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ABSTRACT

The ionic Seebeck coefficient was studied in copper selenide with Cu, g9Se,
Cu, 955e and Cu, gSe stoichiometry which was synthesized with a melt crys-
tallization method. To measure the ionic Seebeck coefficient of copper ions,
0.15C¢H;,N,CH,I + 0.85Cul solid-state electrolyte was prepared. Electrolyte layers
were pressed with copper selenide powder into a sandwich-like structure. At the
temperature of 410 K, the materials have ionic Seebeck coefficient values close to
each other, about 1100 uV/K. In the case of 3-phase structure (Cu,; sSe material),
changes in the measured Seebeck coefficient were observed —with decreasing
temperature, the ionic thermopower firstly increased reaching about 1230 uV/K
and then decreased to 950 pV/K at 355 K. In the Cu, ¢oSe material, a phase transi-
tion to the a-phase was observed during cooling. The ionic Seebeck coefficient
values gradually increased from 1030 to 1220 uV/K at 370 K, when the material
is in the low-temperature phase. The measured difference between the ionic ther-
mopower of the two phases well matches calculations based on the entropy of
the transition (presence part of the Seebeck coefficient) and different activation
energies of ionic transport (transport part).
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Introduction

The thermoelectric properties of copper selenide
(Cu,Se) have been in researchers’ interest since the
observation of the thermoelectric figure of merit zT>1
in this material in 2012 [1, 2], see, e.g. reviews [3-5].
The material undergoes a phase transition, in which
copper sublattice changes from a low-temperature,
ordered (albeit low symmetry) a-phase to a disordered
(liquid-like) structure with mobile copper cations— -
phase. At the same time, the selenium sublattice main-
tains its cubic structure. The phase diagram of the two
phases is of a limited solubility type. For stoichiomet-
ric material, the transition occurs at 411 K. In the case
of copper-deficient Cu,_sSe, a mixed high- and low-
temperature phase region exists, and the characteristic
high-temperature end of the transition shifts towards
lower temperatures with increasing & value. Copper
selenide with stoichiometry Cu, ¢Se maintains the
structure at room temperature. Phase diagrams can
be found in [6, 7].

Recently, arguments were found for the transition
being of a continuous type [8]. Others claim that the
transformation is of a first-order type, distributed
over a temperature range [7]. The A-shaped DSC
peak is then explained with a transition enthalpy of
6.3 kJ/mol [9]. The coexistence of phases is connected
to local fluctuations of stoichiometry [10]. A recent
study shows a sharp transition in the stoichiometric

copper selenide—the mixed phase region was not
observed. Despite the sharp abrupt phase transfor-
mation, the Seebeck coefficient changed gradually,
which was explained by the structure of electron
bands near the transition, which caused the Seebeck
coefficient of the low-temperature phase to be simi-
lar to the value for the high-temperature phase near
the transition temperature [11]. Thus, even in such
a “sharp” transition, no step change in the thermo-
electric effect is observed, which is characteristic, e.g.
for silver sulphide, where the phase transition occurs
between unsoluble phases [12, 13]. Previously, in
experiments, in which the phase composition was
gradually changing, the continuous character of the
Seebeck coefficient dependence on temperature was
explained by the effective medium theory [7].

The liquid-like behaviour of Cu +ions makes
the B-phase a superionic conductor. The electrical
ionic conductivity of copper ions reaches 3 S/cm
at 673 K, in a stoichiometric polycrystalline mate-
rial [14]. In the B-phase, there are eight tetrahedral
locations (8¢ Wyckoff position) per unit cell (with
4 Se atoms each). The occupancy of these positions
is only about 72%. The rest of the atoms occupy 32f
positions enclosing the 8c tetrahedra, and atoms can
easily move between these neighbouring positions.
The low occupancy of Cu 8c positions in the lattice
provides a high probability of hopping between
neighbouring sites (or their 32f surrounding posi-
tions) —either directly or through almost empty 4b
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octahedral positions [15]. The high probability of
hopping events results in the high mobility of the
Cu" ions.

Since the thermoelectric effect is a conjugation of
charge and entropy transport, such that the Seebeck
coefficient is the amount of entropy transported by a
carrier divided by its charge [16]. The thermoelectric
effect can occur for different types of carriers. In the
case of ions, the transported entropy consists of two
parts—molar entropy of the ionic charge carriers (S;,,)
and heat of transport (Q*, in J/mol) divided by tem-
perature. Thus, the Seebeck coefficient of ions (a;,,,) is
given by Eq. (1) [17]:

1 Q*
Aion = E (Sion + T) 1)

F is the Faraday constant, and z is an effective charge
of the ion (herein, for Cu®, z= +1). Furthermore, the
sum in Eq. 1 can be considered as a sum of the two
parts of the Seebeck coefficient: &, egence = Sion/zF and
atransport = Q*/ZFT [18]

The nature of the heat of transport Q* is complex.
For many compounds, measured values are similar to
the activation energy for the ionic conduction mecha-
nism [19]. However, it has been shown by Smith et al.
[20], that the heat of transport consists of activation
energy for diffusion decreased by its temperature
derivative multiplied by the temperature.

The ionic Seebeck coefficient of copper selenide
has been measured previously in non-stoichiometric
[21] materials. These measurements were performed
with a cell designed to give the thermovoltage related
only to the heat of transport. In the temperature range
of 342-383 °C, the transport part Seebeck coefficient
values were in the range of 300-350 pV/K. A sam-
ple with Cu, ¢¢Se stoichiometry had lower values,
180-210 uV/K. The obtained Q* values were found to
be dependent on temperature and differ from the acti-
vation energy values by up to 35%. Another work is
the thermotransport of Ag +ions in (Ag, Cu),Se [22].
These measurements were performed above 200 °C.
Furthermore, there has been no study of the total ionic
Seebeck coefficient in this material performed so far.

In this paper, the measurement of the total ionic
Seebeck coefficient (presence + transport part) in
Cu,_sSe is presented for the first time. The measure-
ments were performed in an interesting tempera-
ture region of the phase transition. The characteris-
tic points of the obtained S;,(T) dependence match
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the beginning and end of the transition. The results
are discussed in terms of the thermodynamics of the
transition.

Materials and methods

Copper selenide samples with different stoichiometry
were synthesized by typical melt crystallization. Cu
and Se powders were pressed into pellets and sealed
in quartz ampules. The ampules were firstly heated to
650 °C with a 2 °C/min heating rate. After 10 h, further
heating to 1175 °C with a rate of 1 °C/min was applied.
The material was melted for 3 h and was then cooled
down to 700 °C with a 0.5 °C/min rate and was kept at
this temperature for 48 h. Further cooling to ambient
temperature was performed with a rate of 1 °C/min.

C¢H;,N,CH;I was synthesized by dissolving 0.9 g
of CcH;,N, in 60 ml of EtOH. About 0.42 ml of CH;l
was added, and the mixture was left overnight. White
needle-like crystals were obtained. These were fil-
tered out, washed three times with ethanol and
dried. NMR spectroscopy of the obtained material
was performed to confirm successful synthesis. The
0.15C¢H;,N,CH;I + 0.85Cul electrolyte was prepared
by dissolving 0.088 g of C;H;,N,CH;l in MeOH. About
0.336 g of Cul powder was added, and the as-obtained
paste was mixed in a mortar until the solvent evapo-
rated. The scheme of the electrolyte preparation is
presented in Fig. 1.

Temperature-resolved XRD measurements were
performed in a 53-173 °C temperature range. Philips
X'Pert Pro diffractometer with CuKa radiation
(1.542 A) was used. Each scan was performed after
5 min stabilization time in each temperature. The tem-
perature was measured with an additional thermo-
couple placed at the bottom side of the sample holder
for accurate temperature measurement. Additionally,
room temperature measurements were performed
after the synthesis of the samples with a Bruker X2
Phaser diffractometer.

The differential scanning calorimetry (DSC) meas-
urement was performed under an argon atmosphere
with a flow rate of 60 ml/min in the temperature range
of 35-250 °C (with a heating rate of 10 °C/min) using a
NETZSCH DSC 204 F1 Phoenix calorimeter.

The sample for ionic properties measurements was
made by pouring 0.035 g of the electrolyte, 0.8 g of
hand-milled Cu,Se and again 0.035 g of the electrolyte
into a pressing die with 6-mm diameter and pressing
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Figure 1 Graph of the electrolyte synthesis and scheme of the circuit for the ionic Seebeck coefficient measurement.

with a pressure of 1.73 GPa. The copper selenide was
milled shortly, to maintain the largest possible grains
in a compressible powder. The copper selenide pow-
der and Cu,Se-electrolyte pellets were observed with
the FEI Quanta FEG 250 scanning electron microscope
with an ETD secondary electrons detector. Elemen-
tal composition was analysed with energy-dispersive
X-ray spectroscopy using EDAX Genesis APEX 2i with
an ApolloX SDD spectrometer. The spectra were ana-
lysed with Edax TEAM software. Then, fragments of
the copper plate were attached to these surfaces with
copper paste CU5056 from Dycotec Materials. The
paste required reduction after application, which was
performed in a hydrogen atmosphere at 130° for 10 h.

The ionic Seebeck coefficient was measured in
a self-made apparatus. Accuracy of the setup was
checked with a measurement of the total Seebeck
coefficient of Cu,Se (sample not investigated in this
study), the result is provided in the Supplementary
material. The scheme of the measurement circuit is
presented in Fig. 1. The sample—electrolyte—copper
assembly was pressed against the gradient heater on
one side using a sharpened screw on the other side.
The gradient heater was electrically isolated from the
sample assembly. Voltage was measured with thin
copper wires attached to the copper plates at two
ends of the sample. Temperatures of the two sides of
the sample were measured with thermocouples being
in contact with the outer surfaces of the electrolyte.
Keysight 34970A units were used for voltage and tem-
perature measurement. The ionic Seebeck coefficient
was measured in steady-state conditions. Before the
measurement started, the sample was equilibrated in
the measurement cell with a temperature set to 420 K.
Then, the ionic Seebeck coefficient was measured in

the range of 420-340 K set temperature values. The
measurement was performed during cooling to avoid
overshooting the set temperature by a furnace heater.
For each measurement point, the following procedure
was enforced. First, the temperature was set on the
furnace controller. Then, the system was left to reach
the set temperature and stabilize; the total cooling
and stabilization time was set to 50 min. After that, a
gradient heater was turned on, changing the tempera-
ture difference across the sample from-1.7 to+1.7 K
for Cu, g9Se and from — 0.6 to +0.6 K for Cu, ¢Se. The
heater remained turned on for 60 min. After that, the
sample was stabilized in a turned-off heater regime for
40 min, and the procedure was repeated for the next
temperature point.

Results and discussion

Room temperature XRD measurements were per-
formed in the 20 range of 5-70° to evaluate the.
Cu,_sSe synthesis results. Diffraction patterns,
provided in Fig. 2, confirm that sample Cu; ¢¢Se
has a-phase structure, matching the 47-1448 ICOD
pattern of Cu,Se. The Cu, 4Se sample has a 3-phase
structure; the pattern matches the 71-0044 Cu, gSe
record. The Cu, gSe is essentially the same material
as Cu,Se; the off-stoichiometry is noted to emphasise
that at room temperature, materials with Cu, gSe and
Cu,Se stoichiometry have different structures,  and
a structures, respectively. Additional small peaks in
the Cu, gSe reference pattern result from planes with
high indices’ values and were not recorded in this
experiment due to lower resolution. NMR spectros-
copy was done after the synthesis of C;H;,N,CHj;I
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Figure 2 Room temperature XRD patterns of the investigated
samples (black lines). Matched patterns from the ICOD database
are shown with red (47-1448) and blue (71-0044) lines.

to check the output. The obtained spectrum is 1H
NMR (CD;0D, & ppm): 2.63 (s, 3H, N*~CHj); 4.58 (d,
J=12.7 Hz, 3H); 4.74 (d, ] =13.2 Hz, 3H) and 5.14 (s,

Figure 3 a SEM image of
Cu, g9Se powder, also repre-
sentative of other samples;

b cross-sectional view of the
electrolyte layer on the cop-
per selenide (representative
image of another sample, not
used in this study); ¢ close-up
view of the electrolyte and

d photograph of the sample
assembled in the measure-
ment cell.

J
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6H). This spectrum confirms that the compound with
the expected structure was synthesized. Needle-like
shape and white colour of the obtained crystals are
expected for this salt.

Figure 3 shows the copper selenide powder,
Cu,Se—electrolyte surface and the sample assembled
into the measurement cell.

The composition of the copper selenide obtained
was evaluated with energy-dispersive X-ray spectros-
copy (EDX). For the Cu, ¢9Se, the Cu:Se ratio turned
out to be equal to 1.96 + 0.08. High-temperature X-ray
diffraction was performed to determine the phase
transition temperature range. Results are presented
in Fig. 4a. Diffraction patterns are presented with a
scattering angle on the horizontal scale and intensity
with presented in colour. The vertical scale shows the
temperature, at which the patterns were acquired. In
the high-temperature region, a single main maximum
is observed at 26.3°. In the low-temperature range,
this maximum splits due to lower symmetry. Conse-
quently, in the mixed-phase transition region, a shift
of the maxima positions is observed. The beginning
and end of this shift marks also the temperature lim-
its of the phase transformation. Herein, the transition

X
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Figure 4 Temperature-resolved X-ray diffraction of a Cu, ¢oSe material and b Cu, ¢s;Se material.

is observed between 370 +5 and 405 +5 K. The lower
temperature is sensitive to stoichiometry and matches
the Cu:Se ratio of 1.986-1.989, according to the phase
diagram [7]. The determined Cu:Se ratio value is close
to 2, which was used for the sample synthesis. Selected
high-temperature patterns are compared to the low-
temperature results in the Supplementary material.
Additionally, the results of the DSC measurements are
provided therein. An influence of the process’ kinetics
is visible in that data.

For the next sample with the intended Cu:Se ratio
of 1.9, the EDX analysis resulted in a measured value
of 2.02+0.11. The high-temperature XRD patterns
(Fig. 4b) show that the phase transition takes place
in a wider temperature range and, at the low-temper-
ature side, is not completed in the investigated tem-
perature range. The latter is indicated by increasing
intensity of the 26.2° maximum. The high-temperature
onset of the phase transition occurs at the temperature
of 395 +5 K. This suggests that the actual composi-
tion may be about Cu, ¢55e, and the material will be
referred to with this formula.

The Cu:Se ratio in the Cu,; gSe sample, evaluated
with EDX, turned out to be 1.84 +0.08. Considering
that at room temperature, the material consists of the
-phase only, the real stoichiometry should be closer
to Cu gSe rather than Cu, ¢Se. During the synthesis,
reactants were taken in the stoichiometry of Cu, gSe.

The ionic thermoelectric effect was investigated in
a measurement cell with electron-blocking electrodes,
reversible for Cu" ions. An exemplary measurement of
the ionic Seebeck coefficient in a single temperature
point is provided in Fig. 5. Temperature difference
with the gradient heater turned off (AT)) and voltage

(U,) was taken from an average of stable values before
and after applying the gradient heater. Values of the
temperature difference with gradient heater on (AT))
and the corresponding voltage (LI;) were taken from
the stable voltage region. The observed Seebeck coef-
ficient was calculated using Eq. (2).

obs = AT AT, )

o,

Standard deviation was taken as the uncertainty of
AT, AT, Uy and U;. The uncertainty of the Seebeck
coefficient was calculated from those deviations using
the maximal uncertainty method. Uncertainty of the
measurement temperature (horizontal bars in Fig. 6)
represents the difference between the average tem-
perature recorded at the cold end of the sample with
the gradient heater off and the maximal temperature
at the hot end with the gradient heater on.

Apart from these stable voltage values, one can
identify at least two different effects when the tem-
perature difference across the sample changes. Notice
that the first measurement point after the gradient
heater is turned on (time =51 min) has an increased
voltage value. Then, the voltage decreases, and after
about 1.5 min (three measurement points) after
turning the gradient heater on, the voltage raises
towards the value, which is stable for the rest of the
time (about 50 min). When the gradient heater is
turned off (time =111 min), symmetrical effects are
observed. When the heater is turned on, the tem-
perature of the sample slightly increases, shifting
the equilibrium phase composition of the material. It
has been observed that when copper selenide is out
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of its equilibrium phase composition (due to kinetic
limitations of the phase transformation), a significant
change in the electronic Seebeck coefficient occurs [23].
It is possible that the bidirectional voltage changes
observed herein are also related to the kinetic limita-
tion of the small change of phase composition taking
place. These effects are in contrast with the “giant”
electronic Seebeck coefficient, which was found to be
stable in time under constant temperature and tem-
perature gradient conditions [24].

@ Springer
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This work focuses on the ionic Seebeck effect meas-
ured in stable conditions; thus, the unstable effects are
not analysed herein. According to Wagner’s derivation
[17], the Seebeck coefficient observed in such a sys-
tem in steady-state conditions () is given by Eq. (3)
(Eq. 43 in ref. [10]).
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Scyo is the molar entropy of elemental copper, and
Scy: is the molar entropy of copper ions in Cu,Se. For
Cu'ions, z= +1. a, is the Seebeck coefficient of cop-
per wires used in the cell.

For data analysis, a,=1.5 uV/K value was taken.
The molar entropy of copper was calculated using
Eq. (4), taking the standard molar entropy of copper
33.15 J/(mol K) and heat capacity of copper c=24.14J/
(mol K).

0 T
SCuO(T) = SCuO +cln 37316K (4)

Figure 6 shows the calculated values of the ionic
Seebeck coefficient. A line representing Sc,o/F values
is added.

At a high-temperature regime, when the investi-
gated materials are in the high-temperature phase,
their values of the ionic Seebeck coefficient are close
to each other. This is in agreement with an assumption
made by Mostafa et al. [25], that the molar entropy
of ions in superionic materials is independent of off-
stoichiometry. In the case of the Cu; o9Se sample, in
the high-temperature region, the Seebeck coefficient
is equal to c.a. 1030 pV/K at 410 K. With the decreas-
ing temperature, the thermopower increases, reaching
about 1220 uV/K at 370 K, which is when the mate-
rial reaches 100% a-phase composition. The ionic
Seebeck coefficient further increases up to 1410 pV/K;
however, the uncertainty gets high as a result of the
high resistivity of the sample. In the Cu, gSe, a;,, firstly
increases from 1150 to 1230 uV/K with decreasing tem-
perature (from 420 to 395 K). Then, a more significant
decrease is observed. A decrease in the ionic Seebeck
coefficient with decreasing temperature occurs also
in the Cu, gsSe sample above 360 K, showing that
its ionic thermoelectric effect is dominated by the
[-phase. This is a result of the higher ionic conductiv-
ity of the B-phase. While the temperature decreases
below 360 K, the Seebeck coefficient stops decreasing
due to an influence of the a-phase with higher ionic
thermopower. According to the lever rule, at 360 K,
the content of the a-phase is roughly 60%. In the case
of Cu, g¢Se, this proportion is reached only about 5 K
below the high-temperature onset of the transition.
Consequently, the properties of the a-phase influ-
ence the Cu,; ¢oSe material during almost the whole
transition.

The entropy change of Cu" ions related to the a — {8
structural phase transition can be estimated. It is
herein assumed that all of the transition enthalpy AH

17041

contribute to the increase in Cu" ions entropy. For sim-
plest calculations, it can be assumed that at considered
411 K temperature, the total Gibbs energy change is
equal to zero: AG= AH-T AS=0. For the stoichiomet-
ric material, the transition enthalpy AH equal to 6.3 k]
per mole of Cu,Se gives 3.15 k] per mole of copper
ions. Dividing this value by the transition temperature
of 411 K and the Faraday constant, the value of the
related change in the Seebeck coefficient turns out to
be equal to 79 uV/K. The B-phase presence part of the
Seebeck coefficient is higher than that of the a-phase at
the same temperature by 79 uV/K. The transport part
of the ionic thermopower should be also considered.
This value is equal to E /T, where E, is the activation
energy for ionic conductivity. The energy barrier is
equal to 0.14 eV in the high-temperature phase. This
value is related to the hopping mechanism between
Cu lattice positions [26]. Ionic conductivity in the
a-phase was investigated by Horvatic et al. [27]. The
apparent activation energy for the ionic conductivity
mechanism was found to be 0.29 eV. In this phase, two
mechanisms are present: interstitial defect generation
and hopping with energies equal to 0.23 and 0.41 eV,
respectively [28]. Taking the 0.14 and 0.29-eV values
for the - and a-phase, respectively, it turns out that
the dansport at 370 Kiin the a-phase is 406 pV/K higher
than in the p-phase.

The Cu, gSe material remains in the [3-phase in the
whole measurement temperature range, so can be
used to compare with the Cu; goSe sample in condi-
tions, in which the latter material is in the a-phase.
The Seebeck coefficient of Cu; gSe at 370 K is around
180 uV/K lower than at 410 K. One can estimate the
ionic Seebeck coefficient of [ structure Cu; ¢9Se at
370 K (noted as acy1.99se3(370 K)). Let’s assume that:

acy1.85ep(410K) — acyq gses(370K)

5
= aCul.99Seﬂ(410K) - aCu1,99Seﬂ(370K) ®)

This gives ¢y 995e5(370 K) equal to 852 uV/K. Now,
one can write:

aCu1.995¢4(370K)
= ACy1.99Sep (370K) + Aﬂ—mtatlransport + Aﬂ%aapresence

(6)
where Ag_, Oyanepore ANd Ap_ Apresence are the differ-
ence of transport and presence part of the Seebeck
coefficient between a and § phases. These two values
were discussed above, 4;_,, +406 uV/K and
=79 uv/K.

atrar\sport =

A ﬁ—»aapresence =
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Adding the differences in presence and transport
parts calculated above, a Seebeck coefficient equal to
1179 uV/K for a-Cu, goSe at 370 K was obtained. This
is in good agreement with the value measured in this
work for this material, which is 1217 +107 uV/K at
370 K.

The changes of a;,, in the high-temperature phase
are themselves unexpected. Simple calculations
based on Egs. (1) and (4) (for Cu" ions, assuming the
Dulong—Petit heat capacity of these ions) suggest that
the difference in ionic Seebeck coefficient across the
whole temperature range should be equal to 20 pV/K,
with higher values at lower temperatures.

Conclusions

The ionic Seebeck coefficient of copper selenide
with Cu,g9Se, Cuyg55e and Cu, gSe stoichiom-
etry was measured in the phase transition tem-
perature. Measurements were performed with
0.15C;H;,N,CH;I + 0.85Cul electrolyte layers pressed
with powder into a sandwich-like structure.

Above 410 K, when investigated materials are in the
high-temperature phase, their ionic Seebeck coefficient
was in the order of 1000 uV/K (between 900 and 1200).
When the temperature decreases, the ionic Seebeck
coefficient of B-Cu,_sSe firstly gets higher and gradu-
ally decreases below 395 K, remaining above 900 uV/K
up to 355 K, which was observed for the Cu; 3Se sam-
ple. In the case of Cu, ¢9Se, an increase in ionic ther-
mopower is observed, when the material transforms
into the a-phase. The measured difference of ionic
Seebeck coefficients of the two phases matches the
expected value obtained from calculated changes in
the presence and transport part of the thermoelectric
effect. This difference is equal to 327 uV/K at 370 K,
resulting mainly from higher activation energy in the
low-temperature phase. In the 3-phase, the activation
energy is related to hopping between lattice positions,
while in the a-phase, the measured activation barrier
is an apparent value resulting from both hopping and
defect generation, but closer in value to the latter. This
suggests that the transport part of the Seebeck coef-
ficient is related to the activation energy regardless
of its nature. The temperature dependence of Cu, ¢55e
was close to that of Cuy ¢Se when the content of the
[-phase was higher than about 40%, showing that the
low-temperature a-phase influences the ionic Seebeck

@ Springer
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coefficient only when having high content, due to its
low ionic conductivity.
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