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The efficient electrocatalysts for direct methanol oxidation play an essential role in the electrochemical
energy conversion systems for their application in a wide range of portable applications. Consequently,
Cu-doped NiO thin films on fluorine-doped tin oxide (FTO) were successfully prepared by the co-
sputtering deposition technique, using various deposition times (300, 600, 900, and 1200 seconds), and
producing films of different thicknesses (30, 55, 90, and 120 nm, respectively). X-ray diffraction (XRD)
revealed the ideal crystallinity of the structure of the prepared films and was used to observe the effect
of the thickness of the films on the crystal size. Energy-dispersive X-ray spectroscopy (EDS) confirmed
the purity of the deposited film without any contamination. Field emission scanning electron microscopy
(FESEM) images confirmed the film thickness increase with increasing deposition time. The surface
roughness value of the Cu-NiO 1200 film was found to be 3.2 nm based on the atomic force
microscopy (AFM) measurements. The deposited thin films of different thicknesses have been used as
electrocatalysts for methanol oxidation at various concentrations of methanol (0, 0.5, 1, and 2 M), and
displayed the highest electrocatalytic performance in 1 M methanol. Cu-doped NiO thin films have the
advantage as electrocatalysts where they can be used directly without adding any binder or conducting
agents, this is because Cu-doped NiO is deposited with high adhesion and strong electrical contact to
the FTO substrate. A clear impact on the catalytic activity with increasing film thickness and a correlation

between the film thickness and its catalytic activity was observed. The current density increased by about
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Accepted 27th March 2023 607% for the Cu—NiO 1200 sample compared to Cu—-NiO 300 sample, with the lowest onset potential of

0.4 V vs. Ag/AgCL. All deposited thin films of different thicknesses exhibited high stability at 0.6 Vin 1 M
DOI: 10.1039/d3ra00380a methanol. This will open the window toward using physical deposition techniques for optimizing the

rsc.li/rsc-advances electrocatalytic activity of different catalysts for electrocatalytic applications.

1. Introduction COugs + H0 = CO, + 2H + 2¢ 3)
Direct methanol fuel cell development (DMFC) has gotten a lot CH;0H + H,0 — CO, + 6H" + 6e~ (4)
of interest because it is considered an alternate power source to
traditional energy-generation devices." Moreover, DMFCs have
many advantages, such as being environmentally friendly power
sources for stationary electronic devices, having high energy
density, working at low temperatures, and producing minimal
pollutant emission.>

Methanol is oxidized directly at the anode by CO oxidation,
as shown in the following reactions:*

Methanol can be oxidized in both acidic and alkaline envi-
ronments.* But in each case, the complete oxidation of CH;OH
to CO, is usually sluggish, and the reactions will only complete
more quickly when higher potentials are applied.” So many
efforts have been made to develop materials that can catalyti-
cally oxidize methanol at a lower overpotential,® consequently
enhancing the efficiency and power of fuel cells. Several elec-
trode materials based on platinum electrodes were extensively

CH;OH — CH;0H,4, (1) utilized as a catalyst for the electrochemical oxidation of
methanol.”® However, one of the limitations is that Pt is readily
CH;0H,4s — CO,qs + 4H" + 4e~ (2) poisoned by adsorbed CO produced during methanol oxidation,

which inhibits the Pt active sites. Furthermore, Pt is a rare earth
element and costly. Hence, alternative metals that maintain

a high catalytic activity level have been taking great interest.'***
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alloy. Among the transition metals that have been used for this
target Co,"* Ni," Mn,® Ce,"” Fe,” and Cu" are the most
common. Nickel-based nanomaterials have attracted the
interest of many researchers because they are less expensive and
have shown high stability in alkaline mediums.** Moreover, Ni
can prevent itself from oxidation by forming Ni(OH), through
the adsorbed OH™ ions; thus, it makes the surface static.*
However, various limits restrict the use of transition metal-
based anodes in DMFCs, such as having high onset potential
in methanol oxidation reaction (MOR) and loss of catalyst
systems.**”>* Ni-based electrodes have high activity for methanol
oxidation-reduction, so Ni** and Ni** species have been used for
NiO electrodeposition types of
electrochemically.”®*” Electrocatalysts based on Cu have a lower
affinity for carbon monoxide (CO) than Ru, Rh, Pd, and Pt.
Consequently, more materials related to Cu have been
described as acceptable electrocatalysts for DMFC in alkaline
environments.”®

The catalytic activity may be increased via metal doping,
where the insertion of a foreign atom into the lattice of the
catalyst.”® The substitution of dopants for parental atoms in
host materials is a successful technique for tuning their phys-
icochemical properties, such as modulating energy levels and
the electronic structure, which increases the electrical conduc-
tivity of the catalyst, consequently improving the charge transfer
mechanisms and corrosion resistance, leading to high stability.
This method allows us to generate effective electrocatalysts

29-31

on various substrate

inexpensively.

Herein in this work, Cu-doped NiO films have been depos-
ited on the FTO substrate at various deposited times (300, 600,
900, 1200 seconds) using a co-sputtering deposition method.
Based on our knowledge, such co-sputtering deposited films
have not been studied before as electrocatalysts for methanol
oxidation. The effect of Cu-doped NiO film thickness on elec-
trocatalytic activity was studied and evaluated. The results
revealed that increasing the film thickness improves the cata-
lytic activity and exhibit excellent stability for MOR. The charge
transfer becomes faster because nickel has an optimal electro-
chemical activity for MOR. This will open the window toward
using physical deposition techniques for optimizing the elec-
trocatalytic activity of different catalysts for different
applications.

2. Materials and methods

2.1. Preparation conditions of the deposited Cu-doped NiO
thin films

The co-sputtering deposition process is one of the most prom-
ising techniques for tuning and controlling the percentage of
dopant atoms in the hosting thin films. Using DC/RF sputtering
system (Syskey Technologies, Taiwan), 5.83 wt% Cu-doped NiO
thin films have been prepared on both glass slides and fluorine-
doped tin oxide with different thicknesses 30, 55, 90, and
120 nm by varying the deposition time from 300, 600, and 900 to
1200 s, respectively. Before the deposition process, the glass
slides and FTO substrates were subjected to different cleaning
steps using acetone and ethanol and dried using nitrogen gas.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Thin film preparation conditions

No Deposition parameters Value

1 Base pressure 9 x 10~° Torr
2 Operating pressure 5 x 10~? Torr
3 Deposition time 300, 600, 900, and 1200 s
4 Substrate temperature 25 °C

5 DC power for Ni target 200 W

6 RF power for Cu target 20 W

7 Oxygen flow rate 10 SCCM

8 Argon flow rate 20 SCCM

9 Substrate rotation 15 rpm

10 Target-substrate distance 14 cm

The preparation conditions for the prepared samples are
summarized in Table 1.

2.2. Characterization of the prepared thin films

X-ray diffraction (Shimadzu LabX-XRD-6000, Japan) at 40 kv/40
mA with Cu-K radiation (0.154056 nm) is utilized to identify the
crystalline phases of thin films. Atomic force microscopy (AFM,
Omicron-UHV-VT-AFMXA) is used to detriment the roughness
of the surface. Field emission scanning electron microscopy
(FESEM, Zeiss sigma 500 VP, Germany) was used to investigate
the morphology and the crystal structure. Energy dispersive X-
ray fixed on the SEM was also used to analyze the elemental
composition and map the elements on the film's surface. A UV-
Vis-spectrophotometer (PerkinElmer Lambda 750; Massachu-
setts, USA) has been used to characterize the prepared films’
optical properties.

2.3. Electrochemical measurements

All films were tested for electrocatalytic activity toward meth-
anol oxidation in an alkaline medium in a three-electrode
system at room temperature. The reference electrode and
counter electrodes were Ag/AgCl and Pt wire, respectively, the
prepared films was used as working electrodes, and 0.5 M KOH
was used as the electrolyte solution. The electrocatalytic activity
was tested in a pure 0.5 M KOH and in different methanol
concentrations (0.5, 1, 2 M) by mixing the calculated volume
with the KOH solution. All electrochemical measurements were
carried out with the help of an Autolab (PGSTAT302N) poten-
tiostat (Metrohm). The measurements were made using cyclic
voltammetry (CV) at scan rates ranging from 10 to 100 mV s,
electrochemical impedance spectroscopy (EIS) at 0.6 and
amplitude of 10 mV, and chronoamperometry (CA) as indicator
for the samples stability, was recorded at 0.6 V for 1 h. The best
sample of the highest electrocatalytic activity (Cu-NiO 1200)
was tested over 6 h. Based on the geometric surface area of the
used electrodes, the current densities have been normalized.

3. Results and discussion
3.1. Structural analysis

The XRD patterns presented in Fig. 1 illustrate the crystallinity
of all prepared materials. The ICDD card [01-089-3080] matched
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Fig. 1 X-ray diffraction of NiO—-Cu thin films deposited by different
time (a) 300, (b) 600, (c) 900, (d) 1200 Sec.

the diffraction peaks, identifying the space group R3m (166) of
a single phase of nickel oxide with a trigonal structure.
However, when nickel oxide was doped by copper, there are no
other peaks appeared different from the pure nickel oxide
peaks, which are located at (021), (202), and (220) because the
ionic radius in Ni and Cu is the same approximately which is
0.072 nm.*> On the other hand, the peaks intensity were
increased when the thickness of films increased due to the
amount of X-ray absorption increased. Debye Scherrer's equa-
tion calculated the average crystal size D.**

Table 2 The structural characteristics of the prepared thin films
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where D is crystal size, 1 is the used wavelength of the X-ray, 8 is
the diffraction peak width, and 6 is the diffraction angle. Also,
the following formula (6) and (7) were used to compute dislo-
cation density 6 and lattice strain &.>*

b= -5 (6)
. ﬁc:sﬁ )

The structural characteristics of the prepared films with
various thicknesses, such as average crystallite size, dislocation
density, and lattice strain, are shown in Table 2. The obtained
result revealed the effect of the thickness on the crystal size,
where NiO-Cu1200 has the biggest size equal to 16.73 nm, and
NiO-Cu300 has 14.61 nm.

3.2. Morphological analysis

Fig. 2 shows FESEM images of all thin films (Cu-doped NiO)
with various deposition times (300, 600, 900 and 1200 seconds).
The images clarify that the films became rougher with
increasing the deposition time; besides, more particle agglom-
erations are shown. The morphology consists of grain particles
with non-homogeneous sizes. It is also clear that the prepared
films are free of defects, and with increasing the deposition
time, the particles became more condensed due to the deposi-
tion of more particles on each other. The elemental analysis of
deposited films NiO-Cu 300, NiO-Cu 600, NiO-Cu 900, and
NiO-Cu 1200 were analyzed by EDS as shown in Fig. 3(a—c),
Si(a—c), S2(a-c), and S3(a—c).t It clarifies the purity of the
deposited NiO-Cu thin films, which only contain spectra for Ni,
O, and Cu elements. To identify the distribution of different
elements and to indicate the successful doping, elemental
mapping has been conducted for all samples, as seen in Fig. 3d,

Material 26° (hkI) Crystallite size, (nm) Dislocation density Lattice strain
NiO-Cu 300 36.79 (021) 18.03 3.07 x 10 1.92 x 103
42.69 (202) 12.18 6.74 x 10 2.84 x 107°
62.08 (220) 13.64 537 x 1072 2.54 x 107°
Mean value 14.61 5.06 x 10 ° 2.43 x 1077
NiO-Cu 600 36.66 (021) 18.87 2.80 x 10 1.83 x 10
42.59 (202) 11.00 8.25 x 10 3.15 x 10°°
61.80 (220) 15.19 433 x10°° 2.28 x 107°
Mean value 15.02 512 x 107° 2.42 x 107°
NiO-Cu 900 36.65 (021) 18.23 3.01 x 107 1.90 x 107
42.60 (202) 12.60 6.29 x 102 2.75 x 107°
61.73 (220) 16.91 3.49 x 107 2.05 x 107°
Mean value 15.91 426 x 10 2.23 x 107
NiO-Cu 1200 36.64 (021) 17.47 3.27 x 107 1.98 x 10
42.56 (202) 15.72 4.05 x 107° 2.20 x 107°
61.90 (220) 17.01 3.46 x 107 2.04 x 107?
Mean value 16.73 3.59 x 10° 2.07 x 10°°
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Fig. 2 FESEM images of NiO—Cu thin films deposited for (a) 300, (b) 600, (c) 900, (d) 1200 s.
Sid, S2d, and S3d.t It is seen that there is a homogeneous To specify the effect of deposition time on the obtained film
distribution of the elements all over the surface of the deposited thickness, SEM images have been taken under a setting of 45
films. degrees, as seen in Fig. 4. It's clear that the thickness of the thin

N e 0 BN o oo 7 BTN - com—m :

200nm 200nm 200nm
d .
ssa (4) Element Weight %
6.08K
OK 40.14
o Ni K 54.03
4.56K Cu K 5.83
3.80K:
3.04K
2.28K
152« O Kal
Ni La
0.76K
- - _ NiKa i KgIcu kB1)
00 13 26 39 52 65 7.8 91 104 117 130

Fig. 3 EDS spectrum of NiO-Cu 300, (a) O, (b) Ni, (C) Cu, and (d) elemental mapping images of Ni, O, and Cu and.
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Fig. 4 Thickness of the thin films is presented by FESEM (a) NiO-Cu 300, (b) NiO-Cu 600, (c) NiO-Cu 900, (d) NiO-Cu 1200.

Fig.5 AFMimages (a) NiO-Cu 300, (b) NiO-Cu 600, (c) NiO-Cu 900,
(d) NiO-Cu 1200.

Table 3 The prepared thin films' grain size and surface roughness

The prepared films Grain size (nm) Surface roughness (nm)

NiO-Cu 300 52 1.9
NiO-Cu 600 57 2.2
NiO-Cu 900 69 2.6
NiO-Cu 1200 75 3.2

10822 | RSC Adv, 2023, 13, 10818-10829

films increases by increasing the deposition time during the
preparation. For NiO-Cu 300, the thickness is about 42 nm
(Fig. 4a), while for NiO-Cu 1200 sample, the thickness is about
120 nm (Fig. 4d), which increased by three times.

Atomic force microscopy is utilized to measure the grain size
and illustrate the surface roughness of synthesized films, as in
Fig. 5. The size of the grains was observed that increase with
increasing the thickness (deposition time) of the films, which
was recorded (52, 57, 69 and 75 nm) for NiO-Cu 300, NiO-Cu
600, NiO-Cu 900, and NiO-Cu 1200 respectively. The AFM
shows that nanocrystalline sizes in Table 3 are larger than the
typical crystal size derived from the XRD peak width in Table 2
due to many nanocrystallized having the same plane and
orientation were merged to create nanocrystals. According to
Gibbs free energy, the nanoparticles of small-sized surfaces are
relatively high due to the ratio of the huge surface to the volume;
therefore, the small particles agglomerate to reduce the Gibbs
free energy and achieve stability for the surface.*® In addition,
thin films' surface roughness increases with the increasing
deposition time, as seen in Table 3.

3.3. Optical analysis

Fig. 6(a) illustrates the evaluations of the optical absorption
using UV-vis spectroscopy. There is a noticeable and predicted
decline in transmittance with increasing film thickness, which
might be due to easier charge transfer. Moreover, the Tauc
relation, as shown in eqn (8) was utilized to calculate the
bandgap of films.*®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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where A is a constant, sv is the incident photon's energy, and
the absorbance coefficient is («) and (n) is perhaps equal to 1/2
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(a) Optical transmittance, and (b) optical band gaps of the prepared thin films.
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or 2 for the direct and indirect band gap, respectively, according
to the selection rules of quantum for various materials.

The junction point between the linear regions and the
photon energy (hv) axis was the value of the films' band gap. It is
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Fig.7 Cyclic voltammograms for all films in 0.5 M KOH at room temperature with different scan rates (a) NiO-Cu 300, (b) NiO-Cu 600, (c) NiO-
Cu 900, (d) NiO-Cu 1200.
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Table 4 The current density of all samples at different scan rates in
0.5 M KOH

Current density (mA cm %)

Scan NiO-Cu NiO-Cu NiO-Cu NiO-Cu
rate (mvV s ) 300 600 900 1200

5 0.98 1 2.72 1.88

10 1.12 1.1 2.85 2.5

20 1.2 1.3 3 2.9

30 1.28 1.7 3.3 4.1

50 1.4 2.4 3.5 5.8

100 1.67 3 3.8 9.5

noted that as the thickness of the thin films increases, the band
gap values decrease (Fig. 6(b)). According to the recorded values
for NiO-Cu 1200, NiO-Cu 900, NiO-Cu 600, and NiO-Cu 300,
the band gaps were (3.35, 3.44, 3.51, 3.63 eV), respectively. The
reason may be linked to improvements in crystallinity and
morphological alterations, as mentioned above in the XRD and
FESEM; furthermore, some literature®**** endorses that the
localized states in the band structure may merge with the band
edges when the film's thickness grows, reducing the band gap.
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3.4. Electrocatalytic activity

Fig. 7 illustrates the CV curves of all films in 0.5 M KOH elec-
trolyte at different scan rates (5, 10, 20, 30, 50, and 100 mV s~ )
vs. Ag/AgCl over the potential window from 0 to 0.6 V at room
temperature. Each film yields a pair of oxidation and reduction
peaks in the anodic and cathodic sweeps related to Ni**/Ni**
activation also Cu'*/Cu®.* Ni and Cu species can simulta-
neously contribute to oxidation by offering two electroactive
centers to enrich the redox reactions. This supports the elec-
trochemical activity of thin film materials for energy conversion
applications. Compared to the other thin films, NiO-Cu 1200
sample showed a superior current density, which is discernible
from the results in (Table 4). From Fig. 7, it is seen that with
increasing the deposition time (film thickness), the anodic and
cathodic current densities have been increased.

The observed electrocatalytic activity enhancement may be
due to increased active sites and deposited materials.

Fig. 8 shows the linear dependency of the redox peaks
(anodic and cathodic) current densities of each film with the
square root of the scan rate (5-100 mV s~ '). The results show
that increasing the scan rate increases the oxidation-reduction
reaction, and the electrochemical process is regulated by OH™
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Fig. 8 The relationship between current density with the square root of the scan rate for anode and cathode (a) NiO-Cu 300, (b) NiO-Cu 600,

(c) NiO-Cu 900, and (d) NiO-Cu 1200.

10824 | RSC Adv, 2023, 13, 10818-10829

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00380a

Open Access Article. Published on 05 April 2023. Downloaded on 2/5/2026 7:15:39 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

(a)

1 ——0.5M KOH
= 0.5M KOH+0.5M methanol
| =——0.5M KOH+1M methanol

| = 0.5M KOH+2M methanol
scan rate:50mv/s

Current density (mAlcm2)
w

+] (b)

Current density (mA/cmz)

= 0.5M KOH

44——0.5M KOH+0.5M methanol
= 0.5M KOH+1M methanol
'|——0.5M KOH+2M methanol

24scan rate:50mv/s

2 4
14
14 04
0- 14
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 04 0.5 0.6
Potential(V) vs(Ag/AgCl) Potential(V) vs(Ag/AgCl)
14 16
- 14
< 12] (€) % 11 (d)
E |—o05MKOH G 12 +——0.5M KOH
& 10 ——0.5M KOH+0.5M methanol 10 J—0.5M KOH+0.5M methanol
13 = 0.5M KOH+1M methanol E " 1—0.5M KOH+1M methanol
> &]——0.5M KOH+2M methanol 2 87— 0.5M KOH+2M methanol
@ ¢ ] scan rate:50mv/s @ ¢ ]Scan rate :50MV/S
(]
3 . T 44
- 1 c
= b =]
3 04
o o
04 -2 4
_2 T T '4 T T

0.0 0.1 0.2 0.3 0.4

0.5

Potential(V) vs(Ag/AgCl)
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0.6

migration into the pores cavities." Based on Fig. 7 and 8, it is

clear that NiO-Cu 1200 is superior in the redox reactions at
different scan rates due to a large amount of NiO doped by
copper spread on the FTO surface, improving catalytic activity

due to increasing the diffusion rate of OH™ ions on the surface.

3.5. Electrocatalytic of methanol oxidation

The electrochemical performances of the synthesized films

toward methanol oxidation in a basic medium of different

methanol concentrations (0.5, 1, 2 M) are presented in Fig. 9.

The cyclic voltammetry measurements over the potential
window from 0 to 0.6 V vs. Ag/AgCl at a scan rate of 50 mV s~

1

are displayed. All films exhibit electrochemical activity when

methanol is added, even with a lower concentration of meth-

anol (0.5 M). This is due to the presence of Ni(OH), (ref. 26)
species which help the movement of OH™ from Ni(OH), to the
nearby nanocrystals and create new active sites for adsorption,
furthermore removing carbonaceous poisons CO from the
surface of the Catalyst, both of which raise electrocatalytic

activity,® in addition to transformation Cu to Cu

Additionally, each film was studied at different scan rates in
different concentrations of methanol (0.5, 1, and 2 M) as indi-
cated in Fig. S4(a-c), S5(a-c), S6(a—c), and S7(a-c),t which
appear a direct relationship between the current density and the

2+ 39

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Potential(V) vs(Ag/AgCl)

(@) NiO-Cu 300, (b) NiO-Cu 600, (c) NiO-Cu 900, (d) NiO-Cu 1200.

scan rate. From Fig. S7,7 it was observed that NiO-Cu 1200 has
the lowest onset potential and the highest activity (current
density), which means that increasing the thickness intensity of
the deposited Cu-doped NiO film, increases the diffusion rate of
methanol in addition to increasing the active sites. The rising
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Fig. 10 Cyclic voltammograms of thin films in 0.5 M KOH + 1 M
methanol solution with a scan rate of 50 mV s~* at room temperature.
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thickness of films forming many layers resulted in the high ratio
of Ni”*/Ni** and Cu*" ions, which enhanced mass transport and
electron transfer. As demonstrated in Fig. 9(a and b), the onset
potential values for synthesized films before and after methanol
addition relocated to more negative values when increasing
methanol concentrations. When the onset potential is more
negative for reactions at the anode, this refers to low over-
potential and high electrochemical activity.** The current
density recorded the highest intensity during the measure-
ments in 1 M methanol, so the results were compared in Fig. 10
ata scan rate of 50 mV s~ ', which shows that the NiO-Cu 1200 is
three times higher than the NiO-Cu 300.

As a comparision with the previously reported catalysts,
Table 5 reported the performance comparison between the
prepared Cu-doped NiO films and the similar transition metal
catalysts reported in the literature.

Fig. 11(a) displays the electrochemical impedance spectros-
copy (EIS) recorded in 1 M KOH containing 1 M methanol at
0.6 V vs. Ag/Ag Cl. According to the mechanism of methanol
oxidation in alkaline media, as mentioned in (ref. 45 and 46),
the following general equations: suggest that numerous
processes are involved in MOR. As a result, the EIS spectra may
have different properties.

M+OH — M — (OH)u + ¢~ (9)

M — (CH;OH),q; + 4OH™ — M — (CO),qs + 4H,0 + de~ (10)

View Article Online
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M — (CO),gs + M — (OH),4s + OH™ — 2M + CO,
+H,O +e (11)
where M represents an active site at the surface of the electrode.
In eqn (9), the oxidative hydroxyl ion is adsorbed. The
process of dehydrogenating produces adsorbed carbon
monoxide by the adsorbed methanol, as shown in eqn (10)
lastly, eqn (11) shows how to produce carbon dioxide and
regenerate active catalytic sites. It's clear that NiO-Cu 1200
exhibits the smallest semicircle diameter, about 16 ohms,
because it has small interfacial charge transfer resistance
compared to the other films, demonstrating improved charge
transfer kinetics throughout the MOR process. This result
agrees with cyclic voltammograms in Fig. 10. The used equiva-
lent circuits are exhibited inside Fig. 11(a). The circuit consists
of two parts: the first part is the Ry is the electrolyte's resistance,
CPE is the constant phase element, and R. is the charge
transfer resistance. The second part is associated with the
intermediate adsorption rate (R,qs) and adsorption constant
phase element (CPE,qs). The fitting results are depicted in Table
6. The charge transfer resistance of the films decreased by
increasing the film thickness, where charges can move easily
and quickly during the reaction because of increasing the
amount of (Ni**/Ni**) and (Cu®"), which act as the active site for
the reaction.®
To evaluate the long-term stabilities of the deposited films as
electrocatalysts for the MOR, chronoamperometry testing was

Table 5 Comparison of previously reported catalysts for similar catalysts

Catalysts Methods of preparation Morphology Current density (mA cm™?) Onset potential Ref.
NiO-Cu 1200 Co-sputtering deposition Thin film 15.3 0.37 This work
Cu-doped NiO Sol-gel Nano-flakes 0.4 0.41 41
NiO Hydrothermal Nanosheet 9.5 0.5 42
NiO Hydrothermal Nanoflake 1.9 0.87 43
GC/NiO, Potentiostatic deposition Nanoparticles 0.5 0.44 22
NiCu,0O,4 Combustion route Particles 8 0.8 44
20 -
(a) _14(b)
» ¢
R, §
15 = o < 12
Ree D) E
= —
g o b
9,10 i Raas 101
e 5§
= °
Ay T 84
= NiO-Cu1200 o = NiO-Cu 1200
51 o NiO-Cu900 aay = NiO-Cu 900
4 NiO-Cu 600 O 64 ——— NiO-Cu 600
v NiO-Cu 300 NiO-Cu 300
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Fig. 11 (a) Nyquist plots for the oxidation reaction, (b) chronoamperometric response for the films, at 0.60 V using 1 M methanol.
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Table 6 Values of EIS fitting
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CPE CPE. 45

The prepared films Ry Rcr Rags CPE-T CPE-P CPE-T CPE-P
NiO-Cu 300 9.6 16.61 4.63 1.80 x 1074 0.85 1.51 x 1073 0.85
NiO-Cu 600 9.1 15.12 4.02 9.91 x 107* 0.80 2.1 x 1073 0.86
NiO-Cu 900 8.71 14.34 3.32 1.05 x 107 0.85 4.61 x 107 0.80
NiO-Cu 1200 8.00 13.22 3.23 5.36 x 107° 0.90 4.8 x 1073 0.92

crystallinity, as detected by XRD and EDX. The crystal size

14 increased from 52, 57, and 69 to 75 nm, with increasing the

12 deposition time from 300, 600, and 900 to 1200 seconds,

g respectively. The electrochemical activity for MOR demon-

< 10 - strated that the prepared films are promising for using as

13 electrocatalysts because they have high stability and good

2 84 performance for charge transfer during the oxidation process.

g 6 - ——NiO-Cu 1200 Otherwise, the thickness of films affects the current density

3 values, which increase with the thin film's thickness. From the

S 4 CV conducted scan rate 50 mV s~ ' in 1 M methanol, the current

g density values were 5.9, 6, 12, and 15 mA cm > for the deposited

O 21 samples at 300, 600, 900, and 1200 seconds respectively.

04 Moreover, the onset potential decreased with increasing the

. . . v . . film thickness. These findings may open a new thin film

0 1 2 3 4 5 6 deposition technology era to adapt the performance of different

Time (Hour) electrocatalysts for different electrocatalytic applications.

Fig. 12 Chronoamperometric measurement for NiO-Cu-1200, at
0.6 V using 1 M methanol for 6 h.

performed at a constant voltage of 0.6 V on all catalysts for
3600 s, as shown in Fig. 11b. It is revealed that NiO-Cu 1200 still
shows the highest activity over the test period in agreement with
the previous measurements, may be related to its higher
thickness, increasing the active sides also the nature of the
surface which appears more roughness as obvious in FESEM
images, enhancing the catalytic efficiency by Stimulating the
rapid conversion of adsorbed intermediates into materials.

The long term stability test was conducted for NiO-Cu 1200
film through recoding the chronoamperometry at 0.6 V for 6
hours as displayed in Fig. 12. 5% current density loss from the
initial current density values after 6 h as an electrocatalyst for
MOR in 1 M methanol solution. This is a promising stability
result as the electrocatalyst can retain more than 95% of its
efficiency.

4. Conclusion

The co-sputtering deposition method has been utilized
successfully to prepare Cu-doped NiO thin films at various
deposition times (300, 600, 900, and 1200 seconds) on FTO as
a conductive substrate. Then, the prepared films were used as
electrocatalysts for methanol oxidation in a basic medium. The
characterization analysis showed that the thickness increase
with increasing the deposition time, as confirmed by FESEM
images. The prepared films experienced high purity with good

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