Fuel 319 (2022) 123727

Contents lists available at ScienceDirect

Fuel

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/fuel

Check for

Design of Co-Sn bimetallic nanoalloys as electrocatalyst for alkaline e
methanol oxidation reaction: Exploring the effect of
electroactivation process

Zeynab Dabirifar ?, Sara Khadempir®, Alireza Kardan ®, Ceren Karaman "™, Onur Karaman ¢,
Mehmet Liitfi Yola

& Department of Chemical Engineering and Energy, Quchan University of Technology, Quchan 9477177870, Iran

b Department of Electricity and Energy, Akdeniz University, Antalya 07070, Turkey

¢ Department of Medical Imaging Techniques, Akdeniz University, Antalya 07070, Turkey

4 Hasan Kalyoncu University, Faculty of Health Sciences, Department of Nutrition and Dietetics, Gaziantep, Turkey

ARTICLE INFO ABSTRACT

Keywords:

Electrocatalyst

Direct Methanol Fuel Cell
Bimetallic alloys

Co-Sn Nanoparticles
Artificial neural networks

The engineering of cost-effective and durable electrocatalysts for the methanol oxidation reaction (MOR) is
required for the commercialization of direct methanol fuel cells (DMFCs). Herein, a series of Coy-Snjgox alloy
nanoparticles were synthesized to optimize the Co/S ratio, and the alloy nanoparticle which offered the best
electrochemical performance towards MOR was employed as electrocatalyst for further experiments. Moreover,
two different electroactivation approaches including i) activation in phosphate buffer medium, and ii) in-situ
activation were explored to enlighten their effect on electrochemical characteristics of nanocatalyst. In this re-
gard, the chronoamperometry measurements were carried out at a constant potential over a fixed period of 300 s.
Additionally, the pH of the phosphate buffer solution in a range of 3-12, the activation potential ranging —0.7 V
to —2.0 V were optimized by evaluating the recorded cyclic voltammograms. Moreover, to predict the effect of
phosphate buffer pH in the activation process on the electrocatalytic activity of catalyst were artificial neural
network (ANN) approach was implemented. Amongst the various nanoalloys, Cogs-Sngs nanoparticles were
determined as the optimal one thanks to their uniform dispersion and less aggregation feature. In the activation
process with phosphate buffer at pH of 10 was determined as the optimal, and at this condition a hydrogen
evolution reaction also occurred in the range of applied activation potential. The findings revealed that acti-
vation in phosphate buffer solution led to the formation of more -OH species, thereby boosting the electro-
catalytic activation towards MOR in alkaline media. Similarly, for the in-situ activation approach, the optimum
potential was determined as —1.3 V to achieve the maximum current density. The findings offered that the
electroactivation in phosphate buffer solution (pH = 10) at —1.3 V could result in a highly active electrocatalyst
to be utilized in alkaline DMFCs. This research lays the door for tailoring high-performance, low-cost electro-
catalysts that could be used in energy conversion systems instead of commercial noble-metal-based
electrocatalysts.

1. Introduction systems, direct alcohol fuel cells have been regarded as the most viable

alternatives thanks to their outstanding features including high power

The gradual rise in population and advancements in industrialization
have resulted in a greater demand for solutions to increased energy
demand and efficient management [1-3]. In this regard, the engineering
of efficient high-performance energy storage and conversion systems has
gained critical importance, as well as the utilization of sustainable en-
ergy sources [4-7]. Amongst the various energy storage and conversion
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densities, wide operating temperature ranges, environmentally friendly
nature, storage, and transportation safety [8,9]. Thanks to the advan-
tages of methanol fuel, direct methanol fuel cells (DMFCs) are the
greatest situated for widespread commercialization among the diverse
cell configurations and fuel types [10,11]. Methanol has numerous
benefits including proper storage and transportation, widespread
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availability, low emissions, and potential production from biomasses,
besides its high power and energy density values [12]. However, the
primary obstacle in the practical commercialization of the DMFCs is the
high cost of cells, in which the highest part is the noble metal-based
catalyst cost [13]. Moreover, another challenge is the engineering of
low-cost high-performance electrocatalysts with long-term stability and
high tolerance to toxic intermediates [14]. Thanks to the state-of-art
developments in nanotechnology specifically synthesis of multifunc-
tional nanomaterials such as metal-based nanocomposites [15-18],
hydrogels/aerogels and their composites [19,20], carbonaceous mate-
rials , polymers and their composites [21,22] have been garnered sub-
stantial attention thanks to their possible utilization in various
application areas such as biomedical [23], environmental applications
[24-28], energy [29,30] , sensors [31-34] as well as catalyst [35-37],
etc. Hence, benefiting from the advantages of the recent developments
in nanomaterial science, it is of great importance to tailor and design
noble-metal free electrocatalysts to be utilized in low-cost high-perfor-
mance DMFCs [38]. Among various alternative electrocatalysts, tin-
based alloys (MxSny: M = Co, Ni, Sb, Ag, Cu, Fe, etc.) have been get-
ting attention to be employed as electrocatalysts in energy storage and
conversion systems, owing to their outstanding electrochemical features
[39-41]. According to reported studies, Sn-based alloys facilitate the
decomposition of HyO on its surface, resulting in increased CO oxidation
into COy, thereby enhancing tolerance to the poisoning by toxic inter-
mediate species [42]. Among the other possible alternatives, cobalt, a
relatively abundant metal in the earth’s crust, has been widely preferred
in electrochemical energy storage and conversion systems as either the
anode material or electrocatalyst [43]. On the other hand, surprisingly,
to the best of the authors’ knowledge the electrochemical performance
of CoSn alloy derivatives has yet to be examined as an electrocatalyst in
alkaline DMFCs.

Bearing all in mind, it was aimed to synthesize CoSn alloy nano-
particles and to investigate their potential utilization as electrocatalyst
in alkaline direct methanol fuel cells. In this regard, various CoSn alloy
nanoparticles were synthesized with different Co/Sn ratios to optimize
the catalyst. Moreover, considering the role of metal oxides for boosting
electrocatalytic performance and facilitating the removal of adsorbed
carbon monoxide species on the catalyst surface by providing adsorbed
hydroxyl intermediates, electrochemical in-situ transformation of metal
atoms to metal oxides was conducted by applying different limit po-
tentials during cyclic voltammetry experiments. Additionally, two
different electrochemical activation processes including activation in
phosphate buffer solution with different pH values and in-situ electro-
chemical application were carried out by chronoamperometry technique
to boost the electrocatalytic activity of the electrocatalyst. The effects of
applied potential during the activation process and also pH of the
phosphate buffer solution onto the electrochemical behavior of the
electrocatalyst were investigated, and at the same time, the potential for
hydrogen evolution reaction was evaluated at optimized conditions.
Furthermore, an artificial neural network (ANN) approach was used to
anticipate the effect of phosphate buffer pH in the activation process on
the electrocatalytic activity of the catalyst. This work may open a new
gate for the integration of state-of-art electrochemical activation
approach to the traditional one and tailoring of noble metal free-alloy
electrocatalysts for energy conversion systems.

2. Experimental
2.1. Synthesis of Cox-Snjgo.x alloy nanoparticles

For the Cox-Snjgox alloy nanoparticles synthesis, solutions of 0.1 M
of cobalt chloride hexahydrate, 0.1 M of tin(II) chloride dihydrate, and
0.2 M of sodium borohydride were prepared. Subsequently, for the
synthesis of Co-Sn nanoparticles with different ratios according to
Table 1, different amounts of cobalt and tin precursor solutions were
transferred into a 200 mL beaker and placed on a magnetic stirrer.
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Table 1
Synthesis amounts of different ratios of Co-Sn alloy nanoparticles.
Nanoparticles ~ Cobalt Tin precursor Sodium Citric
precursor solution (mL) borohydride acid (g)
solution (mL) solution (mL)
Co5-Snys 25 75 100 0.44
Co3s-Sngs 35 65 100 0.44
Cos0-Sniso 50 50 100 0.44
Cogs-Sngs 65 35 100 0.44
Co75-Snas 75 25 100 0.44
Co 100 0 100 0.44
Sn 0 100 100 0.44

Following, 0.44 g of citric acid was introduced to the solution and
allowed to be dissolved completely over 10 min. Afterwards, 100 mL of
sodium borohydride solution was added drop-wisely to the solution for
15 min. After the addition of sodium borohydride solution, it was
allowed to complete the reaction over 15 min. Finally, the resulting
solution was centrifuged at 8000 rpm for 10 min and washed with
distilled water, and then dried at 80 °C for 4 h [44].

2.2. Characterization of alloy nanoparticles

The structural and morphological features of as-synthesized alloy
nanoparticles were explored by means of X-ray diffraction (XRD), field
emission scanning electron microscopy (FESEM) with energy-dispersive
X-ray spectroscopy (EDX), and transmission electron microscopy (TEM)
analysis.

2.3. Preparation of working electrode

To prepare a solution containing a catalyst with a concentration of
1.0 mg.mL ", the catalyst was dispersed in a certain amount of deion-
ized water using an ultrasonic bath. 10 pL of the catalyst ink is drop-
casting onto the working electrode, which has already been well pol-
ished with alumina slurry. Subsequently, the modified GCE was dried
under an IR lamp.

2.4. Electrochemical characterization

The electrochemical characteristics of the modified GCEs with
various alloy nanoparticles were investigated by an Autolab type III
Potensiostat with a standard three-electrode electrochemical setup
consisting of Ag/AgCl, Pt-wire, and nanocatalyst modified-GCE elec-
trode, as the reference electrode, the counter electrode, and the working
electrode, respectively. The electrochemical performances of the elec-
trocatalysts were evaluated by cyclic voltammetry (CV), and chro-
noamperometry (CA) techniques. To begin, CV voltammograms were
obtained in 1.0 M NaOH solution at a potential scan rate of 50 mV.s™* to
examine the electrochemical properties of the as-synthesized alloy
nanoparticles. Moreover, by applying the various anodic potential limits
from 0. 7 V to 1.1 V, the metal atoms were allowed to convert to their
oxides. Subsequently, CV analysis was carried out at a potential scan rate
of 50 mV.s~! in the potential range of —0.3 V to 0.7 V, in 1.0 M methanol
and 1.0 M NaOH solution to evaluate the electrocatalytic activity of
alloy nanoparticles towards methanol oxidation reaction. Furthermore,
as well as the in-situ electrochemical activation method, the electro-
chemical activation approach was conducted by applying various po-
tentials over 300 s in 0.1 M phosphate buffer solution at different pH
values ranging between 3 and 12. Moreover, the effect of applied po-
tential during each activation process was investigated at a potential
range of —0.7 V to —2.0 V. All of the experiments have been conducted
triple times and the average value of them has been presented.
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3. Results and discussions
3.1. Physicochemical characterizations of Cogs-Sngs alloy nanoparticles

The X-ray diffraction pattern of crystalline material is in the form of
thin and sharp peaks; While amorphous materials do not have a clear
peak and their X-ray diffraction pattern appears wide. X-ray diffraction
pattern of some alloy materials is a mixture of amorphous and crystal-
line phases. According to part (a) of Fig. 1, Sn nanoparticles have a
completely crystalline phase before forming an alloy with Co. According
to part (b) of Fig. 1, seven diffraction peaks appeared at angles of 30.89,
32.24,45.19, 55.74, 62.98, 64.94, and 80.09 degrees, are ascribed to the
X-ray reflection from the (200), (101), (211), (301), (112), (400),
and (312) planes, respectively, indicating the presence of Sn in the
composition [45,46]. Two diffraction at angles of 52.62 and 74.64 de-
grees related to the X-ray reflection from (200) and (220) planes,
respectively, indicate the presence of Co. Also, three diffraction peaks at
angles of 29.04, 41.59, and 42.74 degrees reveal the presence of Co-Sn
alloy [44,47,48].

To investigate the elemental compositions of the structure of Cogs-
Snss alloy nanoparticles, the EDX pattern has been recorded (Fig. 2A).
Also, the distribution of elements at high magnification and the profile
of changes in the concentration of elements between different areas of
the sample have been investigated by qualitative elemental mapping
(Fig. 2B). The results of these two analyzes have confirmed the presence
of cobalt and tin elements [44,48].

The FESEM image of Cogs-Sngs alloy nanoparticles shows the almost
spherical as well as irregular morphology of the particles as shown in
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Fig. 1. XRD patterns of (a) Sn nanoparticles and (b) Cogs-Snzs alloy
nanoparticles.
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Fig. 3A and Fig. 3B. Fig. 3A provides general information on the surface
area of the alloy nanoparticles and their dispersion, and Fig. 3B shows
the particle distribution and almost spherical morphology of the alloy
nanoparticles. Determining the average diameter is another piece of
information obtained by studying the surface morphology with FESEM.
According to Fig. 3C, which shows the size distribution histogram of
Cogs-Sngs alloy nanoparticles, the average diameter of the synthesized
nanoparticles is 42 nm.

Fig. 3D shows the TEM image of Cogs-Snss alloy nanoparticles. Cogs-
Snss alloy nanoparticles are almost spherical and no core-shell structure
is observed in this image, which confirms that the nanoparticles are
alloyed [49]. Alloy formation can also be attributed to the lattice con-
stants of 0.495 and 0.354 nm for Sn and Co, respectively. This small
difference in lattice constants, which is smaller than the amplitude of the
thermal vibrations of the atoms, can also cause alloying at the nano-
meter scale [50,51].

3.2. Evaluation of electrochemical behavior and optimization studies

Fig. 4A shows the cyclic voltammetry of Cogs-Snzs alloy nano-
particles in 1.0 M NaOH solution. In the anodic scan, two identical peaks
of A (0.15 V) and B (0.45 V) are attributed to the formation of the oxide
layer of Cogs-Sngs alloy nanoparticles. In the anodic scan in the region
before 0.15 V, the oxidation process of hydrogen atoms adsorbed on the
electrode surface takes place. In cathodic scanning, peaks C (0.3 V) and
D (zero V) are justified by removing oxide from the surface of the Cogs-
Sn3s5/GCE electrode [52].

One of the ways to indicate the formation of metal oxides on the
surface of the catalyst is to perform cyclic voltammetry at different limit
potentials. Fig. 4B shows the cyclic voltammetry in 1.0 M NaOH solution
at limit potentials of 0.7, 0.9, and 1.1 V. By increasing the anodic limit
potential from 0.7 to 1.1 V, the peak intensity of the cathodic current
increases, which indicates a reduction of metals oxide to metal atoms.
On the other hand, the potential of cathode current peaks shifts to more
negative values, the reason for this shifting is that, as the threshold
potential increases, more metal atoms have the opportunity to convert to
metal oxides which are more stable at higher potentials, so more
negative potentials in the cathodic scan are required to reduce them.

To investigate the electrocatalytic activity of Cogs-Snss alloy nano-
particles in the methanol oxidation reaction, a cyclic voltammetry
technique in the potential range of —0.3 to 0.7 V has been implemented.
Fig. 5 shows the cyclic voltammetry curve of Cogs-Snss/GCE electrode in
a solution containing 1.0 M methanol and 1.0 M NaOH. The electro-
catalytic activity of Cogs-Sngs alloy nanoparticles has been compared in
three modes including i) before activation, ii) activation in a phosphate
buffer medium, and iii) in-situ activation (activation in electrolyte so-
lution). The electrooxidation mechanism of methanol on alloy nano-
particles in alkaline media consists of the following seven steps (here the
Cogs-Sngs alloy nanoparticles are represented by M). In the first step, the
alloy nanoparticles react with methanol in the medium and the meth-
anol is adsorbed on the surface of the alloy nanoparticles (reaction (1)).
From the 2nd to the 5th stage, dehydrogenation of methanol molecules
is performed (reactions (2) to (5)). In the last two steps, the oxida-
tion-reduction reaction of the alloy nanoparticles is performed and the
alloy nanoparticles are returned to medium (reactions (6) and (7)) [53].

M + (CH;0H),, <M — (CH;0H),,, )}
M — (CH;0H),,, + OH™ <M — (CH;0),,, + HyO + ¢~ @)
M — (CH;0),,, + OH M — (CH,0),, + H,0 ¢~ 3
M — (CH,0),,, + OH <M — (CHO),, +H,0 + ¢~ @
M — (CHO),,, + OH™ &M — (CO),, + H,0+¢" 5)
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Fig. 2. (A) EDX patterns, (B) Qualitative elemental mapping of Cogs-Snzs alloy nanoparticles.
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According to Fig. 6, the electrocatalytic activity of Co-Sn alloy
nanoparticles has been investigated before activation in a solution
containing 1.0 M methanol and 1.0 M NaOH. The results have showed
that Cogs-Sngs alloy has a higher current density and is considered as the
optimal alloy nanoparticles. The uniform dispersion of Cogs-Sngs alloy
nanoparticles and possibly less aggregation and cohesion can be
attributed to this [54].

To investigate the effect of phosphate buffer pH in the activation
process, the chronoamperometry technique has been employed at a
potential of —1.3 V and a fixed time of 300 s. Fig. 7A shows the cyclic
voltammetry of Cogs-Snss/GCE electrode in a solution containing 1.0 M
methanol and 1.0 M NaOH after activation in phosphate buffer at
different pHs. The results have revealed that the highest current density

is obtained when the activation process is performed in phosphate buffer
with pH = 10. In the activation process with the chronoamperometry
technique, a negative potential is implemented, leading to a cathodic
reduction reaction at the electrode surface. Fig. 7B shows the cyclic
voltammetry of Cogs-Sn3s/GCE electrode in phosphate buffer solution
(pH = 10). In the activation process with phosphate buffer pH = 10, a
hydrogen evolution reaction have occured in the range of applied acti-
vation potential. The findings have revealed that activation in phosphate
buffer solution has led to the formation of more —OH species, thereby
boosting the electrocatalytic activation towards MOR in alkaline media.

During the MOR, various parameters affect the electrocatalytic ac-
tivity of the catalyst. Thereby, especially for large-scale applications, it is
crucial to optimize and design this process without conducting redun-
dant experiments. In this context, the ANN method, which is one of the
most potent alternatives for modeling both linear and non-linear sys-
tems, can be employed both to model and to optimize the process. For
future predictions, to model the effect of phosphate buffer pH in the
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Fig. 3. (A-B) FESEM images (C) Size distribution histogram (D) TEM image of Cogs-Snss alloy nanoparticles.

activation process, the ANN architecture with a hidden layer and 4
neurons in the hidden layer has been implemented. The training algo-
rithm has been selected as Levenberg — Marquardt (LM). The accuracy of
the model was confirmed with the values of R> = 0.995 and RMSE =
0.161. The ANN modeling results have showed that the highest current
density for the cyclic voltammetry of Cogs-Snss/GCE electrode has been
obtained at pH = 10.05, which is very close to the experimental results.
Therefore, it can be concluded that this model will be successfully uti-
lized in future forecasts with high accuracy.

Fig. 8 shows a schematic of the hydrogen evolution reaction in an
alkaline medium. According to reaction (8), electrochemical dissocia-
tion of water molecules occurs. Then, according to reactions (9) and
(10), hydrogen evolution reactions can be performed:

H,0 +e”—H" -+ OH" (Volmer) (8)
H,0 +H" 4+ e~ —H, +OH" (Heyrovsky) 9
2H" —H,(Tafel) (10)

By water dissociation during the activation process, the produced OH
species have been adsorbed on the catalyst surface (OH,q4s) and have
boosted the electrocatalytic activity of nanoparticles. According to the
results, it is clear that the rate of increase in electrooxidation of meth-
anol in the alkaline medium depends on the Volmer reaction and the
better this reaction has taken place. Moreover, the activation process
will lead to the production of more OH species on the electrode surface.

To investigate the effect of activation potential in phosphate buffer
on methanol electrooxidation, the chronoamperometry technique has
been implemented in phosphate buffer solution pH = 10 at different
potentials and constant time of 300 s. Fig. 9 shows cyclic voltammetry of
Cogs-Sngs/GCE electrode in a solution containing 1.0 M methanol and

1.0 M NaOH after activation in phosphate buffer pH = 10. The
maximum current density has been achieved when the activation pro-
cess is performed in phosphate buffer pH = 10 with a potential of —1.3
V. The reason for this can be explained by the difference in the amount of
OH,gs species produced on the surface of the Cogs-Sn3s/GCE electrode.

Fig. 10A has showed the cyclic voltammetry of Cogs-Sngs/GCE
electrode in a solution containing 1.0 M methanol and 1.0 M NaOH after
in-situ activation process. Since the electrolyte medium is alkaline, the
mechanism of the hydrogen evolution reaction in this medium can be
used to explain the reason for the increase in current density after
activation. The reason for the increase in current after the reduction
process at the electrode surface is attributed to the water molecule
dissociation, which leads to the production of OH,qs species on the
electrode surface. Fig. 10B shows the cyclic voltammetry curves of Cogs-
Sn3s5/GCE electrode in a solution containing 1.0 M methanol and 1.0 M
NaOH after in-situ activation at different potentials. The enhanced cur-
rent density values after in-situ activation process have confirmed the
boosting effect of the implemented approach. The optimum potential for
the activation process to achieve the maximum current density is a po-
tential of —1.3 V.

4. Conclusion

In brief, various Cox-Snjgo.x alloy nanoparticles have been synthe-
sized by facile wet-chemical method and explored as a potential noble-
metal free electrocatalyst for alkaline MOR. Physicochemical charac-
terizations have confirmed the successful fabrication of cobalt-tin alloys,
with an average nanoparticle diameter of 42 nm. Moreover, the effect of
two different electrochemical activation approaches on the electro-
chemical behavior of the electrocatalyst has been explored. The Cogs-
Sngs alloy nanoparticles have been determined as the best
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Fig. 5. Cyclic voltammetry curves of Cogs-Snzs/GCE electrode in a solution
containing 1.0 M methanol and 1.0 M NaOH.

electrocatalyst with the highest current density values, thanks to the
uniformly dispersed and less aggregated nanoparticles. Electrochemical
in-situ transformation of metal atoms to metal oxides has been carried
out using different limit potentials during the cyclic voltammetry ex-
periments to consider the role of metal oxides in boosting
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Fig. 6. Cyclic voltammetry of Co-Sn alloy nanoparticles with different ratios in
a solution containing 1.0 M methanol and 1.0 M NaOH.
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electrocatalytic performance and facilitating the removal of adsorbed
carbon monoxide species on the catalyst surface by providing adsorbed
hydroxyl intermediates. Moreover, the electroactivation approach in
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phosphate buffer solution with a pH value of 10 was applied by the
chronoamperometry method at a constant potential of —1.3 V over a
fixed time-period of 300 s. This phenomenon has facilitated the forma-
tion of ~OH species on the electrode surface, thereby boosting the
electrooxidation of methanol in an alkaline medium. Thanks to the in-
situ activation process, a significant increase in current densities has
been observed. This phenomenon was attributed to the fact that the
reduction process at the electrode surface leading to the water molecule
dissociation, leading to the production of OH,qs species on the electrode
surface. The proposed activation approaches and straightforward
pathway permit the tailoring of the electrochemically active anode
electrocatalyst for alkaline MOR to be suitably employed. These revo-
lutionary discoveries potentially lay the ground for the emergence of
cutting-edge electrocatalysts based on noble metal-free bimetallic alloy
nanoparticles with exceptional performance in fuel cell applications.
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