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Abstract: The growing world population with the growth of civilization is causing the demand for
electric energy to increase every year. For this reason, new energy sources such as fuel cells are
becoming more and more needed, especially when they can use renewable fuel such as ethanol. This
simple organic alcohol can be easily produced in a fermentation process using organic waste. Its
oxidation might be used as a source for electricity; however, due to the lack of proper electrocatalytic
materials, such a solution is not popular. A simple method of NiCuGO composite preparation via
electrodeposition from a water-based solution containing graphene oxide suspension is proposed.
The activity of the prepared material is proven, with higher current densities observed for the
composite powder. The highest peak current density is observed for NiCuGO deposited with a
higher current density. The observed ipA of 8.6 mA cm−2 has been higher than that reported by
other researchers.
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1. Introduction

Fuel cells stand as a leading contender in the quest for green energy solutions, offering
high efficiency and a low environmental impact. However, the widespread adoption of fuel
cells is hindered by the limited performance and high cost of materials employed in their
construction, particularly within the anodic components [1–3]. The continuous pursuit of
alternative materials that can enhance the efficiency, stability, and cost-effectiveness of fuel
cells has led to the exploration of various composite materials [1,3].

Simple alcohols have increasingly received attention as potential fuel sources due
to their practicality as energy providers. Their attraction primarily lies in their high
energy densities, low toxicity, and ease of both storage and transportation. Among these
alcohols, ethanol stands out prominently due to its remarkable suitability arising from
the straightforward synthesis via the biological process of fermentation. This unique
characteristic endows ethanol with a renewable nature. Notably, virtually any organic
source, especially one abundant in carbohydrates, can be utilized as feedstock for ethanol
production, reinforcing its renewable quality. This inherent characteristic underscores the
potential for an eco-friendly and sustainable energy source, fostering continued interest
and exploration in alcohols as a viable fuel alternative [3–7].

Among the multitude of materials under investigation, nickel and copper emerge as
promising candidates due to their catalytic properties and abundance [8–14]. Additionally,
the integration of graphene oxide—a remarkable two-dimensional carbon-based material
known for its exceptional conductivity, and large surface area—presents an exciting avenue
for enhancing the performance of fuel cell components [13,15–20].

Nickel-based materials have been proven to be active towards ethanol oxidation.
The synergic effect of its mixing with copper has also been reported to be beneficial for
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hydrogen evolution [21,22], oxygen evolution [23], oxygen reduction [24], methanol oxida-
tion [25], urea oxidation, [26,27] ethanol oxidation [28] and dehydrogenation [29,30]. The
amalgamation of these materials aims to leverage the synergistic effects of their individual
properties, capitalizing on the catalytic activity of nickel and copper while harnessing the
conductivity and structural reinforcement provided by graphene oxide. The addition of
copper to Ni-based catalysts has been proven to increase its activity due to the electronic
effect, which is related to the vacancy in the filling of the d band of nickel and in the sup-
pression of the formation of less active γ-NiOOH [31,32]. Another explanation of the higher
activity of Ni catalysts doped with Cu is a bifunctional mechanism, where the Cu atoms
are active centers for OH− ion adsorption [29,33] and increased immunity toward CO
poisoning caused by the presence of Cu [27]. Such activity could be even further increased
via the preparation of composite material, consisting of both Ni and Cu metals with the
addition of carbon nanomaterial, which would not only improve the conductivity of the
final material, but also increase its active surface area and the particles’ dispersion during
electrodeposition [15,34–41].

This article presents a comprehensive study detailing the synthesis and characteri-
zation of a new composite material consisting of nickel, copper, and graphene oxide for
ethanol fuel cell anodes. The NiCuGO composite prepared via the electrodeposition of a
water suspension, which has been shown to be active towards methanol [42] and urea [43],
is now examined for ethanol oxidation. The addition of graphene oxide has been proven to
increase the surface area of the proposed material and increase its activity toward methanol
and urea oxidation. Since ethanol is a much more complicated particle and the breaking
of the strong intercarbon bond is not easy, this article focusses on an examination of the
activity of the proposed material towards its oxidation and the role of graphene oxide in
the process.

The proposed material was synthesized via electrodeposition from a water-based elec-
trolytic bath, offering a streamlined, rapid, and environmentally friendly process. This
methodology stands out for its exclusion of toxic organic substances, such as hydrazine or
NH4F, commonly employed in the synthesis of similar materials [35,44–47]. Moreover, the
electrodeposition process provides a versatile means to tailor the final material by adjusting
various process parameters, including current density and electrolyte composition [41,48–51].
This adaptability allows for precise control over the material’s characteristics, demonstrating a
flexible and efficient approach to material design and synthesis.

The best results were observed for a NiCuGO composite electrodeposited with a
current density of 20.8 A dm−2. The peak current density for ethanol oxidation was
8.6 mA cm−2 at a peak potential of 0.66 V vs. Ag|AgCl(sat.KCl) and 9.1 mA cm−2 at a peak
potential of 0.7 V vs. Ag|AgCl(sat.KCl).

2. Materials and Methods

All used chemicals were of analytical purity, and were manufactured by Avantor
(Gliwice, Poland).

The proposed method of composite powder preparation has been described else-
where [42]. Briefly, to a water-based solution containing nickel and copper salts with the
addition of citric acid as a complexing agent suspension, 0.5 g L−1 of graphene oxide
(Graphene Supermarket, Ronkonkoma, NY, USA) was added. Using the power source
with a current density of 15.6 A dm−2 and 20.8 A dm−2 working in constant-current mode
for 10 and 5 min, respectively, the proposed materials were electrodeposited in the forms
of powders, which were taken off the base metal using ultrasounds, dried and cleaned.
Depending on the used current density and the electrolyte ingredients, samples were
named, as shown in Table 1.
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Table 1. Clarification of samples codes used further in the text.

Sample Name GO Addition, g L−1 i, A dm−2

NiCu15 - 15.6
NiCu20 20.8

NiCuGO15
0.5

15.6
NiCuGO20 20.8

The electrochemical activity of prepared materials was assessed using the AUTOLAB
PGSTAT302N potentiostat with NOVA 2.1 software (Methrom, Herisau, Switzerland). For
electrochemical measurements, a three-electrode system was used, with glassy carbon as
a counter electrode and Ag|AgCl(sat.KCl) as a reference electrode, which is why all the
potentials mentioned in this paper will be given in the reference to this electrode.

All mentioned measurements were made on stationary working electrodes, which
were prepared via the deposition of 5 µL of catalytic ink on a polished glassy carbon
electrode (ϕ 5 mm). Catalytic ink was prepared by mixing the prepared powder (1 mg of
powder per 30 µL of ink) with Nafion® and Isopropanol solutions (1:10 v/v), followed by
ultrasound mixing until deep black catalytic ink was prepared.

The activity of the proposed material was examined using cyclic voltammetry in the volt-
age range of 0–0.7 V vs. Ag|AgCl(sat.KCl), linear weep voltammetry and chronoamperometry.

The best activity of the proposed powders was observed in 1 M KOH, which was used as
a supporting electrolyte for ethanol. The concentration of ethanol was experimentally chosen
via a series of CV experiments in solutions with various (1–5 M) ethanol concentrations.

Scanning electron microscopy (SEM) was conducted using Hitachi S-4000N (Hitachi,
Tokyo, Japan) with an exceeding voltage of 15 kV. Based on SEM images, particle size
analysis was conducted using the ImageJ 1.5 (NIH, Bethesda, MD, USA) graphical software.
The size of the particle edges was measured at 50 points for each modification.

3. Results and Discussion

The proposed powders were examined using XRD [42], XPS and Raman methods [43].
They were proven to be Cu0.21Ni0.79 alloys with the presence of GO. On the surface,
powders were covered with metal oxides or salts.

The morphology of obtained powders was typical for metallic powders electrode-
posited with a high current density. Dendrite- or coral-like particles were formed due to the
electrodeposition process taking place at the same time with hydrogen evolution. Gas bub-
bles forming on the surface of the substrate played the role of a dynamic template, which
leading to the highly developed surface with a highly electroactive surface [52–55]. Such
a quality is very beneficial for the potential use of electrodeposits as catalysts, since this
process has a strong surface characteristic, and its yield is strictly related to the size of the
electroactive surface. The dendritic morphology of catalyst is related to the strengthened
electric field distribution, which prompts local OH− enrichment in the electrical double
layer (EDL), so the catalytic effect of the material is reinforced [56].

The morphology of the prepared working electrode is shown in Figure 1.
Based on the SEM images of proposed samples, the distribution of particles size was

evaluated (Figure 2). From these plots, we can conclude that the usage of a higher current
density leads to the electrodeposition of smaller particles, which suggests that the speed of
nucleus formation is higher than the speed of nucleus propagation.

Interestingly, the addition of graphene oxide into the electrolyte led to the formation
of smaller particles, despite the use of a smaller current density, which suggests that the
presence of GO in the electrolytic bath changed the deposition mechanism more strongly
than just its incorporation into the final material. The smallest particles were observed for
NiCuGO20 powder, which suggests that this powder should have the highest electroactive
active surface (ECSA), which has been already proven [42]. Its superior activity has already
been proven for 1 M KOH solution with and without the addition of methanol and urea.
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3.1. Influence of Ethanol Concentrations

Prior to investigating the electrochemical activity of the proposed materials for ethanol
oxidation, we conducted preliminary assessments of their performance in various KOH
solutions to determine the optimal electrolyte concentration. Figure 3 illustrates the repre-
sentative current response recorded for NiCuGO20. As the KOH concentration increased
from 0.5 to 1 M, there was a noticeable rise in the peak current density. However, it is
noteworthy that a further increase in KOH concentration from 1 to 2 M did not result
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in a corresponding increase in current density. On the contrary, the observed peak was
smaller than that recorded in the 1 M solution. Since this trend was consistent across all
prepared powders, we selected a 1 M KOH concentration as the supporting electrolyte for
subsequent studies.
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Figure 3. Linear sweep voltammetry results for NiCuGO20 powder.

3.2. Activity towards Ethanol Oxidation

The assessment of proposed material activity started with an investigation of the
influence of ethanol concentration on the activity of the proposed materials.

The ethanol concentration for further electroactivity studies was chosen based on a
series of voltametric experiments. Briefly, 1 M KOH solutions with the addition of 1, 2 and
5 M of ethanol were prepared, and the activity of the proposed samples were examined, as
presented in Figure 4.
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The highest current density was observed for 1 M ethanol solution. A lower concen-
tration of this alcohol resulted in lower peak current densities, and interestingly, a further
increase also led to lower peak current densities, which was probably related to the usage
of all active centers by 1 M of this molecule.

3.3. Activity towards Ethanol Oxidation

All the proposed powders showed activity towards ethanol oxidation, as shown in
Figure 5. During the forwards scan, an oxidation peak was visible, which was related to
the reactions [13,57–59]:

NiOOH + C2H5OH → Ni(OH)2 + products (1)

CuOOH + C2H5OH → Cu(OH)2 + products (2)
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Unfortunately, we cannot conclude what the products of such a reaction are. Ethanol
oxidation can take place via two different mechanisms: C1, leading to CO2 as a reaction
product, or the C2 pathway, leading mostly to acetic acid and acetaldehyde [60,61]. We
have not examined volatile or liquid products in the reaction mixture, which is why no
further conclusions can be considered and why further studies of the GO influence on the
materials’ activity are needed.

Powder NiCu20 has shown slightly different behavior compared to that of the other
examined materials, since in its voltammograms no clear oxidation peak was visible. Such
a difference might be related to the different mechanisms of ethanol oxidation and thus the
lack of a stable diffusion layer causing the characteristic CV shape for oxidation reactions.

Nevertheless, we can conclude that its activity towards ethanol oxidation is lower
than its composite equivalent, since its current outcomes were lower in the whole voltage
range in which the CV scans were conducted.

The highest activity, proven by the highest peak current density, with as value of
8.6 mA cm−2, was been observed for NiCuGO20 composite powder. Interestingly, the peak
current density observed for NiCuGO15 composite is lower than the one observed for its
alloy equivalent (see Table 2). Such a difference shows once again that the mechanism of
the influence of graphene oxide on material activity is not so easy to determine, and that
other parameters, such as the mean particle size, related to the deposition current density,
can change the final material’s activity even more strongly than can just the presence of
graphene oxide.
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Table 2. Comparison of observed current outcomes at oxidation peaks and at reverse potential (0.7 V
vs. Ag|AgCl(sat.KCl)).

Sample EpA, V ipA, mA cm−2 i@Erev, mA cm−2

NiCu15 0.65 7.05 7.75
NiCu20 - - 8.70

NiCuGO15 0.63 7.5 7.25
NiCuGO20 0.66 8.6 9.10

EpA—anodic peak potential; ipA—anodic peak current density; i@Erev—peak current density at the reverse potential.

Similar materials described in the literature have shown lower peak current densities, from
4.03 mA cm−2 observed for nanomaterial Ni20@Pd60Rh20 [62] through to 5.6 mA cm−2 for
Ni-doped platinum [63]. As it is presented in Table 3 below, similar activity has been reported for
electrodeposited NiCu material, with an ipA of 12.4 mA cm−2 [64]. Ni–Co composite deposited
on reduced, nitrogen-doped GO has shown even higher activity, this being 64.2 mA cm−2 [65].
For NiCu nanorods, the recorded peak current density was 86.1 mA cm−2 [58]. A catalyst based
on Ni, Cu and Fe2O3 showed even higher activity with an ipA of 101 mA cm−2 [66], similarly
to mixed a Ni–NiO catalyst, which had a peak current density of 120 mA cm−2 [67]. Catalysts
consisting of Pd doped with Cu [68] or Cd with the addition of reduced GO [69] have shown an
ipA of 166 and 179 mA cm−2, respectively. Other dopants used for Ni-based catalysts, such as
Co or Cr2O3, have also led to an increase in the recorded peak current density up to 181 [57]
and 327 mA cm−2 [70], respectively.

Table 3. Comparison of the proposed materials with the materials described in the literature.

Material ipA, mA cm−2 Reference

NiCuGO20 8.6 This article
NiCo 180 [57]

NiCu NR 86.1 [58]
Ni20@Pd60Rh20/C 4.0 [62]

PtNi/C 5.6 [63]
NiCu 12.4 [64]

NiCo@ErN-GO 64.2 [65]
NiCuFe2O3 101 [66]

Ni-NiO 120 [67]
PdCu 166 [68]

PdCdrGO 179 [69]
Ni-Cr2O3 327 [70]

NR—nanorods.

The proposed composite showed higher activity than that of nickel-based nanomateri-
als. However, it showed lower activity than that of a similar NiCu-based material, which
was probably caused by the bigger size of the prepared particles, leading to a lower active
surface. Despite the lower activity, the proposed catalyst can still be a good candidate as an
ethanol oxidation catalyst due to its rapid synthesis and stability.

3.4. Stability during Ethanol Oxidation

As presented in Figure 6, all proposed materials were proven to be stable during 1800 s
polarization to their peak potential. After the start of polarization, initially, the current
density grew, contrastingly to the usually recorded drop related to the charging of the
dielectric layer. In this case, the current response grew, which has also been reported for
similar materials [71].
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Such behavior is related to the fact that ethanol as an organic molecule consisting
of two carbon atoms is not easy to be fully oxidized. The quality that makes it such
a stable compound, making it a perfect fuel to store and transport, also makes it hard
to fully oxidize. The stable bond between the two carbon atoms is very hard to break,
which is why ethanol oxidation might need more time and would explain why after the
beginning of polarization to the peak potential current the response grows with time until
it stabilizes. The peak visible on the CA curves is probably related to the moment when the
multistep ethanol oxidation reaction would have occurred with the highest efficiency. The
lowering of current densities recorded at the peak potential might be related to the slight
poisoning of the catalyst from the reaction products or to the mechanical detachment of
the catalyst caused by the gaseous products’ evolution. Once again, the highest activity
was observed for NiCuGO20 composite, which proves that this modification is not only
the most active during voltametric studies, but also that it preserves its activity during
long-term examination.

The ethanol oxidation mechanism on NiCuGO composite catalysts is a complex process
that involves multiple steps, with a key focus on the regeneration of active sites [72,73]. Notably,
other researchers have emphasized that the activity of the system can be significantly enhanced
through the incorporation of certain agents that improve electron conductivity [66,74,75]. The
NiCuGO composite catalyst appears to benefit from the addition of graphene oxide, which
plays a crucial role in facilitating electron transfer during the ethanol oxidation process. The
high electron conductivity of GO contributes to the overall efficiency of the catalyst, making it a
promising material for ethanol oxidation applications.

4. Conclusions

In the presented paper, a quick and easy method of electrocatalyst composite prepa-
ration is described. The properties of the final material can be tailored by changing the
conditions of the electrodeposition process, which is a huge advantage of the proposed
method. It has been proven that the addition of graphene oxide into the electrolytic bath
strongly influences the properties of the final material, leading to its smaller particle sizes
and higher activity. The best results in terms of ethanol oxidation were observed for
NiCuGO20 composite, which shows that there is a strong correlation between the process
parameters and the properties of the prepared material. Higher deposition current densities
and the presence of GO in the electrolytic bath lead to the formation of more active particles.
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