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a b s t r a c t

As an earth-abundant, inexpensive and non-toxic compound, Copper Selenide (Cu2Se) is a frequently
investigated material for thermoelectric (TE) conversion applications. In this research, stoichiometric
Cu2Se compounds were systematically doped with gel-like Carbon Dots (CDs), that were fabricated using
a rapid and straightforward solvothermal method, at weight ratios of 2, 5 and 10%. The resultant ingots
were spark plasma sintered and their TE performance was characterized. Scanning electron microscopy
(SEM), energy dispersive X-Ray spectroscopy (EDX) and powder X-ray diffraction (PXRD) were used to
correlate the microstructure to the TE properties. Based on these measurements, CD doping strategy on
Cu2Se yielded highly compacted, single phase grains with minimal oxidation. Characterization demon-
strated a continuous enhancement of TE figure of merit (ZT) to a maximum of 2.1 at the optimum dopant
ratio of 2 wt %. This enhancement was mainly due to the energy filtering effect of CD interfaces along the
grain boundaries, and phonon scattering which increased the Seebeck coefficient and reduce the thermal
conductivity. Doping beyond 2wt% was recorded to inhibit this improvement. This research paved the
path towards broader utilization of rapidly fabricated CDs to enhance TE conversion performance.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Due to its reliable, stable, silent and maintenance-free nature,
the concept of thermoelectric (TE) power generation stands out as a
promising solution to convert waste-heat into electricity. Today, TE
devices are successfully used in numerous applications such as
wearable electronics [1,2], albeit in a limited scale; since certain
constraints such as low conversion efficiency and the need for
materials with rare-earth abundance seriously impede their po-
tential for wider scale utilization. The efficiency of a TE material is
represented by the dimensionless figure of merit (ZT), which is
specified as ZT¼(S2sT/k), where S, s, T and k denote Seebeck coef-
ficient, electrical conductivity, absolute temperature and thermal
conductivity, respectively [3]. It is a requirement that an ideal TE
material possesses high power factor (S2s) and low thermal con-
ductivity. Yet, due to the trade-off relations in transport parameters,
attaining a ZT value of >2 is considered as a serious challenge for
the TE community to overcome [4]. In addition to high conversion
efficiency, high structural stability with minimized fluctuation in
conversion efficiency is desired to ensure reliable operability for a
thermoelectric material [5].

Since the majority of the previous studies has targeted the
improvement of ZT, the search of replacing rare TE materials with
the earth-abundant ones has been of ancillary concern [6]. Pur-
suant to this effort, numerous compounds such as SnSe, SnSi,
Mg2Sn, InSb, PbS, CoSb3, Zn3Sb4, CuS, CuFeS2 Cu2Se and Mg2Si have
been investigated [7e26]. Among these, Cu2Se is a p-type transition
metal chalcogenide and has stood out as an attractive material due
to its favorable TE performance in mid-temperature ranges and low
thermal conductivity [27e31]. TE figure of merit for Cu2Se com-
pounds are obtained at a range of 1-2-2.0 for the medium tem-
perature ranges (800e1000 K) [32]. This ZT range is comparable to
other commonly studied TE materials with high ZT, such as skut-
terudites [33], GeTe, SnSe and PbQ (Q¼ Te, Se, S) [34e40]; but
earth-abundant and environment-friendly properties of the
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constituents of Cu2Se pave the path towards wider adaptation of
this compound. Despite its high thermoelectric performance, low
toxicity and high abundance, Cu2Se has intrinsic properties which
may potentially limit its certain applications as a thermoelectric
compound. Cu2Se suffers from fast migration of Cu ions and
evaporation of Se under high temperatures which lead to deterio-
ration of its composition [41,42]. In addition, Cu2Se shows tem-
perature dependent-phase transformationwhich needs to be taken
account in terms of its mechanical, thermal end electrical
performance.

Cu2Se offers highly tailorable thermoelectric performance,
which makes it a suitable candidate for material engineering stra-
tegies such as band structure engineering and nanostructuring
[43,44]. Among these, nanostructuring has been used as a favorable
strategy to enhance ZT of Cu2Se where thermal conductivity is
reduced via phonon scattering phenomenon due to the presence of
precipitated nanoparticles within the material matrix. In this re-
gard, Yang et al. investigated the effect of spark plasma sintered b-
phase Cu2Se nanostructures on TE properties where they reported
an increase in blocking of intermediate to short wavelength pho-
nons resulting in a maximum ZT of 1.82 at 850 K [45]. Another
attempt involving such a strategywas reported by Zhao et al. where
melt-solidified Cu2Se nanocrystalline solid samples doped with
graphite marked tremendously high ZT values of more than 2.4
over 850 K, owing to the high density of interfaces stemming from
nanoscale grains [46e48]. On the other hand, the unorthodox
strategy of hierarchical nanostructuring in Cu2Se via a to b phase
transition has been reported to evince a promising maximum ZT of
2.0 at 900 K by Tafti et al. [32]. In a successful attempt where SiC
nanoparticles were used as dopants by Lei et al. for Cu2Se where a
ZT of 2.0 at 875 K with 0.05wt% SiC was reported [49]. In another
research, multi-walled carbon nanotubes (CNTs) within Cu2Sewere
used by Nunna et al. where a high ZTof 2.4 at 1000 Kwas reportedly
achieved, due to the reduction in lattice thermal conductivity [50].
Another remarkably high ZT of 2.14 at 973 K was reported by Hu
et al. where lithium doping was used to create nanoporous struc-
ture of Cu1.98Li0.02Se and lower thermal conductivity [51]. Hu et al.
also investigated the doping of Cu2Se compounds with carbon dots
[52] where they reported that the hot-pressed Cu2Se doped with
CDs enhanced ZT to 1.98 with a CD dopant ratio of 0.8wt %. Despite
the significant enhancement of ZT in this study, limited production
yield of CDs using the microwave-assisted fabrication stands as a
limitation. Besides, investigating the effects of higher doping con-
centrations is required for a holistic understanding of CDs on Cu2Se.

Therefore, the motivation of study is to further increase the TE
performance of Cu2Se using a novel nanomaterial as dopant: gel-
like carbon dots which were fabricated using a facile, rapid and
low-energy synthesis method where 1,2-ethylenediamine (EDA)
and citric acid are used as precursors for high doping ratios (2, 5,
10wt%). Scalability of nanostructured thermoelectric materials is a
great challenge limiting the wider usage of these materials espe-
cially at these high doping ratios. The solvothermal method used in
this research, however, yields higher production volumes of CD
nano dopants which can be a remedy to achieve scalable nano-
structured thermoelectric materials. Hence, this robust
manufacturing technology has potential to significantly enhance
the use CD-doped Cu2Se as efficient TE materials in wide range of
energy conversion applications.

2. Materials and methods

2.1. Synthesis of gel-like CDs

To prepare gel-like CDs, deionizedwater was initially purified by
a Modulab 2020 water purification system purchased from
2

Continental Water System Corporation (San Antonio, TX, USA). The
deionized water had a pH of 6.62± 0.30, surface tension of
72.6mNm�1 and resistivity of 18MU cm at 25.0± 0.5 �C. Subse-
quently, Argon gas was used to remove O2 from the solvothermal
system. Then, 5mL of 1,2-ethylenediamine (EDA) was transferred
into a 50mL, round-bottom flask and heated with constant stirring
in an oil bath on a hot plate (Chemglass, OptiMag-st). When the
temperature reached 160 �C, 1 g of citric acid was added with
vigorous stirring, and the reaction sustained for 50min when
complete dissolution of citric acid in EDAwas ensured. After cooling
the system for 15min to the room temperature, the gel-like CDs
were deposited at the bottom of the flask. The remaining EDA was
then rinsed out using acetone.

2.2. Synthesis and consolidation of Cu2Se/CDs

For the synthesis of Cu2Se, Cu (99.9999% shot from Sigma
Aldrich) and Se (99.999% powder from Sigma Aldrich) precursors
were stoichiometrically mixed in a glove box. Then mixed were
loaded in graphite-coated quartz tubes and sealed under a pressure
of 10�3 torr. Sealed quartz tubes were placed in a furnace and
heated up to 1150 �C at a rate of 1

�
C/min, followed by soaking for

12 h to achieve thorough mixing. Subsequently, temperature was
reduced to 800 �C at a rate of 4

�
C/min where it was maintained for

10 days. Later, the furnace was turned off for a cooldown to room
temperature. Resultant ingots were loaded into the glove box
where they were ground into fine powders. Fine powders were
then mixed with Gel-like CDs according to ratios of 0, 2, 5 and 10%
by weight. Each mixture was then blended with ball milling under
200 rpm speed of rotation for 2 h to obtain homogenous mixture.
The solution was then loaded into the 12.7mm graphite die for
spark plasma sintering. The powders were cold pressed under
50MPa which was later reduced to 10MPa. At this pressure level,
samples were heated at a rate of 50

�
C/min up to 450 �C, and the

uniaxial pressurewas readjusted to 50MPa followed by isothermal/
isobaric hold. Finally, the compacted structure was cut into disks
and prismatic bars using a diamond blade to measure thermal
diffusivity and transport properties, respectively.

2.3. Structural and thermoelectric analysis

Allmeasurementswere performed over the temperature range of
300e873 K. Electrical conductivity and Seebeck coefficient of the
samples were measured by using a commercial Ulvac-ZEM 3, M8
device. Thermal conductivity (k) valueswere calculated inaccordance
with k¼D.r.Cp equation, where D, r and Cp represent thermal diffu-
sivity, density of mass and specific heat capacity, respectively. Ther-
mal diffusivity wasmeasured using a commercial laser flash thermal
diffusivity device LFA 1000 from Linseis, whereas specific heat was
measured using a differential scanning calorimeter (Linseis-PT1000).
Density of the specimens were obtained with Archimedes’ method.
Densities were obtained as 6.17 gr/cm3, 5.70 gr/cm3, 5.63 gr/cm3 and
6.08 for Pure Cu2Se, Cu2Se þ 2 wt% CDs, Cu2Se þ 5 wt% CDs, and
Cu2Se þ 10 wt% CDs respectively. Phase purity of samples was char-
acterized via X-ray diffraction pattern by Rigaku Ultima 4 diffrac-
tometer. Scanning electron microscopy (SEM) and Energy-dispersive
X-ray spectroscopy (EDX) analyses were carried out using a FEI Nova
200device toanalyze theparticlemorphologyandcompositionof the
spark plasma sintered samples and further interpret the TE perfor-
mance. The surfacemorphologyof the gel-like CDswas characterized
via a Transmission Electron Microscopy (TEM) device (JEOL 1200X)
TEMwhere a drop of CDs aqueous dispersionwasplaced ona carbon-
coated copper grid and air dried. Spark plasma sintered sampleswere
mechanically loaded until fracture and were positioned on copper
tape to prevent overcharging.



Fig. 1. TEM micrograph of Gel-Like CD-s with the histogram of particle size
distribution.
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3. Results

3.1. Morphology of the as-synthesized gel-like CDs

The TEM image of the as-synthesized gel-like CDs is provided in
Fig. 1 where the inset depicts the size distribution of 100 dots. The
TEM micrograph suggests adequate dispersion with minimal ag-
gregation and minor variations in the particle size, pointing out to
sufficient carbonization of the gel-like CDs during the synthesis
process. The gel-like CDs exhibited quasi-spherical geometry with a
narrow Gaussian size distribution of 3.0e3.5 nm. The minimal ag-
gregation of the CD-s was observed to contribute to homogenous
dispersion of these nano inclusions within the spark plasma sin-
tered Cu2Se matrix, upon which isotropic phonon scattering
emanated. This was subsequently evidenced by the SEM imaging of
the sintered samples.

3.2. Structural analysis

Fig. 2a provides the data for the PXRD analysis. According to the
PXRD results, Cu2Se samples exhibited no impurity where single
phase monoclinic Cu2Se structures (JCPDS PDF no: 00-027-1131)
were detected in the material which is in good agreement with the
reported literature data [53]. The purity of the samples was further
confirmed with the EDX data given in Fig. 2b. In all samples, Cu:Se
weight ratio remained approximately the same and only a small
trace amounts of oxygen were detected, which might be formed
Fig. 2. Phase and elemental analysis of each pure and CD doped Cu2Se samples: a)
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during the ball milling process of the samples. Although the
oxidation in the specimens was found to be minimal, the highest
oxygen level was found in the pure Cu2Se samples and the lowest
oxidation was observed in Cu2Se samples doped with 10% CDs.
Lower affinity of the CD-doped specimens to oxidation compared to
the pure samples was beneficial to minimize contamination, which
is a precursor of potentially high levels of electrical conductivity.
Meanwhile, it is noteworthy that the molar ratios Cu:Se of the
compounds evinced slight fluctuation, due to the presence of CDs
as shown by the Cu/Se molar ratio chart (Fig. 2c) acquired from the
EDX analysis. Fig. 3 shows the elemental maps of the 2%, 5% and 10%
CD doped specimens. These maps show that copper, selenium and
carbon signals overlap. In other words, these elements exist at the
same locations without any visible phase separation.

SEM micrographs of the spark plasma sintered samples are
provided in Fig. 4. Pure Cu2Se sample shows highly compacted
crystalline structure. However, the crystallinity of samples and the
layer formation decrease with the inclusion of CDs. As it can clearly
be seen in Fig. 4c and d, increasing concentration of CDs lead to a
synergetic increase in the boundary thickness. Despite the lack of a
clear evidence to explain this, it may be concluded that the CDsmay
have infused deep into the matrix, acting as obstacles that pre-
vented Cu mobility which eventually inhibits the formation of
larger grains. This can further be corroborated with the decreasing
mass density of the CDs doped samples. This likely scenario also
concurs with the results reported by Hu et al. [24], where the
morphology texture of samples has strong effect on transport
properties.
3.3. Thermoelectric characterization

Fig. 5a shows the variation of the Seebeck coefficient as a
function of temperature for all samples. The positive sign of See-
beck coefficient confirms that all samples show a p type thermo-
electric behavior. Seebeck coefficient increases with the inclusion
of CDs. This might be attributed to the low-energy carrier filtering
effect emanated by the existence of CDs barriers, which have sig-
nificant influence on carrier transport characteristics [54,55]. En-
ergy filtering effect and the increase of Seebeck coefficient due to
the CD addition has been reported by Hu et al. [52]. In this previous
study, it was reported that CD addition would lead to filtering of
low-energy carriers by the energy barrier while high-energy car-
riers are allowed to pass. Although this would reduce the electrical
conductivity, the increase in Seebeck coefficient surpasses this
reduction leading to overall increase in power factor and the figure
of merit as described in the next section. Addition of CDs by more
than 2wt%, however, was recorded to suppress Seebeck coefficient
PXRD Data, b) Elemental EDX analysis, c) Molar ratio of Cu/Se in EDX analysis.



Fig. 3. EDX elemental maps for copper, selenium and carbon for the CD specimens.

Fig. 4. SEM Images of the spark plasma sintered samples a) Pure Cu2Se, b) Cu2Se þ 2 wt% CDs, c) Cu2Se þ 5 wt% CDs, and d) Cu2Se þ 10 wt% CDs.
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enhancement due to the loss of coherence in the filtering, marking
this ratio as the optimum for the Seebeck coefficient. Highest
Seebeck coefficient attained in these samples was 302 mV/K at the
temperature of 873 K, outpacing the value of 260 mV/K under the
same temperature reported previously [52].

Fig. 4b displays the behavior of electrical conductivity with
4

temperature for all specimens where a continuously decreasing
trend is observed, with an opposite trend to that of the Seebeck
coefficient, owing to the inherent properties of semiconductors.
However, near 400 K, a sharp peak is observed indicating the phase
transition at this temperature which is intrinsic to Cu2Se material
[27,28]. Despite the dramatic reduction of electrical conductivity at



Fig. 5. Variation of TE properties with temperature for pure and CD doped Cu2Se samples: a) Seebeck Coefficient, b) Electrical Conductivity, c) Thermal Conductivity, d) Dimen-
sionless Figure of Merit, ZT, along with a comparison with the literature data [52].
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the dopant ratio of 2wt%, gradual improvement is recorded as
more CDs were intercalated into the Cu2Se matrix. The highest
electrical conductivity in the CD-doped samples (10% doping) was
1976 S/cm at 300 K.

Fig. 4c and d shows the change in each thermal conductivity
component, electronic and lattice thermal conductivities (k ¼ ke þ
kl), for each sample type. The electronic thermal conductivity was
calculated using Wiedemann-Franz Law (ke¼ LsT), where L is the
Lorenz number calculated from equation (L ¼ 1.5þexp[-jSj/116).
Apart from the samples doped with CD by 2wt%, lattice thermal
conductivity values were observed to be significantly lower than
the electronic thermal conductivity. Nonetheless, it is obvious that
the presence of CDs capitalizes on reduction of lattice thermal
conductivity by acting as low-energy phonon blocking barriers,
which is in agreement with the literature [47,56]. Fig. 4e signifies
5

the change of total thermal conductivity with temperature where
the mid/long wavelength phonon scattering due to the addition of
CD-nanoparticles is clearly demonstrated, especially at elevated
temperatures. This reduction can be ascribed to the energy filtering
effect of the CD interfaces along the grain boundaries, which are
known to scatter phonons and block low-energy electrons, thereby
reducing the thermal conductivity [57,58]. Per this figure it can also
be deduced that, increased amount of CD-doping alters the thermal
conductivity trend from decreasing to increasing over temperature,
and low dopant ratios yield with a declining trend is in good
agreement with Hu's work [52]. The variation of calculated
dimensionless figure of merit with temperature is shown in Fig. 4f.
All CD doped specimens showed superior figure of merit compared
to the pure Cu2Se samples. Specimens doped with 2wt% CD
marked the highest ZT values at elevated temperatures (>800 K)
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whichwasmainly due to the increase of the Seebeck coefficient and
reduction of thermal conductivity in these specimens. Maximum ZT
of 2.1 is achieved in this specimen at 880 K which was 2.6 folds
higher than that of the undoped Cu2Se sample. As described in the
previous section, lower oxygen affinity of the CD-doped materials
can play a part in this efficiency enhancement as well. In terms of
comparison to the previous studies, the highest ZT of 2.1 attained at
880 K in this study was higher than the majority of the previously
reported Cu2Se [45,49,51] and Cu2Se-CD hybrid systems [52]
remarking the second highest TE figure of merit of Cu2Se based TE
materials at this temperature after the ZT reported by Zhao et al.
[48].
4. Conclusions

Cu2Se is a promising TE system due to its earth-abundant con-
stituents and high TE figure of merit for mid-temperature range
applications. This study aimed to further enhance the TE conversion
efficiency of these materials by doping with CD nanomaterials. Gel-
like CD nanomaterials were fabricated using a facile and rapid
solvothermal method. Cu2Se powders were doped with these CDs
and spark plasma sintered to over fabricate hybrid TE systems. The
hybrid systems showed superior TE figure of merit compared to
undoped Cu2Se marking the maximum figure of merit of 2.1 at
880 Kwith a CD dopant ratio of 2wt%. To the best of our knowledge,
this is the highest figure of merit at this temperature achieved for
CD-doped Cu2Se material systems in literature. The structural
analysis conducted on the samples suggested high levels of purity,
which is a significant factor that contributed towards the high ZT
achieved. Other factors that accounted for this achievement are the
synergetic presence of quasi-spherical CD nanoparticles, smaller
grain sizes and high density of sintered Cu2Se matrix which
amplified phonon scattering and electrical conductivity. It was
concluded that the presence of CD nanoparticles promotes energy
filtering effect, which ensured high Seebeck coefficients and
reduced thermal conductivity. Therefore, this study establishes the
novel methodologies for fabricating gel-like CD-doped Cu2Se ma-
terial systems where the scaled-up nano dopant preparation pro-
cedures and enhanced TE conversion efficiencies are reported. It is
expected that, the outcomes of this study will help wider adoption
of Cu2Se for energy harvesting applications in near future.
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