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In nature, self-healing can be induced by sunlight for damage and wound repair, and this phenomenon is very
important to living species for prolonging their lives. This self-repairing feature is obviously highly desirable for
non-biological materials and manmade systems. In this paper, we demonstrate, for the first time, that battery
electrodes can be self-repaired when exposed to sunlight. Here, we show that the optical, and photoelec-
trochemical (PEC) properties can be controlled by varying structural and compositional parameters of copper
selenide nanocrystals (NCs). Cation to anion ratio in copper selenide (Cu,  xSe) NCs can be controlled over a

wide range of 1.3-2.7 by simply changing the reaction temperature and impurity. Light-induced self-repairable
behavior is demonstrated with electrochemical (EC) and PEC performances of electrodes made with stoichio-
metric copper selenide NCs. This nature-inspired, self-repairing behavior can be applied to batteries, super-
capacitors, and photo-electrochemical fuel generators.

1. Introduction

Today, an average person throws away eight batteries per year thus
millions of batteries are wasted imposing an immeasurable, adverse
effect on our environment [1]. In nature, self-repairing is an important
feature for living species, where wounds are self-healed to restore
physiological functions and extend the life of an organism. Sunlight is
an important self-repairing activator in plants and animals, where
photons are absorbed through electronic absorption of some molecular
chromophores or photoacceptors, which turns on intensified physiolo-
gical activities to repair wounds [2]. Inspired by this phenomenon, it is
highly desirable to incorporate self-reparability features in energy
harvesting, e.g. electrochemical cells, as well as in energy storage de-
vices, e.g. batteries and capacitors, to prolong their lifetime. Electro-
chemical reactions at electrode-electrolyte interfaces in batteries result
in the structural and compositional changes in electrode material due to
the irreversible redox reaction that causes degradation in device per-
formance over the course of a number of cycles and ultimately resulting
in its failure [3,4]. Therefore, self-reparability features require struc-
tural and compositional control of the electrode material over many
cycles to ensure its prolonged operation.

Recently, copper chalcogenides have attracted extensive research
due to their fascinating physical, chemical, and semiconducting prop-
erties driven by their chemical composition and crystalline structure,

which are tailorable through intelligent control of synthesis conditions
[5-10]. Copper selenide (Cu,Se) is an important chalcogenide material
with a wide range of applications in thermoelectric and photovoltaic-
based energy harvesting [11-13], in photocatalytic degradation of dyes
for water purification, in the fabrication of electrodes for batteries
[14,15], and in photo-ablation therapy [16]. Due to their metal-like
behavior, copper selenide nanocrystals (NCs) have strong localized
surface plasmon resonance (LSPR) absorption tunable by their size,
shape, and chemical composition [17,18]. Strong and widely tunable
LSPRs in near and mid-infrared spectral regions make copper selenide
an ideal candidate for solar energy harvesting, photodetector and
plasmonic sensing applications.

Elemental composition is a decisive parameter for copper selenide
NCs that control their crystalline structure and electronic behavior [19]
and hence self-repairable capability. For example, bulk and stoichio-
metric copper selenide (Cu,Se) is a zero bandgap material with metal-
like behavior [20]. However, copper-deficient Cu,_,Se is an intrinsic p-
type semiconductor with direct and indirect bandgap energies in the
range of 2.1-2.3 eV and 1.2-1.4 eV, respectively [14,19,20]. Non-stoi-
chiometry in Cu, + xSe NCs affects their electronic properties and sig-
nificantly alters their crystalline structure and cation exchange prop-
erties [21-23]. Not only composition, but the arrangement of atoms in a
given structural phase is also a crucial parameter to control electronic,
thermal, and chemical properties of copper selenide [20-23]. For
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example, Pb*? ions selectively react with different planes of cubic and
hexagonal stoichiometric Cu,Se NCs in cation exchange reactions [24].
Owing to these magnificent characteristics, compositional and struc-
tural control in copper selenide NCs is highly desirable for their specific
scientific and technological applications, which poses a general chal-
lenge for researchers to discover new synthesis methodologies.

Typical methodology discovery is conducted with conventional so-
lution chemistry, where either the concentration of chemical precursors
is varied [25], or post-processing techniques, such as cation exchange
or thermal annealing, are used to control chemical composition or
crystallinity/phase of materials [24,26,27]. In the former case, the
amount of required precursor needs to be calculated and measured
precisely for a given chemical composition. However, the latter in-
volves multiple additional time-consuming steps that increase the
possibility of contamination and environmental exposure. For example,
annealing of the sample at a high temperature for phase conversion
might oxidize it and limit its device applications.

In this work, we report reaction temperature and impurity-induced
structural and compositional control in gram scale synthesis of
Cu, + ,Se NCs for light-induced self-repairable electrodes for electro-
chemical cells. The reaction temperature is varied from 200 to 260 °C to
tune the copper to selenium ratio from 1.8 to 2.5 while retaining their
a-crystalline phase. Doping of silver is also used to control composi-
tional properties as well as the crystalline structure of copper selenide
NCs. At a given reaction temperature (230 °C), 1% w/w doping of Ag
transfers stoichiometric (a-Cu,Se) copper selenide NCs to non-stoi-
chiometric (a-Cu,;Se) selenium deficient NCs of the same crystalline
phase, while 2% doping of silver causes compositional and phase
transformation to produce non-stoichiometric (3-phase of copper sele-
nide (B-Cu; 3Se) NCs. Stoichiometric a-Cu,Se and non-stoichiometric f3-
Cu; 3Se NCs are tested for EC and PEC performance. Interestingly, we
observed light-induced self-repairable behavior for an electrode made
with copper selenide NCs having Cu/Se ratio close to its stoichiometric
value. In the dark, an electrode made from stoichiometric copper se-
lenide NCs shows a decrease in anodic current density as well as a
decrease in the value of oxidation potential with the number of cycles
(degradation). However, under illumination with a solar simulator, it
re-attains its initial state of current density and oxidation potential (i.e.
light induced self-repairing under solar light) after the same number of
cycles.

2. Experimental section
2.1. Synthesis of copper selenide nanocrystals

2.1.1. Materials

Copper oxide (CuO; 99.95%), selenium oxide (Se02; 99.97%), silver
oxide (Ag0;99.97%), sodium hydroxide (NaOH; 99.97%), poly-
vinylpolymide (PVP; MW 8000), and ethylene glycol (EG) were pur-
chased from Alfa Aesar and were used without further purification.

2.1.2. Synthesis procedure

Deionized water and a mixture of deionized water, PVP and EG
mixture were used as solvents for the synthesis of different samples. In a
typical synthesis procedure for samples S1-S3, 1.6g CuO and 1.11g
SeO, powders were added into 36 ml water followed by ultrasonic
dispersion for 30 min to make the first solution. In a separate glass
vessel, 0.8 g of NaOH was dissolved into 100 ml of deionized water to
make a 0.2M solution. Both solutions were transferred into 150 ml
teflon-lined stainless-steel autoclave and maintained at a constant re-
action temperature (150-260 °C) for 24 h followed by natural cooling.
Products were separated by centrifugation, washed 2-3 times sequen-
tially with water and ethyl alcohol, dried at 60 °C in an air oven and
finally stored in dried and cleaned glass vials for further characteriza-
tions and applications. For samples S4-S7, mixture of 0.5g poly-
vinylpyrrolidone (PVP) into 36 ml of EG was used as a solvent in place
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Table 1
Synthesis parameters and compositional and structural phase of as-produced
final products.

Sample Solvent Ag doping w/  Reaction Product

Name w (%) temperature (°C)

S1 Water 0 200 CuO

S2 Water 0 230 CuO

S3 water 0 260 CuO

S4 Water/EG/ 0 150 CuO
PVP

S5 Water/EG/ 0 200 a-Cu, gSe
PVP

**s6 Water/EG/ 0 230 a-CusSe
PVP

S7 Water/EG/ 0 260 a-Cuy sSe
PVP

S8 Water/EG/ 1 230 a-Cu, ;Se
PVP

59 Water/EG/ 2 230 B-Cu; 5Se
PVP

@ Samples tested for PEC performance.
b Sample with photo-repairable property.

of deionized water for making the first solution. PVP was used as a
stabilizer and growth terminator that controls size of particles and re-
duces their aggregation/agglomeration. For samples S8 and S9, we
added 1% w/w (16 mg) and 2% w/w (32mg) of AgO powders, re-
spectively into reaction mixtures and maintained them at 230 °C tem-
peratures for 24 h. We did not use a larger amount of Ag doping due to
the possibility for the synthesis of highly non-stoichiometric copper
selenide NCs. Table 1 shows the experimental parameters used and the
final products obtained for samples S1-S9.

2.2. Characterizations of as-synthesized copper selenide nanocrystals

Crystalline properties of as produced powder samples having micro
as well as nano-crystals were measured using PANalytical X-ray dif-
fractometer with A = 1.5406 A° line from Cu-Ka source. As produced
powder samples (0.25 mg/ml) were ultrasonically dispersed into double
distilled water and obtained solutions were used for UV-visible-IR
measurements using PerkinElmer Lambda-900 double beam spectro-
photometer in the spectral range of 250-2500 nm. Films were drop-
casted on ITO coated glass slides from the corresponding dispersions
used for optical measurements. Crystallinity and phase of as-prepared
films were also measured using the same X-ray diffractometer. X-ray
measurement from powder samples would have major diffractions from
micro-crystals, while those measured from films have diffractions from
nanocrystals. Zeiss Auriga and PhenomWorld Scanning electron mi-
croscopes (SEMs) were used for surface morphology, while an Energy
Dispersive X-ray absorption (EDAX) spectrometer attached with SEM
was used for elemental analysis and mapping of the nanoparticles de-
posited on ITO coated glass slides. Three different spots on the same
particle and five different particles of the same sample were used to get
the average elemental composition of each sample.

2.3. Photo-electrochemical and light induced self-reparability measurements

Electrochemical measurements in dark and under solar light illu-
mination were done in a conventional three-electrode system using an
electrochemical workstation (Biological, Model VMP3). A platinum
wire and a saturated calomel electrode (SCE) were used as the counter
and reference electrodes respectively. The working electrodes were
fabricated using drop cast deposition of acetone dispersed (1 mg/ml)
powders on a 15mm X 15 mm ITO coated glass substrate with 100 nm
thickness of conducting ITO layer. Weight of the ITO coated glass was
measured before and after coating to measure the amount of copper
selenide powders on electrodes using a microbalance (Radwag RS 60/
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Fig. 1. X-ray diffraction patterns from as produced powder samples (a) S2 (230 °C) and S3 (260 °C) samples of CuO (left) along with larger angle shift in (111) peak
position (right) at higher temperature, (b) S4 (150 °C), S5 (200 °C), S6 (230 °C) and S7 (260 °C) samples of Cu, . xSe nano/micro-powders (left) along with smaller 26
shift in (541) peak with increase in reaction temperature (right), and (c) S6 (0%), S8 (1%) and S9 (2%) Ag doped Cu, . ,Se (left) and enlarged view of diffraction

peaks in the 20 range of 43-45°.

220) with 10 pg resolution. Electrodes made with S6 (a-Cu,Se) and S9
(B-Cu;.3Se) NC samples have about 6.10 mg of copper selenide pow-
ders. A fresh aqueous solution of Na»,SO,4 (0.5 M) was used as electrolyte
in all measurements and bubbling of pure nitrogen for 30 min was done
for degassing prior to the electrochemical measurements. Light from a
solar simulator (100 mW/cm?), having 300mW xenon lamp and
AM1.5G air mass filter, was used for the illumination of electrodes
through the electrolyte to study one sun enabled PEC and light-induced
self-reparability response of copper selenide electrodes. Cyclic
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voltammogram (CV) measurements from — 1.0 to + 1.0V at a scan
rate of 20 mV/s were performed by taking data for six dark cycles fol-
lowed by six cycles under light illumination from the solar simulator. A
two-minute time interval was intentionally made between EC mea-
surements in dark and under light illumination to study the influence of
electrolyte on unbiased electrodes. Two sets of dark and light cycles
with each of them having six CV cycles were used to test the light-
induced self-repairable phenomenon. Electrodes were structurally and
compositionally characterized before and after the PEC measurements.
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Fig. 2. X-ray diffraction patterns of (a) Cus  xSe NCs drop casted on ITO coated
glass substrate from ultrasonic dispersions of corresponding powders into
acetone. Comparative XRD patterns of as produced powder and drop casted film
on ITO coated glass substrate for (b) S5 and (c) S9 samples.

3. Results and discussion

3.1. Influences of solvent composition, reaction temperature and doping on
structural and compositional evolution of copper selenide nanocrystals

Effects of solvent composition, reaction temperature and doping of
silver on size, shape, morphology, and cation/anion ratio of copper
oxide/selenide NCs are investigated. Fig. 1 demonstrates XRD patterns
of as-synthesized copper oxide/copper selenide NCs under different
experimental conditions. Use of double distilled water as a solvent at a
given reaction temperature in the range of 150-260 °C produces CuO
nano/microparticles where the degree of crystallinity and crystalline
size tend to increase with reaction temperature (Fig. 1(a)). Scherrer
formula (D = 1/2fcosf; where A = 1.54056 is X-ray line from Cu-Ka
source, [} is full width at half maximum in radian and 6 is half of the
peak center) for (111) plane results for crystalline size around 10.56
and 18.14nm for the copper oxide NCs produced at reaction tem-
peratures of 230 and 260 °C, respectively. This means that the use of
water as a solvent does not provide a suitable thermodynamic condition
for the reaction between CuO and SeO, powders needed to synthesize
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Cus + xSe NCs.

XRD data of powder samples (S4-S7), hydrothermally produced
from a mixture of water and EG as a solvent and PVP as a stabilizing
agent at a constant reaction temperature in the range of 150-260 °C, is
shown in Fig. 1(b) along with the corresponding magnified view in the
right column. At 150 °C reaction temperature (S4), the EG and water
mixture also produces CuO nanocrystals with almost 10.5 nm crystal-
line size corresponding to (111) plane. At higher reaction temperatures
in the range of 200-260 °C, CuO and SeO, powders in water/EG mix-
tures produce a-Cu, . ,Se nano/microcrystals (JCPDS 47-1448), where
cation/anion ratio, size, shape and morphology are tuned by reaction
temperature. It is interesting to note that for the same amount of re-
actants in the reaction mixture, one can tune density of copper vacancy
and hence lattice distortion and carrier concentration simply by tuning
reaction temperature [12]. We can clearly see that with the increase of
reaction temperature, the diffraction peak corresponding to (541) plane
shifts towards smaller 26 values demonstrating an increase of copper to
selenium ratio [28]. At 230 °C Cu/Se ratio is very close to stoichio-
metric copper selenide with minimum distortion in the lattice (JCPDS
47-1448), however for higher (260 °C) and lower (200 °C) reaction
temperatures, cation to anion ratios are respectively larger and smaller
relative to the stoichiometric value.

We selected the water/EG mixture as solvent with PVP as a stabi-
lizer and 230 °C reaction temperature for the addition of 1% and 2% w/
w of AgO into the reaction mixture by maintaining amounts of copper
oxide and selenium oxide at constant values. Doping of copper selenide
with 1% Ag retains its a phase (Fig. 1(c); red curve). However, shift
towards the lower 20 value demonstrates increase of cation density in
the a-Cu, . ,Se lattice. Further increase of Ag concentration upto 2%
established a suitable thermodynamic condition that transferred copper
selenide NCs from a to  phase (JCPDS 47-1448) without any post-
processing such as thermal treatment. In general, transformation of the
phase of copper selenide from a to B requires thermal annealing at
~ 400K for several hours under vacuum condition [28].

Fig. 2(a) shows XRD patterns of copper selenide NCs (S5, S6, S8 and
S9) drop casted on ITO coated glass substrates from the ultrasonic
dispersions of corresponding powders. These films have larger ratios of
nano to microcrystals as compared to powder samples where micro-
crystals are in majority. Prominent XRD peaks are indexed to 3 phase of
copper selenide (JCPDS:06-0680). Comparative diffraction patterns
from powder and drop casted films for samples S5 and S9, are presented
in Fig. 2(b) and (c), respectively. Based on these investigations, we can
conclude that larger sized particles (the majority in powder) are in a
crystalline phase for samples S5-S8, while they are in (-phase for
sample S9. However, smaller sized particles such as NCs (the majority
in drop casted film) are in (-phase for all the samples. The appearance
of (311), (400) and (331) diffraction peaks (Fig. 1(b)) of 3-Cus + xSe in
powder diffraction of samples S5-S8 also supports the presence of
phase as the trace.

3.2. Electron microscopy, Surface morphology and Compositional
investigation

SEM images of NCs produced in double distilled water at 230 and
260 °C reaction temperatures are shown in Fig. S1(a,b) with EDAX
spectrum in the inset. Crystals produced at 230 °C are mostly pyramidal
shapes, while those obtained from 260 °C reaction temperature have
two-dimensional sheet-like structures. EDAX data shows the presence of
copper and oxygen only, revealing synthesis of copper oxide rather than
copper selenide nanocrystals as shown by XRD measurements in
Fig. 1(a).

Tuning of reaction temperature under a given synthesis condition
can control the rate of reaction and hence size, shape, and composition
of NCs. SEM images and EDAX spectra of Cu, . xSe NCs produced in
water/EG/PVA solution at 200, 230 and 260 °C reaction temperatures
are presented in Fig. 3. With the increase of reaction temperature, not
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Fig. 3. SEM images of Cu, . xSe nano/microcrystals produced in water/ethylene glycol/PVP solvent at (a) 200, (b) 230, and (c) 260 °C reaction temperatures at low
resolution (left column), higher resolution (middle column), and corresponding EDAX spectra (right column). Insets in the right column: circle selected on the
micron-sized crystals for compositional (EDAX) investigations along with percentage atomic compositions of elements in the tabular form and corresponding copper
to selenium (Cu/Se) ratios. The rest of the material is carbon from the conducting adhesive tape used for securing the sample.

does only the size of individual particles tend to increase, but these
particles also get self-assembled into larger size crystals (left column of
Fig. 3). The average of EDAX mapping for three different positions of
the same crystal and for five different crystals of the same sample gives
compositional information of NCs. Interestingly, it is observed that re-
action temperature can dictate the elemental composition of final
product NCs for the same amount of initial reactants and solvents. The
increase of reaction temperature during hydrothermal synthesis in-
creases the copper to selenium (Cu/Se) ratio into the product NCs (right
column Fig. 3). On the basis of EDAX investigation, we can say that NCs
produced at 200, 230, and 260 °C reaction temperatures are Cu, gSe,
Cu,Se and Cu,sSe respectively. Here, one can see that nearly stoi-
chiometric copper selenide NCs are produced at 230 °C reaction tem-
peratures, while cation and anion-deficient NCs are produced at 200
and 260 °C reaction temperatures. EDAX elemental investigation sup-
ports the lower 20 shift in (541) peak with increase in reaction tem-
perature (right column Fig. 1(b)). Since we achieved nearly stoichio-
metric copper selenide at 230 °C reaction temperature, therefore this
thermodynamic condition was deliberately chosen for doping of silver
atoms into copper selenide lattice. SEM images and EDAX spectra of 1%
and 2% w/w Ag doped copper selenide NCs are presented in Fig. 4. As
compared to wundoped copper selenide (Stoichiometric CusSe
(Fig. 3(b)), NCs produced with 1% doping of Ag have multifaceted
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crystal structure, comparatively large particle size (Fig. 4(a); left and
central column), and most importantly, they are non-stoichiometric
with higher copper to selenium ratios (Cu,,Se; EDAX spectrum right
column Fig. 4(a)). As discussed in Section 3.1, NCs produced with 1%
Ag doping retain their a crystalline phase, however, those produced
with 2% Ag doping are get transferred to (3-phase. SEM images and
EDAX data, reveal that not only the phase but the size, shape, mor-
phology, and composition of NCs can be tuned by small amounts of
impurity doping. NCs produced with 2% of Ag doping are much smaller
in size with an irregular shape (Fig. 4(b)) and have copper deficiency
(Cuy.3Se; EDAX spectrum right column Fig. 4(b)).

Transmission electron microscopic (TEM) images of copper selenide
NCs produced at 200 and 260 °C reaction temperatures are shown in
Fig. 5. TEM images (Fig. 5(a—c)) of copper selenide NCs produced in
water/PVA/EG solvent at 200 °C reaction temperature (S4) reveals
synthesis of a large sized (> 500 nm) single crystal with high degree of
crystallinity. Encircled portions and inset (Fig. 5(b)) show lattice fringes
at different faces of the crystal presented in Fig. 5(a) revealing high
degree of crystallinity of NCs. An enlarged view of one of the face of
nanocrystal (highlighted by white square) has pyramidal structure with
a high degree of crystallinity, further supports our claim for the
synthesis of larger sized single crystals rather than self-assembly or
aggregation of smaller sized nanoparticles to build a larger sized
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Fig. 4. SEM images of hydrothermally synthesized copper selenide microcrystals into water/ethylene glycol/PVP solvent at 230 °C reaction temperature with (a) 1%
and (b) 2% of Ag doping with corresponding EDAX images and elemental mapping. The rest of the material is carbon from the conducting adhesive tape used for

securing the sample.

crystal. In contrast to this, TEM images of NPs produced at 260 °C re-
action temperature (Fig. 5(d—f)) show self-assembly of a large number
of smaller (5-20 nm) sized particles as building blocks for larger sized
microcrystals. TEM investigations of these two samples disclose that
reaction temperature is an important control parameter to tune the
strategy for the synthesis of larger sized crystals from smaller sized
clusters or atomic/molecular sized entities as building blocks.

3.3. Reaction temperature and doping induced tuning of Localized Surface
Plasmon Resonance (LSPRs) absorption of as-synthesized copper selenide
nanocrystals

The interaction of light with nanostructured surfaces is governed by
coherent and surface-bound oscillation of free electrons in resonance
with the incident electromagnetic field. Due to the localized surface
plasmon resonances (LSPRs), nanoparticles exhibit strong electric field
enhancement on their surfaces causing enhancements in emission and
absorption in molecules in their close vicinity. LSPR absorption, mainly
governed by free carrier density (N) of the material, can be used as a
probe for the diagnosis and control of electronic conductivity of semi-
conductors. Blue shift in the LSPR peak position is a widely used tool for
size determination of particles with sizes smaller than their quantum
confinement (QC) limit. Unlike metals, where LSPRs are only size,
shape and ambient environment dependent due to their fixed carrier
concentration, semiconductors pose widely tunable LSPRs due to the
doping and defect-induced control in their carrier density [29,30].
Observation of tunable and strong LSPRs in semiconductor NCs such as
copper selenide is desirable for efficient optoelectronic and photo-
electrochemical properties.

Copper selenide has strong band to band and SPR absorption in the
UV-Visible-IR range, therefore it is one of the best materials for solar
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energy harvesting applications. Absorption spectra of water dispersed
copper selenide NCs produced at different reaction temperatures in
water/ EG/PVA mixture are shown in Fig. 6(a), while absorption
spectra of NPs hydrothermally synthesized using water as solvent at
different reaction temperature are presented in Fig. S1(c,d). We ultra-
sonically dispersed equal amount (0.25 mg/ml) of NCs in double dis-
tilled water to make solution for optical absorption measurements. NCs
produced at 150 °C reaction temperature in water/EG/PVA mixture has
absorption maxima at 370nm with absorption onset at 870nm
(1.42eV) corresponding to the direct bandgap of CuO nanoparticles
(Fig. S2). Samples produced at higher reaction temperature
(200-260 °C) have intense absorption peaks at around 540 nm corre-
sponding to the direct band-gap [12,15] and fundamental absorption of
Cu » + ,Se NPs (Fig. 6(a)). Intense absorption in the broad spectral range
of 950-1500 nm with peak center around 1300 nm may be due to the
superposition of the much weaker indirect bandgap absorption and
pronounced LSPR absorption driven by collective oscillation of the free
charge carrier. Therefore, absorption peaks centered at around 1300 nm
are Gaussian deconvoluted to extract LSPR absorption and associated
properties. The position of the LSPR angular frequency (wy,) is related
to the free charge carrier density (N.) through the expression
wp = /(@*/1 + 2¢,) — y?, where w, = \/N.e*/gom, is bulk plasma fre-
quency that depends on the density (N.) and effective mass (m,) of the
free charge carrier, and y, ¢, are width of LSPR peak and dielectric
constant of the medium, respectively. The position of LSPR angular
frequency (wg,) and width (y) are obtained through Gaussian decon-
volution of experimentally observed absorption peaks and selecting
most intense one (Fig. S3 and Fig. S4) out of all deconvoluted peaks,
while m,. value for charge carrier in copper selenide NCs is used from
Ref. [31]. LSPR peak position (Asp), @y, and y data obtained by
Gaussian fitting of experimental absorption spectra are tabulated in
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Fig. 5. TEM images of Cu, . ,Se nano/microcrystals produced at (a-c) 200, and (d-f) 260 °C reaction temperatures. (a) Low magnification TEM image scale bar
100 nm. (Inset) high angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) image of NCs (b) high magnification; scale bar 20 nm;
(Inset) HRTEM shows lattice fringes with an inter-planner spacing of ~ 0.33 nm, and (c) enlarged view of the squared portion of the image (b). TEM images of copper
selenide NCs produced at 260 °C at (d) low; scale bar 100 nm, and (e, f) at higher magnifications; scale bar 50 and 20 nm.

Table 2. These data are used for the calculation of bulk plasma fre-
quency (w,) and free charge carrier density (N.) (Table 2). It is inter-
esting to note that decrease or increase in Cu/Se ratio below or above
the stoichiometric value (Cu/Se = 2) increases wy, values and hence bulk
plasma frequency and free charge carrier density. It is reported that an
increase in copper vacancy in Cu,S quantum dots causes blue shift in
LSPR peaks and consequently increase in hole density [18]. Similarly,
in our case, blue shift in LSPR peak position for Cu; gSe with respect to
that of Cu,Se is due to an increase in hole density. However shorter
wavelength shift in LSPR peak position from sample S6 to S8 is at-
tributed to the increase in copper to selenium ratio resulting in the
formation of selenium-deficient (Cu, . xSe; n-type) copper selenide NCs
and an increase in free electron density. Another absorption peak
around 2200nm (1.3 x 10* s™1) (Fig. S5; Supporting information)
may be due to the non-spherical shapes of the particles.

As discussed in Section 3.1, impurity doping causes the change in
the crystalline size, induces defect and strain in the lattice, and transfers
crystal from a to  phase. Fig. 6(b) shows UV-Vis-IR absorption of
undoped (S6), 1% (S8) and 2% (S9) silver doped copper selenide NCs
produced at 230 °C reaction temperature. For 1% silver doping, shorter
wavelength shift in LSPR peak position relative to the undoped ones,
demonstrates an increase in Cu/Se ratio larger than the stoichiometric
value, and hence an increase in bulk plasma frequency and free electron
density. XRD and SEM investigations showed that 2% doping of Ag into
copper selenide lattice converts it from stoichiometric Cu,Se to copper-
deficient Cu; 3Se phase that would increase hole density. Observed
shorter wavelength shift in the LSPR peak supports XRD and elemental
investigations.
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3.4. Photoelectrochemical (PEC) measurements

Fig. 7(a) shows a schematic of the three-electrode setup for PEC
measurements. Working electrodes, made from stoichiometric Cu,Se
(S6) and copper deficient non-stoichiometric B-Cu; 3Se (S9) NCs, were
immersed into 0.5M fresh Na,SO,4 electrolyte solution for electro-
chemical measurements under dark condition and solar light illumi-
nation. For each sample, cyclic voltammogram (CV) curves were mea-
sured for six cycles in a dark environment followed by six cycles under
AM1.5G solar light illumination with an intentional two-minute in-
terval between the last dark and the first light cycle. Timing diagrams
for applied potential (scan @ 20 mV/s) between working and Ag/AgCl
reference electrodes and generated electrochemical current between
working and counter electrodes are shown in Fig. 7(b) and (c), and in
Supporting information Fig. S5. For a-Cu,Se, an anodic (I4) and a
cathodic (I¢) current peak corresponding to electron transfer during
oxidation and reduction processes of test materials are observed before
the set positive (+ 1.0 V) and negative (— 1.0 V) potential values, re-
spectively (Fig. 7b,d). Values of peak anodic current (I,) and corre-
sponding potential decrease with the number of cycles in the dark
condition. However, under solar light illumination, anodic and cathodic
current values, that were much lower for the first light cycles, attain
their initial dark values after six light cycles. In contrast to Cu,Se, an
electrode made with Cu; 3Se NCs (Fig. 7(c,d)) has no initial anodic
current peak corresponding to the oxidation process, but it shows a
weak cathodic current peak corresponding to the reduction process in
the reverse cycle. However, by increasing the number of cycles under
dark conditions as well as under solar light illumination, the values of
anodic as well as cathodic currents get increased with the shift in the
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Fig. 6. UV-Visible-NIR absorption plots for as-synthesized nanocrystals pro-
duced in the mixture of water/ethylene glycol/ PVP (a) at different reaction
temperatures, and (b) with the addition of 0%, 1% and 2% of AgO in the re-
action mixture at 230 °C reaction temperature.

corresponding potential towards higher values. First cycles of typical
cyclic CV curves for electrodes made with Cu,Se and Cu; 3Se NCs under
dark are shown in Fig. 7(d).

Fig. 8(a) shows six cycles of CV curves for the electrode made with
stoichiometric Cu,Se NCs under dark conditions. Each CV curve has an
anodic peak around + 0.7 V corresponding to the oxidation of Cu,Se
into CuSe (2Cu* — 2Cu** + 2e) and a cathodic peak at — 0.14V
relating to the reduction of CuSe into Cu,Se (2Cu™* * + 2e" — 2Cu™). If
this redox reaction were reversible, ratios of anodic to cathodic currents
would be one. Smaller values of cathodic peak current density (Jc) over
anodic peak current density (J,), demonstrate that all Cu™ * ions pro-
duced at the electrode-electrolyte interface during oxidation process,
are not reduced back to Cu+ ions, but more than half of them may
react with SO, ions of the electrolyte to make CuSO, salt in the so-
lution. When the electrode is negatively biased, not only Cu™ * from the
electrode, but Cu™ * from the CuSO, in the electrolyte also are reduced
on the electrode-electrolyte interface to produce almost the initial
density of Cu™ ions at the electrode. Ideally, peak height of anodic/
cathodic current density and corresponding oxidation/ reduction po-
tential should be the same for subsequent cycles. However, one can see
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Fig. 7. (a) Schematic of three electrode setup for EC and PEC measurements, (b,
c) Timing diagram for applied potential (black line) and generated electro-
chemical current (blue line) for the 1st and the 6th cycles in the dark en-
vironment and under solar light illumination for (b) stoichiometric Cu,Se and
(c) non-stoichiometric B-Cu; 3Se NCs (Black downward arrows present corre-
sponding times when solar simulator is turned on. There is a two-minute in-
terval (not shown here) between the end of 6th cycle in dark and start of 1st
cycle under solar light illumination, and (d) comparative first cycles CV curves
for both electrode materials.

that with the increase in the number of cycle, anodic current density
decreases and oxidation potential shifts towards a lower value
(Fig. 8(a)), while cathodic current remains almost constant. This means
that all of the copper ions that are released into the electrolyte in the

Table 2

Parameters deduced from Gaussian fits of surface plasmon resonance peaks from different a-Cu, . ,Se NCs.
Sample No. Sample name Asp (nM) W, (s7H Y™ w, (s N, (em™3)
S5 Cuy gSe 1246 2.41 x 10™ 4.64 x 10'3 2.20 x 10%° 5.94 x 10%°
S6 Cu,Se 1253 2.39 x 10 6.36 x 10'° 2.15 x 10%° 5.67 x 10%°
S7 Cuy 5Se 1206 2.49 x 10 4.64 x 10" 2.24 x 10%° 6.16 x 10%°
S8 Cuy,Se 1070 2.80 x 10** 3.12 x 10"3 2.52 x 10*° 7.79 x 10%°
S9 Cuj.5Se 1225 2.45 x 10 3.4 x 103 2.47 x 10%° 7.49 x 10%°
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Fig. 8. Cyclic Voltammogram (C-V) curves of samples (a, b) Cu,Se and (c, d) B-Cu, 3Se under (a, c) dark and (b, d) light illumination. Insets (a, d): corresponding SEM
images of electrodes made of copper selenide nano/microcrystals on ITO coated glass surface. Inset (c): Charge generated on electrode relative to the reference
electrode from cycles (1) to (6) for B-Cu,Se and (-Cu; 3Se under dark and one sun enabled solar illumination.

form of CuSO, is not recycled back to the electrode, therefore, it would
degrade with aging.

When the solar simulator is turned on (Fig. 8(b)) after two minutes
since the completion of sixth dark CV cycle, peak anodic current density
(6.6 mA/cm?) for the first cycle under light illumination is much lower
than the corresponding value (8.8 mA/cm?) for sixth cycle under dark
environment. It shows that even under unbiased conditions, electrode
materials interact with electrolyte and get degraded. However, under
solar light illumination, peak anodic current starts ramping and nearly
attains initial (first cycle) value of peak anodic current under dark
condition (Fig. 8(b)). In a similar fashion, peak cathodic current density
under light illumination starts from a much lower value (0.48 mA/cm?),
but increases continuously with the number of cycles and attains its
initial peak dark value (3.78 mA/cm?) and reduction potential
(— 0.13V) after six cycles under solar light illumination. The direction
of black arrows in each panel presents CV curves with the increase in
the number of cycles. It is clear that for the first six cycles in dark
conditions, peak anodic current density (J,) as well as oxidizing po-
tential (V,) decrease with the number of cycles. However, the initial
value is recovered after the next six cycles when the solar simulator is
turned on. This means that the electrode made with stoichiometric
copper selenide NCs has solar light induced self-repairable capabilities.

Fig. 8(c) and (d) show CV curves for electrodes made with 2% Ag
doping (S9; Cu; 3Se) under darkness and solar light illumination con-
ditions respectively. For the first CV cycle under dark, the anodic peak
is unclear or may have very small oxidizing potential, while cathodic
peak appears at a larger value (— 0.22V) as compared to undoped
copper selenide NCs (— 0.13V). With the increase in the number of
cycles, values of anodic and cathodic current densities, as well as

oxidizing and reducing potentials, get increased. As compared to Cu,Se
NCs, the electrode made with Cu, 3Se NCs has higher reducing (— 0.22
vs — 0.13V), but much smaller oxidizing (0.54 vs 0.77 V) potentials.
Under solar light illumination, peak values of anodic and cathodic
current densities as well as oxidation and reduction potential values,
increase with the number of cycles. We performed EC measurements in
dark, light, dark, light sequences where each of them has six CV cycles.

Fig. 9 demonstrates the solar light induced self-repairable capability
of an electrode made with stoichiometric copper selenide NCs. Here we
can see that with the increase in number of cycles, peak anodic
(Fig. 9(a)) and cathodic (Fig. 9(b)) current densities, as well as corre-
sponding potential values, decrease with the number of cycles under
the dark condition due to the effective leaching (difference of ions re-
leased and recovered back in each cycle) of Cu™ ions into the electro-
lyte solution. However, under the solar light illumination, anodic and
cathodic current densities, as well as redox potential, attain their initial
values likely due to the efficient recovery of copper ions from electro-
lyte solutions to the electrode. We extracted current density and power
data from CV curves for better representations of anodic and cathodic
current under the dark and solar light illumination conditions to sup-
port light induced self-repairable behavior in electrode made of stoi-
chiometric Cu,Se NCs (Fig. S6 and S7: Supporting information). The
second set of EC degradation and PEC repairing (Fig. 9(a), (b)) is almost
similar to the first set, demonstrating repeatability and durability of
light-induced self-repairing mechanism. Leaching of cation from elec-
trode may change structural, compositional and optical properties of
electrode material. X-ray diffraction measurement of electrodes made
with stoichiometric (S6; Cu,Se) and copper deficient (Cu; 3Se) copper
selenide NCs are measured before and after the twenty-four (12 dark
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Fig. 9. Demonstration of electrolytic degradation of Cu,Se electrode and its sun-light induced self-repairing. Variations in (a) peak anodic current (J,) and oxidation
potential, and (b) peak cathodic current and reducing potential with the number of cycles under dark and light illumination. Numbers (1), (2), and (3) denote CV
ranges for EC measurements in dark (No. of cycles 1-6), unbiased in dark (2 min time interval between 6 and 7) and EC measurements in solar light illumination
((No. of cycles 7-12)). Same is repeated for another EC degradation and PEC repairing cycle. XRD data of electrodes made with (c) stoichiometric (Cu,Se) copper
selenide and (d) Cu; 3Se before and after EC and PEC cycles. Insets shows photographs of electrodes after EC and PEC measurements.

and 12 light cycles) EC cycles (Fig. 9(c) and (d)). It is interesting to note
that crystallinity and phase of stoichiometric copper selenide remain
inherent after PC measurement, while crystallinity of copper-deficient
copper selenide NCS has been significantly reduced with the appear-
ance of new peaks. This finding is also supported by direct visualization
of the color of the electrodes (insets of Fig. 9(c) and (d)) made from
Cu,Se and Cu; 3Se NCs. An electrode made with stoichiometric copper
selenide remains dark gray (original color), while more than a 30%
portion of the electrode made with copper deficient copper selenide
NCs became yellowish after EC measurements showing leaching and
oxidation of electrode material. These structural investigations support
light-induced self-repairable functionality in electrode made with stoi-
chiometric copper selenide NCs.

Schematic illustrations for the redox reaction at the electrode-elec-
trolyte interface and resulting charge transfer processes at ITO-copper
selenide and copper selenide and electrolyte interfaces are shown in
Fig. 10. Copper selenide is a p-type semiconductor with energy levels in
the valence band is completely filled up to the fermi-level Ey at absolute
zero temperature. When ITO is positively biased (first coordinate of CV
curves in Fig. 8), transfer of electrons from the valence band (CB) of
copper selenide to ITO oxidizes it from Cu,Se (Cu™) to CuSe (Cu™ ™)
(Fig. 10(a)) to generate an anodic current. With the increase of positive
electrode potential, the number of electrons that are being transferred
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from copper selenide to ITO increases and attains a maximum value at
oxidation potential to achieve a peak anodic current. At this point, all
Cu™ ions from copper selenide are converted into Cu™ ™ ions, followed
by a chemical reaction between Cu®* ions and SO, ions at the
electrode-electrolyte interface to make CuSO4 salt. In the reverse scan
(Fig. 10(b)), electrons are transferred from ITO to the VB of copper
selenide to reduce electrode material from Cu™ * ions to Cu™ ions along
with conversion and transfer of Cu™ " ions from electrolyte to the
electrode. For electrochemical (EC) reactions in the dark, all Cu® * ions
that were converted into CuSO,4 through chemical reaction during po-
sitive cycles are not converted back into Cu™ ions, therefore the elec-
trode might get corrode with time. However, for PEC under solar light
illumination, photons with energy larger than the band gap (hv = E,) of
copper selenide, generate an electron in the conduction band and a hole
in the valence band (Fig. 10(c,d)). With the increase of carrier density
(hole in the VB) through solar light illumination, we assume that all
Cu™ ™ ions from the electrolyte are attracted and reduced to Cu™ to
self-repair the electrode surface. From these observations, we can
conclude that successive EC reactions in the dark and under solar light
illumination conditions might be used for self-repairing, thus dilating
the life-time of electrode materials in electrochemical cells and super-
capacitors.
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Fig. 10. Schematic illustrations of charge transfer mechanisms at electrode-electrolyte interface during (a, ¢) oxidation and (b, d) reduction processes in (a, b) the

dark environment and (c, d) under solar light illumination.

4. Conclusion

The effects of reaction temperature and silver doping on the struc-
tural, compositional and morphological evolution of copper selenide
nanocrystals are presented in this paper. Copper selenide NCs cannot be
synthesized by mixing selenium oxide and copper oxide in water in the
temperature range of 150-260 °C. However, a mixture of water, ethy-
lene glycol, and PVP will produce Cus, . ,Se NCs, where size, shape, and
elemental composition of NCs can be tuned by reaction temperature.
The copper to selenium ratio in a-copper selenide NCs increases with
the increase of reaction temperature and results in Cu; gSe, Cu,Se, and
Cu , 5Se NCs at 200, 230 and 260 °C reaction temperature, respectively.
Silver doping in copper selenide NCs not only changes its elemental
composition, but also establishes thermodynamic conditions that
transfer crystals from a phase to f phase. At 230 °C reaction tempera-
ture, 1% doping of Ag changes chemical composition from stoichio-
metric Cu,Se NCs to selenium deficient Cu, ,Se NCs while retaining its
a-crystalline phase. However, 2% doping of Ag produces copper defi-
cient B-Cu;3Se NCs. We have studied photo-electrochemical (PEC)
performance of electrodes made with either stoichiometric Cu,Se or
non-stoichiometric Cu; 3Se NCs, and determined that electrode made
with stoichiometric copper selenide has light induced self-repairable
properties. Therefore, reaction temperature and doping can be used as
effective parameters for tuning elemental composition and defect den-
sity in copper selenide NCs for self-repairable electrodes for batteries,
supercapacitors, and photo-electrochemical fuel generators. Electrodes
made with light-induced self-repairable capability will significantly
increase the life of electrochemical devices, batteries/supercapacitors,
and fuel cells and hence reduce fuel generation and electrical energy
storage costs.
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