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Abstract Well-defined cuprous oxides (Cu,O) with different
morphologies were successfully deposited on fluorine-doped
tin oxide (FTO)-covered glass substrates by potentiostatic de-
position. The effect of the pH values on the crystal morphol-
ogies of Cu,O was studied. The as-prepared products were
characterized by means of X-ray diffraction (XRD), scanning
electron microscopy (SEM), linear sweep voltammetry
(LSV), electrochemical impedance spectroscopy (EIS), and
UV-visible spectroscopy. The typical XRD patterns revealed
that all Cu,O thin films were pure Cu,O phase. Different
crystal morphologies of Cu,O could be obtained by varying
pH. The Cu,0 thin film was composed of a large number of
star-like shape grains with the pH of 4.8. With a further in-
crease of the pH, the Cu,O film showed the uniform dendrite
morphology. LSV uncovered that Ey (reduction potential of
Cu®* to Cu") increased with the pH value enlargement.
According to the EIS, diffusion coefficient of Cu?* ion was
reduced with the increase of the pH. The UV-vis absorption
spectra revealed that the broad absorption peaks were from
300 to 500 nm and the evaluated band gap of the films was
tunable in the range of 2.02-2.67 eV, with the variation of the
pH values. According to the experiment and relevant litera-
tures, the probable electrodeposition mechanism of the Cu,O
was discussed.
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Introduction

As anon-stoichiometric semiconductor [1], with a direct band
gap around 2.09 eV, cuprous oxide (Cu,0) has advantages of
good gas sensitivity, non-toxicity, and low costs. Therefore, it
is widely used in solar cells, gas sensors, magnetic storage,
lithium ion batteries, biological sensors, microdevices, and
negative electrodes [2-9]. The utilization efficiency of sun-
light by Cu,O thin films can reach 20 % in theory [10], so
most of research work has been done in solar energy conver-
sion. However, the present report on the highest energy con-
version efficiency is only 2.1 % [11], whose main reason is
that it is difficult to control Cu,O surface morphology, particle
size, and other semiconducting properties.

So far, many deposited methods have been intensively fo-
cused on the synthesis of Cu,O with a variety of morphol-
ogies, such as thermal oxidation [12], chemical vapor deposi-
tion [13], reactive sputtering [14], wet chemical reduction
[15—17], chemical oxidation [18], electrodeposition [19-24],
and so on. Among these techniques, electrodeposition is one
of the most attractive ways to manufacture semiconductor
oxide films over conductive substrates. It provides advantages
such as the ability to use a low costs, low synthesis tempera-
ture, and large area deposition. Also, the thickness and mor-
phology of the films can be controlled by adjusting the param-
eters such as the additive, substrate, electrolyte concentration,
solution temperature, pH, and so on [25-28].

Shao et al. [29] reported the electrochemical deposition of
Cu,0O microcrystals on the FTO glass substrates. When vary-
ing the bath pH, Cu,O nanocrystalline changed from dendritic
structure to quasi-cuboid structure. Paracchino et al. [7]
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studied the effects of solution temperature, pH, and deposition
current density on the photoelectrochemical properties of
Cu,0, and they found that the highest photocurrent obtained
was —2.4 mA cm 2 at0.25 V vs. reversible hydrogen electrode
(RHE) for a film thickness of 1.3 pum.

According to the above, we can draw a conclusion that the
deposition conditions play an important part in the microstruc-
ture and properties of Cu,O thin films. The bath pH can also
affect the shape formation of crystals in various ways [30]. Its
effect can interfere with diffusion limited growth. In this pa-
per, a series of Cu,O films were electrodeposited using cupric
acetate solutions with bath pH ranging from 4.8 to 5.8. The
effects of bath pH on the morphological, microstructural, and
electrochemical properties of the as-deposited Cu,O films
were investigated in detail.

Experiment section
Materials

All of the chemical reagents were analytical grade and used
without further purification. All the solutions in this study
were prepared from deionized water which was further puri-
fied by a Millipore Milli-Q purification system (resistivity
>18.2 MQ-cm). Fluorinated tin oxide-covered glass substrates
(10 Q-cm 2, Xiang Town Technologies Ltd., China) were used
as substrates and cleaned in four 10-min steps of cleaning in
ultrasonicated acetone, ethanol, 1:1 H,O,/ammonia, and final-
ly ultrapure water.

Preparation of Cu,O films

The electrodeposition was performed on a IM6 electrochem-
ical workstation (Zahner, GER). Growth of Cu,O particles
was carried out in a conventional three-electrode cell equipped
with a carbon rod as the counter electrode and a saturated
calomel electrode (SCE) as the reference electrode. The work-
ing electrode was a FTO glass with a surface area of
30 x 20 mm” exposed to the electrolyte. The electrolytes are
0.02 M Cu(Ac), and 0.1 M NaAc aqueous solution. The pH
values of the electrolytes were modulated by adding acetic
acid. The temperature of the electrolytes was maintained at
50 °C during the experiments. Electrodeposition was carried
out under potentiostatic condition of =250 mV against the
SCE for 300 s. The samples are deposited in the acidic elec-
trolyte system. If the acidity is too strong, such as the pH
smaller than 4, H" would prompt Cu,O into Cu. When the
pH is too high, such as the pH more than 6, it is difficult to
deposit Cu,O on the conductive glass. Therefore, the samples
were prepared at different bath pH (4.8, 5.0, 5.2, 5.4, 5.6, and
5.8). After deposition, the films were rinsed with copious
amounts of double-distilled water, dried at room temperature.
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Characterization

To determine the phase of the products, the crystallographic
properties were carried out on a Philips X Pert PRO X-ray
diffractometer, using Cu Ko radiation, at a scanning rate of
2°/min in the 26 range of 20-65°. The surface morphology of
the Cu,O thin films were observed by scanning electron mi-
croscopy (SEM, Fei Quanta 200, USA). The transmission
spectra of the thin films were measured with a UV-2550
UV-vis spectrophotometer (Shimadzu, Japan) ranging from
300 to 650 nm.

The electrochemical properties of the deposited samples
were characterized by linear sweep voltammogram (LSV)
and electrochemical impedance spectroscopy (EIS) performed
on an IM6 electrochemical workstation system. The LSV
measurements were performed in an aqueous solution of
0.1 M sodium acetate and 0.02 M cupric acetate with different
pH in a standard three-electrode configuration coupled with
the FTO (working electrode), a saturated calomel electrode
(reference electrode), and a carbon rod (counter electrode).
The EIS measurements were performed in an aqueous solu-
tion of 0.1 M sodium acetate and 0.02 M cupric acetate with
different pH in a standard three-electrode configuration
coupled with the sample films (working electrode), a saturated
calomel electrode (reference electrode), and a carbon rod
(counter electrode). The LSV measurements were operated
at 10 mV-s™' between —0.8 and 0.2 V (vs. SCE), and the
EIS analyses were performed at the amplitude of 5 mV and
at the frequency from 10 mHz to 100 kHz.

Results and discussion
Structural characterization of Cu,O thin films

The XRD patterns for Cu,O thin films deposited on FTO
conductive glass with different pH values are shown in
Fig. 1. From Fig. 1a, no impurities such as cupric oxides are
found in the XRD pattern besides the substrate, which means
that single-phase Cu,O crystals can be obtained through elec-
trodeposition method in this system. Figure 1b displays the
enlarged peaks corresponding to (111) for Cu,O samples.
According to JCPDS card No. 78-2076, the diffraction peak
appearing at 26 = 36.46° corresponds to the (111) plane of
cubic Cu,0. The diffraction peak (111) shifted toward the
region of small theta when the pH value was 4.8. According
to Bragg equation, 2dsinf = nA (where d is the lattice plane
distance value, 6 the value of diffraction theta, and \ the
wavelength of X-ray), it is obvious that as 6 turns to be small-
er, d will become larger accordingly. It indicated the crystal-
line lattice inflation. When the pH was greater than 4.8, the
diffraction peak (111) shifted toward the region of larger theta
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Fig. 1 a XRD patterns for Cu,0O (a)
thin films deposited on FTO

conductive glass with different
pH values and b corresponding
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and d turns to be smaller which lead to the crystalline lattice
contraction.

To determine the preferred orientation of the Cu,O
films, the intensity ratio 1(111)/1(200) for the two most
intense peaks is plotted as a function of the pH, and it is
shown in Fig. 2. The relative ratio I(111)/I(200) value
corresponding to a polycrystalline pure Cu,O sample
without preferential orientation is indicated by a solid
horizontal line, and it has a value of 2.88. Hence, if the
ratio is smaller than 2.88, the Cu,O films deposited are
formed in a [100] preferred orientation. Otherwise, the
films reveal a [111] texture [31, 32]. Thus, it can be seen
that pure Cu,O films as-prepared displayed a [100] pref-
erential orientation. This is maybe caused by anisotropic
growth of the dendritic crystal films [33].

Surface morphology analysis

SEM images of Cu,O crystals deposited at £ = —0.25 V for
5 min in solutions containing 0.02 M copper acetate and 0.1 M
sodium acetate at pH changing from 4.8 to 5.8 modulated with
acetic acid are shown in Fig. 3.

It can be seen from Fig. 3a that particles of Cu,O with
star-like shape are dispersed on FTO and the grain sizes
are heterogeneous. The Cu,O crystalline grains are not
completely covered on FTO conductive glass. When the
pH increases to 5.0, the crystal particles developed along
the apexes of the star-like morphology and many different
branches were formed over a large area of the FTO (see
Fig. 3b). With a further increase of the pH to 5.2-5.4, we
found that the degree of branching gradually increased
and more pronounced multiple branches were observed
and formed a physically continuous crystal body (see
Fig. 3c, d), which is consistent with the results reported
by Jinbo Xue [34]. At a higher pH of 5.6-5.8, smaller
grain size and dendrites were observed (Fig. 3e, f) and
the dendrite morphology Cu,O film was compact on the
upper part of FTO. The results indicate that the morphol-
ogies of the Cu,O films can be affected by the pH in
electrolyte.
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The EDX of Cu,O film deposited at £ =—0.25 V for 5 min
in solution containing 0.02 M copper acetate and 0.1 M sodi-
um acetate at a pH of 4.8 is shown in Fig. 4a. We can see the
elements of Cu, O, Sn, and Ca in the EDX. Sn and Ca ele-
ments are from the conductive layer and the glass layer.
According to the analysis of XRD and EDX, we can deter-
mine that the thin film is Cu,O. Figure 4b is the macroscopic
image of the Cu,O obtained at a pH of 4.8. The entire sub-
strates really covered by Cu,0.

According to the relevant literatures and in combination
with our experimental phenomenon, the possible formation
process of the Cu,O thin films is proposed as follows.
Electrodeposition of Cu,O involves two steps: the first step
is reduction of Cu®* ions to Cu* ions (Eq. (R 1)) and the second
step is precipitation of Cu* ions to Cu,O on the working
electrode. (Eq. (R2)) [34, 35]:

Cu*' + e —Cu" E*=0.159V (R1)
2Cu* + Hy0—Cuw,0 + 2H  Ig[Cu*] = ~0.84-pH (R2)
2Cu*" + Hy0 + 2e —Cu,0 4 2H " (over all reaction) (R3)

4.0
3.6
321 [111] oriented
25 I JCPDC Cu,0 I(111)/1(200)=2.88
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N’ |
= 24 l\./
= L
= 20
e -
1.6
1.2 F
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Fig. 2 Plot line of relative intensity 1(111)/1(200) of X-ray diffraction
peaks as a function of pH
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Fig. 3 SEM images of Cu,0O
films obtained at —0.25 V vs. SCE
for 5 min in solutions containing
0.02 M copper acetate and 0.1 M
sodium acetate at different pH
values apH=4.8,bpH =50, ¢
pH=52,dpH=54,epH=5.6,
and f pH = 5.8. Insert: vertical
images of the Cu,O films

The overpotential was generated for the cathodic deposi-
tion of Cu,O when a deposition potential was more negative
than the reduction potential of Cu®* to Cu™ ions (Eq. (R1)).
The overpotential (1) is defined as the difference between the
deposition potential (Ep) and the reduction potential (ER)
[36-38]:

n = |Ep—Eg| (1)

The reduction potential of Cu®* to Cu* is described by the
Nernst equation [37]:

RT cut
Er = E'-2.303 - logyg 1] 2)

[Cu?"]

where E° = 0.159 V and 2.303R7/nF = 0.05916 V at
T =298.15 K for the Cu**/Cu* redox couple. The solubility
of Cu* ions in an aqueous solution at 7'= 323.15 K is [36]

log,o[Cu"] = —0.84—pH (3)
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Thus, Eq. (2) at 7= 323.15 K is reduced to

Egp = 0.1051 + 0.06412log,[Cu*"] + 0.6412pH (4)

Therefore, the overpotential for Eq. (R1) is controlled by
several factors including the deposition potential, solution pH,
solution temperature, and concentration of Cu?* in the solu-
tion. In this paper, we make sure that electrodeposition poten-
tial and electrodeposition temperature remained unchanged.
According to Eq. (4), the reduction is determined by pH of
the solution and the concentration of Cu" ion at the interfacial
region. Since the concentration of Cu* precursor is constant,
ER is linear correlation with the pH values [34]. In our exper-
iment, £ is constant. Therefore, we can come to a conclusion
that a larger overpotential (7)) is established at higher solution
pH, which is consistent with the discovery of Han et al. [39].
According to Eq. (3) and Eq. (R1), the high solubility of Cu*
ions at low pH values (<5.0) allows more Cu”" ions to present
in solution and promote the mass transport. Meanwhile, under
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Fig. 4 a The EDX analysis of the CuyO film and b the macroscopic
images of Cu,O film obtained at —0.25 V vs. SCE for 5 min in a
solution containing 0.02 M copper acetate and 0.1 M sodium acetate at
apH of 4.8

the low pH, the reduction rate of Cu>* ions is relatively slow
and the consumption of Cu®* ions at the interface can be
quickly compensated by mass transport [40]. Under these con-
ditions, crystals grow surrounded by sufficient Cu®* ions and
are allowed to form a shape that can reach a minimum surface
energy, so faceted shapes were obtained. With the increase of
pH, the increased overpotential facilitated the nucleation pro-
cess in the electrodeposition. Cu®* ions were consumed faster
than the transport rate of Cu®* ions to the interfacial region, so
the concentration of Cu>* ions were very low at the interface,
which created a depletion zone around the growing Cu,O
crystal [40, 41]. Once the depletion layer is formed, the apexes
of a polyhedral crystal protrude further into the region of
higher concentration and they can grow faster than the central
parts of the facets; thus, dendritic branches are formed [34, 37,
40]. Therefore, branched crystals were produced at large pH
because of the limitation of the transportation of Cu®* ions
(Fig. 3b). In this case, the degree of branching was expected
to become more pronounced as the pH increases (Fig. 3¢, d)
[33]. When the pH reached 5.6 and 5.8, the primary branches
of'the dendrite grew together to form a surface coverage on the
FTO and secondary branches of the dendrite were developed
on the primary ones. In addition, the solubility of Cu®* ions
was extremely limited at high pH values, and Cu®* ions rap-
idly precipitated out of solution as soon as they were generated
electrochemically, which meant that they would quickly crys-
tallize even if the morphology were not thermodynamically
favorable (such as formation of branches).

Electrochemical properties

To better understand the relationship between reduction po-
tential and pH values, the linear sweep voltammograms of
Cu,O were further applied for studying the reduction potential
of'the cathode. The RHE scale compensates for pH and would
be more helpful in the discussions vs. the pH-sensitive SCE
scale. Therefore, we referenced the potential to the RHE. RHE
was converted through the following relationship [42].

E(RHE) = E(SCE) + 0.0591pH + 0.24 (5)

Figure 5 shows the linear sweep voltammograms of Cu,O
films electrodeposited on FTO at room temperature. The scan
was performed in the cathodic direction. The cathodic peak is
associated with the Cu(Il) to Cu(I) restored (chemical equation
in Fig. 4). It can be observed that as the pH values varied from
4.8 to 5.8, the reduction potential peak increased from 0.07 V
t0 0.33 V. An increase in solution pH produces a more positive
reduction potential and we can get the same result according
to Eq. (4).

To gain further insight on the electrochemical performance,
EIS is used to evaluate the Cu”* diffusion coefficient and the
dynamic process on the interface of working electrodes.
Figure 6 exhibits the typical EIS (presented in the form of
the Nyquist plot) of the samples. The typical Nyquist plot
includes a semicircle portion (known as capacity reactance
arc) in the high-frequency range and a straight line in the
low-frequency range. The high-frequency semicircle is related
to the migration of the Cu®* ions at the electrode/electrolyte
interface and charge transfer process. The shape and semidi-
ameter of the semicircle is linked to charge-transfer resistance
at the interface between the electrolyte and the cathode
[43—46]. A line in the low-frequency range is associated with
the Warburg diffusion of the Cu®* ions in the electrolyte [47].
To better understand the dynamic process on the interface of
working electrodes, we plotted the electrical equivalent cir-
cuit. The equivalent circuit parameters are the reflection of
EIS data. The simulation circuit and the simulation results
are shown in the inset of Fig. 6. According to the imped-
ance spectrum, we can calculate the equivalent circuit
parameters. The calculated equivalent circuit parameters
for the different pH values in solution are presented in
Table 1.

Figure 6a shows a small capacitive arc in the high
frequency range, indicating that the electrode process is
carried out quickly. In addition, the capacitive arc is not
a complete semicircle: its center is located in the fourth
quadrant of the complex plane impedance, indicating
there is a serious “dispersion effect.” In terms of
experience, diffusion effect is usually caused by the
inhomogenous surface of the electrode [48]. The
phenomenon indicates that Cu,O film deposited on
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FTO surface is very uneven. This is in agreement with
the results observed in Fig. 3a.

With increasing the pH from 5.0 to 5.8, EIS showed a
new feature. As shown in Fig. 6b—f, the capacitive arc
diameters in the high-frequency range gradually increase,
which indicates that the charge transfer resistance R,
increases. This fact is consistent with the calculated
equivalent circuit parameters in Table 1. We may safely
draw the conclusion that electrochemical polarization
increases, which is advantageous to the refinement of
Cu,0 crystallization and improves Cu,O adhesion
strength on the FTO-coated glass [49]. In addition, the
capacitive reactance arc in the high-frequency range is
closer to semicircle, indicating a decrease of the disper-
sion effect. Hence, Cu,O films in the electrode surface
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become smooth, which is consistent with surface
morphology observed in Fig. 3b—f. This means that it is
easy to obtain a dense and a uniform Cu,O thin film in a
high pH solution.

Diffusion coefficient plays an important role in the analysis
of'the electrodeposited process of Cu,O film. We can calculate
the diffusion coefficient in different bath pH values by EIS.
The inclined lines in the low-frequency range in Fig. 6 are
attributed to a Warburg impedance. From the inclined lines
in the Warburg region, the Cu®* ion diffusion coefficient
may be estimated using the following equation [49]:

R2T?

O A PR
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Fig. 6 The electrochemical 20 20
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where R is the gas constant, 7'is the absolute temperature, A is -30
the surface area of the cathode, n is the number of transferred pH=S.8
electrons per molecule during deoxidization, £ is the Faraday 25k pH=S.2
constant, C, is the Cu®* ion concentration in electrode mate- I
rial, o is the Warburg coefficient, and Dy is the Cu** diffusion 20k pH=4.8
coefficient. In addition, o is related to Z” (imaginary part of a8 pH=5.6
impedance, reactive resistance ), as shown in Eq. (7) [48-52]. = sk pH=5.0
N pH=5.4
" __ ! /
Z"=ow /2 (7) Tob
Table 1  Parameters used for fitting the EIS data in Fig. 6 sk
pH 4.8 5.0 52 54 5.6 5.8
Ry (Qrem®) 2441 2568 2143 2642 2528 2587 0 ——— ——
R,(em? 1027 1854 2584 2672 2801  63.56 1 2 o0t s 6 7
W' (Hz) 18.6 8.8 418 659 88 734 ® (Hz)

Cy(mF-ecm?) 0267 0465 0498 0492 058 0513 Fig. 7 Relationship between Z" and square root of frequency (w %) in
the low-frequency region, with different pH values
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where B is a constant (B = R2T*2A%n*F* Coz)

Z" and w could be measured by the EIS. Therefore, the
relationship between Z” and reciprocal square root of frequen-
¢y (w'?) in the low-frequency region is shown in Fig. 7.
From Eq. (7) and Fig. 7, the Warburg coefficient could be
obtained.

Thus, the ratio of Dy/B could be obtained by Eq. (6), as is
shown in Fig. 8, where B is a constant (B = R*TP AP F*Cy2).

Figure 8 shows the value of Do/B decreases gradually with
the increase of pH, which means that the diffusion coefficient
D, also decreases. When the pH value is equal to 4.8, the
diffusion coefficient D is the largest and the transport capac-
ity is the strongest. It is advantageous to fill Cu®* ions into the
clearance position. However, under the large pH (>5.0)
values, the Cu®* ion diffusion transport speed becomes slow.
And the rate of Cu,O deposition is greater than that of the
Cu?* diffusion; it will form a depletion region around the
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Fig. 9 Film thickness of Cu,O as a function of bath pH
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Cu,0 nuclei. So, the dendritic branching growth in electrode-
position can be induced and result in the formation of dendritic
branching Cu,O films.

Optical properties

Cu,0 is a typical direct band gap semiconductor. The optical
band gap £, was obtained from Eq. (8) [53, 54]:

(ahv)* = A (hv—E,) (8)

Here, « is the absorption coefficient, A is a constant, / is
the discrete photon energy, and E, is the band gap energy. The
absorption coefficient « can be obtained by the following
formula:

a=(d")n(r™) (9)

where T'is the transmittance and d is thickness of film, respec-
tively. The thickness of Cu,O films is shown in Fig. 9.

Figure 10 illustrates the transmittance spectrum of the
Cu,0 film grown on FTO glass under the conditions of dif-
ferent pH 4.8, 5.0, 5.2, 5.4, 5.6, and 5.8. It can be seen that all
films show a low transmission (smaller than 15 %) in the
wavelength between 300 and 650 nm. Therefore, this phe-
nomenon demonstrates a strong adsorption in the wavelength
range from 300 to 650 nm, which is the characteristic absorp-
tion of Cu,O.

The band gap E, is obtained by extrapolation the linear
section of the plot of (ah Y2 vs. h, and the estimated direct
band gaps of Cu,O films are listed in Table 2. It can be
found that the absorption edges show redshift then blue-
shift in comparison with that of bulk Cu,O (2.09 eV), with
the increasing of pH. The optical band gap of semiconduc-
tors could be severely affected by the defects, disorder at
the grain boundaries, crystallinity, as well as the stress of
the crystals, which could decrease the energy band gap
with the presence of tensile stress in crystals [55-57].
According to the analysis of XRD, tensile stress existed
in the crystals when the pH value was 4.8. It resulted in
the band gap smaller according to the theory of quantum
mechanics periodic potential [58, 59]. Therefore, it gener-
ated redshift in the spectrum of the Cu,O film when the pH
value was 4.8. The band gaps of the samples for pH value
0f 5.0, 5.2, 5.4, 5.6, and 5.8 shows blueshift. The possible
reason is the following. The crystalline lattice of Cu,O
became shrunk, resulting in the decrease of the distance
between the atoms, which indicated Cu,O crystals were
under compressive stress. In this case, blueshift phenome-
non would appear according to the theory of quantum
mechanics periodic potential [58].
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Conclusions

In summary, Cu,O with different morphologies and sizes were
casily obtained on fluorine-doped tin oxide (FTO) covered
glass substrates by potentiostatic deposition. LSV showed that
reduction potential slightly increased with increasing pH. The
impedance spectra indicated that the electrochemical

Table2 Estimated optical band gaps from (o4 )* vs. photon energy (% )
plots of prepared Cu,O films at different pH values

Bath pH 4.8 5.0 52 5.4 5.6 5.8
Band gap (eV) 2.02 2.24 2.48 247 2.55 2.67

polarization was become large and diffusion coefficient be-
came small with increasing pH. Thus, we can get different
morphologies and excellent performance of Cu,O thin films
by changing the pH of the solution. With controlling the pH,
the optical transmittance of the Cu,O was under 15 % in the
wavelength range of 300—650 nm, and the optical band gaps
of Cu,O thin films calculated from the transmission spectra
were changing from 2.06-2.84 eV.
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