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ABSTRACT

We investigate the thermoelectric performance and the stability of polycrys-
talline p-type Cu,_,S fabricated by hydrothermal method and hot-pressing
technique. The relative pure copper sulfides are obtained via the sintering
process and their crystal structures are dependence on the atomic ratio of Cu/S.
The thermoelectric performance tests show a good figure of merit of ZT = 0.78 at
550 °C. In addition, we repeated measured the thermoelectric parameters to
confirm the stability of the samples. The electrical conductivity and the Seebeck
coefficient have dramatically change between the different tests, which originate
from the variation of carrier concentration and mobility. Nonetheless, the fig-
ure of merit ZT maintains unchanged, indicating that the samples synthesized

in this work possess quite stable thermoelectric performance.

1 Introduction

Thermoelectric (TE) materials can realize the direct
interconvert between the thermal and electric energy
and have been investigated extremely during the past
two decades [1-7]. The converting coefficient for the
TE application of power generation or cooling is
determined by the dimensionless figure of merit
ZT = S*6T/x, where S, o, T and k are the Seebeck
coefficient, electrical conductivity, thermodynamic
temperature and thermal conductivity, respectively.
High ZT value means high energy conversion effi-
ciency, requiring high power factor (PF = S*¢) and
low thermal conductivity &« synchronously.

Therefore, most of previous studies in TE materials
are focus on how to improve the ZT value through
doping, composite technique, low-dimensional etc. or
searching new intrinsic high ZT materials [8-17].
Currently, traditional TE materials with high ZT
value include Si-Ge alloy, telluride systems, etc. Si-
Ge alloy are one of the most important TE materials
working usually in the field of high temperature,
with high PFs and antioxidant capacity. Recently, Si-
Ge nanowires as thermoelectric generator also receive
many attention due to the higher TE performance
related to their bulk crystal counterparts over the low
temperature range from 273 to 450 K. However, the
intrinsic high thermal conductivity in Si-Ge alloy
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poses a challenge to higher ZT values [18-22]. Tel-
luride systems are now widely used commercially,
but most of them contain valuable and toxic elements
[9, 12, 23, 24]. In the consideration of searching low
cost, eco-friendly and intrinsic high ZT values TE
materials, copper sulfides have been widely investi-
gated and the TE performance also improve con-
stantly in the past decade [4, 25-29]. For example, a
very high ZT value up to 1.9 in Cu, g7 S system at 700
°C was obtained by Zhao [30] et al. who synthesized
the specimen with the melt-solidification technique.
He [31] et al. also explored TE characteristics of
Cu, _ ,S and obtained quite high ZT values of 1.4-1.7
around 1000 K with vacuum melting. Cu-S based
composites also show a good thermoelectric perfor-
mance. The containing materials often include In,S3
[32, 331, AgCl [34], CoSbs [35], Se [36, 37], etc. and the
related ZT values are also found between 1 and 2.

However, as a kind of liquid-like materials, the
working stability of copper sulfides must be consid-
ered because Cu’ exhibits a migrating behavior
under a bias voltage. In the Cu-S based structures,
carrier concentration (1) contains two parts: n1¢,, and
fihole- Cu™ migration can reduce n and leave simul-
taneously a lot of point defects in the matrix, which
will affect the ¢ and then the ZT of copper sulfides
[26, 38—42]. Therefore, in this work, we synthesize
Cu,_ .S samples via the hydrothermal method and
hot-pressing (HP) technique and investigate their TE
performance and the working stability. The previous
literatures present a lot of synthesis methods, such as
vacuum melting [43], mechanical alloying [44, 45],
hydrothermal synthesis [45, 46] and thermal decom-
position [47]. Among them, the vacuum melting
method can yield high ZT values in copper sulfides,
but need high melting temperatures and long
annealing time. On the contrary, chemical synthesis
techniques, like the hydrothermal method, can syn-
thesize directly crystalline Cu, _ ,S powders with
small grain size at relative low temperature. For
energy saving, chemical synthesis techniques is the
better choice.

2 Experiments

In this work, Cu, _,S powders were prepared by
hydrothermal method and the bulk samples were
sintered by HP technique. High purity powders of
CuCl (99.99%, Aladdin) and of CS(NHj), (98.0%,
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Cologne) were used as sources of copper and sulfur.
Firstly, dissolving 0.9 g of CuCl powders and 1.2 g of
CS(NHy), powders into 40ml mixture of anhydrous
ethanol and distilled water (in volume ratio of 9:1).
The solution was then transferred into a Teflon-lined
stainless steel autoclave and sealed. The autoclave
was heated to 180 °C for 16 h and then cooled down
to room temperature naturally. The product was
collected carefully by centrifuging and dried at 60 °C
for 10 h and then washed with distilled water and
anhydrous ethanol. This process was repeated sev-
eral times and then the copper sulfide compound
powders were obtained. Finally, the prepared pow-
ders were sintered in vacuum by HP technique. In
this work, we set up three group of sintering
parameters and the corresponding bulk samples are
marked as S1, S2 and S3. The specific parameters can
be referred to Fig. 1. The disk shape of Cu,_ .S bulk
samples then was cut into blocks for the performance
testing. The phase structures of the powders and
bulk samples were identified by an X-ray diffrac-
tometer (XRD, X Pert pro X, Netherlands). The mor-
phology of the powders and the cross-sections of the
bulk samples were observed by using a field emission
scanning electron microscope (FESEM, SUPRA 55,
Carl Zeiss, Oberkochen, Germany). The electrical
performance was measured by a CTA-3 system
(Cryoall, China) from 30 to 550 °C in helium atmo-
sphere. For getting the thermal conductivity, the
density p, thermal diffusion coefficient D and specific
heat capacity C, of the bulk samples were tested by
the Archimedes method, laser flash method (DLF-
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Fig. 1 XRD patterns of the hydrothermal Cu,_,S powders and
the bulk samples
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1600, American) and differential scanning calorime-
try (DSC, Q2000 V24.11 Build 124, American)
respectively. The desired thermal conductivity was
then calculated with formula x = pDC,.

3 Results and discussions

The XRD pattern of the powders prepared by
hydrothermal method is displayed in Fig. 1. Com-
pared to the ICDD files No. 12-0224 and No. 47-1748,
the powder seems to be a mixture containing digenite
phase and djurleite phase, which may be due to the
sensitive dependence on Cu/S atomic ratio in the
crystal structures of copper sulfides. For the sintered
bulk samples, however, the diffraction peaks
belonging to djurleite phase become more and more
intensive with the sintering temperature raising and
the time prolonging, indicating the crystal structure
transforms from digenite phase to djurleite phase due
to the sulfur volatilization during the sintering pro-
cess. In this work, the sample S1, which sintered at
550 °C and under 50 MPa for 40 min, has the purest
djurleite phase as clearly shown in Fig. 1. According
to some previous reports [27, 31, 38, 42, 48, 49],
Cu; _ ,S in djurleite phase has better thermoelectric
performance, which also be confirmed in the present
work below.

The typical micrographs of powders and the cross-
sections of bulk samples were displayed in Fig. 2.
The prepared powders possess beautiful flower
sphere shape with diameter range from a few hun-
dred nanometers to several micrometers. These
flower spheres are assembled by lots of nanoflakes as
clearly observed in Fig. 2a and the corresponding
zoomed in Figs. [50, 51]. The morphologies of
Cu, _ ,S powders are heavily dependent on the
hydrothermal temperature and drying temperature
[51]. Figure 2b—d shows the fracture surfaces of the
sintered samples. Clearly, the samples S1 and S3 have
homogeneous grain size with around 200 nm in
diameter, while the sample S2 exhibits abnormal
grain growth with most grain sizes over 1 pm. This is
due to the high sintering temperature in sample S2.
The large grain size may not be conducive to enhance
the phonon scattering and hence increase the TE
performance [1, 49].

The temperature-dependent electrical properties of
the polycrystalline bulk Cu, _ ,S samples is shown in
Fig. 3a—c. Very clearly, these samples show a metallic
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behavior at relative low temperature range, while
show a semiconducting behavior at the high tem-
perature range. The turning temperature is around
150 °C. The peak ¢ value of samples S1 and S2
reaches up to 16 x 10* Sm™"', which is larger than that
of most previous studies [3, 29-31]. Sample S3, by
contrast, has a lower peak ¢ value of 14 x 10* Sm~".
This result may be due to the better crystallization in
sample S1 and S2 as clearly seen in Fig. 2. Generally,
the larger ¢ results in the smaller Seebeck coefficient
S. In this work, sample S3 really exhibits larger S than
the other two samples. The peak S value reaches up
to 190 uV/K as shown in Fig. 3b. In addition, all
Seebeck coefficient S show a positive value, indicat-
ing the Cu,_,S sample is a p-type semiconductor.
However, for these three samples, the determining
power factors (PFs) have not showed an obvious
difference over the testing temperature range, indi-
cating that the sintering conditions in this work have
slight influence on PF. We compared our PFs with
those of the previous studies on the copper sulfide
structures, most of which are the doping or com-
posite systems for improving the TE performance.
The PF value of 9.98 pW /(cm-K?) in this work is quite
good, as can be seen in Fig. 3d. Some doping and
composite copper sulfide analogs exhibit high power
factors [30, 33, 37, 52-54]. For instance, Ge [32] et al.
composited 3% In,S; into main matrix of Cu; g S and
the PF reaches up to 11 pW ecm™ ' K~ 2 In this work,
however, we synthesized relative pure Cu,_,S bulk
samples by the hydrothermal approach, achieving a
quite high PF. Note that we here only show the PF of
sample S1 because all samples exhibit almost the
same PF value.

For evaluating the TE performance of our samples,
excellent electrical properties are not enough. Low
thermal conductance « is also necessary. The tested
results of x is shown in Fig. 4a. The sample 52 shows
very large x, which is almost three times larger than
sample S1. This must be due to the large grain size in
sample S2 (see Fig. 2¢). In copper sulfide structures,
the phonon scattering with moderate wavelength
dominates the process of lattice thermal transport.
The samples S1 and S3, therefore, have a smaller x
due to smaller grain size. However, because of the
better crystallization, the sample S1 has the optimal x
and hence certainly have optimal figure of merit ZT
by considering almost the same PFs among three
samples. The calculated ZT value for three samples is
showed in Fig. 4b. Expectedly, sample S1 has the
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Fig. 2 FESEM images of the
hydrothermal Cu, _ S
powders (a) and the bulk
samples of S1(b), S2(c) and
S3(d)
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largest ZT over whole testing temperature range and samples only exhibit a moderate ZT value, as shown
the peak value is 0.78 at 550 °C. Comparing with  in Fig. 4c. For example, Ge et al. [32] involved the
previous reports on sulfur compounds [55-57], our =~ In,S; nanoinclusions into Cu,_,S matrix and
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Fig. 4 a The temperature-dependent thermal conductivity x and b figure of merit ZT for the bulk samples. ¢ A comparison of ZT of this

work with other Cu-S based systems

significantly reduced the thermal conductivity and
hence improve the ZT value to 1.4 at 550 °C. For a
pure Cu,_,S systems, Zhao et al. [30] prepared the
Cu,S and Cus g7 S polycrystalline bulks by the melt-
solidification technique and obtained the extremely
low thermal conductivity which is only about one-
fourth of our sample S1. However, the bulk samples
possess lower PFs relative to Ge et al. work and this
work and consequently the ZT value is about 1.4 at
550 °C. From the synthesized method, the melt-so-
lidification technique is uneconomical due to its high
melting temperatures and long annealing time. This
work therefore may provide a probability to facile
synthesize the pure Cu,_,S system with high ZT
value if the thermal conductivity can be effectively
decreased.

Due to the liquid-like properties in copper sulfides,
the stability in thermoelectric transport properties has
to be considered. Now we made three repeated tests
for sample S1. Before each test, the sample is cooled
down to room temperature. Surprisingly, comparing
to the first test, the electrical conductivity ¢ drop dra-
matically and the Seebeck coefficient S is relatively
larger at the 2nd and 3rd tests, as clearly shown in
Fig. 5aand b.Inaddition, the ¢ and S only show a slight
difference after the initial test. The PFs, however, do
not change very much in spite of the large difference in
the o and S, as shown in Fig. 5c. This result may indi-
cate that the electrical performance of copper sulfides
is quite stable among the repeated tests.

The drop in electrical conductivity ¢ after the 1st
test might be due to the decrease of charge carrier
concentration and the reduction of carrier mobility.
As a type of superionic semiconductor [38, 58-60], the

copper ions Cu™ in the samples can migrate easily
from the high voltage end to the low voltage end. The
electrical conductivity o, therefore, can be viewed as
0 = Opole + Oion, Where gy, is the majority carrier hole
conductivity and o, is the ion carrier conductivity,
respectively. After the initial test, most of copper ions
migrate to one end of the samples, which results in
the dramatical reduction on the concentration of
copper ions and hence on the o/,,. Additionally, with
the temperature increasing, the hole concentration of
the samples will also decrease due to sulfur
volatilization which causes the reduction of copper
vacancies [61-63]. Therefore, it immediately causes
the total conductivity ¢ decreasing in the following
electrical test.

These analyses were confirmed by the temperature-
dependent carrier concentration and mobility, as
shown in Fig. 6. Very clearly, the carrier concentration
drops dramatically after the first test. The initial # is
about 20 x 10'7cm? at room temperature and reaches
over 80 x 10"”cm?at 450 °C, which is almost ten times
larger than those in second test (only about
2 x 10”em® at room temperature and about
6 x 10"7cm? at 450 °C). These results are in consistent
with our previous analyses. However, the carrier
mobility only has a slight reduction after the first test.
This is quite reasonable result. On the one hand, the
carrier concentration decreasing can enhance the hole
mobility; on the other hand, the crystal defects incre-
ment due to the sulfur volatilization can reduce the
hole mobility. Synergistic effect of both factors makes
the carrier mobility has no significant change. Conse-
quently, the total electrical conductivity o, as a product
of carrier concentration and mobility, is very larger at
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Fig. 5 Repeated tests for the 20
R X (a) 180 (b)
sample S1 in electrical 18} —=— 15t test
conductivity ¢ (a), Seebeck 16 } —e—2nd test !
coefficient S (b) and the 14} ——3rd test 40}
] - 120}
calculated power factor ZT (c) =12} v
n > 100 |
- 10 =,
% sl 7z sof
® 6l o}
4t 40 |
2t 20
0 100 200 300 400 3500 600 0 100 200 300 400 500 600
12 TCO) 2.0 TCO)
C
Wl (© sl @
— 1.6}
U st =
- 'Ml 4t
£ 6t -
< g 1.2}
=
24f 210}
! =08]
0.6
0 3

. . . . : 0.4 . . ' . .
0 100 200 300 400 500 600 o 100 200 300 400 500 600
) T(C

T(C

- 80

- 60

20

(C'woLIOI)u

—_—s 6
-4
¥

T /s 0
0 100 400 500
T(°C)

Fig. 6 The carrier concentration n and mobility u in different
temperature

the initial test, while it decreases dramatically at the
following tests, as clearly shown in Fig. 5a. Because of
the negative correlation with the charge carrier con-
centration 1, the Seebeck coefficient S also is relatively
smaller at the first test, as can be seen in Fig. 5b.

For the thermal conductivity x, we do not observe
significant difference among the three tests. An
interesting phenomenon is that a peak value of «
occurs around 150 °C, which happens to be the phase
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transition temperature of Cu,_,S [31, 37, 38]. The
electrical conductivity ¢ and Seebeck coefficient
S also turn downwards after this temperature as
shown in Fig. 5a and b. As well known to us, the
crystal structure of Cu,_,S (0 < x < 0.2) varies with
the atomic ratio of Cu/S. Cu, _ .S is monoclinic
chalcopyrite (¢-Ch) phase at room temperature and
transforms to hexagonal chalcopyrite (-Ch) phase
around 150 °C. Our testing result strongly indicates
that our sample undergoes a phase transition from o-
Ch to B-Ch phase. Figure 6 also shows a sudden
change in carrier concentration n and mobility u
around 150 °C [27, 31, 38, 42, 48],. With a more
careful observation, we can find another decrease in
electrical and thermal conductivity around 450 °C, as
shown in Fig. 5a and d. This may be due to the sec-
ond phase transition from hexagonal phase to cubic
phase around 450 °C. These results are well in con-
sistent with the previous works [26, 27, 42, 48].

4 Conclusion

We have synthesized the flower-like spherical Cu,_,S
powders by hydrothermal method and densified the
bulk samples via HP technique. The results show that
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the relative pure copper sulfide can be obtained due to
the sulfur volatilization during the sintering process.
The bulk samples also exhibit superior thermoelectric
performance of ZT = 0.78 among the undoped Cu-S
based systems. The repeated tests indicate that the
samples keep very stable power factor and thermal
conductivity, although the carrier concentration n and
mobility u have dramatically change between the dif-
ferent tests. These results suggest that as a kind of
liquid-like materials, pure copper sulfide bulk ceram-
ics also can be facilely synthesized and can be very
stable on TE performance.
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