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Cu,0O is known as a potential photocatalyst that functions in the visible light region due to its narrow
bandgap energy. In this study, to improve photocatalytic activity and photostability, Zn-doped Cu,O was
decorated with CoNi cocatalyst using an electrodeposition technique at different deposition times.
Photocatalytic activity of the CoNi-decorated Zn-doped Cu,O was investigated in the degradation of
methylene blue (MB) dye, which is known as a toxic, mutagenic, and carcinogenic synthetic dye. The
CoNi cocatalyst was found to effectively increase the photoelectrochemical properties and
photocatalytic activity of Zn-doped Cu,O. Electrochemical impedance spectroscopy measurements
show that by growing CoNi, the charge transfer resistance of the Zn-doped Cu,O decreased from
3.23 kQ to 1.11 kQ. A high photocurrent, measured under simulated solar irradiation using a linear sweep
voltammetry technique, of 25.43 mA cm™2 was obtained with a CoNi deposition time of 150 s. The
CoNi-decorated Zn-doped Cu,O demonstrated a high photostability and photocatalytic activity, as
shown by the increase of MB photodegradation from 26.03% to 71.55%. The growth of CoNi cocatalyst
is believed to have enhanced carrier concentration, charge transfer, and charge carrier lifetime, thus
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Introduction

Deposition of metal cocatalysts on photocatalytic materials is
interesting because it is a relatively simple and effective tech-
nique to enhance photodegradation of synthetic dyes, such as
methylene blue (MB), which is commonly used in dyeing
cotton, wool, and silk. This dye is not biodegradable and is
known to be toxic, mutagenic, and carcinogenic.! Dye photo-
degradation has been previously reported using different
photocatalyst materials, for example Fe,O;, SnO,, WO3;, ZnO,
and TiO,. However, Fe,03,% Sn0,,*> and WO;* have conduction
band edges lower than the reversible hydrogen potential. There-
fore, they require external electrical voltage to facilitate reaction
on the cathode. On the other hand, ZnO>® and TiO,”® possess
large band gap energies, making them suitable only for working
in the UV region. The spectrum of sunlight is comprised of
5-7% UV rays, 47% visible rays, and 46% infrared rays. More-
over, ZnO also shows limitations in catalyzing reactions in
aqueous solution, since it is easily subjected to corrosion under

“ Department of Chemistry, Faculty of Mathematics and Natural Sciences,
Universitas Negeri Jakarta, J| Rawamangun Muka, Jakarta Timur 13220,
Indonesia. E-mail: setiabudi@unj.ac.id

b The Centre for Science Innovation, Jl. Utan Kayu Raya, Jakarta Timur 13120,
Indonesia

© 2023 The Author(s). Published by the Royal Society of Chemistry

increasing the photocatalytic activity of the Zn-doped Cu,O.

light and forms Zn(OH), on the ZnO surface, resulting in
catalyst passivation over time.’ Compared to those photocata-
lysts, Cu,O has a band gap energy of 2.18 eV,'® which is close to
the ideal photocatalyst, because it efficiently works in visible
regions to absorb more photons that can induce redox
reactions."™ To reduce the photoelectron and hole pair
recombination that occurs due to its narrow band gap energy,
Cu,O can be doped by Zn element, which also increases charge
transfer efficiency.'*'® Although Cu,O demonstrates intrinsic
characteristics that are suitable for a photocatalyst material,
this semiconductor is susceptible to photocorrosion, which
limits its practical application.'® Nevertheless, Cu,O exhibits
inefficient electron transfer due to improper band bending."”

Loading proper metal cocatalysts on a semiconductor sur-
face is known as a practical approach to improve catalytic
activity by providing active sites that can accelerate the catalytic
reaction. Likewise, the presence of a cocatalyst can be expected
to prevent corrosion on the photocatalyst surface. Among metal
cocatalysts, cobalt (Co) and nickel (Ni) are considered as cost-
effective elements compared to precious metals such as palla-
dium (Pd), rhodium (Rh), gold (Au), and platinum (Pt). The
electrochemical properties of photocatalytic Cu,O coated with
Co,'® CoP," CoPi,”° C0;30,4,>" NiS,”*> Ni(OH),,* Ni,>* and NiFe”’
have been reported. These Co-based cocatalysts could stabilize
and improve the photocurrent of Cu,O by increasing active
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sites and inhibiting electron-hole pair recombination.?>*® O
the other hand, Ni-based cocatalysts show a synergistic effect
with Cu,O, increasing the photocurrent stability and catalytic
activity of Cu,O to efficiently and rapidly instigate load
separation.”” Therefore, it is possible that the synergistic effect
between Co and Ni can improve the electrochemical properties
and stability of Zn-doped Cu,O.

To directly decorate a semiconductor with cocatalysts, elec-
trodeposition, including pulsed potential*®*° or constant-
potential and -current method,**>* is known as a useful
approach to control sample features.*® This technique has been
successfully employed to facilitate the deposition of CoNi,**
NiFe,* ZnCo,*® ZnNi,*” ZnMn,*® etc. Owing to the facile and
low-cost technology, in this study, Zn-doped Cu,O was
decorated with CoNi cocatalyst using electrodeposition. Con-
sidering that the electrochemical reaction occurs at the semi-
conductor-electrolyte interface, pulsed electrodeposition was
used to obtain a more uniform CoNi cocatalyst because the ions
can be replenished during the pulse-off time, which leads to
decreasing the concentration gradient.>**° The pulsed electro-
deposition of CoNi cocatalysts was carried out at different
deposition times to investigate their growth effects on the
electrochemical properties and catalytic activity in MB
photodegradation.

n

Experimental

All chemicals, including CuSO,-5H,0, Na,SO,, ZnSO,, H;BO;3,
Co0S0,-7H,0, and NiSO,-6H,0, were procured from PT Merck
Indonesia. The electrodeposition procedure was performed in a
three-electrode cell with platinum wire as counter electrode, Ag/
AgCl as reference electrode (3M KCl solution), and indium tin
oxide (ITO)-coated polyethylene terephthalate (PET) as working
electrode. Zn-doped Cu,O was prepared on the ITO substrate by
a galvanostatic technique with a constant current of —1 maA,
which was controlled by an EDAQ EA163 potentiostat. The Zn-
doped Cu,O preparation was carried out for 1 h using an
electrolyte solution containing 0.025 M CuSO,-5H,0, 0.200 M
Na,S0,, and 0.014 M ZnSO,-7H,0. CoNi was electrodeposited
on the Zn-doped Cu,O by a square-wave pulse deposition
technique, with an upper potential of —1.5 V and lower
potential of —0.9 V, controlled using an EDAQ ER466 potentio-
stat. The deposition was carried out in an electrolyte solution
containing 0.400 M H3;BO;, 0.05 M CoSO,-7H,0, and 0.100 M
NiSO,-6H,0 with the deposition times varied from 30 to 200 s.
Morphological and chemical analysis of the samples was
carried out using an FEI Inspect F50 field emission scanning
electron microscope (FESEM) coupled to an EDAX energy
dispersive X-ray analyzer (EDX). Structures and phases were
analyzed by a PANalytical AERIS X-ray diffractometer (XRD).
Photoelectrochemical analyses were performed using elec-
trochemical impedance spectroscopy (EIS) and linear sweep
voltammetry (CV). The measurements were carried out in 0.5 M
KCl electrolyte and controlled by a Corrtest C310 workstation in
a quartz three-electrode cell with a platinum wire and Ag/AgCl
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as counter and reference electrode, respectively. A solar simu-
lator with calibrated irradiation of AM 1.5 G from a halogen
lamp was used for the photoelectrochemical measurements.
The EIS measurement was performed at the frequency region of
100 kHz to 0.1 Hz. The photocurrents were recorded using LSV
under a bias voltage of between —0.5 V and 1.5 V vs. Ag/AgCl.
Photostability measurements were conducted for 2 h, and the
photocurrent stability was measured at —0.5 V for 2 h.

The photocatalytic activity was studied in a methylene blue
(MB) solution under simulated solar irradiation. Degradation
of MB solution was measured by a GB Cintra UV-vis spectro-
photometer. The degradation efficiency () was calculated using
eqn (1), where C, and C are the MB concentrations at the initial
and specified irradiation times, respectively.

C—-C

=0 100 1
" " % (1)

Results and discussion
Morphological and structural analysis

The FESEM micrograph presented in Fig. 1a shows that the
electrodeposited Zn-doped Cu,O crystals are truncated octahe-
dral. Fig. 1(b-d) represents the Zn-doped Cu,O decorated with
CoNi at different deposition times. The micrographs show
CoNi deposit growth on the crystal surface that was more
visible with increasing deposition time. The EDX spectrum
(Fig. 2a) confirmed that the growing deposit was CoNi. At
150 s, the deposits began to cover the Zn-doped Cu,O crystals
(Fig. 1d). The Co and Ni fraction shown in Fig. 2b confirmed
the increase of cocatalyst content at longer deposition time.
According to Faraday’s Law, the flow of a quantity of charge (Q)

Fig. 1 (a) SEM of Zn-doped Cu,O and (b—d) CoNi-decorated Zn-doped
Cu,0 with different CoNi deposition times: (b) 30 s, (c) 60 s, (d) 150 s.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) EDX spectrum of CoNi-decorated Zn-doped Cu,O with
deposition time of 150 s. (b) Co and Ni fraction of the samples synthesized
at different CoNi deposition times.

in a solution is proportional to the current flow (i) and the flow
time (¢£).*"*?

Fig. 3 shows the XRD pattern of CoNi-decorated Zn-doped
Cu,0. The peaks correspond to the diffraction planes of (111),
(200), (220), and (311) from Cu,0, located at 20 = 36.14°, 42.31°,
61.38°, and 73.52° respectively. Compared with the PDF card
number 01-071-3645 for Cu,O, the peaks shifted to higher 26,
which could be associated to the presence of Zn element in the
Cu,0 lattice.**™** This result indicates that during the cathodic
reaction, Zn ions entered and doped the Cu,O lattice. From
the pattern, the existence of CoNi deposit was confirmed by the
reflection from the (111) and (220) planes observed at
20 = 44.36° and 76.12°, respectively.*®

Electrochemical impedance analysis

Fig. 4 shows Nyquist plots for an equivalent electrical circuit of
the CoNi-decorated Zn-doped Cu,O. As indicated by the arc
radius, the charge transfer resistance (R.) measured under
simulated solar irradiation was lower (1.11 kQ) than that
obtained without irradiation (3.80 kQ, Fig. 4a). The low R
value was due to the semiconductor characteristic of the Zn-
doped Cu,0, which possessed good electron transfer kinetics

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD pattern of CoNi-decorated Zn-doped Cu,O with deposition
time of 150 s.

under irradiation, since the adsorbed photon increased the
carrier density,”” which could induce charge transfer reaction
at the electrode-electrolyte interface.*® To confirm the role of
CoNi cocatalyst, the electrochemical impedance characteristic
of the bare Zn-doped Cu,O was measured. Fig. 4b shows the
plot with a larger arc radius, indicating a higher charge transfer
resistance (3.23 kQ) compared to CoNi-decorated Zn-doped
Cu,0. When the deposition time of CoNi increased up to
150 s, the arc radius of the CoNi-decorated Zn-doped Cu,O
was found to decrease gradually (Fig. 4b), which means the
resistance for charge transfer decreased by increasing the
cocatalyst deposit.

Photoelectrochemical analysis

Fig. 5 presents the photocurrent recorded using linear sweep
voltammetry technique. Based on the LSV curves shown in
Fig. 5a, photocurrent was initially recorded at a potential of
0.12 V vs. Ag/AgCl upon simulated solar irradiation, whereas a
flat response was observed without irradiation. Under irradia-
tion, photocurrent was generated by the formation of photo-
excited electron (e”) and hole (h") pairs driven by the adsorbed
photon. To confirm the role of CoNi cocatalyst, the photocur-
rent of a bare Zn-doped Cu,O was measured and compared to
the CoNi-decorated Cu,O. Fig. 5b demonstrates that CoNi
cocatalyst increased photocurrent intensity of the Zn-doped
Cu,0. On the photocatalyst surface, CoNi acts as an electron
donor that increases the electric field and high-efficiency
charge separation.*® Hence, the charge carriers increased and
led to the increase of photocurrent. This conclusion was
verified by the EIS measurements, which show the decrease
of R, values when Zn-doped Cu,O was decorated by the CoNi
cocatalyst. Fig. 5b also shows that the longer the deposition
time, the more photocurrent intensity increased. This result
exhibits that an increase of CoNi cocatalyst increased the
trapping of photoexcited electrons, which enhanced the charge

Mater. Adv., 2023, 4,1081-1088 | 1083
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Fig. 4 (a) Nyquist plots measured without and with simulated solar

irradiation for CoNi-decorated Zn-doped Cu,O synthesized with deposi-
tion time of 150 s. (b) Nyquist plots measured with simulated solar
irradiation for Zn-doped Cu,O (0 s) and CoNi-decorated Zn-doped
Cu,0O with different deposition times of CoNi.

carrier lifetime and induced the energy band bending
of the photocathode, delaying the photoelectron and hole
recombination®"*® that occurs due to the narrow band gap
energy of Cu,0. However, the trend was not continued at 200 s.
This is because the deposited CoNi became thick and blocked
exposure of the Zn-doped Cu,O to photons, preventing the
production of the photoexcited electron and hole.

To clarify the effect of CoNi deposition time on photostabil-
ity, the photocurrent responses were recorded for two hours at
0.5 V vs. Ag/AgCl. Fig. 6 shows that the photostability of the
samples increased with increasing deposition time from 0 to
150 s. Interestingly, the initial photocurrent density was reci-
procal to the deposition time, most likely because the cocatalyst
can act as a recombination center in the crystalline lattice.>
The photocurrent characteristics exhibit a strong correlation of
photostability with CoNi deposition time. The steadiest photo-
current was obtained at 200 s, though its intensity was lower
than that at 150 s. This could be attributed to the spreading of
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Fig. 5 (a) Photocurrent responses without and with irradiation measured
from CoNi-decorated Zn-doped Cu,O synthesized with deposition time
of 150 s. (b) Photocurrent responses with irradiation from Zn-doped Cu,O
(0 s) and CoNi-decorated Zn-doped Cu,O with different CoNi deposition
times.
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CoNi, which formed a protective layer and prevented photo-
corrosion by effectively trapping electrons and holes.>*

Analysis of photocatalytic methylene blue degradation

MB photodegradation was performed under simulated solar
irradiation to evaluate the photocatalytic activity of the CoNi-
decorated Zn-doped Cu,O. Based on the UV-Vis spectra (Fig. 7),
the intensity of absorbance peaks decreases, which indicates
the degradation of MB dye. Under irradiation, the photocatalyst
absorbed photon energy and produced a photoexcited electron
(e7) in the conduction band and hole (h*) in the valence band
through the following mechanism:**

Cu,O + hv(UV) - Cu,,0 (ei(CB) + h+(VB)) (2)

The photoexcited electron was transferred to the dispersed
CoNi on the surface. The accumulated electrons were then
taken up by oxygen to form anionic superoxide radical (*O,"),

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Photocurrent stability of Zn-doped Cu,O (0 s) and CoNi-
decorated Zn-doped Cu,O with different deposition times.

which could be protonated to form hydroperoxyl radical (*OOH)
and subsequently peroxide (H,0O,). The H,0, dissociated and
formed hydroxyl radicals (*OH).
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Meanwhile, in the valence band, the photogenerated hole
reacted with water or hydroxyl ion (OH™) to generate hydroxyl
radical (*OH).

H,0(ds) + h'vg) & OH®(aqs) + H'(aas) %)

Hereinafter, the generated *OH species oxidized and degraded
the MB compound through the following reaction mechanism.

Dye + OH® — CO, + H,0 (dye intermediates)  (8)

Oy +e (cB) = Oz (ads (3)
©» (ads) Dye + h'(ys) — oxidation products 9)
_ + .
+ — .
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2HOO" (445) = Hy05aas) + O (5) The schematic of the reaction mechanism of MB photodegra-
dation by the CoNi-decorated Zn-doped Cu,O is illustrated in
HZOZ(ads) - ZOH'(adS) (6) Flg 8.
14
a
121 (a)
S 1,0 5 =
s s s
Q Q Q
S 08 ] 2
© © ©
2 2 £
6 061 ° °
73 3 0
2 -1 -]
< 4. < <
0,24
0,0 - r T r , T . . ' T r T —
500 550 600 650 700 750 500 550 600 650 700 750 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm) Wavelength (nm)
1,4 14
1,24 1,24
S 1,01 £l S 1,04
s s s
@ [ Q
Q 0,84 e Q 0,84
© © ©
o Ee K
5 06 5 5 061
[ [ [
-1 -3 o
< 0,44 < < 0,4
0,24 0,21
0,0 — T T r—= X T T T " 0,0+ v T T —
500 550 600 650 700 750 500 550 600 650 700 750 500 550 600 650 700 750

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Fig. 7 UV-Vis absorbance spectra of (a) Zn-doped Cu,O (0 s) and CoNi-decorated Zn-doped Cu,O at different deposition times (b) 30 s; (c) 60 s;

(d) 100 s; (e) 150 s; (f) 200 s.
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Fig. 10 (a) Photocatalytic reaction curves. (b) The corresponding first-
order plots for MB degradation.
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The degradation efficiency (1) of MB increased remarkably
when the Zn-doped Cu,O was decorated with CoNi (Fig. 9).
Further increase of degradation efficiency was obtained at
longer deposition times.

The rate constant increase at longer deposition times of
CoNi and the highest value was obtained at 150 s. The degrada-
tion efficiency (1) of MB increased remarkably when the Zn-
doped Cu,O was decorated with CoNi (Fig. 9). Further increase
of degradation efficiency was obtained at longer deposition
times. Fig. 9 shows that the photodegradation reaction follows
pseudo-first-order kinetics. From Fig. 10b, it is seen that the
reaction kinetics exhibit linear correlation between In(C,/C)
and irradiation time. The rate constant increases with longer
CoNi deposition time, and the highest value was obtained
at 150 s.

This photocatalytic enhancement could be attributed to the
role of CoNi in increasing charge separation by acting as
receptor for the photoexcited electron and preventing

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electron-hole pair recombination, which then increases the
number of electrons initiating the catalytic reaction on the
surface, as shown in Fig. 10.

This result is in accordance with a low charge transfer
resistance in the EIS measurement, which indicates a rapid
reaction involving the photogenerated charge has taken place.
This explanation is confirmed by the high photocurrent of the
CoNi-decorated Zn-doped Cu,O. However, due to the shadow
effect, the photoelectrochemical properties deteriorated at
200 s and produced a relatively poor catalytic activity. Further-
more, CoNi also increased the photostability of the Zn-doped
Cu,O under simulated solar irradiation. Fig. 11a shows the
degradation percentage calculated using the following eqn (11).

(11)

Repeated measurements up to 15 cycles indicate that the
photocatalyst is reusable, with relatively high photostability
demonstrated by the CoNi-decorated Zn-doped Cu,O
(Fig. 10a). Based on Fig. 11b, the increase of deposition time
led to a significant increase in photostability performance,
from 18.11% to 42.19%. This indicates that CoNi decoration
also protects Cu,O, which is unstable under light irradiation in
water medium.

% photostability = (17,/10) x 100%

Conclusions

CoNi-decorated Zn-doped Cu,O photocatalysts were success-
fully synthesized by electrodeposition technique. The CoNi-
decorated Zn-doped photocatalyst demonstrated superior
photoelectrochemical properties and photostability compared
to the bare Zn-doped Cu,O. In this case, the electrodeposited
CoNi decreased charge transfer resistance and increased the
photocurrent under simulated solar irradiation. Longer deposi-
tion time produced more dispersed cocatalysts on the Cu,O
crystals and resulted in a superior photocatalytic activity and
photostability of the photocatalyst. The role of CoNi cocatalyst
could be associated to its capability as receptor for the photo-
excited electron, which increases charge separation and pre-
vents electron-hole pair recombination, which then increases
the number of electrons to initiate the reduction and oxidation
reactions involving the adsorbed species on the surface.
Furthermore, the increased photostability is attributed to the
role of CoNi as a protective layer that inhibits Cu,O
photocorrosion.
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