ISSN 1563-0315; eISSN 2663-2276 Recent Contributions to Physics. Ne4 (79). 2021 https://bph.kaznu.kz

IRSTI 29.19.09 https://doi.org/10.26577/RCPh.2021.v79.14.09

S.M. Sakhabayeva ' , M.Kh. Balapanov ** , K.A. Kuterbekov' ,
Sh.G. Giniyatova! , M.M. Kubenova' , R.Sh. Palymbetov' |,
R.H. Ishembetov? , Y.H. Yulaeva®

'L.N. Gumilyov Eurasian National University, Kazakhstan, Nur-Sultan
2Bashkir State University, Russia, Ufa
3Bashkir State Medical University, Russia, Ufa
*e-mail: s.sakhabayeva@gmail.com

THERMAL CONDUCTIVITY AND THERMAL EMF
OF NANOCRYSTALLINE COPPER SULFIDES
K0,01(:U1,85S AND KO,04CU1,BSS

Utilization of the thermoelectric materials in cooling/heating, converting used heat into electrical
energy becomes the crucial phenomenal investigation, which new thermoelectric materials have been
discovered every day. Thermoelectric materials often require a description of the electrical
conductivity and thermoelectric power of the sample from room temperature to 900 K. This paper is
presented the study results in thermal conductivity and heat capacity of nanocrystalline copper sulfides
Ko.01Cu1.85S and Ko.04Cuj g5S at the temperature range between 300 K and 700 K. As well as, this work
shows the figures of X-ray phase analysis, differential scanning calorimetry (DSC) and differential
thermal analysis of alloys. In the investigated temperature range Zeebeck coefficient a for Ko,01Cuy g5S
fluctuate all around the period, but the figures for Ko 04Cuq s5S increase to reaching a pick of around
1.96 mV/K, before falling to around 0.32 mV/K. For the studied alloys, a strong contrast in electronic
conductivity in both components of the alloy was observed and a dramatic decrease in thermal
conductivity (from 2.0 to 0.5 W - m-!" - K-'), leading to the very high local peak value of the
dimensionless thermoelectric figure of merit ZT = 9.67, which is important for possible technical
applications. We compared and analyzed obtained data with previous materials and focused on the
estimation of the thermoelectric figure of merit of the nanocrystalline copper sulfides.

Key words: nanocrystalline copper sulfides, thermal conductivity, X-ray phase analysis, differential
scanning calorimeter, differential thermal analysis, heat capacity, Zeebeck coefficient, electronic
conductivity, thermoelectric figure of merit ZT.
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Ko,01Cu1,55S xoHe Ko 04Cu1,55S HAHOKPUCTAAADI MbIC CYyAb(PUATEPIHIH,
Tepmo3phekT XKoHe XKbIAYOTKI3riLuTiri

TepMO3AEKTPAIK MaTepmansapAbl CaAKbIHAATY / XKbIAbITY Ke3iHAE ManAaAaHy, mnanAaAaHbIAFaH
>KbIAYAbl 9AEKTP SHEPIrMnsCbIHA alHAAABIPY KYH CaiblH XKaHA TEPMO3IAEKTPAIK MaTepPUAAAAPAbI alIaTbIH
MaHbI3Abl (beHOMeHaAbAbl 3epTTeyre aiHasaabl. bya makanapa Koo1 Cuigs S >xeHe Koos CuqgsS
HAaHOKPUCTaAAbl MbIC CYAb(MATEPIHIH XKbIAYy ©TKi3riwTiri meH XblAy DKK-iH 300 k-paeH 700 K-re
AEViHr Temnepartypa AManasoHbiHAQ 3epTTey HaTuxeAepi KeaTipiareH. CoHaait-ak, GyA >KymbiCTa
peHTreHAIK hasanblk, Taraay, AnddepeHumnasabl ckaHepaey karopumeTpi (ACK), KopblTnarapAbiH,
MpdepeHUMarabl TEPMUSIABIK, TaApaybl KOPCETIAreH. 3epTTeAeTiH TemnepaTypa AMana3oHblHAQ
Ko,01Cu1 855 ywin 3eebex koapduumeHTi o Oykia KeseH iwiHAe e3repeai, 6ipak Ko osCuigsS kepcert-
Kiwtepi wamameH 0,32 MB/K maHiHe TyckeHre aeniH wamamed 1,96 MB/K-ra aeriH apTaabl. 3epTTe-
AETIH KOpbITNaAap YLWiH KOPbITNaHblH €Ki KOCbIAbICBIHAQ AQ 3AEKTPOHAbI OTKI3rilWTIKTEe KYLUTI
KOHTPACT >K8He XbIAY OTKI3riWTiKTiH KYpT TemeHAeyi (2,0-aeH 0,5 Bt-ka aenin m-1 - K-1) 6aikanapi,
6yA ZT = 9,67 ©ALIEMCI3 TEPMOIAEKTPAIK Carna MHAMKATOPbIHbIH ©Te XKOFapbl LiblHbiHA 9KeAeAl, OyA
MYMKIH TEXHMKaAbIK KYPbIAFbIAQD YLWIH MaHbi3Abl. bi3 aAblHFaH AepekTepAi aAAbIHFbI MaTepuan-
AAPMEH  CaAbICTbIPbIN, TAAAAABIK, >K8HE HAHOKPUCTAAAbl MbIC CYAb(DUATEPIHIH TEPMO3AEKTPAIK
cunaTTamaAapbiH OaraAayfFa Hasap ayAapAbIK..
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TenAonpoBoAHOCTb U TepMO-IAC HAHOKPUCTAAAMYECKMX CYAb(DMAOB MeAU
Ko,01Cu4,35S 1 Ko,04Cu1 855

McrnoAb3oBaHWE TEPMO3AEKTPUYECKMX MAaTEPUAAOB AAS OXAAXKAEHMs/HarpeBa 1 npeobpasoBaHus
MCMOABb30BaHHOIO TeMAa B JAEKTPUYECKYID 3HEPruio CTAaHOBWUTCS BAXKHENLWMM (DEHOMEHAAbHbIM
MCCAEAOBAHMEM, B KOTOPOM KaXXAbl AeHb OBGHapPY>XKMBAIOTCS HOBbIE TEPMOIAEKTPUYECKME MaTe-
pyaAbl. TepMOsAeKTpUUeckMe MaTepuaAbl 4acTo TPeOGYIT OnMcaHWs 3AEKTPOMPOBOAHOCTU U
TEPMO3AEKTPUUECKOM MOLLHOCTM o6paslia B MpeAeAax OT KOMHaTHOM Temnepatypbl Ao 900 K. B
AQHHOM CTaTbe MNPEeACTaBAEeHbl pe3yAbTaTbl WMCCAEAOBAHMS TEMAONPOBOAHOCTM U TepmMo-DAC
HaHOKPUCTaAAMYeCKnX CyAbdnAaoB meamn Ko o1Cur g5S 1 Ko04Cui,855 B aAmanasoHe Temnepatyp ot 300
K a0 700 K. Takxxe B 3Toi paboTe MpPeACTaBAEHbl MOKa3aTeAM PeHTreHo(a3oBOro aHaAu3a,
A depeHumasbHoro ckaHupytowero kaaropumetpa (DSC), audpepeHuManbHOro TepMMYEcKoro
aHaAM3a CriAaBoB. B nccaeayemom amanasore temnepatyp koadpduumeHt 3eebeka a arst Ko o1Cuq 55
KOAEOAETCS B TEUEHUE BCEro rneproaa, Ho rnokasareAam Aast Ko psCuig5S yBEAMUMBAIOTCS AO 3HAUEHUS
okono 1,96 MB/K, npexkae yem ynactb npumepHo A0 0,32 MB/K. AAst CCAeAYEMBIX CMAQBOB MOAYYeEH
CUABHbIN KOHTPACT B 3AEKTPOHHOM NMPOBOAMMOCTU B 060MX COEAMHEHMSX CMAABA U PE3KOE CHUKEHME
TenaonpoBoaHocTH (€ 2,0 Ao 0,5 BT -M-'K-1), uTO MPUBOAMT K OUEHb BbICOKOMY MUKOBOMY 3HAU€HMIO
6e3pa3MepHOro TEPMOIAEKTPMYECKOTO MokasateAs KavectBa ZT=9,67, 4TO BaXKHO AAS BO3MOXKHbIX
TEXHUYECKMUX YCTPOMCTB. Mbl CPaBHWAM M NMPOAHAAM3MPOBAAU MOAYUYEHHbIE AAHHbIE C MPEABIAYLLMMM
MaTepraramm U COCPEAOTOUMAMCH HA OLLEHKE TEPMO3AEKTPUYECKMX XapakTePUCTUK HAHOKPUCTAAAM-
YECKMX CYAb(DMAOB MEAM.

KAloueBble cAOBa: HaHOKPUCTAAAMYECKME CYAb(PUAbI MEAW, TEMAOMPOBOAHOCTb, pPeHTreHoda-
30BblIl aHaAM3, AMddepeHLMaAbHbIA CKaHUPYIOLLMIA KAAOPUMETP, AnddepeHLIMaAbHbIn TepMUYECKIIA
aHaAM3, TEMAOEMKOCTb, KoaduumeHT 3eebeka, IAEKTPOHHAs NMPOBOAMMOCTb, TEPMOIAEKTPUYECKas
xapaktepucTtuka ZT.

Introduction

Today, with limited fossil fuel reserves, as well
as climate change, people's demand for energy is
increasing day by day. in this regard, it is very
important to find clean renewable energy sources
while preserving the environment. Currently, most
energy production/conversion techniques are based
on thermal processes that produce a large amount
of residual/waste heat released into the
environment [1-2]. The use of this residual heat for
energy increases the efficiency of all these
processes. In this sense, thermoelectric devices
encourage a unique opportunity with significant
advantages in comparison with other types of
transformations [3-4]. For the region in
thermoelectric materials, it is necessary to identify
many properties, such as maximizing the
thermoelectric characteristics (ZT) of the material,
a large thermal capacity, high electrical
conductivity, and low thermal conductivity. Since

these transport characteristics depend on the
properties of the material, to determine several
parameters to increase the ZT is essential [5-6].
The figure of merit, ZT, is determined by

ZT = a?0T/k, (1)

where, a is the Seebeck coefficient, o is electrical
conductivity, x is thermal conductivity, and 7T is
absolute temperature.

Copper sulfides (Cux—S (0 < x < 1)) are used
continuously in superionic materials, optical filters,
nanoparticles, solar cells, high-capacity cathode
materials for lithium batteries, catalysts, and
nonlinear optical materials [7]. It ranges from
chalcocite (Ch) CusS to covellite (Cv) Cu-poor
Cu,which corresponds to the stoichiometric number
(2—x), as well as, many intermediate stages have
also been reported, such as djurleite (Dj) Cuj.6S,
digenite (Dg) Cu;sS, and anilite (an) CusSs
[8-9].
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The work [10] presented the obtained results on
the KiCuj197xS alloys in the temperature range
between 300 and 700 K. According to the results of
X-ray phase analysis, a mixture of different phases
of copper sulfide was found, such as Cujg6S
(tetragonal djurleite) and Cu,S (monocline
chalcocyte) for the KooiCuioS, and CuiosS
(monocline djurleite), Cu,S (monocline chalcocite)
for the Ko.05Cui.94S alloy. As for the DSC curves of
all alloys, it was shown that all compositions have
an endothermic thermal effect in the temperature
range of 722-743 K. For binary Cu,S, the thermal
peak in [10] corresponds to 737 K, while according
to the literature data analyses, it occurs at 710 K
according to the latest data [11], but there are also
Hirahara data on the transition temperature of =
740 K [12]. It is possible also that the K doping and
nanoscale of grains affects the phase transition
temperatures in [10].

The scope of research on the replenishment of
copper sulfide with alkali metals is rapidly develo-
ping, in this work we present the study results on
the phase composition and electrical properties of
potassium-doped copper sulfide (Ko01CuigsS and
Ko.04Cu 85S).

Materials and methods

Preparation and certification of samples

In this paper, a simple and convenient method
for synthesizing nanocrystalline copper sulfide,
characterized by the chemical formula K Cu,ssS
(x=0.01, 0.04), were developed. Initially, semicon-
ductor alloys KoiCuigsS and Ko 04CuigsS were
synthesized in a melt of a mixture of NaOH and
KOH hydroxides at a temperature of about 165 °C.
All reagents (CuCl, KCI, Na2S*9H20) were pla-
ced in a heated teflon vessel simultaneously. The
nanostructure was formed within a few hours. Then
the resulting product was washed with distilled
heated water, then with pure ethanol, finally, dried
at 60 °C [13].

The phase composition of the samples was
studied using X-ray diffractometry at room
temperature, additionally, phase transitions were
studied by differential scanning calorimetry (DSC).
The chemical composition was determined by the
ratio of the reagents incorporated in the synthesis
and controlled by X-ray fluorescence analysis.
Differential scanning calorimetry (DSC) of
materials was performed on the NETZSCH STA
449 F1 Jupiter device. The heating rate was 10
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K/min. The measurements were carried out in an
inert argon medium [14-15].

Method of measuring kinetic parameters

To measure the transport characteristics, tablets
in the form of parallelepipeds with dimensions of 2
x5 x20 mm were compressed from the powder
under a pressure of 3-5 t/cm’. Annealing of the
tablets was carried out in an argon medium at 400
°C for 8 hours. The electronic conductivity was
measured at direct current by a four-probe method
with two current directions to exclude the
contribution of thermal EMF. The measurement
error did not exceed 4-5%. Measurements of
thermal conductivity and thermal conductivity were
carried out by heating with a powerful light pulse
on the LFA 467 HT HyperFlash device
(NETZSCH, Germany) [16].

Results and Discussion

X-ray phase analysis

Figure 1 shows the XRD pattern of the nano-
crystalline copper sulfides KooiCuissS and
Ko.04Cu; s5S.

According to the results of X-ray phase ana-
lysis, the results of X-ray phase analysis show that
the KCuissS samples at room temperature consist
of a mixture of different phases of copper
sulfide. In fact, X-ray lines of Cu,gsS cubic phase,
CuS cubic phase, Cui7So (Cu39S) rhombohedral
phase, CusS tetragonal phase and traces of metallic
potassium can be seen in both samples. The
crystallite sizes were estimated by the width of the
X-ray lines.

Differential Scanning Calorimetry

Figure 2 shows the DSC curves of the
K«CuissS (x = 0.01, 0.04) samples in temperature
range of 300 — 700 K.

Endothermic peaks at 369.9 K and 371.6 K are
seen for KpoCuissS (a) and KoosCuyssS
correspondingly on DSC curves on Figure 2.

Between phase transitions known in Cu-S
system in range of these temperatures, a superionic
phase transition from monoclinic to hexagonal
chalcocite Cu,S which occurs at 376 K [11] can be
take into account. At 364 K, a transition from the
low-temperature rhombohedral modification of
Cu;8S to the medium-temperature hexagonal
modification also occurs [11]. Thus, considering
the results of X-ray phase analysis, the endothermic
thermal effect at about 370 K most likely reflects
the structural transformation of monoclinic
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chalcocite Cu,S into the hexagonal superionic
modification.

As it is seen in Figure 2, the alloy with a higher
potassium content (Ko04CuissS) has a strong
thermal effect at about 465 K, which is absent for
pure Cu;gsS, but this effect is slightly visible for
Ko.01Cui85S near 485 K (Figure 2a). Okamoto and
Kawai [17] observed a phase transition from the
metastable tetragonal Cuj9S phase to the
hexagonal one at about 453 K. In the work [18],
endothermic DSC peaks at 448 K and 451 K were

obtained for Ko25Cu; 7S and Cu;75S nanocrystals.
We believe that this thermal effect at about 465 K
in Ko04Cu;gsS is caused by the transition of the
metastable tetragonal phase Cu.S, revealed by X-
ray phase analysis at room temperature, into the
hexagonal phase Cu,S.

In figure 2 we also see the thermal effect at 643.7
K for Ko04Cui gsS. Its origin is not clear since it was
not observed for copper sulfides earlier. Perhaps it is
associated with the dissolution of existing sodium
residues in the crystal lattice of the alloy.
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Figure 1 — X-ray spectra of samples Ko.01Cui.s5S (a) and Ko.04Cui.s5S (b)

For both samples, an endothermic thermal
effect is observed near 690 K. In copper sulfide at
710 K, the phase transition occurs from the
hexagonal to the cubic Cu,S phase [11], and it is
known that the lack of copper in the lattice reduces
the phase transition temperature. Obviously, the
observed thermal effect near 690 K in Figure 2 is
caused by this phase transition.

The temperature dependences of the heat
capacity in Figure 2 demonstrate the same thermal
effects discussed above. It is noticeable in Figure 2
that the heat capacity initially decreases to about
525 K and then increases if to ignore thermal
effects at phase transformations. Minimal value of
the heat capacity is about 0.1 J g'K"' for both
samples.
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Figure 2 — DSC curves and thermal capacities of samples Ko.o1Cui.s5S (a) and Ko.04Cui.85S (b)

Thermal conductivity

The temperature-dependent graph of the
thermal conductivity of the alloy is presented in
Figure 3. In all measurements, the value of thermal
conductivity in the temperature zone initially began
with k 2 W K'm', and then gradually
approached (or dropped below) the value of 0.2 W
K'm', which is close to the glass limit

76

(0.3 W K'm™"). Low k values in the superionic
Cu,S phase caused by absence of long-range order
in the cation sublattice, which suppresses the
propagation of phonons. The decrease in thermal
conductivity below the "glass" limit is due to
numerous defects in the nanoscale material, which
create additional obstacles to the movement of
phonons.
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Figure 3 — Temperature dependences of the thermal conductivity coefficient
of Ko.01Cui.85S and Ko.04Cui.85S samples

In the work [19] the thermal conductivity of
Cui8S+3 wt% In,S; bulk sample was reduced from
12 Wm'K"' to 0.65 Wm'K" at 773 K due to
superionic state and presence numerous nano-sized
defects. This information is in a good agreement
with our data analyses that the thermal conductivity
of the alloys decreased to 02 W K'm
approximately with increasing temperature.

Electronic conductivity and Zeebeck coefficient.

Figures 4 and 5 demonstrate temperature
dependences of the electronic Zeebeck coefficient
and electronic conductivity.

Zeebeck coefficient of Koo1CuissS was about
0.65 mV/K at room temperature, being higher than
Ko.04CuigsS by approximately 30 times. Then, it
increases to almost 1.96 mV/K at 620 K while
Ko.04Cu, 35S exhibits very low Zeebeck coefficient
and demonstrates a sharp increase after 470 K. At
466 K we see the thermal effect for Ko 04CuisS on
DSC curve (Figure 2b), the sharp jump of the
thermal conductivity in Figure 3, and the sharp
transition  from  semiconducting type of
conductivity to metallic one near the same
temperature in Figure 5.
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Figure 4 — Temperature dependences of Seebeck coefficient
for Ko.01Cui.85S and Ko.04Cui.85S

77



Thermal conductivity and thermal EMF of nanocrystalline copper sulfides K

CuI,XSS and KU’mCuI’XSS

0,01

The activation energy of the conductivity in the
range of 360—-400 K for K.04Cu, 55S alloy was 0.15
+ 0.01 eV, which is in satisfactory agreement with
the value of 0.20 = 0.02 eV for the Ko2Cu, S alloy
[13].

The phase transition at 643.7 K in the
Ko.04Cu, 35S alloy (Figure 2b) also manifests itself
in the temperature dependence of the conductivity
in the form of a sharp jump, which is clearly seen
in the inset in Figure 5.

Both compounds exhibit a good performance
for semiconductor materials.

The dimensionless thermoelectric efficiency ZT.

Figure 6 shows the behavior of dimensionless
thermoelectric efficiency ZT of nanocrystalline
Ko.01Cu 35S and Ko04Cuy 35S copper sulfides at the
temperature range between 300 K and 700 K.

To achieve high ZT values, the electrical and
thermal transfer properties of the materials must
have a certain relevance: low electrical resistance,

high Zeebeck coefficient and low thermal
conductivity [22] simultaneously. In general, the
best thermoelectric materials with an optimal
Zeebeck coefficient and electrical conductivity are
solid-alloy semiconductors with a charge carrier of
10"°-10% per cubic centimeter [23].

According to the graphic information in figure
6, we see that thermoelectric figure of merit ZT
changes irregularly due to few phase transitions at
all the temperature range, reaching extremely high
ZT = 9.68 for the Ko 04CuissS sample near phase
transition point. ZT values of Ko 0:Cu, 35S sample is
much higher than ones of KoCuigsS at
temperatures below 480 K. Note the very high
values ZT > 1 for KooiCuissS near room
temperature. Averaged over the entire temperature
range, the value of ZT for the Ko 1 Cu; 35S sample is
significantly higher than for KosCuissS sample,
although the maximum value of ZT for it is lower
(4.83 at 620 K).

Figure S — Temperature dependences of the electronic conductivity for Ko.o1Cui.s5S and Ko.04Cuu.s5S.
The inset shows in more detail the conductivity behavior in the temperature range of 500 — 700 K

In the work [24], ZT = 1.3 reached a high
peak value in the temperature range of 348 K
and 373 K. It is also noted that this process is
more economical and environmentally friendly
than the use of alloyed bulk crystal ingots. In
our paper, the maximum value of dimensionless
thermoelectric efficiency ZT was observed in a
relatively large amount of potassium alloy
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Ko,04Cui 35S in the upper temperature zone 610-
630 K. In addition, in comparison with the work
[25], the value of the thermoelectric figure of
merit ZT has a much more satisfactory value,
which provides greater opportunities in many
cooling systems and in the production of
electricity, which helps to solve the global
energy dilemma [26].
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Figure 6 — Temperature dependences of the dimensionless thermoelectric efficiency ZT
for samples Ko.01Cui.s5S and Ko.04Cui s5S. Fragment of the curve for Ko.04Cui.s5S is shown in inset of the figure

Conclusion
This paper studied multiphased
nanocomposites KooiCuigsS and  Ko04CuygsS.

Although obtained data give us lattice thermal
conductivity reduction in these materials,
improvement in ZT will likely require optimization
of high Zeebeck coefficient, low thermal
conductivity, and other variables. High-temperature
treatment is also an essential post synthesis step to
create high ZT materials. In our study, it was
investigated at temperature range from 300 k to
700 K, as well as we obtained good data on the
results that correspond to the production conditions
of devices used in renewable energy technologies.
The results of X-ray phase analysis of the alloys
show that the alloy consist of a mixture different
phase. Using the Differential  Scanning
Calorimetry, we have defined alloys with a higher

Funding: This research was funded by the Science
Committee of the Ministry of Education and
Science of the Republic of Kazakhstan (No.
AP08856636, "Development of high energy
consuming electrode materials for sodium-ion
batteries").

potassium compound Ko04Cu;ssS have a strong
thermal effect, which leads to local ZT increasing.
We also took excellent figures in thermal
conductivity, which it is close to the value of glass
limit that is crucial in large-scale energy-
conversion applications.

At temperatures up to 650 K, there is a
strong increase in the Zeebeck coefficient just
under 2 mV/K and a decrease in thermal
conductivity to 0.5 Wm'K™', leading to a very high
peak value of dimensionless thermoelectric
efficiency ZT = 9.67 at 620 K. Thus, the
experience shows that by observing and forming
the synthesis of nanocrystalline copper sulfide
materials based on the modification of known
semiconductor chalcogenides, it is possible to
obtain many properties necessary for various
applications, as evidenced by numerous works
of recent times.
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