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Research Title: Study and development of high temperature thermoelectric devices from CuFeO,
compound for electric generator from waste heat

Researcher: Asists. Prof. Dr.Chesta Ruttanapun

King Mongkut's Institute of Technology Ladkrabang, Chalongkrung Rd., Ladkrabang, Bangkok, 10520
Thailand

ABSTRACT

This work, the delafossite thermoelectric materials were synthesized and thermoelectric
device and application were fabricated at high temperature. The CuFe;xMg,0,, CuFe;.xSn,0,,
CuAlO,;, CuAlpFen0;,  CugosPtoosFeo97SnoesOs, and  CuCroosMgp 202  delafossite
compounds were successfully prepared. The prototyped of thermoelectric modules was
developed by using the CuAl;,Fe 20, and CuCrgegMgo 020, materials for fabrication of unit-
type module. The fabricated thermoelectric modules were measured energy conversion
performances with compared to the Finite element simulation. The two prototypes of high
temperature thermoelectric concrete block and thermoelectric generator machine were
fabricated. The thermoelectric concrete block was developed from 10 thermoelectric modules
generated 1450 mV and 10.5 mA for electric voltage, and current, respectively, for
temperature difference 670 °C at temperature high 1000 °‘C. The thermoelectric generator
machine was developed from 64 thermoelectric modules generated 6.7 V and | mA for

electric voltage, and current, respectively at temperature high 800-900 °C.

Keywords: Thermoelectric Conversion, Thermoelectric module, Thermoelectric device,

Thermoelectric application, Renewable-energy, Oxide-materials
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Ahstract  This work aimed to study the effect of the
Ga™*-substitution of Fe* sites in CuFeO, delafossite on its
thermal conductivity. CuFe; _zGa,0; (x = 0, 0.1, 0.3, and
0.5) samples were synthesized and their phase structure and
ionic composition were characterized by X-ray diffraction
{XRD). energy dispersive X-ray spectroscopy (EDX) and
X-ray photoclectron spectroscopy (XPS). The thermal
conductivity of the samples was measured at a high tem-
perature range of 298-573 K. The XRD results confirmed
that the samples were pure phase delafossite with hexagonal
structure space group: R3m while the EDX results showed
composition atomic percent of Ga 100 % of x = 0.1, 93 %
of x=0.3 and 90 % of x = 0.5 and the XPS results
revealed Cu’* and Cu’*, Fe™ and Fe**, and Ga** jon
states in the structure. The Ga-substitution decreased the
thermal conductivity of the samples below that of non-
doped CuFeQs. The high substitution sample (x = 0.5)
exhibited the lowest thermal conductivity, 2.5 W/mK at
573 K. Ga substitution into Fe sitey affected the lattice
thermal conductivity partly through phonon scatiering
processes arising {rom mass difference and lattice strain,

1 Introduction
Typical delafossite-type oxides have the chemical formula

ABO,, in which A = Cu, Pt, Pd. Ag and B = Cr, Fe, Al,
Co, Ga, and 50 on [1, 2]. The unit cell of this structure is

B2 Chestn Ruttanapun
chesta ruttanapun@® gmail.com: chestz ru@kmitLac.th

Department of Physics, Faculty of Science, King Mongkut's

institute of Technology Ladkrabang, Chalongkrung Road,
Ladkrabang, Bangkok 10520, Thailand

Published onlinc: 05 Adarch 2016

hexagonal; the oxygen atoms are bonded to the A site
atoms in a dumbbell configuration and the edge sharing
fayer B atoms are octahedrally configured as BOg [3]. The
advantages of this material structure are its low toxicity and
Iow cost. and it can be used to convert thermat energy into
electrical energy (thermoelectric effect). The efficiency of
¢ thermoelectric material depends on its figure of merit (Z),
52

K

where § 1s its Seebeck coefficient, o is its electrical con-
ductivity, and x is its thermal conductivity. « is the sum of
the contribution of electrons to the thermal conductivity,
K¢ and the contribution of phonons to the thermal con-
ductivity. ;. The two parameters (S and o) are inversely
proportional. If the Seebeck coefficient is large, the elec-
trical copductivity will be small. The electron thermal
conductivity depends on the electrical conductivity. The
only parameter used to calculate the figure of merit that
dozs not relate to the other parameters is the phonon
thermal conductivity, which is independent of the carrier.
To improve thermoelectric properties of the delafossite
compounds, their thermal conductivity can be reduced by
decreasing the amount of phonons.

According 10 the work of Gall et al. [4]. CuGaG;
exhibits 8 Seebeck coefficient of 780 pV/K and electrical
conductivity of 0.0033 S/cm. From the work of Ruttanapun
et al. [5], CuFeO, exhibits a Seebeck coefficient of
260 uV/K and electrical conductivity of 3.5 Sicm. These
two works suggest that substitution with Ga will give a
higher Seebeck coefficient than that obtainable with Fe,

In this study, gallium (Ga} was chosen 10 substitute into
the B-site of CuFeQ, to provide a high Seebeck coefficient.
We expect that an increased Secbeck coefficient caused by
galliurn  substitution will improve the thermoelectric

] Springer
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properties of CuFeO, by reducing its thermal conductivity.
Nozaki et al. [6] reported that CuFeq ¢Mng 5O delafossite
shows the lowest thermal conductivity at room Iempera-
ture, 2.28 W/mK, owing to its mixed-structure of R3m and
C2m. To the best our knowledge, however, there have
been no reports on the thermal conductivity of CuFegs
Guy 5O, delafossits. Therefore, in this paper, CoFe;_
Ga,0; with x =00, 0.1, 0.3, and 0.5 was prepared to
investigate the effect of Ga>* substitution for Fe*™ sites on
the thermal properties of CuFeO;.

2 Experimental details

Polycrystalline samples of CuFe;.,Ga,0; (x = 0.0, Q.1.
03, and 0.5) were prepared via solid state reaction in argon
atmosphere. The starting materials CuO (299 %, Sigma-
Aldrich), Fe.03 (299 %, Sigma-Aldrich), and Gaj0O,
(29999 %, Sigma-Aldrich) were weighed out to follow
the equation

2000 + (I - x)Fes0s + {x)Gax0s
— 2CuFe(;_yGagOz + /201,

then mixed and ground in an agate mortar. The mixture
was then pressed into a pellet of 12-mm diameter and 2-3-
mm thickness, and the pellet was sintered in an aluming
cup fumace at 1050 °C under an argon gas atmosphere for
20 h. Samples were reproduced using the same procedures
of grinding, pelleting, and sintering 2 time. The crystal
phase of the samples was analyzed by powder X-ray
diffraction (XRD) using a BrukerD8 Advance instrament
(X-ray source  ACuKo = 1.5406 A, 26 = 10-80°,
step = 0.02°). The composition of the sample was con-
firmed by energy dispersive X-ray spectroscopy (EDX).
Binding energies were characterized by X-ray photoclec-
tron spectroscopy (XPS) using a Kratos Model Axis Ultra
DLD. A Zeiss EVO MA10 scanning electron microscope
(SEM) was used to observe the morphology of the samples,
Thermal characterizations were carried out on flat samples
of approximately 12-mm diameter and 2-3-mm thickness
using a NETZSCH LFA 477 Nano-Flash thermal diffu-
sivity analyzer. The electrical resistance of the samples was
measurcd at room temperature with a KEITHLEY 2001
multi-meter.

3 Results and discussion

3.1 Material characterization
The material was tested using X-ray diffraction insrument

and the x content was varied from 0.0 1o 0.5. The X-ray
diffraction patterns of all of the fabricated samples are

@ Springer

shown in Fig. 1. All of the patterns exhibited (he peaks of
detafossite with space group R3m (166), in accordance with
JCPDS 39-0246 [7]. No peaks comesponding to impurity
phases or remaining starting material were found, con-
firming that pure phase delafossite was formed. All XRD
peaks were shifted when the x component increased. This
happens were resulted from the substitution of gallium into
iron sites as causing for the BO, octahedral to shrink,
which resulted in a decrease in edge length (a-axis
decrease) owing 10 the smaller ionic radius of Ga’t
{0,625 A) as compared with that of Fe* (0.645 A) [8).
Morcover, the length of the c-axis decreased due to the
shrink of the bond length of the O-A-O layers and the BOg
oetahedral layers became slightly edge distorted [3, 8]
This means that the lattice parameters a and ¢ of
CuFe,.,0a,0; decreased with increasing X content [1, 9]
as shown in Fig. 2. Therefore, when x compoenent increa-
ses, afl XRD peaks are shifted or the angle of diffraction
ingreages. Figure 3 shows that the main peak (0 1 2) shified
from 35.84° to 35.96° as the x content increased from 0.0
to 0.5, This was caused by the shortening of the distance
between the adjacent (012) planes {10, 11] and the particle
size which was calculated by the Scherrer equation of
Size =t39;:,2 23 43 nm (x = 0), 43 nm (x = 0.1), 44 nm

(x = 0.3) and 45 nm (x =0.5). The element (O, Fe, Cu
angd Ga), percent weight and percent atomic were charac-
terized by EDX. The results were shown in Fig. da—¢. All
samples show oxygen exceed 8-9 %, iron 100, 94 and
95 %, copper 91, 90 and 89 %, gallivm 100, 93 and 90 %
at x = 0.1, 0.3 and 0.5 respective. Both results of XRD and
EDX confirmed that the samples were delafossite structure
by substation gallium into iron,

Figure 5a-¢ shows the XPS results for the CuPFe, .,
Ga,0,, x =00, 0.4, 03, and 0.5, samples, Before
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characterization, all samples were etched with the mixed of
hydrochloric 12 mol 4.87 mL, nitric 15 mol 1.54 mL and
distill 30 mL at 70 °C for 10 min [12]. The binding energy
was measured up to 1200 eV, The peaks of Fe 2p and Cu
2pof x = 0.0, 0.1. 0.3 and 0.5 were shown in Fig. Sa—c. In
case of the Fe 2p state, the binning energy of the samples
shown Fe®* and Fe** ions. The binning energy between
709.8-7104 ¢V corresponded to the Fe® jon and
711.1-711.6 &V corresponded to the Fe** ions, from the
Refs. [12-14]). In cases of the Cu 2p state, the binning
encrzy of the samples shown Cu'* and Cu®* ions. The
binning energy between 932.5-932.8 eV corresponded to
the Cu'™* ions and 933.9-934.3 eV corresponded to the
Cu®* jons, from the Refs. [12, 15, 16), For cases of Ga 2p,
the binding energy was  observed  between
1117.6-1117.8 &V as correspanding to the Ga™* ions from
the Ref. [17}.
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Fig. 4 a Energy dispersive specwoscopy of CuFe;;_,Gay,0,
(x = 0.1), b cnergy dispersive spectroscopy of CuFeq O 0;
(x = 0.3}, and ¢ energy dispersive spectroscopy of the CuFeq )
GagQ; (x = 0.5)

Figure 6a~d shows SEM images of the CuFe,.,Ga,0,,
x = 0.0, 0.1, 0.3 and 0.5 samples. The smallest grain size
of the samples was approximately 5-8 pm at x = 0.5. The
grain size of the x = 0.0, 0.1 and x = 0.3 samples was
approximately 6-9 pm. Thus, the grain size of the
x = 0.1, 0.3 and 0.5 CuFe;..,Ga,0, samples was not
expected to significantly affect their thermal conductivity
compared with that of CuFeO,,

3.2 Thermal conductivity
Figure 7 shows the total thermal conductivity (x) of the
CuFey_,Ga 0. x = 0.0, 0.1, 0.3, 0.5 samples as a function

of temperature. The x results were evaluated via the rela-
tion K = apC, [14]. where o p and Cp are the thermal

@ Springer
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diffusivity, the density, and the specific heat of the sample,
respectively. The values of o and Cp for the samples were
obtained by thermal diffusivity measurements over a tem-
perature range of 298-573 K. The bulk dansity determined
by Archimedes method [18] and the % of theoretical
density of CuFe; _,Ga0, samples are shown in Table 1.
All samples had densities that were estimate between
80-84 % of their theorstical density and correction thermal
conductivity results by density as seen in Fig. 7, The x of
the samples decreased with increasing Ga conlent and
temperature. CuFe, 5Gag 50, displayed the lowest x value
in this experiment. x can be expressed as ¥ = &, + K,
where is the phonon component of the theomal conductivity

@ Springer

(lattice vibration) and is the electronic component of the
thermal conductivity. Next will be find case of thermal
conductivity decreases because phonon component
decreases, electronic component decreases or both. The
resistance of the samples was measured using multimeter at
room temperature for approximate the value of k.. The x,
can be calculated using the Wiedmann-Franz law [5, 19] as
K, = LoTo, where Ly = 2.45 x 107 (the Lorenz factor),
T is the sbsolute temperature, ¢ is the electrical conduc-
tivity and results show in Table 1. The x, values of all of
the samples were found slightly fewer by Ga constant.
Therefore, the case of thermal conductivity was decreased
comes from phenon component decrease with the ratio of
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Fig. & a SEM image of CuFeQ,, b SEM image of CuFey oGay (Oay ¢ SEM image of CuFeg;Gag0,, and d SEM image of the CuFeg sGay <0,

4 ' ' ' - 5 Tabte 1 Density end thermal conductivity by electronic component
8 }\ ‘*\ CuFe G0, ~&- r=0.0 I of CuFe;_,Ge8,0: x = 0,0, Q1, 0.3 and 0.5
& =01
§E~ 74 o $._ Lf":::g: J CuFeq,Ga0;  Density  ZE-(®)  x.=LTa k(%)
S \K Ga content x
R 2 |
2 o 1}\ ¢ 435 79.18 0.0254 0.96
g o ° i 0.1 473 877 0mI6 0.82
2 ] RN S 03 483 8449 002 0.92
8 Ny e . 6.5 475 30.83 0.0230 1.10
[N I :
g T
= 34 ~
electronic component per thermal conductivity around
21 . i . ] 1 %. This confirmed that the thermal conductivity of the

300 350 400 450 500 550 600 CuPe,..,G2,0,, x = 0.1, 0.3, 0.5 samples was controlled
Temperature (K) by the phonon component {20, 21].

- - To determine the effect of Ga-substitution on the value

;:ﬁ'&s,;-hm‘ conducivly of the CuFes-,Ga.0z &x = 00, 0.1, 0.3 of x, the thermal resistivity (X) of the samples was cal-
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culated using the general expression of K = 1= (A + BT)
[6, 19, 22-24], where X is the thermal resistivity, A and
B are the phonon scattering by A as thermal resistivity by
substitution impurity defect and B as intrinsic thermal
resistivity and T is the absolute temperature. Figore 8
shows the K values of the CuFe;.xGa,05, x = 0.0, 0.1,
0.3, 0.5 samples us a function of temperature. The K values
for all three Ga contents were linear with temperature and
increased with Ga content. indicating that the above
expression for A + BT was satisfied. The values of A and
B were then determined by linear regression, as shown in
Table 2. The value of A was found to increase with Ga
content, while the B values were increases and slightly
increases with Ga content increases. The A values were
higher than the B values by four orders of magnitude. This
indicated that the X values of the CuFe;_,Ga,O.samples
were governed by term A.

According to Refs. {6, 19, 23] the A term of the K
relation can be approximated by

A= %Z}r i

where V is the average atomic volume, 8 is the Debye
temperature, & s Planck’s constant, and v is the velocity of
sound in the sample. X,J; is the summation of the cross
section of all phonon scatting processes according [6, 22—
24] to. -~

£¢F1=F0+F..+f},

where I'g is the contribution from the nonmal defects of the
non-doped sample, here CuFeQ,, I, is the contribution
from mass difference, and I is the contribution from fat-
tice strain. The value of I was taken as constant in all of
the samples and was obtained from the thermal resistivity
of the CuFeO; sample via. where, the Debye temperature

»=0.0 4
=31 Cofe , GaD, % /*

=g 5 ? o

4

Thenmal ResistivRy (mK/W)
N
\
\

0.15 1

Fig. 8 Themmal resistivity of the CuFe;-,Ga,0;(x =0, 0.1,0.3 and
0.5)
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Table 2 Vatue of A and B cbtained from thermal resistivity data

CuFeq GOz A (mK/W) B (m/'W)
Ga content x
[ 0.124 Q.00036
0.1 .57 0.00053
0.3 0.185 0.00061
05 0224 0.00063

(@) is 600 K, and the average phonon velocity base Debye
estimate is 7.19 x 10* m/s [6, 19, 25]. The values of I,

2
and I', were obtained from Iy = x{1 —x) (ﬁ;f;w)

5
and 7y s x(1 = x) - & iedu) where ), My and &, &y
are Lhe atomic mass of Re (55.847) and Ga (69.732) and the
atomic radius of Fe (0.645 A) and Ga (0.625 A) [8].
respectively, and £ is a constant, given as 39 [25]. The
results of the calculation of I',, and I, are shown in
Table 3.

The values of I',,, were found to cqual those of I, for
cach of the CuFe,;.,Ga,0s, x = 0.1, 0.3, 0.5 samples. This
implied that the A values of CuFeq_5Gag Oa, x = 0.1,
0.3, 0.5 were controlled by half of the I, and Iy values.
Moreover, the I, and Iy value increased with Ga content.
This supported the idea that the thermal resistivity of
CuFeO, can be increased by a large amount of Ga-sub-
stitution into Fe sites (o enlarge both [, and I, Therefore,
the thermal conductivity of the CuFe;_,Ga0,, x = 0.1,
0.3, and 0.5 samples was affected by the Ga-substitution.
The higher the Ga content, the lower the thermal conduc-
tivity, owing to increases in the amounts of mass difference
and lattice strain causing increased phonon scattering.

To describe the phonon scattering processes arising
from defects by Ga-substitution for Fe®* sits, the phonon
mean free path () is given by | = v/Aw*, where v is the
velocity of phonon, e is the phonon frequency. By
assuming, the values of v and @ were constant for all
x contents. The results in Table 2 showed that the A values
were increased with increasing x as a results to the { values
decreasing with increasing x {25-27]. This effect was

Table 3 Scattering cross-section by mass differznce and lattice strain

CuFe0 y-based

CuFeg_yGag 0z 'S T,

Ga content x
0 0 -
0.1 0.0037 0.0036
03 0.0094 0.0082
0.5 0.0122 0.0097
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arisen from the difference atomic mass and the difference
atomic radius of Ga and Fe atoms in the structure. To
considering of the 2.D strocture of CuFeO, delafosite
which is O linking to Cu likely a dumbbell configuration
and the edge sharing layer Fe and O likely an octahedral
FeQ,, configuration, the Fe atoms occupied in middle of the
octahedral FeOy configuration [28). Therefore, the Ga-
substitution for Fe sits caused 1o the distortion of the
octahedral configuration with mass damping in the struc-
ture. The results contributed for mass fluctuation anhar-
monic, which causes from the difference atomic mass of
Ga and Fe, and for lattice strain, which causes from the
difference atomic radius of Ga and Fe affecting of atom
arranging in the lattice. Totally, the reduction of mean free
path of CuFe; ,Ga,0; (x = 0.1, 0.3, and 0.5) resulted
from both effects of the mass fluctuation anharmaonic and
the lattice strain.

4 Conclusion

The thermal transport and properties of Ga’*+-substituted
(for Fe*+) CuFeD, delafossite, a thermociectric material,
were investigated. CuFe,_,Ga, 05, x = 0.0, 0.1, 0.3, and
05 samples were prepared by a conventional solid-state
reaction method, and their phase structure, elemental
composition, and thermal conductivity were characterized
by XRD, EDX, XPS§, and thermal measurements, respec-
tively. XRD confirmed that the delafossite CuFe; Ga 02
structure was obtained for all samples, EDX results show
composition atomic percent of Ga 100 % of x = 0.1, 93 %
of x=03 and 90 % of x = 0.5 and XP$ verified the
presence of Cu't and Cu®*, Fe** and Fe™¥, and Go** ions
in the struétore. Ga substitution into Fe sites was found to
reduce the ¢ and ¢ lattice constants with increasing Ga
content. The thermal conductivity also decreased as the Ga
coment was increased. The main contribution to thermal
transport and therefore the thermal properties of the sam-
ples was the phonon mechanism via defect of scattering
processes. The substitution of Ga into Fe sites resulted in
scaticring arising from mass difference and lattice strain.
Thus, the observed low thermal conductivity of the
delafossite CuFe;_,Ga, 0, was caused by dual defects
from the mass difference and the Iattice strain introduced
by the Ga substitution.
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CoAlygFey(); delafodite was prepered niing & ol d-state
reaction muthod to Investipate ity aptical and electrounic trame
port propertion, Cudly,Fe o0, formed 8 hexegonal delafossite
strueture with sn K3 space group. The positive Seebeck coetll-
chent and the divect optical pap of 3.6 oV cunfirmed that the
_CuAl ey Oz delufussite dn w pet¥pe transparent condurting
axide, The fuorescence entision at M nm (Lrcen cmibsdan}
ennfirmred that CaalyFeis(0; bas n diree! tapsition bad gap.
1 fetric anslysls lodi d n weight Joss of L2%,
cared by the Intercalaton of O atoms. which produced hale
r-rkn from the ditferent lanic rudit at the B sins. The dectric
ductivity 8t room It e was thernally activited a5
predicied by the smalkpol hopping Tz with an
sttivation encrgy of 78 tl!t\ nnd n charpe trasspert mvrg_v of
o1 weY . CodhypFe Oz delafosst hibited petype
tronic beharior and i o b ductim, ualde. which
may he cruchal in the p1ype ||lullmir and eleetrade Industries.

1. Introduetion

P ~Trre tronsparent conducting oxfde {(TOD) materialy 2
are prosuising for many spplications that require trans-
prent vonducting clectrodes such as. Bquid crystal displays
orpanic light-emiring diodea and solar cells. p-TCO maternle
contuln direct enerpy gaps, F > 34 6V, 10 protect the elee-
trons by using enorgy i the visible lipht 1ange xo excite them
from_the valence band Lo the vonduction hand.? Kawaswe
e al? reported that CuAlQ; delafosdle dm;b\)cd p~TC0
behavior with a direct Eg of 3.5 €V, Park #1 o&” reported thal
she clectrical conductivily (o} of bulk CnAlOv islasthan | 5/
cm. Furthermore, Rutianapun et ol reporied that CoFeO,
delafossite oxhibited ptype conduction with a direet £r of
345¢V and o > | Slan, In applications, p-TCO materiale
require 1 o value of more than 10 S/un. Thos, delafordle com-
poonds could mprove the o value for 2 TCO applications,
Dicinfensites are ternary oxide compounds with the chemi
cal forrda A™'B10, % Their crystal siructure consists of
alternately stacked I.nyr.vm of O-A-0 dumbbells and odpe-
shered BO; octahiedral ious along the evaxis. The A” caticos
were finearly coordinated with the G~ anjons along the
raxs The actahedmlshaped [BO2]™ 10ns were formed by

X D Zhos coutriburing odticr

Manumeng Mo, M614 Reorived Marh 8. 1914 approvod Augest 31,304
‘Auboe (i whom wrespomtove: Shacd be sddwerd. sk dbaua it
grvab.comn; Areiwen - ket ac.

the shating of the BO; edger. The mvalent B'® dons acew
piod the centers of the Lttice sites in the octahodral blocks,
The kmngth of the o-oxis war controlled by the size of the B
sites amd wak nelated to the fome radl of the B cations.”
In mawre, delafossites d:splay p-iype (where holes arc the
major carrers) conduction.” This results from the umsatay
rated bonds in nonsioichiometrde maleriaky, eansed by lhc Cu
vacandes and extea O mimhhn!s’ Sinart and Moore™ sug-
gosted thal the hi W ORidke 7 e weith OQ
atoms intercalated in the cemters of :lu n’hngn ofCu atoms
m the Cu plnes had an enh

h er al™ reg d that mi of different knu
radii w1 the B sites in CuNiy2Tiy 1202 dciafmum: compounds
can tune the ioni energy by i 1g the mumber of

extrs O gtorns, 1o addition, there are rcpom on the aynthesis
of mrintires of different toric todil at the B sites in delalos-
sites. including cu\:..nnwo:,“ Culin, 2 Ti; 0" AgNi;

Ty 0 AgNigaCorth, * ApCuiaMng20:.% md CuAlia
Y T Al present, d\mummrqwmmthc synthestx
of tures that contam A @535 A)C and RO
(€.645 A)® 1wons, with different ionke nnh: Al Ih: B sllc> in
CuAly, :Foi20: defafossit ks, of any o on
their optothecronic :md declrmx transport rlmpenm

Herein, the of and 1 propes-
ties of 1he 'MP‘ transparence of delafossite a:m.grr.,}m
samples are fnvestigoted. CuAl pFe40; was synthesized
using solld-stat iomt ahd wad ch ized by X-ray dif-
fraction (XRD), seonning dectron microscopy (SEM) Xeray
photoriectron sp y (XPS). th imetric analy-
ws TGA), differentlut Uxmnogn\mnc amalysis (DTG),
vitravioletvisibie/ncar-infrared spectroscopy (UV-VIS-NIR).
and Buorcscenoe spocuokopy T‘hc Setbcck cocfioknt and
eloctricul i i ' i and
elcironic tansport propmm and uxc metgy dingrai are
alsa repertod.

1L Esperimental Procedure

1) Alaterichs and Methods
CulAljpFey 30 ples  were  prepared.  Swoichl, it
amounts of the powders LuQ) (JU.98%). Fex()s (99%), and
ALD, (99.99%) were mixed and grilled in an agaie monar o
ensure b y. A b wmixture was obtained
and cool pmscd into pellots. The resuling pcllm were sl
wrod on ar Aluming crucible at 10S0°C in air for 15 h. The
peliets were then guenched 10 reom temperature, The heated
p-.lleu were then ground., made into pellets and Gred thiee
tinice 1o purifying the phase of samples.

The crystal phases were characierized with powder XRD
using a PHILIPS X Pert MPD diffmctomelcr (TPhilips,
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Almelo. the Netherlands) with Cu K, radiation in the range
25°C-75°C, increasing m 0.02° steps. The latticc parameier
was caleulated with the Rietveld method using X'Pert High
Score Plus software package (PANnlytical, Almelo, the
Netherlands), The microstructures and chemical composi-
tions of the samples were observed using SEM JEOL Lid.
Model: JISM6301F (JEOL Tud., Tokyo, Japan) coupled with
energy-dispersive X-ray spectroscopy (EDS. Oxford-Link Isis
300. Oxford Lnstruments. Oxford. UK). The Seebeck coeffie
cient (S and clectrical conductivity {o) were simultancousty
measured on a sample bar using an ULVAC-RIKO ZEM-3
(Yokchamta, Japan} thermoelectric measurement  sysiem
tmder a low pressure He atmosphere, XPS was performed on
an AXIS Ultra DLD instrument (Kratos Analytical Inc.,
Manchester, UK) with an Al Ka (150 W) X-ray source and
a photon energy of 1486.6 ¢V, The optical absorption spectra
of the samples were recorded at room femperature using a
UV-VIS-NIR spectrophotometer (Shimadzu, UV-3101 PC,
Shimadzu Corporation. Kyoto, Japan). The fuorescence
spectra were recorded using a L8335 Perkin Elmer instrument
(PerkinElmer, Cambridge, UK) at room temperature,

I11. Results and Discussion

(1) Characterization

The XRD patterns for the Cu(AlyjnFe2)0: sample are
shown in Fig. 1. The standard phase for CuFeQ, delafossite
from the Inorganic Crystal Structure Database (ICSD) file
(01075-2148) and for CuAlO. delafossite from the Joinmt
Commission for Powder Diffraction Standards (JCPDS) file
(35-140) were added for reference. The peaks of the prepared
Cu(AlysFe,2)0, sample were halfway between the peaks for
CuFeQ; and CnAlQ, delafossite, The reference peaks for
CuFe0, delafossite oecurred at Tow angles (lefl side) for the
phase of the Cu(AlsFe; 30, sample, and the peaks for
CuAlQO: occurred at high angles (right side) for the Cu(Alips
Fe;2)0> sample. This confirmed that the prepared CufAly,s
Fei2)0: sample formed a hexagonal delafossite structure
with an R3m space group. The lattice parameters for the pre-
pared Cu(AlypFeyp)O; sample were 3.0062 and 17.1661 A
for the g-axis and the c-axis, respectively. For reference to
the lattice parameters, CuFeQ; delafossitc had a = 3.0351 A
and ¢ = 17.166 A according to the 1CSD file (01-075-2146).
and CuAlQ, delafossite had a =~ 2 8567 A and ¢ = 16.5430 A
according to the JCPDS file (35-140). These resulis showed
that the g-axis for the Cu(Al ,Fe,n)0; sample was between
the reference values for CuFcOs and CunAlO. delafossite,
while the c-axis for the Cu{Al;pFe, )02 sampk was cqual to
the reference value for CuFeQ. delafossite. This result was
effected by the differences in the radii of the Fe* (0.645 AY
and AF* (0.535 A)'® ions in the CulAlFei )0, sample.
These results are consistent with the literature,”” where the
length of the a-axis for Cu{AlzCr )0, has been reported
10 be between the length of the e-axes for CuAlO: and
CuCr0.. and the length of the c-axis for Ca(AlCr»)0: was
dose to the length of the a-axes for CuAlO, and CuCrO,.

The encrgy-dispersive X-ray spectrographs displaying the
chemical compositions and the SEM micrographs for the Cu
(AlizFey 530 samples are shown in Fig. 2(a). The chemical
compositions lor the Cu(AlzFe, 5)0; sample, oblained using
EDS, had an atomic percentage ol 24.44%. 10.26%. 11.93%.
and 53.37% for Cu. Al Fe, and O, respectively. The pereent-
ape of Fe was close to the percentage of Al, and the summa-
tion of them was close 1o the percentage of Cu. This implics
that the chemical formula of the prepared sample is CufAly,
aFe Y0, The Cu{AlgpFe2)0: microstructure is illustrated
in the SEM image in the inset in Fig. 2(b), in which the sam-
ple grain size is 110G pm.

The TGA and DTG weight-loss results for the Cu{Aly»
Fe; Y0, sample are shown in Fig. 3. The weight-loss infor-
mation was used to deicrmine the amount of O intercalated
into the delafossite structure.” In nature, the Cu-based dela-

3 40 50 80 70

1 Py 3 ’ 1 1 i

CuAl Fe O,

Intensity (a.u.)

[CuAID) JCPDS#35-1401
| I | N ] I a

[CuFeQ ] ICSD#01-075-2146
I - E i 1 1 —a
1 L] M T i b 1]
30 4 50 1 70

26

¥Fig. 1. XRD patterns for the CufAlFe,n)0, sampk, with data
from the ICSD file (01-075-2146) for CuFeQy delafosute and the
JCPDS fik (35-140) for CuAlQ; delafowsite imserted.

Ocy CuAl,Fe,,0, (@)

Atomic parcentages Fe

Al Cu%) 24 44

A (%) 10.2%
£ (%) 1183
T O (%) 53.37

spm

Fig. 2. (2) Encrgy-dispersive X-ray spectrum and (b) microsiractare
for the Al nFe20; sample,

fossite structure allows exira O atoms Lo intercalate into the
lattice ai the center of the Cu™ triangles.” The extra O atoms
influence the hole carrier concentration. which is important
in ptype conductors. The TGA shows that beginning posi-
tion for adsorbing the e¢xcess O atoms appeared at above
300°C and the end position for the O de-intercalated
occurred at around 800°C. The total TGA weight loss for
the deintercalation of the O atoms was approximately 1.2%.
The extra O atoms displayed a nonstoichiometry {8) in the
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1029 . . Y . s 835 temperature. In addition, the § value for the Cu(AlpFein)
wmast 19% O, sample was higher than that for CuFeO,"™ over the whole
w10 € 188 temperature range, This was caused by the mixing of the
ws | 12% 3 :f" valence  Fe’*(3£)Fe**(3d") states, according to the
ws | 3 m: Extended Heike's equation:
£ asf 4008 g 4
sof Jono ka, (&' (Pv)
; Sema = = |oln(E=) 4 D[ L)1, 2
! > Jomn £ Sena MRQJ+MH1*M’ @
ond
nar J 020 where kp is Bohzmann's constani, e is the clectronic charge,
o 028 2" and g' are the spin and orbital degencracies for the
sk 1020 Fe’ and Fe*™ states, respectively, p, is the ratio befween
96,0 Lot L 1 L 1 L.t g5 the number of carriers and the available sites for the Fe®™
0 200 40 60O 80D 1000
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Fig. 3. TGA and DTG weight-loss curves for the CulAl;Fe p)0,;
sample.

Cu(AlysFei )0 structure, Thus, the chemical formula for
the sample can be written as Cu(Al pFe, )05 .5 where
dw 1.2%. The resuling 8 value for the CufAli~Fein)O:
sample was higher than that for the reference values for
CuFe0, delafossite (5=0.9%)'" and CuAlQ, delafossite
(6 < 0.5% in the range from 300°C to 850°C).% The large &
value for the Cu(FeyAl10)0; sample was affected by the
mixture of the different ioni¢ radii of the Fe*™ (0.645 A)
catlons and the AF* (0.535 A) cations at the B sites in the
structure, contributing to the ocaurrence of a mismatch in
the lengths of the g-axes. The formation of O interstitinls
with an increased p-tvpe conductivity in this matenal can be
expressed as: '

1
10wy — 0720 M

where OF and &° are the oxygen interstitials (relative charge
-2} and the positive charges (relative charge +1), respectively.

The XPS spectrum was used to verify the chemical compo-
sition and the oxidation nmunber of components in the Cu
(Al 2Fe, )0, sample. The XPS survey spectra are shown in
Fig. 4(2). and the binding energies for Cu. Al, Fe, and O are
shown in Figs. 4(b)-(e). respectively. The surecy spectra
showed the Cu, Fe, Al, and O peaks, as the chemical compo-
nents in the sample with reference to the C(Is) peak. The
binding cnergy for Cu(2pss) with Cu® was 932.5 ¢V, as
shown in Fig. 4(b). which was closc to the X PS peaks of 2p;p»
with Cu® and Cu’ in CuO. which are 932.7 eV.? The
Fe'* (2p) and F¢**(2p) ions were contered at 713.3 ¢V and
7115 ¢V, respoctively. as shown in Fig. 4(c). These values
correspond to our previous work.’ This reveaked that a mix-
ture of states for the Fe**and Fe** ions occurred in the Cu
(Al pFey2)0. sample. Figure 4(d) displays the Al(2p) peak
al 742 ¢V for AP~ and the Cu(;J)m) peak for Cu™ at 77.2 eV,
which relates to the literature.”™ The O(1s) consisted of two
peaks, one for the lartice oxygen (O4) at 530.23 ¢V and one
for the extra oxygen (Oy) at 531.69 eV, as shown in
Fig. 4te). This is consistent with the lierature?!

{2) Electronic and Optical Propertics

Figure 5 shows the § values for the Cu(Al oFe;x)X0, sample
as a function of the inverse temperature. The Secbeck coefii-
cients were positive over the measured temperature range,
demonstrating that the Cu(ALaFein)O: sample displayed
p-type conducting behavior, with holes as the majority carri-
ers. §increased from 250 to 300 pV/K when the temperature
increased from room temperature 1o 800 K. This behawvior
was similar to that for CuFeOy,'® where § rose with an
increasing temperature. However, this differs from the hehav-
ior of CuAlQ,> where § was raduced with an increasing

jons, the minus sign indicates that this is a p-type semi-
conductor. The én and g vnlues in the formula:
CuAl[Fe'* ];_{Fe *1,02, were obtained wing gt =
n*“,bi..,rg..,}s‘ and g° 7 = [Toenwlon]"" for the Fe* ™ (34)
and Fe'” (34%) ions, respectively, where Ty I8 (28541),
Tomna 18 2L+ 1), S7is the total spin (summation of all of
the spin quantum numbers) and Ly is the tota] number of
arbitals (summaton of all of the orbital quantum numbers),
The g'* for the Fe“ (34 ion and g** for the Fe* “ (344 ion
are 6 and 10, respectively. From the Eq. (2), the value of the
first term, which was controlfled by the cffeat of a strong corre-
lation between he orbital and spin degeneracies of the Fe’™
and Fe'™ ions, was constant at 44.017 pV/K, while the value
of the seccond term was dependent on the density of charye
carriers and decreased with an increasing charge carrier con-
centration. This larger § for Cu(AlyaFe1¥0; compared with
CuFeO, was caused by the first term of the Eq. (2).
The absorption cocflicient () is related by:

a=(1/)a{(1 - R)/T} &)

where T is the transmirtance, R is the reflectance and o is the
thickness of the erysial.'* The a spectrum for the Cu(Al;
Fe;2)0- sample al room temperature was recorded from 200
to 2000 nm. as shown in Fig. 6(z). Strong absorption
occurred between 200 and 300 nm, and weak absorption
appeared above 300 nm.

The energy gap of materials can be calculated from «
wsing:™

{ho)™ = A(hu~ E,). C]

where /v is the photon energy, E, is the optical band gap, A
is a constant that does not depend on hu, and m is 12 for
the indirect transition gap and 2 for the direct transition gap.
The direct E, was obtained by plotting (winv)® vs. hu and
1zking the intercept of the energy axis. The region for visibie
light is in the range 1.5-3.1 eV. Thus, the E, required for a
material 1o be transparent in the visible light region must be
higher than 3.1 eV. Figure 6(b) shows a direct E; of 3.7 eV
for the Cu{Al-Fe, )0, sample at room temperature, which
is larger than 3.1 eV. Tlhis shows that the Cu{AI.FFem)Oz
sample tan be transparent to photons with energies in the
visible Hight region. This confirmed that Cu{AlnFe a)0, del-
afossite is a TCO with p-type conduction. The direct E; for
the Cu{Al-Fe; )0, sample was higher than those for the
reference CuAlOQ, (3.5eV) delafassite and CuFe(,
(3.45 ¢V) delafossite samples.®

Fluorescence spoctroscopy was used to confion the existence
of a direct transition band gap in the Cu(Al o Fe,2)0, sample.
Figure 7 shows the emission spectrum for Cuo{AljaFeyp)O:
under a 350 nm excitation wavelength at room temperature.
The emission was centercd around 390 nm (3.17 ¢V), confirm-
ing the existence of a direct transition band gap.?* The value of
3.17 eV corresponds 1o the green emission band, which is close
to the optical gap of the ultraviolet near-hand-edge emission.
The Juminescence at room temperature appeared under the
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{3} Activation Energy
340 |- CuAl _Fe O, Figure 8 shows the & of the Cu(AlypFep)0a sample as a
I relationship between In{e7) and the inverse temperature. The
32 - o value rapidly increased from 7 Sfem (at 300 K) 10 15 Sfem
] (at 800 K) with an increasing temperature., Thi value was
300 - higher than that of CuFcO,,” which ranged from 3.4 Sfom
280 I {at 300 K) to 124 S/an (at 960 K), and of CuAlO..* which
B ranged from 0.2 S/cm {at 550 Ky 1o 1 Sfem (at 1150 K). The
Es1 = 0.014 0V

Seebeck coefficient {HWK)

260 |- Previous work:
cuAID, Es = D 153 eV [27}
20 cureo, Es =0028 eV [5]
220 |- This work:
CuAl Femoz Ex1= 0014 eV, Exz = 0 0ad eV
200 ¥) " i a 1 A
1.0 1.5 2.0 25 3.0 3.5
1000/ T (K
Fig. 5. Seobeck coefficient as a function of the inverse temperature

for the Cu(Aly oFey2)0, sample,

emission of the clectron uﬂcrconﬁgmtmn {ransition from
24%45" 1o 34'% in Cu™ ions.*® This revealed that Cu{Al;pFeiea)
O, can be used in LEDs for eptoelectronics devices.

high o valve for the CutAlipFe 2)0; mmple was affected by
the large 8 value. producing hole carniers in the Cu 1aycrs
This n:sulxcxi from the difference in the jonic radii of Fe'*
and AP~ in the B site layer in the Cu(Al zFe; )0, sample.

The electronic transport pmpemcs of a material can be
described with the § and ¢ relations:™

s==2(-Zs)

e kaT
AL ( E,)“Aa(
CEFOP\ T TTOP T

where £, is the excitation energy of the charge arriers (pola-
rons), b.., is the activation energy, £y, is the charge transport
energy (if E,, > 0, the charge transport is thermally activated
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according to the small-polaron hopping mechanism), and the
positive and negative si 2%ns indicaie whether the material is p-
or n- type, respectively,” The E, for the Cu(AlyFey2)0s sam-
ple was obtained by the plotting 5 versus the inverse tempera-
ture, as shown in Fig. 5. The E; for the Cu(Al)pFeyn)0;
sample was obtained from the Arrhenius plot of In(sT) versus
the inverse temperature, as shown in Fig. 8.

The tinear slope for K, was separated into two regions.
denoted E,; for tesperatures ranging from 300 1o 500 K and
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E,, for iemperatures ranging from 500 to 1000 K. The E,; and
E,; values were 0.014 and 0.044 eV, rcspecuvelv The results
were simaller than value of CuAlO~ which was 0.153 ¢V for
tempcmmrex ranging from 300 to 700 K. and closely to value
of CuFe0s.* which was 0.028 ¢V for temperatures ranging
fram 300 to 950 K. In addition, the value of activation energy
{E;) was 0.075 ¢V. This value was lower than that ofCuAlO« 3
which was 0.2 ¢V and higher than that of CuFeD,,* which was
0.049 cV. The E,, values for the Cu(AlynFe, 2)0, sample were
Eqr = 0.06] ¢V for temperatures ranging fram 300 to 500 K
and £,,, = 0.03) ¢V for temperatures ranging from 500 to
1000 K. This revealed that the Euy value in the low-temperd-
ture region (< 500 K) was greater than zero, confirming that
the electronic wransport energy for Cu(Al2Fe2)0; delafossite
was controlled by the small-polaron hopping mechanism,
which is thermally activated charge transport.

(4) Encrgy Diagram
For p-type semiconductoers, the value of E,, as depicted in
Fig. 8, rdates to the minimum energy required to tramsfer
holes from the acceptor level 1o the valence band This
implies that for temperatures < 500 K Cu(Al;pFe, )0, dela-
fossite contained an acoeptor lewel above the valence band
with £, = 0036 ¢V.

The Fermi energy (Er) of a material can be caleulated
using the Seebeck relation:
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where n, is the scatiering constant and the minus sign indi-
cates that the material is p-type. The Ep was obtained by the
plotting S versus the inverse temperature. Eq. 6 was similar
10 Eq. 5, thus, by assuming that E¢ and 13, were constant at
room temperature, the value of £¢ for temperatures < 500 K
was approximately cqual to the value of £,, which is shown
in Fig. §, where Ep = K, = 0.014 ¢V,

The encrpy level dagram for Cu{Alj2Fe )02 delafossite
al room lemperature is lustrated in Fig, 9, showing a direct
E, of 4,56 ¢V, The Fp and the acceptor level (E,) remained
above the valence band &t 0.014 and 0.036 ¢V, respectively.
The En ranged between the Ep and E; with a valuc of
0.022 ¢V and the cmission ¢nergy was below the conduction
band at 3.17 ¢V,

IV. Conclusions

Cu(AlynFe,2)0; delafossite was synthesized using solid-state
reactions 10 investigate the cffect of a mixture of different
jonic madii for AP'* and Fe*~ at the B sites, on the optical
and electronic transport properties for a p-TCO material
The XRD reguits confirmed that the Cu{AlypFea)O: sample
formed a delafossite structure (R3m symmetry). EDS, XPS,
and TGA revealed that the correct chemical composition of
the compound was CuAl;~Fei»0;z.0012. The sample dis-
plaved & direct optical gap of 3.7 ¢V and positive S vatues,
indieating it is a p-TCO material. The fluorescence emission
peak around 390 nm (3.17 ¢V) confirmed the existence of a
direct transition band gap. The & value was preater than
zero. displaying the enhancement of hole carriers, which was
supported by the intercalated O atoms that resulted from the
differences in the ionic radi at the B sites. The £, (at low
temperatures) was greater than zero, indicating that the hole
transport energy was thermally activated, as described by the
small-polaron hopping mechanism, Cul(Al;;Fe;»)0; delafos-
sites are a promising candidate p-TCO material for use in
optoclectronics deviees.
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Cugy P fe0; (x=0.01, 0.03 and 005) delafossite was prepared by solid state reactions and was
calcined jsintered at 1050 °C. The eflact of P4** substitution for the Cu’* sites on the thermoelectric and
electronic properties of (i, _Pde,FeO, were investigated. The crystal structure, axygen decomposition,
thermoelectric and electronic properties were characterized by X-ray diffraction, themmogravimetric
analysis, X-ray photoelectron spectroscopy {XPS), Seeberk coefficient, efectsical conductivity and thermal
cenductivity measuremnents, The characterization showed that Ciyy..PdxfeQ; formed a hexagonal
delafossite structure with R3 —m symmetry. The existence of Pd2+, Cu'*, Cu?*, Fe'*, Fe!* and O was
revealed from the XPS results, Confirmation of P4?* substitution for the Cu'* sites ocrurred by
increasing the c-axis in the lattice parameter with a Pd content. The O eontent Intercalated at the center
of the triangular Cu acted as a support to preduce Cu®* jons and was reduced with an increasing Pd
content. The mixed valencies of Cu' */Cu®* and Cu'* [Pd?* in the Cu layer changed the electrical
conductivity and the Fe?*[Fe*> mixed valencies in the FeOg layer caused the Seebeck coefficient to
increase, Beth the electrical conductivity and Seebeck coefficient for Pd contents of x=0.01 and 0.03
were higher than that of non-doped CuFe0;. The low thermal conductivity of Cuyy - gPdeaFeQs resulted
from the substitution of Pd, which has a large atomnic mass, into structure, The jonker piot indicated that
the electronic properties displayed a degenerate density of states and that CQu,. zPd,FeO, was a
semiconductor, A high ZT value of 0.055 was obtained for a Pd content of 0.03 at 950 K The pd**
substitution for the Cu®* sites influenced the thermoclearic and clectronic properties of the delafossite
Cuxs - x)Pxfe0; samples.

€ 2014 Elsevier Inc Al rights reserved.

1. Introduction

octahedra were formed by sharing the [BO;] ™ edges, The trivalent
B** cations accupied the middle of the ocrahedral block with six

Delafossite [1} compounds have attracted attention in recent
years as a promising material for use in applications such as:
thermoelectrics [2.3), p-type transparent conducting oxides {4-7}
ozone sensors [ 8], solar cells [9), photocatatysis |10} and batteries
{11} Delafossites are ternary oxide compounds with the chemical
formula A** B *0,, where the A-site is Cu, Ag, Pd, or Pt and the
B-site is trivalent transition metals (Cr, Fe, Co,). group Il metal
elements (Sc, Y, La), group 13 metal elements {Al, Ga, In), or rare
earth elements {Pr, Nd, Sm), such as CuFe0,, PdCo04 and PtCo0,
compounds [1-10} Their structures [3] are achieved by forming
2-D layers of alternating A** and BOs octahedra layers, stacked
along the c-axis. A’ * is a twofold linear coordination that connects
to two 0=, resembling a dumbbel} shape along the c-axis. BOg

=Tel: ~ 662 326 4339 53x285/6; fax: 466 2 326 4413,
E-matl addresses: chestaratt anapunttgmail.com, krehesta@kinrttacth

hetp:fjdx doLorg 10 1036/ jssc2014.00.027
0022-4596}¢ 2014 Eksevier Inc. All rights reserved.

0~ ions surrounding them.

Currently there are issues in_recovering waste heat to electri-
city. Thermoelectric devices are of interest for use as a new source
of energy. The thermoelectric effect is the conversion of a
temperature gradient directly into electricity and vice versa [12}
The effidency of a thermodlectric device depends on the proper-
ties of the material and can be expressed in notation of the
dimensionless figure of merit, ZT=a5°T/x, where § is the Seebeck
coefficient, ¢ and x are the electrical and thermal conductivides,
respectively and T s the absolute temperature. The optimum ZT is
obtained from materials with large & and S values and a small x
value. Pd-based (3d4%) and Pt-based (4d®) delafossites {PdCe0..
PtCo0,) act as metallic conductors with a high conductivity, but
have a low Seebeck coefficient [13,14] Meanwhile, the behavior
of Cu-based {3d'%) and Ag-based ({4d'") delafossites (CuFeD>
AgFe0,) display semiconducting propertles with a high Seebeck
coefficient {13,15). Rogers et al {13] have reported that the
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electrical conductivity of Cu-based is mastly higher than that of
Ag-based. This illustrates that Cu-based based delafossites are
ideal for improving the performance of thefmoelectric materials.

The charge transport properties of Cu-based delafossite com-
pounds, which generally display p-type conductivity, are mainly
contralied by the ratio of the mixed valencies of the Cu®~ [Cu'*
ions in the Cu layer {16]. The conductivity of Cu-based delafossites
can be improved by increasing the number of charge carriers via
the Cu®* [Cu'* ratio {16]. There are three doping approaches used
to enhance the charge transport properties of Cu-based detafos-
sites (1) insertion of extra oxygen atoins in center of the triangular
Cu atoms in the Cu layer; (2) substitution of divalent cations at the
B sites; and {3} substitution of the linear co-ordinates of the Ag. Pd
or Pt cations at the Cu sites,

In the first approach, extra O atoms are doped intw the
structure by inserting them into the center of the triangle of Cu
atoms in the Cu planes to produce axygen off-stoichiometry (§) in
the structure [16.18}. The Cu* [Cu' * ratio is directly governed by
5 according to chemical formula [Cu'*], Lo Cu?*]25B0,, 5
{16,18]. A large number of extra interstiial O atoms can be
achieved with a large triangular area of Cu atoms, with enough
contzining trivalent 0%~ anions {17]. The area of the triangle and
the triangular crystallographic size of Cu-based are depended on
the unit cell parameter, o-axis as a direct correlation to the size of
the B cations |1,i8,18), The number of extra O atoms inserted was
too large when the ionic radii of the 8~ (rp) cations was above
0.665 A [ 18], As a result, It was easier to nsert O atoms in Cu layer
of the CuScOr (S*rpm0745A), CuYOy (V3*rp=0Q9A) or
Cula0, (La®*ra=1.032 A) compounds than it was te insert the
CuFe0, (Fe?+rpw0645 A), CuCrO; (€r*ry=05615A) or Cunlo,
(AP *+rz==0.535 A) compounds [1,17,18}, Thus, the Cu-based dela-
fossites with targe B* cations in CuScQy, CuYO, and CulaOs
compounds had a large electrical conductivity {1}

In the second approach, with substitution of divalent
M?+cations for the B** sites, the Cu?=[Cu'* ratio was directly
controlled the M~ ions by doping the B** site stoichiometry {x)
according to the chemical formula: [Cut* ]  JCo®* 1B * b s
[M2*10, [1,16,18,19]. MZ* is a commonly used acceptor for
doping the B** sites, which consist of Mg**, Ca®+ and Sn?*, For
the substituted atoms, the ionic radius of M>* {ru) was close to
the fonic radius of B3* {rg). Sn?* (ray=0.56 A) was substituted for
the Fe?*sites in CuFe, _,$n0, [6] and Mg+ (ry=0.72 A) was
substituted for the Cr** sites in CuCr, _,M,0; {11

In the final approach. which is a new method, with the
substitution of the linear co-ordinates of the Ag, Pd or Pt for
Cu'* sites, the N2+jCu'* (N=Ag, Pd or Pt} ratio added positive
charge carriers, which were produced by the stoichiometry (x) of
the N°* substitution according the formula [Cu'* ]
[N?* 1B+ 0, There are a few reports on the N cation substitution
for Cu-based delafossites which include Cuy_ PtFe0; I3}
Cu,;_,AgRh0, {20), Cu,_Ag (10, {21] and Cu,_,AgAlO; {22}
To the best of our knowledge, there are no reports on synthesizing
Pd2+ substitution for the Ca'* sites in Cuq_,Pd,Fe0; delafessite
samples, or any Investigations on the thermoelectric and electro-
nic properties.

Herein, the thermoelectric and electronic properties of Bd?™
substituted for the Cu'~ sites in delafossite Cu, _ Pd,FeQ, samples
are investigated. Cu; _Pd,FeOy was prepared by a selid state
reaction and was characterized by X-ray diffraction (XRD), X-ray
photoetectron spectroscopy (XPS) and thermogravimetric analysis
(TGA)L The thermoelectric properties were measured from the
Seebeck coefficient, electrical conductivity and thermal conductiv-
ity measurernents. The electronic properties were analyzed with
a Jonker plot. The effects of Pd** substitution for the Cu'* sites
on the thermoelectric and electronic transport properties are

reported,

2. Experimental
2.1. Materials and methods

Ciyy - PdieFe0z (x=0.01, 0.03 and 005) samples were pre-
pared, Stoichiometric amounts of Cu0 {99.98%), PdCl; (99%) and
Fe,0; (89%) powders were ball milled in alcohol (95%) for 24 h
The milled powder was calcined in air at 1050 °C for 6 h before it
was quenched, grilled and pressed into pellets, 12 mm in diameter
and 2-3mm in thickness. The pellets were sintered in an Al
crucible at 1050 °C in air for 24 h and then rapidly quenched to
roam temperature,

The crystal phases were characterized by powder XRD using a
PHILIPS X' Pert MPD diffractometer with Cu Ka radiationovera2z h
period in the range 10°-80° increasing in 0.02° steps. The O
content was analyzed under an air atmosphere using TGA with a
Perkin Imer TGA7 instrument. XPS was performed on an AXIS
{Itra DLD instrument with an Al Ka (150 W) X-ray source and a
photon energy of 1486.6 eV. The Seebeck coefficient and electrical
resistivity were simultaneously measured on 2 2.5 x 25 x 26 mm?®
sample bar using an ULVAC-RIKO ZEM-3 thermoelectric measure-
ment system, under a low pressure He atmosphere. The thermal
conductivity was determined on a 12 mm diameter sample with
16mm thick pellet using the ULVAC SINKU RIKO Inc. model:
TC-7000 laser-flash method unde: a Ny atmosphere,

3. Results and discussion
3.1. Chamcterization

The XRD patterns for the Cu; _Pd.Fe0: (x=0.01, 0.03 and 0.05}
samples are shown in Fig. 1. The standard phase Inorganic Crystal
Structure Database (ICSD) file (01-075-2146) for CuFeQ, delafos-
site was Inserted for referencing. The peaks were characteristic of
the CuFe0; delafossite phase, which was in agreement with
previous reports |3} with an impurity phases of CuFe,04
(JCPDS#25-0283) and CuD (JCPDS#89-5895). The prepared
Cuy - PdFe0, samples formed a hexagonal delafossite structure
with an R3—m space group [23). The lattice parameters for
x=001, 003 and 0.05 of the o-axis were 3.0390 A, 3.0399 A and
3.0389 A, respectvely and 171848 A, 172394 A and 172946A,
respectively, for the t-axis, based on a hexagonal structure.

The lattice parameters for the non-doped CuFe0; delafossite
sample were 3.0351 A and 171660 A for the o-axis and the c-axis,

» Cud [JCPDS#E3-5805] v CuFe O, [JCPDS2R5-0283]

J Cu,, Pd, FeO,
x=0.05 o ) o
- A T A v i ¥
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'E o ——
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Fig 1. XRD patterns of the Cuy,. dFe0s (2007, 043 and Q05) sampies with
impurity phases of CuFe;0; and CuO.

105



106

At hors persendi ooy

respectively [23]. This showed that the a- and ¢-axes for all of the
Cuy_xPdFe0; samples were larger than that of the non-doped
CuFeD, The ag-axis of the Cu,_ Pdfe0, samples had a small
change with an increasing x content; while the c-xds rapidly
increased with an increasing x content. This result was effected by
the partial substitution of Pd®* ions that had a large radius
(ra=064 A), with Cu’* {r4=0.486 A) ions, which corresponded to
Ref {20]. If the Pd>* ions were partially substituted for the Fe*+
{re=0.645 A) sites, the length of the c-axis structure remained
unchanged. This confirmed that Pd® * ions were substituted for the
Cu?* sites, The un-changed of ¢-axis length with an increasing x
content is due to the non-substitution of Pd for B** site, which
control the a-axis length of structure.

The p-type electronic transport properties of the CuFeO;
delafossite sample were controlled by hole charge carriers, which
was related to the mixed valency Cu'*JCu®* ratio. The mixed
valency Cu'*jCu” * ratio was directly zffected by intercalating the
O non-stoichiometry (5} into the CuFe0, structure according to the
chemical formula: [Cul*qCuld [Fe?+0,, 5 116,18]. The § of the
excess O atoms in the structure was determined by the weight loss
of the sample using TGA |24,25]. Fig. 2 shows the TGA analyses of
the Cu,_.PdFeQ, samples with x=0.01, 0.03 and 0.05. The TGA
results indicated that the total weight losses were §=5%, 2.2% and
1.0% for x=0.01, 0.03 and 0.05, respectively. In a previous study |3},
the non-doped CuFeO» sample had d=09% This result verified
that the number of intercalated O atoms inserted was small for the
non-doped CuFeQ, sample because the lonic radii of the Fe’+
{ra==0.645 A) sites limited the amount of space for the Cu triangle
below 0.665 A }18]. For the case where Pd was substituted for the
Cu sites, the 5 values at x=001 and 0.03 were larger than that of
the non-doped CuFeOa. As a result, Pd was substituted for pd?+
{ra=064 A) at the Cu'* (ra=0.46 A) sites, which contributed
the occurrence of the lattice dynamics to expand the area of the Cu
triangle, allowing for an increase in the amount of O intercalated
into the Ca plane. For the sample with x=0.05, the § value was
close to the non-doped CuFeQ; value, resulting from the large
number of Pd aroms, which stopped the O atoms from interacting.

The XPS analysis was evaluated to verify the valence state and
stable axidation aumber for the Cu,_,Pd,Fe0, samples. The
binding energies for Cu, Pd, Fe and O are shown in Fig. 3a-d).
respectively.

Fig. Xa) iflustrates that the XPS analysis for the binding
energies of Cu(2psn) were centered at 933.8eV, 934.0¢V,
93339 eV and 933.8 ¢V for the x=0, 0.0%, 0.03 and 0.05 samples,
respectively. In the literature {26,27], the binding energies for the
CW(2py;,) states were 932.8 eV for the Cu'* ion and 9344 eV for
the Cu* ion. These data revealed that the XPS sesults for the
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Fig. 3. Xray photoelection speatra of the {a) Cu2pys, (b)) Pd3dse Ri3dyy,
{c} Fe2pap and (d} O s of the Cup_ Pdfe0; fxad 001, 0.03 and 0.08) saples,

Cu,_ Pd FeQ, samples with x=0, 001, 0.03 and 0.05 for the
Cu{2py;) sample displayed a peak berween the Cu'* and Cu?+
positions. The results were affected by the mixed valence states of
the Cu'* /Cu®* jons, which corresponds to the results reported in
the literature [256.28). The locations of the shakeup peaks verified
that a Cu®* state occurred. The percentage tatio of Cu'*[Cu?*

106



107

Toroar 2nohd Lopy

46 € Rwianapen / Joumal of Selld State Chemistry 215 (2014) 43-49

area was approximately 85.44/14.55, 82.87/16.69, and 8351649,
respectively for x=0.01, 0.03 and C.05. This confirmed that mixed
valence Cuf +/Cu?+ jons appeared in the Cu,_,Pd,Fe0, (x=0, 001,
0.03 and 0.05) compounds. The results were direcily effect from
the intercalation of the O non-stoichiometry.

Fig. 3(b) displays the peaks of the binding energles for the P&+
ion at 3375 eV for the Pd{3dyy,) state and 343.2 eV for the Pd{3d,p)
state for the Cu,.,PdFe0; (x=0.01 0.03 and 0.05) samples, The
standard single peaks for Pd'* have been reported in the literature
{2930} at 3390 eV for the 3dsy state and 3358V for the 3dy,
state. Reports on Pd?* samples {28,308 had peaks centered at 337.1
for the 3dsy state and 3425eV for the 3dyp, state, The results
confirmed that the P&+ jons were in their oxidation state in all of
the Cu.. Pd,Fe0; samples {x==001, .03 and 0.05). The Pd'* ions
were illustrated in curve of the Pd{3ds,,) state. Small area of the
Pd'* lon appeared in the sample of x=003 and 005. The
percentage ratio of Pd'*fPd®* area was approximately 17.60/
8239, and 15.21/84.72 for x=0.03 and 0.05, respectively. This gives
evidence that Pd®* was substituted for the Cu sites in the CuFeQ,
delafossite samples. The chemical formula for the mixed valency
Cut*jC#™ was caused by the O non-stoichiometry (&) and the
mixed valency Cu'*/Pd’>* was caused by the x content in the
substituted Pd, which can be written as: [Cu}* (5., C15% Pd2~]
Fe~0s,,

Fig. 3{c) shows the XPS results for the binding energies of the
Fe(2psp) states for the non-doped CuFcO: sample |6] and the
Cu, _PdFe(, (=001, 0.03 and 0.053) samples. These results
showed that the peak for the non-doped CuFeQs sampie was
centered at 7115 eV and the Cuy ...PdFel; (x=0.01,0.03 and 0.05)
peaks were centered at 712 eV, Referring to the axidation state in
the literature [ 29], the binding energies for the Fe(2p,5; ) state were
7115¢eV for the Fe** jons and 712eV for the Fe** ions This
confirmed that the non-doped CuFeQ, sample was stable for the
Fe** state. For the Cuy _,Pd,Fe0; (x=0.01, 0.03 and 0.05) samples,
the results showed that the position of the binding energies were
shifted from the position of the peak of the non-doped CuFe0a {as
Fe** state) by 05eV. The energy shift was affected by the
existence of Fe** lons and corresponded to the reports by
Kanarani et al. {31] and Kim et al. {32} This confirmed that the
Cuy_4Pd,Fe0; (x=:0.01, 0.03 and 0.05) samples displayed mixing

.of the valence states berween the Fe** and the Fe** ions. The

existence of Fe*+ [Fe** ratio which is weighted by percentage of
area ratio was approximated 66.31/33.68 64.06/35.39, and 64.01/
35938 for the sample of x=20.01, 0.03 and 0.03, respectively. The
mixed valence state Fe?*/Fe*™ jons were affected by substituting
Pd into the CuFeQ, samples. The complete chemical formula for
the Cu, . PdFe0, {(x=001, 003 and 0.05) delafossite samples
with a combination of mixed valence Fe**/Fe** states can be
written as |Cul* g, gCudd PA2*)[Fe}? Feb [Oa.. 5 where y Is the
stoichiometry of the Fe** ions

Fig 3({d) shows the binding energies of the O atoms (1s) in a
non-doped CuReO; sample [6] and Cu;_.Pd.Fe0D; (x=0,01, 003
and 0,05) samples. The O 1s exhibited two peak components: a
first peak at 529.8 eV and a second peak at 5316 eV. This revealed
that all of the compounds contained two species of oxygen: lattice
oxygen 0, (529.8 eV) and non-lattice oxygen O (5316 eV), which
corespond with Refl [28] The Oy was associated with the
intercalation oxygen. which was inserted in the spaces in the
Cu-triangle plane and was related with the § parameter In the TGA
results,

3.2. Thermeelectric and electronic properties
Fig. 4 shows the Seebeck coefficient (S) values for the Cu; _Pd,

FeG, (x=0.01, 0.03 and 0.05) samples and the non-doped CuFe0,
sample as a function of temperature, which were in agreement
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Fig. 4. Seebeck coeffident as & function of temperature fx the Cuy _PdoFeOs
{x=0.01, .03 and 0.05) samples.
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Fig. 5. Electrical conductivity a8 a function of temperature for the Ctny ., Pd,FeOy
{x=0.01, 0.03 and 0.05) samples,

with previous resuits |6} Positive S values were recorded for all of
the results, indicating p-type behavior, with the conductivity
predominantly arising fram positive (hele) charge carriers. This
confirmed that the Cu,..,Pd,Fe0, (x==0.01, 003 and 0.05) dela~
fossite samples were p-type conducting oxides and p-type ther-
moelectric materials. The S values for the Cu, _Pd,FeO; samples
were higher than that of non-doped CuFeO; sample for tempera-
tures <900 K. The trend of the 5 values for the Cu,_.Pd, FeD,
(x=0.01,0.03 and 0.05) samples decreased with both an increasing
temperature and an increasing x content of Pd, while the behavior
of § values weakly changed with the impurity of CuFe;04 and Cu0.
This implied that the Pd substitution play important role to exhibit
the Svalue for CuFe0,. The § line for the x:= 0,01 sample remained
above the value for the other samples, The maximum S value was
335 puv/K for x=0.01 at 870 K.

The electrical conductivity {&) values are shown in Fig. 5 as a
function of temperature for the Cu, . ,Pd.Fe0: (x0.01, 003 and
0.05) samples and the non-doped CuFeQ, sample that was
obtained from a previous study {3} For all samples, the trend of
the o increased with increasing temperature, but decreased with
increasing x content. The behavior of @ values tiny varied with the
impurity of CuFe,04 and CuQ. The ¢ values for the Cuy _,PdFe0;
(x=0.01 and 0.03) samples were higher than that of non-doped
CuFe0, sample. The o value for the x=0.05 sample was close to
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the non-doped CuFeO: value [3]. The a results for the x=0.01
samples displayed a maximum wvalue of 125-15 Sfem for all
temperatures used.

According to the approach used by Shibasaki et al. [20}, the charge
carsier transpost for ¢ and S can be desaibed by the model} as:

G = Geu+ Treny,
S=M;m M

where G, and Sy, are the electrical conductivity and the Seebeck
coefficient for the Cu layer. where the charge carrlers were either
cu?* cations (effected by the O non-stoichlometry (&) and Pd**
cations (effected by the x content of Pd) where [ColZpsen
CudF Pd2* JFe?+ 0y, 5 Open, and S, mepresent the electrical and
Seebeck mefficient for the octahedral FeOs layer according to [Cu]
[Fe} 22, Fei™ 0. Gren, is the contribution of the charge carrles (that
were Fe** ions), and Spq, is the contribution of the mixed valent
Fe** [Fe*+ ions.

According to the XPS results, the Cuy _PdFe0: (x=0.01, 0.03
and 0.05) samples displayed mixing Fe? " {3¢%)fFe** {3d%) states for
the transition-metal FeQg in octahedral oxygen co-ordinations.
This effect contributed to the occurrence of a strong correlation
between the orbital and spin degeneracy for the charge carriers
between the Fe>*({3d™ and Fe**{3d*) ions [33]. The transition
octahedral oxide (FeOg) was supported, even though the crystals
had filled their 3d energy into two states containing 3 levels for
the tz; and 2 levels for the e, as reported by Kim et al. [32]. Tanaka
et al [30) reported a CuFeO, with aFe® * peak at 7115 eV for 2pas,
displaying the configuration of the Fe** (34%) ions in a high spin
state. Thus, the mixed valence Fe® ~(3d%)fFe*~ (3d*) states in the
Cuy—xPd,FeO; {x=001, 003 and 0.03) samples were present a
configuration in the high spin state, The Fe®*(3d%) ions displayed a
spin configuration that occupied 3 for the o, and 2 for the e, as
total spin in 5/2 and the Fe**(3d*) ions exhibited a spin config-
uration that occupled 3 for the & 4 and 1 for the ¢, with as total
spin in 2. According to Koshibae et al. [33) reported, an equation
for the maxdimum limit of Spen,. which is S for FeOg octahedra
layers, at high temperatures for the above system is described by
the extending Heikes relation:

k, g3+ kﬂ p,
Sm-—[ﬁin(g—;)+ﬁln(]_pr)], @

where k; is Bolzmann’s constant, ¢ is the electronic charge, g*+
and g** are the spin and orbital degeneracy for the Fe** and Fed+
states, respectively, p, is the ratio between the number of carriers
and the available sites for the Fe** ions, the minus sign indicated
that this was p-type. The g** and g** values for the CuPd
|Fe* )y 5 Fe** |,O; samples were obtained using &% = I oriuent
FopP* and g% « [ pepwal o]’ © for the F* (34°) and Fe*+
(3d%}ions, respectively, where £ g i {250+ 1) Faptear i5 (2L4 1) Sy
is the total spin {summation of all of the spin quantum number)
and L is the total number of orbitals jsummation of all of the
orbital quantum numbers). The g** for Fe*~(3d%) and g*+ for
Fe** (34"} were 6 and 10, respectively, according to Nozaki et al.
[34). The first term in Eq. (2} is related with the eflect of a sfrong
correlation between the orbital and spin degeneracies of the Fe®*
and Fe* ions and the second term in Eq (2) is related with the
density of charge carriers in the Fe?* and Fe** ions. For the mixed
valence Fe**{3d*)fFe** (3d*) states in the Cuy_,Pd,FeOzsamples,
the value of the first term In Eq. (2) for Syen, was 44.017 pViK for
all samples. The second terfn in Eq. {2 pointed out that the Sgeq,
decreased with an increasing ratio of charge carrier density via the
py value,

For the Cu layers, S, is describad by the Helkes formula

ks Px
Seu= - in(722). @
where p, is the ratio between the number of carriers and the
available sites in Cu layer contributing by the Cu®* charge carriers
{effected by the O non-stoichiometry (8)) and the Pd** charge
carriers (effected by the x content of Pd) The Eg. (3) implied that
the ¢, decreased with an increasing ratio of charge carrier density
via the p, value,

The experimental results for S, shown in Fig. 4. can be described
as: when the § value for the Cu, . Pd,Fe0, (x==0.01, 0,03 and 0.05)
samples was larger than that of the non-doped CuFeO: it was
affected by the first term In Eq. (2), which is effect by the mixed
valence Fed*(3d°)/Fe**+{3d%) states in FeQ; octahedra layers.
In addition, from the experimental results. the § values for the
Cuq _PdFe0s (x=0.01, 0.03 and 0.05) samples decreased with an
increasing x content, which affected the result of second term in
Eg. {2)and the result of Eq. (3} Thus, to obtain the large S value for
the Cu, _,Pd,Fe0; samples, the mixed valence Fe?+ and Fe** ions
mostly occurred when there was a small amount of Pd substitu-
tion in the sample.

For the p-type carriers, ¢ is related by the equation: os=pen,
where pis the positive charge density, ¢ is the electronic charge, y1 is
the carrier mobility. The experimental results for a. shown in Fig. 5,
the & value for the Cuy_,Pd.FeQ; {x= 001, 003 and 0.05) samples
decreased with an increasing x content as corresponding to the TGA
results as the total weight losses decreasing with an increasing x
content. Obviously, the & line for the x«0.05 sample was close to the
non-doped CuFeO; ling, and the 8 value for the x=0.05 sample was
close to the non-doped CuFeQ, value. The maximum o value was the
x= 005 sample, and the maximum & value was the x=0.05 sample.
These results implied that the major effect of electrical conductivity
of the Cuy_,PdFe0; samples was controlled by e, which is the
electrical conductivity for the Cu layers, with main charge carrier part
of the Cu®* jons from the O non-stoichiometry (8). This result
pointed out that the number of charge carrier from Pd?* and Fe**
jons is smaller than that the number of charge carrier fram Cu®~* ions
affecting by the O intercalated. Totally, the charge carriers in Cu
layers, which are contribution by the combination of Ct#* ions and
Pd?* ions, decreased with an increasing x content, while the charge
carrlers in FeOs octahedra layers, which is contribution by Fe* ions,
Increased with an increasing x content, For the cast of the §, the value
of the Cu; _,Pd.FeG2 samples increased with an increasing x content.
This implied that the § value of the Cuy .. Pd FeO- delafossite is major
controlled by behavior in FeOg octahedra layers.

To apply the regime of the density of states (DOS), the relation
between the Secheck coeffident and the electrical conductivity
were used to indicate the criteria of a non-degenerate DOS (as
parabolic conduction and valence bands) of the semiconductor,
called the Jonker relation {35} The Jonker equaton for a p-type
serniconductor is given by

S -%!nzn—%ln Go L)
where o= Nyepr exp(A), N, is the valence band DOS and A is a
transport constant (0<A <4). The Jonker curve is a plot of §
versus In o; where In g, is where the curve intercepts the 5 axis at
the zero value of In #7. Eq. (4] was derived by the relation between
the equation of electrical conductivity for non-degenerate p-type
semiconductor: g=pey, which is based on a simple two-band
model of parabolic valence and conduction bands. and the Seebeck
coefficient: S={(kle)Xin{N.{p)~A)), where kfe has the standard
value of BGI7 pV/K. The value of the slope, which was —kg/e
{ = - 86.15 pV/K), Indicated the regime of the non-degenerate DOS
for the semiconductor. The Jonker plots for the Cu,_,Pd,FeG,
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{0.01, 0.03 and 0.05) samples are shown in Fig. 6. The results
showed that the slopes for x=0.01, 0.03 and 0.05 were —163.69,
-107.74 and — B0.17 pV/K, respectively. The siope for xs= (.01 was
far from the Jonker line, while the slope for x=0.05 was close to
the jonker Hne. This implied that the small amount of Pd
substituted into the samples affected the non-degenerate DOS of
the semiconductor more than that with a high amount of Pd
substituted.

The thermal conductivity {x) was measured using a laser flash
technique given that x=dCa {36], where d, (, and ¢ are the
sample density, the heat capacity and the thermal diffusivity,
respectively. The ratios of the bulk density in the sample, to the
theoretical density of the Cu,_,Pd.FeQ; samples were 93.65%,
94.37% and 92.74% for x=001, 003 and 0.05, respectively,

The total k value was obtained using x=x,+&; [36] where x, is
the thermal conductivity of the electronic contribution and x; is the
thermal conductivity of the phonons, The x values for the non-cdoped
CuFe0; {3} and the Cu, _.PdFe0; (x=001, 0.03 and 0.05) samples
were computed by combining the x, values, as shown In Flg 7{a)and
x5, a5 shown in Fig. Z{b). The resuits showed that the & values of the
Cuy . PdFe0s {x=0.01,0.03 and 0.05) samples were lower than that
of the non-doped CuFe0, sample {3} over the entire measurernent
temperature range. The value of x was reduced as the x content was
increased. The minimum x value of 14 W/m K occorred in the
x=0.05 sample, The x value was lower than the minimum value of
the non-doped CuFeQ; sample {3] by approximately three times. This
implied that when Pd was substituted for the Cu sites, the value of
the thermal conductivity was reduced.

K. is related to the Wiedemann-Franz law {36}, xe=L,Te, where
L, Is the lorenz factor {245x 10°°WSUX?), T is the absolute
temperature and ¢ Is the electrical conductivity. The results for
K, In the non-doped CuFeOs {3} and the Cuy.,Pd.Fe0; (x=0.01.
0.03 and 0.05) samples are shown in Fig. 7{a). The results showed
that the x, for the Cu, _ 'd,FeQ; (x=001, 0.03 and 0.05} samples
were below 0.04 WIm K in the range of temperatures dispfayed.
This implied that the major mechanism for controtling the total £
in the Cuy.,Pd,Fe0y (x=001 0.03 and 0.05) samples was cen-
tributed to by phonons,

The x; was dominated by phenon-~phonon scattering at high
temperatures above the Debye temperature and can be expressed
by Keyes's equation [37.38] as follows:

T2 53731 4
Kpa B( "’:‘lﬁl )T 5y
x=0 01
340 = =

;Jcnker hnea

_ 3 .

§ - -88.18 uVIK b
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samples.

where B is the proportionality constant, T, is the melting tempera-
ture, M is the average atomic mass, p is the density of the material
and T is the operation temperature, B= R f(372e3N1?), where y is
the Grineisen constant, ¢ is the fractional amplitude of the inter-
atomic thermal vibrations, R is de idea! gas constant and N, is
Avogadro's number. Keyes's formula implies that the offect of x is
preportional to the inverse of the temperature. Bg 7(b} shows the &y
for the samples as a function of the inverse of the temperature. The
curves for the non-doped CuFeQ, {3} and Cu,;_,Pd Fe0; (x=001,
003 and 0.05) samples were almost linear against the inversion
temperature, This implies that the major mechanism of the lattice
therma) conductivity for the Cuy _Pd,Fe0, compounds was affected
by the phonon-phonon scattering In addition, Keyes's relation
Implies that a low & value was achieved for large moleaular masses.
Pd atoms, which are large {atornic mass= 106.42 u), were substituted
for the Cu (atomic mass=63.546 u) sites, resulting in 2 reduction in
the thermal conductivity.

The dimensionless figure of merit (ZTwm$aT/x} [36] Is shown in
Fig. 8 as a function of the temperature for the non-doped CuFeQ,
3} and Cu, _,Pd,FeO; (x=0.01 0.03 and 0.05) samples. The results
showed that the Cu,;_Pd Fe0Os {(x=001 0.03 and 0.05) content
was higher than that of non-doped CuFeO, sample [3]. This
Implied that when Pd was substituted for the Cu sites in the
Cu, _ Pd.Fe0, samples and the ZT value was enhanced. The ZT
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vatue was high at high temperatures for x=0.03. The maximum ZT'
value in this work was 0.055 at 950 K for x=0.03. in summary. the
optimum ZT value occurred at high temperatures for a Pd content
of x=0.03.

4. Conclusions

Cu,_,PdFeOy (x=0.01 0.03 and 0.05) delafossite compounds
were prepared by solid state reactions to investigate the effect of
substituting Pd?* at the Cu sites on the thermoelectric and
electronic properties, The XRD results confirmed that the prepared
Cu,_PdFe0, samples formed hexagonal delafossite structures
with R3—m symmetry, The lattice parameter size and XPS results
revealed that Pd?* had been substituted at the Cu sites. Substitur-
ing Pd affected the insertion of extra oxygen atoms into the Cu
layer, shown by the TCA results XPS showed the occurrence of
mixed €u**/Cu®*, Cu’~/Pd**+and Fe**/Fe** ions. The Seebeck
coefficient and electrical conductivity increased for Pd contents of
x=00! and 0.03. A high ZT value of 0055 was obtained for a Pd
content of 0.03 at 950 K A low thermal conductivity resulted from
the large atomic mass of the Pd. The Jonker plot indicated that
Cuy_xPdFeQ» was a semiconductor with a degenerate density of
states. It is concluded that Pd2* was substituted for the Cu'* sites,
which played an important role in influencing the thermoelectric
and electronic transport properties of the Cu;_,Pd,FeO; delafos-
site samples,
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Effect of Strong Correlation of Mg?*-doped into
Cr*+ Sites of CuCrO; on Thermoelectric Properties
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This study aims to investigate the strong correlation effect of spin and charpe carriers for
the Mg**-substituted into Cr'+ sites of CuCrQ; delafossite on thermoelectric properties.
The CuCrqosMgnmO, sample was synthesized by a solid state reaction. The starting
powder CuO, Cr0; and MgO were ball milled wirh poly vinyl alcoliol solution for
24 h. The ball milled powder was pressed and sintered in air atmosphere at temperature
1050 C for 6 h. The crvsial structure was characterized by XRD, TGA, XPS and the
thermoelectric properties were measured at higl temperature. The XRD displaved peaks
of the pure phase CuCrQ, structure as hexagonal delafossite-type struclure space group:
R3m. The Seebeck coefficient of the samples displaved positive sign as p-type (hole)
conductor. The XPS resulis displaved Mg?*, Cul*, Cri* and Cr** ion states. The Mg**
induced mixed-valance Cri*/Cr** states resulting in enhanced Seebeck coefficient due
to a strong correlation of the spin-entropy. The experimenial results of Seebeck value
were close to calculared results by the extended Heikes formula confinming of the
strong correlation effect. In addition, the Mg-doped CuCrO; resulted in increased
electrical conductivity and reduced thermal conductivity with increasing lemperature.
These indicate that the Mg -substitated for Cr3t of CuCrQ; delafossite enhance the
thermaoelectric properties.

Kevwords Thermoelectric properties: CuCrO,: mixed-valence Cr/Cet state: Mg?+-
substituted

Received December 22, 2014: in final form May 22, 2015.

*Corresponding author. E-mail: krchesta@kmitl.ac.th: chesta. ruttanapun@ gmail com;

Color versions of one or more of the figures in the article can be found online at
www.tandfonline.conV/ginf.

45
112



Downloaded by [Gazi University] at 23:18 26 October 2015

113

46 C. Ruttanapun et al.

1. Introduction

The thermoelectric materials performance |1-4] is dependent on a dimensionless Figure of
Merit. ZT = o $?T/x. where S is the Seebeck coefficient. o is the electrical conductivity and
x is the thermal conductivity, and T is the absolute temperature respectively. The large ZT
occurs in materials containing two large values of o and S. and a small value of x. Koshibae
et al. [5] have predicted upper limit of Seebeck coefficient for the Na, CoO; compound. i.c.
130 1 V/K at the high temperature by using the approach of electron strong correlation. The
Na,CoOz crystal struciure is composed of the Na and the CoQOg octahedral Jayer aliernate
stacking along the c-axis. The important role to control for enhancing of the Seebeck value
of the NayCoO, is the mixed valence state of the Co**+/Co*} ion state in CoOg ocluhedral
Iaver. In addition, CuCrO; delafossite crystal structure is similar to Na,CoOs. The CuCrO;
compound | 6] is described by the Cu* layer and the CrOg octahedral layer. The Cr+ ions are
linearly bonded with 2 0%~ ions with a dumbbeli-shape. The CrOg octahedrals are formed
by sharing of the [CrO;]~ edges. There are experimental reports that the Seebeck value of
the CuCrO, compound can be increased by substitution of Mg?+ for Cr3+ site,

Qur previous work {7] has described behavior of Seebeck value of CuFeO; delafossite
by substitution of Sn*+ for the Fe?* sites into the CuFeO, compound by using approaching
of the electron strong correlation of the mixed valence state of the Fe*+/Fe** ions state in
FeOs octahedral.

Therefore. this work is aimed 1o describe the enhancing of thermoelectric properties
of the p-typed CuCrO; delafossite by Mg+ substitution for the Ce>* sites with approach
of the strong correlation of electron of the mixed valence stute in the compound. The
CuCrosMep ;02 was prepared by the solid state relation. The XRD. TGA. the XPS,
thermoelectric properties were characterized and discussed.

2. Experimental Details

Sample of CuCrggsMgoa20; Was prepared by a solid-state reaction method. Starting pow-
ders of Cu0, Cr»03, and MgO were mixed and ground in an agate mortar. Then. a homoge-
nous powder was cold pressed into pellets having diameters of 12 mm and thicknesses of
2-3 mm. Next. the pellets were sintered in furnace at 1050°C under air atmosphere for 24 h,
and were rapidly quenched to room temperatuse. The pure phase of the CuCrp9sMgo5202
samples was characterized by the XRD of PHILIPS model: X Pert MPD using Cu Ko
radiation with 26 = 10° to 80° with 0.02 steps. The oxygen content was analyzed by
using TGA by the Perkin Elmer TGA7 under N, atmosphere. The XPS was performed on
AXIS Untra DLD with Al Ke (150 W) X-ray source with photon energy 1486.6 ¢V. The
Seebeck coefficient was simultaneously measured on the sample bar using the ULVAC-
RIKO ZEM-3 thermoelectric property measurement system under a low-pressure helium
atmosphere. The thermal conductivity was meisured by using the ULVAC SINKU RIKO
TC-7000 laser-flash method on pellets of 12 mun diameter with thickness of 1.6 mm.

3. Results and Discussion

The XRD pattemns of the CuCrggsMg0,0202 sample are shown in Fig. 1. The standard phase
{or the CuCrQ; delafossite from the Inorganic PDF#00-039-0247 is added for the relerence.
The XRD peaks display all peaks corresponding to the referent peaks of the CuCrO,
reference |8]. This confirmed that the prepared CuCrgesMgge20a formed a delafossite
structure as an R3m space group.
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Figure 1. XRD patterns for the CuCrg g3 Mg0.020; sample, with data from the PDF file (00-039-0247)
for CuCrQ; delafossite inserted.

Fig. 2 shows thermogravimetric analysis (TGA) weight loss of the CuCrg9sMg0.02 02
sample. The weight loss of TGA line was determined from finding of the content of excess
oxygen insertion at central of Cu triangles layers of CuCrg 9sMg0.020; structure. The resulls
show that the total weight loss of CuCraosMgo.0202 is 0.5% as assuming chemical formula
CuCrposM00202.05 (5 = 0.5). In the report [9]. the total weight loss for CuCrO; is close
10 zero% resulting from ionic radii of Cr*+ (0.615 A) which is relating o the area of Cu'+
triangular as smaller the critical ionic radii (0.665 A) for oxygen insertion. The 0.5% weight
loss of CuCrggsMg0 0207 is affected from the large Mg (ionic radii 0.72 A) substitution for
Cr (ionic radii 0.615 A) sites contributing (o large than the critical ionic radii for oxygen
insertion,

The XPS spectra of Cu, Cr, and Mg for CuCrg9sMe00,0; are shown in Fig. 3. The
binding energy of XPS spectra were was used to determine the oxidation number of
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Figure 2. The TGA and DTA curve of the CuCry gsMgg 002 sample.
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Figure 3. XPS spectrum for (a) Cu(2psn), Cu(@pis), (b) Mgt1s) and (b) Cr+(2p). Cri¥(2p) in the
CuCrggsMgp 201 sample.

components of the sample. In Fig. 3(a). the binding energy for Cu(2p;5) and Cu(2p,n)
were centered at 934 eV, and 953 eV. respectively. confirming the existence of Cut state
in CuCrposMgoa02. In Fig. 3(b), the Mg(Is) was assigned at 1303 eV as the posi-
tion of Mg?* ions state. In Fig. 3(c). the Cri*+(2p,p). and Cr3+(2psp) stales were cen-
tered at 586.9 eV.5. and §75.9 eV (and 576.9)[10]. respectively and the Cr**(2p;p) and
Cr*(2pas) states were centered at ~577.2 eV and ~583.5 ¢ V[ 10). respectively. This indi-
cated that a mixture of states for the Cr¥*and Cr** ions occurred in the CuCrp9sMgan0;
sample.

From the XPS results. the nature of p-type CuCrpgsMegog20» was effected by
the Mg?*+ substitution for the Cr** site as relating to the chemical formula [11] of
Cu|Cr3*|y., [Cr+ ) [Mg?*],0,. This indicated that the mixing of the valence state be-
tween the Cr’* and Cr** ions existed in the octahedral block layers. The results showed
that the Mg®+-doped CuCrQ; possessed electron strong correlation from orbital and spin
degeneracy of the Cr’* and Cr** ions.

The Seebeck coefficient(S) of the CuCrg.9sMg0,0202 sample as a function of the tem-
perature in the range of 300 to 573 K is shown in Fig. 4. The § value of the CuCrg gsMgo 0,02
sample was in the range of 255 to 315 uV/K with temperature from 300K to §00 K. The
results showed the Seebeck coefficients as a positive sign indicating p-type conductivity
[12]. The S of the CuCrggeMenpa©O, sample was lower than that of CuCrO; reference.
In addition. the § of CuCrpesMgp.020; sumple was slightly increased as the temperature
increased implying the semiconductor behavior. The reducing of § was influenced from
the increasing of the hole carriers due to the Mg+ substituted for Cr¥+site, and rising with
temperature increasing.
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Figure 4. The Seebeck coefficient as a function of temperature of the CuCrgosMgo0»O; sample.

To describe the Seebeck behavior, the S can be described by the Hekes formula as:
S == —%%ISL where kg is the Boltzmann's constant. ¢ is the electronic charge. g is the
degeneracy of the system, and N is the number of particles. For the case of g for the strong
correlation of orbital and spin degeneracy of currier, the § is satisfied the extended Heikes

formula following as: § = —% ln(%L)15]. where g3+ and g7tare the spia and orbital

le| 1-x
degeneracy for Cr*+and Cr'** state, respectively, and x is the ratio of the number of carriers
to available sites.

For the CuCrgesMgo0202 compound. the transition octahedral oxide of CrOy layer of
the compound existed the degeneracy of electronic state due to the mixed state of CoHICr
which affected splitting state into two the 15, and e, by the crystal filed effecting in the
3d energy state. The g** and g** values were calculated by production of (25+1)(2L+1).
where $ is total spin and L is total orbital for the Cr*+ (3¢®) and Cr*t (3d°) state. Totally. the

§ can be written [13] as:S = — £ (In(JEHHIGLELE y( xy) The value of (25+/) is 1. and
3 for the Cr*+ (34%) and Cr** (3d°) state, respectively, (2141) is 4. and 3 for the Cr+ (34¥)
and Cr*t (3d?) state. respectively. The g+ is obtained 9 and g** is obtained 4. The x value
is approximated at 0.02. Finally. the results of S were obtained 268 uV/K. respectively.
The results relate with the experimental result at temperature 760 K. The results imply that
the extended Heikes formula can predict the S value at high temperature.

Fig. 5 displays the temperature dependence of the electrical conductivity (o) of the
CuCrgesMgonz02 sample and the CuCrO; reference. The values were measured in the
temperature ranging from 300 to 760 K. The o was ranging from 4 to 11 S/cm. The value
of CuCrq9sMgo.0202 was above that of the CuCrO; reference due 10 the carrier supporting
from the substitution of Mg corresponding to the § value of TGA weight loss.

Fig. 6 shows the temperature dependence of the thermal conductivity (k). The resuits
show that thex of CuCrgesMgo.020) sample was lower than that of the CuCrO; based. The
value of x for the CuCryggMgomOs was range of 1.2 W/mK to 2 W/mK with temperature
of 300 K to 960 K. The x values were lower approximatcly 3 10 4 times from the value
of CuCrO; based. This effect was contributed by the Mg?* substitution for Fe3* sites as
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Figure 5. The temperature dependence of electrical conductivity of the CuCrgogMgp 0202 sample
with CuCrO; based,

a center of the CrOg octahedral layer. The large atomic weight of Mg is a major effect to
reduce thermal conductivity.

Fig. 7 displays the temiperature dependance of the ZT of the CuCrggsMgo 0202 sample.
The ZT was calculated from the relation of ZT = S% T/k, where T is the absolute temper-
ature. The results were in a range of 0.003 to 0.035 with the temperature ranging from 300
1o 780 K. The results were increased with increasing temperature. The maximum ZT value
in this experiment was 0.035 at a temperature of 780 K.
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Figure 6. The temperature dependence of thermal conductivity of the CuCrg9sMgo 020 sample with
CuCrO; based.
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Figure 7. The temperature dependence of ZT of the CuCrgosMgg 0202 sample.

4. Conclusion

The CuCrpgsMgpp©y specimen was prepared by the solid state reaction method. The
X-ray peaks corresponded with the CuCrQ; delafossite structure. The XPS spectra showed
that the Mg-substituted CuCrO, excited the MaZ¥ state and the mixed CrH/Cr** states,
The Seebeck coefficient result by Extended Heikes formula was close to the experimesntal
results at high temperature. The reducing of the Seebeck value of the CuCrgosMga,mnO;
was due (o the increasing of charge by Mg*-doped. The increasing of Seebeck value
with increasing temperature was due {o the strong correlation of charge carrier between
the Cr** and Cr#+ jons in the octahedral CrQOg layer. The enhanced electrical conductivity
of CuCrggeMgon202 is due to the increasing of charge carrier by Me?*+-doped. The low
thermal conductivity of the CuCro9sMgo.020; was an effect from the large atomic weight
of Mg-doped. As a result. the rising of ZT of CuCrgggMgg 0,07 from the CuCrO;- based
was due to the Mgz"'-subs!imtion into Cr3* at center of octahedral of CrQq layer.
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1. Introduction

The thermoelectric phenomenon {1-2] is mensioned to effect in materials which can generate electricity from
heat and can converse electricity 1o temperature gradient. The thermoelectric generater can apply to clectric energy
source in sateliite. watch, car. etc. The reverse effect as thermotlectric coolers can apply for refrigerators and
cooling systems such example as. CPU cooling, can cooler. vaccine cooling ete. The performauce of the
thermoelectric material is determined by the dimensionless Figure of Merit. ZT= (65%/k)T. where § is the Seebeck
coefficient. oand & are the electrical. thermal conductivity, and T is the absolute lemperature, respectively. High ZT
value of materals occure in large S and o, while lowx values.

Recently, delofossite compound has been growth interest for thermolectire materials [3]. The delafossite are
classified in a group of temary oxides whose general chemical formula is A*'B*0,{3]. The compounds in a
delafossite group consist of CuFe0;, CuAlO,. CuCo0,. PtCo0, and PdCoO: etc. [4-7]. Especially. CualO,
compound illustrates high performance for thermoelectric materials. Kawazoe et al. {8] have reported the filin
electrical conductivity of 1 S/cin and Park et al. [9have reported the electrical canductivity of bulk in 2 range of | to
2 S/cny Park et al. [9] and  Liu et al. [10] have showed thar the temperature independence of thermoelectric
properties of CuAlO, for Seebeck coefficient. thermal conductivity. Power Factor and ZT are around 500 pV/K. 0.2
WicmK. 4 x 10 W/mK’. and 0.0045, respectively. at high tem?eramrt. The CuAlO; compound belongs to a
delafossite group of rernary oxides whose chemical formula is AB*0,[11-13]. Its structure is formed by 2-D
layers of the Cu cations and the AlQg4 octahedral-shaped layers which are alternatively stacking along the c-axis.
The Cu“cation is bonded with two O anions forming dumbbell-shaped [O-Cu-0O] structure in the c-axis. The AlOg
octaliedral structure is fonmed by sharring the [AlO,] edges. The mivalent Al cation occupies the middie position of
the distorted octahedral block with surrounding six O jons containing six linking bonds of Al-O.

Moreover, there are many reports showing experimental data of bulk [11] and film [1. 12] of the CuAlO,
compounds exhibiting p-type pamre. Liu et al. [17] have showed that the temperature independence of
thermoelectric properties for Seebeck coefficient, thermal conductivity, Power Factor and Dimensjonless Figure of
Merit are around 500 pV/K. 0.2 WenK. 4 x 10° W/mK>, and 0.0045. respectively, at high temperature.

The aim of this paper is to reinvestigate the temperature dependence of thermoelectric properties of the bulk
CuAlQ, compound by solid state reaction method with comparison to previous reported. The temperanire
dependences of the thermoelectric properties of bulk CuAlQO, were investigated. In addition. the x-ray diffraction
(XRD). electrical conductivity. Secbeck coefficient. thermal conductivity, thermoelectric properties. and TGA
weight loss were performed and discussed.

2. Materials and Methods

Bulk CuAlQ; polycrystalline sample was synthesized by a conventional direct solid-state reaction according to
the following equation:

2Cu0 + ALO;~> 2CuAIC.+ ()0,

The starting materials of stoichiometric amounts of high-purity powders of CuO (Merk, 99.98%) and ALO;
{Sigma~Aldrich. Inc., 99%) were sufficiently mixed and ground in an agate mortar to ensure homogeneity. After a
homogenous mixnure was obtained, the mixture was cool pressed into pellet of 12 mm diameter with 2.5 mm
thickness by hydraulic pressure of 3 Mpa. The obtained pellet was sintered by performing inside an ahunina boat in
a furnace at 1050 °C in air for 20 h. Afrer heat treatment. the sample was rapidly quenched to room temperature.
The crystallography of samples was determined by a powder X-ray diffraction (XRD) using PHILIPS model:
X' Pert MPD analysis using Cu Ko radiation with 28 = 10°~ 80° with 0.02 steps. The lattice parameters were
determined by a Rietveld refinement program, X Pert High Score Plus V2.0a. Microstructure of the saniple was
observed by scanning electron microscope (SEM) using the JEOL model: JSM-5410. The oxygen content and
melting point were analyzed by using thermogravimewric analysis (TGA) by the Perkin Elmer TGA7 under N,
atmosphere with scanning step of 10.0¢ C/min in alumina crucible.The Seebeck coefficient and electrical resistiviry
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were simultaneously measured on the 4.63 » 3.52 x 19.22 mm’ sample bar using an ULVAC-RIKO ZEM-3
thermoelectric property measurement system under a Jow-pressure helium atmosphere. The thermal conductivity
was deterniined from thermal diffusiviry and specific heat on pellets of 12 nun diameter with thickness of 1.6 mm
by using the ULVAC SINKU RIKO Inc. model: TC-7000 laser-flash method.

3. Reselts and Discussion

3.1 Charactorizarion

An XRD pattern of the CuAlO, sample is shown inFig. 1. The pattern exhibits peaks of hexagonal defafossite-
tvpe structure having space group: R3m(166) corresponding to the standard JCPDS#35-1401. The lattice constants
of CuAlO; are 2.852 A and 16.954 A for a-axis and c-axis, respectively. This result agrees with the standard
JCPDS#35-1401 and relates 1o the compurational results by method of the plane-wave pseudo-potential based on
density functional theory (DFT) [14] with a=2.802 A and ¢ = 16.704 Afor a-axis and c-axis.respectvely.

Energy dispersive X-ray spectroscopy (EDS) resuit showing a SEM image and inserted chemical compositions of
the CuAlO, sample are shown in Fig.2. The plan view of SEM image displays the moiphology of sample. The SEM
shows that the microstructure of crystal grain size is larger than 10 pm. The EDS result confinns the chemical

compositions of the sample.

CuAIO, a=28524 c=16.954 A
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<
=
v
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Fig. 1. The XRD pattem of the CuAlO; sample compared with JCPDS data.
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Fig. 2.The energy dispersive X-ray spectroscopy and the microstructure of the CuAlO, pellet sample.

The thermogravimetric anafysis (TGA) and differential thermal gravimewnic (DTG) results of the CaAlO,
sample are shown in Fig 3. The information of weight loss is used to determine the oxygen insertion into the
structure [15-16]. The CuAlO,delafossite allows oxygen to exist in the center lattice position of the Cu” triangles in
the Cu™ layers. The excess oxygen influences hole carrier concentration in the compound. Also. this defect plays an
important role to display p-type conductor within the CuAlO,. The metal deficient oxide can be displayed by the
nonstoichiometric defect relation [17) as following: O,(g) = 20:,‘ +V, + V:; + 45", where Op, Ve, Vg and l
represent the original lartice sites of oxygen. Cir vacancy. 4/ vacancy and hole. respectively. The superscripts X. -
and + age the effective neutral. negative and pesitive charge states. respectively. The results as in Fig 3show that the
starting weight loss peak and the abrupt ending weighr loss peak for oxygen de-intercalation process occur at about
700 °C and 800 °C, respectively. This is the total weight loss as 0.5%. The excess oxygen contributes to the non-
stoichiometry fornnia of the CuAlO,delafossite as CuAlO,-5 (where §> 0). The & for CuAlO; stucture exhibits § =
0.005 arom per formula as CuAlOs.g 05 per formula. The abrupt weight loss at temperature 1200 °C is the melting
point of the CuAlO, compound.
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Fig. 3.The TGA and DTG weight loss curves of the CuAlO; sample.

3.2 Seebeck coefficient and Elecnical conductivity

The Seebeck coefficient (5) of the CuAIO; samples as a ﬁmcuon of invert temperatureis shown in Fig. 4. The S
values were measured on the bulk sample density of 4.68 g/cm’® that is 91.76% of the theoretically dcnsny The
results show that the Seebeck coefficients are positive sign over the measured temperature range indicating p-type
conducror behavior due to behavior of hole majority carriers. The results of Seebeck cocfﬁcieuts exhibit values
ranging from 900 to 300 uV/K in the temperature range of 300 1o 960 K. The Seebeck coefficient tends to rapidly
decrease as a result of the increasing tcmpmturc

The companson of our § results to other previous works with displaying in invert tenperature is shown i m Fig.
The § results are compared to the previous reports by Park et. at. [18] for the sample density of 3,741 giem® (7“%)
by sintering at 1433 K and density of 3.818 g/cm (74%) by sinrering ar 1473 X, by Dura et. at. [19]fox the sample
density of 496 g/cm® (97%) of the Micro crystal size sample and 4.43 g/enr’ (87%) of the Nano crystal size sample,
and by Liu et. al. [17] for the sample density of 95.9%. The results display that our finding of the § at high
temperature is close to the results of Dura’s sample of the Nano sample (87%). of Park’s sample for both sintering at
1433 K (75%) and at 1473 K (74%). At temperature of 300 K, the § of our sample are close to the Sof Dura of the
Micro sample (97%). The S of our data are similar to the § of Liu (95.9%) for invert remperatre range 1.5 to 2.5. The
results indicate that our result is higher than that resnlis of Dura of the Nano sample (§7%). and of Park for both
sintering at 1433 K (73%) and {473 K (74%). In addition. our result is lower than those results of Dura of the Micro
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sample (97%) and of Liu er al.’s (95.9%). Obviousely. the Sall results imply that$ is strongly dependent of the
densiry of sample. Therefore. the § value of CuAlQ, can be improved by selecting in high density sample.
1000
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Fig. 4.The temperature dependence of Seebeck coefficient with previous reparts.

The temperature dependence of the electrical conductivity (a) of the CuAlO, sanples is also displayed in Fig. 5.
The values of electrical conductivity are measured in the high temperature of 300 to 960 K. The o exhibit values
ranging from 0.01 to 2 S/cm as the temperature ranging from 300 to 960 K. At 900 K, the electrical conductivity
displays a high value close to 1 S/cn Trend of ois rapidly reduced as a result of the increasing temperature.

The comparison of o value 1o the previous works with displaying in inven temperarure is shown in Fig. 5. The
results display that the o ofour sample (91.76%) is close to the results of Dura[19] of the Micro sample (97%). and
Liu[17] (95.9%). The ovalue from this study is far from the results of Park[18] of the both samples sintering at 1433
K (73%) and at 1473 K (74%). and of Dura of the Nano sample (87%). For result of all results, the high o is
observed on the sample densities 73% and 74% theof Park samples. This implies that high avalues of the CuAlO,
compound exist on the sample high density from park’s method.
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Fig. 5.The curve of log o vs. 1000¢T of CuAlO; sample with previous reports.
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3.3 Thermal conductivity and Dimensionless Figure of Merit (ZT)

The temperature dependence of the thermal conductivity (a7 is shown in Fig. 6. The thermal condnctivity of the
CuAlQ, samples ware measured using a laser flash method with the relation of & = dCpa[13] where d, C,anda are
the bulk density of sample. heat capacity and thermal diffusivity, respectively. The density of the bulk CuAlO,
sample is 4.68 g/cm’. The results show that the values of & are decreased in the range of 3.5 W/nK to 1.5 W/mK
with increased temperarure. The maxinum & value is 3.5 W/mK at room temperanire and the minimum « value is
1.5 WK in the temperature range of 700 X to 960 K. These results exhibit that the thermal conductivity of the
CuAlO; sample is decreased with increasing temperature.

The comparison of our finding for & value w previous work is shown in Fig. 6. The results show that the «
value of our sample is close to the x of Dura [19] for the Nano samples with densiry of 87%. The high values of &
occur in the sample of Lin [17] with high sample density of 95.9%. The lowest of « values appears on the sample of
Dura[19] for Nano sample with low sample density of 87%. This implies that the low value of thermal conductivity
of CuAlO, sample can occur in the sample of Nano crystal size with low density.

The temperature dependence of the dimensionless Figure of Merit (ZT) for thermoelectric property of our
CuAlO, sample is also shown in Fig. 6. The ZI(=S5"oT/w)[10] value is computed from the Figure of Merit
(Z=5"c'n) and the temperature (7). The results of ZT are in the ranging of 0.001 to 0.017 with the temperature
ranging of 300 to 960 K. The results reveal that the ZT increases with the increasing temperature. In addition, the
maximum of ZT value of the CuAlC; samples is 0.017 at a high temperature of 960 K.

In comparison of the ZT values to other work. our ZT values are comparable to the results of Lin et. al. [17].
The ZT result of the Liu sample is 0.004 at temperature 750 K for the sample density of 95.9% on sintering by hot
press method. At temperarure 750 K, our ZT resuk is 0.009 for the sample density of 91.76 %. The finding reveals
that our samiple shows higher ZT value than that of the Liu sample. This implies that the high performance for
thermoelectric property of CuAlO; can be improved by optimization the density for paramneters of S, ound k.

80 oo
GuAIO, -Z:I'._ [ s /- - 9016
b Jaou
\ /. Jaon

a0 b Joowe

Joces
- 0.006
\ Thermal conductivity | 0.004
—d— this work (91.76%Y 0o

u {1) DUra" for Micro (97%)[26]
MDUG for Nano (87%) [263] 9000

Tharmal conductivity {W/m-K)
3 8

3
(12) wawy Jo ainbi4 ssajuoisuawig

» Liu (95.9%) [17] 4 o002
A A & P - 0.004
O Jgr N 1 = 1 -"-"'I!—L"l_'A L
300 400 500 600 Y00 800 600 1000
Temperature (K)

Fig. 6.The tempersture dependence of the thermal conductivity and ZT of the CuAlO; sample with previous reports.
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4. Conclusion

The objective of this study is to reinvestigate thermoclectric properties of bulk CuAlC.delafossite compound at
high temperature in preparing by solid state reaction method. The bulk sample is obtained density in 91.76%.The
electrical conductivity. Seebeck coefficient. and thermoelectric properties were measured at high temperatures
ranging from 300 1o 960 K. The Seebeck coefficient shows positive sign confirming p-type conductor behavior. The
Seebeck coefficientdisplays from 900 to 300 pV/K the electrical conductivity exhibitsfrom 0.01 to 2 S/cn and
thermal conductivity ilustratesin the range of 5.5 W/mK to 1.5 W/mK with the temperature range of 300 to 960 K.
The maximemZT value is 0.017 at a 960 K.Indeed. the bulk CuAlO.delafossite oxide compoundsyntering by solid
state reactiondisplayp-type oxide thermoeleciric material.
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ABSTRACT

The purpose of this Tesearch is to investizate thermmal conductivity of delafossite (CuCrG,) which
Manganese {Mn) is substinated for Cr. Many types of CuCr,Mn0; (x = 0, 0.1, 0.2 0.3 and 0.4) are
characterized about thermat conductivity. These materials were synthesized by using the conventional solid
state reaction method which was operated under a temnperarure of 1373 K at atmospheric pressire, and were
verified that all materials were delafossite stiuctures by using x-ray diffaction method. The thermal
conductivity was evaluated by using Iser flash method, and recorded berween 300 to 523 K. All thermal
conductivity values of saples cornpared with the thernal conductiviry value of CuCrQ, which is equal to
8.223 Win’K at room femperaiure From the result, the thermal conductivity of CuCry ,Mn,0, delafossite
with manganese (Mn) substitute is reduced. if x is fcreased. and the lowest thermal conductivity is 1.979
WK when x s equaled 1o 0.4 at room temperanre. The reduction of thermal conductivity can be

explained by using Mn substitution for Cr increasing phonon scattering in the phonon transport model
KEYWORDS: Delafossire, CttCrQ,, Thermnal conduetivity, Lirtice strain. Phonan transport

»
Corresponding authers; ¢-mail: kosalwat.w@gmait.com

INTRODUCTION

Themwelectric is direct conversion that can
coirverse hear Imo electricity or #t use electricity to
make temperature difference. The conversion
efficievicy is defined by the dnnensionless e of
merit Z7 =8§%/x whils S’cis called power
factor. Where § o x T are seebeck coefficient,
electrical conductiviry, thermal conductivity and
tenperanre, respectively. The ways to mprove the
conversion efficiency, the power factor should to be
high aud bow thermal conductivity

The CuCrO, based naterials are one of various
candidates for applcation to high temperanme
thennoelectric material due to its stable and does
1ot deconmpose mn high temperature [1]. It available
for use in thennoelectric generator, which can be
operated in the hich temperanwe differences.
However, the mam disadvantage is its due to
respectively low thermoelectric efficiency {2].

The power factor can be improved by using
substiuted divalence elemenmts such as  Zn®",
Co™.Co™" and Mg™ [5]. E. Guilneau et al are
reported that CuCrO, can be increassd power
factor from 0.24 x 10 WnK 0 2.36x 107
W/mK by substituting Mg™ but the problem is
thermal conductivity is still high causing

relatively low ZT as 0.04 at 1000 K[6]. These
problems motivate this work to study and
mvestigate mechanism of thermal conductivity
reduction.

The expectation of this work is the Mn
substitute for Cr in CuCrO, can be reduced
thermal conductivity [7][12].

MATERIALS AND METHODS

Samples of CuCryMn0; (x=0.0.1.02. 03
and 0.4) were synthesized by using solid state
reaction method. The stanting powders are CuO
(99%, Sigm-Aldrich), ;05 (98%. Sigma-
Aldricl) and Mn,O; (99%. Sigma-Aldrich) which
were weighed i stoichiometric amounts, were
mixed together by using the conventional grinding
method, were pressed into pellet, and were shitered
st a teoperature of 1373 K for 12 hows. The
powder X-ray diffraction method (Philp X'Pert
using Cu Ke radiation model) was brouglt for
sindying  crystallegraphy  and  microstrain  of
samples. The diffiaction pattern imteusities were
measured in the range of 10°526<70° L with
0.02 per siep. The thermal conductivity valies of
sampl: were neaswed by using hser flssh method
(Netzsch LFA 447 Nanofiash wodel) in the
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temperamure range of 300 — 523 K Fanlly the
morphology of sample were observed by scanning
electron microscopy (SEM. JSM-3410LV).

RESULTS AND DISCUSSION

Fig. 1 shows that XRD pattemns of CuCr,.
Mn, O, with x = 0.0, 0.1. 0.2, 0.3 and 0.4.The
standard JCPDS file #PDF 39-0247 is used for
comparing with experimental data. the results
shows that all samples are delafossite structure,
and impurity phase of the samples are found
when x values are 0.3 and 0.4 respectively.

CuCry M O, Tosms,

kit ]

Aot €1, 13, 6,

FSRPIDUP WIS S Y

!
)
i

m, B A e, L, ) e
=3
- - . -
I S B
- = ® n
p- ]

N/
" i
3

Y FS

Fig. 1. Power XRD partern of CuCry:Mn,0, for
%=0.0,01.02.03and 04

Fig. 2 shows that the sample lattice
parameters of a and ¢ are increased when X
values are also increased. which are calculated by
using Scherrer’s equation [11]. Consider latrice
parameters, which shows that the possibility of
valence stares of Mn ious may be 3+ or 4+
because ionic radii of both Mn** and Mn'™ are
close to the jonic radius of Cr'” (an' :0.80 A°,
Mn'” :0.66 A%, Mn*" : 0.60 A° and Cr'7:0.63
A®)[8]. The ionic radius of Mn*" is smaller than
the ionic radii of Cr’". and affects decreasing
lattice parameters. However, the experimental
result shows that lattice parameters are increased
when the x value is increased. therefore the ionic
number of inanganese from experimental samples
should be 5+

8

Latfice parpmeter of &
i
.
%
B
Lice parametor of ¢

a7
:

Mo pontont

Fig. 2. Lattice parameter a and ¢ of CuCry MO
forx=0.0,0.1,02.03and 0.4

Table 1 shows the packing density vahes of
all sanples between 74% and 79 % of theoretical
density valies. Fig. 3 (SEM imnages) shows that
smaller grain size occurrences are caused by
greater Mn concentration.

Table 1. Shows the density of prepared sanples

Sample Density % of
ety Trts
CuCrO, 4.110 74.72%
CuCrgsMig 0, 4.122 74.94%
CuCrysMny ,0, 4.152 75.49%
QuCro 7M1y 30, 4.116 74.83%
CuCryg ¢Miy 4O5 4.345 79.00%

Fig. 3. SEM inages of the cross-section surfhace of
(8) CuCrO, (1) CuCrosMig 20, {€) CulrosMne4O;
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Fig. 4. Temperature dependence of experimental
thermal conductivity

Fig 4 shows the thermal conductivity { « ) of
CuCriMn,0; (x= 0.0, 0.1, 0.2, .03 and 0.4} at
Temperarure between 300 and 523 K. The result
shows that - is decreased by increasing ratio of
Mn concentration. The minimum value of the
thermal conductivity is 1.979 W/AnK when the
Mn concenration valle X = 04 at room
temperature.  The reduction of the  thermal
conductiviry is explained by using Callaway's
phonon transport model [9][ 10] expressed as

kol (TY
k=l
v\ 8
where %, is Boltzmann constant. @, and
6, are the debye frequency and temperature, T is
the absolute temperature, v is velocity of sound,
x=ho/k,T and r{w)is overall phonen
relaxation time. The reduction of thermal
conductivity mechanism consists of three phonon
scattering processes as phonon-phonon scattering,
grain  boundary scattering and point-defect
scattering, which all processes can be expressed
in the term of scartering frequency of 1/7 as

jm’ x'e’

© @1 T(w)dx (1)

1 1 1 1

'f(_m; N (o} 1, 1,(@)

@

The phonon-phonon scattering frequency is
intrinsic reduction of thermal conductivity
mechanism that it is a natural property of eacl
material. and it can be written as

1
75 ()

= Bao'T? (3)

The grain boundary scaftering frequency
depends on phenon group velocity » and grain
size L , expressed as.

-y @
Tp

In this research, the experimental result
indicates that Mn substirutes for Cr sites of
CuCrO, are 2ble to reduce grain boundaries
shown in Fig. 3. Thus, the reduction of grain
boundaries probably causes the rate of phonon
scattering to be increased according to Eq. 4.

The point-defect scattering frequency can be
written as

i = Ao'
Tn

5}

The constant A can be considered as defect
constant, written as {1

IO
3

Q)]

where I'is point defect scattering, which
consists of mass difference term of I',, and lattice

strain term of I, . They are statedas T =T, +T,
aswellas I',, and T", can be expresses as

M-M; Y
T (.1
M, +(1-x)M,

_:-'n_] )

xn+(1—-x)ry

I, =x(1—x)(
I‘, -—-x(]—x)ce(

where M (M,) is mass, r(r;) is atomic
radius, & is lattice strain which £ can be
calculated form XRD data%, [ and T,

calculated are listed in the Table 2. Moreover, the
Tvalue is plotied with values of Mn
concenrration of x as shown in Fig 5.

Table 2. Shows the point defect scattering of I';
and I, in CuCry ,Mn,0;

Sample r, r

H

T=T, T,

CuaCrO; - - -
CuCrasMny 1 0;  0.000285  0.080905 0.081189
CuCresMns 202 0.000501 014447 0.144971
CuCrorMnpy0O:  0.00065  0.213664 0.224314

CuCrogMug4O;  0.000735  0.290302 0.291036

t
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Fig. 5. Cross section scattering of CuCr;,Mn,0,
with Mn Concentration

From the Table 2. the value of T, js much
higher than the vahie of Ty, which can indicates
that the value of I mainly depends on T,
Furthermore, from the equation 7.2 shows that
the value of I', mainly depends on lattice strain

because the difference of iomic radii between
Mi'™ andCr*” are quite low. Therefore. lastice
strain modified by using Mn substitute for Cr can
increase point defect scattering frequency of
phonon which causes the thermal conductivity
reduction.

CONCLUSION

The polyerystalline of CuCr MnO; (x =
0.0. 0.1. 0.2, 0.3 and 0.4) prepared by using the
conventional solid-state reaction can be used 1o
investigate the effect of Mn substitute for Cr of
delafossite CuCrQO., which directly affect the
thermal conductivity valie, The XRD result
shows that main phase is delofossite structure.
and shows a few impurity of CubMnO, also when
Mn is substituted for Cr at x = 0.3 and 0.4.

The result indicates that the thermal
conductivity is decreased according te Mn
concentration: in CuCry ,Mn,0,. The reduction of
the thermal conducrivity is explained by using
the wechanism of point defect phonon scattering
which is caused by Mn concentration in CuCry.
MO, Therfore, to substitute Mn for Cr in
delafossire stricrures is to increase rate of point
defect scattering of phonon for reduction of
thermal conductiviry values.

ACKNOWLEDGEMENTS

Authors would lLike to thank Mr Sompop
Poomjan and Mr Prajya Tangjitsomboon for
valuable consulration. Financial and facility were
supported by Department of physics, faculty of

' science. King Mongkut's Instimute of Teclmology

1 adkrabang. This work was also partly supported
by Science Achievement Scholarship of
Thailand. This work has been financial suppont
by Science Achievement Scholarship of
Thailand. funded by the office of the higher
educarion commission.

REFERENCES

[11 A. P. Anuute, G.O. Lanrrazabal. C.Mondelli
}.P.Ramirez : Chem. Int. Ed. 52, 2013 9772-
9775.

[2] D.W. Bruce. Functional oxides John Wiley &
. UK ,2010.

[3] C. Runtanapun : J. Selid State Chen. 215.
2014 43-49.

[4] C.Ruttanapun, B. Boonchom M. Thongkam,
S. Kongtaweelert, C. Thanachayanont,

A. Wichainchai : J .4ppl. Plvs. 113, 2013.

[5] K. Hayashi. K. Sato. T. Nozaki T. Kajitani .
J. Appl. Phys. 47, 2008,

[6] E. Guilmeaw, A. Maignan. C. Martin : J. Elec.
Mat. 38. 2009 1104-1108.

[7) T. Nozaki K. Hayashi. T. Kajitani : J. Elec.
Mar. 39, 2010 1798-1802.

[8] DaLi X. Fang. W. Dong. Z. Deng, R. Tao, S.
Zhou, J. Wang, T. Wang, Y. Zhao. X. Zhu : J.
Phys. D: Appl. Phys. 42, 2009.

[9] Z. Xingli, S. Zhaowei : J. Semi., 52, 2011.

[10] H. Muta. T. Kanemirsu, K. Kurosaki, S.
Yamanaka : Mar. Trans, 47, 2006 1453-
1457.

[11] E. Purushotham. N.G. Krishna: Bulletin of
Materials Science. 36, 2013 973-976.

{12] C. Ruttanapun B. Boonchom M. Thongkam,
S. Kongtaweelert.A. Wichainclai. C.
Thanachavanont, A. Charoenphakdeee,
Journal of Marerial Science and Applied
Energy. 2(2). 2013 1-5.

130

130



131

[71C.__Ruttanapun, B. Boonchom, N. Vittayakorn, A. Harnwunggmoung and A.

Charoenphakdee, “Synthesis and Thermoelectric Properties of CuggsPtogsFeo975n0,0302
Delafossite-Oxide”, Ferroelectrics, 453:1, 75-83, 2013. [ISI IF: 0.391].

This article was downloaded by: [King Mongkut's Inst of Techneclogy Ladkrabang], [Chesta
Ruttanapun)

On: 10 December 2013, At: 22:44

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Ferroelectrics

Pubtication details, including instructions for authors and
subscription information:
http: / /www.tandfenline.com/loi/efer2o

Synthesis and Thermoelectric Properties
of Cugp.95Pty o5F€0.975M0.03032 Delafossite-

Oxide

Chesta Ruttanapun * © - Banjong Boonchom ° *, Naratip Vittayakorn
B¢ Adul Harnwunggmoung 4 & Anek Charoenphakdee g

* Department of Physics , Faculty of Science, King MongKut's
Institute of Technology Ladkrabang , Ladkrabang , Bangkok , 10520 ,
Thailand

P Department of Chemistry , Faculty of Science, King Mongkut's
Institute of Technology Ladkrabang , Ladkrabang , Bangkok , 10520 ,
Thailand

© Electroceramic Research Laboratory, College of Nanotechnology,
King Mongkut's Institute of Technology , Ladkrabang , Bangkok ,
10520 , Thailand

9 Thermoelectrics and Nano Technology Research Center. Faculty
of Science and Technology, Rajamangala University of Technology
Suvarnabhumi 60 Moo 3, Asian Highway , Huntra Phranakhon Si ,
Ayutthaya , 13000 , Thailand

€ Advance Phosphate Materials and Alternative Fuef Energies

Unit {APM-AFE), Faculty of Science, King Mongkut's Institute of
Technology Ladkrabang , Ladkrabang , Bangkok , 10520 , Thailand
Published online: 09 Dec 2013.

To cite this article: Chesta Ruttanapun , Banjong Boonchom , Naratip Vittayakorn ,

Adul Harnwunggmoung & Anek Charoenphakdee (2013} Synthesis and Thermoelectric
Properties of Cug g5Pto osF®a.57500.030; Delafossite-Oxide, Ferroelectrics, 453:1, 75-83, DOI:
10.1080/00150193.2013.842115

To link to this article: http://dx.doi.org/10.1080/00150153,2013.842115

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information {the
“Content”) contained in the publications on our platform. However, Taylor & Francis,
our agents, and our licensors make no representations or warranties whatsoever as to
the accuracy, completeness, or suitability for any purpose of the Content. Any opinions
and views expressed in this publication are the opinions and views of the authors,

131



Downloaded by [King Mongkut's Inst of Technology Ladkrabang], [Chesta Ruttanapun| at 22:44 10 December 2013

Ferroelecirtcs, 453:75-83. 2013 @ Taylor & Francis

Copyright © Taylor & Francis Group, LLC
ISSN: 0015-0193 print / 1563-5112 online
DOL: 10.1080/00150193.2013.8421 15

Synthesis and Thermoelectric Properties of
Clln,gsPtn_osFEo,wsn(),(BOz Delafossite-Oxide

CHESTA RUTTANAPUN, !5+ BANJONG BOONCHOM,?
NARATIP VITTAYAKORN,>?* ADUL HARNWUNGGMOUNG .4

. AND ANEK CHAROENPHAKDEE*

IDepartment of Physics, Faculty of Science, King Mongkut's Institute of
Technology Ladkrabang, Ladkrabang, Bangkok 10520, Thailand

ZDepartiment of Chemistry, Faculty of Science, King Mongkut’s Institute of
Technology Ladkrabang. Ladkrabang. Bangkok 10520, Thailand
*Electroceramic Research Laboratory. College of Nanotechnology. King
Mongkut's Institute of Technology. Ladkrabang, Bangkok 10520, Thailand
*Thermoelectrics and Nano Technology Research Center. Faculty of Science and
Technology. Rajamangata University of Technology Suvamabhumi 60 Moo 3,
Asian Highway, Huntra Phranakhon St. Ayutthaya 13000, Thailand

SAdvance Phosphate Materials and Alternative Fuel Energies Unit (APM-AFE).
Faculty of Science, King Mongkut’s Institute of Technology Ladkrabang,
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The Cup gsPto psFep 97809 0> delafossite sample, which isthe simultaneous substiturion
of the Pt for Cu sites and the Sn for Fe sites of CuFeO; delafossite, has been investigated
tire simultaneous cffect on electrical conductivity and Seebeck Coclfficient for thermo-
clectric materials due to the previous reports of CugesPlopsFeOr compound displaying
high enhancement effect of electric conductivity and the CuFeyy;Snp 30, exhibiting
large increasing of Seebeck coefficient. The sample of CugesPtpgsFegyrSnop O was
synthesized by solid state reaction method. The crystal structure was characterized by
XRD. and the valency oxidation state of the sample was evaluated by XPS. The electrical
conductivity. Seebeck cocfficient. and thermoelectric conductivity were measured in the
high temperature range of 320 to 860 K. The measurement results show that, the sign
of Seebeck value and result of XPS reveal the sample displaying p-type thermociec-
tric materials as confirming the simultanecus Pt and Sn-substituted contributing hole
cariter. For the effect of simultaneous substitution, the Seebeck coefficient is enhanced
in remperature lower than 650 K, while electrical conductivity displays smali value in
all temperature range. In surprising value, the thermal conductivity of the sample is
smallest value in all temperature range, Torally. the ZT value of sample is obtained 0.07
at 860K as higher than that of the reference-based. This experiment confirms that the
sinuiliancous Pt-doped and Sn-doped of Cug g5 Pty.osFepgrSng g0 compound show high
ZT value in temperature higher than 700 K.

Kevwords Thermoelectric materials; CuFeQ, delafossite: Pt and Sn-doped: mixed
oxidation state: dimensionless finger of merit ZT
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1. Introduction

The thermoclectric (TE) effect [ 1-2] is a phenomenon in materials where electricity can be
generated from a temperature gradient. The thermoelectric coolers (TEC) can be applied
for refrigerators and cooling systems. The reverse effect as thermoelectric generator (TEG)
can be applied for electric generator source. The efficiency of thermoelectric device is
controlled by materials properties of the ZT value that is a dimensioniess Figure of Merit,
ZT (= S Tic), where S is the Secheck coefficient, & is the clectrical conductivity. x
thermal conductivity, and T is the absolute temperature. respectively. Recently, metal oxide
materials show high perforimance for thermoelectric materials such as CuFeO; compound.
The CuFeQ, structure [3] is formed by 2-D layers of the Cu™ layer and the FeQg octahedral-
shaped layers which are alternative stacking along with the c-axis. The Cu cation is linealy
bonded with two O3~ anions like dumbbell-shaped [O-Cu-O] in c-axis. The FeQOg octahedral
are formed by sharing of the [FeO2]~ edge. The trivatent Fe** cation occupies the middle
of the distortion octahedral block with surroundings of the six O~ ions.

Moreover, Benko et al. [4] have reported the CuFeQO; displaying p-type thermoelectric
materials with the TE properties of § in 544 uV/K. at room temperature. In addition,
the CuFeQ; can be improved the TE properties by Pt'+ doped into Cu't sites such as
CupPt,FeO,[ 5] or by Sn- (or Mg-) doped as into the B>+ sites as CuFe; Mg O-[4].
CuFe;xSn;O; |4]. Our previous works were improved TE properties by substitution the
Pt'+ into the Cu'* sites as Cuy Pt,Fe0; (x == 0.01. 0.03, and 0.05) [5] and by substitution
the Sn®* into the Fe?+ sites as the compound of CuFe . SnyQ: (x = 0.03. and 0.05) |6). The
results reveal that the compound of Pt'+-substituted into the Cu'* sites for content of x =
0.05 (Cug s Plo.osFeO») displays the maximum of electrical conductivity with no changing
the Seebeck value. and the compound of Sn®+-substituted into the Fe3* sites for content
of x = 0.03 (CuFeg¢7Sn630;) shows the maximum Seebeck value with small reducing
electrical conductivity. There have been report that the other compounds of delafossile
sroup can be improve TE properties by simultaneous doped into A sites and B sites such
as Cuy_yAgRh;_yMg,0; [7]. To the best of our knowledge: however, there has been no
report concerning the improvement of the TE properties by simultaneous substitution of
the Pt into Cu site and the Sn into Fe site of CuFeO,; compound.

This paper. therelore, aims to improve the thermoclectric properties of the CuFeQ;
delafossite by simultaneous of the Pt-substituted into the Cu sites and the Sn-substituted
into the Fe* sites in chemical formuta of CuyPt:Fe1.ySnyOo in x = 005 and y = 0.03
with simultaneous effect on electrical conductivity and Seebeck coefficient. The result of
partial substitution of the Pt and Sn on thermoelectric properties has been investigated.
The x-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and thermoeleclric
properties have been characterized. The results of the effect Pt and Sn substitution into the
CuFe0; are reported with comparison to CuggsPlogsFeOz, CuFeog7Sn0,0:02 and CuFeO;
results of our previous works [5-6].

2. Materials and Methods

Polycrystalline specimen of CuggsPigosFeqs7SngO; was synthesized by a conventional
direct solid-state reaction. Stoichiometric amounts of high-purity powders Cu0O(99.98%).
PiC1,(98%). Fe203(99%) and SnCl,{99%) were ball milled with poly vinyl alcohol solution
for 24 h. The ball milled powder was calcined in air atmosphere at temperature 950°C for
6 h. The calcined sample was cool hydraulic pressed into pellets of 12 mm diameter with
2-3 mm thickness. The resulting pellet was sintered by performing on alumina crucible in
furnace at 1050°C under air atmosphere for 24 hours,
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The phase of the Cup.gsPty.asFeqe7Snp030; specimen was characterized by the powder
x-ray diffraction (XRD) of PHILIPS model: X* Pert MPD using Cu Ko radiation with 26
= 10° 1o 80° with 0.02 steps. Microstructures of the samples were observed by scanning
electron microscope (SEM) using the JEOL model: JSM-5410. The X-ray photoelectron
spectroscopy (XPS) was performed on AX1S Untra DLD with Al Ker (150'W) X-ray source
(photon energy 1486.6 eV) on correction binding energies for specimen charging in the
XPS spectral analysis by referencing C s peak to 254 ¢V. The Secbeck coefficient and
electrical resistivity were simultancously measured on the 4.63 x 3.52 x 19.22 mm* sample
bar using an ULVAC-RIKO ZEM-3 thermoelectric property measurcment system under a
low-pressure helium atmosphere. The thermal conductivity was determined from thermal
diffusivity and specific heat on pellets of 12 mm diameter with thickness of 1.6 mm by
using the ULVAC SINKU RIKO Inc. model: TC-7000 laser-flash method.

3. Results and Discnssion

3.1. Material Characterization

The XRD patterns of the CuggesPtgosFeqerSngp; O, sample are showed in Figure 1 The
standard phase of ICSD:01-075-2146 for the CuFeQ; delafossite are inserted for referenc-
ing phase. The XRD peaks of the CugasPlossFeos7SnenO; sample display phase of the
delafossite structure relating to the ICSD: 01-075-2146 file and an impurity phase of the
CuQ (ICSD Card File:01-089-5897). The results of XRD patierns of the sample show all
peaks corresponding to the peaks of the referencing phase and appear the phase of the
CuO. This resull confirms that the Cug.9sPto.gsFeo.97S10030; forms phase of the delafossite
structure.

The lattice spacing parameter of the Cutg.95PlggsFeo.975n0,030; samples contain 3.0459
A and 17.1556 A for the a-axis and c-axis length. respectively. The lattice distance of the
CuFeQ,-based | 5] for the a-axis and the c-axis is in 3.0334 A and 17.1598 A. respectively.
The resulis show that the lattice parameter of the CuggsPlo.gsFep 97Snn 0302 samples is larger
than that of CuFeQ2 sample-based [5]. This effect is occurred from the partial substitution

” cuumpto,osFeu wsno.moz
* Cu0 &
=)
- ¢
=
© 5o
& -~ ~
- e e e
-~ Y oo
£ g 2,8 238288
& ~TEHEe ¢ 4 hwd 2=
[ =l Ve vV %oV
- VO [=] *
"l g PW
= & = v
5 Vhe
.
V)
ICSD#01-075-2146
l 1 l l I 1 1
1 L L) L) L] L) T

10 20 30 40 S0 60 70 8O 90
2-Theta

Figure 1. The XRD patterns of the CuggsPlyes Feo oS00 02 sample. (Color figure available online.)
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Sy 20
Time ASE350

Figure 2. The microstructure and morphology of the CtygsPtp 05 Fen.s7Sneo: 02 sample. (Color figure
available online.)

of the larae atomic radii of the P!+ (0.60 A) into the Cu'* (0.46 A} sites and the Sn?+ (1.36
A) into the Fe3+(0.69 A) sites of CuFcO, delafossite structure.

The morphology for microstructure of the sample as observed by SEM is shown in the
Figure 2 The grain crystal size of the CuggesPlonsFepo7Snge30; sample is around in ] to
6 .

The XPS is wused to analyze the stable oxidation valency state of
the CupgsPloosFeosrSnge3Oz sample as shown in Figure 3 The spectrum of
CuposPltogsFesg7Sn0030; sample and CuFeO;-based [5] are shown in Figure 3(a). the
Sn3d spectrum for the valence state of the Sn ion (Sn3dy, and Sn3dsn core shells) of
CuFe1xSn;O; is shown in Fig. 3(b}. The results show that the binding energies of the
Sn3dsp and Sn3d;p signals exhibit 485.8¢V and 494.2 eV. respectively as shown in Fig.
3(b). Li [8] and Cantiio |9] have reported that Lhe binding cnergy for the Sn3dsy of Sn®* peak
is assigned at 485.8 ¢V and for Sn3dsn of Sn2* peak is centered at 494.8 eV. Thus, the XPS
peaks of the sample indicate that the oxidation state of Sn ions of CuggsPlgesFego75n0.030:2
sample stably exists in Sn?* oxidation state.

3.2. Thermoclectric Properties

3.2.1 Scebeck coefficient and electrical conductivity. The Seebeck coefficient (S) and elec-
trical conductivity (o) of the Cug g5 Pty 05 Feg 975150304 sample as a function temperature are
compared with the results of CuggsPloosFeO: [5]. CuFeqg7Sn0030: [6] and the CuleO,
15-6] based are shown in Figure 4 The results show that Seebeck coefficients of the
CuggsPlygsFeg 97Snp 0303 sample are positive sign over the measured temperature range.
This result confirmed that the Cuges Plo.osFeo97Sn0,03 07 compound is p-type thermoelectric
materials as dominating by the hole major carrters. The § results. al room temperature. of
the sample are approximately 325 pV/K. In addition. the S values are increased from 337
to 350 1 V/K in the temperature range of 320 to 460 K, while the S values are decreases
from 350 10 317 uV/K in the temperature range of 460 to 860 K. [n comparison. the §
results of the sample at temperature range of 320 10 650 K are higher than that results of the
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Figure 3, (a) The XPS spectrum of the CugasPtogsFeo 978003 0) sample and CuFeO;-based [5]. (b)
The XPS spectrum of the Sn3dsp and Sn3d,., signals of the CugysPlyos Fegs7Sng.g30; sample. (Color
figure available online.)
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CuggsPlgosFeO: |5]). CuFego78ng0:0; [6] and the CuFeO; {5-6] based. whereas the § re-
sults of the sample in temperature >630 are higher than that results of the Cuggs PlggsFeO,
15} and CuFeO; [5-6] based and lower than that results of CuFeo975n00302 [6].

For p-type of the CuggsPloosFeo97Sn0030;. the nature is due to the Sn?* substituted
for the Fe** site and the Pt'* substituted for the Cu'* site of CuFeO;, donating holes to
structure[4]. Consequently. the chemicul formuia of the CugosPto.osFeos75n0.0302 can be
wrilten by Cu*y P+, [Fe3*]; o, [Fe*+]y|Sn?*],0,, (x = 0.05, y = 0.03). The chemical
formuia exhibits a strong correlation of orbital and spin degeneracy for carries with mixing
the valency oxidation states between the Fe’t (3d°) state and Fe*t (3¢%) state which are
affect in enhancing of Seebeck value.

The electrical conductivities (o) of the CupgsPloosFeps7Snp 30 samples as a func-
tion of the temperature range are shown in Figure 4 The results show that the electrical
conductivity of the sample increases with increasing the temperature. The o values are ap-
proximately 0.02 S/cm at room temperature. The values increased from 0.02 to 4.5 S/em in
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Figure 4. The Seebeck coefficicnt and clectrical conduclivity as a function of temperature for the
CugosPtags Fens7Snn 0303 sample and the reference CuFeO,-based [5]. (Cotor figure available online.)

the temperature range of 320 to 860 K. All values of the Cug gsPto gsFeon7Sno 0302 samples
are lower than that value of the CuggsPloesFe0s [5]. CuFegg78n00302 [6) and CuFeOs
based [5-6].

For p-type of Cug o5 Pl s Feg.g7Sng,0; 02 compound. the electrical conduction is affected
from substitution of the Pt'* for Cu'+ sites [4] and the Sn** for Fe3* sites [4] to produce
the mixed valency Cu'*/Pt'+ in Cu sites and mixed valency Fe3+/Sn** in Fe sites. Also.
the carriers can hop between Cu'* and Pt!'* sites on Cu-Cu plan and between Fe*+ and
Sn~* sites in octahedral layer for contributing electronic conduction. The small value of the
electrical conductivity may be effect from the grain size of the sample smaller than that of
the CuFeQ; sample-based |35].

3.2.2 Power factor and shermal conductivity. The power {uactor and thermal conductivity
() of the Cug gs Ply gsFeq 975000302 sample as a function temperature are compared with the
results of Cug.osPta.os FeOs [5]. CuFep97Sng.03 05 [6] and the CuFeO; based | 3-6] are shown
in Figure 5 The power factor (PF = ¢ 5?) can be calculated from the measured electrical
conductivity (o) and Secbeck coefficient (5).The PF results of the sample are increased with
increasing temperature. The results are in range of 0.2 x 107*10 0.3 x 107* W/mK? with
temperature ranging from 320 to 360 K. All values of the Cug ¢sPtggsFeg g75n0,0307 samples
are lower than that value of the CugosPtogsFeOs [5]. CuFegg7Sng 0303 [6] and CuFeO;
based [5-6]. The smalt value is effect from the small value of electrical conductivity.

The thermal conductivity («) of the CugosPtoosFepe7Sngo; 02 sample is measured
using a luser flash method in the relation ¥ = aDC, [10] equation. where D, C), and a are
the density of sample, heat capacity and thermal diffusivity, respectively. The experimental
bulk density (a) of the sample is 4.4504 g/cm® which is 77.04% for the percentage ratio of
bulk density to theoretically density. This value indicates that the density of the sample is
reasonable for using 10 compute in the thermal relation equation for representing its thermal
conductivity.

The « values of the sample are in ranging of 0.59 to 1.0 W/m-K as shown in Fig. 5.
The values of the sample are smaller than that values of the CuggsPtggsFeOa [5). and
CuFeO,-based [5] in 4 to 6 times. For total thermal conductivity, the « value is expressed
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Figure 5. The power factor and thermal conduclivity as a function of lemperature for the
CupesPlopsFeosrSne s Oz sample and the reference CuFeO;-based [3]. (Color figure available on-
line.)

by the reaction of k¥ = x; + «, [10], where the x; and «, are the thermal conductivity
of the phonon and the electronic contribution. respectively. By the Wiedmann-Franz law
[10]. the «, is expressed by «, = L,Ta, where L, is the Lorenz factor (= 2.45 x 10~®
WRK™2), T is the absolute temperature, o is the electrical conductivity. From calculation.
the results of «, value are lower than 0.1 W/mK., Therefore. the major effect for controlling
of the thermal conductivity effect of the CupgsPlogsFeoo?Sn0030; compound is supported
by the phonon mechanism. At high temperatures, the x; mechanism part is dominated by
the phonon-phonon scattering expressed by Keyes's equation [11] as follows:

B\ [ ( me,f/:)
o= ()| Fm |

where 8 is the proportionality constant. Ty, is the melling temperature. M is the average
atomic mass, p is the material density, and T is the operation temperature. By the Keyes’s
equation. the equation implies that the x; value is inversely depended on the average
atomic mass. Obviously. the low lattice thermal conductivity value is affected on the
large atomic mass in material. The Sn and Pt atom which contains the afomic mass in
118.71 and 195.08 g/mole. respectivcly is larger than that the atomic mass of the Fe
(55.84 g/mole) und Cu (63.54 g/mole) atom. This is effect 1o small thermal conductivity
for of Cu()'gj P{(mj F&‘,Q.g'; S Nin.03 02 compound.

3.2.3 Dimensianless figure of merit (ZT). The temperature dependence of the ZT value
of the CuggsPlogsFecs7Snoea0; sample as a function of the temperature range of 320
10 860 K is shown in Figure 6 The ZT values of the sample are increased with the in-
creasing temperature. The Z7 in the temperature range 320 to 560 K is closely to the
Cuggs PtoosFeOs | 3] and CuFeO; based | 5], while the ZT in the temperature > 700 is higher
than that of the CuggsPlogsFe0, |5] and CuFeQ» based [5]. At the temperature 860 K.
the ZT of CugosPlogsFeo97Sng0302 sample is higher than that of the CupgsPloosFeOa
5] and CuFeOs-based (5] as approximated 2 and 3 times. respectively. Indeed, the
CugesPloos Feo 7510030, compound can be improved the ZT value at high temperature,
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Figure 6, The ZT value as a function of temperature for the CuposPtyosFeng7Sne 302 sample and
the reference CuFe(,-based [5]. (Color figure available online.)

4. Conclusions

The research aims to investigate the simultancous substitution of the Pt for Cu sites and
the Sn for Fe siles for thermoelectric properties of CuFeO, delafossite in content of the
CuoosPloosFegg75n0,0:07 compound. The CugosPigasFeo975100207 sample was synthe-
sized by the solid state reaction for comparison with the Cug.osPioosFeOs. CuFes 97Sn0,0302
and CuFeO, reference sample-based. The measurement result show the sample is p-type
thermoelectric materials. The results of Seebeck are in the range of 300 to 350 pV/K and
of electrical conductivity are in range of 0.02 10 4.5 Sfcm. The effect of the simuitancous
substitution show that the Seebeck coefficient is larger than that of the reference sample-
based in temperature >960 K, whereas the electrical conductivity is lower than that of the
reference sample-based in all temperature range. This results exhibits that the simultaneous
substitution is large effect to enhance Seebeck value in high temperature. while effect to
reduce electric transport. The effect contributes to low the power fact value of the sample. In
un-expected value. the thermal conductivity is lower than that of the reference sample-based
as approximately in 3 times. Totally, the ZT vaiue of the sample. at =700 K, is higher than
that of the reference sample-based in 3 times. The ZT value displays 0.07 at 860 K. Above
results can be couclude that the simultancous substitution of CuogsPto.osFeos75n00302
compound can improve the ZT value for thermoelectric properties at temperature > 700 K.
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Abstract

This article concerns with the thermoelectric properties improvement of Cu-based delafossite
(Cul‘B?O:) by M cations partial substitution for B sites. By substitution, ionic radii of M jons
shoutd smaller than ionic radii of B* cations for a resulting of increasing the electrical conductivity. In
case of B sites. it should be selected in the transition element for enhancing the Seebeck coefficient as a
resulting from the strong correlation benween spin and orbital of charge camriers. For reducing the
thermal conductivity, the M should be selected in Iarge atomic mass element for raising molecule
weight. Totally, when the 3 values of thermoelectric properties are improved, the ZT value of the Cu-
based delafossite is enhanced. By the reason, the Z7T values. which are 0.06 and 0.12 for x=0.03 and
0.05 respectively at 950 K, of CuFeQ, delafossite can be improved by partial substitution: of su®* cation

for Fe sites (CuFe,_ Sn 0,) as referencing with ZI'= 0.025 of at 930 K for CuFeQ,,

Keywords: Thennoelectrie, Delafossite Oxide, Partial Substitnution
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