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Abstract

This work aims to synthesis Ca;,Al4033 compound and AlF3+3H,0, CaC, and
CasN,-doped Ca;;Al14053 compounds for studying thermoelectric property. by using
solid state reaction. The compounds were doped in the x = 0.14, 0.7 and 1.4 for AlF,
* 3H,0, in the x = 0.12, 0.6 and 1.2 for CaC, and in the x = 0.04, 0.2 and 0.4 for CasN,.
The prepared compounds were characterized by XRD, SEM, FT-IR, UV/VIS, Raman
spectroscopy techniques and the thermoelectric property was measured in Seebeck
coefficient. The XRD results confirmed the Ca;,Al;4Os3 compound and doped
compound formed the phase of Caj,Al 4053 by compared with JCPDS No.48-1882.

The AlF;-doped compound displayed impurity phase of CaO and CaCQs for at x = 0.7
and impurity phase of CaAl4O; and CaAlL,Q, for x = 1.4., while the CaC, and CasN, -
doped compounds shoed the single phase of Ca;,Al14053. The SEM images illustrated
the physical structure of CajAli4Os3 and AlF3+3H,0, CaC, and CasN,-doped
compounds in porosity and arranged as a cluster. The FT-IR displayed the energy
absorption of the AlF3+3H,0, CaC, and Cas;N,-doped compounds in different area.
The UV/VIS showed energy gap in 3.875 for all compounds. The results of Raman
spectroscopy reported the peaks for Raman Shift around at the 1085 cm-. The
results of Seebeck coefficient. The highest Seebeck for dopant AlF; « 3H,O was
appeared at X = 1.4 for dopant CaC, was appeared at x = 0.6. The dopant CasN,
showed all components high Seebeck at the temperature of 30 to 50 °‘C. This
summary that the Ca;;Al14033 compound and AlF;+3H,0, CaC, and CasN,-doped

Ca,Al14033 compounds displayed the thermoelectric materials.
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2) anunsohluimuuagsy SuugameiuTaqmesludidnninliiusedniamgiu

3) anusathanuinlalulgvaunanidelududugld
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oS & w

a9 WaraITeNNeITeeiu Mayenite (CappAl40s5) Insuanssigasidensatl
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2.1 umwamﬁqmaﬂumanmn

v A ) v I3 o ) = W ad a

Fannannsaduanuieudulnililesnseiviludieaiond Jaqwesludidanin
Tngusngnisalmesludidnvintuiintuluianiannsaasunuuandavesgumng vy
FagWidunadarulwihlediuiiludaes wazfaireusingnsalifunduls Feeunsnlszand
Jushiidalihainanudeulduasdsszandiludadsaanuduanndsaulwilfeady
Fanwmesludidnnindanludanfiurauladmiunistunduanueugyailmiundsa
Tl

2.2 wann1svaBnasludianysn

Usingmiselinasludiinninusyneusie 2 Umﬂgmmwaﬂﬂa Uiﬂﬂgmm%mﬂ
(Seebeck effect) way Usingnisalinaiiias (Peltier Effect) 919 2 Uﬁmgm‘smuummiﬂwu
naumnduiule

2.2.1 Usaingnisaldiun (Seebeck effect)

¥ a.a. 1821 tiniAndvraiedlniis 4 Thomas Johann Seebeck ladunulag
Hudad dlienudeudisessdeveslane 2 viia asiiliiAaaudsdnglniseninaas
Taveiaesdsguit 2.1 losannduBidnpseululavedufaussiindsnusadgenilanei
dukasiadoudiiandt SehliAnaanuuandsresudanadidnnseuiivaislansdanan
Seebeck IfaguinmuuansgumgliinavhliAanszualninlulaneidonusngnisalii
Seebeck effect

gﬂﬁ 2.1 Thomas Johann Seebeck
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magnetic needle

cold hot
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electric current heat

JUN 2.2 uampnuunnsnsaauiifnavintiifenseudlniilulang

AUNTSVDY Seebeck effect ff’IL‘?JEJqug‘lJ‘UENﬂ”NﬁJﬁi’NﬁﬂE]LLaxﬂlﬂm’mLLmﬂﬁhx‘}‘iSW}'N
aungiagledn

AV

S ==
AT

(2.1)

= = 1 a Lo
g S fe Ardudszansdun (k)
AV fe fanussdndlai (v)
AT fie Arrrusinagaingll (k)

o da

JANNTAN

8

s =

uUszdEndILuA ( Seebeck  coefficient ) luvindugudasiuiagnesly
8idn vinuazazdaduvsyansduadulsiisuinuazay Tuedfuanautfvestaniug wu
Tunsdlvasasnediand N-type 2zdl Seebeck  coefficientifuau wi P-type il Seebeck

coefficient Wuun Wudu

2.2.2 ysmngnisaliwaiies (Peltier effect)
Tul a.a. 1834 dnfidndunsSamatinlean Charles AthanasePeltier)
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‘g‘dﬁ 2.3 Jean Charles Athanase Peltier
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wiaieslenaniin “dlatinszualniilualusi 2 stevziinusowintunssuse
a/ o Ql d‘! = dél -7 = al A
vpeiinnuTouIsituvseanasuetiuiiansivaveanseualuih? dsgui 2.4

fc Tdquua A

e

1 Q T2
_|_ Y Iy

| |
1!

Vin

& ¢ e | A o
UM 2.4 uaasusingniselinaiiesisessevedanzilofinszudlnings

£
o

waLaIN1TRasuIale 2 LuUAal

1. P < 0 ; Anduusyavsimaviesiuau
Wiediinaseuvasemeulifundsugessiinnamdoudtsainvnludrenisivaliou
gasnuTeuLarnszualniasifamnmsatutuiugazui 2.5

N-type
-+ —
«1
>
heat up cools down
heat flow I 2
|
I
-+ Il —

JUR 2.5 milvaisuresanuseusasnssualwinlaveuda n



2. P > 0 ; andudseansinaissiduuan

9 = v v = 2/ =
leawadanugaundeniheandiglivinnmsinadeuvesnnuiounasnszualniinged
= =g a @ A
NANNALINUANIUN 2.6

P-type

cools down * ol

heat flow | a

- —i|—

d = 4 -
JUN 2.6 wansnstuaiisuatauiounaznszudlninlaveeda p

Uningmsalimaiiisdidulingmaaingiudsngnisalfiuauazgninunldusylou
[ | @ at 1 = . . " Py
lumsvhszuvunaaiuannnsiulniluenandy (thermoelectric refrigeration) Tufitlsnsn

Qs (Y v Y g s 2 ()
Y9IMIYATUANLTBUUVUNAULA (rate of reversible heat absorption : g) #sdsundauiu
nsEunszualnil () kusessefe

Q= PI (2.2)

Toef Q fAe Wanduasauday (W/m2)
P @p duUszansuas Peltier (V)
| fa nszualuia (A)

Tuilagtumeluladdudidnnsedndlanufinmiluedrannduiesnnléiinng
i Taniiiduansiaiah (Semiconductor) Tnevidnuda Yaniiuansisdatherd 2 vilafe
wlln P-type (finmeuszafslen) danmvslwiiduuinuasein N-type Ewmzuszqfe
8uinasew) fanwmsbwihiduaudefinsandsusingmsnifwalutagis 2 siadniiaa
Lmnﬁimﬁwiwqquﬁﬁh 2 fudaguil 2.7

electric field

electric field

o 1
A A

a ' o a o i a & v oo & =
EUVI 2.7 LLaﬂﬂﬂ’]I’JéLF]QV]Lﬂ@]‘U‘ULQJQNﬂQWQJLLWﬂ@Nﬂ@QQEMﬁQN‘UBQﬂ']‘iﬂﬂﬁ]'lﬂ']‘lﬂx‘l 2 YUe
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\EnUNAUaIgveLTaRNY 2 Azl

AU finsstuiusuilounannme
Ussgauariiniuardsnaliinisindulseansvesdivaluansisianiedn Ptype fauiy
vInuazvia N-type ﬁﬁhu‘juawaﬂmnﬁﬁwﬂﬁmmwimgmmiﬂummmﬁaﬂmnﬁﬁau
Thnszuansadnllutagshs 2 ‘zjﬁﬂﬁ%LﬁmmmLmﬂshwaqqmwgﬁ*ﬁuﬁﬂmﬂﬁu’ﬂamﬁégﬂﬁ

2.8

p-type  —3 | hot

= 1 ad a & A & 1Y o o =
JUT 2.8 wandngampiiiiefiuiumensaesnuideiimsteunsewalninsadiluluansn

AU 2 Yie

A 1 A a 0‘.}1 3 = L 1 EQA k4 s
NUN 2.8 15s19gnunnivaguesianiis 2 axfidnnsuandsgamgiiinsediuiu
s A &) s 1 U L2 U s -y ‘!; = d!
sulilpsnnanwingUszaauazyianuasdialvnisinadudssdnsvasnaliiesluansia
Auile P-type Wag N-type faudeaiuiulunsaivesmsinadudseansdun

2.3 guuanIawaslusanvsnd

2.3.1 fulszaviaiua

duszavsdiua (Seebeck coefficient; S) Lﬁmﬁmﬁaqmﬂﬁmmm’waﬁumqﬁwgﬁmm
siwuaaqquﬁﬁu%ﬁﬂﬁiﬂuaumﬁauﬁmﬂu%nmﬁ%’auﬂﬂwaju%nmﬁlﬁun'h e
Sldnaseudasvannsandeudléisansiienis Tngdidnaseunguusnazindeuianuiiind
Youninluguinaibunit iasngniviedeulnendsurufeuildsu deunmsayan
vosdiinmsoufoull wwvilvigumniluunbugeiu uasroliifauseiulai (v uazen
fsdvsdiundgnienin Wushsduvemadiiswosnusnedng (AV ) funaseves

gl (AT) faaunnsit 2.3 wae 2.4

AV
§ = — 2.3
AT (2.3)
Vo—V.
§ = =2 (2.4)

T, =Ty



2.4 Tas9a319lATaNaNYD9 Ca Al 0.,

CapAliOs3 W38 Mayenite LfJum'iUwﬂauﬁﬁﬁauwamLﬁuaguﬁwgnwaaumm
(congruently melting compound) @1unsaasendndesldlaanseanniswasuayans
CigsligOus Lﬂuia@ﬁﬁmmLaﬁaimwmamm%’auﬁﬁwmaaummqqagiﬁqmmvﬁ 1390 -
1400 seALwaLEed

mﬂguff’i 2.9 TA59d319989 Ca;pAl055 lunseudimueniiaeasmiisgnuiaiuasd
lattice constant (a) dA1 1.199 nm. Tassa¥1afusyYes mayenite & 12 cage sowdleniag
wad lap 1 Cage MdururudnarsUsvana 5 A uazdessening cage 114 3.5 A wanidod
toshudimununsuudunaans (Mass transport) semine cage mglunazaneuen lasdl

= E; = - =
wamiituanindunaresszgiiesinleosudassvesosndiouluuand

‘g‘dﬁ 2.10 las9a519WaNV09 CagpAl 403

lnglafoudaz cage fUsxadinalaide (mean effective charge) +1/3 Autiulszqay

= = s s 2 2/ o/ v L5

YaeeanTiauBassuaweyszuinuavgniuiulessuuin 6 Ca”@dewmids cage wioufu

3 = 2/ s ot 1 1 1 1
lesauuan AU eandiaulessuaitoiussuuumaing fulaseing wszdesinasening
a @ 2+ al o al oS A [ o a &

pONTLAUAY Ca’ lndnigauszana 1.5 W dsdlauialvgnimasiuirdvesesnoutisass
' el 329 v = ) o = a

AU cage 887 7.0 - 1021 cm’ AdlarmBangudmiunsunuiilosaudassues

2- o = ' 13 ¢ € < -

0" fudszyavduq wu Wgeslss, raslsd, lansenluduielalnsd naonaudidnaseu



2.5 msdaazidaamasiudianvsn

Tunuddeillddaunmeitaqmesluddnvindeisufasenvowds (Solid  state
reaction)

FUFASuweauda (Solid state reactioniuiinisduaseiilasuainudemdy
stranninnzduiinsuanauiuuie quesvedwasasioadaus 2 wlinduly Taedl 2
LUy fe wuuuks waz wuulen dddmsuananuuugnuea (Ball milling) uagndsanua
wdnhenssetluinladaievy (Calcination)

FBilwdoudelnmsiharsiesuiifuvendundahuinlilddadiunuidesns
udnhunuanasauduiadeaty udrhlumniigumgifdenis Bidaldsetes udi
doidufte nandniildiniinuuigni Iiarsuenu biduidodeartu sunveseuniad
yualvgjuazenafiansuszneuudugidevusy Feuunnasisiurionnyagunsallunis
un ﬁu%aﬂutwﬁwﬁézﬁwaﬂixwuﬁaamﬁﬁﬁwqﬂmQQEWiﬁﬁaaﬂTnm§auIﬂanawwzauﬁﬁwwq

Tl
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Unn 3
ac o (= a o
29N19ATLUUIIUIY
:li} 1 = 5 o = - = :J s = a‘ 4
Tuunilagnanfedunsuniseniiueuide esueierdvaisedisuduildluns

vaaeq, gunsaliildlunisvaaes uagiSnmsnienasusenou CapAlOs, gnidesis AlF, «
3H,0 (1%, 5% uwag 10%), CaC, (1%, 5% wag 10%) way CasN, (1%, 5% way 10%) Lay
meIsuisevesenilneiswadunsisil
3.1 d15ndinlylunisiae

3.1.1 wAaldeum1susium ( CaCos )

3.1.2 sygillanaeniyn ( ALO)




3.1.3 upawenlulng ( CasN,)

=

3.1.5 ayvgiliiluungenlse ( AlF3H,0)
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3.1.6 Layuaa (ethanol)

3.2 gunsainldlusuide

3.2.1 Unnasauia 500 fadans

3.2.2 tawexgiivmiandUe
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3.2.3 FAUANAITHATHZHATINGDY

3.2.4 Asnuen
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3.2.6 UABNERaNTHLUULNALAZLUULNY

3.2.7 nEA Foil

3.2.8 NILATWAYY
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3.2.9 qedUden

3.2.10 gafle uay MUavin

3.2.11 wmunn
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3.2.12 n378

3.3 1aspeilanldlususde

A nI/ o e, - as
3.3.1 WAT9PNRaRRanI Nazagn 0.0001 NS4
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3.3.3 goUans

3.3.4 1Ak L

3.3.5 \A5030nlalasan

AracRiITR LN TR SETRELSELUNEE D e ey

R ARE AVIRR s N

1 AQADM
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3.3.6 X-ray diffractometer 8o SHIMADZU/Japan 3u XRD-6100

-t

3.3.7 Scanning Electron Microscope St Zeeiss i:'u EVO MA10

—E

3.3.8 Fourier Transform Infrared Spectrometer ( FT-IR ) fva Thermo scientific
U NICOLET 6700
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3.3.9 UV/VIS Spectrophotometer 89 Shimadzu Europe ;'u Shimadzu LV
3101 pc
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3.4.9UABUNITNAADY

3.0.1 NMSAIUUEN CagpAl40ss
LSBT CagpAlyqOs3 31NANTAIAU CaCOs haw ALO; Lialviinnsvihufasendu f
dun1sh (3.1)

12CaC0, + TALO;, —>  CapAlOs; + 12C0, (3.1)
Tngynsaseuasiegng 30 NS USHNavesasuanIfams1af 3.1

A15199 3.1 Usunauanslglunisdaunsiest Ca;AL0s,

A13Ranu Ustnaansiigasld (nsa)
CaCos 25,9842
ALO, 15.4412

Tusidedlawdstunauntsaassoenludunauniey asaaslulaudsdunaunig

ANIUNUIUN 3.1 BellTeasidunnail




FT4R

o ¥ w by
FONUNaTIRIAY

Ball mill 24 g

v

suwh 24 9l

\

wwsalod 26 $2lua 30 wril 3 gnmali 1200 °C

1 CappAly Oy

v

fTvdaMAYNENSATY XRD

v

ﬁm'ﬁ?a%uglﬂaaﬁuﬂ 425 KPa

\

wwaalerd 26 2l 30 wii Aowghl 1200 °C

v

dinganfin CagpAlyeOss

/

- o .
H'ﬂﬂﬂi‘HﬁﬂU‘JLHﬂ:HH‘a

Seebeck coefficient

| (v |

FUN 3.1 U dunaun s iuaunIsesenens Ca;AlO0s;
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3.0.2 MSATEURS CagpAliqOs3.5,F s

WWIBLEY CagpAli40s5 3NE5HIRU CaCOs, ALO5 AlF3e3H,0 teliinnisvh

UFATenu Heaunisi 3.2
12CaC0; + (7-X)ALO; + (20AF33H,0 ™ CagpAlieOusaFs +12C0, + (6XH,0 (3.2)

Wa x = 0.14, 0.7, 1.4 Taaynsinsaualsdiogne 30 N3y USunueesansuands

AN NN 3.2

A1919% 3.2 USUeua1sALTEUAT1EY CagpAlyOssaeFe

il Usinadansiigedld (nfa)
A1TRIAU
x=0.01 x=0.05 x=0.10
CaCO, 25.9608 24.6835 23.4041
ALO, 15.1880 13.2014 11.1264
AlF5+3H,0 0.8305 3.9712 7.5307

TunAdsilawisiupeunimnassesniduduseudiee dawansluirnudiduneunis

o = < o o =l o &
G]’ILUUGWUE‘UVI 3.2 f9I0azLaeARNIU
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PMURaITRIAY

Ball mill 24 #aliq

v

auih 24 $oli

wwaalesd 26 4aliie 30 wiil # gamall 1200 °C

-

H CamAil,;Om,st (X =014 ) 0.7 i 14}

R

ATadouAYeaTAae XRD

v

ymnsatuslautiuss 425 kpa

A4

-—

wwarled 26 9ol 30 wil foomadl 1200 °C

v

Wi CapAliOnaFu

Y

- o 7
WlUpsaaauiiAs kg

Seebeck coefficient

o s 5 o = =
FUN 3.2 WHURITURBUNITALEUIIUNITATEN CapAL cOss.5:F 6y
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343 ﬂ’]‘iLﬁﬁEJllNﬂ Ca(lz.x)ca(x)Allq O(12_x3+21((:2x)

WATELNG CagpAli4Os3 3NENTAIAY CaCOs, ALO; way CaCy iivaliiamsiuiisen

Qs o

fu Faamnsdi 3.3
(12“X)C3CO3 + (X)Cac;; + 7A|.203 —_— Ca(12_X)Ca(,<)Al140(12,x)+21 (CZX) ( 33)

e x = 0.12, 0.6, 1.2 lagyinmsmsauaseiedne 30 N3y USuaeeansiandaa

M15199 3.3

M99 3.3 USINaensAleadalAs1E9i CagosCamAlia Ouzss21(Ca0)

5, USunauansiidedld (ndu)
A1361901 Y
x=0.01 x=0.05 x=0.10
CaCOs, 25.7067 24.5994 23.2245
Al,O3 15.4305 15.3876 15.3348
CaG, 0.1662 0.8289 1.6524

Tunuidsilivustuneunvaasteoniduduneunieg sauanduunudidunaunis

o = EJ H!I = =i s Q“l’
QWLUUQWUEUV] 3.3 NUTIEaTLLANNY




Ball mill 24 920

v

auwh 24 gl

wouaaleyl 26 gk 30 wiil anmpil 1200 °C
M Cam.,;(:aw.ﬁ\ln OIIZ-X)PZ'I(C&) ( x=012 s 0.6 ¥ 1..2)

v

RIIvHBUINAYEETAIY XRD

v

sinndnsugiaclius 425 Kpa

7

\

wwaald 26 $7lua 30 it flgmumgd 1200 °C

v

Lﬁﬁtﬁiﬁﬂ Caﬁ McawAlﬁ Oﬂ gmg{cb()

Y

- o ¢
R RARUAATIIRA

[ Seebeck coefficient ] [ Raman ]

UM 3.3 uNuAstunoun1sanluIunIsne s CagsyCamAlisOnz a1 Ca
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3.4.4 ﬂTﬁLG]%EJﬂJNQ Calel.lqO(lz_x)+21 § ()(/3)N2

26

=l 5 v d’ YV a o aaa
WIBUNI CajpAL14053 3081509 U CaCOs, ALO; Wag CasN, LWEJIWLHG]ﬂ’]‘W]’]UQﬂ‘iEJ’]

AU F9auNIST 3.4

X X
(12 -X )CaC03 + E Ca3N2 + 7A‘\203 —> CalethO(lz_x)+21 i

(3.4)

e x = 0.04, 0.2, 0.4 IagyinnsinsauaIsaioegng 30 n3u USunauesdsuanas

AN N 3.4

713199 3.4 UTuaansnloduasiedt CapAligOuaxszr - (73N,

USunuasiiaesld (nSu)

Ao x=0.01 x=0.05 x=0.10
CaCO4 25.7385 24.7564 23.5214
AlLOs 15.4503 15.4859 15.5308
CasN, 0.1284 0.6433 1.2903

aw 2w " <1 & ' [ v &
ELUQWU"J'\]EJU‘],@LLUQ’UUG}E]Uﬂ’I‘EVIG]aB\‘JEIE]ﬂLUwUUG]?JUWN‘] ﬁNLLﬁﬂﬂULLNUW\T‘UH&]BHﬂ’I?

ANUUFUN 3.4 FeilseaziBendail
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YIUTMUNHTIRIAY

Ball mill 24 #ak

Y

&
auuh 24 il

wuaaled 26 92lua 30 wit 1 gamgit 1200 °C
Hi CangtmO{;g_)g,ﬂ : XfZNg {x=0.04 , 0.2, 0.4)

Yy

AIVHDUIHAYRIENTAN X0

v

vimndatuzulaglfus 425 Kpa

Y

wuaalend 26 $aia 30 wif flgamgil 1200 °C
L
v

- o L4
H'ﬂﬂﬂ‘i’.‘r‘lﬂﬂﬂ‘nﬁi'ﬁ:“ﬂﬂ

Seebeck coefficient ] Raman } UVVIS ]

[ FT4R

JUN 3.4 WU atUABUNISALEUUNITATEY Ca;oAL 0Oz w01 - (X/3)N,
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u'.r g s a=|' }2 = st 1 =l L] v e dl' O.J - e
3.4.5 FeUminYeeE R BINIINUTIIUNERTEILRA 1wl eeS aet SR eg
AUAaTLBER 0.0001 NSu

1J 3.5 Seansiniinaisnunaly

3.4.6 ¥asHILE) maq’iwmwmamﬂwma’iumimmsJmmszjaﬂﬂma Tneldnsqe
iENLWS‘U’]Eﬂ%?I'ﬁhJWﬂﬂiJMEJ LLaJL‘szawmaaamlamwmmﬂwmmw Foil lagnsreuaaldie
MusALiLULA auLE YR

a b €

JUM 3.6 a. thansfidaudvadluniananainlagldnseseaiietelnansliunnssane
b. Tdlenmusaivauioufiuein

c. vaninsauthluuealladlneuwmusiunuinietestuansinasonun
Yuruaalad
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3.4.7 ynmisuauansngIinsvgu viieisendn msuealad Tuasssunazideady
1381 24 4l

’ e —

< a ¢ )
U 3.7 m3vealan

'Y a o o al w o
3.4.8 va9nuealiadasu 24 1l thansavaneflduwaduinneSeeldnzunss
a6 a ¢ o (9] < & ¢
nsoaieyinsuendawaaliosoonainals waavnisarsansinigausageSladys
o o a i a [ & £ | o
feMsaneIUsakaziaITazatunnIadas LA LI Uafe Foil Wizglandesnouddn

Aouens

a. b. o

gﬂﬁ 3.8 a. thawsavaefilduvaddudnneslagldnzunsinseafiovhnmsuensinesla
\Hesaonanans
b. ¥msdsansiniemudaweslafloddenisaneniuea
c. ﬁﬁﬂ’?‘iﬁ%ﬁ’lUﬁﬂia\uﬂgﬂLté".lﬂ’llﬂﬂ@ﬁ?&lw‘aﬂélﬁ]’wgLgﬂﬁaﬂ
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3.4.9 thasazaeiinseusiwududrevlugevarsiigamall 100 ssmwadea (Ju
& A:J o P2 Y £ &
a1 24 Il LeiNIsIEIElenIuea Weasu 24 Talusaldanseanuniuns

a. b
P o = & v w o
JU 3.9 a. thanazasiinseaaaududreulugovas
b. asflalilosutasa

o t =l v - o d
3.4.10 thusanslgluualvazidon wdldludrewssin dhluwnlusmalngng
- = n:r 5 o A
gumgil 1200 ssrneaidea Wuan 26 Falus 30 vl ntiuhansflalunsvaeuma
AL St a ' 4 il ¢
29AUsENaUARTUMEIATANSIApNULTBIS AL S NG
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ol ] i £ = v v =
JUN 3.10  a. ihewansiildldualvasiden udaldludrewsniin
b. WluwnluaanlvihfigamgR 1200 ssrnwaidoa Wulim
26 Wlug 30 Wil

° P ¢ da & -
c. hasnlalunsiaasuanssusenauiiintumemaidanis
BeuuYesdidisng

2.4.11 nswseNansiegs wuady 3 wuuy
Pu| | [ =
WUUR 1 wuUne lagdansiasnewnsad FT-IR uay UV
n! [ = i 173 al
LUUY 2 wuudaesnin Tnedensiasmuiasas SEM uay Raman
IJ 1 = 1 d A
WUUT 3 LUUBYISESIEN Laeaensiamiewnsad 1ASee TRC - ZEM2
3.4.12 ynmswseLasuuudinesiinLasiuuwiagsiinlaeldudendaaisuuusia

1 o s v A el = o A ] a
wazunildsameinsesdalalasdauanihlumluneniniiaamagll 1200 esrmivaida
= < =
Dunian 26 47lus 30 wii

a. b.
= c Y
U 3.11 a. dwsldluudendnans

b. thudensnaisiudnsmeiasassalelnsan
3.4.13 g1seagenlawaridinsiadiiasieiiug
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EJ = ] - ‘d 1 A
‘EU‘V] 3,12, &, bl.cluazld Lflﬂh‘lii’li.lLLﬁ&‘LLW&L‘HSWNﬂVI“U?NLLWﬁ%ﬁ"IiW 1%, 5% az 10%

° v a &
ar uqaqimﬂaﬂmiqﬂ’lLﬂ375ﬁ“ﬁm'}ﬂwmﬁl\3‘]

3.5 dUUAINIATIATIY

51 mngﬂawu%’aﬁté‘m% (X-ray Diffraction)

mAfeildmaiinnsdsnvureedidndlunisnsnavesussnaunaaiiuag
silnvaanaiiintu

MslaEIUNe dlEng (XRD) enfundnmsiduuresdddndilossednnnseny
’"meqw?amgmﬂ%mﬁmﬂﬁﬁﬂmmaqﬁﬁaﬁaxﬁauaanmﬁmuﬁ’mxmwaaa‘t,gmﬂwiwﬁ'wwuaa

s
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incident beam

reflected beam

d «'1
|
O O L
dsin®

A 4’ o =l L3
JU7 3.13 Meidenuweassdond

4 = s s b2 =
NFUN 3.13 A113005UIAINAUNUS IR INENNTTYBUSN ( Brage’s Law ) #ia

2dsin® =nA (3.5)
ool n e dvumsasiou(n = 1,2,3..))
d fe seeeiesewinggsuiu (m)
A Ao ﬂ'mm'm?{u (hm)

8 @a umamwu

Lﬁaamﬂmmmawumu;ﬂLLUU‘uaqnmgmLuué’nwmzﬁLammmﬂsﬁaﬁ’u SEGRHRER
L‘hg‘uLLUUﬂmﬁmLuu‘uEN%’aﬁLé‘ﬂ%ﬁmmaaUIﬁmﬁwﬁu%’aga‘ummwﬁw{wqﬁﬁagj‘tu
99fns JCPDs (Joint Committee on Power Diffraction Standard) iitonsvapusnaiingu

91N XRD @ mrsnAnamvunveseunalaeld Scherrer's equation

b (3.6)
" Bcos6 '

Taef 2 TUIAAINUAUIVDITEUTU

=

h)
flg AIUENIAAUVBISIANINY d195U Cu KOL A = 1.5418 3ansay
Ao suvsuiniaesiia (ns1W XRD aﬂwmmwu 20)

d
A
0
K #@ Shape factor

B Ao mmmwwaawmwmmeﬂ'ﬁwuwmﬂ’;’mad (15iAew)

3.5.2 Ndp93ansIMIBIAnATaULUUFBENIIA (Scanning electron microscope)

ndosgansimididnnsounvudosnsindundasqanssaiiild electron  1fu
uwnaeiilauas Wuiedesdlefldfnwdnvurduguvesianlussiuania uasilesnn
fosrinvesndeganssmiuvuuasiifimusnaduuasuelngnindnvuzdaguueiad
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ABINNTANWT Wagiasnuamnsalun1suendnveIndesganssaduuunassssuaida 14
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pingudnaauszann 0.2 lulaswms uavldmdsmenegegelaiiiu 3000 i dalyawise
nvvEeuvazidunvesingivuindnuingld Sadianududuegredfiasdoddndes
qanssedidnnseuiiifaenegs fanuaunsolumsuendad esniaruensndudy
iethslunisiiaseidnuazdugiuresian Tnsndesganssamididnasounuudesnsiadl
MAevE181INA1 3000 11 AU A99EAUNINNTT 10000 111 LAZEILNTOLINUIITILALLDER
v03nm Setuudnuazdoddldfeus 3 §s 100 wiluwns

wdnnsvinuvenaies SEMUsznoudrsunasinindidnnsoudwininiings
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q

a8 1

5 e !& o ! =
MNdungudannseudIzIuaudsIuTIned (condenser lens) ievilingudidnnsou

q

o )

nanaidudrdidnaseu Feeunsoufulivunavessrdidnaseulvgviodnldniudesnis nin
&/ Ad o s o a s gj o a @/
AeamsnmitinnuesndaarUiuliddidnnseudunadn udwinduddidnnseuargnuiu
s vas _ % i - v = as o
seerlialagiaudlnging (objective lens) asluuufinTunuiidesnisnw  ndsa1ndd

@

BilanaseugnnImasuuiuuasyhlfiAndidnnsounfogil (secondary electron) Tuds

€

y1uandibnasounfeniilergniuiin - warudasluidudyaiumdidanseninduas
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3.5.3 MINILAUAINIYNAINULEIGIUaBUNTITA (FT-IR)
Fourier Transform Infrared Spectroscopy (FT-IR) Lflumﬂﬁﬂmiﬂ‘isﬁumsﬁ’m
(% 1 a , w < = ! .
WARULEIYIIUERBUNS IR (infrared light) AMNENIAGURANY FT-IR 10U Michelson
e ﬂl' = & = o =
interferometer dauandlugh 3.15 lu FT-R awelasiiwes (3UA 3.15) S IR 2
unasiniln Globar AuansiI0e19 uay sialuds beam splitter (gUnsniondn$ed) Feax
o @ aa a ' P = s o Y , . o o a a
wenaIENN WA sieg LA NwslUGInszaniivyulsl (moving mirror) wazagaugn$ed
o = d" o éJd @ d’ u’j o d-:[ v ql ] Qs 1 =
anfanilaludanszanndaduf MeaSsdfiaeounaztuaIsiiagne (Transmitted beam)

wnaviounauluNn beam splitter

michelson interferometer mirror

sample cell
He-Ne Laser ﬂ
@ —
Glowbar source ’

g‘d‘ﬁ 3.15 Michelson interferometer Tu FT-IR

3.5.4 NSAHILLATNITAANAUNIILEIVDINAN U

WS89 UV-Vis Spectrophotometer Juedesfiefihwmeie UV-Vis spectroscopy
Wity wn3esfladivimiillunisnsada auduuasiiniuvieasiouandaede
Wisuifsutiuanuiduuasanumdsiuiie 1a3es UV-Vis spectrophotometer Tagiialuuda
fldnuusenoundng Miviloutu Tiudundeinflauas tnsaie vae Wilulasuines wadd
T3] 38E1 wariAzemsIn Saunastuiauas axdedliuaiinedlathadeidos faiitew
14 flo vaomivanuslaau Jsliuasiifiniuenaedulugag 320 - 2500 wiluwmns g sy
undsidauadlugidyiduaslivasnlelanaunonaeniaiiondslfuadusasanuem
AR 160-375 wiluwms wikasi 1dan Lmeiqﬁ’]tﬁﬂﬁu%ﬁmmaﬂﬂﬁuﬁiwﬂ feduiadedd
lululpsmes Wusnszawuaseenidieuasfiazinludwetfinnusnadus e
Ay Aiosmsudsntuuanruenadurifenasuludavedi USIPENTAI0E9 Wag ais
Wiy (cuvettes) Faiigusnasheg fu oenly
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3.5.5 wmaillasuualalnsalal (Raman Spectroscopy)

swuduusngmsallumsnssifwemasguuuunis Fiinanmsfiuasmnnsgmy
mquazdwasililuanavesansgnnsydulvegluaniusidr  ennfinnsanlidndadnluly
sediuluana  ARemsifusesewineraeululuanagndnthlifianwdavsepolarizibility

L

= d A ./ 1:] L | 1 AEI! = at DI J
Wasuulasly) uazilieluianafignnseduneneuiisendufugdanusunidedndesumni
(wazlddl dipole moment Tuusziadl) AagyinliAnn1snsvidauas (scattered light) aanun

(U7 3.16)

scattered light

Incident light

e

sample

= a s Y
;a:‘l.]‘l/l 3.16 LLﬁﬂ\‘iﬂ’ﬁﬂiELﬁNLLﬂQWﬁ]ﬂﬂiﬁ‘lﬂU’J@lq

a 2 & ' [} = & )
ATTNTELIILLUUITINIU ﬁﬂaﬂﬂ‘iwmamwadwmmu (ﬁ%@ﬂ?quﬂ) VDILFINMANTENUNU
w = a = ' . ' v w ) = & @
PWANIUBAINNTLLAY (158171 Raman shift) QgﬁﬂqﬁiﬁﬂUﬂUwaﬁﬁqu (WIDAND) m@ﬂWUﬁﬁlu

o o & o oa <l
nsduvesluananinlainvaiiadunsise (JUi 3.17)

Raman and IR
vibrational energy
phomnl_—_' 4 levels
|
infrared Absorption
photon in phiaton ol

W

Raman Scattering

FUM 3.17 Whisuilsundsnuiiinanmsnisnsuifaarmsduvesiusyluluana
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3.6 AUUALWMDILUBLIANYSA (Thermoelectric properties)

3.6.1 dulsvansdium (Seebeck coefficient)
a/ a n‘d (%] v d‘ d' b2
aﬂJU33a1ﬂﬁsﬁLUﬂa’lﬂJ’]iﬂ?ﬂlﬂf\]qﬂLL?\‘]LﬂﬁE]ulwq:’q']LUE]Gﬂqﬂﬂjqﬂiau?ﬂﬂqiﬂuaﬂq

¥
Yo a

ANMUALNUS AT

AV

s = W (3.7)

Tng#t AV fo musinedindluniln
AT #e anusnsgamail
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NANISVANAB9LaZN1SaNUS18NE

Tudiuvesunil 4 agnadnfamanisnaaotuazniseAUsIananldainnisdaaszs
@15Us2naU CapAligOss, 10978 AIFs, CaC, Way CasN, 'lué’m’lehunﬂaﬁl,%aﬁ 1%, 5%
waz 10% lushsrdrudesiusidmin Inefdefiasiiavadiil

4.1 auUALlNlAsIa319 (Structure properties)

4.1.1 Mmansadeulassadrendndomaiianisidoiuudedediing (XRD)
4.1.2 MFIRTeiinyaendugIuisImendesganssAuBianasauLuy
d94n31@ (Scanning electron microscope)

4.1.3 NMIATIVARUWMATANIINTYAUAITAIENAINURAIIUABUNT ISR
(FT-IR)

4.1.4 MINTIINATINNITANTUUAZNTAANFUNNILENTBINENUN

(UVVIS Spectrophotometer)

4.1.5 nsasinizimaiasuaUalagalal (Raman Spectroscopy)

4.2 guiiBanasludidnuin (Thermoelectric properties)

4.2.1 duuszAvagiun (Seebeck coefficient)
TnehdevavunaziiausannsauanisasBonldnuidossusdolud

4.1 auUnLaielasedsdne (Structure properties)

4.1.1 N15A5298aUlASIES19NANAEMATIANITIAEMUUA I859F18nT (XRD)
Wavhnsiwuaaludasfmeeimisnin Mguvgl 1200 ssrwaidos wazuily
ARsEMlasIas1aNanaINLATEY XRD Fawudaenanilanuaegdiuunisideauuiidennand

U CaypAlyOs; UsIngiudiymdsaun 20 = 18.08, 27.76, 29.74, 33.34, 36.64, 41.14,
46.58, 55.10, 57.38 Waz 66.96 aaﬂﬂmaﬁﬂm‘alﬁamuuﬁg&wmﬁﬂﬁLé’ymmu%'dﬁLﬁﬂsﬁﬁisﬂu
yateyaIMIgIU JCPDS vineglay 48-1882 anunsnasuteTieasdenldwsi

4.1.1.1nsieavuFediEnduasEnsUTEnay CapAL,0s, Tdadne AIF, (1%,5%
wag 10%)

dlovinnsideans AF, Tulasiadnawes CapAlOss tulSimi%, 5% uway 10%
wuiwmwﬁnﬁé’ﬂwmgﬂLLUUﬂ’]SLgameuﬁamﬂﬁmﬁugﬂLLUUﬂﬁLgmLuummgm (JCPDS
NO.48-1882) fiagUil 4.1

wansfigniFeusnn 5% wumaiusniiominiasnisinufiseliauysainsia
mﬂmﬂ%'qquﬁﬁ@wa@ummﬁqﬂmaaﬁﬁ'ﬁuﬁa CapAl 053 W01131nNN5 CaCO5+ALO;
Tngansusznautes CaCos latimswngamasumaniigeiilifiaais co, wwiliAnufsen
naneiiu Ca0 Feazusinglunsas XRD
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LgaxﬁLWawaamsﬁgm%aﬂ%mm 10% Wlaas13e AlF 5ﬁ1ﬁﬂ%mwmﬁmmxauﬁﬂﬁﬂm
NADULUAIVDY Cay,Al14053 qqﬁu B4 AlF; 3170 N5LANYDY @15 CagpAliOss ﬁ%mmmn%ﬁq
\unsiiamsyiuisennulsiauysalves CaAlLOs; I9IHAR CaipAl Oy waziiaima
wiuanuaau

nansiignideuTina 5% Funaiuioelians CaO oguswil 10% isuaidu
CaAl,O; 3NdRdU CaO uag 2AL,0; fueg 1:2

1)Caal07| [——JCPDCS NO 48-1882
e G12A7

3}223'204 —C12AT-AIF3_1% |

4)0aCc03 | —— C12AT:AIF3_5%

— {—— C12AT:AIF3_10%

(1)
@l mm
VR . U, .

S
£ @)
"'B: o N Ak A
w
=
3
E

i) (420)

l : [:m]““‘wm:| 33
e 3/

ij‘ri‘;lAJ.\
LY & B o= VRN T

521 642
(422) (521) gy (640)(642) ol

(651) (741) T O 1) gy im0

(631) (7100 (721} oy
|

{752) (664) 1930
T 2 1

10 20 30 40 50 60 70 80

2theta

3N 4.1 sUnvumsidenunvessidiinguos AlF,-3H,0 Aldannisdansngiainis
Ujienanugresudimrunisuaalediigumail 1200 ssriwadoa

wardmuin evhmsfeasiintiuagiiifanisivdsuudasde vuineyninazidnag
\RaNIAANITNARIYDINEN FILanIRImSIeh 4.1

aa

A5 4.1 wARIANASALATINGN @ YesaITUTENBY Ca;Al OsssFe NEWATIZTAENT

UfATeveuds
CayAl; 4033 5, Fex AAsTilasandn a (A)
x=0.00 : 11.9854
x=0.14 12.0480
x=0.7 11.9328
X=14 11.9408

PNAITNN 4.1 nn1sAnwlAsIas1e CapAl Oy flAssadauuAidn Taenns
AnuLasivwsdives (2) Jululumugnsnisdwananfisnsifinesuealassaiiauuy
Fadnesannisn 4.1
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(4.1)

Tnofl  hkl Ao ssurumsdenunsadidng (hil ﬁﬂﬂﬂg’l,ugﬂl,munmgmt,w
$sdidng
A A9 uanfigwisiiines
d P9 SEuEIeTENINeTEUIY

& o o oS A v
4.1.1.2 p1sidewusdidndvasasusznau Cay,Al405; Naane CaC, (1%,
5% wag 10%)
HaNENeAlldnweFULUUNITIEENUUNADAARBIAY CapAl 405 TnefiAnng
& W g & o & ea [y
Weavunseiugluuumsdeiuussdidndiseyluyadoyaninsgiu JCPDS vaneiae 48-
af IHI 1 1.0 p 24 A 1
1882 43U 4.2 WudIn13ide CaC, laivinliilaseainaweg CagnAl 055 WasuwaLas liny
wanlanUasuusiegndlauansliiiuindinisiuiiserfusded seninsansisdunaranside
Y o — : = =l o Cadl 3 W 4 Al
wanINUBIMUBNIIAIAlasINan a Juulduiuduiieiniside Cac, Wine1noLnonUas
P v = &l a Y1 oa < o '
C fvunlvgindteznonvet O Fauisaduduguldinfanisdiluwuiives C Tusumia
i as ql
O larauanslupisai 4.2

[—— JCPDS No0.48-1882
(—— C12A7
——C12A7:CaC2_1% |
—— C12A7:CaC2_5%
—— C12A7:CaC2_10%

_._____LL_..LLJ
SVOK 8 rm AL 1G5 PO/

Intensity(a.u.)

.AJU_J_QI | 2 N AN

[

(211} "
32 (52n)

1
(815} (640)

(400)
(340) (a2
(z20)

T T T T ' g Y y ;
10 20 30 40 50 60 70 80
2theta

UM 4.2 sUuuumsidenuuresisiiandues CaC, ildannsduasieiainiufiseranue
veudeiiunisunaleliioomall 1200 aswwaldua

wazdawudndy Wevimadearsiiiudu wwlifansdsunlasie vuineyninos
vt HasINAANITUEEMUBINEN AILARINIAITIN 4.2



A19971 4.2 LERIANASALASINEN a UB9ETUTENOU Cagz9CapAlis O ><+21(sz) SNGFRERY
meIsURRS VeI
Ca(120Ca00Als O(12-x0+21(Cax) ArnsiilaseaEn a (A)
x=0.00 11.9854
x=0.12 12.0195
x=0.6 12.0224
W=l 2 11.9722

= atf IJ =
4.1.1.3 AsdenuuTdidnduasarsusenay Cay,Al,0s; MIaRE CasN, (1%,

5% way 10%)
= s =l Y 4 2 s L7 4 A v
mwaﬂmﬂwaﬂwmsgmwunmﬁmmumaamﬂaadﬂu Calel14O33 WG‘E‘UM 4.3 mavﬂ,ﬂ
= 1 =l =Y 1 € 1 - sl = dy } 2
F1NNITLAD Ca3N2 WUUASARLNE CaleL14033 amaauysm LUULRIEINUNITLDD CaC2 UL
W = 1 ¢=1 = =l v dl' o < -=T n' :’ﬂl s
I‘L!W]‘?JB 4.141 8 ’“U\iﬂ’]ﬂﬂ‘wiﬂi\‘lwaﬂ a NLLU?IUQJBC"]NLN@V]’IW]‘JL?I@ Ca3N2 YEWHVU ﬂ\‘lLLﬁﬂ\ﬂ,u

]
M99 4.3

[—— JCPDS No.48-1882
——C12A7
|=——C12AT:Ca3N2_1%
——— C12A7:Ca3N2_5%
C12A7:Ca3N2_10%

8L RSWEINSL B T

(750)  (842) 941
(741) (B40) (g l“l-‘g )

4

752)

'Y

(6e4) (930)

b »

(211)
(631) (mim (721)

(400)
o) (321)
(2200
. A Wi Wil e 0
}

T — ' &l ol k1l R T @ = 1 1

40 50 60 70 80
Ztheta

iU‘ﬂ 4.3 'iiJLLUUnmammumaqiaamﬂmm CasN, Flfanmsduaseiannia TBUHAzen
amwummemunmmalsaququm 1200 a3ALwaLToa

LLEI“‘EJ\‘i‘W‘U@ﬂ'ﬂ LN@WWHW?L%E}HW’SLWN%U ’{luﬁJLﬂﬂﬂ']‘a'LUﬁEJuLL‘Uﬁﬁﬂ@ YUINBYNIATS
’L“WQJ’UU Lua\‘lﬁ]'lﬂLﬂFﬂﬂ'}‘é‘ilEﬂElﬁl'}“U@\iNﬁﬂ @\‘ILLE@WNW]TNW 4.3
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nl U = cil s v
M990 4.3 LLammmﬁ‘[mqwan a V9a13UsENDU CagoAligOnoxir: (X/3)N, NduATIZIeIE

BUHATE V0T
CaroAlisOuasaens © /3N, ArAsiilaseudn a (A)
x=0.00 11.9854
x=0.04 12.0251
x=0.2 11.9837
x=0.4 11.9420

° i i = = ay w a
IgHaIINNITAIUINUIN AASTILASIHENTDY CagoAl O TaINASNAaDLilan
v o Y a oA v o i al o e ) = o X v
IﬂaLﬁFNﬂ'lJLLﬁgLﬂlamgﬁqﬁm')&lﬂﬁiqﬂ?uwLWNmUﬂqﬂﬁﬂﬂﬁﬂNaﬂﬁ‘ﬂgLWlJ“U‘LILgﬂu@EJ

a a s as a U o da <
4.1.2 m';nmﬁﬂ:wanvmzmqamgﬁmmmﬂnaaaﬁ;awﬁﬂuaLanmiammudm
N31m (Scanning electron microscope)
= € v 1 a = 4] =Y
INNTUATIENAEY SEM mﬂmmeJLLUULﬁ@‘waa’mm'ﬁLmﬁajuLma%a’l'iwqmwnm

U

1200 perruvaeanuirlinisdniesiiuvemandungudousaziidnvasiauduzwgy
= =
InevuInRanaagUTEuNM 4.6 um

4.1.2.1 1n596579909 Cay,Al;,055

JUT 4.4 ey SEM wamedniguinenveafinansusenau Cap Al Os wanadamsiiin
Ca;pAl05; MdNATIEIME UGS e anuzvo Lt
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as

A5 4.4 UARIANENLAZIUINEYNIAYDIANTUTENDU CagpAl 055 TIE0ATIZIENETE
Ufnsenanuzuosuds

VUIAKNEAN (um) YWIRaYN1A (nm)

CaigshlyiOi 4.5733 0.809

4.1.2.2 139815 AlF; TulAsea319209 Cap,Al 405, 3x(Fe)

(A) X=0.14 (1%) . (B) X= 0.7 (5%)

(C) X= 1.4 (10%)
JUN 4.5 amgne SEM (A), (B) uae (O) WA ILINEID0IAATUTENBY CayrAlOss
f. a oo Y o
3 Fex) WAAMIALYINNN CappAl40555(Fe) NdUATIZVAIBITUG AT @ U TR

mﬂgui?’i 4.5 (A), (B) way (C) WUIMWINENYBY CaypAliOss 5 (Fe) Mlea Nl Tind
fildnmsindumes fidnwazinmzdudunquiiou Tnsllvunneynaadeegii 0.443 uily
wns W lassairemmamenmdanudugngusasiinsdadosindunduiou uazaunandn
LAZUINOYNIATOIATTUTYNOU CaypAlOss 2(F) LARIAINITIT 4.5
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s &

A3199 4.5 UARIYTUIANGNUAZYUINBYNIATBIAITUTENBY CapAliOssaF s NELATIEIIERE
Buiserantuzvouds

CapAl140355.5.(Fe) YUIAKAN (um) YUIABYAIA (nm)
X=0 (0%) 4.5733 0.809
x=0.14 (1%) 3.9500 0.163
x=0.7 (5%) 5.6800 0.090
x=1.4 (10%) 0.1333 1.077

4.1.2.3 139813 CaC, TulAT9a¥ 19989 Cag.0CapAlis Onz0121(Cay)

(O X= 1.2 (10%)
UM 4.6 aweing SEM (A), (B) ua (C) uamsdmuguinenveadnasusenoy Cayy CawAlia
Oz29521(Car) WEATINLEGS1AIN Caprps0CaeAlis Ornzsgnar(Cay) i ALATIZVE87S
Ufjisenanuzaasuds

INFUN 4.6 (A), (B) uag () WUIHINANYBY Ca159CanAlia Oz snia(Co) RLHDIN
Wagsiinfldnnnswdunes fdnvasmeziudunguion Ineflvuinayninnieodii
[ 173 =l I =l o ol v & | 8
0.687 UIULUAT LﬂuiﬂsaaiwmamamwummLngwguLLammwmimmL.Uuﬂ@mau
WAZUUIANANLATIUINBUNIAVBIAITUTENOU Car1o9CarAlia Onizar(Coy) HARIFIAISINT
4.6
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AN 4.6 UARSTLIANANKATVUINDUNIAYDIANTUSENOU Car2.0CanAl 10 20,01 H 6AT1Z9A
meIsUATean Uz e

Caaz0CawAle Oz YUIAREN (M) YUINBUAIA (nm)
X)+21(C2X) )
X=0 (0%) 4.5733 0.809
x=0.12 (1%) 4.1511 0.989
x=0.6 (5%) 3.8490 0.970
x=1.2 (10%) 49274 0.102

4.1.1.2 139815 CasN, Tulas9a519989 CaypAli 401050001 ¢ (/3)N,)

(C) X=0.4 (10%)
gﬂﬁ 4.7 awane SEM (A), (B) uae (O) wansdaugiuineveudaansuszney Cay Al 402
w21+ (/3Ny) uandins3n CajpAliOuzsoiar : (X/3)Ny) TiduATIEHEEIE
Ufisenanusvoauds

mﬂgﬂﬁ 4.7 (A), (B) uaz (C) WUIMWINANDY CaroAliOuasis; : (/3N ildanidie
winfinfilfanmssndunes fidnunsnisiulunguiou Tnedvuneymewdsoyi 0.896
wiluns Wulassa$wmmaneamilanadugnsusasiinsinSssiuiungudou wazawn
NﬁﬂLLﬁ3%u1®@1§ﬂ'}ﬂ‘ijmﬁﬁﬂ‘§$ﬂﬂu CaAl1002-x0421 : (/3)N,) LARIFINNT T 4.7
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al = o
AT 4.7 UAAIYUIANANLASYUINDUNIAUBIAITUTENDU CaypAlisOnos0s01 : (X/3N,)
dumszvineisufisenanusvoauds

CaypAl14O1250421 ¢ (/3)N, YUIAKAN (um) YUINBUNIA (nm)
x=0 (0%) 45733 0.809
x=0.04 (1%) 7.8960 0.731
x=0.2 (5%) 4.9680 0.991
x=0.4 (10%) 4.2960 0.966

4.1.3 MINFIVFOUWMATANITNTLAUAITAIENAIUUAITIUEDUNTUTA (FT-IR)

NNNIANNITEUATIZVANTUSENOU CaypAl4Os, TT0MI8 AIF, | CaC, Uay CasN,
AUanside 1%, 5% way 10% NNaEsIolasin LA lidans Caletmo33ﬁqmwQﬁ
1200 ssrneaided uavihiegauninsesimemalinnisnssduasmendsunas e
durlsuse (FT-R) Tuwaaiavadu 400 — 4000 e’

4.1.3.1 199815 AlF; Tulas9a319989 Ca;pAl 4055 3x(Fe,)

INNIFANYINITAIATIZAEANTUTENOU CaypAliOss (AIF5 1% , 5% Wag 10%) taevi
maknuealvdansfigumgll 1200 ssaneaidioa wasiiegwniinssidaemainns
nsgAUASAIENdsULAsT LA IER (FT-IR) figUi 4.8

——cC12a7
C12AT:AIF3_3H20_1%
—— C12A7:AIF3_3H20_5%

i —— C14A7:AIF3_3H20_10%

] (d)
100 ~ M

90

80 -
70

60

% Transmittance

50 o
40

30 + (3)
) ()

20 d T T T ¥ T T T ¥ T ¥ T Y T d T T 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Wavenumber(cm-1)

JUN 4.8 n9mllansnnudusiusfiseninedn % Transmittance wag A1 Wavenumber 130
P85 AIF; Tulasead1aues Ca pAlis0ss.3x(Fy,)
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o | ' | v I a o P o
NFUN 4.8 Y01 1 99 1 mauam‘lmﬁumm@ms@mnﬁuwmmumamﬂau I, B
-1 = | ' a = 1
way 3 cm L“ffuﬂ'l‘if]ﬂﬂau‘ﬂm CappAligOs3 @1U9 2 (a), (b), () waz  (d) uansiiany
s 1 s 1] =5 o 1 L3 A
ﬁqﬁmummwuaﬂwmmamﬁrﬂmnau 4 AV LARSAIRITINN 4.8

=J ot 1 = o 1 gf = v
AN 4.8 SNWAEYINNITAANAU 4 AIUNLITDY CajpAl(Oss UaanIy AlF,

AU dneUENIIRANGY nyilan gy
a Ui (a) valiBenunisgandundsen uidlaidoasnunis
pandulppataznunsnMsganaundsnumeluiileide 10 % o
b usLad (b) WUﬂ’]'ﬁ@JﬂﬂﬁUWﬁN’maﬂadLﬁ@ﬁﬂﬁ‘iﬁﬁ]ﬁﬂﬂ%ﬂ €0,
C uitm (o) ﬁ'ﬁqmsﬁ?ﬁuuaxmiﬁgm%a (x= 0.14, 0.4 uaz1.4) 9¢
Linunseandundssuynuiinm o
d U3in (d) asvairldiFosznunisganaundany uiileideans -

wlliinn1sganiundaay

4.1.3.2 1915 CaC, Tulas9a519999 CappCagAlia Ozxea(Ca)

IINMTANYINITAAATIEWAI5UIENBU Ca(12.0CawAlis Ouaxean(Co) (x= 0.12, 0.6
war 1.2) legyhmsiunalodarsigamgl 1200 esmwades uaviieguniinsig
MBATANINTEAUTMENEINUUAWIMABUNS A (FT-IR) faguil 4.9

——C12A7

——— C12A7:CaC2_1%
] @ (b ——C12A7:CaC2_5%

e (0) ) (d) [==—C12A7:CaC2_10%

100 M@ﬁ:

90
80 ~
704

60

% Transmittance

50

(2)

i

40

30
(1)

20 — 1 T T T * T T T T ' 171 "™
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber(cm-1)

JUM 4.9 AT muansrUdURUSATEnINeaT % Transmittance wag A1 Wavenumber

1F9a15Me CaC, TulAs9a519U99 Cagz0CamAlis Ouzsosay(Cal
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a 1l o v 1 a 7] d‘ o -1
NFUN 4.9 9139 1 °uauam’lwLﬁumﬂﬂm's@mﬂﬁuwawwLamau 1, 2 uay 3cm
Wunsganduwes CapAlOs; dautasdl 2 (), (b), (©) wae (d) wanabavyilandumegwu
a/ 1 =y -3 1 L A
ANBULTNNTAANAY 4 AILUUL KARIAINTTIN 4.9

AN3199 4.9 FNWLYINIIAANEY 4 FUNLUTBY CaprpCanAlis Ozt Cad

AU anwazNITRANG wi,
Haridu

a uin (a) msvarlionunmsganiundsau udioideasnunis
aandupsasarnunmsnisaandundsnumeluidiede 10 % ok

b Ui (b) mwmxlmiﬁauaxa'ﬁﬁgm%a (x=19%) gNUNTOANGU
wé’wmwiu'%nmmaﬁgm%a (x=5%,1%) 2zlinunispandundsu ek
C U (o) mﬁﬁgm‘%‘a (x= 1%) aswummmn%‘uwé’dmu CcC

v (d) ansvarlddessnunisgandundsay uideideansarliifn

NINANFUNEIIY -

4.1.3.3 199815 Ca;N, 1ulAT98519%89 Ca;AlO0n 5001 ¢ (3N,

NNNIANYINIFUATIZAAITUTENBY CaypAliaOzs0.a1 - (3N, (x= 0.04, 0.2 Uay
0.4 ) lasvhmsuuaaledansiigamgll 1200 esmgaidoa uasidaethaudiessidae
wallAnsnseuasIoNAIN LA LA UL (FT-IR) flsguil 4.10

[——C12A7 ]

=—— C12A7:Ca3N2_1%

] @ () —— C12A7:Ca3N2_5%
" (©) —— C12A7:Ca3N2_10%

! (d)
100 - W%mc&%gg

90

80 -
70

60

% Transmittance

50

40

30
(1)

20 LI S | T e ¥ ol y T, 7 T T 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Wavenumber(cm-1)

JUN 4.10 N5 MuansnuduiusIsEnInean % Transmittance wag A1 Wavenumber 130
MEans CasN, TWlasead13uee CapAliOnssgear - (/3)N,




49

PNFUN 4.10 Y2197 1 vowansliiiuinianisgandundsnuiaveiu 1, 2 uay 3
& | 1 ] il = 1 s |
cm Lﬂummmnﬁwaa CappAl 14055 @1UYI9 2 (a), (b), () wag (d) LLammeﬁaﬁ‘meq
s 1 o 1 L2 é
WUSNBUEENNITANNEY 4 FUNLY WARIRIRTIT 4.10

AN5199 4.10 dnwartINIRANAUAFAIUNIYEY CaypAliOuaxar : (/3) Ny

5 ; ” 4 9
AU anwILANTRANEY el
Wangu
a Ui (a) @nsAsiuLazansNgNLae (x= 0.04) ILHUNITAANAUNG Y o
LALlL9ans (x=0.2 way 0.4) %xlﬁwunw@mmﬁuwé’qmu
b Ui (b) ansisiuuasansiignide (x= 0.04) WUNITRANSUNS 131U
4. | o W COZ
WALBLARANT (x=0.2 waz 0.4) %ziuwumsgrﬂﬂauwa&mu
Usiaad () awsﬁaﬁuuasaﬁﬁgﬂﬁahjwuﬂﬂi@mﬂﬁuwﬁwm @t
d USn (d) ansiaduuagansigniie (x= 0.08) WwWNUNIAANAUNS 19T
o & ' =) 'Y OH
WALHBLARANT (x=0.2 uaz 0.4) %"Luw"tmﬁﬂﬂﬂauwawu

‘U'Nmiq}mﬂﬁuﬁ'ﬁwﬁ’tymaaﬁuﬂswLsmamﬂm%’uﬁlﬁﬂayaLﬁ@Wuﬁ&ﬂfﬁ’um‘jlwqm"j’ulm
floy 2 «29Ae 929 1300-4000 cm %dL‘%anmLUuU%wmwmw\m%’u (functional group
region) T3 functional group region uu'namwmmmmﬂawawmwqﬂﬁzjumﬂmqawaw
Y wu Ar-H, C-O wWuau uenani YNIPANGUT N NIBIAUNATU Haus 900-1300
cm’ Gadndensurnuusinuaieiiie (fingerprint region) %Lﬂumaamﬂmwrﬂwwau

4.1.4  A1909993ATIEMN T RIULAZNI TN ANEUNIIEIVD SHANUT§ (UVAVIS-
Spectrophotometer)

INMIANIINITENATIERAITUTENBY CapAliaOss, Mi0sI8 AIF, , CaC,uay CasN,
fvsinanside 1%, 5% uas 10% ynansidslagyhnisiuaalydas Cai Al Os; igaumng
1200 sernwallied wavihiedindiazisngivadanisdeiulayn1sganaunuaIves
Wenu1e (UVAVIS -Spectrophotometer) a1nn15Tatandsriunisganauuaslugag UV-Vis-
NIR Ziaameaaduatn 190-2600 nm. wuiriinsganaundseulutasaiugneiu 336-
320 nm. Mna13iied1e MnTeyeaIN TNt IaLaUNG Y (Ee) wBsansiaetngla
nAENUSYR4 Jan Tauc faunnsi 4.2

o« hv = A(hv — Eg)" (4.2)

lngn X fe dulszivinsaaniu
hv Ag wasulwmeu
A fa ANAN

Eg A9 U041 NUAUNS 19U
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[R3
o as

n A 1avY wadﬁ“ﬁuaq ”Ué’ﬂwmwaanizmumims@mﬂﬁu
5

=

n A9 0.5 Y9979 UNEITULUUAT

3

N AD 2 Y93 MAUNAIULUUBDY

4.1.4.1 a5 AlF; TulAs9a519909 Ca, AL 055 3x(Fe,)
INNMIANYINTFAATIZAATUSENBY CagsAliOss (AIFs 1% | 5% uaz 10%) lngvi
L3 PN o = o as 1 a & =
ﬂ'mw'umalstjumiwaqum 1200 aeA@aiEed LasuInI08 NUIATIZUAIBALA UV/VIS-
Spectrophotometer

——cC12a7 ‘
—— C12AT:AIF3_3H20_1% |
50 - —— C12A7:AIF3_3H20_5% |
—— C12A7:AIF3_3H20_10%)
40
30
ko)
£
=
L
3
10 J
0+
T ! T ¥ I . T ' I N T P I L I
0 1 2 3 4 5 6 7
Photon Energy (eV)

JUN 4.11 nsmluanspaudusiussendng (¢ hv)’ fush Photon Enerey (3adheans AlF
lulAs9a579909 Cay,Alg0ss.3x(Fg)

U } 4 Qs L 1 2 L 1
NEUNT 4.2 @W150nIA7 Eg laannnsmmnuduiussening (¢ hv)” fuen hy

AN 4.11 uarAl Eg aIngadnuny X w5190 4.11

5197 4.11 A1 Eg Aildnngadiaunu X lulnsea$naves CagAlgOsssFe,

Ca; Al 4055 3x(Fe,) A1 Eg (eV)
x =0 3.812
x= 0.14 (1%) 3.875
x= 0.7 (5%) 3.870
x=1.4 (10%) 3.815




4.1.4.2 39815 CaC, TulA9a51989 CagzyCagAlis Oz (Cay
NMSANYINIAUATIENEITUTENDU CapAlOss (CaCy 1% , 5% wae 10%) laavin

L4 = =Y = o ] = & 9 a
ﬂmmtmalwmiwqmmuu 1200 oeriwaiwed uwartnIog1eu AT lIemAtla UV/VIS-

Spectrophotometer
——C12A7
—— C12A7:CaC2_1%
—— C12A7:CaC2_5%
464 —— C12A7:CaC2_10%
30 4
=)
©
= 20
B
=
B
10 4
0 -

] 4 T
3 4

Photon Energy (eV)
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P o W ' Ve . a v
5UN 4.12 nsluansauduiussening (¢ hv) fuai Photon Energy taamieais Cac,
lulassasnsves CazCagAlia Oz x21(Cay)

i ) ' 2 e
PNFUNT 4.2 @ursanman Eg lnanasmanuduiussevine (X hv)’ fuei hy

AN 6.12 UagA Eg laanqadiaunu X fan1sien 4.12

A3 4.12 A1 Eg fildngadauni X Tulasee$19ue9 CagrmgCagAliOnzsa(Ca)

Cag20CaAlig Opzx0421(Co) A1 Eg (eV)
x=0 3.812
x=0.12 (1%) 3.687
x= 0.6 (5%) 3.875
x= 1.2 (10%) 3.812

4.1.4.3 139815 AlF; TulAsea$19989 CapAli O : (/3) N,

PINMIANYINTRUATIERENSUSENDY CaiAl1gOax421 + (X/3) Ny (CasN, 1% , 5%
waz 10%) lagvhniswuaalevdansfigamall 1200 ssmieaidea uazifeguiiasiey
AIgmALiA UV/VIS-Spectrophotometer
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40 -

30

20 -

(«hv)'(rad)

10

——C12A7

—— C12A7:Ca3N2_1%
—— C12A7:Ca3N2_5%
—— C12A7:Ca3N2_10%

T ¥ T

3 4
Photon Energy (eV)

5

gﬂﬁ 4.13 n3muananuduiussening (¢ hv)’ fueh Photon Enerey 3adeans AlF;
TulAs 98319999 CaypAligOnasgsar : (/3) N,

1 s as U 2 sl 1
PNFUMS 4.2 amsanian Eg laainnsinauduiussendne (o¢ hv)’ fudn hy

s ld 1 U s s A
AININA 4.13 uagan Eg ldangednunu X slems1ed 4.13

M3 4.13 1 Ee ﬁlﬁﬁnﬂﬁ;mﬁ’muﬂu X TulAs9a$19989 CaALOnayia s (/3) N, )

X
Ca12ALaOxax0421 ¢ — Ny A1 Eg (eV)
3
x=0 3.812
x=0.04 (1%) 3.750
w20.7 (5%) 675
x= 0.4 (10%) 3.750

4.1.5 msasadnszimaiasiuiualalnsalal (Raman Spectroscopy)

PNMIANINSEUATIEIATUTENOU CaypAliOss, Tiaadae AlIF5 , CaC, uag CasN,
fiusnan1side 1%, 5% uay 10% nnansiaelagvinskLAalalans CaleL14O33ﬁqquﬁ
1200 seA@ai@od wazulf19e19unAs1Eaumatas v aUalasalal (Raman

Spectroscopy)
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4.1.5.1 199815 AlF;lulAs98319999 CayjpAl 4055 3x(Fy,)

nnmTleTgimaiiasuuaialasalad (Raman Spectroscopy) wugnvaedlsl
1N15130 ALF; wun1siin Raman Shift fisuvitsuszanas 150, 308, 519, 771 uaw 1085
cm” anunsnesuneldin fim Raman Shift 150-883 cm’ LaRsinsaudauarinvesUse
5ed1e Aluag O Tulaseudn daufidhundsiia 1085 cm® wandliiuniinisduvas oF
fAuiusMNa1INT Lﬁaﬁmﬁm’mﬂgﬂﬁ 4.14 dovinisiie AlF; TutSune 1% wuin
sUuvumsinfiaiiniadsuulaniisadnios Tnsnumnuduvosfia 1085 cm™ anaseg
wiuldde WevihnsidefiuSunm 5% uag 10% wugluuunsiafiadsuuladluagradiuld
Founlosnnwuiauos CaAl,0; wag CaAlLO, Wintuunsnaauansliluided 4.1.1.1 nanld
Tansiietinasolnseaing CaoAlgOss Hievnsideluusinannnnit 5%

——C12A7
485 —— C12A7:AIF3_1%
sses | 542 i—— C12A7:AIF3_5%
\ | C12AT:AIF3_10%
60000 1625 3gp \431| /1573 gea

519

5324 5 [|943.5

2615 388

40000 -

g
o
=
g 514.5
£ 200, /—\AQJL_,M____
5195
] 153 3085 7715 ' 10855
|
04
7 S & I =1 % &
0 200 400 600 800 1000 1200 1400

Raman shift (cm-1)

'
=

3UT 4.14 nsmluansanudiugsendnee Raman Shift Waw Intensity 13adeans AlF, lu

1A998579%09 Cap,Al (O35 3%(Fyy)

4.1.5.2 139815 CaC, TulAT96519989 Caz50CaAlis Ouzosar(Ca)

nmsiasgsimatiasuiuaiualasalal (Raman  Spectroscopy) Wun1sLin
Raman Shift fifuvys 150, 308, 518, 772 uaz 1085 cm - @wnsnesuneledn fim Raman
Shift 150-883 cm™ wansian1sdudauaznnuosmiusssening Al uag O lulpsawdn dqudl
fusiia 1085 cm wansliidtuiniinisdures 07 Maviivsnmnainse Wefiansanann
gﬂﬁ?{ 4.15 \dlevhnade cac, WSl 5, uay 10% Funaiulddiidumia Raman
Shift #aus 150-883 cm’ dnmswdsuwlasfisadntiosunudounuaglidsuntas nald
ansndeillifnadelnsadisseninaiuse Al uay O windudwase 0" fuAuiiuSanany
n3e unaldiusderniside cac, TuuSmamuniu eududiusltuanasuassilesa
USinumsidedt 10% aanudiuvesita 1085 cm’ mely
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——C12A7

—— C12A7:CaC2_1% |
—— C12A7:CaC2_5%
—— C12A7:CaC2_10%

518.5

60000

40000

El
8,
=
(2]
c
9 309 77
T 20000 152 - 1085 5
19.5
1 153 308.5 7715 1085.5
N,
0
i T ! T & T - T X T T T ; T Y
0 200 400 600 800 1000 1200 1400

Raman shift (cm-1)

4 s [ 1 1 3 i = 1
UM 4.15 nswuanImLANTUS 1 I1991 Raman Shift Lag Intensity 1Jafuans CaC,
Tulassadreves CanzxCacAlia Onax421(Cax)

4.1.5.3 199615 CasN, 1ulas9a319989 CaypAligOizssai(/3IN,

NNMFiAsTIzataTuualalasalal (Raman Spectroscopy) Wy FULUY
m5auwa&wuﬁwmmauﬂﬂum°ﬂaw 4.1.5.2 A WUN15AA Raman Shift ‘mmwm 150, 308
518, 772 War 1085 cm™ awnsnesungladn fie Raman Shift 150-883 crm Lansfan15du
= LY 1 = 1 a:] -] 1 Al -1 v @ 1l
UALATYIATDINUSETENINN Al ez O Tulasandn dufiduvisia 1085 cm wandliiifiugig

o 2 5 = - o aloa P 4 o =

MUY O MAwiiuSamnanenss Weafiansunainguil 4.16 Wioviiniside CaN, lu
a o i Ao ‘Al . & 1 -1
UY3und1, 5, uar 10% dunmiiuldindisaumiania Raman Shift daus 150-883 e fms
Wasuwlawissaniesnaniainasietliinadelassadieseninatuss Al uaz O @us
° 1A -1l o Y1 o o & a a 1 v oo o
AWALIAA 1085 cm dunaladiilioviinisiie CasN, TuuSunadiunndu Al Tty
anasaunsEameluNUsunan1sideq 10%
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—— C12A7

—— C12A7:Ca3N2_1%
—— C12A7:Ca3N2_5%
—— C12A7:Ca3N2_10%

518
40000 265

150 175 | 3% 772 883
- 772 10855
5 1o 323
5,
518
2 200004
2 151 3075 772 10855
9]
= 519 -
153 3085 7715 1085.5
04
T T L 7 T T T T T v T T T 1
0 200 400 600 800 1000 1200 1400

Raman shift (cm-1)

A LY T 1 I " W = 2/
JUN 4.16 NUAAIANENNUTIZWINSAT Raman Shift Lay Intensity l9aRILa1T AlF;

TulA99a519993 CayALOns 9521 : (/3) N,

4.2 sudRBanesiudianuin (Thermoelectric properties)

5 £ \
4.2.1 duUseans¥un (Seebeck coefficient)
MNN1sANYINSEUATIEWEITUTENDY CayAliOss TilT0Ras AIF;, CaCy way CasN,
A a ° 9 v = va o 7 %) a v v
AUTUIUN5LTD 1%, 5% Way 10% il linsufsaudfddassadssomadadiggils
' o ' A o Ao v a -
NEaTNINAL fouileriaisusznau CaypAl14033 MABAIY AlF;, CaC, kay CasN, NUTuNe
= a & wa a a & a b s I o _—
N13699 1%, 5% uay 10% AT ITnaudRidanasludldnnsnmenisinaduyssansaue
Migamgiiviosaudy 200 “C ibimsruanuduiusyesiduussaniauafiasuulasiu
gamgll inansenianiidadiualiviugudinduiaqmesTudidnEnwie TE materials

a = q"q 2/ o s a a:'\rcl = oes c:i', 1 Qs =
U 'DET@WIE)%IMGLﬁﬂﬂ‘iﬂ%ﬂﬂxﬁ]ﬂﬁuﬂ’]ﬁiJ‘Ui&iﬂ‘ﬂﬁ?jLUﬂﬂﬂﬂ IﬂEJ@WU??JEJMWUﬂ']ﬂNU‘i%ﬂV]

L]

'
a

9
Fiupeglugiasening 50-270 Pv/K
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4.2.1.1 139a15 AlF; Tulas9a519989 Ca;pAl 4045 3x(Fe,)

1 X 1 1 1 I 1 i 1 i 1 n 1 n 1 n 1 n 1
s =TTy — -280
260 | —8— C12A7:AIF3_1% / v L 260
1 —A—C12A7-AIF3_5% L
o %97 v=croar.aF3_10% - 240
5: 220 7 i 220
= 200+ L 200
c 4 L
S 1804 L 180
2 ] I
= 160 4 _ 160
8 E L
S 1404 L 140
8 120 ] _ 120
D ] [
7] 100 - 100
wn J L
80 L 80
60 L 60
40 ™ LW~ BLY i ! T % 40

T v T I < T L
20 40 60 80 100 120 140 160 180 200 220
Temperature (C)

gﬂﬁ 4.17 N3 muaERIANUFNRIS I Seebeck coefficient (V/K) fiu Temperature (°C)
13908 AIF; TulASIas 19909 Ca;pAlL1055.3x%(Fy)

mnguﬁ 4.17 uanslifiugn dulseaviaiuavetanslsznou Ca; Al Os; TFoR8
AIFs ynUFinaunsfeuasynisgaumgiiianidiun deuanmeinssuvesansiain P
Tnofinmgdaszanmnndulen InewuinfivSinaniside 1 uae 5% Saduussaviaiuatos
niwardiliide uandeFoasusunamnTundunuindmduusyansnnty nsanadues
AdulssAvstuaiiodo AlF, Woeen madnluunuiives - suvitswes 0% Seilside
i:ﬁu%uwé’&mu@'% Lﬁaﬁwé’qmumauaﬂw’hmﬂizﬁuéqwﬂﬁtﬁﬂwmﬂaafﬁumﬂ‘bguwé’amu
Maufludadundanugiu mnmrafinaisaiiliAelsanniudevnnise AlF; G
flszAvstiunsvulsanduiun v Bassmuaunisialues Heikes deaunisi 4.3

(4.3)

Kb AEf Kb (No)
n

Tnefl Kb fie Ansilluandsiul (8.62X10° eV/K)
e fio Useqwme (1.60X10 Q)

T Ao gaungil (eerwaidea)
AEf A9 Naf 1R 1IN N TS U UNS 19U DS UL Ut UNE 19 U9
LOULN (M3DLAUINTUD)
n; s t2

No f® ﬂ’DTJJ‘VIU'WLLﬁu%ﬂGWﬁﬁzﬂﬂdlﬂjgﬂﬂ‘izﬁm

q

N A9 AUNULUUTDIN YL DETY
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1 d o dl -9 1 1 s =Y Q‘d 1 U L7 1=y
walllaviansiienuSuia 10% wmwmanﬂﬁsawﬁ%LUﬂﬁmmmmwmvs;ﬂmaa
wqmﬂiwmna’nmfﬂLﬂmmﬂLWaLLUaﬂUaamm CaAlyO7 waz CaAl,0, uaﬂmﬂumaammu
WnntuiinalidulseavERAiuLn Ty

4.2.1.2 139615 CaC, TulAsea¥19u89 Cagz0CapAlis Onss21(Ca)

280 | L | " 1 L 1 L 1 L 1 280

260 - 260

-, / =
’!“ . L
">: 220 —. _ 220
© a L
% 180 ) _ 180
S 160 - 160
4 o1 +
8 140 J / [
£ . — -
Q 120 A 120
2 . —m—C12A7 L

100 4 —e8— C12AT: CaC2_1% L 100

) = 19 —A— C12A7:CaC2_5%
80 - —¥—C12A7:CaC2_10%| |- 80

. . — 71—
20 40 60 80 100 120 140 160 180 200 220
Temperature (C)

gﬂﬁ 4.18 N NuARIANNFUNUT T2 Seebeck coefficient (MV/K)fu Temperature (°C)
1301y CaC, WlAsIas 19999 Caz0CagAlis Onasgeat(Ca)

al " w a Lo P,
INJUN 4.18 AduUsEANSBIUATDIAITUSENBY  Cay,AliOss Tikdade CaC; W

Uiiﬂﬂm']'iL'il@LLa““lflﬂ'ﬁN’é)m‘lﬁﬂﬁJLLﬁﬂ\‘l‘WQGlﬂ‘ﬁNﬂ@Qﬂ’]‘iﬂﬁﬁ?U"}“ﬁuﬂ P LLﬁ”F“E’WﬁﬂJU?wﬂ‘lﬂﬁsﬂLUﬂ

Nﬂ']LWﬁJ‘UULﬂJEJE]m‘VIﬂﬁ?N‘UU L‘UULﬂEJ'JﬂUSLU‘WJ"U@ﬂ 4:2.1.1 IﬂUWU?WﬂWﬁﬁJU‘iuﬂWﬁ‘ULUﬂ i

& =

LLufﬂuuamaama;wwimmm‘ma dosnnsdnlUunudives & luduns 0§
SvdwadenIinTuremmeBasy snuiuilovhnisidedt 5% fiduUseavddiununninvne
lLidouazannilan Aduusednddiun = 270 pv/K fgamgll 200 °C wandlifuiniun
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Thermal conductivity («) and Seebeck coefficient (a) of electron-doped light-metal oxide 12Ca0-7AL, 04
(C12A7 electride) with a subnanometer-sized cage structure are reported on single crystals with various
electron concentrations (N,). The semiconducting C12A7 electride exhibits n-type conduction with the highest
a value of ~100 .V K~' at 300 K. The « exhibits an amorphouslike 72 dependence at low temperatures and
varies between 2.3 and 4.5 Wm™' K~! at 300 K. This is an order-of-magnitude lower than that of the con-
stituents, CaO (15 Wm™ K™') and ALO; (30 Wm™" K™'). These properties are attributed to the cage struc-
ture, suggesting that the semiconducting electride should be regarded as a phonon glass and electron crystal
material. The thermoelectric performance of electrides evaluated by a dimensionless figure of merit (Z7) shows
an optimized value of 2X 10~ at 300 K for the semiconducting electride with N, of 5 1020 ¢m=.

DOI: 10.1103/PhysRevB.80.075201 PACS number(s): 72.20.Pa, 62.65.+k, 66.70.—f

I. INTRODUCTION pound due to its three dimensionally connected

The phonon glass and electron crystal (PGEC) (Ref. 1) subna.nomcter-siz?d. cage structure (Fig. 1). Furthermore,
concept proposed by Slack has significantly improved the electrical conductivity can be imparted to C12A7 by replac-
strategy of material design in thermoelectrics. This class of ing “free oxygen ions” trapped in the cages with electrons as
materials possesses good electrical properties associated with ~ counter anions. From a chemical viewpoint, the electron-
regular atomic configurations and a low thermal conductivity ~ doped C12A7 (C12A7:¢7) is considered as an “electride™'?

associated with amorphous nature, leading to a high dimen- in which electrons behave as anions, forming the ionic bonds
sionless figure of merit ZT=a’a/ k, where « is the Seebeck with the molecular framework. The C12A7:e" electride un-
coefficient, o is the electrical conductivity, and « is the ther- dergoes a persistent insulator-semiconductor, metal-insulator,
mal conductivity, of approximately unity.” PGEC semicon- and metal-superconductor transitions as electron concentra-
ductors such as skutterudites® and Ge clathrates® have a com-  tion (N.) is increased."*~'® Because of controllability in the

mon feature in their crystal structure—a nanocage with a  clectrical conductivity (o) and a unique cage structure,
large unit cell composed of heavy metal elem.er}ts—Awhlcéh 1S which has a potential to show a low «, value, one may
a prerequisite for low lattice thermal conductivity (xjy,). expect the light-metal oxide C12A7 electride to be a PGEC

The discovery of the layer-structured cobalt oxide  material and a good candidate for thermoelectric material.
Na,CoO, as a promising candidate for p-type thermoelectric

material® has evoked renewed interest in oxides because of

their potential advantages over heavy metal-based materials e e

such as Bi,Te;, especially in high-temperature operation, ";: P\ 0% ore

nontoxicity, high oxidation resistance, and high thermal sta- t;;-‘; "o ‘—‘{ '

bility. Thus, intensive efforts have been devoted to exploring i L . SV S

oxides with a large ZT. These efforts led to the discovery of ‘_ 2 L i 9 a‘ 3, ’

n-type thermoelectric oxides: a SrTiO; perovskite™ and its i sl L A 9

derivatives with a natural superlattice structure.”'" In par- B % 9': .

ticular, two-dimensional electron-gas (2DEG) systems using i £y LAl

SrTiO; and TiO, showed a high potential with a ZT of 2.4 at i 7 :

room temperature.!" However, although light-metal oxides e SRR

are environmentally benign and naturally abundant, few ef- FIG. 1. (Color online) The crystal structure of 12Ca0Q-7Al,05.

forts have been devoted to this oxide group due to its elec-  p, gray frame indicates a cubic unit cell with the lattice constant

trical insulating property and high thermal conductivity.  of 1.199 nm. The lattice framework, [Cay;Aly3044]", are positively

These undesirable properties arise from the low mass of con- charged and are composed of 12 cages. Each cage has a free space

stituent atoms and the high vibration frequency of chemical with ~0.4 nm inner diameter. Two free oxygen ions (20°7) are

bonds associated with O~ ions, incorporated as counter anions in two of the 12 cages for maintain-
12Ca0-7A1,05 (C12A7),"? which is composed of only ing charge neutrality in a unit cell. When cach free oxygen ion is

light-metal elements, can be regarded as a clathrate com- replaced by two electrons, electron occupancy in the cage is 4/12.

1098-0121/2009/80(7)/075201(6) 075201-1 ©2009 The American Physical Society



KIM et al.

In this work, we examine the intrinsic thermoelectric
transport properties including a and x of single-crystal
C12A7:e” electrides with various N,. We find that thermal
conductivity at low temperatures is amorphouslike and ZT
values reach an optimum value of 2X107 at N, of 5
X 1070 pm,

II. EXPERIMENTAL DETAILS

Single crystalline C12A7:e" electrides were prepared by
chemical reduction treatments. The details of the synthetic
processes were described in an earlier paper.'® The N, values
of the single-crystal electrides were estimated from optical
reflectance spectra in the infrared to ultraviolet region
(450-40000 cm™"), measured at 300 K.'” The transport pa-
rameters were measured in the temperature range from 2 to
300 K using a physical property measurement system
(Quantum Design). The electrical conductivity (o) was mea-
sured by the four-probe method using Pt electrodes. Seebeck
coefficients (@) were measured by alternately heating each
end of the sample to create a temperature difference below 1
K. The voltage induced in the sample by the temperature
gradient was measured with Chromel/Au-0.07%Fe thermo-
couples (Nilaco Co.) attached at both ends of sample with a
correction for the @ of Chromel. The thermal conductivity
(k) was measured by a conventional steady-state method.
The acoustic properties were investigated by ultrasound
spectroscopy measurement as described in Ref. 18.

III. RESULTS AND DISCUSSION
A. Electrical conductivity and Seebeck coefficient

Figure 2(a) shows the temperature dependence of o for
single-crystal C12A7:¢” electrides in the log-log scale with
various N,. The o—T curves are classified into three types
according to their conducting mechanisms: (i) nondegener-
ated semiconducting (A and B) with N,~ 102 ¢m™, (ii) de-
generated semiconducting (C and D) with 5 X 10° <N, <1
X10*" em™, and (i) metallic (E and F) with N,>1
X 10*" cm™. Electronic transport properties with various N,
are summarized in Table I. In samples A and B, the o values
increase with temperature (positive gradient) in the whole
temperature range, showing a thermally activated conduction
with T-'* dependence, presumably via the variable-range-
hopping (VRH). The ¢ values of degenerated semiconduc-
tors show a small positive temperature dependence at around
RT and are almost constant at low temperatures. Such a be-
havior is attributed to the coexistence of localization and
delocalization of encaged electrons.'” With a further increase
in N, the slopes become negative, indicating that the con-
duction becomes metallic.

Figure 3(a) shows the temperature dependence of « for
single-crystal C12A7:e” electrides with various N,. The «
values of the semiconducting samples (A-D) are negative in
a wide temperature range from 20 to 300 K. The highest
value of |a| was ~100 uV K~' at 300 K for sample A with
N, of 1X10% e¢m™ and the value of |af at 300 K decreases
with an increase in N,. For a VRH semiconductor, @ obeys a
T'"* dependence.'” The observed T~ dependence of o(7)

PHYSICAL REVIEW B 80, 075201 (2009)
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FIG. 2. (Color online) (a) Temperature dependence of electrical
conductivity (o) for single-crystal C12A7:e” electrides in the log-
log scale with various N,. Samples A-D are semiconducting with
do/dT>0, and samples E and F are metallic conducting with
do/dT<0. The metal-insulator transition occurs at N,~ ]
% 10! em™ just above the N, in sample D. (b) and (c) show that
log o is proportional not to 1/T"2 but to 1/T'* over a wide tem-
perature range, implying that conduction is controlled via a three-
dimensional variable-range-hopping mechanism without electron-
electron interactions.

and the 7' dependence of a(7) in samples A and B shown
in Fig. 3(b) confirms the VRH conduction in these samples.

As N, increases, the temperature dependence of « be-
comes closer to a straight line and finally a of sample D in

TABLE L Electronic transport properties for single-crystal
C12A7:e” electrides at room temperature. Electrical conductivity
(o), Seebeck coefficient (a), mobility (u), and carrier effective
mass (m"),

N. o @ s m"
Sample (10 ecm™) (Sem™) (wV K™ (em? V-'s™)) )
A 1 9 -90 0.41
B 2.8 20 =70 0.43
C 5 68 =50 0.81 1:5
D 9.7 127 =23 0.82 1.1
E 18 613 8 2.13
F 23 1486 10 4.11 0.82¢

*The value obtained through reflectance-spectra analysis (Ref. 17).
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FIG. 3. (Color online) (a) Temperature dependence of Seebeck
coefficient («) for single-crystal C12A7:e” electrides with various
N.. The sign of @ changes from negative on the semiconducting
side to positive on the metallic side. (b) The T'/? dependence of «
demonstrates that the conduction is controlled via a variable-range-
hopping mechanism. (c) Enlarged low temperature regime for
samples A-D. Lines are drawn as a guide for the eyes.

the vicinity of metal-insulator transition (MIT) shows an al-
most linear behavior, which is typical of a metal. If there are
two components which affect a(7), i.e., semiconducting (lo-
calized states) and metallic (delocalized states) contributions,
a(T) should be dominated by the metallic contribution. This
is due to the exponential decrease in conductance of semi-
conducting components with decreasing temperature. Thus,
the linear temperature dependence of @ in samples C and D
originates from the occurrence of the electron delocalization
below the MIT in sample C with N, of 5X 10°® ¢cm™, This
consideration is compatible with the result obtained through
reflectance-spectra analysis,'” which clarified the coexistence
of localized and delocalized electrons for the same N,. In
addition, the metallic conducting samples E and F exhibit
positive @ values below 10 «V K™! in the whole tempera-
ture range.

Degenerated semiconducting samples C and D show
rather lower @ values than that (~300 wV K™') of heavily
Nd-doped SrTiO; single-crystal (degenerated
semiconducting).”’ The reason for this observation may be
understood as follows: The « of degenerated semiconductors
can be expressed by Eqgs. (1) and (2)

kgl 2F, () }
=+ B LT ) 1
“ e [ Fo(ﬂ*) (0
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Fn: J’ —x —'—dx, (2)

o 1+explx—7)

where 7" is the reduced Fermi level, kg is the Boltzmann
constant, and F, is the Fermi-Dirac integral of order x. These
equations are based on the assumption of one parabolic
conduction-band model with acoustic phonon scattering as a
dominant carrier-scattering mechanism.?!
Then, the N, is given by
# 32
N,= 477( —'—“2’?;2kBT) Fip(7°), (3)

where h, T, and m" are the Planck constant, absolute tem-
perature, and density-of-states effective mass, respectively.
Using the %" calculated by Eq. (1) from the measured value
of a, we evaluated the m" from Eq. (3) for degenerated semi-
conducting samples C and D. The results are summarized in
Table 1. The value of m* (1.1-1.5my) for the degenerated
C12A7:¢e” is rather lower than that (m*=7.3-7.7m,) (Ref.
20) of the Nd-doped SrTiOs. This difference originates from
the nature of conduction-band bottom between them. The
former has s-band nature leading to a wide bandwidth while
the latter has d-band nature leading to a narrow band.

The value of « in all semiconducting C12A7:e~ samples
changes from negative to positive as temperature decreases
as shown in Fig. 3(c). The temperature intercept at zero a
(T,=) decreases with an increase in N,. This sign change in
«(T) is a common feature of uncompensated semiconduc-
tors, such as phosphorus-doped Si, at low temperatures
where impurity band conduction is predominant.?>-2* Mono-
tonically increasing a without a maximum below 7,_, prob-
ably arises from the activation of carriers with a 7~
dependence.?

B. Thermal conductivity and dimensionless figure of merit, ZT

Figure 4 shows the temperature dependence of thermal
conductivity () of single-crystal CI2A7:0%  (insulating)
and C12A7:¢” electride (metallic sample F) in the log-log
scale. The single-crystal « value is 2.3 Wm™ K-! for
C12A7:0% and 4.5 Wm™ K! for CI12A7:e” at 300 K.
These values are an order-of-magnitude lower than those of
the constituent oxides, CaO (15 Wm™' K~!) and Al,O,
(30 Wm™! K™'). Moreover, these values are lower than those
of thermoelectric oxides such as the single-crystal SrTiO,
(~11 Wm™ K™!) (Ref. 7) and Na,CoO, (10-20 Wm"'
K-1),25.26

The lattice thermal conductivity (x,) of the C12A7:e”
electride is calculated as follows. The total thermal conduc-
tivity (ko) is the sum of an electronic contribution (x,,) and
a lattice contribution (xy,). The . can be calculated using
the Wiedemann-Franz relation

Kele = LO co-T, (4)

where L, is Lorentz number, o is electrical conductivity, and
T is absolute temperature. For metallic C12A7:e~ (samples
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FIG. 4. (Color online) Temperature dependence of thermal con-
ductivity (x) for single-crystal CI12A7:0% insulator and
C12A7:e” electride metal (Sample F) in the log-log scale. The
dashed linc at low temperature is 7°, which is typical for crystalline
materials. Data for C12A7 follow a 72 dependence observed in
amorphous materials, indicating amorphouslike nature of thermal
conduction in a single crystalline C12A7 irrespective of encaged
species. Inset shows the electronic and lattice contribution of ther-
mal conductivity of the C12A7:e” electride in the log-log scale.

E and F), we used a universal Lorentz number of 2.45
X107 V2 K2 (=7k;/3¢?). On the other hand, the Lorentz
number for degenerated semiconducting C12A7:e” (samples
C and D) can be expressed by Eq. (5) (Ref. 20),

176
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FIG. 5. Temperature dependence of elastic constants (C ) for
single-crystal C12A7: 0", Open circles are numerically calcu]ated
values using observed vibration resonance spectra: solid lines are
the least-squares fit using Varshni’s function. Arrows show the Ein-
stein temperature, @ ~ 180 K. The same O in all C;; indicates the
phonon modes are isotopic in all crystallographic dl['CCthI’IS con-
firming amorphouslike thermal conductivity of C12A7.
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FIG. 6. (Color online) N, dependence of thermoelectric trans-
port properties for single-crystal C12A7:e” electrides at 300 K. The
X axis is in logarithmic scale for clarity. (a) PF in the log-log scale.
(b) Thermal conductivity. Red and gray circles show the measured
thermal conductivity and the calculated electronic thermal conduc-
tivity, respectively. The electronic thermal conductivity (k) is cal-
culated using Wiedemann-Franz relation with a universal Lorentz
number for metallic CI12A7:¢” (samples E and F) and Lorentz
numbers calculated for degenerated semiconducting C12A7:e"
(samples C and D) using Eq. (5). The &, of semiconducting
C12A7:e” showing a VRH-type conduction (samples A and B) is
also calculated using Eqs. (1)—(5) for simplicity and the calculated
values were negligibly small (<0.5%) compared to the Ko Of
CI12A7:0% insulator. Orange circles show the calculated x,y, on
the assumption that the «y, of C12A7:e” electrides is the same as
that of the C12A7:0% insulator. (c) The dimensionless figure of
merit, ZT, reveals that the optimum N, for the thermoelectric prop-
erties is 5% 10°° em™ of a degenerated semiconductor,

_k33Fo(n")  Fy(n)
00— »

—4Fi (%)
e’ FS( 7') '

(5)

Here, %" can be calculated from observed values of a using
Egs. (1) and (2).

Inset of Fig. 4 shows calculated «y, for metallic
C12A7:e” (sample F) as a function of temperature in the
log-log scale. Since the calculated value of low temperature
Ke1e(T) of metallic CI2A7:e” (sample F) is negligibly small,
indicating that the thermal conduction is mainly due to lattice
phonons, it is noted that the low temperature x(7) of
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CI12A7:e” electride is almost the same as the low tempera-
ture k,(7T). Thus, we may conclude that the low temperature
ki(T) of the metallic C12A7:e” electride is basically the
same as the low temperature «(T) of insulating C12A7: 02",
However, the difference in « values around 300 K may be
attributed to the difference in cage geometry since each cage
in the electride is equivalent due to the delocalization of
electrons while the insulator has two types of 0%~ accommo-
dating and O*-free cages.

It is worth noting that «(7) for both samples at low tem-
peratures is very close to T dependence, which is typical for
amorphous materials and is well described by the broad dis-
tribution of phonon scattering in two-level systems.?” This
temperature dependence is distinctly distinguishable from
that of conventional crystalline materials with 7° depen-
dence. Therefore, the observed small « values and the amor-
phouslike 77 dependence may be explained by a model of
two-level system. In other words, the subnanometer cage
structure of CI12A7 plays a dominant role in the thermal
transport. This result is consistent with the observation that
both insulating and metallic CI2A7 show the same amor-
phouslike 77 dependence irrespective of their encaged
species—localized O*~ ions and delocalized electrons. This
underscores that the vibrational properties of cage skeletons
in CI2A7 are crucial. Consequently, the amorphouslike 72
dependence of «(T) together with the semiconducting elec-
trical properties suggest that C12A7:e” is a PGEC material.

The amorphouslike thermal transport of C12A7 is also
supported by a resonant ultrasound spectroscopy (RUS) mea-
surement. RUS is an ultrasonic technique to determine the
complete set of elastic constants (C,j) of a solid by measur-
ing the free-body resonances of the sample. From the nu-
merical calculation of C; using measured resonance
spectra® for a single-crystal C12A7:0% insulator, the
acoustic Debye temperature (®p) was obtained to be 602 K,
which is in good agreement with that determined from a
heat-capacity measurement (604 K).*” Fig. 5 shows the tem-
perature dependence of elastic constants (C;;) for a single-
crystal C12A7:0% insulator. The analysis of the Cy-T
curve gives information about the Einstein temperature (0 )
for respective phonon modes. The C ;i(T) can be expressed in
the following equation, the so-called Varshni’s function,
which is an empirical expression to describe the elastic con-
stant of a material:*

Cij= Ci/(0) - s/(e®¥T-1), (6)

where Cj;(0) is the elastic constant at 0 K and s is an adjust-
able fitting parameter representing anharmonicity. The solid
lines in Fig. 5 represent least-squares fitting results to experi-
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mental data (open circles) by Eq. (6). The obtained @ val-
ues are nearly the same (~180 K) for the respective Cij,
indicating that the phonon vibration modes are isotropic over
all crystallographic directions as for glass states. The value
of the phonon mean free path (Ion) obtained from s,
=(1/3)-Cy vy X Ly, is 0.7 nm at 300 K. This value is ob-
tained by using the average group velocities (vpn), which is
calculated with the measured values of C,; and Cy, using
relations of v, =(Cy,/p)"? and v;=(Cyy/p)"?,’" and specific-
heat data*” for the C12A7:0%" insulator. This small Iy value
is close to the separation of neighboring cages, indicating
that the phonon migration without scattering is limited to a
separation between the nearest neighbor cages. Therefore,
the low « value of C12A7 is attributable to the inherent cage
structure.

Finally, we evaluated the thermoelectric performance of
CI12A7:e" electrides, the power factor (PF=a?¢), and ZT as
a function of doped N, in the logarithmic scale. Figure 6
shows that the optimum N, for electrical properties is located
around 5X10%° cm™. The highest power factor (PF) value
(~2x10° Wm™' K2 is lower than that (~2
X107 Wm™' K™?) of heavily Nd-doped SrTiO; single
crystal.”*" This difference is mainly attributed to the low a
value originating from the rather low m* value of the present
system. From the calculation of «,, for all the clectride
samples, on the assumption that the «,, is equivalent to x of
insulating C12A7: 077, the highest ZT of 2 X 1073 at 300 K
was obtained for sample C with N, of 5 102 c¢m=3.

IV. CONCLUSION

We have investigated « and « of single-crystal C12A7: e~
electrides with various N,, as well as their thermoelectric
performance. The semiconducting C12A7:e" electride ex-
hibits n-type conduction with the highest a value of
-100 uV K" at 300 K. The «(7) of single-crystal
CI2A7:0* and C12A7:e" electride shows the amorphou-
slike 72 dependence at low temperatures and a small x val-
ues of 2.3-4.5 Wm~' K™! at 300 K. These thermal proper-
ties originate from the isotropic phonon mode of C12A7
framework. Thus, the amorphouslike behavior of x(T) to-
gether with the semiconducting electrical transport properties
suggests that C12A7:e” electride is a PGEC material. The
optimum Z7 value is of 2 X 1073 at 300 K, which is an order-
of-magnitude lower than those of SrTiO; (0.03) and
Na,CoO, (0.07). However, we anticipate that Z7 can be en-
hanced if lower «, and higher « and o are obtained by
modifying the lattice framework with heavy-mass elements
and encaged species.

*Corresponding author; sw-kim@lucid.msl.titech.ac.jp
'G. A. Slack, in CRC Handbook of Thermoelectrics, edited by D.
M. Rowe (CRC, Boca Raton, FL, 1995), p. 407,
*G. J. Snyder and E. S. Toberer, Nature Mater. 7, 105 (2008).
V. Keppens, D. Mandrus, B. C. Sales, B. C. Chakoumakos, P,
Dai, R. Coldea, M. B. Maple, D. A. Gajewski, E. J. Freeman,
and S. Bennington, Nature (London) 395, 876 (1998).

4G. 8. Nolas, J. L. Cohn, G. A. Slack, and S. B. Schujman, Appl.
Phys. Lett. 73, 178 (1998).

3C. B. Vining, Nature Mater. 7, 765 (2008), and references
therein.

OI. Terasaki, Y. Sasago, and K. Uchinokura, Phys. Rev. B 56,
R12685 (1997).

’S. Ohta, T. Nomura, H. Ohta, M. Hirano, H. Hosono, and K.

075201-5



KIM et al.

Koumoto, Appl. Phys. Lett. 87, 092108 (2005).

8H. Ohta, K. Sugiura, and K. Koumoto, Inorg. Chem. 47, 8429
(2008).

K. H. Lee, S. W. Kim, H. Ohta, and K. Koumoto, J. Appl. Phys.
100, 063717 (2006).

19K. H. Lee, S. W. Kim, H. Ohta, and K. Koumoto, J. Appl. Phys.
101, 083707 (2007).

''H. Ohta, S. W. Kim, Y. Mune, T. Mizoguchi, K. Nomura, S.
Ohta, T. Nomura, Y. Nakanishi, Y. Ikuhara, M. Hirano, H.
Hosono, and K. Koumoto, Nature Mater. 6, 129 (2007).

12K. Hayashi, S. Matsuishi, T. Kamiya, M. Hirano, and H. Hosono,
Nature (London) 419, 462 (2002).

13]. L. Dye, Science 301, 607 (2003).

148, Matsuishi, Y. Toda, M. Miyakawa, K. Hayashi, T. Kamiya, M.
Hirano, I. Tanaka, and H. Hosono, Science 301, 626 (2003).
158. W. Kim, S. Matsuishi, T. Nomura, Y. Kubota, M. Takata, K.
Hayashi, T. Kamiya, M. Hirano, and H. Hosono, Nano Lett. 7,

1138 (2007).

16\, Miyakawa, S. W. Kim, M. Hirano, Y. Kohama, H. Kawaji, T.
Atake, H. Ikegami, K. Kono, and H. Hosono, J. Am. Chem. Soc.
129, 7270 (2007).

17S. Matsuishi, S. W. Kim, T. Kamiya, M. Hirano, and H. Hosono,
J. Phys. Chem. C 112, 4753 (2008).

'8R. Tarumi, M. Hirao, T. Ichitsubo, E. Matsubara, J. Saida, and H.
Kato, Phys. Rev. B 76, 104206 (2007).

PHYSICAL REVIEW B 80, 075201 (2009)

'“M. J. Burns and P. M. Chaikin, J. Phys. C 18, L743 (1985).

?0S. Ohta, T. Nomura, H. Ohta, and K. Koumoto, J. Appl. Phys.
97, 034106 (2005).

21V, L. Fistul, Heavily Doped Semiconductors (Plenum, New York,
1969).

2T. H. Geballe and G. W. Hull, Phys. Rev. 98, 940 (1955).

BN. F Mott and E. A. Davis, Electronic Process in Non-
Crystalline Materials (Clarendon Press, Oxford, 1971), p. 164.

X% Liu, A. Sidorenko, S. Wagner, P. Ziegler, and H. v. Lohney-
sen, Phys. Rev. Lett. 77, 3395 (1996).

¥K. Fujita, T. Mochida, and K. Nakamura, Jpn. J. Appl. Phys.,
Part 1 40, 4644 (2001).

%M. Lee, L. Viciu, L. Li, Y. Wang, M. L. Foo, S. Watauchi, R. A.
Pascal, Jr., R. J. Cava, and, N. P. Ong, Nature Mater. 5, 537
(2006).

2T A. C. Anderson, in Amorphous Solids, Low-Temperature Prop-
erties, edited by W. A. Phillips (Springer-Verlag, New York,
1981), p. 65.

28H. H. Demarest, Jr., J. Acoust. Soc. Am. 49, 768 (1971).

2Y. Kohama, T. Tojo, H. Kawaji, T. Atake, S. Matsuishi, and H.
Hosono, Chem. Phys. Lett. 421, 558 (2006).

30Y. P. Varshni, Phys. Rev. B 2, 3952 (1970).

310. L. Anderson, J. Phys. Chem, Solids 24, 909 (1963).

32Y. Kohama, S. W. Kim, T. Tojo, H. Kawaji, T. Atake, S.
Matsuishi, and H. Hosono, Phys. Rev. B 77, 092505 (2008).

075201-6



Materials Research. 2014; 17(4): 823-828
DOI: http://dx.doi.org/10.1590/S1516-14392014005000085

Evaluation of Calcined Hydrocalumite-type Materials as Supports
of CoMo and NiMo for Thiophene Hydrodesulfuration Reaction

Carlos Felipe Linares™* Pablo Bretto*, Ruth Alvarez“, Freddy Ocanto®,

Carolina Corao’, Paulino Betancourt®, Joaquin Luis Brito*

*‘Departamento de Quimica, Facultad de Ciencias y Tecnologia, Unidad de Sintesis de Materiales y
Metales de Transicion, Universidad de Carabobo, Valencia. Edo. Carabobo, Venezuela
*Laboratorio de Tratamiento Catalitico de Efluentes, Centro de Catdlisis, Petrdleo y Petroguimica,
Universidad Central de Venezuela. Caracas, Venezuela
‘Laboratorio de Fisicoquimica de Superficies, Centro de Quimica, Instituto Venezolano de
Investigaciones Cientificas, IVIC. Apartado 20632, Caracas 1020-A, Venezuela

Received: August 28, 2013; Revised: January 28, 2014

A hydrocalumite-type material (HC) was synthesized by the co-precipitation method, mixing
Ca and Al nitrate solutions in a NaOH solution (pH = 11). This solid was characterized by using
different physico-chemical techniques such as: Fourier-transform infrared spectroscopy (FT-IR), X-ray
diffraction (XRD), temperature programmed reduction (TPR) and BET surface area measurements.
Then, a portion of as-synthesized solid was calcined at 420 °C (HC 420). Both calcined and pristine
solids were impregnated with Mo (15% w/w as MoO,). Ni or Co was also impregnated on Mo/HC or
Mo/HC 420 in 1(Co or Ni):3 (Mo) atomic ratios to get catalytic precursors. These solids were also
characterized by the above mentioned techniques. Catalytic precursors were tested in the thiophene
hydrodesulfuration reaction at 280 °C and atmospheric pressure. Cobalt promoted catalysts were
more active than those promoted with Ni. However, thiophene conversions were lower than that of a

©2014

conventional CoMo/y-AlL O, catalyst.

Keywords: hydrocalumite, hydrotreatment, thiophene, CoMo, NiMo

1. Introduction

Hydrotreatment (HDT) is often used for reducing
heteroatoms and aromatics contents from fossil fuels.
Therefore, HDT catalysts play a very important role, both
in refining technology and for environment protection.
Effectiveness of these catalysts minimizes costs of
production of clean combustibles'?,

New legislations have been advanced in order to impose
minimum sulfur contents in fossil fuels. A possibility to
produce better catalysts is the use of new supports which
should render more active and cheaper catalysts than those
currently employed®.

In this way, hydrotalcite-type materials, whose structure
is similar to hydrocalumite-types, have been studied as HDT
catalyst supports, especially, those synthesized with Al
and Mg**; however, Ca-Al hydrocalumite-type solids have
not been documented for this purpose. Hydrotalcites and
hydrocalumite are two minerals closely related, belonging
to the layered double hydroxide family. Both structures are
based on positive brucite-like layers alternating with layers
containing anions and water molecules. Hydrotalcites-like
malterials are far more common, while hydrocalumite
structure type is rare and less broad in composition™?,

Vieille et al.®, studied the phases obtained upon
dehydration and decomposition of hydrocalumites by using

*e-mail: clinares @uc.edu.ve

different techniques such as in situ (high temperature)
XRD and TGA. TGA analysis showed that this type of
solid undergoes to three-step decomposition on heating:
dehydration, dehydroxylation, and anion expulsion,
respectively, over the following temperature ranges:
25-250, 250-400, and >400 °C. Sharp phase transitions
were observed as a result of the ordered distribution of Ca
and Al atoms in the hydroxide layer and the well-ordered
interlayer structure. |

On the other hand, Lépez-Salinas et al.”, studied
hydrocalumites in the isomerization reaction of I-butene.
This solid was characterized by XRD, surface area and
pore size and CO, TPD. The layered structure of HC
collapses above 250°C yielding an amorphous material at
323°C, which upon calcination at 600-700°C transforms
into a mixture of CaO and mayenite (calcium aluminium
oxide of cubic symmetry, CaIEAIMOM). The calcination
temperature has a marked effect in the formation of basic
sites. Thus for example, HC calcined at 800°C shows
90% of strong basic sites while they are absent in HC
calcined at 600-700°C.

This paper explores the hydrocalumite as support of
CoMo or NiMo oxides for use in the HDS reaction of
thiophene. Results were compared to a commercial CoMo/
alumina catalyst.
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2. Experimental

2.1. Synthesis of Hydrocalumite (HC)

Hydrocalumite was synthesized by the co-precipitation
method previously reported by Lépez-Salinas et al’. A Ca/Al
solution was prepared dissolving Al(NO,),-9H,0 (11.90 g)
and Ca(NO,),-4H,0 (14.90g) in distilled water. This solution
was added dropwise to 25 mL of a NaOH solution (25 g),
and kept under stirring in an inert atmosphere. The resultant
mixture was refluxed by using a glycerin bath at 80 °C for
12 h under constant agitation, inert atmosphere and pH=11.
Then, a white solid was filtered from the mixture, washed up
with abundant distilled water and dried at 100°C for 18 h.

The solid was divided in two portions. One of them
(identified as HC 420) was calcined by using a muffle at
420°C for 4h by using a heating ramp of 5°C/min from
room temperature. Another portion (HC) was not calcined.

2.2. Impregnation of hydrocalumite.

Both portions of hydrocalumite, before and after
calcination, were impregnated with Mo as active phase, and
Co and Ni as promoters. The impregnation was carried out
by using the incipient wetness method. Mo was impregnated
from an ammonium heptamolybdate solution, its content
was 15% w/w as MoO,; Co or Ni were impregnated from the
nitrate salts in a 1:3 Co(Ni):Mo atomic ratio. Impregnated
solids were dried at room temperature for 24 h, and calcined
up to 420°C for 4 h by using a heating rate of 5 °C/min.

2.3. Characterization of solids

As-synthesized hydrocalumite and catalytic precursors
were characterized by powder X-ray diffraction (Phillips
PW3710 CuK(a): 1,542). Fourier-transform infrared
spectroscopy (FT-IR) (Shimadzu 8400s FT-IR) by using
KBr as pellet forming agent. Spectra were recorded between
4000-500 cm™'. BET surface arca measurements were
carried out by using a Micromeritics ASAP 2010 instrument
and N, gas as adsorbent molecule at a temperature —196°C
by using a 90/10 v/v ratio He/N,. Approximately, 50-100
mg samples were placed in a tube and heated to 250°C for
degassed under vacuum for 4 h. After outgassing, samples
were weighed to determine the actual sample weight.
Temperature programmed reduction (TPR), were carried
out in a Chemisorb Analizer 2900 from Micromeritics.
The samples were heated up to 1000°C under Mowing H,/
Ar (10/90 v/v). A heating rate of 10°C/min and 20 mg of
samples were used during TPR experiments.

2.4. Catalytic activity

Co(Ni)/hydrocalumite catalytic precursors were tested
in thiophene HDS reaction, and compared to a commercial
CoMo/y-AlO, catalyst (HR-306, 195 m?¥g). Thiophene
HDS was carried out in a continuous flow reactor working
at atmospheric pressure. All catalysts were presulfided prior
to catalytic tests using a CS, (10 v/v %, 10 mL.h"'Vheptane
solution under H, stream (100 mL.min™") and kept at these
conditions at 400°C for 3 h. Samples were heated from room
temperature until 400° by using a heating rate of 10°C/min.
Then, the reaction took place on 200 mg samples of catalyst
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using a liquid feed (2.7 10 cm®s™") composed of 10 p/p % of
thiophene in n-heptane mixed with a H, stream (0.25 cm®s™)
at 280 °C. The inlet lines were covered with a heating mantle
(150 °C) in order to avoid any condensation of the reactants
and reaction products. Reaction products and unreacted feed
were analyzed with a Varian 3800 (AutoSystem XL) gas
chromatograph equipped with a flame ionization detector.

3. Results and Discusion

3.1. Characterization of hydrocalumite

Hydrocalumite (HC) was characterized by FT-IR
(Figure 1). According to Kok et al.®, NO," ion exhibits three
characteristic bands: v, in ~ 1380 cm™, v, in ~ 830 cm™!
and v, in 720-750 cm™ range, the last two bands showing
low intensity. Indeed, a band at 1381 cm™' can be observed
but v, and v, vibrational modes were not detected due to
their low intensity.

Bands at 3500-3700 cm were attributed to OH- groups.
Bands at 3639 and 3485 cm™ can be associated to surface
OH- groups of Ca(OH), present in the hydrocalumite-type
material’. The wide band in 3500-3600 ¢cm™’ can be also
associated OH- groups and/or to the V(OH) mode ascribed
to interlayer water molecules located in the hydrocalumite
interlaminar region'’. A band at 1622 cm™' confirmed the
water presence; while the band at 1022 ¢m™ has been
assigned to OH~ groups of Ca(OH), this band is more
pronounced when it is determined by Raman spectroscopy’.

Between 788-509 cm™', Al-O vibrations of the
hydrocalumite structure were observed. A band at 1354 cm™!
is characteristic of O-C-O vibrations of CO,” anions
adsorbed on the hydrocalumite'.

When the hydrocalumite is calcined (HT 420), the FI-IR
spectrum is changed. Bands at: 3639, 3485 and 1022 cm™'
corresponding to OH" groups from Ca(OH), and observed
in HC, disappeared during the calcination procedure (HC
420). This is product of dehydration of hydrocalumite®.
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Figure 1. FT-IR spectra of as-synthesized hydrocalumite (a) and
hydrocalumite calcined at 420°C (HT 420) (b).
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On the other hand, a wide band placed between 3500
and 3600 cm™ and a low band at 1646 cm™' observed in
HC 420 correspond to water molecules physisorbed on the
HC 420 surface.

A broad band placed around 1446 cm™ is due to
carbonate species which should be different from those
existing in hydrocalumite®. These carbonate species could
be associated to formation of surface CaCO, due to exposure
to an air atmosphere (atmospheric CO, and humidity) and
basicity of solid'. A main band at 834 cm™', absent in
the spectrum of hydrocalumite, and a broad band around
550 cm™, are due to the major changes originated by the
phase transformations during the calcination process. They
are due to metal-oxygen bonds®.

By examining the results of Vieille et al.b,
Lépez-Salinas et al.” and Campos-Molina et al.'?, it can
be concluded that the transformation of hydrocalumite
during the calcination occurs in three steps: in the first
one (25-200°C), the physisorbed water is lost from the
hydrocalumite structure. The second (200-400°C) and
third steps (400-800°C) correspond to dehydroxylation
and expulsion of anions. An exact sequence has not been
established, however, it was reported that the material still
losses water from dehydroxilation at temperatures above
600°C". This could explain water molecule bands of the
material observed on HC 420 (Figure 1b).

A clear identification of hydrocalumite phases was
done by using XRD. Figure 2 shows the XRD pattern of
HC and HC 420.

Characteristic intense peaks at 10, 20 and 29 degrees
(26), and also other less intense bands belonging to HC®
were found in the corresponding sample; moreover, a
small amount CaCO, phase (JCPDS: 85-1108) could
be also identified. The basic conditions of synthesis of
hydrocalumite, permitted the formation CaCO, due to
absorption of atmospheric CO,. S

The calcination of HC produced the formation
of different phases such as: CaO (JCPDS: 17-0912),
Ca ,Al, O, mayenite (JCPDS: 48-1882) and CaCoO,
(JCPDS: 85-1108) (Figure 2). According to Lépez-
Salinas et al.”, the calcination of HC at 500°C produces
Ca0, while calcination at higher temperatures (upon 600°C)
produces CaO and Ca, Al O, .

BET surface area measurements were also carried out.
One can see that for HC 420 (17 m¥g), the surface area is
diminished in 23% in comparison with that of HC (22 m¥g).
This could be associated to the higher size of crystallites.
Lopez-Salinas etal.”, showed that calcination of HC between
400-500°C produced surface areas between 34-26 m¥/g, in
agreement with the lower crystallinity of their solids.

Figure 3 shows the XRD patterns of CoMo/(HC or
HC 420) catalytic precursors. Several oxidic phases such
as MoO, (JCPDS: 85-2405), scheelite CaMoO, (JCPDS:
85- 1267) CaO (JCPDS: 17-0912), mayenite C‘I ,ALLO,
(JCPDS: 48-1882) and CaCO, (JCPDS: 85- 1108) were
identified. ’

MoO, is produced by oxidation of the impregnated
molybdenum precursor. Phases containing Co oxides were
not detected for CoMo/(HC or HC 420). This result could
be due to the low Co concentration or to Co oxide crystals

of CoMo and NiMo for Thiophene Hydrodesulfuration Reaction 825

being amorphous. Similar results were obtained for NiMo/
(HC or HC 420). (Figure 4)

XRD patterns of CoMo and NiMo supported on HC or
HC 420 were quite similar. Therefore, from this technique
point of view there are not differences due to the additional
calcination procedure.

Table I shows the BET surface areas measurements of
studied catalytic precursors. An increase of BET surface area
from 38 to 43 m*/g was observed when comparing CoMo/
HC with CoMo/HC 420. In similar way, for NiMo/HC 420
was observed an increase of 37 % with respect to NiMo/HC.

1200 + o oHC
® CaCOy
0 Ca0
W4 u CapAl, Oy
50 .
o

Intensity (au)
g

20 F-] 0 35 40 4.5 ‘ 50 55 60. 85 b 7.5 EO
2-Theta (26)

Figure 2. Powder XRD patterns of HC and HC 420.
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Figure 3. Powder XRD patterns of CoMo catalytic precursors
supported on HC and HC 420.
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Figure 4. Powder XRD patterns of NiMo catalytic precursors
supported on HC and HC 420.
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It could be speculated that micropores could be obtained in
the supported oxide phases (see below).

Comparing the BET surface area of solids, HC and HC
420, and those reported on Table 1, we can observe that the
BET surface area of HC is decreased when the support is
calcined. The decrease in surface area of HC upon increasing
calcination temperature (below 300°C) is opposite to
the behavior of hydrotalcite’!. According to Lépez-
Salinas et al.”, mesopore diameter of HC is increased as the
calcination temperature increases which could decrease the
BET surface area. Moreover, the expulsion of anions and
water from HC and the formation of a dense phase could
also decrease the BET surface area in these solids.

On the contrary, the surface area of supported oxides
is increased when these are calcined. Impregnated oxides
(CoMoO_ and NiMoO ) or mixed phases formed with the
hydrocalumite components (CaMoO,) could produce a
microporous surface structure on the HC phase.

The nature of molybdenum and cobalt species on HC and
HC 420 was determined from the TPR profiles. For CoMo/
HC catalyst (Figure 5) it was observed a complex pattern
consisting of three peaks. The first one, of low intensity
and located between 300 and 400°C, could be ascribed to
partial reduction of a small amount of octahedral polymeric
molybdenum species whose reducibility is increased by the
promoter as compared to unpromoted polymolybdates'*'7.
This TPR peak has been correlated to the catalytic activity
displayed by promoted, molybdena-based catalysts'®!”. An
intermediate temperature signal between 450 and 700°C

Table 1. BET surface area of catalytic precursors.

Samples BET surface area (m%g)
CoMo/HC 38
CoMo/HC 420 43
NiMo/HC 43
NiMo/HC 420 59
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Figure 5. TPR profile of CoMo and NiMo supported on HC or
HC 420.
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could include further reduction of the above species plus
the partial reduction of additional unpromoted octahedral
supported phases, and of tetrahedral Mo species from
CaMoO,. It is worth mentioning that TPR peaks of alkali and
alkali-earth metal molybdates appear at higher temperatures
(usually above 700°C), and that they have been found to be
incompletely reduced under the dynamic conditions of TPR
at temperatures well in excess of 1000°C'*?'. However, the
presence of Ni and Co helps in attaining higher rates (TPR
peaks at lower temperatures) and extents of reduction (more
intense peaks) of these phases™?. Finally, a wide signal
between 800 and 1000°C could be a combination of the
further reduction up to Mo metal of all molybdena containg
phases plus that of the spinel-like phases of the promoters Co
(and Ni) associated to the support. It is possible, however,
that the reduction is not completed at the highest temperature
of the present experiments.

Likewise, CoMo/HC 420 showed also three reduction
zones (Figure 5), the main difference being that the first
one corresponding to promoted octahedral polymeric
molybdenum species was less pronounced than CoMo/
HC and slightly shifted to higher temperatures, suggesting
decreased reducibility, which could be due to loss of the
promoter from the surface by reaction with the support
during calcination. The rest of reduction zones were quite
similar to CoMo/HC.

Previous studies have shown that the lower temperature
peaks of unsupported NiMoO,* as well as Ni promoted
Mo-based catalysts supported on alumina'?, silica'® or
silica-alumina®, among other materials, appear always at
lower temperatures than the corresponding Co containing
solids. Thus, it is striking that the catalysts prepared in the
present study show the opposite behavior, i.e., the intensities
of the first signal assigned to promoted polymolybdates
are lower and the peak temperatures of the same signals
are higher for Ni promoted samples (Figure 5). For the
second peak there is also decreased intensity of the Ni
containing catalysts at the lower temperature side of the
peaks. This could be interpreted as due to Ni ions being
interacting strongly with calcium oxides from the support,
and thus being less available to increase the reducibility
of supported polymolybdates. As in the case of the CoMo
samples, the second and third peaks of the reductograms
do not show significant differences between NiMo/HC and
NiMo/HC 420.

Figure 6 shows the catalytic behavior of CoMo and
NiMo supported on HC or HC 420. A CoMo commercial
catalyst was tested for comparison. As can be seen, the
commercial catalyst was more active than CoMo and NiMo
supported on HC and HC 420.

Initially (15-30 min of time on stream) the CoMo/HC
conversion was 40 %. Then, this value dropped down to
a 2.5 % conversion at 85 min of reaction time and kept
essentially constant up to 240 min. On the other hand,
CoMo/HC 420 showed a very low conversion (~0.9 %)
during the full range of reaction time.

In order to better compare the activities of the
samples, it was calculated the catalytic activity of catalysts
determined as: converted thiophene moles/(time*surface
area) (Table 2). It can be seen that the CoMo/HC catalysts
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Figure 6. Thiophene conversion on a commercial CoMofy-Al, O, catalyst and NiMo (a) or CoMo (b) supported on HC and HC 420.

Table 2. Catalytic activity of the thiophene HDS reaction in
presence of synthesized Co(Ni)Mo/(HC or HC420) catalysts.

Samples Activity x 10~ (Converted
thiophene moles/(s.m?)
CoMof/y-alumina 6.57
CoMo/HC 722
CoMo/HC 420 1.80
NiMo/HC 2.10
NiMo/HC 420 0.92

shows a higher activity than the commercial catalyst. This
result demonstrates that the intrinsic activity of the active
sites of the CoMo/HC supported sample are quite similar
or even higher than that of sites of the commercial catalyst.

Figure 6 shows the catalytic behavior of NiMo/HC
and NiMo/HC 420. Both catalysts showed a very small
thiophene conversion during the whole reaction time
(~0.9 % and ~0.7 % respectively). Their activity calculated
in terms of the surface area (Table 2) is also lower for NiMo
samples than for the CoMo ones, which again could be the
result of the higher interaction of Ni promoter with the HC
support as compared with Co.

Calcination effect (after and before impregnation) did
not show a marked effect on the thiophene conversion for
most of these catalysts, although in both cases the activity
of phases supported on HC is higher than on HC-420. As
the active phases of both promoted and unpromoted Mo
catalysts consist of sulfides of the metals, mainly Mo, it
can be assumed that the interaction with HC and the other
phases observed (e.g., scheelite), render the Mo-containing
phases very difficult to be sulfided, as was confirmed in
TPR profiles. In particular, alkali and alkaline-earth metal
molybdates have been shown to be much less reducible
(and thus, probably less sulfidable) than MoO, and/or
mixed Co- and Ni-molybdates'**'. However, for CoMo
catalyst supported on non calcined HC the conversion was
very high at the start of reaction and kept higher at the end
than that on the calcined support. Probably in this instance,
the interaction between the supported phases and the HC

support was lower, allowing the initial formation of the
active sulfides, which suffer a slow reorganization with
time, leading to the final observed conversion. Likewise,
TPR profiles confirmed that CoMo/HC catalysts should be
more active than those CoMo/HC-420 catalysts because
they showed a higher presence of octahedral, promoted
Mo species.

BET surface area did not play an important role between
synthesized catalysts. The catalytic activity was quite similar
among catalytic precursors of similar composition (Table 2).
However, CoMo/HC catalysts, whose surface area was
lower than CoMo/HC-420, 38 vs 43 m*/g, showed a higher
activity. This result could be associated again to a less strong
interaction between the metal promoter and support in the
case of the uncalcined support.

Thus, the low observed conversions in Figure 6 could be
associated to the low surface area shown by these catalysts.
Moreover, hydrocalumites have showed a basic behavior,
where basic sites strength increases with the calcination
temperature’ and which could influence the activity for the
HDS reaction.

4. Conclusions

Hydrocalumite was synthesized and characterized
by different techniques such a as FT-IR and XRD. These
analyses showed the formation of CaCO, as a collateral
phase. When hydrocalumite was calcined, different phases
such as CaO and mayenite (CuQAIHO_‘]) were obtained.
CoMo and NiMo supported on HC, before and after
calcination, showed a conversion generally negligible in
thiophene HDS reaction. These results could be associated
to strong interaction of the supported Mo and Co/Ni oxides
with the HC and/or Ca oxides phases, to the low surface area
or to the strong basicity showed by these catalysts.
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Abstract

We report the effect of Cu®* ion on CaAl,0, with different molar concentrations of 0.0, 0.4 and 0.8 M prepared by simple combustion method.
The materials have been characterized by X-ray diffraction (XRD), Fourier transform infrared spectra (FT-IR) and scanning electron microscopy
(SEM). DC electrical conductivity has also been measured to study the electrical behavior of the materials. The XRD patterns confirm the
formation of single-phase CaAl,O, along with some impurity phases like CaAl;0,, CaAl ;0,4 and Ca;,Al14053. The FT-IR spectra show the
stretching and bending vibrations of the synthesized compounds. DC electrical conductivity of the Ca;_,Cu,Al,Oy is found to vary from
26.46 x 107 t0 515.68 x 10°* S cm™ for x=0.0 to x= 0.8 at the measuring temperature of 1000 °C. SEM images show the morphological

features of the compounds.
© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Monocalcium aluminate, CaAl,Oy, finds potential applica-
tions as refractory castables, high strength polymer modified
cement based materials, optical and structural ceramics [1].
Recently, a number of investigations are striking about the
applications of calcium aluminate as luminescent host
materials for Eu”" and Nd** as emission centre and auxiliary
activator [2-4]. It is reported that the monocalcium aluminate
prepared through solid-state reaction requires intermediate
grinding and prolonged calcination at elevated temperatures. It
shows poor sinterability with some impurity phases [1,5]. Wet
chemical methods are preferred for ceramic materials
preparation since they show high sinterability, high surface
area with required stoichiometry. Wet chemical methods have
been tried to synthesis CaAl,O, using combustion synthesis
[4,6] co-precipitation [7], sol—gel [8] and Pechini process [9].

The primary aluminium is produced by Hall-Heroult
process by the electro decomposition of alumina in cryolite
melt at 960 °C, using consumable carbon anodes. During

* Corresponding author. Tel.: +91 4565 227550, fax: +91 4565 227713,
E-mail address: ljberchmans@yahoo.com (L. John Berchmans).

electrolysis, aluminium metal is deposited at the cathode with
the evolution of CO, and CO at the anode. Recently, ferrites and
aluminates have been tried as alternate anode materials for
aluminium production [10]. These anodes produce environ-
mentally friendly O, gas during electrolysis instead of
greenhouse gases. In this context, we have already reported
Ce™ substituted NiAlL,O, [11], Mg?* substituted NiFe,0, [10]
and Sn** substituted NiFe,O4 [12]. In continuation of our
studies, we have prepared copper substituted CaAl,Q,4 using
combustion method. The structural properties of the materials
are characterized using X-ray diffraction (XRD) and Fourier
transform infrared spectra (FT-IR) technique. The electrical
properties have been studied by four-probe method from room
temperature to 1000 °C. The morphological features of the
crystals have been examined using scanning electron micro-
scopy (SEM). The results obtained from the above studies are
discussed in this letter.

2. Experimental procedure

Copper substituted calcium aluminates were prepared from
stoichiometric quantities of calcium nitrate tetrahydrate
(Ca(NO3),-4H,0), copper nitrate trihydrate (Cu(NO5),>-3H,0)

0272-8842/$34.00 « 2008 Elsevier Lid and Techna Group S.r.l. All rights reserved.

doi:10.1016/).ceramint.2008.04.028
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3H,0) and aluminium nitrate nonahydrate (AI(NO5)-9H,0) as
cation sources. Citric acid monohydrate (CgHgO,-H,0) was
used as the fuel. The metal nitrate salts and citric acid were
dissolved in triple distilled water and heated in a quartz
container around 300 °C. Initially the solution boiled and
underwent dehydration followed by decomposition with the
evolution of copious amounts of heat and gases. The mixture
was then frothed and swelled forming foam, which then
ruptured with a flame. The foamy powders were then heated in
an electrical furnace at 1000 °C for 5h. After sintering the
powders showed colors ranging from white to pale brown
depending upon the concentration of copper.

The powder X-ray patterns of the products were obtained
using JEOL 8030 X-ray diffractometer with Cu Ke irradiation
(A =1.541 A) FT-IR spectra of the samples were recorded in a
FT-IR, PerkinElmer UK Paragon-500 spectrometer. DC
electrical conductivity was measured as a function of
temperature using a four-probe setup from room temperature
to 1000 °C [13]. The morphological features of the powders
were examined using a scanning electron microscope JEOL
(JSM-3.5 CF) Japan-make.

3. Results and discussion

The powder diffraction patterns of the sintered CaAl,O, and
substituted compounds Ca, ,Cu,Al,O, are shown in Hig. b

The XRD patterns show well-defined peaks, which indicate
the crystallinity and phase formation of the synthesized
compounds. In addition to CaAl,0,, some impurity phases
like CaAl40;, CaAlj50,9 and Ca zAl4055 are also seen as
secondary phases. This behavior is attributed to the fact that
citric acid is a weak acid with low calorific value [9,14]. So, the
heat needed to form the single-phase monocalcium aluminate is
very low at the end of combustion process. Even after sintering
at 1000 °C, some secondary phases are seen due to the slow
conversion of these phases to form single-phase CaAl,O, [3].
The lattice constant values, X-ray density and crystallite size of
the synthesized compounds are calculated and presented in
Table 1.

The lattice constant values are found to decrease with increase
in Cu®* ions. This may be due to the difference between the ionic
radii of calcium (0.099 nm) and copper ions (0.072 nm). The
calculated lattice constant values are in good agreement with the
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Fig. 2. FT-IR spectra of Ca,_,Cu,Al,Q,. (a) x =0, (b) x = 0.4 and (c) x=0.8.

reported values (JCPDS file No. 70-0134). X-ray density is
calculated using the formula D, =8 M/Na>. Due to higher
density of copper than calcium, the X-ray density of the products
increases with substitution. The crystallite size has been
calculated using Debye-Scherrer formula 0.9A/8 cos 6. The
values are found to decrease from 65.26 to 29.71 nm as the
concentration of Cu®* ion increases from 0.0 to 0.8 M.

The FT-IR spectra of the samples are shown in Fig. 2.

The absorption bands at 685, 459 and 422 cm™' are
attributed to the stretching vibration of Ca—O bond [15]. The
band at 639 cm ™' is due to spinel phase [16]. The bands at 575
and 538 cm ' are indicating the stretching vibration of Al-O
for octahedrally coordinated aluminium ions |1 1,17]. The high
frequency band is v, shifts in the range 728-749 cm ™" due to
the preference of Cu?* jon towards octahedral sites [18]. A new
band appears at 942 cm ™~ in the case of substituted compounds
is found to be broaden with the increase in concentration of
Cu?* jons. In addition to the predominant bands, some weak
bands are appeared in all the spectra, which represent the
presence of secondary phases.

The temperature dependence behavior of the DC electrical
conductivity of Ca,_,Cu,Al,O, is shown in Fig. 3.

It can be seen that the conduclivity increases with increase in
temperature. It is noticed that parent CaAl,O, does not show any
appreciable change in conductivity with respect to temperature.
It shows a conductivity value of 26.46 x 107" Scm™' at
1000 °C. A highest value of 515.68 x 107* S cm ' is observed
for the compound with 0.8 M of copper addition. The increase in
conductivity with temperature is due to the mobility of the charge
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Fig. 3. Plot of DC electrical conductivity vs. temperature of Ca;_ ,Cu,Al,O,.
(W)x=0.(]) x=04 and (Q) x=0.8.
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Table 1

XRD data of the samples prepared by combustion synthesis

1279

Compound Lattice constants XRD density (g/cm®) Crystallite size (nm)
a(A) b (A) ¢ (A)

CaAl, Oy 8.706 8.117 15.164 1.959 65.26

CaAl,04 (Cu=0.4) 8.655 8.085 15.119 2.102 40.90

CaAl,O4 (Cu=0.8) 8.609 8.046 14.895 2277 29.71

Fig. 4. SEM photos Ca;_,Cu,Al,O, (a) x=0, (b) x=0.4 and (c) x = 0.8,

carriers as well as the migration of metallic Cu™ ions [19]. The
Cu" jons are made available by the reduction of Cu®* ions, which
in turn makes excess holes according to the following mechanism

[20]:
Cu** & Cut +eT(hole)

The conductivity of the compound Cag,CuggAl,Oy
increases steadily up to 800 °C, after which a surge is observed
due to large hopping of polarons. Generally, aluminates are
poor conductors than ferrite materials, hence the conductivity
of these ceramics are lying in the range of insulator—
semiconductor,

The SEM micrographs of Ca,_,Cu,Al,O, (x = 0.0, 0.4 and
0.8) after sintering at 1000 °C are shown in Fig. 4

The micrographs are selected to be the representative of the
size and texture of the grains. Fig. 4a and b consists of
polygonal-shaped grains with small incrustations on the
surface. The presence of these incrustations is probably due
to the influence of secondary phases. As the substitution of Cu>*
ion increases, the morphology has been modified and the grains
are larger in size.

4. Conclusions

The combustion synthesis is found to be a simple method for
the preparation of aluminates. XRD patterns show the phase
formation of CaAl,O, with some impure phases. FT-IR spectra
exhibit the stretching and bending vibration of spinel
aluminates. DC electrical conductivity studies reveal that the
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synthesized compounds exhibit semi-conducting behavior at
high temperatures. The maximum conductivity of 515.68 x
107* S cm™! is observed for the compound with the substitu-
tion of Cu?* at 0.8.
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