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Abstract: The electrochemical activity of the Cu.O/AlZn-LDH,
deposited on the FTO electrode, was investigated in NaOH (0.1 M)

media. The thin film Cu20/AlZn-LDH was characterized by i L o . wO/ALul

techniques such as X-ray diffraction (XRD), scanning electron 0 " | &E i Hj| o CuO/ARZLDH
microscopy (SEM), and energy-dispersive X-ray spectroscopy A\ ? ‘ ¢ = (w0

(EDX). Based on the obtained results from XRD, Cuz0/AlZn- n E | = AlaLDH

LDH was prepared in the nanometer size with good crystalline " 2 L i

quality. The SEM images were shown the synthesis of a thin film L \ 00 R ;Baxe

Cuz0/AIZn-LDH nanocomposite on the FTO electrode. The water ,‘\f‘ ear L0 0GH g o I

oxidation results show that Cu20-Zn/Al-LDH modified FTO — — i

electrode is an improved electrocatalyst and has high activity at Poleata reversl S 4 @/
water oxidation in alkaline media with the onset potential about clctrodeoston {ehalque 0

0.6 V vs. SCE and overpotential of 380 mV atl0 mA/cm. The —
improved water oxidation activity at Cu20/AlZn-LDH can be 0 05 ! 13
attributed to the good conductivity of the nanocomposite. Potential (V'vs, SCE)
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1. INTRODUCTION

In recent years, in order to obtain clean energy, the
electrochemical water oxidation has been increasingly
studied.>® Among all the researches, the oxygen evolution
reaction (OER) using electrocatalysts is considered as a
key issue at water oxidation. In this process, four-
electrons are transferred in an anodic reaction.®1 In the
recent years, various metal electrocatalysts such as
oxides,'"13 phosphides!*” and hydroxides'® ° have been
applied as new materials for water oxidation. The oxygen
generation process is kinetically sluggish, because at
water oxidation, potential about 1.23 V is needed due to
multistep proton-coupled electron transfer (PCET).% 2!
The water oxidation reaction in base or acidic solution is
occurred as follows:

40H - — 2H,0 + O, + 4e "base solution (1)
2H,0 — 4H * + O, + 4e - acidic solution 2
The first-row transition metal electrocatalysts in forms
such as nanocomposites,?>? perovskites,?” and layered
double hydroxides, % with high activity have been
comprehensively studied. In the recent years, important
studies on improving of LDH-based materials have been

reported. In 2015, Dai et al. published a mini-review for
water oxidation using NiFe-based electrocatalysts,3!
where the applications and related mechanisms have been
bringing up briefly. Shao et al. reported the improvement
of Layered based materials for energy conversion using
electrocatalysts.®? In the mentioned study, the applications
of water oxidation have been discussed. Also, a review
article was published by Strasser et. al. which was focused
on the development of NiFe-based materials.>® Other
privileged researches have been reported LDH-based
materials for water oxidation, including the design of
electrocatalyst oxides and hydroxides of transition metal
by Boettcher et al.3*

Layered double hydroxides (LDHs), are a family of
anionic clays. In these materials the general formula is
reported as [M"1_xMx(OH)2]** [A™xn-yH20T<", where M
and M" represent trivalent and divalent metal ions,
respectively, and A" is defined as an anion with n- valent.
The LDH layers consist positive charge due to partial
substitution of M" by M"'. This positive charge was
neutralized using anions which intercalated at the
interlayer of LDHs.® Transition metal based LDHs, have
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received considerable attention due to their potential
efficiency in catalysis, adsorbents, drug delivery, anion
exchangers, biotechnology, photoactive  materials,
electrochemistry, nanocomposites, magnetization, and
environmental applications. Also, the LDHs have some
interesting properties, such as simple and economical
synthesis in the laboratory and industrial scales with
properties such as nanoscale size, specific structure,
improved chemical composition, large surface areas,
variable layer charge density, colloidal properties, flexible
tunability, swelling in water, good thermal stability, etc.3®
Synthesis of LDHs on the FTO was interested at last
years. FTO coated glasses have many advantages;
example being: thigh electrical conductivity, good thermal
and mechanical resistance, providing in any dimensions
necessary, reasonably priced, and using in photo-
electronic and photovoltaic devices. They are stable in
different environmental conditions and also are
chemically inert.

In the present work, Cu,O/AlZn-LDH was prepared using
the simple electrodeposition method on the FTO
electrode. The obtained nanocomposite was then applied
as electrocatalysts at water oxidation in 0.1 M KOH with
high activity and small overpotential.

2. EXPERIMENTAL

Apparatus and software

Electrochemical investigations were achieved using a Sama 500
Electrochemical Analysis System (Sama, Iran) interfaced with a
personal computer (PC) and a three-electrode configuration.
FTO electrode modified with Cu20/AlZn-LDH was applied as
the working electrode. A saturated calomel electrode and a Pt
wire were utilized as the reference and counter electrodes,
respectively (the working, counter, and reference electrodes
were obtained from Azar Electrode Co, Urmia, Iran). The pH
measurements were carried out using a Metrohm pH-meter 691.
All the measurements were carried out at room temperature (25
+ 0.5 °C). The X-ray diffraction (XRD) patterns were collected
with a Bruker AXS model D8 Advance diffractometer using Cu-
Ko radiation (A = 1.542 A), with the Bragg angle of 2-70°,
performing steps of 0.04°(20), and counting 4 s/step. The
scanning electron microscopy (SEM)/energy dispersive X-ray
(EDX) analysis was performed using a MIRA3 TESCAN
scanning electron microscope equipped with an EDX system.
The accelerating voltage was 10 kV, with a beam current of 1
nA and a spectrum collection time of 100 s. The FT-IR spectra
were recorded on a Bruker tensor 27 spectrometer.

Reagents and solutions

Zn(NO3)2.6H20, Al(NO3)3.9H20 and CuSO4.5H20 were applied
without further purification and were prepared from Merck
Company. Citric acid (0.960 g) and CuSO4.5H20 (1.248 g) were
solved in 100 mL of deionized water for preparation of a 0.05 M
solution contain citric acid (CeHsO7) and copper sulfate
(CuS04). Also, KCI (0.187 g), [Fe(CN)s]* (0.008 g) and
[Fe(CN)e]* (0.010 g) were solved in deionized water (25 mL) to
prepare solutions contain KCI (0.1 M), and (0.5 mM) [Fe(CN)e>
and Fe(CN)s*].
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Fabrication of modified electrode

For the preparation of AlZn-LDH, the FTO electrode (0/5 cm x
0/5 cm) was first immersed in an electrochemical cell containing
15 mM Zn(NOs)2.6H20 (as the Zn?* source) and 5 mM
Al(NO2)3.9H20 (as the AI®* source) solution. Then AlZn-LDH
was deposited on the surface of the FTO electrode as thin film
by applying a potential of -1.65 V/SCE for 120 s using the
electro-deposition method.

For the synthesis of Cu20/AlZn-LDH, the prepared AlZn-LDH
electrode was immersed in an electrochemical cell containing
0.05 M CuSOs; and 0.05 M citric acid solution and
nanocomposite was synthesized by chronoamperometry method
at potential of -0.5 V for 180 s at the 65 °C. Then the prepared
electrode was kept at temperature 80 °C for 2 h.

3. RESULTS AND DISCUSSION

X-ray diffraction

The XRD patterns of AlZn-LDH and AlZn-LDH/Cu,O
nanoparticles are shown in Figure 1(a) and (b). The X-ray
diffraction pattern of the AlZn-LDH synthesized on the
FTO electrode is shown in Figure 1(a). The sharp and
strong diffractions at 20 = 9.91° and 19.78°, are related to
plates of (003) and (006) at layered double hydroxide,
respectively, and also the diffraction in the 26 = 33.68 ° is
related to ZnO (002) plate. Comparison with the reference
diffraction pattern indicates that the pattern is completely
consistent with the pattern obtained by other researchers
and does not contain any impurities.3” As can be seen,
sharp diffractions in 26 are equal to 33.46° and 43.12°
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Figure 1. XRD patterns of (a) AlZn-LDH, and (b) Cu,O/AlZn-LDH.
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correspond to the plants of (111) and (200) at Cu,O. Also,
the sharp diffractions in the 20 about 26.29°, 37.55°,
51.31°, 61.40°, and 65.33° are related to the FTO
electrode.®® The obtained results are consistent with the
reported results by other researchers.®® Also, the sharp and
strong diffractions in region 20 are equal to 9.91° are
related to (003) LDH plate. The reported patterns indicate
that the synthesized sample has a layered double
hydroxide crystal structure and completely is composited
with Cu,0.

SEM image

SEM images of Cu,O/AlZn-LDH coating on the FTO
electrode with two different magnifications are shown in
Figure 2(a) and (b). The synthesized compound consists
of spherical nanoparticles that are stacked together.

MIRA3 TESCAN

SEM HV: 15.0 kV ‘ _ WD: 10.64 mm
View field: 4.24 pm Det: SE
SEM MAG: 30.0 kx Date(midly): 09/30/20

MIRA3 TESCAN

Figure 2. (a) and (b) SEM image of Cu,0O/AlZn-LDH at two different
magnifications.
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The obtained SEM images show the synthesis of
CupO/AlZn-LDH with the uniformity and homogeny
nanoparticles on the surface of the FTO electrode.
According to SEM images, particle sizes are estimated
between 20 and 30 nanometers.

EDX (Energy-dispersive X-ray spectroscopy) and
elemental map analysis

EDX analysis was reported in Figure 3 to investigate the
chemical elemental of the synthesized Cu,O/AlZn-LDH.
The resulting EDX spectrum shows the existing peaks of
the aluminum and zinc cations in the LDH. Also, the
peaks of copper and oxygen atoms related to Cu,O in
CuO/AlZn-LDH compound are also observed. The
intensity of oxygen peak is low because the oxygen atom
is lighter than Cu, Al and Zn atoms, so other relaxation
processes may compete with the EDX. In addition, the
presence of tin peaks, are related to the FTO electrode.
The Au peak is also appeared due to covering the surface
of the material with gold, for SEM imaging.
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Figure 3. EDX spectrum of Cu,O/AlZn-LDH.

The elemental map was used to investigate the
distribution of Cu,O/AlZn-LDH synthesized on the FTO
electrode. Figure 4 confirmed the presence of Zn, O, Al

0] A>l.‘ Cus'Zn

Figure 4. The elemental map of Cu,O/AlZn-LDH.
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and Cu elements in the prepared composite. Based on this
distribution map, we conclude that the synthesized
Cu;O/AlZn-LDH  composite  elements  uniformly,
homogeneously, and completely cover the surface of the
FTO electrode.

Electrochemical synthesis and behavior
Electrochemical deposition of AlZn-LDH could be
achieved as follows. By applying negative potentials to
the electrode, nitrate anions and zinc cations could be
reduced on the FTO electrode. Since the reduction of zinc
ions occurs at more negative potentials than the nitrate
ions, in the presence of nitrate ions the reduction of zinc
ions is not possible. The hydrogen evaluation reaction was
also may be occurred. But at the used conditions for pH,
mole ratio of Zn?*/NOs™ and the applied potential, only
reduction of nitrate was occurred.®” It should also be noted
that at high temperatures and more negative potentials,
ZnO is electrodeposited on the electrode.®” Thus, at room
temperature and at the optimum conditions, AlZn-LDH is
electrochemically deposited on the electrode by following
possible mechanism.

NO; + H,0 + 2" — NO; + 20H " 3)

(1 —x)Zn> +xAl* + xXNOy o, (Zn

2+

(1-x)

ALY (OH),)™ (NO7), (4)

Figure 5a shows the cyclic voltammogram of AlZn-LDH
in the 0.1M KOH solution. This cyclic voltammogram
shows the AlZn-LDH was formed on the electrode. By
applying -0.5V on AlZn-LDH electrode, a thin layer of
Cu,0 was formed on the modified electrode in the
presence of 0.05M citric acid as chelating agent [39].
Figure 5b also shows the cyclic voltammogram of
Cu,O/AlZn-LDH in the same solution.

a: AlZn-LDH
b: Cu,0/AlZn-LDH

/pA

0 0.1 012 D.‘3 0‘4 0‘:' OI6 0.7
EV

Figure 5. The cyclic voltammograms of (a) AlZn-LDH and (b)

Cu,O/AIZn/LDH modified FTO electrode in the 0.1 M KOH solution at

the scan rate 50 mV s,

Water oxidation

To evaluate the water oxidation activity of prepared
materials, LSV curves were recorded with a scanning
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speed of 50 mv s? in 0.1 M KOH solution using the
reference calomel electrode and platinum electrode as the
counter electrode. The LSV voltammograms were
reported in Figure 6. According to these data, it is clear
that in comparison to Cu,0, AlZn-LDH and Cu,O/AlZn-
LDH, the prepared composite (Cu,O/AlZn-LDH) has a
significant activity for the oxygen evaluation reaction.
The onset potential for Cu,O/AlZn-LDH was reported
about 0.6 V vs. SCE, while onset potential at Cu,O and
AlZn-LDH were reported 0.75 and 1.25 respectively.

The current density of 10 mA/cm? was represented about
10% conversion efficiency at fuel systems using solar
energy.*® 4! So, it is important criteria at water oxidation
that Cu2O/AlZn-LDH needs an overpotential of about 380
mV to obtain the current density about 10 mA cm?
although, at Cu,O and AlZn-LDH, the current density and
catalytic activity were lower than that of Cu,O/AlZn-
LDH. Despite the low overpotentials, the Cu,O/AlZn-
LDH showed the highest current density at a certain
applied potential. This result underscores the importance
of assembling catalytically active materials at the
molecular level when designing high performance
electrochemical catalysts.*?

20
"E 1 CwO /Al-Zn LDH
U 167
g | — CuwO
= 124 =— Al-ZnlDH
z'\
z { — Bare
3 89
"E 4
)
1
5 ] /
0 0.5 1 15

Potential (Vvs. SCE)
Figure 6. LSV curves of Cu,0, AlZn-LDH and Cu,0O/AlZn-LDH.

Tafel slope, which describes the influence of potential or
overpotential on the current density, is an important factor
for the evaluation of OER Kkinetics. Tafel slope is often
influenced by the electron and mass transport.*® Tafel
analysis of the OER on Cu,O/AlZn-LDH and AlZn-LDH
based electrocatalysts were conducted and the results are
presented in Figure 7. within the electrocatalyst series, the
Tafel slope increased in the following order: Cu,O/AlZn-
LDH (593 mV/dec) < AlZn-LDH (677 mV/dec). The
small Tafel slope of Cu,O/AlZn-LDH indicated that the
electron and mass transfer easily occurred in Cu,O/AlZn-
LDH compared to AlZn-LDH. Therefore, the Tafel result
supports the conclusion that the advanced electrocatalytic
performance of Cu,O/AlZn-LDH for OER was due to the
presence of active sites (AIF*, Cu?, and AI**) in
CuO/AlZn-LDH.
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Figure 7. Tafel slop of Cu,O/AlZn-LDH and AlZn-LDH.

overpotential(v)

The electrochemical stability of Cu,O, AlZn-LDH,
Cu;O/AlZn-LDH electrodes were investigated by
chronoamperometry in 0.1 M KOH solution. The
chronoamperometry method expresses the time-dependent
behavior and can report information on the durability of
electrocatalyst through water oxidation reaction. As
shown in Figure 8, the current densities remained constant
for all three electrodes at constant overpotential within
50 s water oxidation. Therefore, the structures of AlzZn-
LDH, Cu;O, Cu,O/AlZn-LDH are stable in the water
oxidation reaction. Also after 5 cycle chronoamperometry
test, the stable current density with negligible degradation
was observed, revealing their durability under water
oxidation conditions.

48
1 =—Al7nI1DH = Cm0 m— Cu20 /AL Zn IDH

—~ 321
=
4]
T 16 e =
=
w
g 0
= ¢ 140 240 300 440
:
o -16 -

-32

Time (s)

Figure 8. Chronoamperometry tests of AlZn-LDH, Cu,O and
Cu,0O/AlZn-LDH.

The electrochemical impedance method was used to
investigate the resistance in electron transfer.
Electrochemical impedance measurements for the FTO
electrode and electrode modified with AlZn-LDH and
CuO/AlZn-LDH were studied using Nyquist diagrams
and are shown in Figure 9. To study the charge transfer at
the surface of the electrode, electrochemical impedance

Inorg. Chem. Res. 2021, 5, 239-245

Article

curves were recorded in the solution of 0.1 M
K3[Fe(SCN)s] and KCI for FTO and modified FTO. The
diameter in this curve represents the charge transfer
resistance between the electrode and the electrolyte. The
diameter of the curve at modified electrodes is smaller
than the bare electrode (FTO). This indicates that the
modified electrodes have less resistance than the bare
electrode.* Also, the diameter of Cu,O and AlZn-LDH
was larger than Cu,O/AlIZn-LDH. This indicates that the
semiconductors Cu,O/Al-Zn LDH have a higher
conductivity than that of FTO, Cu.O, and AlZn-LDH.
These results were in agreement with the high oxygen
evaluation reaction as shown in Figure 6.

40
® Cip0O/Al-Zn LDH
e AlZnlDH , ® *
= 30 tecwo _° .
§ .
E ®FTO , .
" 20 » o
1 . .o
.
10 4 :.'.o * . .
[ I ]
': L * : t ® @ : .' .
0 ‘-'" - © ¢
75 125 175 225
Z' (ohm)

Figure 9. Electrochemical impedance measurements of AlZn-LDH,
Cu,0 and Cu,O/AlZn-LDH.

For the electrocatalytic OER over semiconductors, the
possible mechanisms at alkaline solution have been
reported. The reaction mechanism reported by Hunter et
al. was as follows:*

40H" — 02 (g) + 2H,0 (1) +4e" (5)
4H,0 (I) + 4e" — 2H, (g) + 40H" (6)
2H,0 (1) — 02 (g) + 2H2 () (7)

Also, the electrocatalytic activity of Cu,O/AlZn-LDH in
comparison with the electrocatalysts reported in the
literature, was summarized in Table 1.

Table 1. The electrocatalytic activity of Cu,O/AlZn-LDH in comparison
with the electrocatalysts reported in the literature

Electrocatalyst Electrolyst pH Onset Over Ref.
potential potential at
(V)SCE 10 mA cm
NiCu- 1M KOH 14 0.45 290 4
LDH/SAV
Cu@NiFe-LDH 1M KOH 14 0.39 199 4
CCI/Ni2Cu-LDH 1M KOH 14 0.44 370 8
Ni.Cu-LDH 1M KOH 14 0.54 770 8
Cu20/AlZn- 0.1 M KOH 12 0.6 380 This
LDH study
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4. CONCLUSIONS

The thin film Cu,O/AlZn-LDH was successfully prepared
on a FTO electrode using an easy, one-step electro-
deposition method. This method can be applied for the
synthesis of LDH based nanocomposite at a large scale.
The obtained nanocomposite was characterized by
different techniques. In this study, the electrochemical
water oxidation activity of Cu,O/AlZn-LDH was studied.
The obtained results confirm that this nanocomposite can
be used to the electrocatalytic water oxidation. The
proposed CupO/AlZn-LDH exhibited good water
oxidation activity with the onset potential about 0.6 V vs.
SCE and an overpotential of 380 mV at 10 mA cm™. The
increased water oxidation activity of the Cu,O/AlZn-LDH
is attributed to a decrease in the charge transfer resistance
which influences the electronic  structure and
consequently increases the electric conductivity and
improves the water oxidation.
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