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Investigation of thermoelectric properties of nanocrystalline copper chalcogenides

Modern research efforts are aimed at developing fuel cells characterized by high efficiency, low cost and en-
vironmental friendliness, which largely depend on the properties of the corresponding catalyst materials —
the most important components of the fuel cell. Catalysts based on metal chalcogenides, predominantly S
based, have activity in accelerating the oxygen reduction reaction comparable to the activity,of Pt in H,SO,.
The work uses the technique of compacting powder materials and obtained volumetric samples. Nanodisperse
powder fractions with an average particle size of (50-100) nm were obtained. The values‘ef,the thermo-emf
coefficient (about 0.08 mV/K) were obtained for the studied alloy with low defects in the,cation\sublattice of
the Cu,Sy5Teg s type. It was found that a decrease in grain size leads to a signifieantidecrease”in electronic
conductivity for all studied samples. The paper presents the results of a study ofithesthermoelectric properties
of the Cu,Sy5Teys triple alloy. For the studied composition, a decrease in thermal gonductivity by (25-30)%
and a slight increase in the thermal emf coefficient compared with largeerystal,samples were obtained. Low
thermal conductivity was found in the range (0.3-1.1) W m* K* with d cofductivity above 1000 ohms-1cm-
1. For the studied sample Cu,SysTeys — thermoelectric efficiency (ZT =0:25) at 400 °C, which allows us to
hope for the possibility of improving the characteristics of sampl&syofithis composition to acceptable values
for practical thermoelectric devices by selecting the optimal alloying.

Keywords: thermoelectric materials; copper sulfidefy cfystal Structure; conductivity; diffusion; thermal
conductivity; Seebeck coefficient; superionic conductors:

Introduction

The current efforts of researchers arg”aimed at developing fuel cells characterized by high efficiency,
low cost and environmental compatibitity, which largely depend on the properties of the corresponding
catalyst materials (the most important ‘c@mponents of the fuel cell) [1]. Currently, the best and most
commonly used catalysts for fuel celfs fare still noble metal nanocomposites (catalysts (the most important
components of a fuel cell), especially"Pt), if we take into account their comparable catalytic characteristics
relative to ORR and much lower‘eost [1].

Metal chalcogenide-based eatalysts, mainly based on Se and S, again attracted considerable attention
after Alonso-Vantetand*Fibutsch [2] found that Ru,Mo,Seg has an activity in accelerating the oxygen
reduction reaction comparable to the activity of Pt in H,SO, [3, 4]. Many metals forming chalcogenides with
S, Se and Te have shown good activity of the oxygen reduction reaction (ORR) [1-4].

Experimental part

The method of synthesis of thermoelectric materials

Due to the high reactivity of tellurium, the synthesis of the required Cu,.Te,S samples took place in
two stages:

1. First, non-stoichiometric compositions of Cu, S were obtained.

2. The second stage of the preparation of Cu,_,Te,S samples consisted in the introduction of tellurium
instead of the copper missing to the stoichiometric composition in such a way that for the metal as a whole.
The binary alloy obtained after homogenization was ground in an agate mortar and placed in quartz am-
poules filled with argon, pieces of lithium were placed inside the ampoules of the powder so that they did not
come into contact with the walls of the ampoule.

The synthesis temperature was reached within three days with a gradual increase in temperature. The
furnace was slowly heated to melt lithium and held for several hours until it dissolved in reagents. The final
stage of the synthesis of the substance took place at a temperature of 450 °C for three days.
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Results and discussion

The results of alloy synthesis Cu,S,Te;.y

Triple Cu,S,Te,, alloys were synthesized. Strong alloying or substitution is in line with the modern
strategy of optimizing the thermoelectric properties of materials [5-8].

Table shows the results of X-ray spectral analysis of the chemical composition of the Cu,Sy5Tegs alloy.
The chemical composition was determined by averaging measurements at three different points on the
surface. The sample was in the form of a fine powder.

The presence of a noticeable amount of oxygen in the sample indicates a significant oxidation of the
surface. Taking into account the formation of an oxide film, the chalcogenide composition on the surface
corresponds to the chemical formula Cuy g;Sq37T€063. The lack of copper in the composition compared to the
charge composition is caused by the action of oxygen. The excess of tellurium and the lack of tellurium
relative to the composition of the charge can be explained by significant evaporation of sulfur during
synthesis, which took place in a loosely closed ampoule in the presence of argon.

Table
Results of X-ray spectral analysis of the chemical composition Cu,Sysil €5
Atom % S Cu Se Fe O Te Sum
Cu; 84S037T€063 9.9 60.1 0 0.94 12.11 16.94 100.00

When replacing tellurium with sulfur in copper telluride, the band gap gradually changes. This leads to
a change in both the equilibrium concentration of charge carriefs and®the values of the the Seebeck
coefficient.

Figure 1 shows the results of a study of the Seebeck coeffieient of the sample Cu,SysTegs. In general,
with increasing temperature, the thermo-EMF coefficieptyingreases, but there are small steps in the
temperature dependence at 540 K, 620 K and 700 K. The ‘@values are significantly higher than in Cu,Te, but
slightly lower than in Cu,Te.

The thermo-EMF coefficient, as is known, direetly depends on the position of the Fermi level and on
the scattering factor of charge carriers. In ¢he materials under study, it is possible to determine
electrochemically the relative height of the Fekmiielectron level directly during the experiment on measuring
thermo-EMF.
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Figure 1. Temperature dependence of the coefficient of electronic thermo-emf
of a coarse-grained sample Cu,Sy5Teg s

Figure 2 shows the temperature dependence of the EMF (E) of the electrochemical cell
Cu/CuBr/Cu,SysTegs/Pt, which essentially shows the movement of the Fermi electron level in the studied
phase Cu,SosTegs relative to the Fermi level of electrons in the copper electrode with increasing temperature.

The break in the dependence E(T) at 620 K is associated with a phase transition in CuBr, since at (600—
620) K it completes the transition to a high-temperature superionic phase. Above 630 K, a linear dependence
E(T) is observed, which makes it possible to determine the entropy of copper atoms in a sample by the slope
of the graph according to the method described in [9].

60 BecTHuK KaparaHguHckoro yHuBepcuTeTa



Investigation of thermoelectric properties ...

145

140

135

130

E, mV

125
120 .

115

110 =
600

620

640

660
T, K

680 700 720

Figure 2. Temperature dependence of the EMF of an electrochemical cell Cu/CuBr/€u,SysTeqs/Pt

Figure 3 shows the dependence of the coefficient of thermal EMF of the alley CtisS,5Teqs on the EMF
Cu/CuBr/Cu,S,. Figure 3 — Dependence of the thermo-EMF coefficient of cearse-grained 5Teys/Pt. The
dependence has a break at 130 mV, which corresponds to a temperature 0fyabout 680 K (according to
Figure 2). From Figure 1 it can be seen that the temperature dependence‘of the=Seebeck coefficient also has a

break at 680 K.

In general, the investigated triple compounds of the Cu,S,Te ¥, type show the values of the thermal

EMF coefficient significantly lower than those of pure copper stlfide and lithium-doped copper sulfide.
Electronic conductivity and thermal EMF of Cu,Sy5Tegs,
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Figure 3. Dependence of the thermo-EMF coefficient of coarse-grained Cu,SpsTes
from the EMF of an electrochemical cell Cu/ CuBr/Cu,SysTeqs/Pt

Figure 4 shows the temperature dependence of the electron conductivity of coarse-grained Cu,SysTegs.

In general, the investigated triple compounds of Cu,S,Te,., type show the values of the thermal EMF

coefficient significantly lower than those of pure copper sulfide and lithium-doped copper sulfide.

Cepusa «dusmka». 2024, 29, 1(113)

61



M.M. Kubenova, K.A. Kuterbekov et al.

550
MR I YOV U0 sTeo s
_ 450 oy
- *e
& *e
L 350 B
':ﬁ ’.
e ’009 0’
250 *e *
...Q s e
150 e e  E—
300 400 500 T.K 600 700

Figure 4. Temperature dependence of the electron conductivity of coarse-grained Cu,SysTeq s

The thermal conductivity of Cu,S,Te,.,. Figure 5 shows the thermal conductivity results of three alloys
of the Cu,SysTeys triple system. Low thermal conductivity values were found (from 0.4 to 0.6 W m™* K™).
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Figure 5. Temperature dependence of the thermal conductivity coefficient of a solid solution Cu,SgsTegs

Thermoelectric efficiency of CugS,Te;.y;

Figure 6 shows the temperature” dependence of the thermoelectric efficiency ZT of coarse-grained
Cu,SpsTegs. The observed values of thermoelectric efficiency — 0.25 at 400° C allow us to hope for the pos-
sibility of improving the characteristies of samples of this composition to acceptable values for practical
thermoelectric devices by selectingthe optimal alloying.
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Figure 6. Temperature dependence of the thermoelectric efficiency
of a coarse-grained alloy sample Cu,SysTegs
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Conclusion

To optimize the thermoelectric properties of the materials, the substitution of tellurium with nonstoichi-
ometric copper sulfide was used.

The materials obtained are of particular interest for use as a catalyst (the most important components of
a fuel cell).

Nanostructuring was used to reduce the thermal conductivity of materials, which has a positive effect
on the thermoelectric efficiency of the material. For the studied composition, nanostructured samples showed
a decrease in thermal conductivity by (25-30) % and a slight increase in the thermal emf coefficient com-
pared with large-crystal samples. Low thermal conductivity was found in the range (0.3-1.1) W m™ K™ with
a conductivity above 1000 ohms™cm™. However, it was not possible to obtain simultaneously high values of
the Seebeck coefficient for the non-stoichiometric composition studied by us. Since the thermoelectric, elec-
trical and thermal properties of chalcogenides are very sensitive to non-stoichiometry of the composition, it
is possible that higher indicators of thermoelectric efficiency can be achieved by selecting the optimal degree
of non-stoichiometry of the composition [10-12].
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M.M. Kyb6enoBa, K.A. Kyrep6ekoB, M.X. banananos, P.X. Umemo6eToB,
I'.JI. Kabnpaxumona, P.A. Anuna, [I. Bynarosa, M. Taraii, O. EnubaeB

HaHOKpI/lCTaJ'l)ILI MBIC XaJIBKOFeHHIlTepiHiH TepM03J’IeKTpJ’liK KaCl/IeTTepiH 3EpPTTECY

3epTTeyIiiepAiH 3aMaHayd KYII—Kirepi KaTaau3aTopiapablH THICTI MaTepUalIapbIHbIH KACUETTEpiHe, SFHU
OTBIH 3JIEMEHTIHIH MaHBI3bl KOMIIOHEHTTEpiHE OalIaHBICTHI )KOFapbl THIMAUIIKIICH, TOMEH OaraMeH >KoHE
SKOJIOTHSUIBIK Ta3a OOJNYbIMEH CHIATTANAThIH OTBIH BJIEMEHTTEPIH JaMbITyFa OarbITTanraH. Meraml
XaJbKOTCHUITEPiHe HEeTi3[eNreH, Heri3iHeH S cunaTblHaars katanuzatopiap H,SOy-teri Pt Gencenainiriven
CaJIBICTHIPBUIATHIH OTTETIHIH TOTHIKCHI3AHY PEaKIMSICHIH XeenaeTy OeiaceHauririne ne. JKympicta YHTaKTHI
MaTepHaIIapIsl BIKIIAMAAy oMiCi KOJAHBUIFaH JKOHE KeJeMJI Yiriiep anblHFaH. Bemmekrepnin oprama
mommepi (50 —-100) HM OomaThlH HAHOAWMCIIEPCTI YHTAK (pakmusuIapsl  ajbHABL — TepMO-3KK
koadunmenTinin Monaepi (mamamer 0,08 M B/K) Cu,SysTeys THITI KaTHOHIBIK TOp OOMBIHINA aKayhl a3
3epTTENICTIH KOPBITIA YLIiH anblHFaH. TyHipIIikTep MeIIepiHiH a3arobl OapibIK 3epTTEeTiH YIriiep YUIiH
ANEKTPOH/IBI OTKI3TIINTIKTIH alTapibIKTail TOMEHACYiHe oKeneTiHi aHblkTanasl. Makanaga Cu,SysTey s yHITik
KOPBITHACHIHBIH TEPMORJICKTPIIK KACHETTEPiH 3ePTTeY HOTIDKENEPi KENTipiireH. 3epTTeireH KypaM YLIiH
JKBUTYy OTKI3TITIKTIH 25-30%-Fa TOMeHeyi jKoHe ipi KPHUCTAJAbl YITIIEPMEH CalBICTBIPFaH/a TEPMO-IKK
ko3 dunuenTiHin maManel  ecyi  amsiHabl 1000 Omlem™ -nen JKOFapbl OTKI3TIIITIK Ke3iHIe
(0.3-1.1) Br m* K' guamasonbinza TeMeH KbUIy OTKI3TITIK aHBIKTAMABL 3epTTen@rim yiri ymiiun
CuySgsTegs— 400 °C Temmeparypana TepMONIEKTPIIK TuiMaimik (ZT=0.25), Gy, offtaiifel Jerupieymi
TaHJAy apKbUIbI IPAKTUKAJIBIK TEPMOIJIEKTPIIIK KYPBUIFBUIAP YIIIH OCHl KYpPaMHBIH yTFIepIHIH, OHIMIUIriH
KOJIAIIIBI IIaMallapFa JeiiH )kaKcapTy MYMKIHAITiHEe YMITTeHyre MYMKIHAIK Oepei.

Kinm ce30ep: TEpMOAINEKTPIIK MaTepHaigap, MbIC CylIb(UAi, KpHCTaJABIKS KYPbUIbIM, OTKI3TiIITIK,
g dy3ust, )KbUTy ©TKI3TITIK, 3eebek K03 UIUEHTI, CyTIepHOHBI OTKI3TILITep.

M.M. Ky6enoBa, K.A. Kyrep6ekos, M.X. bayananes, P.X. UmembeToB,
I'.J1. Kabnpaxumona, P.A. Anuna, JI. Byna®oBayrM. Taraii, O. Enubacs

I/ICCJ'ICZIOBaHI/le TEPMOINEKEPHICCKUX CBOMCTB
HAHOKPUCTAIMYECCKUX XAJbKOI'CHUA0B ME/IH

CoBpeMeHHbIE YCHITHS UCCIIeI0BaTeNel HalpaBieHb! Ha pa3paboTKy TOIUTMBHBIX 3JIEMEHTOB, XapaKTepU3y0-
IMIXCST BBICOKOH 3((EKTHBHOCTHIO, HU3KOM"GEOMMOCTEIO M 3KOJIOTHYHOCTEIO, KOTOPBIE BO MHOTOM 3aBHCST
OT CBOWCTB COOTBETCTBYIOIIMX MaTepHaIOBYKaTaIN3aTOPOB — BAKHEHIIINX KOMIIOHEHTOB TOIUIMBHOTO dJje-
MeHTa. KaranusaTtopsl Ha OCHOBE Xaj#bKOQI'CHUIOB METAJIOB, IIPEUMYIIECTBEHHO Ha OCHOBE S, 00JIajatoT aK-
THUBHOCTBIO B YCKOPEHHH DPEaKIUH BOCCTAHOBICHUsS KUCIOPOJa, CPpaBHMMOH ¢ akTuBHOCTHIO Pt B H,SO,.
B cratbe ucnonp3oBaHa MeTOARKA KOMITAKTHPOBAHHS OPOIIKOBBIX MaTEPHAJIOB U TIOJIy4eHbl 00 beMHbIEe 00-
pasusl. [oxydens! ¢pakimg HAHOAUCTIEPCHOTO MOPOIIKA CO cpeaHuM pasmepoM dactur (50-100) am. 3Ha-
4yeHus ko3¢ duimenTa TepMo-3ac (mopsaaxa 0,08 MB/K) momydeHs! Uit BccaegyeMoro ciiaBa ¢ Majoil Je-
(heKTHOCTEIO 10 KaTHOHHOM HoaperreTke THHa CU,S)5T€p 5. Y CTaHOBICHO, UTO YMEHBIICHHE Pa3MepOB 3epeH
MPUBOANT K 3HAYUTEIHHOMY, CHIDKEHHIO 3JIEKTPOHHOH ITPOBOJIUMOCTH AT BCEX UCCIIELyeMBIX 00pa3IoB. AB-
TOpaMH TPEACTABICHBhPE3yIbTATHl HCCICIOBAHUS TEPMOIIEKTPUUECKHX CBOHCTB TPOWHOro CIulaBa
Cu,Sg5Teg 5 AL rcClie[oBaHHOTO cOCTaBa ObUIO MOTYYEHO CHIKEHUE TEILIoNnpoBogHocTH Ha 25-30 % u He-
Gonbloe Bo3pacraniie ko> GUIMEHTa TEPMO-3]C 10 CPABHEHHIO C KPYHMHOKPUCTAIIMYECKUMH 00pa3LaMH.
OOHapy>keHa HU3Kasl TEIUIONPOBOHOCTh B AuanazoHe 0,3-1,1 Br M K™ ipur mpoBommocTy Beime 1000 Om™
Yem™. Jlns wmccmenyemoro obpasia Cu,SosTeys — TepModnekTprdeckas ddexturocts ZT = 0,25 mpu
400 °C, 4T0 MO3BONAET HA/IEATHCS HAa BO3MOYKHOCTD YITyYIIEHHS XapaKTePUCTHKH 00pa3ioB 3TOT0 COCTaBa JI0
MPUEMIICMBIX BETHYMH JUIS IPAKTUUECKUX TEPMOIIEKTPHUECKIX YCTPOICTB 3a CUeT 110100pa ONTHMAaIBHOTO
JIETHPOBAHMSI.

Kniouesvle crosa: TEPMORJIEKTPUUECKHE MaTepHabl, CylbGUA MEIH, KPUCTAJUIMYECKask CTPYKTYpa, MPOBO-
JUMOCTB, T dy3usi, TEIIONPOBOIHOCTD, Ko duimeHT 3eedeka, CyrneproHHbIE TPOBOAHHUKH.
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