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Introduction

Copper () selenide Cu,Se is a well-known “thermo-
electric material”, that is a material with a strong
thermoelectric effect. It is an analogue of Cu,S, in
which thermoelectricity is investigated since the early
nineteenth century [1]. Copper selenide was investi-
gated as a material for application in Peltier modules
by NASA and 3M. These research works were
dropped due to the instability of the material related
to selenium volatility as well as the migration of
copper, leading to the decomposition of the com-
pound [2]. The latter issue has been recently
addressed either by doping, e.g. [3, 4], leading to a
decreased mobility of Cu™ ions or decreasing the
applied voltage, preventing the formation of metallic
Cu phase [5]. Since 2012, copper selenide regained
researchers’ interest in the field of electricity [1]. One
of the investigated issues is the superionic phase
transition occurring in copper selenide. In the low-
temperature o phase, Cu" ions are ordered within an
FCC selenium sublattice, resulting in a hexagonal
structure [6, 7]. The ordering of copper ions in crys-
tallographic positions is not yet resolved. Some
models of this phase were proposed, e.g. [6, 8, 9]. The
coexistence of different structures is possible due to
low differences in their energy [9]. Changes of the Cu
ordering below the phase transition were found with
three different low-temperature phases [10]. During
the transition to the f structure, the ions form disor-
dered “ionic liquid”. The structure of the material
becomes cubic, inherited from the Se sublattice. The
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liquid-like behaviour of copper causes strong phonon
scattering and, consequently, low thermal conduc-
tivity, beneficial for thermoelectric applications. The
material becomes superionic, with the conductivity of
Cu + ions as high as 2.5 S/cm at 623 K [11].

The phase transition of copper selenide remains
not fully understood. In the case of stoichiometric
material, the transformation occurs, according to
phase diagrams, at the temperature of 410 K. For
non-stoichiometric Cu, sSe (0 can vary between 0 and
0.22) [12], a mixture of « and f phases exists and the
equilibrium ratio of the two phases changes with
temperature. Moreover, mass transfer is involved
due to ¢ values changing in these phases, according
to the lever rule [13]. The phase transition manifests
itself by a dispersed (4-shaped) peak on DSC curves.
The area of this maximum corresponds to about
6.3 kJ/mol (30 J/g) of heat energy [14-16]. Observed
changes in phase composition (XRD patterns) and
material’s properties are also continuous. Some
authors claim it to be a first-order phase transition,
distributed along with temperature [14]. X-ray
diffraction study of the transition [17] shows that the
effect of coexistence of two phases is an intrinsic
property of the material, which may be related to
stoichiometry fluctuations. On the other hand, NMR
spectroscopy results show a shift of a ®®Cu maximum
rather than the presence of two spectrum peaks,
expected for a two-phase system [18]. A recent study
of crystal and band structure of Cu,Se during the
transition [7] shows an instantaneous change in the
structure close to 400 K. This suggests that the
observed coexistence of the two phases is related to
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the small non-stoichiometry of the investigated
samples. Moreover, a recent TEM study of the
transformation of a single nanocrystal leads to a
conclusion that the process is continuous rather than
first order [19]. Whether the measured enthalpy is of
a nature of latent heat or specific heat, its curves
contribute to the thermal conductivity. This is a result
of fast atom transferring between positions, on a time
scale comparable with phonon scattering [13]. This is
confirmed by measurements of the thermal conduc-
tivity with a Harman method [20].

An interesting feature of the phase transition is a
giant Seebeck coefficient found in a particular tem-
perature in the range of the transformation. A value
of c.a. — 4000 uV/K was found [21]. Another recent
report [22] shows the stability of this effect in time,
with around — 1200 pV/K. These values are beyond
the limits of a two-phase system determined by an
effective medium theory [14]. A colossal change of
the Seebeck coefficient close to the phase transition
was also found in AgCuS [23]. DFT calculations show
that, in AgCuS, it is related to a shift of the Fermi
energy, which makes the material semi-metallic.

A study of the kinetics of the phase transition in
Cu,Se was published [15], with analysis based on
DSC measurements. Kinetic curves obtained with
different heating rates had similar onset and final
temperatures, suggesting a small influence of kinetic
barriers. This is in agreement with an autocatalytic
mechanism model, related to “nucleus branching”,
which best fits to the data. The activation energy
value of the phase transition process is about 1.8 eV.
This result is inconsistent with the calculation results
presented in [24]. The provided energy of different
states of the reaction pathway should give an acti-
vation energy of c.a. 0.05 eV. Results presented in [15]
are not compared with the properties of the material.
No hysteresis was found in the XRD study of the
transition [17]. However, no information on the
heating and cooling rates was provided.

In this paper, we present the results of the thermal
analysis of the phase transition in copper selenide.
These results are correlated with measurements of
the materials’ thermoelectric properties performed
with different heating rates. An influence of kinetic
limitations of the transition on the Seebeck coefficient
is observed.

Experimental

Cu,Se was synthesised by a solid-state reaction of Cu
(obtained by a reduction of CuO 99.99%) and Se
(99.999%) in a fused silica ampule with low pressure
of Ar. Powders were pressed into pellet with
350 MPa uniaxial pressure and heated up to 923 K
with a 2 K/min heating rate. After 12 h, the sample
was rapidly cooled. At this stage, Cu,Se was already
synthesised. In order to obtain homogeneity and high
density, the material was hand-milled and pressed
again, closed in the fused ampule and heated to
1448 K with a rate of 1 K/min and kept in this tem-
perature for 6 h for melting. Then, it was cooled
down to 973 K (1 K/min), annealed for 48 h and
further cooled to room temperature with 1 K/min.
The structure of the obtained material was anal-
ysed with powder X-ray diffraction using Bruker D2
Phaser with CuKu radiation. For SEM imaging, FEI
Quanta FEG 250 microscope with EDT secondary
electrons detector was used. For elemental analysis,
EDX spectroscopy was performed using the EDAX
Genesis APEX 2i detector with the ApolloX SDD
spectrometer. Spectrum analysis was performed with
TEAM 5.0 software. Density was measured with a
hydrostatic method. DSC curves were gathered with
NETZSCH DSC 204 F1 Phoenix differential
calorimeter in a nitrogen atmosphere. Mass of the
investigated powder was about 5.6 mg. Five-min
intervals were applied between the heating and
cooling segments. Thermoelectric properties were
measured using a Linseis LSR-4 device. The mea-
sured sample was rectangular with cross-section
dimensions 1.5 x 2 mm and distance between sense
electrodes 6 mm. For conductivity measurement, a
20-mA current was applied. For the measurement of
the Seebeck coefficient, a temperature difference
between sense electrodes of at least 0.9 K was used.
The measurements were configured without waiting
for temperature stabilisation. The heating and cooling
rates given in the results below are effective values,
including time for the temperature change between
the measurement points and for measurement of the
properties in each point. After switching from heat-
ing to cooling, the temperature difference changed
rapidly. Measurements with different heating and
cooling rates were done one after the other. Platinum
Seebeck coefficient values from [25] were taken to
obtain the absolute value of the sample’s ther-
mopower. Additionally, XPS spectroscopy was
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performed on the sample after electrical measure-
ments. Analysis was performed at room temperature
under a pressure below 1.1 x 10° mBar. The pho-
toelectrons were excited by an MgKa X-ray anode.
An Omicron Argus hemispherical electron analyser
with a round aperture of 4 mm was used. Measure-
ments were taken in a constant analyser energy
(CAE) mode with pass energy equal to 50 eV. To
remove contaminations and oxides, the surface was
etched with Ar ions before the measurement. The
data were processed in CasaXPS.

To obtain information on the heat related to the
phase transition, the DSC data (heat flow in mW/mg)
were corrected for the Dulong—Petit heat capacity.
Additionally, a linear background, calculated for the
416-453 K range, was subtracted from each mea-
surement. The measured time and temperature data
were used to calculate the actual heating rate at any
given moment. CuySe molar mass equal to
206.06 g/mol was used. The reaction rate was cal-
culated, assuming that the total enthalpy of the
transition is equal to 31.1 J/g. The value was taken
from DSC measurements and is consistent with the
literature data [14-16].

Results

The diffraction pattern of the investigated material is
presented in Fig. 1. The diffraction peaks fit the
Powder Diffraction File 47-1448 card, with data up to
80 degrees. No impurities were found. Moreover, the
peak at 27.7°, characteristic for the f phase, was not
found. The latter suggests that the material is close to
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Figure 1 XRD pattern of the investigated material and peaks’
positions of ¢-Cu,Se in ICOD card 047-1448.
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stoichiometric. SEM image is presented in Fig. 2. The
material consists of grains with at least tens of
micrometres in size. The fracture indicates a layered
crystal structure of the material. Some pores are
observed. The EDX elemental analysis returned a
Cu:Se ratio equal to (1.952 £ 0.096):1.

The reproducibility of the thermoelectric mea-
surements was evaluated. Results presented in the
Supplementary Material, Sect. 1, show that the first
measurement cycle differs from the following, carried
out directly after the first one. A similar effect was
found in the In-doped Cu,Se [3]. Therefore, the
measurements analysed herein were preceded by an
additional initial cycle.

Results of measurements of electrical conductivity
and Seebeck coefficient are presented in Fig. 3.
Heating and cooling rates were deviating from the
programmed linear changes. For all measurements,
the rates were constant at least in the 340-460 K
range. Values provided in the plots are the actual
heating/cooling rates calculated in the 340-460 K
temperature range. Order of the cycles with different
heating/cooling rates is given in the plots’ key (cycle
herein means one heating and cooling process).
Measurements presented in Fig. 3 were taken
immediately after the above-mentioned evaluation of
the reproducibility of the results. We have observed
that the results in the first thermal cycle (1 K/min)
differ from those cycles that follow. Notice that the
first cycle in Fig. 3 is reversible. (Initial and final
properties are similar.) During the second cycle, the

Figure 2 SEM image of the fraction surface of the investigated
Cul,%Se.
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properties behave similarly to the first one during
heating, whereas during cooling, the dependencies
are close to the 3rd, 4th and 5th cycles, which are
again reversible. Significant differences between
heating and cooling can be noticed in the Seebeck
coefficient values. In the cooling measurements,
sharp positive and negative (in terms of direction)
maxima are observed, similar to the colossal Seebeck
coefficient effect [21, 22], despite not reaching mV /K
values. Notice that values of the presented minima
are correlated with the cooling rates.

After the runs with 1-5 K/min heating rates, an
additional measurement with a 0.1 K/min heating
rate was performed to measure the quasi-stable ther-
moelectric properties. Above c a. 440 K, the material
was found to change its properties as a result of
keeping at elevated temperatures for a long time.
Increasing Seebeck coefficient and decreasing elec-
trical conductivity were observed. This observation is
in agreement with [26]. Therefore, only results
obtained during the heating stage are presented in
Fig. 3. This effect was not observed in the previous
cycles because higher heating and cooling rates led to
a shorter time of keeping the samples in elevated
temperatures. The values measured during cooling
with the 0.1 K/min rate cannot be directly compared
to those presented in Fig. 3 and can be found in the
Supplementary Material, Sect. 3.

Following these electrical measurements, addi-
tional EDX analysis and XPS spectroscopy were

420 460 300 340 380 420 460
temperature [K]

performed. The EDX returned a Cu:Se ratio equal to
(1.92 £ 0.27):1. Relevant regions of the XPS spectrum
are provided in Supplementary Material, Fig. S5. The
Se3d peak has a binding energy of 55.3 eV. This
perfectly fits the zero-valent state of the element. The
Cu2p maxima with binding energies 952.6 and
932.4 eV for Cu2p;,> and Cu2ps,,, respectively, are
characteristic for both metallic and 4 1 ionic copper.
However, the peak at 917.5 eV for kinetic energy of
the Cu LsVV Auger electrons is characteristic of Cu'*"
(in CuzO). No additional peak is observed for
918.6 eV, which would be characteristic of elemental
Cu [27]. The Cu2p and Se3d positions are in agree-
ment with previous studies [28, 29]. Auger electrons
positions characteristic for the monovalent Cu are
also typical for copper selenide [28]. The elemental
composition calculated from the XPS spectrum is
Cu; 90Se, which is in line with EDX results.

Results of the DSC measurements are presented in
Fig. 4a. The data are processed as described in Sect. 2.
Measurements were taken in a 303—473 K tempera-
ture range. Results above the transition are not
shown. In a low-temperature region, the actual
heating and cooling rates were different from the
programmed linear changes. For the deviation higher
than 20%, the data were deleted. The phase compo-
sition of the sample was calculated, assuming that the
total enthalpy of the transition is 31.1 J/g and that
there is 100% of the f phase at 408 K. Furthermore, it
was assumed that the heat is related to the “melting”
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Figure 4 a DSC signal corrected for Dulong—Petit heat capacity
and linear background measured during heating and cooling in
different thermal cycles, limited to the analysed phase transition
range; b fraction of copper in the f phase, calculated from the

of Cu ions. Therefore, the progress of the o — f
transformation calculated from the DSC data is equal
to the fraction of Cu atoms in the § phase. The cal-
culated dependence of the f§ phase concentration on
the temperature is presented in Fig. 4b. Notice that
the transformation shows a hysteresis—the o — f§
process during heating is shifted toward higher
temperatures, than the opposite transformation dur-
ing cooling. During cooling, the differences between
the obtained temperature and transformation
dependencies are correlated with the cooling rates.
For the fastest rate, the highest “delay” is observed.
However, results for 3, 5 and 7 K/min are similar.
Interestingly, the deviations obtained for heating
measurements are correlated with the rate of the
corresponding rates of previous runs, e.g. the 3 K/
min measurement was taken directly after the fastest
one (with 10 K/min rate), and the corresponding
curve is closest (on the temperature scale) to the
curves obtained during cooling. The divergence
between calculated dependencies in the low-tem-
perature region may result from inaccurate back-
ground correction.

Discussion

The similarity between the thermoanalytical curves
in heating and cooling processes (Fig. 4b) suggests
that, at first approximation, the reaction can be con-
sidered in terms of thermodynamic equilibrium of
the o < f reversible transition, rather than the reac-
tion kinetics. Following this conclusion, we have
calculated the temperature dependence of the equi-
librium fraction of copper in the high-temperature
phase. The lever rule was applied to solvus lines from
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the phase diagram given in [14]. For different values
of Cu non-stoichiometry, different dependencies of
phase composition on the temperature would be
calculated. The non-stoichiometry value § equal to
0.0416 was found to best match the experimental
data. Notice that analysis of DSC data, compared to
the known phase diagram, can be used to estimate
the actual composition of the material. More details
are available in Supplementary Material, Sect. 2. The
selected non-stoichiometry value is within the
uncertainty limit of the EDX results. The obtained
dependence of the equilibrium reaction progress on
the temperature is presented and compared with the
thermal analysis results in Fig. 5. The similarity
between processes performed with different cooling
rates (3, 5, 7 K/min) is unexpected for the kinetically
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Figure 5 Equilibrium fraction of copper in the f§ phase, compared
with values calculated from the selected DSC data measured
during heating and cooling (solid and dashed lines), Seebeck
coefficient measured during cooling with heating rates
corresponding to the DSC measurements (points with lines).
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controlled reactions; therefore, we chose only 1 and
5 K/min measurements for further analysis.

As can be noticed in Fig. 5, the concentration of the
p phase is higher than that resulting from the phase
diagram. Thus, the content of the emerging o phase
during cooling is smaller than the equilibrium at any
given temperature. Moreover, this difference
between equilibrium and the measured progress of
the transformation (vertical distance between the
lines in Fig. 5) is related to the cooling rate. This
suggests that there is a kinetic limitation of the speed
of the process. In such processes, the transformations
do not keep up with the changes in temperature
(cannot be fast enough), and the delay becomes larger
for the higher rate of temperature change. The
observed transition is initially accelerating—does not
have the highest reaction rate (proportional to the
curve derivative) from the beginning, in contrast to
the equilibrium curve. This may be related to a
nucleation process. During heating, the material also
was not following the equilibrium phase content.
Correlation between deviation from the equilibrium
and cooling rate of the previous thermal cycle indi-
cated that not only the kinetic limitations but also an
initial state, determined by the preceding cycle,
influences the transformation. During the DSC ther-
mal cycles, the lowest temperature reached was
305 K. For ¢ = 0.0416, the f phase is still present in
the material. Due to a small fraction of that phase, it
was not detected in the XRD measurement.

The temperature dependence of the Seebeck coef-
ficient measured during heating with a rate of 0.1 K/
min is similar to the results published previously
[20, 30] and matches calculations based on the Cu,Se
band structure measured with ARPES [7]. The posi-
tive maximum below 400 K results from changes in
Cu mobility in the o phase [7]. Interestingly, it is
visible here, despite the high-temperature f phase
being the prominent one.

The results of the thermopower measurements
with different heating rates will be discussed in terms
of deviations from the quasi-stable measurement.
When the temperature decreases, passing from f to
o + f region of the phase diagram, the Seebeck
coefficient initially increases, like in the quasi-sta-
bilised measurement. However, the material does not
further follow the equilibrium phase composition.
Due to a nucleation-related delay and the fastest rate
of the process expected from the phase diagram, the
deviation of the phase composition rapidly increases.

Moreover, at the beginning of the transformation, the
rate of the process expected from the phase diagram
is fastest. At the same time, the thermopower rapidly
becomes lower than in the 0.1 K/min quasi-stabilised
measurement. The most prominent difference
between the Seebeck coefficient values expected from
the 0.1 K/min measurement and other runs is related
to the sharp minimum below 400 K. Depth of this
minimum (and the difference between measured and
quasi-stable thermopower) is correlated with the
cooling rate. This suggests that the deviation of the
Seebeck coefficient may be related to the delay of the
kinetically limited phase transition. Figure 3b shows
that the Seebeck coefficient values obtained during
heating also differ from the equilibrium curve.
However, the DSC heating curves are more influ-
enced by the cooling rate of the previous cycle rather
than the heating rate.

The kinetic-dependent effect is observed only for
the Seebeck coefficient. The electrical conductivity
values are not dependent on the heating/cooling rate.
At 345 K, the thermopower is strongly dependent on
the chemical potential. This was found to be a reason
for the colossal Seebeck coefficient observed at this
temperature [21]. Here, the non-equilibrium condi-
tions, caused by the kinetic limitations, may result in
the actual non-stoichiometry values in both phases
being different from those found on the phase dia-
grams. Consequently, the chemical potential changes.
Thus, the measured values of the Seebeck coefficient
can be attributed to chemical potential values not
occurring under stable conditions.

The differences between the actual phase compo-
sition and the equilibrium one are presented in Fig. 6
together with corresponding differences in the See-
beck coefficient. The non-equilibrium thermoelectric
effect correlates with the deviations from the expec-
ted equilibrium transition progress. The negative
peak was not observed in measurements during
heating, confirming smaller kinetic obstacles—the
process is not limited by the nucleation close to the
end of the transition in the heating direction.

It must be noted that the actual temperature dif-
ference between sense electrodes was changing
between measurements. The higher the heating rate
was, the lower the temperature difference was mea-
sured. In another experiment with a higher temper-
ature difference (e.g. 4.5 K/min cooling rate with
3.2 K difference between electrodes, see Supplemen-
tary Material, Sect. 3), the temperature dependence of
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Figure 6 Differences between the progress of the phase
transformation calculated from the DSC results and equilibrium
based in the phase diagram (dashed lines); differences between
Seebeck coefficient measured with cooling rates > 1 K/min and
quasi-equilibrium measured with the 0.1 K/min rate (points and
solid lines).

Seebeck coefficient revealed a local minimum similar
to the one, which occurred in the 2 K/min mea-
surement (2.3 K temperature difference). Clearly, the
investigated effect is influenced by the thermal gra-
dient in the sample. It should be emphasised that the
measured Seebeck coefficient values (presented
herein) are actually average values of this property
between the temperatures of sense electrodes. In case
of any sharp features in the dependencies, taking
average value will smooth the function. Notice that if
the temperature gradient is small, the onset of the
transformation is reached across the whole sample in
a shorter time than when the temperature difference
is higher. During cooling, the heat flow is the greatest
close to the onset. Thus, the possible speed of heat
release from the sample may be an additional exter-
nal kinetic limitation of the phase transformation
process, especially when the temperature gradient is
small.

Conclusions

We have synthesised CujgsSe thermoelectric mate-
rial. Despite taking stoichiometric amounts of the
reactants, the analysis of the experimental data shows
that the actual composition is close to Cuyg¢Se. The
material was investigated in the range of the o < f
superionic phase transition using DSC analysis and
measurement of electrical conductivity and Seebeck

@ Springer

coefficient. Heating and cooling rates equal to
1-10 K/min were applied for DSC measurements.
1-5 K/min rates were applied for thermoelectric
properties measurements and 0.1 K/min to obtain
reference, quasi-stable data.

Evaluation of the thermal analysis data shows that
the « < f phase transformation can be roughly
described in terms of thermodynamic equilibrium,
which is calculated based on the Cu-Se phase dia-
gram. However, a more detailed analysis shows that
during cooling, the material is not following the
equilibrium concentration of the two phases. The
magnitude of the deviation is correlated with the
cooling rate, indicating a kinetically controlled pro-
cess. The supercooling is most significant at the
beginning of the § — o transition, where the expected
rate of the process is fastest. A delay related to
nucleation may also be included. During heating, the
kinetics are influenced by the initial state of the
material—during consecutive thermal cycles per-
formed, the fully-« state was not reached.

Interestingly, in our mixed-phase (o 4 f) non-sto-
ichiometric system, the results of the quasi-
stable measurement are similar to other published
results of stoichiometric Cu,Se samples without
phase mixing. For higher heating and cooling rates,
values of the Seebeck coefficient were found to be
lower. In the cooling runs, a sharp minimum was
observed on the temperature dependence of the
Seebeck coefficient. The magnitude of this minimum
was correlated with the cooling rate and with the
scale of the supercooling. The latter indicates that the
observed changes in the thermopower are related to
the non-equilibrium phase composition.

The non-equilibrium effect presented herein takes
place at the high-temperature edge of the phase
transition. The measurement with a 0.1 K/min cool-
ing rate shows that the phenomenon only occurs in
dynamic conditions. In contrast, the effect discovered
by Byeon [21] is at the low-temperature side and is
stable [22] at a constant temperature.
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Supplementary Material
for
The unstable thermoelectric effect in non-stoichiometric Cu,Se during
the non-equilibrium phase transition

Bartosz Trawinski, Marcin Lapinski, Bogustaw Kusz

1. Reproducibility of the phase transition

Two measurements of thermoelectric properties were performed with an effective heating/cooling rate
equal to 1.2 K/min. The measurements consisted of two thermal cycles. After completion of the first
measurements (cycles 1 and 2), there was an 11-hour break. A second measurement (cycle 3 and 4)
was performed afterwards. Results of those measurements are presented in Figs. S1 and S2.
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Fig. S1. Dependence of Seebeck coefficient on temperature during four consecutive measurement cycles with
1.2 K/min heating/cooling rate.
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Fig. S2. Dependence of electrical conductivity on temperature during consecutive measurement cycles with 1.2
K/min heating/cooling rate.

It can be noticed, that above the phase transition all heating and cooling measurements show similar
character. The second and fourth heating data start where the previous cooling cycles finished, which
is expected for measurements continuous in time. Moreover, these two heating characteristics are
similar. However, the temperature dependencies differ between heating and cooling runs. Moreover,
The first and third heating measurements differ from those performed immediately after cooling down.
In the case of the first measurement, the Seebeck coefficient maximum and corresponding
conductivity minimum are shifted towards higher temperatures. These observations indicate, that in
the o phase, the properties dependent not only on the temperature. The additional variable causes an
increase in the Seebeck coefficient and a decrease in conductivity. The similarity of cooling
dependencies obtained with different cooling rates (see. Fig. 3 in the main article) shows, that on a
time scale of one measurement (cooling and heating in the o phase temperature region), these changes
are not influencing the results significantly. We can also conclude, that in the o phase, thermal
equilibrium is not reached during measurement with constant temperature changes. The material
always returns to the same state after heating above the transition and cooling below this temperature.

2. Thermodynamic equilibrium of the transformation

The solvus lines of the Cu-Se phase diagram (in the domain of § instead of typical Cu:Se ratio) were
approximated with polynomials 6=Xa,T". The line between a and o+f regions was parametrized with
a;=-0.000282942300721653

ao=0.116399067209279

the line between a+f and B with
as=-0.000000000068303
a,= 0.000000122565


http://mostwiedzy.pl

A\ MOST

az=-0.0000878009
a,= 0.031383555
a;=-5.598238399
a,= 398.9861688

Fig. S3 shows the transformation progress for 1 and 5 K/min cooling runs, 3 K/min heating run and
equilibrium composition of the material for different non-stoichiometry values §. The 3 K/min heating
curve is closest to the cooling measurements. Consequently, it should be closest to the equilibrium.
For the selected 6=0.0416, the phase transformation during the 3 K/min run shows greater progress
than it would be expected from the equilibrium. However, when 6=0.043 is taken to avoid this, the
onset temperature of the transition is lower than the actual found in the cooling DSC runs. On the
other hand, for 6=0.04, the difference between 3 K/min heating results and the equilibrium (in the
unexpected direction) is comparable with differences between the two cooling runs, making this &
value unreliable. Having these in mind, we decided to choose the non-stoichiometry value of 0.0416.
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Fig. S3. Equilibrium fraction of copper in the  phase calculated for different non-stoichiometry § values,
compared with values calculated from the selected DSC data measured during heating and cooling.

3. Additional thermoelectric measurements

An additional measurement was performed in order to measure the equilibrium thermoelectric
properties (black line in Fig. S4). A Measurement was performed with a 0.1 K/min heating rate,
preceded by an additional 5 K/min run. Above ca. 440 K the material changes its properties as a result
of long-term keeping at elevated temperatures. Namely, increasing Seebeck coefficient and decreasing
electrical conductivity was observed. The phase transition temperature was shifted towards lower
temperatures. Therefore, the results obtained during cooling cannot be directly compared to those
presented in Fig. 3 in the main article.
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Further measurement was performed similarly to the fastest one presented in the main article but with
a higher temperature difference (brown line). Comparison of the latter measurement with the quasi-
stabilised one during cooling shows, that the changes that occurred in the material upon long heating
are irreversible within 20 days between those measurements.
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Fig. S4. Electrical conductivity (a, c) and Seebeck coefficient (b, d) values measured during heating (a, b) and
cooling (c, d) from the fastest measurement presented in the main article (red), the quasi-stabilised measurement
(black) and the measurement with a higher temperature gradient (brown). The order of the cycles is given by the

key (top to bottom). Rates given in the key are actual measured values. Values of the temperature difference
between electrodes for the local minimum of the Seebeck coefficient during the transition. In panel d, some
Seebeck coefficient values above 408 K are deleted due to temperature difference below 0.9 K.

The transformation of the material resulting from keeping the sample above 440 K increases the
conductivity and decreases the thermopower. This is characteristic of higher copper deficiency.
Indeed, the EDX composition analysis performed after all electrical measurements showed
Cu;.gp1027Se composition. Comparison of the transition temperature and the phase diagram suggests
composition close to Cu; g4Se.

4. XPS measurements

XPS analysis of the material was carried out on the sample on which the electrical measurements were
previously performed. The binding energies were corrected using the background C1s line (285.0 eV)
as a reference. The spectra were analysed using a Shirley background subtraction and Gaussian-
Lorentzian curve. Different regions of the spectrum are presented in Fig. S5.
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Fig. S5. Selected regions of the XPS spectrum with fitted peak positions. The 918.6 eV kinetic energy value
marked with a dashed line on the CuLV'V plot corresponds to the peak position expected for metallic Cu.
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