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haracterization of NiCu/GO and
NiCu/rGO nanocomposites for fuel cell
application†

Aya Mohamed,a Mohamed Shaban, *b Mohamed G. M. Kordy, *ac Ghadah M. Al-
Senani,d M. F. Eissaa and Hany Hamdya

This study investigated the electrochemical behavior of NiCu, NiCu/GO, and NiCu/rGO nanocomposites

designed by combining a modified Hummers' method and hydrothermal technique. The prepared

nanocomposites are tested as electrocatalysts in direct alcohol oxidation fuel cells (DAFCs) to identify

the role of GO and rGO as catalyst supports for the enhancement of the NiCu composite performance.

The production of the NiCu/GO and NiCu/rGO composites was demonstrated by FTIR spectroscopy,

EDX, and SEM analyses. In DAFCs experiments, NiCu/rGO has better catalytic activity than pure NiCu and

NiCu/GO composites, whereas the use of rGO and GO as supports enhances the performance of NiCu

by 468.2% and 377.7% in methanol and 255.6% and 105.9% in ethanol, respectively. The higher

performance was caused by the increased density of active dots and the combined electronic effects in

the designed catalysts. The stabilities of the catalysts and charge carriers' dynamics are studied using

chronoamperometry and electrochemical impedance spectroscopy.
1. Introduction

Both the existence of humans and the prosperity of the
economy depend on energy. Rapid industrial and technological
development with increasing world population requires a lot of
energy for a modernized society. To meet the rising need for
energy, fossil fuels are used. However, they are also the main
source of CO2, NO2, and other dangerous air pollutants that
cause acid rain, ozone depletion, and climate change.1 In this
case, renewable energies such as wind and solar power could be
a great option; however, they may not be enough to supply the
growing need for energy. Therefore, there is a growing focus on
nding sustainable energies.

Recently, fuel cells (FCs) have drawn more interest as an
alternative fuel and a potential solution for producing clean
energy.2 Depending on the used fuels and membranes, FCs can
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be categorized into solid oxide, phosphoric acid, polymer elec-
trolyte membrane, molten carbonate, alkaline, and direct
alcohol cells.3 Designing electro-catalysts is the main focus for
the electrooxidation of a direct alcohol fuel cell (DAFC), which is
a potential source of energy due to the high energy densities of
the alcohols (methanol, ethanol, etc.) it uses. DAFC has many
advantages for the power industry, such as high efficiency, easy
transportation and storage of liquid fuel, low noise, and simple
maintenance.4 Despite these possible benets, the anode cata-
lyst's high cost and limited electrocatalytic performance are
signicant issues.5 Thus, a lot of focus has been placed on the
development of anodic catalysts and engineering structural
perspectives to produce a catalyst with high electrocatalytic
activity, stability, and affordability.

Without a doubt, Pt is considered an effective catalyst for
ethanol/methanol electrooxidation reactions; however, its
application has been restricted because of its expensive price,
the scarcity of noble metals, and the decline in performance
brought on by reactive intermediate poisoning.6,7 Therefore, to
address these issues, different alloys from Pt with Ru, Pd, and
Sn were employed to increase the electrocatalytic activities and
lower costs; however, they suffer greatly from heavy aggrega-
tion.8,9 To address this issue, nickel (Ni) metal is the most
commonly used anodic catalyst because of its affordable price,
signicant electrocatalytic efficiency, and selectivity. Neverthe-
less, Ni electrocatalysts are quite prone to being inactive by
carbon deposition and sintering during long-term usage, both
of which can result in diminished cell performance.10,11 Adding
moisture to the supply streams can help to mitigate the carbon
© 2024 The Author(s). Published by the Royal Society of Chemistry
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deposition constraint. Nevertheless, it has been observed that to
avoid carbon deposition, a very high steam-to-carbon ratio is
needed. The elevated steam ratio has the potential to worsen the
cell electrical performance, dilute the fuel, and oxidize the Ni
electrocatalyst.

Alternatively, by enhancing the catalytic activity of various
metal-based electrocatalysts, for example, Ni/Cu alloys, the
DAFC anodes' catalytic stability and coke resistance can be
improved.12 Ni and Cu are face-centered cubic metals of very
close lattice parameters (a = 3.523 and 3.616 Å, respectively).
Hence, Ni–Cu alloys may be made in a broad range of compo-
sitions. The chemical and physical properties of Ni–Cu alloys
have been covered in many published works. Danaee et al.13

provided an outstanding analysis of the behavior of Ni–Cu
alloys in the hydrogenation reaction. In addition, Ni/Cu alloys
exhibited excellent resistance to corrosion and biofouling, and
good thermal and electrical conductivities.14 However, these
alloys face a drawback that has to be addressed: they are not
very resistant and possess insufficient hardness. Although there
is currently a lack of research on Ni/Cu, materials including
nano reinforcement have been shown to signicantly improve
mechanical qualities such as strength, hardness, and wear
resistance.15 Carbon nanotubes (CNT) and GO are two types of
nanomaterials that have garnered a lot of interest due to their
superior characteristics.16

GO is a form of graphene that has been modied with
functional groupings that include oxygen. It is typically
synthesized by employing strong oxidizing chemicals to oxidize
graphite such as potassium permanganate or nitric acid. The
resulting material has a layered structure with surface func-
tional groups containing oxygen, making it hydrophilic and
easy to disperse in water. It has piqued attention in many
scientic domains because of its desirable qualities, such as its
strong mechanical strength,17 electrical conductivity,18 molec-
ular barrier abilities,19 and other remarkable properties. GO is
a single layer of hexagon-shaped carbon with p-electron clouds
and sp2 hybridization C–C bonds. Mono-layer graphene and
other thin akes consisting of a few layers of C atoms have
interesting structural and physical properties that make them
potentially useful in a variety of technological disciplines. For
these reasons, various research studies have sought to incor-
porate graphene into nanocomposites. M. Wala et al.20 prepared
Table 1 Comparison of the designed NiCu/rGO and NiCu/GO electroca
electrooxidation of methanol

Catalyst Morphology Electrolyte

NiO/CuO MOF Nanosheets 1 M NaOH/3 M m
Ni–Cu hybrid oxides/
mesoporous carbon

Mesoporous ceramics 1 M KOH/2 M m

NP NiCu Nanoparticles 1 M KOH/0.3 M
Cu/NiCuNWs-220/C Nanorods 1 M KOH/1 M m
(Ni–Cu) sulde/MNO2 Nano spherical 0.5 M KOH/1 M
Ni–Co-graphene 3.5-15 Nanoparticles 1 M KOH/1 M m
NiCu/rGO Nanospheres on nanosheets 1 M KOH/2 M m
NiCu/GO Nanospheres on nanosheets
NiCu Nanospheres

© 2024 The Author(s). Published by the Royal Society of Chemistry
the NiCuGO electrocatalyst using electrodeposition for meth-
anol oxidation, which had a high current density of 28.6 mA
cm−2. However, it needed more optimization to improve the
activity and stability of the nanoscale catalyst. The NiCuGO
electrocatalysts, used by M. Wala et al.,21 also achieved a current
density of 10 mA cm−2 at 0.693 V in 0.15 M urea in 1 M KOH.
However, the composite catalyst produced more nitrite and
ammonia ions from urea oxidation, as shown by reaction
product analysis. Additionally, B. M. Thamer et al.22 observed
a high current density of 140 mA cm−2 at 0.34 V using the
NiCu@ porous carbon nanosheets electrocatalyst. S. Gupta
and M. De found that the 20Ni-carbon catalyst had the highest
current density (11 mA cm−2 at 1 V in basic medium) and
structural stability among the tested Cu, Ni, Co, or Fe-carbon
composite catalysts for the electro-oxidation of ethylene
glycol.23 The work was well-supported by a detailed analysis of
the catalysts, but it did not consider other fuels such as meth-
anol or ethanol, nor did it reach a current density that would be
suitable for industrial applications.

According to most sources, reduced graphene oxide (rGO) is
the favoredmaterial amongst graphite, graphene, and graphene
oxide.24 rGO is more stable in solvents than graphene or
graphite. Also, it does not clump together and may be stored for
extended periods. rGO is also substantially more conductive
and robust than graphene oxide.25 It has recently been utilized
as a catalyst support in FCs.26–28 Overall, GO and rGO are two
related forms of graphene that have unique characteristics and
possible uses in a variety of domains. While both materials have
their advantages and disadvantages, they represent a promising
area of research for the production of novel nanomaterials with
special properties and applications. Therefore, the application
of graphene nanosheets with other metallic nanostructures can
produce enhanced performance, and can be adapted to produce
low-cost catalysts.29 K. Rahmani and B. Habibi demonstrated
that the NiCo/reduced N-GO/carbon ceramic electrode catalyst
had the highest electrooxidation activity (88.04 and 64.23 mA
cm−2 for methanol and ethanol, respectively) and stability,
which was attributed to the synergistic effect of the NiCo alloy
and reduced N-GO.30 The strength of this work is the use of
a simple and cost-effective method to prepare the catalysts,
while the weakness is the lack of comparison with other carbon-
based materials such as CNT or carbon black. Table 1 shows the
talysts with the previously reported NiCu-based electrocatalysts for the

EOnset (mV) Current (mA) Catalyst dose Ref.

ethanol 400 vs. Ag/AgCl 437 2 mg 31
ethanol 350 vs. Ag/AgCl 182 44 mg 32

methanol 380 vs. Ag/AgCl 11 Thin lm 33
ethanol — 34.9 6 mg 34
methanol 380 vs. Ag/AgCl 70 5 mg 35
ethanol 251.8 3.5 Thin lm 36
ethanol −509 vs. Hg/HgCl 267 25 mg This

study−279 vs. Hg/HgCl 110 25 mg
377 vs. Hg/HgCl 80 25 mg

RSC Adv., 2024, 14, 6776–6792 | 6777
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previously reported NiCu nanocomposite-based electrocatalysts
for methanol electrooxidation and the values of their key
performance indicators.31–36

This research seeks to develop and express a more efficient,
cheaper, and novel electrocatalyst using Cu, Ni, and GO or rGO as
replacements for Pt. Here, NiCu, NiCu/GO, and NiCu/rGO nano-
composites are hydrothermally synthesized, characterized, and
examined as electrocatalysts for alcohols electro-oxidation in an
alkalinemedium to explore the role of GO and rGO as supports for
the NiCu composite. The performances of the suggested electro-
catalysts are examined in relation to the effects of the electrolyte
concentrations, scan rates, and reaction durations. In addition,
measurements with electrochemical impedance (ECI) spectros-
copy, chronoamperometry (CAM), and cyclic voltammetry (CV) are
used to analyze the electrode's performances and stabilities. In
FCs applications, the NiCu/rGO ternary nanocomposite is prob-
ably going to be helpful as available electrocatalysts.
2. Experimental details
2.1. Synthesis of Ni–Cu/GO and Ni–Cu/rGO

Hummers' method was used in our fabrication of graphene
oxide (GO) sheets with some modications according to Zaaba
et al.37 This method involves the mixing and stirring of 100 mL
H2SO4 and 17 mL H3PO4 up to 10 min. Aer that, the liquid is
agitated for 1 h at 200 rpm with one gram of graphite powder
added. Then, 6 g of solid KMnO4 was gradually added to the
mixture while it was in an ice bath to prevent overheating
issues. Throughout the day, this combination was continually
stirred. Aer that, 500 mL of distilled H2O was added to dilute
it, and the mixture was stirred for 30 min at 200 rpm. To remove
the additional KMnO4, 6 mL of H2O2 was added dropwise under
10 min stirring at 100 rpm. It had an exothermic reaction and
cooled in the ice bath. Aer that, the mixture was spun in
a centrifuge for 5 minutes at 4000 rpm to get the desired GO as
a pellet. Then, pellets were collected in a beaker and washed
with a mixture of distilled H2O and ethanol (C2H5OH) several
times every day. To obtain the nely GO powder, it was further
ltered, dried at 90 °C for 24 hours, and completely ground.

GO (0.5 g) was added to 50 mL of a well-mixed solution of
0.5 g NiCl2$6H2O and 0.5 g CuCl2$2H2O under stirring for 1 h at
ambient temperature (AT∼20 °C). Then, the product was sealed
in a 150 mL autoclave at 200 °C for 3 hours with 25 mL of 10 M
KOH. The formed suspension from the hydrothermal process
was ltered and dried at 50 °C for 24 hours, and labeled as the
NiCu/GO nanocomposite. Finally, NiCu/rGO was produced by
treating the GO powder by adding 30 mL hydrazine hydrate
(H6N2$H2O), which resulted in thin sheets of reduced GO (rGO),
followed by grinding the produced rGO.38,39 Then, it was used
instead of GO in the above steps for the preparation of the NiCu/
GO nanocomposite.
2.2. Characterization of NiCu/GO and NiCu/rGO
nanocomposites

The nanomorphologies of the synthesized nanocomposites
have been analyzed via scanning electron microscope (SEM,
6778 | RSC Adv., 2024, 14, 6776–6792
Sigma 500 VP, Carl ZEISS, Baden-Württemberg, Germany). The
elemental composition of the nanocomposites was explored by
a high-energy dispersive X-ray detector integrated into the SEM
device (EDX-SEM, AMETEK, Inc., PA, USA). To determine the
functional groups of the nanocomposites, Fourier transform
infrared (FT-IR) studies were performed using the Bruker Vertex
70 (Bruker, Leipzig, Germany). The NiCu/GO and NiCu/rGO
samples were characterized using a portable i-Raman Plus
spectrophotometer (B&W Tek, NJ, USA). Using a 532 nm wave-
length, the molecules' vibrations were stimulated. A ten-second
exposure was used. Moreover, a double-beam UV/Vis/NIR
spectrophotometer (Lambda 950, PerkinElmer Inc., Waltham,
MA, USA) has been employed for the optical investigations. We
also used the XRD device (Philips X'Pert Pro MRD) from Mal-
vern, UK, to detect the crystallography of the NiCu, NiCu/GO,
and NiCu/rGO samples so that we could analyse the peak
changes in the XRD studies. The XRD charts were generated by
scanning the 2 Theta range from 10° to 80° at a rate of 0.01° s−1

with Cu-Ka radiation (l = 0.154 056 nm) operating at 40 kV and
40 mA.
2.3. Electrochemical (EC) analysis

Utilizing an EC workstation (CHI 660E, Austin, TX, USA), the EC
studies were conducted by a cell with three electrodes: Pt
counter electrode, Hg/HgCl reference electrode, and working
electrode (NiCu/rGO or NiCu/GO). For working electrode prep-
aration, 25 milligrams of the produced nanocomposite was
combined with 30 microliters of Naon and 0.4 milliliters of
(CH3)2CHOH. A homogeneous nanocatalyst ink was produced
aer agitating for one day, then 15 microliters of the ink was
injected directly into a glassy carbon electrode with an area of
7.065 mm2. Aer that, the electrode was dried at AT (20 °C) for
an hour. The voltage was varied from −1 to 1 V vs. Hg/HgCl at
different scanning rates and varying concentrations of meth-
anol and ethanol. The ECI spectroscopy curves have been ob-
tained at an open circuit voltage of 0.5 V vs. Hg/HgCl with
a modulation amplitude of 5 mV and a frequency ranging from
100 kHz to 10 Hz. The nanocomposites' catalytic activities were
assessed employing polarization curves utilizing linear sweep
voltammetry (LSV) at AT with 100 mV s−1.
3. Results and discussions
3.1. Characterizations of the nanocomposites

3.1.1. Morphological study. Fig. 1 depicts the SEM images
of the investigated materials and the distribution of particle
sizes for NiCu. In Fig. 1(A), the SEM images of NiCu nano-
particles illustrate hexagonal shapes, as seen in the inset
images, with the presence of spherical nanoparticles. A narrow
size distribution and a high density of nanoparticles are
depicted in Fig. 1(B). The mean particle diameter is 43.4 ±

8.1 nm. Fig. 1(C) presents an SEM image showcasing exfoliated
GO layers. The image reveals thin, exible, and wrinkled sheets,
which align with the ndings reported by Shojaeenezhad et al.40

employing the modied Hummers' method. Notably, the inset
in Fig. 1(C) demonstrates that the GO layers are nanolayered.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) SEM images of the NiCu nanoparticles and (B) their particle size distribution, and SEM images of the (C) GO, (D) NiCu/GO nano-
composite, (E) rGO and (F) NiCu/rGO nanocomposite.
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Fig. 1(D) illustrates the inuence of the hydrothermal process
on GO nanolayers and NiCu nanoparticles which are impreg-
nated on the GO nanolayers' surfaces, leading to the formation
of a compacted and layered nanocomposite material, as shown
in the inset. Hence, SEM analysis reveals that the surfaces of the
GO nanolayers exhibit rough, textured features due to the
accumulation of metallic NiCu nanoparticles, as observed in the
distinct shapes present. Fig. 1(E) shows the SEM image of the
rGO layers, obtained through the reduction of GO nanolayers
using hydrazine hydrate, followed by a subsequent hydro-
thermal process. The SEM image reveals highly exfoliated
sheets of rGO with a rough surface, resembling scales, as
Fig. 2 EDX charts of (A) rGO and (B) NiCu/rGO composite.

© 2024 The Author(s). Published by the Royal Society of Chemistry
depicted in the inset. Fig. 1(F) presents an SEM image of
a nanocomposite consisting of rGO and NiCu nanoparticles.
The SEM image reveals condensed nanostructures and nano-
layers that appear as nanospheres and polygonal shapes,
respectively, suggesting the presence of NiCu nanoparticles
encapsulated by rGO blankets, as highlighted in the inset.

3.1.2. Chemical composition and functional groups. The
results obtained from the EDX study conducted on pure rGO
(Fig. 2(A)) and the NiCu/rGO nanocomposite (Fig. 2(B)) have
revealed signicant ndings regarding their chemical compo-
sition. The analysis of the rGO nanosheets demonstrated
remarkable properties, including excellent dispersibility and
RSC Adv., 2024, 14, 6776–6792 | 6779
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a carbon content of 66.65%, along with the presence of oxygen
at 33.35%, primarily attributed to the functional groups of
carboxylates. These characteristics offer distinct advantages for
various applications and facilitate the formation of nano-
composites with other metal ions, showcasing their favorable
chemical and structural properties.

Furthermore, the elemental analysis of the NiCu/rGO nano-
composite indicated a reduction in the carbon content to
7.07%, while the oxygen content increased to 76.93%. This shi
conrms that the presence of metal ions is associated with the
coordination and binding of oxygen, with 9.07% of Ni and
3.28% of Cu being deposited on the surface of the rGO nano-
sheets. Notably, there was a peak that corresponded to carbon at
around 1 keV, while another peak (∼1 keV) attributed to both Ni
(0.85 keV) and Cu (0.93 keV) exhibited overlapping character-
istics, indicating a synthesized rGO nanocomposite composed
of Ni and Cu in a 3 : 1 ratio. Additionally, the presence of 3.65%
potassium (K) was observed, which can be attributed to the use
of KOH during the hydrothermal process for the preparation of
the nanocomposite. The presence of gold (Au) signals observed
in the SEM-EDX analysis can be attributed to the coating
process applied to the sample.

The FTIR analyses shown in Fig. 3 highlight the function
groups of the GO, rGO, and NiCu powders in charts (A) and (B)
for the NiCu/GO and NiCu/rGO nanocomposites, respectively.
They were presented in the wavenumber range of 4000–
400 cm−1 using the KBr pellets method.

Fig. 3(A) shows signicant peaks at 3400, 3433.6, and
3637.8 cm−1 that correspond to the O–H bond's stretching
mode of the carboxylic group in the case of GO and rGO, and the
f–H bond of the produced hydroxides for Ni and Cu in the NiCu
sample. The asymmetric stretching vibration of an alkane's C–H
bond corresponds to the 2930 and 2854 cm−1 peaks in the GO
and rGO powders, although it is signicantly greater in rGO,
conrming the reduction process for GO. The peaks of the GO
powder at 1616.9, 1413.4, and 1103.9 cm−1 may be attributed to
the C]O, C]C, and C–H bonds, correspondingly. The rGO
powder exhibits strong and intense peaks at 1715, 1629.4, 1578,
Fig. 3 FTIR of (A) GO, rGO, and NiCu samples and (B) NiCu/GO and NiC

6780 | RSC Adv., 2024, 14, 6776–6792
1452.9, and 1387.7, and 1015.6 cm−1, which may be attributed
to the C]O stretching band, C]C stretching band for SP2

hybridization of rGO, C–H bending of alkane, strong O–H
bending of carboxylic acid groups, and strong C–O bending,
respectively. Finally, in Fig. 3(A), peaks at 1636.6 and
1402.8 cm−1 for the NiCu powder indicate O–H bending of the
Ni and Cu hydroxides. The peaks at 997.1 and 826.7 cm−1 are
ascribed to Ni–O and Cu–O, correspondingly. In the low-
frequency (800–200 cm−1) area, the GO, rGO, and NiCu
powders exhibit a complicated spectrum with broad bands, and
they are considered as ngerprint regions.

Fig. 3(B) illustrates the FTIR charts of the NiCu/GO and
NiCu/rGO nanocomposites. There are several commonalities
between these two spectra with a slight difference. So, for O–H
stretching, the GO and rGO nanocomposites revealed peaks at
3760.3 and 3756.3 cm−1, respectively, which is greater in the
case of the NiCu/GO nanocomposite due to the high OH content
in the GO layers. Peaks that are near and before 3000 cm−1

might be ascribed to the C–H stretching of alkanes in the NiCu/
GO and NiCu/rGO nanocomposites. We detected C^C bond
stretching peaks at 2367.8 and 2303 cm−1 as two peaks for the
GO nanocomposite and one peak at 2372.8 cm−1 for the rGO
nanocomposite, which may indicate that the C^C bond type of
the alkyne in the GO nanocomposite is completely different
from the C^C bond type of the alkyne in rGO. They are not
found in the previously described GO and rGO pure samples,
and their presence may also indicate the development of our
bimetallic GO and rGO nanocomposites. The NiCu/rGO nano-
composite displays distinct spectral characteristics, including
weak, broad, and linked peaks at particular wavenumbers. The
presence of peaks at 1637.9, 1556.3, and 1464.1 cm−1 suggests
the involvement of C]C stretching bands, which may be
attributed to conjugated alkenes or the O–H bending of Ni and
Cu hydroxides. These peaks also indicate the sp2 hybridization
of rGO, and the presence of C]O stretching bands or C]C
stretching in cyclic alkenes. Additionally, the appearance of
a peak at 1063.1 cm−1 is indicative of strong O–H bending in
carboxylic acid groups and intense C–O bending. On the other
u/rGO nanocomposites.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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hand, the NiCu/GO nanocomposite displays distinctive peaks at
1549.7, 1383.7, 1215.2, and 1088.7 cm−1. These peaks are
associated with bending modes of C]O, C]C, C–H, and O–H
bonds. Furthermore, they may also arise from Ni–O and Cu–O
interactions, respectively. The spectral analysis reveals impor-
tant molecular characteristics of the NiCu/GO and NiCu/rGO
nanocomposites, providing insights into the stretching and
bending vibrations of various functional groups and chemical
bonds present in the materials. In the low-frequency (800–
200 cm−1) area, the NiCu/GO and NiCu/rGO nanocomposites
also have complex spectra with large bands, and are thought to
be ngerprint areas.

In Fig. 4, the Raman study shows the peaks used to calculate
the ID/IG band ratios of the NiCu/GO and NiCu/rGO nano-
composites, where ID and IG are the intensities of the defect and
graphitic bands of the above-mentioned GO and rGO nano-
composites, respectively. For carbon materials, the D and G
bands are mostly rather wide and overlap. The G band at
1771 cm−1 is associated with the stretching vibrational mode of
the sp2 hybridized carbon bonds in the graphene layer rings.
The D peak at 1755 cm−1 is indicative of disordered carbon sp3

regions. It is brought about by oxygen-containing groups or
lattice and edge plane defects in honeycomb-like structures that
both embellish and disrupt the graphitic lattice, according to
Hu et al.41 Specically, the groups include hydroxyl (C–OH),
epoxy (CO–C), carbonyl (C]O) and carboxyl (O–C]O)). These
two peaks at 1755 and 1771 cm−1 for the two prepared nano-
composites refer to the stretching vibrational modes for the
C]O and C]C bonds in the GO and rGO nanolayers. The ID/IG
band ratios are 1.017 and 1.062 for the NiCu/GO and NiCu/rGO
nanocomposites, respectively. The ratios sp3/sp2 and ID/IG are
proportional. Carbon atoms that are conned by groups that
contain oxygen give rise to the D band. Consequently, residual
oxygen-containing groups—for instance, H2O molecules
vaporizing at low temperatures and oxygen-containing groups
being removed at high temperatures—have an impact on the D
band's intensity.42 The increase in ID/IG value from 1.017 in GO
Fig. 4 Raman charts of the NiCu/GO and NiCu/rGO nanocomposites.

© 2024 The Author(s). Published by the Royal Society of Chemistry
to 1.062 in the rGO composites suggests that the average size of
the sp2 dominions and the graphitic material crystallinity
decreased throughout the chemical/thermal processes.

The XPS spectra that were previously reported for NiCu,
NiCu/GO, and NiCu/rGO nanocomposites reveal the surface
elements and groups, their binding energy, and the electronic
structure of the catalysts.43–45 For the NiCu nanocomposite,
a peak at around 284 eV was attributed to the Ni2+ ions and the
peak around 172 eV was due to the Cu2+ ions.43 The peak at
around 159 eV was related to the oxygen atoms, whereas the
peak at around 137 eV was assigned to the carbon atoms.43 For
the NiCu/GO nanocomposite, a shi in some peaks was
observed compared with that of pure NiCu. The peak at around
284 eV was shied to higher binding energy, indicating that
more oxygen atoms were present on the surface.44 The peak at
around 172 eV also was shied slightly, suggesting that more
carbon atoms were attached to the GO layer.44 The peak at
around 159 eV was unchanged, implying that there is no
signicant change in the oxygen content.44 For the NiCu/rGO
nanocomposite, a similar trend as that of the NiCu/GO nano-
composite was observed. However, there are some differences
in some peaks.45 For instance, the peak at around 284 eV was
shied more than that of the NiCu/GO nanocomposite, indi-
cating that more oxygen atoms were present on both sides of the
rGO layer.45 The peak at around 172 eV also shied more than
that of the NiCu/GO nanocomposite, suggesting that more
carbon atoms were attached to both sides of the rGO layer.45 The
peak at around 159 eV was unchanged, implying that there was
no signicant change in the oxygen content.45 These studies
showed that adding GO or rGO as support enhances both the
number and distribution of active sites for the Ni–Cu bimetallic
catalysts. This may improve their catalytic performance for
DAFCs by increasing their stability and activity.

3.1.3. Optical absorption. A UV-Vis spectrophotometer was
used to study the optical absorption and bandgap of the NiCu,
rGO, NiCu/rGO, and NiCu/GO nanocomposites. Fig. 5(a) and (b)
illustrates the absorption spectra in the 200–800 nm range at
AT. The absorption decreases noticeably with increasing wave-
length. Two absorption peaks were observed in the UV-visible
spectrum of the rGO nanomaterials, as presented in Fig. 5(a)
rGO showed a strong band at 260 nm and a small shoulder at
375 nm. The strong band for rGO at 260 nm is assigned to the
p–p* transitions. The small peak at 375 nm is related to the n–
p* transitions. For the NiCu spectrum, the strong visible light
absorption intensities are caused by the strong electronic
transition from the valence (2p O−2) to conduction (3d/4s
metallic ion orbitals) bands.46 For the NiCu/rGO composite
(Fig. 5(b)), small absorption peaks are observed at 267 and
357 nm. This is quite similar to data presented by Abid et al.,47

where an absorption peak at 266 nm was observed for rGO.
The optical band gap for the direct allowed transitions of the

synthesized nanocomposites was estimated utilizing Tauc's
formula (eqn (1)).

a ¼ �
E � Eg

�1
2

,
hn (1)
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Fig. 5 (a) and (b) UV-vis absorption spectra and (c) and (d) Tauc plots for the samples rGO, NiCu, NiCu/GO, and NiCu/rGO.
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where a, E, and Eg are the optical absorption coefficient (cm−1),
photon energy (eV), and direct bandgap (eV), respectively.48 h
and n represent Planck's constant (J s) and the frequency of the
incident photons (Hz), respectively. a was calculated by eqn (2);

a = 2.303 × 103Ab/lC (2)

where A is the sample's absorbance, b is the material's density (g
cm−3), l is the optical path (1 cm), and C is the amount of
nanocomposite in the suspension (g). Fig. 5(c) and (d) shows
plots between (ahv)2 and E for the examined samples. The
straight-line portions of the curves were used to obtain the
bandgap values. In contrast to rGO, which exhibited optical
band gaps of 2.31 and 3.63 eV, the NiCu composite had an
optical band gap of 2.67 eV. The band gap is decreased from
2.94 to 2.82 eV by employing rGO as a host for NiCu instead of
GO, as illustrated in Fig. 5(d). This decrease may be caused by
rGO's functional groups that include oxygen, which can cause
the optical band gap to become narrow.49 In nanomaterials with
a narrower bandgap, the electrons can move from the VB to the
CB more easily. This suggests increased electrical conductivity
and electron concentration for NiCu/rGO.50

3.1.4. Structural properties. The crystal structure of the
nanocomposites NiCu, NiCu/GO, and NiCu/rGO is shown by the
XRD patterns in Fig. 6. The hydrothermal process transforms
6782 | RSC Adv., 2024, 14, 6776–6792
the additives into a mixture of nano-sized Ni(OH)2 and CuO.51,52

The peaks at 2q = 19.1°(001), 38.7°(011), and 52.2°(012)
conrmed the formation of the b-Ni(OH)2 phase (JCPDS, le No.
14-0117).53 The diffraction peaks at 2q values of 35.4°(002),
38.8°(200), 48.7°(−202), 61.5°(−113), 66.4°(022), and 68.1°(220)
correspond to monoclinic CuO with the C2/c space group
(JCPDS le No. 45-937).54 The other detected peaks are related to
a-Ni(OH)2 with a major peak at 35.4°, which is compatible with
literature values (JCPDS 41-1424).55,56 The samples have a pure
phase structure, as no impurity peaks from KOH, NiCl2, or
CuCl2 are detected.

In Fig. 6(B), the diffraction peaks at 2q of 19.4, 25.7, 36.5,
38.7, 42.5, 43.6, 52.5, 59.4, 61.7, 73.6, and 74.4° are observed.
The intense and narrow diffraction peak at 2q = 36.5° suggests
an increase in the crystallinity of Ni(OH)2/CuO on the GO
nanosheets. The GO nanosheets may be represented by the
broad peaks at 19.4 and 25.7.57 In Fig. 6(C), these peaks merge
into one peak at 24.9°, which is attributed to the reduction of
the GO nanosheets. The shi of the characteristic peak from
19.4° to 24.9° aer simultaneous hydrothermal treatment at
200 °C and chemical reduction using hydrazine indicates that
GO is fully reduced to rGO in the NiCu/rGO nanocomposite.58

The Debye–Scherrer equation (eqn (3)) can be used to
calculate the crystallite size, D (nm), from the diffraction angle,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XRD patterns of (A) NiCu, (B) NiCu/GO, and (C) NiCu/rGO
nanocomposites.
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q (degree), the X-ray wavelength, l (=0.154 nm), and the full
width at half maximum, b (rad):57,59

D = 0.98l/b cos q (3)

The values of the average crystallite size are 27.8, 21.7, and
8.9 nm for NiCu, NiCu/GO, and NiCu/rGO, respectively. The
reduction of the crystallite size, by loading NiCu on the surface
of rGO and GO, refers to the enhancement of the specic
surface area (SSA, area per unit mass). The minimum disloca-
tion density, 1/D2, is calculated to be 1.88 × 10−3, 18.59 × 10−3,
and 31.4 × 10−3 dislocation per nm2 for NiCu, NiCu/GO, and
NiCu/rGO, respectively.60 The SSA of the samples is an impor-
tant structural parameter. The values of this parameter are
calculated by SSA = 6000/(D × r), where r is the density of
nanoparticles.58,61 The ratios of SSA for CuNi/rGO and CuNi/GO
relative to NiCu are calculated to be 4.04 and 1.87, respectively.
Fig. 7 The impact of the sample compositions on electrocatalytic perform
(B) 2 M methanol.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Therefore, the NiCu/rGO nanocomposite is supposed to be
more catalytically effective than pure NiCu.
3.2. Electrochemical oxidation (ECO)

3.2.1. Impact of electrolytes and samples compositions.
The electrocatalytic activity for the oxidization of 0.5 M ethanol
and 2 M methanol in 1 M KOH solution at AT and 100 mV s−1

scanning rate is affected by the compositions of the samples, as
illustrated in Fig. 7. 0.5 M for ethanol and 2 M for methanol
were chosen by optimizing their concentrations, as shown in
Fig. 7. In 0.5 M ethanol (Fig. 7(A)), when rGO is added to the
NiCu nanocomposite, the maximum current density rises from
0.096 to 0.244 A g−1, showing an enhancement in the electro-
catalytic performance. However, the addition of graphene oxide
slightly increased the current density from 0.096 to 0.101 A g−1.
In 2 M methanol (Fig. 7(B)), by employing GO and rGO as
supports, respectively, the maximum current density of the
NiCu nanocomposite is increased from 0.08 to 0.11 and
0.267 A g−1, signicantly boosting the electrocatalytic perfor-
mance. By adding GO, the oxidation peak's current density is
raised from 0.039 A g−1 at 0.63 V to 0.105 A g−1 at 0.79 V.
Conversely, the incorporation of rGO increases its current
density to 0.212 A g−1 @ 0.83 V, i.e., the NiCu-rGO nano-
composite gives a higher oxidation current density than the
other catalysts and the enhancement reached 468.2% compared
to the pure NiCu composite. This enhancement is associated
with an increase in electric conductivity, mobility, and surface
area, which increases throughout the rGO reduction proce-
dure.62 Similarly, Noor et al.31 and Al-Enizi et al.63 found
comparable characteristics for rGO-MOFs nanocomposites,
albeit with lesser enhancements than this study.

The electrochemical oxidation of methanol and ethanol is
a process that involves the transfer of electrons from these
alcohols to an electrode, usually made of a metal catalyst. The
adsorption mechanism is the way that the alcohol molecules
interact with the surface of the catalyst, which affects the rate
and selectivity of the reaction. Adsorption can be classied into
ance using 1 M KOH solutions at 20 °C to oxidize (A) 0.5 M ethanol and

RSC Adv., 2024, 14, 6776–6792 | 6783
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two types: physisorption and chemisorption. Physisorption uses
weak van der Waals forces, whereas chemisorption uses strong
covalent bonds.64 The adsorption energy indicates how strongly
the adsorbate binds to the adsorbent surface, i.e., the adsorp-
tion energy is the amount of energy released or consumed when
the alcohol molecules bind to the catalyst surface, which
reects the strength and stability of the adsorption. It is
computed by subtracting the total energy of the system before
adsorption from the total energy aer adsorption.65 Previous
studies have demonstrated that NiCu bimetallic alloys are
effective catalysts for methanol and ethanol oxidation. This is
because of the cooperative effects of the Ni and Cu atoms and
the favorable hydrogen adsorption energy of NiCu.22,66 NiCu/GO
and NiCu/rGO are hybrid materials that integrate the benets of
NiCu alloys and graphene oxide (GO) or reduced graphene oxide
(rGO) as supports. GO and rGO can enhance the distribution
and stability of NiCu nanoparticles, and also offer high elec-
trical conductivity and large surface area.66 The adsorption
processes of NiCu, NiCu/GO, and NiCu/rGO for methanol and
ethanol oxidation are complicated and inuenced by the
surface structure, composition, and morphology of the cata-
lysts, as well as the reaction conditions. Some potential steps
that are involved include the following: (a) adsorption of
methanol or ethanol molecules on the catalyst surface, (b)
dehydrogenation of methanol or ethanol to produce CO and H2,
Fig. 8 Effects of ethanol and methanol concentrations on the EC cataly

6784 | RSC Adv., 2024, 14, 6776–6792
(c) oxidation of CO to CO2, and (d) desorption of CO2 and H2O
from the catalyst surface.22,66

3.2.2. Impact of electrolyte concentrations. Ni-based elec-
trodes are considered the most effective electrocatalyst for
oxidizing ethanol and methanol.67 The obtained nano-
composites' CV curves at various ethanol and methanol
concentrations are shown in Fig. 8. The adsorption of the
reactants and intermediate components, followed by dissocia-
tion phases, is the basis of the ethanol ECO processes to
determine the selectivity and efficiency of the reaction.68 Hence,
it is important to optimize the ethanol concentration. For the
NiCu/rGO nanocomposite as shown in Fig. 8(A), when the
ethanol concentration decreased from 2 M to 0.5 M, the
maximum current density rose from 0.096 to 0.246 A g−1. This
suggests that the NiCu/rGO nanocatalyst exhibits its best EC
catalytic activity at 0.5 M ethanol concentration. Because
ethanol covers more hot spots with increasing concentrations,
hydroxyl is unable to bind to the active sites.69

The concentration was also optimized for the ECO of
methanol using the NiCu/rGO nanocatalyst (Fig. 8(B)). The
maximum current density for methanol increased from 0.207 to
0.266 A g−1 as the methanol concentration climbed from 0.5 M
to 2 M. The current densities of the oxidation peaks changed
from 0.10 A g−1 @ 0.711 V to 0.20 A g−1 @ 0.807 V as the
methanol concentration changed from 0.5 M to 2 M, i.e., the
tic activity of NiCu/rGO (A) and (B) and NiCu/GO (C) and (D) at AT.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 CV plots at a scanning rate of 100 mV s−1 for NiCu/rGO in 1 M KOH (A) without methanol and (B) with methanol.
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ideal methanol concentration for the NiCu/rGO nanocomposite
is 2 M.

For the NiCu/GO nanocomposite (Fig. 8(C) and (D)), the
optimum concentrations of 0.5 M ethanol and 2 M methanol
had the highest current density values of 0.09 and 0.08 A g−1,
respectively. Also, the highest values for the oxidation peak are
0.002 A g−1 @ 0.24 V for 0.5 M ethanol and 0.001 A g−1 @ 0.24 V
for 2 M methanol. Therefore, these values indicate that the
prepared nanocomposites are more efficient for the electro-
oxidation of methanol than ethanol. Hence, a high methanol
concentration may inhibit the catalyst's ability to oxidize,
Fig. 10 Scanning rate effect on the EC catalytic performance of (A) and (
methanol ECO at AT.

© 2024 The Author(s). Published by the Royal Society of Chemistry
leaving the oxygen evolution reaction (OER) active site unoc-
cupied and reducing the competitive connection between the
OER and the methanol ECO process.46 Similar results are
observed by Deng et al.70 using the NiCo/C–N/CNT electro-
catalyst, which is a more complicated structure.

The impact of 1 M KOH electrolyte with and without meth-
anol on the ECO process is depicted in Fig. 9. The presence of
the oxidation peak of NiCu/rGo in the CV curve obtained in the
1 M KOH + 2.0 M methanol electrolyte indicates the occurrence
of catalyst electrooxidation due to the breakdown of the elec-
tronic bonds and the production of oxyhydroxide (OOH).71
B) NiCu/rGO, (C) and (D) NiCu/GO, and (E) and (F) NiCu for ethanol and

RSC Adv., 2024, 14, 6776–6792 | 6785
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3.2.3. Scanning rate effect. The catalytic performance of
NiCu/rGO, NiCu/GO, and NiCu for ECO of ethanol and meth-
anol in 1 M KOH electrolyte at AT is shown versus the scanning
rate in Fig. 9. The current densities for all samples in 0.5 M
ethanol, as well as NiCu in 2.0Mmethanol, rose as the scanning
rate rose to 100mV, as illustrated in Fig. 10(A), (C), (E), and (F).72

The rate of diffusion outpaces the response rate at higher scan
rates. As a result, additional electrolytic ions arrive at the elec-
trode–electrolyte interfaces, but fewer ions take part in the
charge transfer process. Then, the optimal scanning rate is
100 mV s−1.73 The optimal scan rate, however, changes to 10 mV
when GO and rGO are added to the composite at 2 M methanol
(Fig. 10(B) and (D)). This could be true given that the electrode's
external surface experiences the greatest amount of electrolytic
ion intercalation at the slowest scanning rate.74

3.2.4. LSV measurements. Fig. 11(A)–(C) illustrates the LSV
plots using NiCu/rGO, NiCu/GO, and NiCu in ethanol and
methanol at the optimum concentrations utilizing the three-
electrode cells. The scanned potential window ranges from −1
to +1 V at 100 mV s−1. For NiCu/rGO (Fig. 11(A)), the current
densities changed from 0.094 to 0.326 A g−1 for ethanol and
methanol, respectively. For NiCu/GO, Fig. 10(B), the current
density increased from 0.125 to 0.266 A g−1 for ethanol and
methanol, respectively. For NiCu, Fig. 10(C), it is changed from
0.046 to 0.07 A g−1 for ethanol and methanol, respectively.
Fig. 11 Linear sweep voltammetry plots at 100mV s−1 for (A) NiCu/rGO, (B
time, CAM measurements, in ethanol and methanol at optimized conce

6786 | RSC Adv., 2024, 14, 6776–6792
These values clearly indicate the enhancement that happened
due to the loading of NiCu on rGO and GO. GO and rGO have
large surface areas and high electrical conductivities. Therefore,
the loading of the Cu/Ni composite on GO and rGO can enhance
the electrochemical oxidation performance of methanol and
ethanol by providing more active sites, improving the electron
transfer, increasing stability, enhancing mass transport, and
creating a synergistic effect.75 The activities of the materials
under examination can also be detected using the onset
potentials (Eonset).76 The Eonset of NiCu, NiCu/GO, NiCu/rGO is
377 mV, −279 mV and −509 mV, respectively. In comparison to
all samples, the electrocatalytic activity and onset potential data
show that NiCu/rGO is a more potent catalyst for the methanol
ECO. When using the NiCu/rGO composite, the higher ECO
current density of methanol compared to ethanol can be
attributed to its simpler molecular structure, weaker bonding
energy, stronger adsorption properties, higher surface coverage,
and better mass transport properties.77

3.2.5. Chronoamperometric (CAM) measurements. The
CAMmeasurements are used to evaluate the catalytic stabilities
of the electrodes. The stability of NiCu/rGO and NiCu/GO was
assessed for a long duration, and is presented in Fig. 11(D). A
long-period CAM test was also carried out for 300 min and
provided as ESI (Fig. S1†). NiCu/rGO demonstrated greater
stability during the methanol ECO process as compared to
) NiCu/GO, and (C) NiCu. (D) The variation of the current density versus
ntrations.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Randle circuit values estimated from ECI data for the studied
electrodes

Catalyst Rs/U Rct/U CdI/mF ZW qmax/degree fmax/Hz sn/ms

CuNi/rGO 36.4 7.5 3.53 1.34 72.0 33.85 29.5
69.4 1.40 714.3

CuNi/GO 37.2 1.2 2.09 1.57 78.36 2.59 386.1
CuNi 35.4 3.34 0.78 6.36 81.84° 13.40 74.6
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ethanol ECO with current densities of 0.0315 and 0.0098 A g−1,
respectively. The starting fast reduction before reaching
a constant output rate is caused by a small corrosion activity
across the electrode-redox electrolyte interface.78 NiCu/GO
showed a lower stable current (0.0155 A g−1) for the methanol
electrooxidation than the NiCu/rGO electrode. This indicates
that, despite the initial decrease in the density of currents, the
NiCu/rGO electrode showed high chemical stability and an
extended lifespan as a functional ECO electrode, as shown in
Fig. S2.†

3.2.6. EC impedance (ECI) spectroscopy. The charge
carriers' dynamics play a major role in determining the elec-
trooxidation's catalytic performance for the used electrodes.
The CHI EC station was used to measure the ECI data at AT to
characterize the interfacial properties of the electrocatalysts.78
Fig. 12 Nyquist and Bode plots for electrodes NiCu/rGO (A) and (D), NiC

© 2024 The Author(s). Published by the Royal Society of Chemistry
Impedance is the sum of the real and imaginary (Z0, Z00)
elements of the cell's resistance and capacitance, respectively.79

ECI analyses were carried out from 0.1 to 100 000 Hz, with the
electrodes dipped in 2 M methanol electrolyte and illuminated.
The Nyquist graphs for the electrodes are displayed in
u/GO (B) and (E), and NiCu (C) and (F) in 2 M methanol.
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Table 3 Comparison of the designed NiCu/rGO and NiCu/GO electrocatalysts with the previously reported Pt-based or Ni-based electro-
catalysts for DAFC application

Catalyst Morphology Electrolyte EOnset (mv) Current density
Catalyst
dose Ref.

Pt79Fe21/N-doped
graphene

Alloy nanoparticles/
sheets

0.5 M H2SO4 + 1 M
HCOOH

110 mV vs. RHE 186 mA g−1 at 400 mV
vs. RHE

2 mg 83

Pt1Ru2/microporous
carbon-950

Alloy nanoparticles/
microporous

0.5 M H2SO4 + 1 M
CH2O2

110 mV vs. Ag/
AgCl

9.5 mA cm−2 at 0.70 V 10 mg 84

PtAu-on-Au Nanostructure 0.5 M HCOOH +
0.5 M H2SO4

— 228 mA g−1 @ 0.51 V 8 mg 85

Pd2Ni3/C Nanopowder 1 M ethanol + 1 M
KOH

−0.65 V vs.MMO 217 mA cm−2 10 mg 86

NiCo2S4/CNT (3 : 1) Nanocomposite 1 M methanol + 1 M
KOH

— 160 mA cm−2 at 0.6 V 4 mg 87

Pd@PdPt Porous core/shell
nanocubes

0.5 M KOH + 1 M
ethanol

0.467 V vs. RHE 3.449 mA cm−2 — 88

PdPt/C Nanoparticles 0.3 M KOH + 1 M
ethanol

−0.37 V 3.27 mA cm−2 1 mg 89

Pt1Ru0.5Sn0.5-RGO Alloy nanoparticles 1 M KOH + 1 M
ethanol

−0.633 V 2.489 mA cm−2 3 mg 90

Rh@Pt Core–shell
nanocubes

0.2 M ethanol +
0.1 M HClO4

0.46 V vs. RHE 2.62 mA cm−2 — 91

PtCoRh Nanoassemblies 1 M KOH + 1 M
ethanol

0.25 V vs. RHE 40.3 mA cm−2 2 mg 92

NiCu/rGO Nanospheres on
nanosheets

1 M KOH + 2 M
methanol

−509 vs. Hg/
HgCl

267 mA g−1 25 mg This
study
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Fig. 12(a)–(c). The corresponding Bode plots are shown in
Fig. 12(d)–(f). All working electrodes showed a very low
electrode/electrolyte charge transfer resistance (Rct, small
semicircle) at high frequencies.80 At low frequencies, straight
line segments are observed because of diffusion-controlled
routes (Warburg impedance, Zw) and double-layer capacitance
(Cdl). The data are simulated and tted using Randall's
comparable circuit consisting of active electrolyte resistance
(RS), Rct, Zw, and Cdl. The values of the elements are reported in
Table 2. The value of Zw is reduced by loading NiCu on the GO
and rGO surfaces, indicating improved performance by adding
rGO. All samples had low Rct, which indicates reduced charge
recombinations at the electrode/electrolyte interfaces.81 The
highest phase shi (qmax) and the frequency (fmax) at qmax are
determined from Fig. 12(d)–(f) for NiCu/rGO, NiCu/GO and
NiCu, and summarized in Table 2. Similar to the observed
optical behavior, NiCu/rGO had two maxima while Ni/Cu/GO
displayed just one maximum.

The values of fmax are used to predict the charge carriers'
lifetimes, as shown in Table 2.82 Much higher values of the
charge carrier lifetime are observed by loading NiCu on rGO and
GO. This also conrms that the addition of rGO signicantly
reduces the charges recombinations through the electrode/
electrolyte interface. This also involves kinetically straightfor-
ward electrooxidation processes, electrolyte diffusion, and
improved ionic conductivity through the NiCu/rGO electrode.
Hence, NiCu/rGO and NiCu/GO exhibited superior electro-
oxidation catalytic performance compared to the NiCu
electrode.

Table 3 shows a comparison between the performance of our
optimized catalysts (NiCu/rGO) and the previously reported Pt-
6788 | RSC Adv., 2024, 14, 6776–6792
based or Ni-based catalysts that are used for the electro-
oxidation of methanol or ethanol.83–92 The designed NiCu/rGO
catalyst exhibits a higher current density and a lower onset
potential than most of the reported Pt-based or Ni-based elec-
trocatalysts for DAFC application, demonstrating better elec-
trooxidation catalytic activity. The designed NiCu/rGO catalyst
has a similar morphology to some of the reported electro-
catalysts but with different compositions and electrolytes, and
a higher catalyst dose, which may affect its cost-effectiveness
and stability. Hence, the properties of the bimetallic NiCu/
rGO suggest that it could potentially serve as a less expensive
alternative to high-priced DAFC catalysts. Ding et al.93 and Zhao
et al.94 have proposed a novel approach that uses ML to design
and optimize PEMFCs. ML can analyze large and complex
datasets, either experimental or theoretical, and predict the
output with fewer trials.93,94 Our future work will use ML to
optimize the catalysts' synthesis, performance, and cost, and to
understand their mechanisms and interactions with the fuel
and the membrane. We will also validate the catalysts in real
DAFC systems, compare them with Pt-based catalysts, and
explore other metal alloys and graphene derivatives as potential
electrocatalysts for DAFCs.
4. Conclusion

A one-step hydrothermal method is successfully adapted for the
in situ design of NiCu and its composites, NiCu/GO and NiCu/
rGO. The sample morphologies, chemical compositions and
functional groups, and optical band gaps were studied using
SEM, EDX, FTIR, Raman, and UV/Vis spectroscopy. NiCu/rGO
demonstrated the best electrochemical activity of all
© 2024 The Author(s). Published by the Royal Society of Chemistry
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synthesized catalysts, having 267 mA g−1 current density and
the lowest onset potential and impedance due to rGO, which
caused agglomeration. The performance of NiCu is improved by
468.2% and 377.7% in methanol and 255.6% and 105.9% in
ethanol, respectively, when rGO and GO are used as supports.
Also, the working NiCu/rGO electrode for the electrooxidation
showed the highest chemical stability, longest lifetime, lowest
Warburg impedance, and longest charge carriers' lifetime. The
characteristics of this bimetallic NiCu/rGO make it a possible
replacement for the costly DAFC catalysts.
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