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ARTICLE INFO ABSTRACT

Keywords: A simple approach was used to synthesize a catalyst based on colloidal NiCo with rGO support. The catalyst was
Electrochemical conversion uniformly deposited on acid-treated Sn foil using drop-casting method. The prepared NiCo@rGO catalyst was
NiCO@rGO. characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron mi-
S(?Ii;iecd:ccizon croscopy (TEM), and X-ray photoelectron spectroscopy (XPS). The XRD measurements confirmed the develop-

ment of a homogenously immersed structure with a specific NiCo composition. The different ratios of Ni and Co
in the NiCo@rGO catalyst were further confirmed by XPS and SEM-EDX. The catalyst was tested for the elec-
trochemical reduction of CO; to produce formic acid (HCOOH) and resulted in a significantly higher faradaic
efficiency at —50 mA current compared to the simple Co nanoparticle, rGO, Sn foil, Ni nanoparticles, and NiCo
composite. The colloidal NiCo bimetallic structure, combined with the rGO support on the treated Sn foil, played
an important role in enhancing the catalytic activity and selectivity towards formic acid. When comparing the
NiCo@rGO catalyst with other catalysts, especially Ni, Co, Sn foil, NiCo, and rGO, the NiCo@rGO catalyst
showed superior CO, electrochemical chemical reduction performance. The results suggest that the synergic
effect of combining Ni with Co along with using acid-treated Sn foil as a support is responsible for the high
activity towards formic acid production. The experimental results demonstrated the formation of formic acid
with low energy consumption and good faradic efficiency.

1. Introduction [13]. Rhodium-based catalysts were the first to be utilized to reduce CO4

to formic acid electrochemically and showed excellent formic acid

Carbon dioxide (COy) is produced at a faster rate than it has been
consumed throughout the past century as a result of human industrial
growth [1]. The rapid increase in atmospheric CO, concentration is a
major contributor to climate change [2,3]. Electrochemical reduction of
carbon dioxide offers a potentially long-term solution to this problem
[4] and could results in the production of value-added products,
including methanol, ethanol, methane, and some other valuable chem-
icals [5-7]. Formic acid (HCOOH), or formate (HCOO), depending on
pH value, is one of the most reliable chemicals [8,9]. The annual volume
of the formate/formic acid market is predicted to reach one million tons
by the year 2030 [10]. There are a number of applications for formic
acid and formate in the pharmaceutical, pesticide, and textile industries
[11,12]. Additionally, formic acid is extensively used as a hydrogen
carrier, as it is known for its ability to hold a high content of hydrogen
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Faradic efficiency (FE). Recently, Iridium-based materials showed high
FE values, and ruthenium-based catalytic materials have also been
deployed with the resulting FE values [14]. The Sn and SnOx are the
most extensively used materials for electrochemical reduction of CO,
into formic acid, among other metals such as indium, lead, mercury,
silver, and platinum, which are effective in catalyzing COoRR (CO2
reduction reaction) to formic acid [15-20]. The electrocatalytic effi-
ciency of CO2RR electrodes is typically improved by combining another
metal or N-doped carbon materials due to the higher conductivity and
more electrochemically active surface area [21-23]. Composites based
on metals often show higher selectivity and better performance toward
formic acid [24]. Although precious metals, such as Pd and Pt, have been
known to be effective for CO, reduction reactions, it is rather difficult to
expand their application on a large scale due to limited resources [25,
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26]. For electrochemical conversion applications, the development of
new techniques for the fabrication of nano-sized, non-precious earth’s
abundant metals is important [27]. Recently, some transition metals
have attracted attention as potentially useful simple catalytic materials
for the electrochemical conversion of carbon dioxide into formic acid
[28,29].

Researchers have recently developed some earth-abundant transition
metal compounds that show improved electrocatalytic activity for
electrochemical reactions (such as formic acid production and oxygen
reduction reactions) [30-32]. The transition metals can be utilized to
change the surface structure and electronic state due to their long-chain
chemical structure [33]. Therefore, it is appropriate to consider that
transition metals, through their surface-modifying actions, may improve
electrocatalytic activity [34]. When compared to precious metallic
complexes, research on the electrochemical activity and selectivity of
simple transition metals is insufficient in the context of CO3 reduction
electrocatalysts [35]. The challenge of establishing appropriate, mod-
erate synthetic conditions is one of the reasons. A significant amount of
work has to be done to get earth abundant transition metals suitable for
selective electrochemical reduction processes. The transition metal
oxide materials present some potential as a catalyst for electrochemical
conversion of CO, into formic acid, and recent studies have demon-
strated that the catalytic activity of non-precious metal-based catalysts
may be considerably improved by doping or producing binary metal
combinations [36]. Materials composed of a single metal oxide exhibit
low electrocatalytic activity and selectivity [37,38]. Due to a synergic
effect, the electrochemical activity of binary transition metal oxides is
increased over that of single metal oxides [39,40]. There are a variety of
methods for preparing metal oxide electrocatalysts, including hydro-
thermal, anodization, and co-precipitation [41]. The simple and easy
technique is the colloidal method, which employs a homogenous com-
bination of two precursors with a pore size between 1 and 1000 nm. The
electrochemical reduction of carbon dioxide into formic acid using a
colloidal metal-based material has the potential to be a safe,
cost-effective, and environmentally friendly process [42]. Additionally,
the electrochemical capacity and strong conduction activity of the
colloidal metal-based material for the electrochemical reduction of CO,
into value-added products are improved over those of simple NiOx and
CoOx [43,44]. Therefore, it is important to create a colloidal NiCo-based
material with high faradic efficiency, low energy consumption, and high

Ni
Cobalt Nitrate

Results in Engineering 21 (2024) 101824

selectivity for the electrochemical conversion of CO, into value-added
products. The rGO support will be helpful in the preparation of cata-
lysts as mentioned in the literature [45]. In long-term electrochemical
applications, the colloidal technique is efficient in reducing the over-
potential, increasing conductivity, and maintaining stable performance
without losing catalytic activity [46]. Therefore, it is crucial to create a
bimetallic catalyst using substances like nickel and cobalt that can
electrochemically reduce CO- into formic acid at a low cost and with
high efficiency [47]. The use of electrochemical reduction of CO; into
formic acid depends on the development of Ni-based materials with
superior electrochemical characteristics [48].

The current work presents a novel approach for the synthesis of a
colloidal NiCo-based catalyst with rGO support on an acid-treated Sn foil
that exhibits a homogeneously immersed structure. The colloidal NiCo
nanocomposite is an alternative way of using earth abundant transition
metals for the electrochemical reduction of CO, into value-added
products. Through colloidal NiCo based material, high efficiency of
CO4 reduction process can be achieved. The colloidal NiCo@rGO cata-
lyst can significantly improve the electrochemical activity for carbon
dioxide conversion and show efficient reduction of carbon dioxide into
formic acid. Different ratios of NiCo@rGO catalyst are used to achieve
high activity for carbon dioxide reduction reaction to produce formic
acid.

A schematic diagram of the preparation of the NiCo@rGO catalyst
and the deposition of the catalyst on Sn support using drop-casting
method is shown in Fig. 1. Fig. 1 also demonstrates the H-type electro-
chemical cell, which consists of a cathodic and an anodic compartment
separated by an anion exchange membrane (Nafion 117). The cathodic
compartment contains NaHCOs electrolyte as well as reference and
working electrodes, while the anodic compartment contains KOH elec-
trolyte and a counter electrode.

2. Experimental
2.1. Materials

All analytical grade chemicals, including Ni(NO3)2 (99.7 %), Co
(NO3)5 (99.8 %), NaHCO3 (99.8 %), Ethanol (99 %), Methanol (99 %),

H305, NaOH (99.9 %), KOH (99.7 %), and B,03 (99.8 %), were used and
obtained from Aladin. The Sn foil (99 % pure), and PTFE (poly-

1 Pt counter
electrode

\

Drop casting

Fig. 1. A schematic diagram of the synthesis of colloidal NiCo@rGO catalyst and electrochemical conversion of CO, into formic acid.
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tetrafluoroethylene) were purchased from Sigma-Aldrich. The already
prepared rGO was used in catalyst preparation. Deionized water (Mil-
lipore system 18.2 MQ cm at 25 °C) was use for solution preparation and
experiments.

2.2. Preparation of the colloidal NiCo-based catalyst

The NiCo-based catalyst was prepared using 1 M solution of nickel
and cobalt nitrate with a few drops of 0.2 M borate buffer to make
colloids. The large size colloidal particles were settled down after a few
minutes and removed from the colloidal solution. The rGO support was
added to the colloidal NiCo solution and stirred continuously for 30 min
to make a homogenous mixture. The NiCo@rGO catalyst was dried at
room temperature for a few hours. After that, the precursor was heated
at 110 °C to remove any remaining moisture from the catalyst. The black
paste of NiCo@rGO was further dried in a furnace at 250 °C for 2 h. The
colloidal NiCo@rGO catalyst was ready for further use. Simple Ni and Co
based catalysts were also prepared using the above-mentioned
procedure.

2.3. Preparation of electrodes

The freshly prepared catalysts were deposited on an acid treated Sn
electrode using drop-casting method. Before catalyst deposition, the Sn
foil (99.95 %) (thickness 0.5 mm) was cut into small electrodes (geo-
metric area of 1 cm?) and rinsed with DI water. The Sn foil was initially
treated in 1 M HySO4 by applying 3 V for 40 s using the potentiostat. The
surface of the Sn foil became rougher during the treatment. The treated
Sn foils were sonicated with a mixture of ethanol, acetone, and water to
further remove any remaining residues. In the second step, the required
amount of catalyst was dissolved in an ethanol/PTFE mixture (100 pl
ethanol, 50 pl PTFE) using ultrasonication for 120 min to produce a
homogeneous emulsion like ink. In the third step, the Sn foils were
rinsed with water and dried in an oven at 100 °C, then catalyst ink was
drop-casted on the Sn foils. After coating, the Sn foils were heated at
150 °C for 2 h and then cooled down for 1 h at room temperature. The
electrodes were ready for electrochemical investigation.

2.4. Physicochemical characterization

The structure of the catalyst was examined using the XRD technique
(Bruker D8 Advance Cu ka-40mA, 40 kV, with a 2D Lynx-eye XE PSD
counter detector, Germany). The X-ray photoelectron spectroscopy
(XPS) (Kratos AXIS Ultra-DLD (Manchester, UK)) was performed to
examine the chemical states (C 1s, O 1s, Ni 2p, and Co 2p regions) of the
electrocatalysts. Fourier transform infrared (FT-IR) spectrometer for
material characterization (Thermo-Scientific Nicolet iS10 (Waltham,
Massachusetts, United States)). Transmission Electron Microscopy
(TEM) analysis was conducted on the FEI TECNAI G2 STWIN FEG 200
KV (US). Scanning Electron Microscopy (SEM) analysis with energy
dispersive X-ray spectroscopy (EDX) and mapping analysis was con-
ducted on Nova Nano SEM 450 (Thermo-Fisher, US) with an acceler-
ating voltage of 10 mA and 10 kV to characterize the chemical
compositions and surface morphologies of the catalysts.

2.5. Electrochemical measurements

An H-type cell, with its two compartments separated by an anion
exchange membrane (Nafion 117) (Fig. 1), was used for the electro-
chemical studies. The electrochemical cell’s cathode consists of a
reference (Ag/AgCl) and a working (NiCo@rGO) electrode. The
cathodic chamber contains 40 mL of a NaHCOs electrolyte solution. The
Pt counter electrode was placed in the anodic chamber, which contains
40 mL of 1 M KOH electrolyte solution. An aqueous solution of 0.1 M
NaHCO3 concentration was used as the cathodic electrolyte, and it was
purged with carbon dioxide gas (99.999 %, Linde Gas) at a flow rate of 3
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ml/min to achieve a pH of 8.2. A CS2150 potentiostat (Corrtest, China)
was used for all of the electrochemical tests. Except for the long-term
stability test, all of the electrolysis experiments were conducted for 1
h at a steady current. The product (formic acid) was detected and
quantified via HPLC (Shimadzo, LC-2050C LT) using Shim-pack SCR-
102H column, with an RID detector, and 0.5 mM perchloric acid as a
mobile phase.

3. Results and discussion
3.1. Materials characterization

The composition of the different catalysts was characterized by
Powder X-ray diffraction (PXRD) analysis, and the diffraction patterns
were collected at a scanning rate of 2° per minute from 10° to 90° in 26.
Fig. 2A shows XRD spectra to estimate the broad structure of all catalyst:
rGO, Ni, Co, NiCo, and NiCo@rGO. The XRD spectra resemble previ-
ously reported data (Ni with PDF # 98-006-9376, Co with PDF # 98-
004-9324, NiCo with PDF# 98-006-9377, and NiCo@rGO with PDF#
98-004-3740) [49,50]. The diffraction patterns of colloidal Ni, Co, NiCo,
and NiCo@rGO coincide with the above-mentioned references, which
are face-centered cubic (FCC) structures. The rGO shows only one broad
peak at 35.2°, while other catalysts have multiple diffraction peaks, as
reported in the XRD references. The main diffraction peaks of the NiC-
0@rGO catalyst appears at (220, 111, 311, 400, 511, 422, and 440),
which shows that the prepared catalyst is mainly composed of homo-
genously immersed NiCo material [51]. Fig. 3A shows the XRD spectra
of different ratios of NiCo@rGO catalyst. The XRD spectra of Nig.g7C-
Oo.og@rGO, Nio,gCOQ,g@l‘GO, Nio_55C00_45@1‘G0, Nio_3C00_7@I‘G0, and
Nip.13C09.g7@rGO were resembled PDF # 98-024-6910, 98-017-381,
98-006-9377, 98-004-3740, and 98-006-9375, respectively. The
diffraction peaks of all ratios confirm that the catalysts are mainly
composed of homogenously immersed NiCo-based materials.

The prepared catalysts were characterized by SEM (Scanning Elec-
tron Microscopy) to reveal the surface morphology, as demonstrated in
Fig. 2. Fig. 2B is an SEM image of homogeneously dispersed colloidal Ni
nanoparticles. The morphological analysis shows that a homogenously
immersed amorphous structure was formed and distributed over the
electrode. Fig. 2C is an SEM image of a colloidal Co catalyst, which is
similar to the colloidal Ni catalyst. It can be seen that the catalyst is
distributed uniformly over the electrode with a nonmetric particle size.
The colloidal NiCo catalyst SEM image is shown in Fig. 2D; NiCo
homogenously immersed particles are spread all over the electrode, with
particle size less than 20 nm. The SEM image of the NiCo@rGO catalyst
is shown in Fig. 2E, and its enlarged image is shown in Fig. 2F. The
morphological analysis shows that the homogenously immersed parti-
cles cover the whole surface of the electrode, and due to the presence of
the support, the surface area is enhanced, which may help in electro-
chemical activity. The SEM images of different ratios of NiCo-based
catalysts are shown in Fig. 3B to F. All the different ratio catalysts,
Nig.97C00.03@rGO,  NiggC0.2@rGO,  Nig55C00.45@1GO,  Nig 3C-
00.7@rGO, and Nig 13C0¢ g7@rGO, show similar appearance. The cata-
lysts are spread all over the electrodes homogenously with particle size
of less than 200 nm. The composition of all the prepared catalyst was
confirmed by SEM-EDX and shown in Fig. S1. The EDX of colloidal Ni,
Co, NiCo and NiCo@rGO are displayed in Fig. S1, which confirm that
colloidal Co catalyst (Fig. S1B) contains mainly Co and colloidal Ni
catalyst contains mainly Ni (Fig. S1D), while colloidal NiCo contains
both main elements Ni and Co (Fig. S1F). The SEM-EDX spectra of
NiCo@rGO catalyst are shown in Fig. STH. The SEM-EDX spectra of
different catalyst ratios are shown in Fig. S2. To further confirm the
elements distribution of NiCo@rGO catalyst, SEM-mapping analysis was
performed and shown in Fig. 4. The mapping results show that Ni, Co,
and C elements are homogenously spread all over the electrode surface.
The mapping results of another ratio was shown in Fig. S3, having all the
elements Ni, Co, C and O distributed all over the electrode.
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Fig. 2. (A) XRD spectra of rGO, colloidal Ni, Co, NiCo and NiCo@rGO catalysts (@, *, # and ** are showing the main peaks) while, (B-E) are the SEM images of
colloidal Ni, Co, NiCo and NiCo@rGO catalysts, (F) is the enlarge image of NiCo@rGO catalyst.
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Fig. 3. The comparative XPS spectra of different NiCo ratios (A), and the SEM images of Nip 97C00.03@rGO, Nip gC0¢ 2@rGO, Nig 55C00.45@rGO, Nig 3C0¢ 7@rGO, and

Nig.13C00.87@1rGO (B-F).

The TEM and HRTEM images of the colloidal NiCo@rGO catalyst are
displayed in Fig. S4. The presence of NiCo particles embedded on rGO is
evident from the micrographs (Fig. S4 a, b). The HRTEM images of
NiCo@rGO show a lattice spacing of 0.32 nm (Fig. S4c), with individual
particle sizes ranging from 10 to 20 nm. The samples of colloidal NiC-
o0@rGO (Fig. S4d) correspond to the (511), (400), (220), (311), and
(111) planes, respectively. Additional confirmation of the homoge-
neously immersed NiCo@rGO samples was provided through the anal-
ysis of selected area electron diffraction (SAED) patterns, as illustrated

in Fig. S4d. The SAED patterns of NiCo@rGO material consist of distinct
rings that correspond to the NiCo@rGO (440), (111), (220), and (311),
respectively. The obtained results are consistent with the XRD spectra of
the NiCo@rGO catalyst.

The surface morphology was further characterized by XPS analysis
(Fig. 5). The complete XPS spectra of rGO, Ni, Co, NiCo, and NiCo@rGO
are shown in Fig. 5A. It has been found that carbon is a major peak in the
rGO spectra, Ni has a main peak of Ni element, and Co has a main peak of
Co element, while NiCo has peaks of both Ni and Co. The complete



M. Arsalan et al.

2 " Kb IO, Gy 1N,

Results in Engineering 21 (2024) 101824

Fig. 4. SEM images of NiCo@rGO catalyst (a), with their mapping results of concerned elements Ni (b), Co (c) and C (d).

spectra of NiCo@rGO have all the peaks of C, O, Ni, and Co elements.
The XPS spectra of different ratios of NiCo@rGO catalysts are shown in
Fig. 5B. The spectra confirm the existence of C, O, Ni, and Co as a
prominent peaks. The magnified spectra of the main elements C, O, Co,
and Ni are shown in Fig. 5 (C-F). The samples results were calibrated
using the binding energy of the C 1s peak at 284.5 eV. For all electrodes,
the O1s peaks were observed at 528.6 + 1 eV. The broad spectra of Co
was shown in Fig. 5E having main peaks Co 2p;,» and Co 2ps,, were
observed at 794.3 and 779.2 eV, respectively [52]. The peaks in NiCo
complex is slightly shifted from original spectrum (+1 eV), which is due
to the formation of colloidal complex.

The broad spectra of Ni in the NiCo complex are illustrated in Fig. 5F,
showing that the main peaks of Ni 2p; 2 and Ni 2p3,5 were observed at
872.5 and 854 eV, respectively. The shifting of Ni peaks in NiCo
colloidal complex is +1 eV, which is assigned to the formation of the
NiCo complex. Through the spectrum of NiCo-based catalyst, the for-
mation of the NiCo composite is confirmed with less than +1 eV shift in
all available peaks, as reported in the literature [49]. The XPS broad
spectra of another ratio of NiCo@rGO complex are shown in Fig. S5. The
XPS results confirm the formation of the NiCo colloidal complex.

3.2. Electrochemical characterization

Electrochemical analysis was performed to investigate the activity of
the electrodes for CO ECR. Prior to CO, ECR experiments, LSV exper-
iments were performed to further activate the electrode (at 50 mV/s), as
shown in Fig. 6 (A and B). The results suggest that NiCo@rGO based

electrodes attained the highest active potential compared to all other
electrodes. The LSV experiments of all different ratio of NiCo@rGO were
also performed to select the best catalyst. Based on the experimental
results, Nig 55C00.45@rGO attained the highest activity compared to all
other ratio of NiCo@rGO based catalysts. The LSV graph of different
ratio of NiCo@rGO is shown in Fig. 6B.

The high electron transport capacity and the active sites on electrode
surface of NiCo@rGO catalyst have an impact on the electrode electro-
catalytic ability. The increase in the electrochemical active surface area
(ECSA) often denotes the existence of more active sites on the catalyst’s
surface [53]. The LSV analysis was carried out at a voltage range of 0 to
—2.0 V in order to compare the ECSA of different electrodes. According
to the results, NiCo@rGO has the highest Cg) value, which suggests that
it has more active sites than other electrodes (rGO, Ni, Co and NiCo). The
evaluation of the active surface area for each system is achieved by
electrochemical means. Specifically, it involves measuring the
double-layer charging capacitance of the electrocatalytic surface. The
measurement is derived from the non-faradaic region of cyclic voltam-
metry. Multiple scan rates are employed to generate cyclic voltammo-
grams for analysis. The non-faradaic current is commonly attributed to
the charging capacitance of the double-layer (Cdl). This capacitance can
be represented by a linear equation, where the slope of the line corre-
sponds to the value of the double-layer charging capacitance, as deter-
mined by the following equation.

i. =vCy

Where the double-layer charging current is denoted by the symbol i,
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Fig. 5. Complete XPS spectra of rGO, Co, Ni, NiCo and NiCo@rGO (A). The complete XPS spectra of different ratio of NiCo@rGO catalyst (B), and separate broad

spectra of C, O, Co and Ni (C-F).

and the scan rate and double-layer charging capacitance, respectively,
are denoted by v and Cgj. The active surface area is calculated electro-
chemically by dividing the double-layer capacitance by the specific
capacitance of the metal electrode.

ECSA=C,/C,

The capacitance values (Cg) of various metal electrodes immersed in
alkaline electrolyte solutions, such as NaOH and KOH. In this case, the
electrochemically active surface area of NiCo-based electrodes under
alkaline conditions was measured, which reports that, NiCo@rGO has
the highest ECSA as compared to all other electrodes. To enhance the

credibility of the findings, Fourier Transform Infrared spectroscopy was
employed. The FTIR spectra of composites and prepared nanoparticles
are given in Fig. S7, showing bands with varying modifications. The
hydroxyl group is shown in the FT-IR spectrum of the rGO sample at
about 3400 cm™! [54]. Interlayer water molecules are responsible for
this stretching. The carbonyl groups C—C exhibit aromatic stretching, as
indicated by the peaks detected around 1852 cm ™! [55]. The presence of
functional groups in rGO is confirmed by the peaks around 1700 cm ™},
which indicate the C-OH functional group. Bending vibrations of nickel
and cobalt oxides are responsible for the two characteristic absorption

peaks at lower frequencies of 680 cm ! and 720 ecm ™! observed in NiCo
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Fig. 6. LSV graph of rGO, Ni, Co, NiCo, and NiCo@rGO were shown in (A), while LSV graph of different ratios of NiCo@rGO were also shown (B).

nanoparticles and the remaining components of their composites [54,
55].

To examine the kinetic behaviors of the rGO, Ni, Co, NiCo, and
NiCo@rGO electrodes, electrochemical impedance spectroscopy (EIS)
analysis was carried out in 0.1 M NaHCOs3 electrolyte solution. Fig. S6
illustrates the Nyquist diagrams. The charge transfer properties of the
electrode materials are indicated by the Rct (electron transfer resis-
tance) values of the fabricated electrodes. The figure shows the con-
ductivity between the electrodes and the probing species. Fig. S6 depicts
the Nyquist plots of the rGO, Ni, Co, NiCo, and NiCo@rGO in a 0.1 M
NaHCOs solution. It is observed that NiCo@rGO attains a very low Ret
value (34 Q) compared to other electrodes. The conductivity of the
different catalysts decreases in the following sequence: NiCo@rGO >
NiCo > Ni > Co > RGO, which implies that the NiCo@rGO catalyst is a
strong contender for the efficient electrochemical analysis approach.
The Rct values for rGO, Ni, Co, and NiCo, are decreasing in the following
manner 374 Q, 210 Q, 180 Q, 43 Q, respectively. The NiCo@rGO has the
least resistance compared to all other electrodes, which indicates that it
has the highest activity. In addition, NiCo@rGO has a unique conductive
structure and a remarkable electrical conductivity. These results prove
that the interface electron transfer rate is improved from rGO to NiC-
0@rGO. The reaction kinetics are reduced, and the rapid increase in the
CO;, reduction reaction was guaranteed by the NiCo@rGO catalyst. The
NiCo@rGO shows better catalytic activity due to the synergetic effect, as
mentioned in the previous studies [56].

3.3. Electrocatalytic reduction of CO2

Multiple electrochemical reduction studies were performed in H-
type cells to reveal the electrochemical performance of rGO, Sn foil, Ni,
Co, NiCo, and NiCo@rGO catalysts towards CO5 ECR to formic acid. The
chronopotentiometry technique was used throughout all studies. The
current was kept constant while the potential was changed in chro-
nopotentiometry. All experiments were conducted at a fixed time of 1 h
to ensure comparability and consistency. Formic acid concentration was
analyzed using High-performance Liquid Chromatography (HPLC) in-
strument. Experiments were carried out at a constant current of —50 mA
and 0.1 M electrolyte concentration. Table 1 displays the results of
chronopotentiometry experiments performed with rGO, Ni, Co, NiCo,
and NiCo@rGO catalysts at constant current and electrolyte concen-
tration. Multiple runs of the experiments were conducted, and their
average values were calculated. The results of formic acid concentra-
tions from multiple experiments are shown in Fig. 8. The role of Sn foil
was also evaluated and compared in Table 1.

The experiments were performed to evaluate the results of formic
acid and FE at different ratios of NiCo@rGO catalyst. The potential

Table 1
A comparison of results at constant initial condition of —50mA and 0.1 M
NaHCOs electrolyte.

Catalyst Formic acid Concentration (mg/L) Faradic Efficiency %
rGO 28 3

Sn 89 9

Ni 348 32

Co 326 31

NiCo 487 51

NiCo@rGO 517 57

spectra of different catalysts are shown in Fig. 7 at constant electrolyte
concentrations. Fig. 7B shows the comparison results of chro-
nopotentiometry spectra of different ratios of Nig g7C0¢ 03@rGO,
Nio_gCOo_z@I‘GO, Ni0.55C00.45@I'GO, Ni0_3C00.7@I'GO, and Ni0_13C-
00.87@rGO catalysts at same current value. The chronopotentiometry
spectra of CO; conversion for the tested electrodes at same current value
of —50 mA (vs. Ag/AgCl reference electrode) at a fixed time of 1 h are
shown in Fig. 7B, and their corresponding results are reported in Table 2.
Each experiment was repeated three times to obtain a statistical distri-
bution of the results. The results of electrode FE and formic acid con-
centration were calculated with a standard deviations of 2 % and 25 mg/
L, respectively. The electrode FE shows the dependence on the specific
condition of different ratios, as shown in Table 1. Nig55C00.45@rGO
catalyst attained the highest FE, while Nig 13C0¢ g7@rGO catalyst ac-
quired the lowest FE. The Nig 55C00 45@rGO attained the highest FE of
about 58 % at —50mA. The energy/power consumption of the electrodes
were calculated using Eq. S3 and represented in Table 2. Table 3 illus-
trates the performance of previously reported catalysts and the devel-
oped catalyst in this study for CO3 electrochemical reduction (ECR) to
formic acid.

3.4. Long term stability

The long-term chronopotentiometry experiment was conducted at a
constant current of —50 mA in 0.1 M NaHCOs electrolyte for 10 h to
examine the synthesized electrode’s long-term stability. Fig. 9 shows the
chronopotentiometry spectra of long-term stability. After 10 h, the
catalyst showed no signs of destabilization. The average FE was close to
51 %, demonstrating the catalyst’s activity and efficiency.

4. Conclusions

In this study, a NiCo-based catalyst was successfully prepared using
the colloidal method. The NiCo@rGO catalyst was deposited on acid-
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Table 2
The comparative results of different ratios at constant initial condition of
—50mA and 0.1 M NaHCOj electrolyte.

Catalyst Formic acid Energy consumption  Faradic
concentration (mg/ (kWhemol 1) Efficiency %
L)

Nig.13C00.87@rGO 398 0.128 36

Nig.3C00.7@rGO 431 0.127 42

Nig.55C00.45@rGO 524 0.106 58

Nig 8C0p.2@rGO 453 0.124 43

Nig.97C00,03@rGO 437 0.126 42

treated Sn electrode using drop-casting method to enhanced activity
toward the CO, reduction reaction. The catalyst was characterized by
XRD, SEM, FT-IR, TEM, XPS, EDX, and SEM-Mapping. The analytical
technique (Chronopotentiometry) was used for electrochemical COy
reduction into formic acid. The catalysts of simple metal oxides and
different ratios of NiCo@rGO were compared, and the most suitable
ratio was selected for the CO5 conversion reaction. The FE values of rGO,
Ni, Co, NiCo, and NiCo@rGO electrodes were calculated. The results
showed that NiCo@rGO attained the highest FE. The Nig 55C00.45@rGO
catalyst showed the highest FE (58 %) compared to all other catalysts.
The electrochemical CO, conversion experiments of all catalysts were

Table 3
Shows the comparative results of previously reported catalyst towards CO; ECR
to formic acid.

Catalyst Electrolyte Potential Faradic References
Concentration w) Efficiency %
(@)
Sn 0.05 M KHCO3 —1.48 28.5 [57]
In 0.5 M K5SO4 —0.89 30 [58]
Sn0O,/C 0.1 KHCO3 -0.9 50 [59]
Cu/p-NiO 0.05 M K,CO3 —0.7 vs 22 [60]
RHE
Ni electrode 0.1 M KHCO3 —1.19vs 23.2 [61]
RHE
Ni 0.05 M KHCO3 —1.48 vs 13.7 [57]
RHE
Co304 1M KOH -1.7 27 [33]
nanofibers
NiCo@rGO 0.1 M NaHCO3 -2.1 58 This work
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Fig. 9. Long term stability of the NiCo@rGO catalyst for a 10 h experimental
run with continuous flow of CO, at constant current in 0.1 M NaHCO3
electrolyte.
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performed, and the results were reported. The results confirm the elec-
trochemical conversion of CO; into formic acid with good activity and
high stability. The experimental findings confirm the potential appli-
cation of the synthesized catalyst in industrial applications.
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