS

�

; (4)  

whereþ/-is the p-type and n-type conductor, Es is the activation energy 
for free carrier production and BS is a constant, e is the electric charge 
carried, and k/e has a constant value of 86.17 μV/K. The Es value was 
obtained by plotting S vs. (1000/T). The slope of the resulting line was 
the Es value. Fig. 13(b) shows temperature dependence of the Seebeck 
coefficient of sintered pristine Bi2Te3 and 1%, 3% and 5% Bi2Te3 þ rGO 
composite samples with 1/T. The results show the Es value as the slope of 
the plot. Pristine Bi2Te3 had a larger than the 1%, 3% and 5% Bi2Te3 þ

rGO composite samples. This shows that bulk Bi2Te3 þ rGO composite 
samples had lower activation energies for free carrier production. The 
free charge carries were easily produced due to small thermal activation 
energy for free carrier production [26]. Fig. 13(c) shows the tempera
ture dependence of the Seebeck coefficient for sintered pristine Bi2Te3 
and 1%, 3% and 5% Bi2Te3 þ rGO composite samples with inverse 
temperature. 

Moreover, the changed sign of Seebeck coefficient from positive for 
the Bi2Te3 based-sample to negative for Bi2Te3 þ rGO composite sam
ples resulted from electron concentrations in the structures. Fig. 14 
presents a schematic diagram of band alignment of the Bi2Te3 and rGO, 

supporting the above observations. Exiting of the electron charge car
riers can be described by the model of band alignment between Bi2Te3 
and rGO according to Nam et al. [3] and Rahman et al. [9]. This approach 
can be explained via the relationship between the electron affinity (EA) 
of Bi2Te3, denoted as χ Bi2Te3, and the work function (WF) of rGO, 
denoted as WrGO. The EA of Bi2Te3 was ~4.2 eV [28], remaining above 
the conduction band level of Bi2Te3. The WF of rGO was ~ 4.46 eV, 
remaining above the Fermi level of rGO. Also, the EA of Bi2Te3 was 
higher than the WF of rGO, as shown in Fig. 14. This result describes 
how the electrons in the conduction band of Bi2Te3 are transferred to the 
rGO at the interface, contributing of the electron charge carriers in the 
Bi2Te3 þ rGO composite producing the effect of the grain boundary 
interfaces due to rGO incorporation with Bi2Te3 [3,9]. 

3.9.2. Temperature dependence of the electrical conductivity coefficient of 
pristine Bi2Te3 and Bi2Te3 þ rGO composites 

Fig. 15(a) shows electrical conductivity (σ) as a function of the 
temperature of bulk pristine Bi2Te3 and 1%, 3% and 5% Bi2Te3 þ rGO 
composite samples. The σ value of pristine Bi2Te3 was approximately 2 
� 104 S/m. This result closely matches the values for Bi2Te2.7Se0.3, 
previously reported by Liao et al. [20]. Furthermore, the σ values of the 
1%, 3% and 5% Bi2Te3 þ rGO samples were approximately 4–9 � 104, 4 
to 7 � 104 and 4 to 5 � 104 S/m, respectively. The σ values of sintered 
1%, 3% and 5% Bi2Te3 þ rGO composite samples were higher than that 
the sintered Bi2Te3 sample. The 1% Bi2Te3 þ rGO composite sample 
exhibited the highest σ value in these experiments, close to those re
ported by Liang et al. [10] at high temperature (360 K). The σ values 
revealed that the rGO content with the Bi2Te3 increased electrical con
duction in the Bi2Te3 þ rGO composite samples. The electron conduc
tion of bulk 1%, 3% and 5% Bi2Te3 þ rGO samples was dominated by 
electron charge carriers, corresponding to their negative Seebeck coef
ficient values, as shown in Fig. 13. Moreover, the rGO contents 
contributed to the electron charge carriers for Bi2Te3 according to the 
schematic diagram of band alignment shown in Fig. 14. 

Fig. 15(b) shows the logarithm of electrical conductivity (lnσ) of the 
bulk pristine Bi2Te3 and Bi2Te3 þ rGO composite samples as a function 
of T 1/4. The linear slope of lnσ vs. T 1/4 indicates the charge transfer 
between the bulk pristine Bi2Te3 and Bi2Te3 þ rGO composite samples in 
a 3-dimensional variable-range hopping model according to Mott’s 
equation. The electric conductor is expressed in Mott’s equation by σ ¼
B expðTo=TÞ 1=4, where B and To are constants presenting the charac
teristic Mott’s temperature [3,9,32]. The linear relationship between lnσ 
and T 1/4 indicates a metallic-like behavior, and a zero value of the 
slope indicates metallic behavior. These results show that the bulk 
pristine Bi2Te3 and 1%, 3% and 5% Bi2Te3 þ rGO composites have 

Fig. 12. EDS spectra and inset the mapped images for Bi, Te and C in bulk pristine Bi2Te3 and 1%, 3% and 5% Bi2Te3 þ rGO composite pellets.  
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metallic-like behavior. Moreover, the slope of bulk pristine Bi2Te3 and 
Bi2Te3 þ rGO 5% composite is closer to a zero value than the 1% and 3% 
Bi2Te3 þ rGO composites. The above results show that a slight loading of 
rGO into pristine Bi2Te3 caused production of charge carrier transport in 
1%, 3% and 5% Bi2Te3 þ rGO composites in a metallic-like mechanism. 

3.9.3. Power factor (PF) of pristine Bi2Te3 and Bi2Te3 þ rGO composites 
Fig. 16 shows a comparison of the power factor (PF) of bulk pristine 

Bi2Te3 and 1%, 3% and 5% Bi2Te3 þ rGO composite samples calculated 

Fig. 13. (a) Temperature dependence of the Seebeck coefficient of bulk pristine 
Bi2Te3 (p-type), 1%, 3% and 5% Bi2Te3 þ rGO composite (n-type) samples and 
single crystal Bi2Te3 (p-type) as a reported by Jeon et al. [26] and (b) the ab
solute Seebeck coefficient |S| of bulk pristine Bi2Te3, 1%, 3% and 5% Bi2Te3 þ

rGO composite and (c) temperature dependence of the Seebeck coefficient of 
the sintered pristine Bi2Te3 and 1%, 3% and 5% Bi2Te3 þ rGO composite 
samples with inverse temperature. 

Fig. 14. A schematic diagram of band alignment of the Bi2Te3 and 2D rGO for 
electron charge carrier transport in the Bi2Te3 þ rGO composite as effected by 
grain boundary interfaces for rGO incorporated with Bi2Te3. 

Fig. 15. (a) The conductivity coefficient (σ) and (b) showing the electric con
duction of bulk pristine Bi2Te3 and 1%, 3% and 5% Bi2Te3 þ rGO composites. 
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using equation (5):  

PF ¼ S2 � σ                                                                                   (5) 

The PF value of the bulk pristine Bi2Te3 based material was estimated 
to be 0.05 � 10 3 W/mK2 and it decreased with increasing temperature 
from 310 K to 370 K due to both a decreased Seebeck coefficient and 
electrical conductivity. However, the PF value of bulk 1% Bi2Te3 þ rGO 
composite sample shows the highest PF value, of 0.4 � 10 3 W/mK2, 
owing to both high electrical conductivity and Seebeck coefficient. Thus, 
the PF values of the bulk Bi2Te3 þ rGO composite samples remained less 
than those reported by Liang et al. [10] and Liao et al. [20]. 

As according to Liu et al. [29], thermoelectric performance can be 
enhanced using the energy band gap. Fig. 16 (b) shows the behavior, ZT 
(¼S2 T σ/κ), as a function of Eg for the Bi2Te3 þ rGO composite samples. 
The results indicated that the ZT values of the Bi2Te3 þ rGO samples 
were greatly decreased as Eg increased. By equation (3), the Seebeck 
value is related to the inverse of the carrier concentration (n). The 
intrinsic carrier concentration in a semiconductor at thermal equilib

rium can be expressed as n ¼ Ns exp
�

 
Eg

2kBT

�

, where Ns is the number 

per unit volume of effective states available, Eg is the energy gap, and T 
is the absolute temperature. In the same way, the PF (¼S2σ) and κe values 
are a function of n. Also, the values of ZT of the Bi2Te3 þ rGO composite 
slightly decreased with increasing charge carrier concentration, 
depending on the degree of increased rGO content. This implies that the 
ZT value of the Bi2Te3 þ rGO composites was related to the charge 
carrier concentration. For pristine Bi2Te3, the Seebeck coefficient 
decreased with increasing temperature at high temperatures, as shown 
in Fig. 13(a). This results from an increased charge carrier concentration 
by intrinsic conduction with a temperature increase. This result is 
related to the previous work of Jeon et al. [26]. 

3.9.4. Temperature dependence on thermal conductivity of pristine Bi2Te3 
and Bi2Te3 þ rGO composites 

Thermal conductivity (κ) was measured using a Nano-Flash thermal 
diffusivity analyser. The bulk density of the sample (D) [27,30] was 98% 
for sintered Bi2Te3 sample. It was from 96% to 98% for the sintered 1%, 
3% and 5% Bi2Te3 þ rGO composite samples. In Fig. 17(a), the thermal 
conductivity of the sintered pristine Bi2Te3 sample was 1–1.5 over 
temperature range of 300 K–530 K. It increased with temperature. The 
thermal conductivity of the bulk 1% Bi2Te3þrGO composite sample was 
close to that of the pristine Bi2Te3 sample. Next, the κ of the bulk 3% 
Bi2Te3 þ rGO composite was less than that of pristine Bi2Te3, while the κ 

value of the 5% Bi2Te3 þ rGO composite was greater the Bi2Te3 pristine 
sample. This highlights that the 3% rGO content with Bi2Te3 caused a 
reduction in thermal conductivity. However, the bulk 1% and 3% Bi2Te3 
þ rGO composites showed κ values that were less than those previously 
reported by Liang et al. [10] and Liao et al. [20], while the 5% Bi2Te3 þ

rGO composite sample value was close to those previously reported in 
the literature. 

The thermal conductivity value can be expressed as a function of the 
electronic and lattice thermal conductivity as (κ ¼ κeþ κl). The κe value 
was obtained from the Wiedemann-Franz law: κe ¼ L0Tσ, where L0 is the 
Lorenz number, 2.45 � 10 8 V2 K 2, and T is the absolute temperature 
[27,30]. 

The inset of Fig. 17(b) shows the κe values of the bulk pristine Bi2Te3 
and 1%, 3% and 5% Bi2Te3 þ rGO composite samples. It can be seen that 
all samples show very small values, < 10 4 W/m K, compared with the 
total thermal conductivity value. Thus, κe arose from charge carriers in 
the structure. Moreover, the total thermal conductivity of all samples 
was dominated by the lattice thermal conductivity from the phonon 
mechanism, which played an important role in all samples. 

κl is a function of the phonon relaxation time (τph) via the relation
ship, 1

τph
¼ 1

τB
þ 1

τP
þ 1

τU 
[9,30], where τB, τP and τU are the grain boundary, 

the point defect and the phonon-phonon processes, respectively. The 
low thermal conductivity was caused a low the τph value. TheτU term, the 

Fig. 16. Power factor (PF) of bulk pristine Bi2Te3 and 1%, 3% and 5% Bi2Te3 þ

rGO composite samples. 

Fig. 17. (a) The temperature dependence of thermal conductivity (κ) and (b) 
the inverse absolute temperature dependence of lattice thermal conductivity 
(κl) with the insert, the temperature dependence of electronic thermal con
ductivity (κe) of bulk pristine Bi2Te3 and 1%, 3% and 5% Bi2Te3 þ rGO com
posite samples. 
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phonon-phonon mechanism, can be expressed by 1
τU
¼ ðBÞω2T3, where B 

represents parameters independent of temperature. The τU term repre
sents the relaxation time due to the phonon-phonon mechanism, which 
is inversely proportional to 1/T3. Fig. 17(a) shows a plot of the κl value 
of the sintered pristine Bi2Te3 and 1%, 3% and 5% Bi2Te3 þ rGO com
posite samples vs. the inverse absolute temperature cubed (1/T3). It can 
be clearly seen that only the 5% Bi2Te3 þ rGO composite exhibited a κ 
value that was directly proportional to 1/T3. This implied that the 
behavior of Bi2Te3 was dominated (controlled) by the phonon-phonon 
mechanism. This result highlights that greater rGO contents increased 
thermal conductivity. 

TheτP term depicts a point defect mechanism that can be defined by 
1
τP
¼ Aω4, where A is a constant parameter independent of the temper

ature. The A parameter is a function mass and bond length disorder, 
expressed as A ¼ δ3

4πν3 ðΓm þ ΓsÞ, where δ3 is the average atom volume, 
Γm is the mass fluctuation parameter, and Γs is the strain fluctuation 
parameter [31]. The τP term was affected by differences in the atomic 
mass and average atomic mass in the matrix sites within the structure of 
the materials. Therefore, this term was not changed in the bulk Bi2Te3 þ

rGO 1% and 3% composite samples. The mechanism of the τB term can 
be expressed as 1

τB
¼ υ=L , where υ is the phonon group velocity and L is 

the characteristic grain size that is affected by the grain boundary in
terfaces with rGO incorporation in Bi2Te3 [9]. The SEM results show the 
morphology of 1% and 3% Bi2Te3 þ rGO composite samples with rGO 
networks along the grain boundaries in the sample matrices. These 
provide grain boundary interfaces through rGO incorporation within 
Bi2Te3. It is clear that the decreased thermal conductivity of the 1% and 
3% Bi2Te3 þ rGO composite samples was caused by the rGO composite 
in the Bi2Te3 structure. The bulk 3% Bi2Te3 þ rGO composite had the 
lowest thermal conductivity value. Thus, an optimal 3% rGO content 
offered the minimum thermal conductivity value of the bulk Bi2Te3 þ

rGO composite samples. 

3.9.5. The figure of merit (ZT) of pristine Bi2Te3 and Bi2Te3 þ rGO 
composites 

Fig. 18(a) shows a comparison of the figure of merit (ZT) of bulk 
pristine Bi2Te3 and 1%, 3% and 5% Bi2Te3 þ rGO composite samples, 
calculated using the equation, ZT ¼ (PF)/κT [30]. The ZT value of the 
bulk pristine Bi2Te3 sample was approximately 0.02, whereas the 1%, 
3% and 5% Bi2Te3 þ rGO composite samples showed decreased values 
with increased rGO contents of around 0.17, 0.1, and 0.02, respectively. 
It can be clearly seen that the 1% bulk Bi2Te3 þ rGO composite had the 
highest ZT value, however, its ZT value was about 10 times greater than 
the bulk pristine Bi2Te3 sample. It was close to the ZT value of a 
Bi2Te2.7Se0.3 sample previously reported by Liao et al. [20], and higher 
than ZT value of Bi2Te3 and GP/Bi2Te3 previously reported by Liang 
et al. [10]. Furthermore, an optimum 1% rGO content showed greatly 
improved thermoelectric properties of the n-type Bi2Te3 which is con
respond to the fitting between Eg and ZT of bulk pristine Bi2Te3 and 1%, 
3% and 5% Bi2Te3 þ rGO composite samples as shown in Fig. 18(b). 
Thus, this was effect of the rGO network along the grain boundaries in 
the Bi2Te3 matrix. 

4. Conclusions 

The electrochemical and thermoelectric properties of pristine Bi2Te3 
were improved by compositing it with rGO nanosheets in the pro
portions of 1, 3, and 5% based on stoichiometric weight. Bi2Te3 þ rGO 
composite powders were prepared using a simple ultrasonic method, 
and bulk samples were hot-pressing sintered. The results show that the 
XRD phase of the Bi2Te3 þ rGO composite samples corresponded to a 
B2Te3 standard phase. Pristine Bi2Te3 and 1%, 3% and 5% Bi2Te3 þ rGO 
composite electrodes exhibited reversible reactions displaying capaci
tive behavior that gradually increased with their rGO content, demon
strating a charge storage mechanism with an EDLC behavior. The 

thermoelectric properties of the bulk pristine Bi2Te3 exhibited a positive 
Seebeck coefficient indicating that it was thermoelectric material. 
However, the bulk 1%, 3% and 5% Bi2Te3 þ rGO composites exhibited 
negative Seebeck coefficients. The Seebeck coefficients of bulk 1% and 
3% Bi2Te3 þ rGO composites were larger than that of pristine Bi2Te3. 
The electrical conductivity of the bulk 1% Bi2Te3 þ rGO composite 
showed the highest σ value, five times that of pristine Bi2Te3. The lowest 
thermal conductivity was exhibited by the bulk 3% Bi2Te3 þ rGO sam
ple. The highest ZT value, 0.07, was presented by the bulk 1% Bi2Te3 þ

rGO sample. Clearly, the enhanced electrochemical and thermoelectric 
properties of Bi2Te3 material were affected by the rGO nanosheets 
composited with Bi2Te3. This was due to the grain boundary interfaces 
of rGO within Bi2Te3 when prepared using a simple ultrasonic method. 
This method promoted a continuous network structure of rGO nano
sheets in the Bi2Te3 þ rGO composite structures, contributing to exiting 
of electron charge carriers according to the model of band alignment 
between Bi2Te3 and rGO nanosheets. The effect of the grain boundary 
interfaces in Bi2Te3/rGO nanosheet composites was the enhanced elec
trochemical and thermoelectric properties of these materials. 
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A B S T R A C T

In this study, the influence of reduced graphene oxide (rGO)−Tricalcium Aluminate Hexahydrate (C3AH6)
cement nanocomposites on electrochemical properties was investigated. The rGO-C3AH6 nanocomposite sam-
ples with various of rGO laoding, such as, C3AH6_rGO-1, 3, 5, 7, 10 and 20 wt.% were easily synthesized by a
rapid cement hydration method. The maximum specific surface area and average pore size diameters were 74.20
m2/g and 11.72 nm for C3AH6_rGO-20%. The charge tranfering in C3AH6_rGO nanocomposites was described
using band alignments model occurring between C3AH6 and rGO. Interestingly, the increasing of both dielectric
property and stability in frequency of C3AH6_rGO composite samples can be explained by the high density of
free electron charges on the rGO surface. Moreover, the electrochemical properties of C3AH6_rGO electrodes had
excellent capacitive properties displaying the storage charge mechanism of a hybridsupercapacitor behavior.
The large rGO content of the C3AH6_rGO nanocomposite capacitor with electrolyte interfaces showed excellent
electrochemical performance. The highest value of 80.479 F g − 1 was obtained from C3AH6_rGO-20% at a
current density of 0.2 A g − 1 with cycling stability of 96.51% after 1000 cycles.

1. Introduction

Nowadays, supercapacitors have been attracted interest for storage
applications in a cell phone, hybrid electrical vehicles, and back-up
power systems [1–10]. Normally, a supercapacitor, an ultracapacitor, is
a charge and storage energy device like conventional batteries [2,5,7].
Additionally, a supercapacitor is an energy storage device with high-
capacity capacitors and high capacitance value capacitors [3,6–11].
Certainly, it has high power energy storage, rapid charging capabilities,
and robust lifetimes [10–11]. Thus, the supercapacitive materials for
various energy storage applications require excellent power and rea-
sonably high energy density [4,13,14]. Conventionally, a super-
capacitor cell consists of two electrodes, a separator, and an electrolyte.
The structure cell is assembled into a sandwich-like stacked config-
uration of a electrode/separator/electrode materials [13]. Consistent
with the energy storage mechanisms and the nature of the electrode

materials, supercapacitors can be classified into two types: An electro-
chemical double-layer capacitors (EDLCs), which the electrostatic
charge accumulates at the interface between the electrode surface and
the electrolyte, and pseudocapacitors with fast and reversible redox
reactions (Faradaic processes) occurring on the surface of electrodes
[15,16]. Therfore, the energy storage mechanism of EDLCs operates
through ion adsorption without Faradic charge transfer. This leads to
fast charge–discharge processes, high power densities, and great cycling
stabilities which is agree to the electrode surface area play a crucial role
in the performance of a capacitor. However, the limited surface area
and pore size distribution of conventional electrode materials often
cause relatively low energy densities (normally, <10 Wh/kg1)
[3,5,6,11,16–19]. There are three main types of the electrode materials:
Carbon materials with high specific surface area, conducting polymers
[20–24], and metal oxides [6–10,16–25]. The electrode from carbon-
based materials has many advantages, including higher specific surface
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area, good electronic conductivity, high chemical stability, lower cost
with abundance and easy processing [26–27], and attention non toxic
[28–30]. One type of carbon-based materials is reduced graphene oxide
(rGO) which has been demonstrated as one class of the most promising
and attractive electrode materials for supercapacitors because of their
good conductivity, high surface area, exceptional intrinsic double-layer
capacitance, and high theoretical capacitance [13,24,31–34]. More-
over, the challenge for high capacitance is its major focus on new
electrode materials, which consist of high specific surface area, pore-
size distribution, low internal electrical resistance, and better electro-
chemical and mechanical stability [1,3,4,6–12,16–18,25,26,35–36].

Bo et al. [11] and Divyashree et al. [31] have decribed the electrode
of the structure part for storage electric charge at the interface between
the surface of a conductive and an electrolyte through a mechanism of
charge separated at a Helmholtz double layer to reach high electrostatic
double-layer capacitance. Purkait et al. [32] have reported the ad-
vantage of storage electric charge occurring from the nanostructure

materials as affecting from high specific and surface area for shorting
for ions and electrons diffusion and transport path. Jha et al. [4] used
graphene oxide (GO) in FeCl2/HCl aqueous medium for Supercapacitor
device. Zhou et al. [37] proposed Mn3O4/rGO electrode material as
displaying efficient Supercapacitor.All previous reports suggested the
rGO nanocomposite materials were effective in the electrochemical
electrodes. Kumar Jha et al. [4] and Farma et al. [41] reported that the
H+ ions bonding to O2− ions of the materials presented the special
physical properties of ionic transport applied to supercapacitor devices.
According to Phrompet et al. [38], rGO-nanosized Tricalcium Alumi-
nate Hexahydrate (C3AH6) cement composites (with 4% weight of
rGO) had high surface area materials due to an enrichment effect
caused by diffusion within the modified electrode and a high useful
surface area of rGO nanosheet. The nanocomposited rGO-C3AH6
structure consists of the Ca atom occupied by Ca2+, the Al atom oc-
cupied by Al3+ in framework of an octahedral and a tetrahedral, and
the H+ ions linked to each of the four O atoms in the rGO surface. The

Fig. 1. (a) XRD patterns of pristine C3AH6 and C3AH6_rGO (1, 3, 5, 7, 10 and 20%) composites and (b) – (c) Rietveld refinement of pristine C3AH6 and C3AH6_rGO-
5% composites, respectively.

Table 1
Lattice parameter (a), cell volume (V), structural data obtained from the Rietveld refinement and average crystallite size (DXRD) of pristine C3AH6 and C3AH6_rGO
(1, 3, 5, 7, 10 and 20%) composites.

Sample Lattice parameter a (Å) V (Å)3 Density (g/cm3) Rex (%) Rp (%) Rw (%) GOF DXRD (nm)

C3AH6 12.582(2) 1991.79 2.5227 2.5352 7.3135 9.9601 2.5345 70.64 ± 4.54
C3AH6_rGO-1% 12.580(2) 1990.79 2.5252 2.6448 7.1462 9.7592 2.4396 69.38 ± 4.91
C3AH6_rGO-3% 12.579(7) 1990.38 2.5440 2.5996 7.1501 9.7086 2.4397 68.60 ± 4.65
C3AH6_rGO-5% 12.578(2) 1989.83 2.5251 2.6750 8.7805 11.9388 3.5822 65.89 ± 13.08
C3AH6_rGO-7% 12.579(2) 1990.31 2.5245 2.6887 9.0209 12.7044 4.0046 63.04 ± 10.85
C3AH6_rGO-10% 12.569(1) 1971.46 2.5487 2.7829 10.3829 14.5827 5.1147 61.99 ± 11.17
C3AH6_rGO-20% 12.565(4) 1968.53 2.5268 3.3081 12.7206 18.3919 8.4179 55.08 ± 20.84
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stucture was respondsible for free electron charge easy transferring
between the electrode material and electrolyte [39–44]. The rGO-na-
nosized C3AH6 cement composites could be attracted attention for the
supercapacitor devices because the nanostructure has high surface area
and contains the free electron charge for ionic transport in the struc-
ture. All in all, Phrompet et al. [38] only reported the effects of rGO-
nanosized C3AH6 cement composites on mechanical, dielectric,
thermal and antibacterial properties. However, to the best of our
knowledge, there are no reports on the electrochemical properties of
rGO-nanosized C3AH6 cement composites for supercapacitor devices.

Hence, to further improve the supercapasitive property of the rGO-
nanosized C3AH6 cement, this work is aimed to investigate influences
of rGO loading contents mixed with Tricalcium Aluminate Hexahydrate
(C3AH6_rGO) nanocomposites on dielectric and electrochemical prop-
erties. The C3AH6_rGO nanocomposite samples were easily prepared by
a rapid cement hydration method with different amounts of rGO sus-
pension loading (1, 3, 5, 7, 10 and 20 wt.%). The C3AH6_rGO-1, 3, 5, 7,
10 and 20% nanocomposite materials were characterized using XRD,
SEM, Raman, TEM, FTIR, and BET. The dielectric constant (ε′) and loss
tangent (tanδ) of pristine C3AH6 and all C3AH6_rGO samples were
observed at room temperature. The electrochemical performance
(Cyclic Voltammetry (CV), Galvanostatic Charge/Discharge (GCD), and
Electrochemical Impedance Spectroscopy (EIS)) and dielectric im-
pedance of the C3AH6_rGO electrodes were tested.

2. Experimental details

2.1. Materials

A graphite powder (99% purity), an alumina powder (Al2O3, 99.9%
purity), a calcium carbonate powder (CaCO3, 99% purity), and hy-
drogen peroxide (H2O2, 30%) were obtained from Sigma-Aldrich
(USA). An ammonia solution (NH3, 28–30%) was supplied by Baker
(USA). Sulfuric acid (H2SO4, 98%), potassium permanganate (KMnO4),
and hydrochloric acid (HCl, 37%) were purchased from Merck
(Germany). All chemicals were used as received without further pur-
ification.

2.2. Synthesis of C3AH6_rGO nanocomposite

2.2.1. Preparation of C12A7 cement
CaCO3 and Al2O3 cement powders were used as starting materials.

12CaCO3 and 7Al2O3 powders were stoichiometrically mixed for the
reaction [45]. The mixture was placed in an alumina crucible and

sintered in an electric furnace at 1200 °C in an air atmosphere for 24 h.
Finally, C12A7 powder was obtained.

2.2.2. Preparation of graphene oxide (GO)
Graphite oxide was synthesized through a modified Hummers

method which is oxidizing graphite with a strong acid and oxidizing
agent [38]. In brief, 2 g of graphite powder was firstly mixed with 6 g of
KMnO4 in a beaker. The mixed powder was poured into a 500 ml round
bottom flask and cooled below 3 °C. Second, 46 mL of H2SO4 was
gradually added under stirring and cooling; then, maintained its tem-
perature below 15 °C, the mixture was stirred at 40 °C for 30 min. Third,
90 mL of distilled water (DI water) was slowly added and heated under
stirring of 95 °C for 60 min. Subsequently, the reaction was stopped,
and the metal residuals were removed by adding 250 mL DI water and
10 mL of H2O2 solution, respectively. The H2O2 was used as oxidizing
agent to remove metal or metal oxide residuals (Mn or MnOx). The
obtained product was separated by centrifugation and washed with a
5% HCl solution to reduce sulfate. After that, it was filtered and washed
several times with distilled water until the pH of filtered solution was
about 7. The resulting solid paste product was dried in an oven at 65 °C
overnight. The synthesized graphite oxide powder (800 mg) was re-
dispersed in distilled water (120 mL) under ultrasonication for 90 min,
followed by centrifugation. Finally, the supernatant of an aqueous GO
suspension was obtained.

2.2.3. Preparation of reduced graphene oxide (rGO)
Reduced graphene oxide (rGO) was prepared through a modified

Dan Li method, which has been reported previously [34]. In a typical
procedure, 100 mL of GO (2 mg/mL) suspension was mixed with
100 mL of DI water, 1 mL of ammonia (30%) solution and 0.1 mL of
hydrazine hydrate (65%) solutions. In this method, ammonia was used
as a stabilizer, whereas hydrazine hydrate was used as a reductant.
After that, the obtained mixture was heated at 95 °C and stirred for
45 min. Finally, a stable aqueous suspension of rGO was obtained. A
stable of rGO aqueous suspension was obtained because of the effect of
ammonia loading [34].

2.2.4. Preparation of C3AH6_rGO composite
The pristine C3AH6 and all C3AH6_rGO composite samples were

prepared through rapid cement hydration method [38,40]. In this
method, a Ca12Al14O33 powder is used as the starting material. In order
to prepare pristine C3AH6 cement, the C12A7 powder was used to
suspend DI water through the chemical reaction, but there was no rGO
loading for the experimental control. To prepare C3AH6_rGO composite
samples, the C12A7 powder was dissolved with rGO aqueous suspen-
sion with varying load of 1, 3, 5, 7, 10 and 20 wt.%. The C3AH6_rGO
composites were denoted by C3AH6_rGO-x%, where x is the weight
percentage (wt.%) of rGO to the C12A7.

2.2.5. Preparation of tricalcium aluminate hexahydrate and all
C3AH6_rGO electrodes
2.2.5.1. Slurries preparation. The active electrode slurry was made by
ball milling method at room temperature for 24 h using Tricalcium
Aluminate Hexahydrate (C3AH6) and all C3AH6_rGO samples (80 wt
%), polyvinylidene fluoride (PVDF) (10 wt%) and ethylene black (10 wt
%) with a N-methyl-2-pyrolidone (NMP) 0.5 ml as a solvent at room
temperature for 24 h.

2.2.5.2. Cells assembly of the active electrodes to measure a three-electrode
cell system. The obtained slurries were prepared by coating ~0.1 –
0.2 ml active mass of slurry onto the ultrasonically cleaned nickel foam
sheet within a coating area of 1 × 1 cm2 and oven dried at 80 °C for 3 h.
The mass of active material in pristine C3AH6 and C3AH6_rGO-1, 3, 5,
7, 10 and 20% electrodes were 2.94, 2.98, 3.11, 3.05, 3.21, 3.13 and
3.08 mg, respectively. Finally, all of these working active electrodes
were pressed at 1.5 tons for 1 min using the uniaxial compression and

Fig. 2. Raman spectra of pristine C3AH6, rGO and C3AH6_rGO (1, 3, 5, 7, 10
and 20%) nanocomposites.
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soaked into 1.0 M KOH aqueous solution for 3 h before performing an
electrochemical test.

2.2.5.3. Cells assembly of the as-fabricated symmetric C3AH6_rGO-20%
supercapacitor cells. Two activated C3AH6_rGO-20% electrodes were
fabricated by mixing 80 wt% of C3AH6_rGO-20% material, 10 wt% of
ethylene black, 10 wt% of PVDF dispersed in NMP to produce a
homogeneous slurry, and coated onto a copper plate (1 × 1 cm2).
Next, the fabricated electrodes were dried overnight at 50 °C. The
average mass of loaded activated materials in each electrode is

~3.5 mg. For PVA-6 KOH solid-electrolyte seperator, 0.5 g of PVA
was dissolved in 5 ml of Di water at 80 °C under constant stirring for
2 h. After attaining clear PVA gel solution, 5 ml of 6 M KOH was added
to this PVA gel solution and stirred at the same temperature for 3 h. For
the C3AH6_rGO-20% supercapacitor cells fabrication, two activated
C3AH6_rGO-20% electrodes were assembled into a sandwich-like
stacked configuration of an activated C3AH6_rGO-20% electrode /
PVA-6 KOH solid-electrolyte seperator / activated C3AH6_rGO-20%
electrodes and dried on the hot plate at 40 °C for 1 h Finally, the
C3AH6_rGO-20% supercapacitor cells were sealed by a tape to form a

Fig. 3. (a) – (h) SEM images with inset a high magnification view of selected area, and displayed the EDS-mapping images for C and O elements of rGO and Al, Ca and
C elements of pristine C3AH6, rGO and C3AH6_rGO (1, 3, 5, 7, 10 and 20% loading) composites, respectively.
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full cell.

2.3. Materials characterization

The X-Ray Diffraction (XRD) phase of the samples was analyzed
using a powder XRD in a PHILIPS X'Pert's model (X-ray source λ
CuKα = 1.5406 Å). Raman spectroscopy was performed by a DXR
Smart (Thermo Scienctific) quipped with a 532 nm excitation. The
morphology of the samples was observed by the SEM and TEM

techniques. The vibration mode of the atomic bonding was evaluated
using FTIR, (Bruker, Senterra). The dielectric properties were de-
termined through an impedance analyzer (KEYSIGHT E4990A). The
electrochemical measurements (CV, GCD and EIS) were investigated
using an electrochemical workstation (CS350 Potentiostat/Galvanostat,
Wuhan Corrtest Instruments Corp Ltd.), which is measures a three-
electrode cell system of the electrolyte 1.0 M KOH aqueous solution.
The Ag/AgCl in 3.0 M HCl and platinum wire (diameter of 0.5 mm)

Fig. 4. (a) – (f) TEM images with inset a high magnification view of the selected area electron diffraction (SAED) patterns of pristine C3AH6, rGO and C3AH6_rGO_1,
3, 5 and 10% composites, respectively.
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were used as reference and counter electrodes, respectively.

3. Results and discussions

3.1. XRD analysis

The XRD patterns of pristine C3AH6 and all C3AH6_rGO samples are
shown in Fig. 1(a). The main diffraction peaks of pristine C3AH6 and all
C3AH6_rGO samples are corresponded to the standard of JCPDS
03−0123 which have the cubic crystalline structures with a space
group Ia-3d [38–40,46]. The characteristic XRD pattern of rGO
(2θ = 25.2) was not founded in all C3AH6_rGO samples due to an
amorphous phase of rGO. In Fig. 1(a), it is observed that the secondary
phase of Aluminum Hydroxide (Al(OH) 3) is appeared at the diffraction
peak of 2θ approximately 18 and 23.5° of pristine C3AH6 and all
C3AH6_rGO samples which is due to create during the hydration pro-
cess of the C12A7 cement [45,47].However, the 3CaO⋅A-
l2O3⋅CaCO3⋅11H2O phase, which is the supporter of the growth pristine
C3AH6 nanosize in the rGO network of C3AH6_rGO samples, is ob-
served in XRD results. The most dominant diffraction peaks in 2θ ran-
ging from 10 to 55° consist of (211), (220), (321), (400), (332), (431),
(521), (611), (552), (642) and (651) planes, corresponding to the dif-
fraction angle 2θ of 17.2, 19.9, 26.5, 28.3, 33.4, 36.4, 39.2, 44.3, 52.4,
53.5 and 54.5°, respectively. Clearly, these results can confirm the
highly nano size pristine C3AH6 cement with increasing rGO con-
centrations [38]. Moreover, the Rietveld refinement method was used
to determine the lattice constants (a), cell volume (V), reliability factors
of weighted profile residual (Rwp), profile residual (Rp), expected re-
sidual (Rex), and goodness of fit (GOF) of pristine C3AH6 and all
C3AH6_rGO-5% samples. A space group Ia-3d of the standard Tri-
calcium Aluminate Hexahydrate was used for fitting, as shown in
Fig. 1(b) – (c) and summarized in Table 1. As seen in Fig. 1(b)–(c) and
Table 1, the excellent itting of pristine C3AH6 and all C3AH6_rGO-5%
samples were in agreement with the Tricalcium Aluminate Hexahydrate
standard. Besides, the lattice constants (a) and cell volume (V) were
decreased with increasing rGO concentrations, which suggests the de-
crease in C3AH6_rGO grain size. The average crystallite size (DXRD) of
pristine C3AH6 and all C3AH6_rGO-5% samples were calculated by the
dominant peaks of the X-ray line broadening (211), (220), (321), (400),
(332), (431), (521), (611), (552), (642) and (651) planes using the
Scherrer formula equation as following [48]:

=D λ βcosθ0.9 /XRD (1)

where DXRD is the crystallite size; λ is the wavelength of Cu-Kα radia-
tion; θ is the half of the diffraction peak angle; and β is the full width at
half-maximum (FWHM) of the XRD peaks. The DXRD values of pristine
C3AH6 and all C3AH6_rGO samples with x = 1, 3, 5, 7, 10 and 20%
were found to be 70.64 ± 4.54, 69.38 ± 4.91, 68.60 ± 4.65,
65.89 ± 13.08, 63.04 ± 10.85, 61.99 ± 11.17 and
55.08 ± 20.84 nm, respectively(See Table 1). Interestingly, the nan-
ometer crystallite sizes of all C3AH6_rGO samples (x = 1, 3, 5, 7, 10
and 20%) are decreased with increasing rGO concentrations, as corre-
sponding to the lattice constants and cell volume.

3.2. Raman analysis

The Raman spectra measured in the spectral range from 100 cm−1

to 3000 cm−1 of pristine C3AH6, pristine rGO and all C3AH6_rGO
samples are shown in Fig. 2(a). In Fig. 2(a), Raman spectra peak of
C3AH6 sample showed two main peaks at around 533 and 1050 cm−1

as corresponding to the [AlO4
5−] stretching, which is the characteristic

of pristine C3AH6 cement. For rGO spectra, the Raman spectra peak
displayed two main peaks at around 1353 cm−1 and 1592 cm−1, which
correspond to the edges of the defected carbon layers due to the
breakdown of translational symmetry (D band) and the second-order
scattering (sp2) of the graphitic carbon (G band) [13,38–41,45–49]. The
characteristics of D band (~1300 cm−1) and G band (~1600 cm−1)
were carefully observed. The ID/IG intensity ratio which confirmed that
extensive oxidation and reduction have resulted in the GO led to large
disorders in the rGO. Also, the ration ID/IG is more than 1 conforming a
large amount of GO transformation into rGO over chemical reduction
using hudrazine reductant [13]. This is due to the decrease in both
average size of the sp2 domains and the removal of oxygen fuctional
groups in chemical structure of GO [50–52]. Moreover, it was also
observed that the two main peaks of D band and G band of rGO
structure were found in all C3AH6_rGO samples, suggesting that the
synthesis of C3AH6_rGO composites were successful, owning to the
combination of pristine C3AH6 and rGO phases [38]. In addition, the
ration ID/IG of all C3AH6_rGO samples were strongly increased with
greater amounts of rGO content. This result well confirmed that the
content of rGO was increased into the C3AH6_rGO composite samples.

3.3. SEM analysis

The morphology of pristine C3AH6, rGO, and all C3AH6_rGO sam-
ples were analyzed by SEM images as shown in Fig. 3(a) – (h). As seen
in Fig. 3(a), the morphology of pristine C3AH6 sample included the
agglomerated irregular of edge shape particle with a micrometer size.
For rGO morphology as shown in Fig. 3(b), the SEM image displayed
the creases and wrinkles of thin sheet with high overlapping. As seen in
Fig. 3(c) – (h), all C3AH6_rGO samples displayed similar edge shape
particles, corresponding to the pristine C3AH6 sample, and illustrated
the uniform shape of the continuous network rGO structure which
presentsthe rGO incorporation with pristine C3AH6 cement. It shows a
high magnification view in the inset Fig. 3(c) – (h). Interestingly, the
surface of all C3AH6_rGO samples showed that the network structure of
rGO sheet confirms the occurrence of grain boundary interfaces for rGO
incorporation with pristine C3AH6 cement. The EDS-mapping images
of pristine C3AH6, rGO and all C3AH6_rGO samples (See Fig. 3 (a-h)
displayed the presence of C and O elements of rGO and Al, Ca and C
elements of pristine C3AH6 sample and all C3AH6_rGO samples. These
results confirmed the homogeneous distribution of a carbon compound
in rGO composite on surface pristine C3AH6 cement.

3.4. TEM analysis

Fig. 4(a) – (f) shows TEM images of pristine C3AH6, pristine rGO
and C3AH6_rGO-1, 3, 5 and 10% samples with an inset of the selected
area electron diffraction (SAED) patterns. Fig. 4(a) shows that the

Fig. 5. FTIR spectra of pristine C3AH6 and C3AH6_rGO (1, 3, 5, 7, 10 and 20%)
composites.
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particle of pristine C3AH6 sample had small grains and pores with
nanosized approximately 100–200 nm. In addition, morphology of rGO
nanosheet, shown in Fig. 4(b), indicated the translucent thin sheet.
Regarding the C3AH6_rGO-1 and 3% samples, shown in Fig. 4(c) – (d),
the morphology displayed similar flake-like shape, which is the rGO

incorporation with pristine C3AH6 cement. Fig. 4(e) – (f) clearly dis-
played the decrease of grain sizes with increasing rGO percent weight
for the C3AH6_rGO-5 and 10% samples. Thus, the percent weight of
rGO nanosheet can be affected by decreasing the grain sizes of the
composites C3AH6_rGO samples. This is due to the rGO surface which

Fig. 6. (a) – (g) Nitrogen sorption isotherms with inset a pore-size distribution curves of C3AH6 and C3AH6_rGO (1, 3, 5, 7, 10 and 20%) composites, and (h) the
plots of pore sizes and BET surface area as a function of rGO concentration.
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supports the constant growth of the nucleation pristine C3HA6 sites
[38]. Moreover, SAED patterns of rGO sample revealed the diffraction
ring, indicating a high poly crystalline. However, SAED patterns of
C3AH6 and C3AH6_rGO-1, 3, 5 and 10% samples demonstrated a
characteristic of the mixed diffraction ring and diffraction point as a
result of combination of polycrystalline rGO and nanograin sized pris-
tine C3AH6 cement.

3.5. FTIR analysis

The FTIR spectra of pristine C3AH6 and all C3AH6_rGO samples
were measured in the region of 4000 – 400 cm−1 the result of which is
shown in Fig. 5(b). The appearance of vibrational peak at about
3669.61 cm−1 was attributed to the (νas OeH) stretching mode of water
due to the formation of water adsorption on surface. And the 3669.61
3618.38, 3523.62 and 3461.91 cm−1 were attributed to νas OeH
stretching mode of AH3 in pristine C3AH6 [38,53–55]. Moreover, the δ
OeH stretching mode in AH3 also showed vibrational peak at about
1019 cm−1. The observed vibrational peak at about 1363.40 and
1415.19 cm−1 were attributed to the CeH stretching mode [46]. The
strong vibrational peaks at band about ~496.08 cm−1 were attributed
to the ν Al-O stretching mode in hydr ogarnet [46]. These obtained

results can confirm the structure of pristine C3AH6.

3.6. BET analysis

Fig. 6(a) – (h) shows the Nitrogen sorption isotherms of pristine
C3AH6 and C3AH6_rGO samples. The pore-size distributions of these
samples and plots of BET surface area and pore sizes were a function of
the rGO concentrations. As seen in Fig. 6(a) – (h), a typical type-IV
isotherm indicates the characteristic of mesoporous structure in parti-
cles [24,53,56]. The specific BET surface area of pristine C3AH6 and all
C3AH6_rGO samples were found to be increased with increasing rGO
content as summarized in Fig. 6(g). The maximum specific BET surface
area was 74.20 m2/g for C3AH6_rGO-20% sample. Moreover, the cal-
culated pore-size distributions of C3AH6 and all C3AH6_rGO samples
using BJG technique are shown in Fig. 6(a) – (h) and average pore size
diameters of these samples are summarized in Fig. 6(g). The average
pore size diameters of pristine C3AH6 and C3AH6_rGO-1, 3, 5, 7, 10
and 20% were found to be 14.68, 15.74, 17.65, 16.15, 11.57, 18.27 and
11.72 nm, respectively.

3.7. Dielectric properties

The frequency dependence of the dielectric behavior of pristine
C3AH6 and C3AH6_rGO-1, 3, 5, 7 and 10% samples revealed the di-
electric constant (ε′) and tanδ shown in Fig. 7(a). The ε′ and tanδ of
pristine C3AH6 and all C3AH6_rGO samples were observed at room
temperature. As seen in Fig. 7(a), the pristine C3AH6 and C3AH6_rGO
samples with loading low rGO content (1, 3 and 5%) demonstrate that
the ε′ value was not changed. On the other hand, the C3AH6_rGO
samples (7 and 10%) showed that the ε′ values gradually increase with
increasing the rGO content. The ε′ values are observed at 1 kHz of the
pristine C3AH6 and the C3AH6_rGO samples with 1, 3, 5, 7 and 10% of
8.78, 9.66, 8.94, 10.23, 13.48 and 138.23, respectively. The ε′ value of
the C3AH6_rGO-10% is higher than that of pristine C3AH6 with ap-
proximately ~15 times, which is in agreement with the previous result
of the reduced graphene oxide/Mn3O4 nanocomposites [57–58]. Like-
wise, the ε′ value of C3AH6_rGO-10% sample was nearly independent
on frequency with a behavior similar to the one observed in poly (vi-
nylidene fluoride)/nano-sized La2NiO4-δ (PVDF/LNO) nanocomposite
films [58]. Meeporn et al. [59] reported that the ε′ stability of frequency
can be explained by the effect of density of free electron charges in the
conductive particles. It is noteworthy that the obtained free electron
charges of pristine C3AH6 were accumulated on the rGO surface in-
terface [57–58]. Therefore, the enhanced ε′ value was observed with
increasing rGO content due to many free electron charges on the rGO
surface [59]. The accumulated free electron charges on rGO surface are
given rise to high polarization. These results clearly indicate that the
interfacial polarization on the surface of C3AH6_rGO samples were used
to explain the high ε′ and high tanδ, especially at low frequency shown
in Fig. 7(a), respectively [32,60–63]. This finding depends on the high
AC conductivity (σ) in material [64–65]. The AC conductivity at room
temperature and inset of ε′ and σ values at 1 kHz of pristine C3AH6 and
C3AH6_rGO-1, 3, 5, 7 and 10% samples with various of rGO con-
centrations are shown in Fig. 9(b). According to Fig. 7(b), the pristine
C3AH6 and C3AH6_rGO samples with loading low rGO content (1, 3, 5
and 7%) show that the σ value was not changed at low frequencies
whereas the C3AH6_rGO-10% sample exhibited the high σ value. In-
terestingly, the σ values of C3AH6_rGO-10% sample were independent
of frequency. This result can prove that the conduction of rGO network
was arised by the obtained free electron charges from pristine C3AH6
which provide the high tanδ. According to Fig. 7(a) – (b), the con-
ductivity of materials has strongly influenced the dielectric properties.
Consequently, high ε′ value and stability on frequency of the
C3AH6_rGO-10% sample can be explained by the high density of free
electron charges for the interfacial polarization on the rGO surface.

Fig. 7. (a) Frequency dependence of dielectric properties with inset showing
tanδ of C3AH6 and C3AH6_rGO (1, 3, 5, 7 and 10%) composites, and (b) AC
conductivity at room temperature and inset of ε′ and AC conductivity values at
1 kHz of C3AH6_rGO composites with various concentrations of rGO.
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3.8. Electrochemical studies

Fig. 8(a) shows CV curves of pristine C3AH6 and all C3AH6_rGO
electrodes at a scan rate of 100 mV s − 1 in a potential window of −0.1
- 0.0 V. It can be seen in Fig. 8(a) that the CV curves of pristine C3AH6
electrode display a small reversible reaction as a poor capacitive be-
havior, whereas the electrodes of rGO including the C3AH6 cement
show gradual increase in the area of the reversible reaction with in-
creasing the rGO content. In fact, these CV curves of all C3AH6_rGO
electrodes are close to quasi-rectangular shape. This indicates a good
capacitive behavior owing to clearly reversible reaction of a capacitive
behavior which takes place at the interface of electrode and electrolyte.
Which suggested the storage charge mechanism of electrochemical

double layer capacitors (EDLCs) behavior [13,25–26,51]. It can be seen
in Fig. 8(b) – (h) that the CV curves of pristine C3AH6 and all
C3AH6_rGO electrodes at scan rates from 10 to 200 mV s − 1, which
shows the intensity and area of those CV curves, gradually increase with
increasing the scan rate. This is because of the efficient migration of
OH− ions through the porous structure, the effect of the decreased
C3AH6 size due to C3AH6 cement composited with rGO sheets, and
oxygen containing functional groups at electrode surface of rGO con-
nections [24,31–32,38,51]. As seen in Fig. 8(h), the area of closed CV
curve of C3AH6_rGO-20% electrode was larger than that of other
C3AH6_rGO electrodes, which can be an indicator ofthe superior elec-
trochemically performance supercapacitor of C3AH6_rGO-20% elec-
trode. The specific capacitance (Ccs) values of all working electrodes

Fig. 8. (a) CV curves at a scan rate of 100 mV s − 1 of C3AH6 and C3AH6_rGO (1, 3, 5, 7, 10 and 20%) electrodes, (b) – (h) CV curves at different scan rates of C3AH6
and C3AH6_rGO (1, 3, 5, 7, 10 and 20%) electrodes, respectively.
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were calculated from the integral area of closed CV curves [25] using
the following equation:

∫
=C

idV
mv V2 Δsc (3)

Where Csc is the specific capacitance (F g − 1); i is the measured current
(A); v is scan rate; m is the mass of active materials in each electrodes

(g); and ΔV is the total potential deviation (V). The Ccs was found to be
5.348, 12.740, 13.775, 16.685, 19.927, 26.650 and 64.067 F g − 1 at
10 mV s − 1 for pristine C3AH6 and all C3AH6_rGO electrodes, re-
spectively. The C3AH6_rGO-20% shows higher Ccs than other compo-
sitions. As a matter of fact, the performance of the C3AH6_rGO-20%
electrode was at maximum Ccs values due to its smaller particle size
than other compositions. This helps enhance the surface area and have

Fig. 9. (a) GCD curves at a scan rate of 0.5 A g − 1 of C3AH6 and C3AH6_rGO (1, 3, 5, 7, 10 and 20%) electrodes, (b) – (h)GCD curves at different current densities of
C3AH6 and C3AH6_rGO (1, 3, 5, 7, 10 and 20%) electrodes, respectively.
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Fig. 10. (a) – (b) Specific capacitance plot of C3AH6 and C3AH6_rGO (1, 3, 5, 7, 10 and 20%) electrodes at different scan rates and current densities were calculated
by CV and GCD test, respectively, (c) – (d) Ragone plots and cycling stability of C3AH6 and C3AH6_rGO (1, 3, 5, 7, 10 and 20%) electrodes using GCD test at a current
density of 5 A g − 1, respectively.

Table 2
Csc value at different scan rates and current densities were calculated by CV and GCD test, respectively, and EIS analysis of pristine C3AH6 and C3AH6_rGO (1, 3, 5, 7,
10 and 20%) electrodes.

Parameters Electrodes
C3AH6 C3AH6_ rGO-1% C3AH6_ rGO-3% C3AH6_ rGO-5% C3AH6_rGO-7% C3AH6_ rGO-10% C3AH6_ rGO-20%

Csc (F g − 1) by CV
10 mV s − 1 5.35 12.74 13.77 16.69 19.93 26.65 64.07
20 mV s − 1 4.61 11.01 12.30 15.32 18.51 25.14 60.77
50 mV s − 1 3.55 8.50 10.06 13.07 16.20 22.70 53.28
100 mV s − 1 2.75 6.50 8.14 11.03 14.00 20.28 44.79
200 mV s − 1 2.04 4.61 6.22 8.72 11.41 17.08 33.06
Csc (F g − 1) by GCD
0.2 A g − 1 5.30 15.83 19.76 21.79 27.91 35.42 81.95
0.5 A g − 1 3.24 11.81 14.21 18.04 23.10 31.46 69.96
1 A g − 1 2.12 8.86 11.04 15.32 20.08 28.82 63.96
2 A g − 1 1.28 5.92 8.00 12.36 16.72 25.60 58.52
5 A g − 1 0.90 3.10 4.50 7.80 11.40 19.90 48.55
10 A g − 1 0.80 2.20 3.20 5.20 6.60 16.60 38.30
EIS analysis
Rs (Ω) 1.003 0.932 0.945 1.051 0.929 1.060 0.855
(%error) (1.301) (1.366) (1.467) (1.310) (1.436) (1.384) (2.075)
Rct (Ω) 1.642 1.021 0.761 0.618 0.539 0.448 0.297
(%error) (16.635) (21.665) (15.775) (11.043) (13.42) (10.888) (7.786)
Cp (F) 0.003 0.008 0.019 0.024 0.042 0.080 0.745
(%error) (7.782) (11.401) (8.657) (5.780) (7.139) (6.044) (3.394)
DE-R (Ω) 3.064 1.380 4.693 1.279 0.780 0.942 0.834
(%error) (27.011) (44.401) (31.807) (31.610) (48.185) (60.441) (32.548)
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larger energy storage [38,51].
Fig. 9(a) – (h) present the supercapacitor characteristics of pristine

C3AH6 and all C3AH6_rGO electrodes. The characteristics can also be
observed in GCD curves of pristine C3AH6 and all C3AH6_rGO elec-
trodes performed within a potential window of −0.1 - 0.0 V at a scan
rate of 0.5 A g − 1 and different current densities from 0.2 to 10 A g − 1.
It was clear that all GCD curves were almost linear in the range of
voltage with constant slopes as an indicator of the double layer capa-
citor behavior [13,25,51]. In addition, it could be observed that the
capacitive behavior decreased as the current density increased because
the high current density accelerated and the charge/discharge rate of
the ions in electrolyte could not be totally diffused onto electrode
surface, which showed the internal resistance (Ri drop). The Ccs values
were estimated based on the obtained GCD curves [31,53] using the
following equation:

=C i
m ( )

sc V
t

Δ
Δ (4)

Where i is the discharge current density (A g − 1); ΔV/Δt is the slope
of discharge curves after the Ri drop. The Csc of pristine C3AH6 and all
C3AH6_rGO electrodes were calculated based on the integral area of
closed CV curve and discharge curves as shown in Fig. 10(a) – (b). In
Fig. 10(a) – (b), the Csc values deceased with increasing the current
density owing to the imperfection of electrodes preventing the elec-
trolyte ions from being diffused and penetrated into the active sites of
electrode materials. However, the enhanced Csc of C3AH6_rGO-20%
electrode could be attributed to the increase in the electrochemically
active surface area for the formation of the EDLCs behavior and the
effects of high surface area rGO connections [13,18,24–25,51,60–67].

In addition, the small particle size of pristine C3AH6 could result in
high surface area and large mesopore of active redox sites for more
OH− ions to be accessible in electrolyte confirming the surface area and
porous structure by BET results [24,52]. In line with the CV results, the
C3AH6_rGO-20% composition showed higher Ccs (calculated from dis-
charge curves) comparing to other compositions. Therefore, the en-
hanced activity of the composites has been due to an enrichment effect
via diffusion within the modified electrode and the high useful surface
area of rGO sheet. The free electron charge transfers through the
electrode surfaces. The KOH electrolyte can be increased by the pre-
sence of rGO sheets composite with the pristine C3AH6 cement [38].

The specific energy (Esp, Wh kg−1) and specific power (Psp, kW
kg−1) values of all working electrodes were calculated from the specific
cell capacitance (Csc, cell) which corresponds to 1/4 of the Csc in the GCD
curves for the three electrode systems [25] using the following equa-
tion:

= + =
×

+
×

=
×+ − + −C C C m C m C m C

1 1 1 1
( )

1
( )

2
( )cell sc sc sc

Where m+ and m- are the effective masses of the active electrodes on
the positive and negative electrodes (m+ = m- = m for a symmetric
supercapacitor). The Ccellis presented by =

×Ccell
m C( )

2
sc and Csc, cellis

presented by = = =
× ×

×

Csc cell
C

m m
C

, 2

( )

2 4
cell

m Csc
sc

( )
2 . In this case, the Csc and

ΔVare used for the calculation of Esp values as the following equation:

=
×

=
×

=
×( )

E
C V V C V1

2
( (Δ ) )

3.6
1
2

( ) (Δ )

3.6
1
8
( (Δ ) )

3.6sp
sc cell

C
sc,

2 4
2 2

sc

(5)

The Psp can be derived from Esp divided by the discharge time t as

Fig. 11. (a) The fitting Niquist impedance plots with inset the enlargement of the plots near origin of C3AH6 and C3AH6_rGO (1, 3, 5, 7, 10 and 20%) electrodes and
showing an equivalent circuit, (b) – (d) Bode plots (phase angles and magnitudes plotted against the frequency) and showing of specific capacitance (c) and
normalized imaginary part of the capacitance (d) versus frequency curves of C3AH6 and C3AH6_rGO (1, 3, 5, 7, 10 and 20%) electrodes, respectively.
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the following equation:

=
×

P
E

t
3600

sp
sp

(6)

Fig. 10(c) displays the Ragone plot of pristine C3AH6 and all
C3AH6_rGO electrodes. Esp and Psp values were found to be ranging
from 0.02 to 2.85 Wh kg−1 and 25 to 1250 W kg−1, respectively, with

current densities of 0.2 to 10 A g − 1 in the KOH electrolyte which
operates within a potential window of −0.1 - 0.0 V. The C3AH6_rGO-
20% electrode Clearly gave the highest specific power of 2.22 kW kg−1

at a specific energy of 125 Wh kg−1. Moreover, the Esp and Psp of
C3AH6_rGO-20% electrode was comparable with values reported in
previous studies as shown in Fig. 13. However, the cycling stability of
pristine C3AH6 and all C3AH6_rGO electrodes were continuously in-
vestigated 1000 cycles by GCD test at a current density of 5 A g − 1, it
was found that all C3AH6_rGO electrodes provided excellent cycling
stability, as shown in Fig. 10(d).

Fig. 10(a) shows the Nyquist plots of pristine C3AH6 and all
C3AH6_rGO electrodes which were analyzed by fitting the experimental
data to the equivalent circuit model (inset in Fig. 10(a)) using ZView
software. The main elements of the equivalent circuit were the solution
resistance (Rs), charge transfer resistance (Rct), a pseudocapacitive
element (Cp) from redox process of active materials, constant phase
element (CPE) to account for the double-layer capacitance, and diffu-
sion resistance (DEdiff) [18,32,66,68–70]. The obtained values are
summarized in Table 2. Generally, the intercept on Z′ axis in a high
frequency region was related to the Rs of the interface between an
electrolyte solution and intrinsic resistance of active materials at sur-
face electrodes. A semicircular curve was principally assigned to the Rct,
according to the charge transfer process arised at the interface of sur-
faces electrode and KOH electrolyte. As seen in Fig. 11(a), pristine
C3AH6 and all C3AH6_rGO electrodes displayed a small semicircle in a
high frequency region and straight line in a low frequency region. The
C3AH6 electrode exhibited a higher Rct value, whereas pristine C3AH6
with composite rGO electrodes was decreased from 1.642 to 0.292 Ω
with increasing rGO content. It suggests that rGO provides great elec-
trical conductivity to promote a faster charge transfer process. In

Fig. 12. (a) The photographic image of the as-fabricated symmetric C3AH6_rGO-20% supercapacitor cells which made from two activated C3AH6_rGO-20% elec-
trodes and PVA-6 KOH solid-electrolyte, (b) the CV curves at different scan rates, (c) the GCD curves at different current densities and (d) the efficiency of the cycling
stability.

Fig. 13. Ragone plots of as-fabricated symmetric C3AH6_rGO-20% super-
capacitor cells are comparable with values reported in previous studies.
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addition, in a low frequency region of Nyquist plots, the slopes of all
C3AH6_rGO electrodes were higher than that of pristine C3AH6 elec-
trode. It indicates a good electrical conductivity due to the high surface
area of rGO connection and the low diffusion resistance (DEdiff)
[66,68,71]. The low DEdiff values of C3AH6_rGO-7, 10 and 20% were
obtained from the easy diffusion, proving that electrolyte ions can move
more easily to the surface of the electrodes. This result showed that the
pristine C3AH6 with composite rGO was a promising electrode material
of supercapacitors.

The Bode plot in Fig. 11(b) shows the phase angle as a function of
frequency, and this presents the phase angle value of about −60 to 80°
in the low-frequency region. It suggests that the pristine C3AH6 with
composite rGO electrodes approximates the ideal double layer charge
storage capacitive behavior [18,68]. The specific capacitance (Csc) and
normalized capacitance (C″) as a function of the frequency of the
pristine C3AH6 and all C3AH6_rGO electrodes were calculated by the
following equations [25], respectively:

=
−

″
C

ωZ m
2

sc (7)

and

″ =
′

C Z
ω Z 2 (8)

Where ω is the angular frequency,Z′, Z″ and |Z| are the real part,
imaginary part and magnitude of impedance, respectively, and m is the
mass of the active material on each electrode. As can be observed in
Fig. 11(c), the Csc completely depends on the frequency below ap-
proximately 1 Hz. Particularly for the C3AH6_rGO- 20% electrode, a
maximum Csc is shown throughout the entire frequency region due to
the high interfacial polarizations of ions on the surface electrodes
[24–25,64–65]. The normalized capacitance (C″), which as a function
of the frequency of the pristine C3AH6 and all C3AH6_rGO electrodes,
as shown in Fig. 11(d). The characteristic of frequency at a maximum
peak frequency was known as knee frequency (f0) in which the capa-
citive and the resistive impedances are equal [66–67]. At higher fre-
quencies from this point, the supercapacitors show more resistive be-
havior. On the other hand, the reciprocal of this f0 represented the
lowest time, which is associated with a short relaxation time constant
(t0= f0−1). It can be used to define the boundary of the electrochemical
capacitor from capacitive to resistive behavior [17,18,25,41,68]. Con-
sequently, t0 indicates a fast frequency response of the supercapacitor.
The t0 of pristine C3AH6 was 0.13 s, which was lower than that of all
C3AH6_rGO electrodes found in the range from 0.23 to 4.45 s owing to
the increase in rGO concentration. t0 values of pure rGO film electrodes
were usually found to be ~ 6.3 s [71]. In addition, the t0 corresponds to
the conductivity of materials at surface electrodes which have a great
influence on the diffusion of free electron charges for the polarization
on the rGO surface [25,32,71–73]. Therefore, t0 of pristine C3AH6 was
lower than that of all C3AH6_rGO electrodes due to the low con-
ductivity and high intrinsic resistance of electrode materials, comparing
with the electrodes of rGO having C3AH6 cement.

Fig. 12(a) shows that the photographic image of the as-fabricated
symmetric C3AH6_rGO-20% supercapacitor cells were made from two
activated C3AH6_rGO-20% electrodes and PVA-6 KOH solid-electrolyte.
In Fig. 12(b), the CV curves of symmetric C3AH6_rGO-20% cells were
determined by a potential window of−1.2 - 0.1 V for various scan rates
from 10 to 200 mV s − 1. In the CV curves, the small swelling at about
−0.22 and 0.61 clearly shows the small reversible redox reaction of
rGO surface which an increase in current depends the increase in scan
rate [4]. The appearance of the almost rectangular shape confirms that
the capacitor behavior is largely contributed by double layer formation
combined with the slightly pseudocapacitive process. Similarly, the
GCD curves as shown in Fig. 12(c) displayed nearly typical symmetrical
triangular shapes, suggesting that the capacitance originates from the
hybridsupercapacitor behavior at the C3AH6_rGO-20% electrodes and

electrolyte interfaces. As seen in Fig. 12(d), the efficiency of the cycling
stability is about 96.51% after 1000 cycles, whereas the maximum
specific capacitance of symmetric C3AH6_rGO-20% cells was calculated
and found to be 80.479 F g − 1 at 0.2 A g − 1.

Fig. 13 shows the Ragone plots of symmetric C3AH6_rGO-20% su-
percapacitor cells. The result was comparable with values reported in
previous studies. Obviously, the as-fabricated symmetric C3AH6_rGO-
20% electrode shows an equal specific energy and specific power with
activated carbon monoliths (ACMs) [18], which represent the char-
acteristic of EDLCs behavior. Similarly, the range of specific power
value of symmetric C3AH6_rGO-20% cells was observed from 100 to
10 kW kg−1 corresponding to AC//phosphotungstate/AC [11]. How-
ever, these values are lower than those of the reported symmetric su-
percapacitors, such as PW12/PANI/TiN (21.6 Wh kg−1, 375 W kg−1)
[66], CoP2/graphene (24 Wh kg−1, 300 W kg−1) [17], and Ni3(PO4)2/
GO/C-FD (49 Wh kg−1, 499 W kg−1) [68]. It is also comparable to the
high specific energy and specific power of N-RGO/TEABF4/ACN elec-
trode (91.0 Wh kg−1, 1 kW kg−1) [61], CuO@rGO (31.2 Wh kg−1,
1.69 kW kg−1) [74], and Oxidize CNT (52.6 Wh kg−1, 56.3 kW kg−1)
[25] which is a potential electrode for pseudocapactiors. In fact, this
study indicated that the C3AH6_rGO composites are environmentally
friendly, safe, and healthy built with energy-efficient and low-cost
materials for supercapacitor applications [38].

4. Conclusions

The C3AH6_rGO-1, 3, 5, 10, and 20 wt.% nanocomposites were
sucessfilly synthesized by a rapid cement hydration method. XRD result
and Rietveld refinement method showed excellent fitting and agree-
ment with the pristine C3AH6 standard. SEM and TEM images dis-
played similar flake-like shape well confirming the rGO incorporation
with pristine C3AH6 cements. EDS mapping image revealed the
homogeneous distribution of a carbon compound in rGO composites on
surface pristine C3AH6 cement. Raman spectra well confirmed the
pristine rGO, pristine C3AH6 cement, and C3AH6_rGO nanocomposite
with the appearance of the combination pristine C3AH6 and rGO.
Nitrogen sorption isotherms of all samples displayed a typical type-IV
isotherm with maximum specific BET surface area of 74.20 m2/g for
C3AH6_rGO-20% sample. Interestingly, high dielectric property and
stability on frequency of C3AH6_rGO-10% sample can be explained by
the high density of free electron charges for the interfacial polarization
on the rGO surface. Moreover, the electrochemical properties of pristine
and all C3AH6_rGO electrodes had excellent capacitive properties,
presenting the storage charge mechanism of a hybridsupercapacitor
behavior. Interesting, the highest Csc value of 80.479 F g − 1 at a
current density of 0.2 A g − 1 with excellent cycling stability of 96.51%
after 1000 cycles was obtained in symmetric C3AH6_rGO-20% super-
capacitors. These results indicated that the enhanced activity of the
composites may have been due to an enrichment effect via diffusion
within the modified electrode and the highly usefull rGO surface area.
This area allows free electron charges to transfer onto the electrode
surface and the electrolyte can be increased by the presence of rGO
sheets composited with the C3AH6 cement. Therefore, the nano-
composites material of reduced graphene oxide mixed with hydroganet
cement is an excellent ideal for supercapacitor electrode materials.
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