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Nanostructuring in a-Cu,Se while optimizing carrier concentration holds the promise of realizing further
high thermoelectric performance at near room temperature. Nevertheless, controlling the amounts of
Cu vacancies, which work as acceptors, in nanostructures is considerably more intricate than in bulk
materials. Hence, controlling the amounts of Cu vacancies while maintaining the a-phase and
nanostructure shape poses a formidable challenge. In this study, we synthesized Cu,.,Se nanowires
(NWs) with various amounts of Cu vacancies at room temperature by the photoreduction method and
investigated their thermoelectric properties. Cu,,,Se NWs exhibited a comparable thermoelectric power
factor to that of the polycrystalline films fabricated at higher temperature. The achievement of the high

power factor despite low-temperature fabrication is attributed to the precise synthesis of Cu,.,Se NWs
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Accepted 24th April 2024 with various amounts of Cu vacancies. We also investigated the reaction process of Cu, g0Se NWs in

detail by observing the reaction intermediates. It was found that photoreduction occurred with Cu?* ions
DOI: 10.1039/d4na00156g adsorbed on Se NWs, leading to the reaction of Cu?* ions and Se NWs without Cu deficiency. Namely,

rsc.li/nanoscale-advances this photoreduction under the adsorbed conditions realized the control of Cu vacancies in Cu,,,Se NWs.
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Introduction

Thermoelectric conversion is one of the energy harvesting
techniques. The efficiency monotonically increases with the
thermoelectric figure of merit ZT (=S>0T/k), where S is the See-
beck coefficient, ¢ is the electrical conductivity, « is the thermal
conductivity, and T is the absolute temperature. To maximize
thermoelectric performance of the material, it is effective to
optimize carrier concentration and introduce nanostructures,'*
which can control phonon and carrier transport.

Cu,Se**™" is a promising thermoelectric material because it
exhibits a high ZT of 0.68 at near room temperature (RT).>>
Therein, the carrier concentration is optimized to maximize the
thermoelectric power factor (S%¢) by controlling the amounts of
Cu vacancies, which work as acceptors. Nanostructuring while
optimizing the carrier concentration holds the promise of
realizing a higher thermoelectric performance. Nevertheless,
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controlling the amounts of Cu vacancies in nanostructures is
considerably more intricate than in bulk materials. When the
amounts of Cu vacancies increase excessively in the nano-
structures, they easily distort the structures of the a-phase
(semiconductor phase) until the rearrangement of the B-phase
(metallic phase) is energetically favorable due to the larger
contribution of the surface energy to the total energy of
formation than that of bulk.>” Hence, controlling the amounts
of Cu vacancies while maintaining the o-phase and nano-
structure shape poses a formidable challenge. Furthermore, it is
important to achieve high thermoelectric performance by
controlling Cu vacancies with low-temperature synthesis to get
practical advantages in applications such as flexible substrates
with low heat resistance.

Recently, we developed the synthesis of single-phase a-Cu,Se
nanowires (NWs) through the photoreduction method. Our
group synthesized size-controlled Cu nanoparticles by the
photoreduction method,***® where the slow reaction can
control the morphology of copper nanoparticles.>> We applied
the above method to the synthesis of a-Cu,Se NWs. Further-
more, we demonstrated S’ enhancement of poly (3,4-ethyl-
enedioxythiophene): poly (styrene sulfonate) (PEDOT:PSS) by
introduction of Cu,Se NWs.*°

In this study, we synthesized Cu,.,Se NWs with various
amounts of Cu vacancies by the photoreduction method at RT
and systematically investigated their thermoelectric properties.
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The thermoelectric properties were discussed in relation to Cu
vacancies, which largely affect S°¢. Furthermore, we elucidated
the impact of the deliberately slow reduction process on
achieving the precise synthesis of Cu,.,Se NWs with various
amounts of Cu vacancies by analyzing the reaction intermedi-
ates and providing a detailed discussion on the reaction
kinetics.

Experimental
Synthesis of Cu,.,Se NWs

Se NWs were synthesized by the following method.** SeO,
(25 mg, FUJIFILM Wako Pure Chemical Corporation) and B-
cyclodextrin (50 mg, FUJIFILM Wako Pure Chemical Corpora-
tion) were dissolved in 10 mL of Milli Q water and stirred under
ultrasonication for 10 min. The solution was slowly added into
t-ascorbic acid solution prepared with r-ascorbic acid (0.2000 g,
Wako Pure Chemical Corporation) and Milli-Q water (10 mL)
and was stirred for 4 hours. The mixed solution was centrifuged,
and the resulting precipitates were washed with ethanol and
Milli-Q water several times alternately. The precipitates were
redispersed in ethanol without stirring for >4 hours, forming Se
NWs as precipitates.

The synthesis method of Cu,Se NWs is shown below. The Se
NWs (10 mg) were dispersed in copper acetate solution
prepared by dissolving 253 pmol of copper acetate in aqueous
solution containing 1 mL ethanol. The total volume of the
dispersion thus obtained was adjusted to 10 mL by using Milli-
Q water. The adjusted dispersion was irradiated using UV light
(Hamamatsu Photonics: L9588-01A) with stirring for 12 hours,
and Cu,Se NWs were obtained as precipitates. The Cu,.,Se NWs
were also synthesized with some composition ratios (x = —0.05-
0.20) by varying the amounts of copper acetate solution. To
elucidate the reaction mechanism of Cu,Se NWs through the
photoreduction method, Cu,Se NWs were also synthesized
using UV light irradiation for 0-12 hours.

Structural characterization of Cu,,,Se NWs

The crystal structures of the Cu,.,Se NWs were characterized by
powder X-ray diffraction (XRD) with an X-ray diffractometer
(Rigaku, Smartlab), scanning electron microscopy (SEM)-energy
dispersive X-ray spectroscopy (EDX) with a field-emission SEM
(Hitachi High-Technologies, S-5500), and high-resolution trans-
mission electron microscopy (HRTEM) with a TEM (Thermo
Fisher Scientific, Tecnai G2 F20 S-TWIN, FEI). The composition
ratios of Cu,.,Se NWs were quantified by EDX, where the quan-
tified excessive Cu amounts are defined to be x, in this paper. The
NW powders were also characterized by diffuse reflectance (DR)
UV-vis spectrometry with a UV vis-NIR spectrometer (Shimadzu,
UV-3600). The DR UV-vis-NIR spectra were obtained by using the
Kubelka-Munk function F(R) to convert diffuse reflectance into
an equivalent absorption coefficient, as follows:

(1-R)

F(R) = 1)

where R is the reflectance.
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Evaluation of thermoelectric properties of Cu,.,NWs

The synthesized Cu,.,Se NW powders were pressed at 160 MPa
for 1 min to form Cu,,,Se NW films at RT for the measurement
of thermoelectric properties. The NW structures were main-
tained even after pressing (Fig. S1T). S was measured by using
a ZEM-3 (ADVANCE RIKO) and ¢ was measured by the van der
Pauw method at RT. Carrier concentration and carrier mobility
were measured by Hall effect measurement (TOYO Corporation,
M91-RTMGO5).

Results and discussion

Fig. 1a shows the SEM image for the obtained copper selenide
NWs. The NW structures were observed and the diameter and
length of the NWs were 300 & 100 nm and 10 £ 5 pm, respec-
tively (Fig. S2t). Since these values were almost the same as
those of the Se NWs,* it is considered that copper selenide was
formed directly on the Se NWs by photoreduction. Fig. 1b shows
the HRTEM image of the NWs. The lattice spacings of mono-
clinic a-Cu,Se (400) and (090) were observed, which correspond
to the circles in the fast Fourier transformation (FFT) image
(Fig. 1c). Analysis results of various regions of NWs indicate that
the obtained NWs were composed of polycrystalline a-Cu,Se.

Fig. 1d-f show the SEM-EDX mapping images. A bundle of
multiple NWs was used for the EDX analysis to obtain a strong
signal, as shown in Fig. 1d. From the mapping images, Cu and
Se species were observed on NWs. To clarify the uniformity of
constituent elements on NWs, line profiles in Fig. 1g were ob-
tained for a line segment A and B in Fig. 1e and f. The intensity
of Cu and Se species rose and dropped at the same position
indicated by arrows. This indicates that Cu species were
uniformly distributed along Se species on NWs.

500 1000 1500 2000

15 20 25
hv (eV)

Fig.1 Characterization of copper selenide NWs synthesized using UV
light irradiation for 12 hours. (a) A SEM image, (b) a HRTEM image, and
(c) a FFT pattern. The arrows in (b) indicate lattice spacings of a.-Cu,Se,
corresponding to the a-Cu,Se (400) and (090) spots in (c). (d) SEM
image and EDX mappings of (e) Cu and (f) Se. (g) Line profiles for a line
segment A and B in (e). The green and blue profiles represent Cu and
Se, respectively. (h) A plot of (ahv)? versus hv calculated from the DR
UV-vis spectrum in the inset graph.
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The DR UV-vis-NIR spectrum of the a-Cu,Se NWs is shown in
the inset of Fig. 1h, which indicates that the a-Cu,Se NWs
exhibited optical absorption at a wavelength of <1000 nm. The
optical absorption near the band edge follows the equation:**

ahv = A(hy — Eg)"* (2)

where «, h, v, E; and A are the absorption coefficient, Planck’s
constant, light frequency, band gap energy, and a constant,
respectively. Among them, » depends on the transition process
in a semiconductor, such as n = 1 or n = 4 for direct transition
or indirect transition, respectively. For a-Cu,Se, the value of 7 is
4 for indirect transition. The E, value of a-Cu,Se NWs was
estimated to be 1.20 eV from a plot of (ahv)"? versus photon
energy (Av) in Fig. 1h. This value is in good agreement with that
of bulk a-Cu,Se (~1.2 eV***?). Considering that even a small
amount of impurity changes the band gap of Cu,Se,* this result
indicates that the pure a-Cu,Se NWs were precisely formed by
the photoreduction method.

Cu,.,Se NWs were also synthesized with various composi-
tion ratios. As shown in Fig. 2a, the composition ratio quanti-
fied by EDX (x4) exhibits a monotonically increasing trend in
relation to x. This trend suggests the formation of Cu,.,Se NWs
with various composition ratios. However, in the range of x >
0.0, the x4 values were saturated and were consistently smaller
than the corresponding x values. The missing Cu remained
unreacted in solution, namely only Cu that can be soluble in
Cu,Se reacted. Here, to investigate the presence and amounts of
Cu vacancies in Cu,.,Se NWs, we obtained DR UV-vis-NIR
spectra of these NWs. Fig. 2b shows the DR UV-vis-NIR
spectra normalized by using the Kubelka-Munk values at
around a 500 nm wavelength corresponding to band-edge or
interband absorption.*> For x = 0.0, additional broad peaks
were observed at a longer wavelength than 800 nm, corre-
sponding to intraband absorption.*” Intraband absorption is
caused by electron excitation from a lower energy filled state to
a higher energy empty state within the valence band, which is
formed by the introduction of Cu vacancies.* The intraband
absorption peak (Cu vacancies) decreased on increasing x in
Cu,:,Se NWs, as shown in Fig. 2b. Although there are small
amounts of Cu vacancies for Cu, o,Se, the Cu vacancies almost

0.3F 7 5 25
< @ 8 [[Sas (b)
- T 2.0F —cues
b 02r g £ Gupnse
2 515
3 oaf ~
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x 4 3 ~Z
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01 00 01 02 03 2 500 1000 1500 2000

x of Cu,,,Se Wavelength (nm)

Fig.2 (a) The composition ratio quantified by EDX (x,) as a function of
composition ratio (x). The dashed line in (a) indicates the theoretical
one when xq is the same as x. (b) DR UV-vis-NIR spectra of Cu,,,Se
NWs normalized by using the Kubelka—Munk values at around
a 500 nm wavelength corresponding to band-edge or interband
absorption.
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disappeared for Cu, ;,Se by adding a slight excess of Cu. The
saturation of x4 (Fig. 2a) was found to be due to the reduction of
Cu vacancies brought about by the incorporation of excess Cu.
The Cu vacancies affect the carrier concentrations (p) in Cu,.,Se
NWs because Cu vacancies work as acceptors in Cu,Se. In fact,
the p value of Cu, o5S¢ NWs (6.1 x 10** cm ™) measured by Hall
effect measurement was higher than that of Cu, 4,Se NWs (1.8
x 10" ¢cm™?). This result also supports the decrease in the
amounts of Cu vacancies in Cu,.,Se NWs on increasing x. From
these results, Cu,,,Se NWs were precisely synthesized with
various composition ratios by the photoreduction method.

Fig. 3a-c show the composition ratio (x) dependencies of o, S
and S°¢ of Cu,.,Se NWs measured at RT, respectively. o and S of
Cu,.,Se NWs monotonically decreased and increased as x
increased, respectively. As a result, S°¢ was maximized for
Cu, 00S¢ NWs. The dependencies can be explained by the
change in p in Cu,.,Se NWs. In general, there is a trade-off
relationship between ¢ and S: ¢ increases and S decreases
with the increase in p, and S°¢ is maximized on optimizing p. In
the case of Cu,,,Se NWs, S>¢ was maximized by precisely
synthesizing Cu,.,Se NWs with various composition ratios
because p depends on the amounts of Cu vacancies. We aban-
doned the measurement of x due to the subtle thickness and
surface roughness of the Cu,.,Se NW films. However, « of our
Cu,.Se NW films might be lower than that of Cu,Se bulks with
uniform nanostructures because phonons with various mean
free paths can be scattered at two types of interfaces: (1) poly-
crystalline interfaces and (2) NW/NW interfaces. The actual «
will be evaluated in future study.

Comparing the thermoelectric properties of Cu,.,Se NWs
with those of previously reported bulk samples, S was compa-
rable to that of the bulk samples while carrier mobility u was
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Fig.3 The composition ratio (x) dependencies of (a) ¢, (b) S and (c) S
of Cu,.xSe NWs measured at RT. The dashed lines in a—c indicate eye-
guides. (d) S%¢ of Cu,goSe NWs (solid symbol) as a function of the
fabrication temperature. In (d), the data of polycrystalline films (open
symbol)*8-5° were plotted.
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lower than that of the bulk samples at the same carrier
concentration®*® (Fig. S31). In general, the bulk samples
synthesized at high temperature by the sintering or melting
method exhibit higher carrier mobility due to low concentration
of point defects and polycrystalline interfaces.”” In fact, bulk
Cu,Se samples exhibit a high 5?0 of ~8 uW ecm ™' K2 at RT.?* To
compare our Cu,,,Se NW samples synthesized at near RT with
previously reported samples, we plotted S”c data with thin films
fabricated at relatively low temperature as a function of fabri-
cation temperature as shown in Fig. 3d. Cu,.,Se NW samples
exhibited comparable $%s to that of the polycrystalline films
fabricated at higher temperature.***° The achievement of the
high $%¢ despite low-temperature fabrication is attributed to the
precise synthesis of Cu,.,Se NWs with various amounts of Cu
vacancies. The S?¢ values also followed the temperature trend of
epitaxial films (Fig. S41).°* Here, we suggest that the reason why
Cu,.,Se NWs could be synthesized with various Cu vacancies is
due to the precise reaction of Cu®>" and Se nanowires without
additional Cu-related precipitates coming from the slow reac-
tion of photoreduction. In the following section, we investigated
the reaction process of Cu, ¢,Se NWs in detail by observing the
reaction intermediates.

Reaction time dependences of 26-w scans of XRD for Cu, oSe
NWs were observed as shown in Fig. S5.1 To see the reaction
time dependence simply, the enlarged graph of 20-35° was used
for the analysis, as shown in Fig. 4a. The peaks indicated by star
marks (%) for 12 h were found to be assigned to monoclinic a-
Cu,Se. Since the observed pattern was entirely different from
that for 0 h (as-prepared Se NWs) assigned to hexagonal Se, Se
NWs completely reacted with Cu®" ions for 12 h. No peaks
originating from metallic Cu at 43.3°, Cu,O at 36.4° or CuO at
35.5° were observed (JCPDS file no. 5-0667 and 48-1548)

(a) (b)
12 h*j\ 12 a-Cu,Se (%)
= 7 =
S| i 3 6 aCuSe(k)
gl4h Ju o | E
3 E 41 pCu,Se (A)+CuzSe, (H)
>|2h av v 5
7] = | Cu,Se, (W) + CuSe (V)
5 05h o _§ 2 +4-Cu,Se (A)
~[oh R £ 054 cuSe(V)+Se(®)
0— Se(®
20 24 28 32 @
26 (degree)
C d aCu,Se
(g) 2.0F I 9 (g) e Twi light
T 15L e 5% h oo
Q b4 £
E 10} 2 .
E . >
© ] /o light
& 0514 < o .V: o
35 IS ') o
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Fig. 4 (a) 20-w XRD scans for copper selenide NWs synthesized using
UV light irradiation for 0—12 hours. (b) Crystal phases of copper sele-
nide NWs as a function of light irradiation time. (c) Cu/Se atomic ratios
obtained by quantitative EDX analysis as a function of light irradiation
time. In (c), the dashed curve represents the fitted one to the experi-
mental data with egn (6). (d) 26-w XRD scans for the samples with and
without light irradiation for 12 hours.
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(Fig. S51). Looking at the XRD patterns for 0.5-6 h, various
phases (hexagonal Se (@), hexagonal CuSe (V), tetragonal
Cu;Se, (H), cubic B-Cu,Se (A), and monoclinic a-Cu,Se (%))
were observed. From these XRD patters, typical peaks origi-
nating from CuSe + Se, CujzSe, + CuSe + B-Cu,Se, B-Cu,Se +
Cus;Se,, a-Cu,Se, and «-Cu,Se were observed for 0.5, 2, 4, 6, and
12 h, respectively (Fig. 4b). Considering that the main peaks for
0.5, 2, 4, and 6 h were assigned to CuSe, Cu;Se,, B-Cu,Se, and o-
Cu,Se, respectively, Se NWs were sequentially reacted with Cu**
ions as follows:

Se — CuSe — Cu3Se; — B-Cu,Se — a-Cu,Se (3)

As these results show, a-Cu,Se NWs were formed through
crystal structure changes by a sequential reaction as indicated
by eqn (3). This sequential reaction of copper and selenium was
also reported for the synthesis of copper selenides by the elec-
trochemical method.”** It was found that similar reaction
processes occurred for the synthesis of a-Cu,Se NWs through
the photoreduction method. This result indicates that Cu®>* and
Se NWs were precisely reacted without additional Cu-related
precipitates, leading to the control of the amounts of Cu
vacancies. Since the Cu,,,Se NWs used for the evaluations of
thermoelectric properties and UV-vis-NIR were synthesized at
12 h, they were probably completely alloyed.

We also synthesized single phase f-Cu,Se or CuSe NWs with
the Cu/Se atomic ratios of 1.8 or 1.0 by the photoreduction
method, respectively. 26-«» XRD scans of these NWs are shown
in Fig. S6.1 The XRD peaks observed from NWs with a Cu/Se
ratio of 1.8 and 1.0 were assigned to only cubic B-Cu,Se and
hexagonal CuSe, respectively. This result indicates that tar-
geted phases of copper selenide can be synthesized by
adjusting Cu/Se ratios. We also found that S%¢ of B-Cu,Se NWs
and CuSe NWs was much lower than that of a-Cu,Se NWs
(Fig. S771). Namely, the control of the crystalline phase through
the photoreduction method is one of the reasons why a-Cu,Se
NWs exhibited a high $%¢ in this study.

To elucidate the process of the reaction of Cu®>" ions and Se
NWs, the reaction kinetics are discussed below. Cu/Se atomic
ratios obtained by quantitative EDX analysis were plotted as
a function of reaction time (Fig. 4c). The ratio was almost
saturated to be ~2 at 6 h. This result is consistent with XRD
results, where single-phase a-Cu,Se was formed at 6 h. It is
obvious that the Cu/Se data can be fitted using the following
equation:

Cu/Se = 2(1 — exp(—kt)) (4)

where ¢ is the reaction time and k is the reaction rate. The fitting
parameter, k was found to be 0.46 (h '), where the initial value
of Cu/Se was set to 0 (¢ = 0). The dependence in eqn (4) seems to
be explained by the following two-step reaction: the rate-
determining step (5) and the subsequent fast step (6)

hv

Cu*t +e SCut (5)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Schematic illustration of (a) the precise synthesis of Cu,,,Se
NWs through photoreduction with Cu?* ions adsorbed on Se NWs and
(b) the photoreduction mechanism of Cu®* ions.

2Cu* + Se + 2¢~ % Cu,Se (6)

To investigate the effect of light irradiation, the same
synthesis processes without light irradiation for 12 hours were
also conducted. Fig. 4d shows 26-w XRD scans for samples with
and without light irradiation for 12 hours. In the sample
without light irradiation, XRD patterns of only hexagonal Se
were observed while those of other copper selenides such as
monoclinic a-Cu,Se were not observed. Thus, Cu?" ions and Se
NWs could not be reacted without light irradiation. Therefore,
these results support that photoreduction occurred with Cu*
ions adsorbed on Se NWs, as shown in Fig. 5a. Therefore, Cu**
ions were sequentially reacted with Se NWs without deficiency.
Namely, this photoreduction under the adsorbed conditions
realized the control of Cu vacancies in Cu,.,Se NWs (Fig. 5a).

Finally, we show the mechanism of the photoreduction
process. In our previous studies, Cu nanoparticles were
synthesized by reducing copper ions through the photoreduc-
tion method.*® Therein, we consider that photoinduced elec-
trons in acetic acid ions (AcO™) were transferred to copper ions
according to the previous studies on the photoredox properties
of copper(u)-carboxylate complexes.>*” Given the consistent
use of the same solvent (water and ethanol) and cuprous salt
(copper acetate) in this study, the reduction of copper ions
comes from the same mechanism observed in Cu nanoparticle
formation, as illustrated in Fig. 5b. Notably, considering that
the selenium valence in a-Cu,Se is —2,°*%® it is obvious that Se
was also reduced by light irradiation.

Conclusions

We synthesized Cu,.,Se NWs with various amounts of Cu
vacancies at RT by the photoreduction method and investigated
their thermoelectric properties. Cu,.,Se NWs exhibited
comparable 5% to that of the polycrystalline films fabricated at
higher temperature. The achievement of the high $>¢ despite

© 2024 The Author(s). Published by the Royal Society of Chemistry
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low-temperature fabrication is attributed to the precise
synthesis of Cu,.,Se NWs with various amounts of Cu vacan-
cies. From XRD analysis of the intermediate condition before
complete reaction, it was found that Se NWs were consequently
reacted with Cu** ions, accompanying changes in crystal
structures, resulting in the formation of single-phase a-Cu,Se
NWs. Furthermore, the discussion of reaction kinetics revealed
that photoreduction occurred with Cu®" ions adsorbed on Se
NWs. Therefore, Cu®>" ions were sequentially reacted with Se
NWs without deficiency. Namely, this photoreduction under the
adsorbed conditions realized the control of Cu vacancies in
Cu,,Se NWs.
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