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ABSTRACT

Nickel-doped copper selenide—Cu,xNixSe (x=0; 0.01; 0.02; 0.03)—materials with
high thermoelectric properties were synthesised through reduction of reagents in
hydrogen. The impact of the nickel content on both the microstructure and
thermoelectric properties was examined. The nickel-doped samples’ microstructure
differed significantly from pristine copper selenide. Besides Cu,Se, copper
precipitations were present in the materials. The presence of the metallic
nanoparticles in the nickel-doped materials enhanced the electrical conductivity
without significantly changing the Seebeck coefficient. Above 500 K, the structure of
the doped samples also resulted in decreased thermal conductivity. Also, the impact
of the Cu,Se phase transition on thermoelectric properties is visible. The highest ZT

value, equal to 0.8 at 650 K, was reached for the Cuy ggNip02Se sample.
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e CuoxNixSe (x=0; 0.01; 0.02; 0.03) synthesis by reduction in hydrogen

¢ Nickel doping has little influence on the Seebeck coefficient

e Enhancement of o is observed

e Metallic precipitations resulting from Ni doping enhanced ZT

1. INTRODUCTION

Thermoelectric materials are gaining more and more attention due to their potential

application in devices directly converting waste heat

into electricity [1].
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Thermoelectric devices are characterised by many advantages, e.g. they are
environmentally friendly, have small size, and can be used simultaneously with other
devices to improve their efficiency by recovering the waste heat [2]. However, the
application of thermoelectric devices is not very common because of the high cost
and long production process. Also, the efficiency of the thermoelectric materials
themselves remains a challenge. Fortunately, this field is continuously progressing,
which is resulting in enhancements of the thermoelectric properties as well as cost

reductions of the technology.

The quality of a thermoelectric material is characterised by the dimensionless figure

of merit, ZT, given by Eq. (1):
zr =277, )

where S is the absolute Seebeck coefficient, o is the electrical conductivity of the
sample, K is the total thermal conductivity, and T is the absolute temperature. The
total thermal conductivity consists of lattice component ki and electrical component
Kel, Which depends directly on the electrical conductivity by the Wiedemann-Franz
law. ldeally, to obtain the best thermoelectric performance, it is necessary to
maximally enhance both the Seebeck coefficient and the electrical conductivity,
resulting in the power factor (S20) being as high as possible. At the same time, the
total thermal conductivity should be as low as possible. Unfortunately, all of these
parameters are linked, which makes enhancing the properties of the material a
challenge. A compromise between all of the parameters needs to be reached to
enhance the ZT. What is more, it is important to underline that it is more beneficial
that the materials show a high average ZT across a wide temperature range than to

have a high value of maximum ZT in a narrow span [1].
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Many materials have been examined because of their potentially excellent
thermoelectric performance. Among them, some of the most known are: Bi-Te alloys
[3,4], Half-Heusler compounds [5,6], PbTe [7,8], SnSe [9,10], and skutterudites [11].
Copper chalcogenides, especially copper selenide, are also attracting more and more
interest among researchers due to their low thermal conductivity, which results in
high ZT values [12-15]. Cu,Se appears in the form of two different phases: the low-
temperature phase known as a-Cu,Se, and [B-Cu,Se, which exists at high
temperatures (>400K). Despite its apparently simple chemical formula, copper
selenide has a complex crystal structure. There is no total agreement on the space
group of a-Cu,Se [13,16]. At approximately 400 K, a reversible phase transition to [3-
Cu,Se occurs. The high-temperature phase crystallises in a Fm-3m space group,
with the selenium atoms forming a FCC sublattice, and highly mobile copper ions,
which behave like an ionic liquid [16]. During the transition, the crystalline grains
remain unchanged, only the Cu ions are unfixed from their positions [17]. The high
mobility of the copper ions results in a decrease of the phonon mean path which
lowers the thermal conductivity [15]. The properties of high-temperature copper
selenide are in agreement with the phonon liquid, electron crystal (PLEC) concept
[14]. However such superionic behaviour has its disadvantages as well, for example,
the high rate of Cu™ migration which may decrease the durability of the material under
working conditions [18]. Another challenge that has to be met is selenium
evaporation from the system [19]. Unfortunately, the highest ZT values are obtained
at temperatures at which the selenium evaporation is significant and has to be taken

into consideration.

Various dopants have been proposed to enhance the thermoelectric performance of

copper selenide, for example, to improve its chemical stability [18], or increase the
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Seebeck coefficient [20], or the electrical conductivity [21]. The foreign atoms are
introduced to the system both on selenium and copper sites. It has been observed
that the doping leads to significant enhancement of the ZT, even to over 2, which is
one of the highest values of thermoelectric figure-of-merit. The highest ZT values
were obtained by incorporating lithium (ZT of 1.5 at 1000K) [18], indium (ZT of 2.5 at
850K) [22], magnesium (ZT of 1.6 at 850K) [21], nickel (1.5 at 800 K) [23], and by

mixing with graphene nanoplates (ZT~ 1.8 at 873 K) [24].

Various methods have been proposed to fabricate pure copper selenide as well as
doped material, e.g. a conventional solid-state sintering method [25], high-
temperature, high-pressure technology [26], melting followed by spark plasma
sintering [23], and mechanical alloying [13,27]. In those methods, elemental copper
and selenium of high-purity were used as raw materials for synthesis, which makes it
more expensive and requires pure elements to be obtained. Many synthesis methods

also use spark plasma sintering technology to densify the sample [23,24,27,28].

In this paper, the authors report the fabrication of nickel-doped copper selenide by
the reduction of substrates in hydrogen. Nickel was chosen due to its similar atomic
radius compared to copper and, as a dopant, it should easily incorporate into the
Cu,Se structure. Theoretically, nickel ions, having a higher valence state (+2) than
copper (+1) in Cu,Se should reduce the electrical conductivity of the material, in
which the holes dominate as charge carriers. However, Peng et al. [23] reported the
opposite relation in their work and noticed an enhancement in conductivity with
increasing nickel-doping. At the same time, the thermal conductivity was reduced by
nickel incorporation. Another work on doping copper selenide with nickel at a low
temperature showed that samples with higher nickel content have a slightly lower ZT

than undoped copper selenide below room temperature [29]. What is more, doping
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with immobile ions may reduce the Cu-migration as has already been reported for

iron ions in another copper chalcogenide [15].

The presented work aimed to obtain nickel-doped copper selenide by an easy and
low-temperature method which doesn’t need expensive materials as substrates. The
method of reduction of reagents in hydrogen can be used for this purpose as this
approach reduces the cost of synthesis. It has already been successfully used to
obtain other thermoelectric materials [30—-32]. Moreover, the investigation of nickel-
doping and its impact both on the structure and thermoelectric properties are

presented.

2. EXPERIMENTAL

The nickel-doped copper selenide—Cu,xNixSe (x=0; 0.01; 0.02; 0.03)—samples
were fabricated by the reduction of reagents in hydrogen. A sample without nickel
was produced as reference material. Reagents of high purity were used for synthesis:
copper oxide (CuO, Reachim), nickel oxide (JMC 895), and elemental selenium (Alfa
Aesar). A 2% excess of selenium was applied to minimise its deficit in the final
product due to evaporation from the system during synthesis. The appropriate
amounts of CuO, NiO, and Se were mixed, ground in an agate mortar for
approximately 10 min and then cold-pressed into pellets (=12 mm) under a uniaxial
pressure of ~350 MPa. Subsequently, the prepared samples were reduced in an
atmosphere of flowing hydrogen at 400°C for 2h. After the reduction, the samples
were ground, cold-pressed and reduced under the same conditions. The third step
consisted of grinding and pressing as the previous ones. The sintering time was
extended to 12 h and the temperature was reduced to 350°C. The grinding and

pressing were performed three times to obtain a homogeneous structure and to
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provide a good dispersion of the elements. A previous study of reduction in a Bi-Te
system [33] showed that even a single-step process allowed for a complete reduction
of oxides, and intermetallic phase formation. A red deposit, a result of the
evaporation of selenium, was found on the inner surface of the quartz tube in which

the reduction took place.

The phase composition of the fabricated samples was investigated by the XRD
method (Bruker D2 Phaser) with CuKa radiation (A=1.542 A) at room temperature.
The HighScore Plus 3.0.2 software by PANalytican was used to analyse the

diffraction patterns, and the LeBail method [34] was applied.

The microstructure and morphology of the investigated materials were analysed by
an FEI Quanta FEG 250 SEM (Scanning Electron Microscope) with a secondary
electron detector operating in high vacuum mode with an accelerating voltage of 10
kV. A gquantitative elemental composition analysis using an EDX detector (Energy
Dispersive X-ray spectroscopy) by EDAX Genesis APEX 2i with an ApolloX SDD

spectrometer was performed.

The electrical conductivity and Seebeck coefficient were measured simultaneously
using the four-probe method with a Linseis LSR-3 equipment. The measurements
were performed in a helium atmosphere over the temperature range of 30—380 °C

with 5-°C steps. The uncertainty of measurement declared by the producer is +5%.

Thermal diffusivity D was measured by Laser Flash Analysis (LFA 457 MicroFlash,
Netzsch) with a HgCdTe detector under an argon flow of 20 cm®min over a
temperature range of 50-380 °C with 30 °C steps. The uncertainty of the

measurement is +7%. Density p of the samples, as well as the porosity, was
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determined with the Archimedes method. Total thermal conductivity kit was

calculated from Eq. (2):

Kot =D - p-cp, (2)

where ¢, is the specific heat capacity value based on the Dulong-Petit law.

3. RESULTS AND DISCUSSION

3.1. Phase and structural composition

To determine the phase composition of the obtained materials, powder XRD
measurements were performed. The XRD patterns are shown in Figure 1. The main
phase present in samples is orthorhombic a-Cu,Se (Powder Diffraction File 47-1448)
which can be identified as a low-temperature phase. The high-temperature 3-Cu,Se
phase with a cubic crystal structure was not identified. Some diffraction peaks which
can be attributed to copper can be found as well. This is consistent with the results of
the EDX elemental analysis presented in Table 2. A significant excess of copper,
resulting from the evaporation of selenium during the synthesis, was found.
Additionally, a TGA measurement was performed to investigate possible Se
evaporation during measurements of the samples’ properties. The powdered sample
was heated up to 673 K at a heating rate of 1 K/min. Above 523 K, a 1.77% mass
decrease was observed. During the second TGA thermal cycle, the mass decreased
by 0.94%. All doped samples had a nickel content similar to their nominal

composition.

The Le Bail method was used to analyse the unit cell parameters of the compounds.
The calculated values are shown in table 1. The lattice parameters and the cell

volume of the nickel-doped materials are smaller than those of the pristine Cu,Se.
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This observation agrees with the smaller atomic radius of Ni when compared to Cu.
The ratio of the cell volume between the Cuj gNip01Se and the undoped material,
equal to 0.992, agrees with that published for the 3 phase in [23]. The Cu;.g7Nig.03Se
sample had a similar cell volume to the Cuj g9Nip 01Se. This suggests, that in the case
of the Cujg7Nipo3Se sample, the actual amount of Ni in the structure was smaller
than expected. In the case of the CujggNipo2Se, this ratio was equal to 0.981.
Considering Vegard’s law, it can be concluded that the solubility limit was not
exceeded. This limit is 2% at 703 K [35]. We can state that this value is similar at

room temperature.

The selected SEM images of the Ni-doped Cu,Se are shown in Fig. 2. It can be seen
that all of the samples were porous. As is shown in Table 2, the porosities calculated
from the Archimedes method were between 8% (Cui.g9Nip01Se) and 13% (Cus ggNi-
0.025€e). The structure of the reference sample differed significantly from the doped
samples: it lacked flat flake-like crystallites. Only irregular agglomerates consisting of
small grains were visible. The microstructures of the doped samples were marked by
the presence of large flat flake-like structures which were at some places orientated
parallel to each other, forming a layered structure. The difference in the granular
structure originated from the presence of Ni particles. Nickel is a catalyst in synthesis

procedures and enhances grains’ growth [36].

Fig. 3 shows higher magnification SEM images of the samples. For x=0.01,
agglomerating particles of approximately 20—-50 nm in size are visible. For the sample
with the highest nickel content, the particles were uniformly distributed in the
structure covering the surface of the Cu,Se crystallites. In the case of the x=0.02
sample, larger, 50-200 nm separate particles are visible. The results of the EDX

point analysis indicate that these precipitations were rich in copper, compared to the
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large grains, which were closer to the nominal composition. Traces of nickel were
also found. The composition of the precipitations is in agreement with the XRD phase
analysis, which showed the presence of metallic copper. The undoped samples were

free from visible metallic particles, therefore their formation was a result of Ni doping.

3.2. Thermoelectric properties

Figure 4 shows the temperature dependence of the Seebeck coefficient on the
temperature of the prepared Cu,xNixSe samples. The positive sign of S indicates the
p-type conduction of the sample. A rapid decrease in the Seebeck coefficient value
was observed at approximately 407 K, which was stated before to be the temperature
of the transition from the a-phase to the B. Such a phenomenon is in agreement with
other studies on copper selenide [14,15,26]. It is worth noticing that the values of
Seebeck coefficient presented in this paper are higher than those obtained by other
researchers [23,26,37]. The values differed significantly for the low-temperature
phase, however in the high-temperature regime, only small differences were
observed. Both the porosity and nickel doping had little influence on the Seebeck
coefficient, which is in agreement with other studies [23,38]. The lowest values of
Seebeck coefficient were reached at temperatures close to the phase transition.
Above the phase transition temperature, the Seebeck coefficient of the undoped

material was only a few per cent higher than those of the doped materials.

The temperature dependence of the electrical conductivity of the samples is shown in
Fig. 5. The shape of the plot was similar for all measured samples: a rapid change of
conductivity at the phase transition temperature (~410 K), the maximum value after
this phase transition, and then a decrease with increasing temperature. However,

some differences can also be observed. In the 350-400 K temperature range, the
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doped samples had increased electrical conductivity. It is possible that the difference
in the undoped sample’s microstructure may also have had a strong influence on the

observed phenomenon.

The decrease of electrical conductivity with temperature above 450 K in the Cu,Se
system complies with other studies [13,23,27,37]. However, the values differ between
studies. The undoped Cu,Se showed the lowest electrical conductivity in almost the
whole analysed temperature range. Despite the sample’s highest porosity, the
highest values of electrical conductivity were observed for the Cu; ggNip 02Se material,
reaching a maximum value equal to 380 S/cm at 460 K. The highest electrical
conductivity of this sample seems interesting because of its highest porosity.
However, the porosity may have had less influence than the nickel content, which
possibly determined the electrical properties. The electrical conductivity increased
with increasing nickel content when it came to the x=0, x=0.01, and x=0.02 samples.
Ni doping resulted in the increase of the charge carriers’ concentration and,
consequently, electrical conductivity. This effect was especially significant above a
1% addition [23]. Additionally, the presence of metallic particles increased the
conductivity at the grains’ surface. The distance between agglomerates (x=0.01) or
particles (x=0.02) in these materials made hopping or tunnelling between particles
neglectable. The similarity of the electrical properties of the x=0.01 and x=0.03
samples agrees with the abovementioned similar lattice parameters and Ni content in

these materials.

3.3. Thermal conductivity

Fig. 6 shows the measured values of thermal conductivity versus temperature. In

both the a-phase (<400 K) and the B-phase region, the values of thermal conductivity
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decreased with temperature. At a temperature of approximately 400 K, a rapid
increase was observed, which is in agreement with the previous studies presented in
this paper, as the phase transition occurs at such a temperature. The biggest
increase was observed for the x=0.02 and the x=0.03 as the thermal conductivity
reached over 1 W-m™-K™. However, these samples also exhibited a more significant
decrease of thermal conductivity with temperature, and at temperatures above 470 K,
the Cuy.gsNio.02Se had the lowest thermal conductivity of approximately 0.45 W-m™-K"
! at 650 K. The reference sample and the Cuy.ggNigo:1Se (with the lowest Ni content)
exhibited lower thermal conductivity below 470 K. The decreased values of thermal
conductivity may have been a result of increased phonon scattering on the metallic
particles. The presented values are lower than those obtained by other researchers
studying nickel-doped copper selenide [23]. The low values of the thermal properties
resulted from the liquid-like behaviour of the copper ions, as well as the nickel doping

and porosity of the samples.

Fig. 7 shows the calculated values of the ZT, determined using the measured values
of thermoelectric parameters. The highest ZT was observed for the Cuj.ggNip.02S€1.02
and reached 0.79 at approximately 650 K, which resulted from the highest power
factor and the lowest thermal conductivity above 500 K. What is more, this sample
also exhibited the fastest growth of the ZT in the B-phase regime, which was the
result of significant reduction of thermal conductivity over a high-temperature range.

The ZT of all samples had an upward tendency.

The presented values of ZT are lower than the values obtained in other studies on
nickel-doped copper selenide [23]. However Peng et al. found a value of ZT about
0.8 at 650 K for the Cus.g9Nig01Se, while in this paper, a similar value was observed

for the Cuj.9sNip.02Se sample. On the other hand, some differences can be found both
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in the structure and resulting thermoelectric properties. The samples synthesised by
reduction of reagents in hydrogen exhibited lower thermal conductivity, which may
have resulted from the higher porosity of the samples [38]. Moreover, it seems
possible to optimise the reduction conditions to get denser and more uniform
samples and therefore to finally increase the obtained ZT values of these materials.
Therefore, the described method of nickel-doped copper selenide synthesis should

be considered promising and worthy of further attention.

4. CONCLUSIONS

Nickel-doped copper selenides were synthesised using the method of reagent
reduction in a hydrogen atmosphere. The main phase present in all samples was a
low-temperature orthorhombic a-Cu,Se, however, diffraction peaks from copper were
also observed. The latter is in agreement with the EDX analysis, which showed an
excess of Cu in the investigated materials. The addition of nickel resulted in the

formation of metallic nanoparticles on the grains’ surfaces.

The measured densities of the samples were lower than the theoretical values, which
may determine the electrical properties [38]. However, it was observed that the
higher the porosity, the lower the thermal conductivity due to scattering of phonons
on grain boundaries. The intermediate porosity may have had a positive influence on

the overall thermoelectric properties.

Nickel doping enhanced the electrical conductivity of all of the samples when
compared to the pristine copper selenide. The metallic precipitates in the Ni-doped
materials resulted in increased electrical conductivity. At the same time, the thermal
conductivity was decreased above 500 K, which was in the highest ZT range.

Possibly, the metallic precipitates, especially on the flat grains, may have increased
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the materials’ ZT by increasing the surface electrical conductivity without increasing
the phonon part of the thermal conductivity, due to their nanometre size. All of the
samples had similar values of the Seebeck coefficient in the high-temperature phase.
The optimal doping was found to be 2%. The highest value reached almost 0.8 at
650 K for the CujgsNipo2Se sample. The impact of phase-transition was visible at

about 410 K when the parameters significantly and rapidly changed.

To sum up, the reduction of reagents in hydrogen allowed copper selenide with a
nickel dopant to be synthesised. The synthesis method is easy and requires low
temperatures. The materials obtained by such synthesis have properties only slightly

worse than those produced by other methods [23].
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Fig. 1. XRD patterns of prepared Cu,xNixSe samples.
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Fig. 2. SEM images of Cu,.xNixSe samples.
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Fig. 3. SEM images of precipitations in samples with different Ni contents.
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included for selected points only.
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TABLES:

Tab. 1. Unit cell parameters of samples calculated from the Le Bail method.

Nominal sample composition | a (A) b (A) c (A V (A3
Cu,Se 13.692(2) | 20.468(4) | 3.9271(8) | 1100.594
Cui.99Nip 01Se 13.611(4) | 20.391(5) | 3.935(1) | 1092.264
Cuj gsNig.02Se 13.589(3) | 20.378(4) | 3.8971(7) | 1079.186
Cuj g7Nig03Se 13.643(3) | 20.406(3) | 3.9121(8) | 1089.084
Tab. 2. Results of EDX area quantitative analysis
Nominal sample composition | EDX area composition | Porosity (%)
CUZSe CU2,198€ 10
Cuq.99Nig01Se Cu.13Nig01Se 8
Cu1.98Ni0.02Se CU2_19Nio_oz4se 13
Cuy.97Nig.03Se Cu2.14Nig 031Se 9
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