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Summary

Herein, we report the synthesis of silver-based electrocatalysts (Ag/C, AgCo/C,
and AgNi/C) using solution combustion method and their performance
towards methanol oxidation reaction. Detailed structural and microscopic
analysis confirmed the formation of graphitic carbon, synthesis of crystalline
phases with high porosity in all the three electrocatalysts. X-ray photoelectron
spectroscopic (XPS) analysis showed a high concentration of Ag,O (or Ag™) on
AgNi/C, whereas AgCo/C exhibited a high concentration AgO (or Ag*") on
the surface. XPS analysis on C 1s confirmed the highest concentrations of the
sp” hybridized C—C bond on Ag/C, C=0 on AgNi/C, and O—C=0 bond on
AgCo/C, respectively. The X-ray absorption spectroscopy (XAS) analysis on Ag
edge showed a similarity in the bond lengths in AgCo and AgNi samples to
that of bulk silver, that has a bond length of 2.89 A, with only silver-silver scat-
tering and the absence of a different or a nonsilver metal in the nanoparticles.
This indicates that there is no Ag-M alloying. Nonetheless, a significant differ-
ence in particle sizes was observed, with 2.5 and 6 nm, respectively for AgNi
and AgCo. Methanol electrooxidation experiments performed on the electroca-
talysts indicated AgNi/C to show better performance in comparison to AgCo/C
and Ag/C. Anodic polarization curves obtained from linear sweep voltammetry
(LSV) measurements demonstrated a superior performance of AgNi/C with an
onset potential of 0.41 V. In addition, 20 h chronoamperometry experiment
also confirmed a sustained superior performance of AgNi/C catalyst, which
could be due to smaller particle size and stabilization of Ag+ on the surface of
the catalyst.
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1 | INTRODUCTION

The widespread awareness of the danger of harmful
emissions from the use of fossil fuels has contributed to
the need to find alternative energy sources that are more
environmentally friendly. The fuel cell is one such alter-
native that has recently become a focus of many studies.
It has the ability to generate energy with fewer or no
harmful emissions for a wide range of technological
applications such as mobile phones, laptops, and even
transportations. Direct methanol fuel cell (DMFC) in par-
ticular is a fuel cell which has been intensively studied
due to their attractive characteristics that include low
operating temperature, high energy density, environmen-
tal friendliness and efficient energy conversion prop-
erty.”> However, for their practical operations,
electrocatalysts are required on each of the electrodes
(anode and cathode) to efficiently drive the anodic and
cathodic reactions. For large-scale applications, a chal-
lenge arises in finding electrocatalysts that are not only of
low cost, but that can also actively drive the reactions in
fuel cells. Precious metals, such as platinum, are effective
in promoting both anodic and cathodic reactions, includ-
ing methanol oxidation reactions (MOR).” However,
because platinum is scarce, expensive, and sensitive to
poisoning by carbon monoxide at the anode, its usage for
large-scale  applications has been significantly
restricted.*'* Hence, the scientific community is posed
with a challenge of developing a suitable and efficient
catalyst for the widespread use of DMFCs.

Alternative materials, such as gold, palladium, silver,
and rhodium nanoparticles (NPs), on the other hand, are
relatively abundant, demonstrate excellent catalytic activ-
ity and have a tendency to withstand CO intermediate
poisoning during MOR."*"® However, due to the metal
NPs' high surface energy and small size, they tend to
agglomerate during reaction causing gradual decrease in
activity over a period of time. Such occurrences can be
prevented by anchoring the metal NPs onto carrier mate-
rials, such as nanostructured carbons, with high thermal
conductivity characteristic'”'® on which the growth of
metal nanoparticles could be suppressed to achieve high
stability of small particles through the heat sink
effect.'”?° Furthermore, carbon support with high sur-
face area helps in improving the usage of the overall elec-
trocatalysts through activity escalation by improving the
surface charge transfer effect. Examples of carbon sup-
port that could be used include carbon black, carbon
nanotubes, graphene, and carbon nanofiber, and they are
also capable of demonstrating good electrical conductiv-
ity as well as stability.*!

One of the metals that has been studied to demon-
strate promising results for methanol oxidation is silver,

which is capable of showing long-term stability as well as
better selectivity of product.”* Roshan et al. synthesized
an electrode material consisting of silver in the form
CuAg/Cu,0O nanoparticles on two-dimensional C—N
nanosheets surface.”> The decoration of CuAg/Cu,O on
C—N was achieved by galvanic method in which the sac-
rificial Cu and Cu,O atoms were substituted by atoms of
Ag. It was determined that the C—N/CuAg/Cu,O hybrid
catalyst displayed improved performance when compared
to C—N/Cu/Cu,0 electrocatalyst for methanol oxidation
as well as better selectivity for the conversion of CO, into
formate. The enhanced performance of CuAg catalyst
during MOR could be because the silver surface forms
weak oxygen bond while copper forms strong bond dur-
ing oxidation reactions. The better preference in convert-
ing CO, to formate, on the other hand, could be ascribed
to the suppression of side reaction, in particular hydrogen
evolution. The reason may also be the generation of
strain in CuAg alloy, which may prefer a reduced hydro-
gen coverage that minimizes copper's oxophilicity.

The usage of nickel as an electrocatalyst material is
well known because of its surface oxidation properties. It
has commonly been used to promote anodic and cathodic
reactions in organic synthesis as well as in water electrol-
ysis.>**” The performance of nickel-containing electroca-
talysts toward alcohols oxidation has also been studied in
the past.”® A study performed by Taraszewska and Roslo-
nek reported the effectiveness of a glassy carbon/Ni(OH),
modified electrode toward methanol oxidation.”® It was
observed that most oxidizable organic compounds oxi-
dized at the same potential value which matched exactly
with the value at which nickel anode surface becomes
oxidized.”®** In another study by Van Effen and Evans,
which involved the oxidation of ethanol in a KOH solu-
tion, there was a formation of higher valence nickel oxide
that behaved as a chemical oxidizing agent.*® Such occur-
rence was confirmed by cyclic voltammetry (CV) and
alternating current impedance measurement analysis.
CV analysis enabled the determination of the existence of
a mediation process that involved higher oxides and
organic molecules. Cobalt is another transition metal
well-known for its catalytic activity for various chemical
reactions. However, it is not generally used as a primary
electrocatalyst material because of its low electrocatalytic
performance. It is instead used as a cocatalyst with plati-
num for instance, to help resist CO poisoning of the
active sites. Oxides of cobalt (Co3;0, and CoO) as a cata-
lyst material have also become popular due to their
remarkable intrinsic properties; including structural flexi-
bility, adjustable chemical properties, and higher activ-
ity.** These enhanced performances are ascribed to the
existence of many electroactive surface sites and tailored
electronic structure attained by applying cost-effective
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and versatile synthesis techniques. Pt-Co alloys have
been reported to possess great CO-resistivity characteris-
tic.>>?® It is also capable of showing excellent electro-
chemical self-stability as demonstrated by Hidai and
team.”” They evaluated the accelerated durability of
platinum-cobalt alloy through the application of potential
cycling between a value of 0.6 and 1.0 V. They observed
that after 10 000 cycles, the electrocatalyst displayed less
electrochemically active surface area (ECSA) decay as
well as particle growth than the platinum catalyst. This
suggests that combining cobalt to the platinum crystal
lattice can effectively restrict the Ostwald ripening effect
because of the growth limit behavior,? and/or the restric-
tion of platinum oxides formation.”®**° Furthermore,
through cobalt addition, more efficient initiation of meth-
anol dehydrogenation could take place that results in a
relatively better catalytic performance toward MOR in
comparison to using platinum alone.*® Ashok et al.
reported the synthesis of cobalt-based electrocatalyst for
MOR in alkaline medium in the form of hierarchical
CooSg nanowires trapped in nitrogen-doped carbon nano-
tubes (N,S-Co@CNT) attained from melamine.”® They
performed material characterization which established
that adding sulfur during pyrolysis improved the surface
area, lattice defect, and pore size. Furthermore, morphol-
ogy changes from hemispherical particles to nanowires
was observed, that further enhanced the electrochemical
characteristics. The methanol oxidation electrocatalytic
results confirmed that N,S-Co@CNT displayed a signifi-
cantly greater current density and a considerably lower
onset potential than Co@CNT. Other than enhanced
activity, N,S-Co@CNT also demonstrated a better stabil-
ity that could be explained by the unique hierarchical
structure and surface properties. Roshan et al. studied the
use of cobalt by synthesizing a mixed oxide nanosheet of
C030,4/CuO through solution combustion synthesis for
MOR.* The performance of the synthesized electrocata-
lyst surpassed that of catalysts made of individual CuO
and Co50,4 nanosheets. During MOR (0.5 M) a mass
activity of 12 mA g ' was shown by the mixed Co;0,/
CuO nanosheet at 0.627 V (vs Ag/AgCl), which is 2.4
times greater than that of Cos;0, (mass activity of
5 mAg ') and four times greater than that of CuO
nanosheet (mass activity of 3 mA g~ '). Furthermore, a
more intense peak of methanol oxidation at 0.62V
(vs Ag/AgCl) was observed than those catalysts made of
individual CuO and Co3;0,4 The enhanced efficiency
could be because of the existence of abundant active sites
on the nanosheet edges, surface defects, and the presence
of micropores. Based on an analysis by Sun and team,
sites of atoms at the nanosheet edges possess unsaturated
coordination in addition to dangling bonds which results
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in reduced activation energy barrier and improved stabil-
ity of the reaction intermediates.*® Hence, the
nanosheets' edge atoms that are more exposed to reactant
molecules act as active sites. Surface defects also exists
along the micropores in nanosheets that enable reactants
diffusion and assist in product formation. Atoms present
in the micropores are, in addition, less coordinated and
more exposed to reactants, and therefore these can also
be regarded as active sites. The surface area of the
nanosheet was large with the porous characteristic of the
surface, and these micropores, including the surfaces'
defects and edges of the nanosheets, may act as the active
sites in the hybrid electrocatalyst. Moreover, Co;0, and
CuO interfaces (intercalation of crystal planes) are also
likely to be rich sources of active sites and this could
explain the superior activity of the synthesized Co;0,4/
CuO nanosheet electrocatalyst.

In this paper, we report the MOR performance of
three types of electrocatalysts synthesized using the solu-
tion combustion synthesis method, which include Ag,
AgNi, and AgCo. The material systems were selected
based on the results of studies that developed high-
performing electrocatalysts based on the utilization of sil-
ver, nickel, and cobalt as cited above. Using silver helps
develop electrocatalysts that can achieve long-term stabil-
ity and better product selectivity. Making use of nickel in
the material system takes advantage of its surface oxida-
tion properties and having cobalt as a co-metal can pro-
mote resistance against CO poisoning of the active sites
as well as form more electroactive surface sites for MOR.
Glycine was used as fuel during combustion synthesis,
and a fixed ratio of glycine-to-fuel and silver-to-nickel or
silver-to-cobalt were maintained during the synthesis of
the catalysts which were tested for methanol electrooxi-
dation. Experimental results show that the silver in pres-
ence of Ni and Co perform relatively better than that of
silver nanoparticles (NPs) by itself. The details of experi-
mental methods; including synthesis conditions, struc-
tural characterizations and electrochemical methods
used in this study are provided in the following section.

2 | EXPERIMENTAL

2.1 | Chemicals

Silver nitrate (AgNOs, 99%), cobalt(I) nitrate hexahy-
drate (Co(NOs),-6H,0, 98 %), nickel(I) nitrate hexahy-
drate (Ni(NOs),-6H,0, 97%), glycine (99.7%), isopropyl
alcohol, and Nafion solution (5 wt.%) reagents were pur-
chased from Sigma-Aldrich. Carbon black (VXC72) and
Potassium hydroxide (KOH, 85%) were purchased from
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Cabot Corporation and Riedel-de Haen, respectively.
Methanol (CH;OH, 99.8%) was purchased from BDH,
AnalaR. Ultrapure water (Millipore, 18.2 MQ cm) was
utilized during the whole study. All the reagents were
used without any further purification.

2.2 | Synthesis

Weighed quantities of AgNOs;, Ni(NO3),-6H,0 and gly-
cine were poured into a 250 ml beaker and were mixed
with 20 ml of deionized water (DIW). The beaker was
then kept in a sonic vibrator bath to achieve a homoge-
nous solution and the beaker filled with the reagents
were then placed on a hot plate with a temperature of
250°C. As time passes, evaporation of the solution
occurred and approximately, after 30 minutes, the cata-
lyst materials were obtained as a result of combustion
reaction by self-ignition that took place in the beaker.
Afterwards, the resulting material was ground with the
help of a pestle and a mortar, and sieved to achieve parti-
cles of uniform size. The preparation of the catalyst
containing silver and cobalt were also performed using
the same method. The molar ratios of the metal precur-
sors in Ag-M samples were maintained at 1:1. Addition of
glycine fuel to the mixture was determined based on a
glycine to oxidizer ratio (¢) as formulated in litera-
tures.>'*3%4142 In the three electrocatalyst samples the
reactant ratios (Ag: co-metal: glycine [¢]) were 1:1:1.5 for
both AgNi/C and AgCo/C samples, and 1:0:1.5 for
Ag/C. Afterwards, 40 wt.% of the synthesized catalyst
powder was added to 60 wt.% carbon support material to
obtain the carbon supported electrocatalysts. Each cata-
lyst powders were then dispersed in 7 ml DIW in a bea-
ker of 50 ml in volume and heated to 125°C until all the
water is evaporated before leaving the samples to fully
dry. The synthesis schematic is shown in Figure 1.

Self-
ignition

A 250°C

—

\ E
HOT

r@é‘i’%g ( ol-1o }

2.3 | Characterization techniques

X-ray diffraction (XRD) characterization studies were per-
formed on the synthesized samples using a powder X-ray
diffractometer (Rigaku MiniFlexII Desktop, Cu-Ko radia-
tion [A = 1.54056 A]). The JCPDS card number of the
standard pattern of Ag, Ni, and Coz0, were 98-006-4997,
98-016-3354, and 98-004-2684, respectively. Transmission
electron microscopy (TEM, TECNAI G2, F20 FEI) analy-
sis was completed for morphological study of the samples.
The method involves ultrasonically dispersing a small
quantity of the sample in ethanol after which a few drops
of the solution was placed onto a carbon-coated Cu-grids
and then left to dry in ambient temperature. An energy
dispersive X-ray spectroscopy analyzer coupled to a field-
emission scanning electron microscope (SEM; Nova Nano
450, FEI) was utilized to determine the elemental compo-
sitions and particle morphology in the samples. Analysis
of the oxidation state of the elements in the samples was
performed using X-ray photoelectron spectroscopy (XPS,
Kratos AXIS Ultra DLD) and the reported binding ener-
gies (BEs) in the XPS data were calibrated with respect to
C 1s at 284.8 eV. Performance of X-ray absorption spec-
troscopy (XAS) experiments were completed at the
10-BM-B beamline at the Advanced Photon Source (APS),
Argonne National Laboratory in the transmission mode,
using an energy resolution of 0.3 eV and edge energy pre-
cision of more than 0.1 eV. The experiment involved load-
ing the sample in a 6-channel holder placed in a quartz
tube capped with Ultra Torr fittings to secure the cell
from the atmosphere. Scanning of the samples was then
performed at room temperature as received in fast scan
mode at the Ag K-edge (edge energy of 25.514 keV). Each
measurement was accompanied by simultaneous foil
measurement in a third ion chamber to perform internal
energy calibration. WinXAS 3.1 software was utilized to
process all the data using standard techniques.

99
@)

Nanoparticles

Nanoparticles-
(NPs) Support

on-support

(C) & NPs
at 125°C

— [—

St oo

Stepl | Step 2

FIGURE 1
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A schematic representation of the solution combustion synthesis technique
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24 | Electrode procedures

Analysis of the electrocatalytic performance of Ag/C,
AgCo/C, and AgNi/C toward MOR was performed with a
three-cell PINE electrode bipotentiostat (Wave Driver 20)
in a basic medium. The ink of the working electrode was
prepared by mixing 5 mg of the catalyst with 300 pl of
isopropyl alcohol and 30 pl of Nafion (a binder) using an
ultrasonicator for 10 minutes. An ink was then formed,
from which 5 pl was taken and dropped carefully onto a
5 mm glassy carbon disc supported by a Teflon mounting
that was then left to dry at ambient condition. A plati-
num coil supported by an epoxy rod was used as a coun-
ter electrode while a 4 M KCl-saturated Ag/AgCl was
used as a reference electrode. Before starting with the
electrochemical measurements, the basic solution of 1 M
KOH was fully purged with nitrogen to remove any
unwanted gaseous impurities that may be present in the
electrolyte. The pretreatment was performed on the
working electrode to ensure that the surface of the elec-
trode is stable and this involved conducting 100 oxida-
tion-reduction cycles at 500 mV s~ ' scan rate. The MOR
study was performed in a solution containing 1 M KOH
and 1 M methanol (CH;OH) with a potential value that
ranges from —0.6 V and +0.6 V (vs Ag/AgCl) at
10 mV s~ ' that was purged with nitrogen initially for a
duration of 30 minutes. Linear sweep voltammetry (LSV)
was also performed with potentials between the values of
0V and +0.8 V (vs Ag/AgCl) at 5 mV s~ ' scan rate. A
potential window of 0 to 0.8 V was chosen for LSV in
order to clearly determine the onset potential of each cat-
alyst and to better observe the pattern of the methanol
oxidation reaction for each of them. A potential window
of —0.6 to 0.6 V was selected for CV, on the other hand,
to examine the reduction (negative potential range) and
oxidation (positive potential range) behavior of each cata-
lyst. The potential window selected for CV was also based
on the expected oxidation and reduction potential for the
compounds. LSV, cyclic voltammetry (CV) as well as
chronoamperometry (CA) were all conducted to analyze
the electrocatalytic performance of the three synthesized
samples toward MOR. The measured current values were
converted to current density by dividing them with the
area of the working electrode (0.197 cm?). All analysis
conducted were performed at room temperature of 25°C.

3 | RESULTS AND DISCUSSION

The XRD pattern of the prepared samples of Ag/C, AgNi/
C, and AgCo/C is shown in Figure 2. A common charac-
teristic peak noticeable at 26.1° for AgNi/C and AgCo/C,
signifies the presence of (002) crystal plane of graphitic
carbon in carbon nanotubes (CNTs). There are four peaks

o WILEY-L =
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FIGURE 2
synthesized Ag-M catalysts

X-ray diffraction analysis of combustion

common to all the three samples at 26 = 38.2°, 44.3°,
64.6°, and 77.6° and correspond to silver metal (hkl)
planes values of (111), (200), (220), and (311) planes of
silver. The XRD analysis has thus confirmed that the as-
synthesized samples consist of silver nanoparticles that
have face-centered cubic (fcc) crystal structure. There are
also additional peaks at 31.28°, 38.2°, 44.3°, 59.21°, 65.32°
displayed by the AgCo/C catalysts that correspond to the
diffraction pattern of cubic Co;0,,*"** where some peaks
are close to Ag and may have overlapped. With regards to
the XRD pattern for AgNi/C there are diffraction peaks
located at 26 values of 45.8°, 51.8°, and 79° that corre-
spond to the (111), (200), and (220) crystal planes of the
face-centered cubic nickel particles, respectively. Further-
more, the low intensity peaks at 26 values of 42.4°, 44.3°,
46.4°, 53.2°, and 69.1° correspond to the (010), (002),
(011), (012), and (110) planes signifying the hexagonal
closed packed (hcp) nickel structure.****** Looking
closely at the peaks of Ag(111) planes for the three sam-
ples, there is a shift in the value of 20 to higher values as
displayed by AgNi/C and AgCo/C electrocatalysts. The
reason for this shift could be because of either the pres-
ence of lattice strain or changes in the chemical composi-
tion as a result of formation of the solid solution. When
there is a replacement of an atom in a unit cell with
another atom, for example, in case of doping, the period-
icity undergoes a rearrangement that modifies the cell
parameters and further generates a shift in diffraction
peaks. Relatively greater displacement is observed for
AgCo/C that signifies an improved combination of silver
and cobalt atoms to produce alloys that behave as transi-
tion zones lead in to the formation of bimetal.***®

Figure 3 shows the SEM microimages of the 3 Ag-
based electrocatalysts resulting from the synthesis
method implemented that leads to various structural and
physical changes. Similarities in their microstructures
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FIGURE 3

Map data s Map data
HAADF MAG: 118kx HV: 200V HAADF MAG: 118kx HV: 2006V

Scanning electron microscope analysis of the catalysts Ag/C, AgNi/C and AgCo/C; scale bar = 1 pm

Ag |

HAADF MAG: 116kx HV: 200KV

FIGURE 4 HAADF and elemental mapping in (A-D) AgNi/C with scale bar = 200 mn, and (E-H) AgCo/C with scale bar = 100 nm;

showing the distribution of elements

can be observed; especially in nanoparticles size distribu-
tions and morphological arrangements. Another similar-
ity that could be observed is the existence of well-porous
structure on the catalyst surface that is formed as a result
of gas evolution during the synthesis process. With such
characteristic, the electrocatalysts are expected to have
increased surface area that can contribute to improved
performance for electrochemical applications.***’ In
Ag/C, larger clusters can be identified in addition to a
distribution of smaller particles. The microstructures pre-
sented by both AgNi/C and AgCo/C are quite similar in
which fewer larger clusters are observed and the smaller
particles are relatively widely distributed, which further
influenced the creation of more porous surfaces. Visual
inspection is insufficient for elemental identification, and
it is necessary to perform further high-resolution

analysis. EDX analysis indicated the achievement of tar-
geted elemental ratio in Ag-M with equal proportions of
Ag and Ni or Co.

The TEM images with phase mapping of elements in
AgNi/C and AgCo/C are shown in Figure 4, and the dis-
tribution of different elements in each catalyst could be
distinguished. Looking at Figure 4A-D of AgNi/C, several
silver nanoparticles (green) of varying sizes are seen to be
distributed over larger particles of nickel (blue). The
image of AgCo/C (Figure 4E-H), also showed larger parti-
cles of cobalt (green) covered the silver nanoparticles.
This could be related to the sequence of formation of sil-
ver and cobalt or nickel particles during the synthesis
process, in which the cobalt or nickel particles are
formed first, followed by synthesis of silver particles over
the presynthesized cobalt or nickel. This sequence is
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correlated with the order of decomposition temperature
of the precursors, where cobalt nitrate decomposes earlier
than silver nitrate.*?

Figure 5A shows the XPS spectrum of the three elec-
trocatalysts with two characteristic peaks at approxi-
mately 368.4 and 374.4 eV that corresponds to metallic
silver Ag 3ds,, and Ag 3ds,,, respectively. Comparing the
peak profile of AgNi/C and AgCo/C to that of Ag/C, a
shift can be observed in the Ag 3d spectrum of AgCo/C
and AgNi/C to a higher value of binding energy. This
shift is an indicative of charge transfer taking place
between silver and the co-metals, and a strong electronic
bonding between the two elements on the surface. As a
result, there is an improvement in the surface alloying of
the two metals in the AgCo/C and AgNi/C electrocata-
lysts. Figure 5B-D shows the deconvolution of each spec-
trum with various peaks that signify the existence of
silver in different oxidation states (Ag,O and AgO indi-
cated as peaks I and III, and II and IV, respectively).*
Normalized area of each peak was also determined to
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compare the concentration of various oxidation states.
Comparison of the normalized area of peak I, signifying
Ag,0 (or Ag") of the catalysts, the AgNi/C displays the
highest normalized area of 52 units. This is then followed
in descending order by AgCo/C (normalized area of
6 units) and Ag/C (normalized area of 4 units). When
normalized areas of peak II (signifying AgO or Ag*") of
the catalysts are compared, it was determined that
AgCo/C demonstrated the greatest normalized area of
55 units. Ag/C, on the other hand, showed a normalized
area value of 28 units and AgNi/C displayed the lowest
peak II normalized area of 6 units. The coupling of oxide
with silver could be explained by oxygen originating from
cobalt oxide in the case of AgCo/C and nickel oxide in
the case of AgNi/C, and when alloying takes place the
oxygen in nickel oxide and cobalt oxide is substituted
with silver. It is also possible that silver is oxidized during
the synthesis process, and it could be the case in Ag/C as
its Ag 3d spectrum also showed silver in various oxida-
tion states.

(A) 1 (B) Ag 3d in AgCo/C
AgCo
> >
£ >
s s
= =
) W\
M
366 368 370 372 374 376 365 ’ 370 . 375
BE (eV) BE (eV)
1 (C) Ag 3d in AgNi/C (D) Ag 3d in Ag/C
&
= >
5 2
- 2
- =
T T T T
365 370 375 365 370 375
BE (eV) BE (eV)
FIGURE 5 XPS spectrum at Ag-3d edge, (A) comparison of samples, (B) AgCo/C, (C) AgNi/C, (D) Ag/C
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The Ni 2p spectrum of AgNi/C electrocatalyst is given
in Figure 6A that consists of two spin orbital doublet cen-
tered at approximately 856.3 and 874 eV and correspond
to Ni 2ps, and Ni 2p;,, orbitals, respectively. Within
each peak, the deconvolution profile indicates the pres-
ence of two subpeaks that represent satellite peaks (dis-
played as peak II and IV) and nickel as NiO (displayed as
peak I and III). As indicated by XRD, the bulk of nickel
is in metallic form; however, XPS clearly indicates the
presence of Ni** on the surface of the catalyst. Figure 6B
displays the Co 2p spectrum of AgCo/C electrocatalyst
that indicates two relatively stronger peaks at approxi-
mately 782 eV (for Co 2ps/,) and 797.1 eV (for Co 2py,,).
In the deconvolution profile of the Co 2p the existence of
Co*" (displayed as peaks I and IV) and Co*" (displayed
as peaks II and V) are also confirmed. These are charac-
teristic peaks of cobalt oxides that could also be present
in the electrocatalyst. Furthermore, satellite peaks could
also be observed in the deconvolution profile next to the
main peak, assigned to the spin orbital of Co®" (displayed
as peaks IIT and VI). These results confirm the presence
of nickel and cobalt in their various oxidation states as
Ni**, Co®", and Co®>" as they co-exist with silver in
AgNi/C and AgCo/C electrocatalysts.

The C 1s XPS profiles of the three electrocatalysts
were extensively evaluated as shown in Figure 7A with
peaks that could originate from carbon atoms being
bonded in different configuration. Figure 7B-D shows the
deconvolution profiles of the AgCo/C, AgNi/C, and
Ag/C, respectively, and they confirm the various carbon
atom-bonding configurations. It can be observed that the
deconvolution profiles consist of five main characteristic
peaks at approximately 284.4 (peak I), 285 (peak II),
286.5 (peak III), 289.5 (peak IV), and 292 eV (peak V)

4 (A) Ni 2p in AgNi/C

Intensity

T v T d T ¥ T o T v
855 860 865 870 875 880
BE (eV)

FIGURE 6

that are assigned to the sp> hybridized C—C bond on the
graphitic honeycomb structured lattice (sp> C—C), alk-
oxy/epoxy form (C—O, or C—S and C—N), C=0, O—C=0
bond formation, and pi-pi* (graphitic shakeup satellite),
respectively. Normalized areas of the various peaks were
also determined for the electrocatalysts, which estab-
lished the normalized area of peak I of Ag/C (value of
38 units) to be greater than that of AgNi/C and AgCo/C
(value of 33 units and 34 units, respectively). Further-
more, comparison of the normalized areas of peak II of
the catalysts demonstrated Ag/C being with the highest
normalized area of 40 units, while AgNi/C and AgCo/C
displayed relatively lower value of 30 units and 27 units,
respectively. The normalized areas of peak III for all the
samples, however, are approximately the same, with
AgNi/C being slightly higher (value of 17 units) than the
values determined for Ag/C (value of 15 units) and
AgCo/C (value of 16 units). Analysis of the normalized
areas of peak IV deduced that AgCo/C is more dominant
(value of 16 units) than that of Ag/C (value of 8 units)
and AgNi/C (value of 10 units). In addition, study of the
data of the normalized areas of peak V of the various
electrocatalysts showed the absence of pi-pi* in Ag/C and
relatively smaller values of normalized area for AgNi/C
(value of 10 units) and AgCo/C (value of 7 units).

While the XPS analysis indicate the oxidation states
and alloying in Ag-M on the surface, XAS analysis on the
Ag edge was conducted to understand the bulk structure,
Ag-M alloying, interatomic distances and coordination
numbers. Results on XANES regions for AgCo/C and
AgNi/C are the same as that of silver foil and no remark-
able differences are observed (Figure 8A Ag-foil and
AgCo are shown). This gives an indication of the similar-
ity of the particles to the bulk silver, which also means

(B) Co 2p in AgCo/C

I

Intensity

T T 14 T
775 780 785 790 795 800 805
BE (eV)

X-ray photoelectron spectroscopic spectrum at (A) Ni-2p edge for AgNi/C, and (B) Co 2p edge for AgCo/C
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FIGURE 7 X-ray photoelectron spectroscopic spectrum at C 1s edge for (A) Ag/C, (B) AgCo/C, (C) AgNi/C (D)

that there are silver nanoparticles that do not form alloys.
Observing the EXAFS regions shown in Figure 8B, the
bond distances are almost the same as that of bulk silver
(2.89 A). There is also a consistency in the EXAFS regions
for the AgCo and AgNi with only silver-silver scattering
in the nanoparticles and not much second metal scatter-
ing observed. The samples, however, do have consider-
able changes in coordination numbers as seen by the
marked variations in the area of the peak in the first shell.
Through the equation relating the coordination number
and particle size developed for gold nanoparticles®'; log
(%dispersion) = —0.130N + 2.58, in which N signifies the
coordination number; the dispersion, and therefore the
size (assuming the particles are spherical), can be calcu-
lated (see Table 1). It can be said that, based on the simi-
larity of the results, silver nanoparticles that are not
alloyed are present. The metal's identity corresponds with
nanoparticles of varying sizes as shown in Table 1.
Combining the XPS and XAS analysis, it looks like
there is only limited alloying between Ag-M (M = Ni,

Co) that is restricted to the surface. This possibly could
be a result of the synthesis technique employed in pre-
paring the samples. Even though, all the metal precursors
were introduced at the same time during synthesis, the
differences in their decomposition temperatures and
interactions with the reduction agents follow a sequential
pattern. The Ni and Co metal nitrates decompose and
react with the reducing agent to form Ni/Co nanoparti-
cles, and subsequently silver nitrate decomposes and
Ag(+1) reduces to Ag(0) to form silver clusters on the
surface of already synthesized Ni or Co particles, result-
ing in a surface restricted alloying.*> The XPS analysis
indicates changes in the Ag oxidation states, and con-
firms some degree of alloying on the surface.

3.1 | Electrochemical analysis

Cyclic voltammetry (CV) was initially utilized to analyze
the electrocatalytic activity of the bi-metallic AgNi/C and
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FIGURE 8 (A)XANES region of Ag foil and AgCo, and (B) EXAFS regions for bulk Ag, AgCo, and AgNi
TABLE 1 EXAFS fitting of Ag-metal nanoparticles
Sample Edge energy (eV) Ag-Ag CN Bond distance (A) Ag® *P AE," Particle size (nm)
Ag-foil 25 514.0 12.0° 2.89¢ - - Bulk
AgCo 25 512.9 10.3 2.90 0.001 1.60 6
AgNi 25 513.2 7.5 2.90 0.001 0.87 2.5

“Fixed when fitting samples to avoid overfitting.
"Differences are calculated relative to the Ag-foil reference.
“Standard with known values fixed when fitting.

AgCo/C catalysts toward methanol electrooxidation in
comparison to the electrocatalyst consisting of only silver
supported on carbon. The performance of the electrocata-
lysts in a solution of 1 M KOH before methanol addition
and in the presence of N, at 50 mV s~ ' scan rate is shown
in Figure 9. The increase in polarization from a value of
—0.6 to +0.6 V was obtained in the anodic direction.
Afterwards the applied potential was reversed and
directed toward —0.6 V in the cathodic direction. The CV
curve for Ag/C in Figure 9 displayed an upward (anodic)
peak at around +0.27 V and a cathodic peak at approxi-
mately —0.01 V. AgCo/C, on the other hand, displayed
an anodic peak at relatively greater potential of +0.29 V
(and higher current density of ca. 2.02 mA c¢cm ?) and
cathodic peaks at about —0.31, +0.03, and +0.35 V. The
anodic peak of AgNi/C can be observed at a higher
potential value than that of Ag/C and AgCo/C catalysts
(ca. 4+0.40 V) and cathodic peaks at +0.05 and +0.27 V.
Figure 10A shows the CV of AgCo/C, AgNi/C, and Ag/C

in a solution of 1 M KOH in the presence of nitrogen and
1 M methanol at 10 mV s~ scan rate. In the figure, it can
be observed that the CV curve for Ag/C deposited on the
glassy carbon electrode displayed an anodic peak at
approximately +0.28 V and other small peaks at higher
positive potential values, and a cathodic peak at approxi-
mately +0.03 V that could be ascribed to Ag,O and AgO
formation, and AgO and Ag,0 reduction in the mixture,
respectively.>*>> In comparison to the CV curve of Ag/C
in a KOH solution without methanol, these potential
values of anodic and cathodic peaks are slightly higher.
The CV curves for AgNi/C and AgCo/C in a mixture of
KOH and CH3;OH solution, besides, display their anodic
peaks that signify silver oxide formation at approximately
+0.3 V, but at lower current density values in compari-
son to that of Ag/C. Furthermore, the CV curves of
AgNi/C and AgCo/C displayed cathodic peaks at
ca. +0.07 and +0.06 V, respectively, that could also be
attributed to the reduction of AgO and Ag,O. When
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comparing the CV curves of AgCo/C in the different solu-
tions (with and without CH;OH) the anodic peak is
around the same value of approximately +0.3 V, however
the current density is greater (about 2.05 mA cm %) in
the solution wherein methanol is absent. Furthermore,
there are 3 cathodic peaks displayed by AgCo/C in the
solution without methanol (at around —0.31, +0.03, and
+0.35 V) while only one cathodic peak was shown by the
electrocatalyst in the solution in which methanol is pre-
sent (at ca. +0.06 V). Observing the CV curves of AgNi/C
in the two types of solutions the anodic peaks in the solu-
tion without methanol and with methanol were +0.40
and +0.30V, respectively. Two cathodic peaks were
noticed in the KOH solution without methanol (at about
+0.05 and +0.27 V) while only a single cathodic peak
was observed in the solution with methanol being pre-
sent at around +0.07 V.

To better understand activity of the electrocatalysts
for methanol oxidation reaction LSV measurements were
also performed. Based on the anodic polarization curves
in Figure 10B, the current densities increase for each
electrocatalyst, however they have different onset poten-
tials. A comparison of the anodic LSV polarization results
indicates that AgNi/C performs relatively better (with a
lower onset potential of 0.41 V) than AgCo/C (0.45V
onset potential) and Ag/C (0.59 V onset potential). How-
ever, at higher potential of 0.8 V onwards, the current
density of AgNi/C (41.61mAcm ?) and AgCo/C
(38.85 mA cm ™ ?) are closer, with AgNi/C still dominat-
ing, nonetheless both have better current density than

Current density (mAfcm?)
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Ag/C which is only 6.60 mA cm 2, significantly lower
than the Ag-M catalysts. The three catalysts were evalu-
ated for their stability using chronoamperometry (CA) at
0.5 V for a duration of 20 h in a N,-purged solution of
1 M KOH and 1 M CH3;O0H. Figure 10C demonstrates
that the current density of AgNi/C toward MOR is com-
paratively greater than AgCo/C and Ag/C, with Ag/C
being the lowest among the three electrocatalysts. Fur-
thermore, the decay in the current density of the CA
curve for AgNi/C is not as rapid as that shown by the CA
curves of AgCo/C and Ag/C, which further supports the
relatively better performance of the AgNi/C catalysts for
MOR. The rapid decay in potentiostatic current density
displayed by AgCo/C and Ag/C could be attributed to the
adsorption of reaction intermediates that are generated
during the oxidation of methanol, oxygen and hydrogen
species present in the electrolyte. Furthermore, from the
figure it can be observed that AgNi/C is also capable of
maintaining the highest activity among the three electro-
catalysts during the entire duration of the CA test.

The proposed MOR mechanism taking place on the
electrocatalysts is that methanol gets adsorbed on the sur-
face of the catalyst to finally produce CO, after going
through a number of complex reactions.>* The electrons
supplied through the glassy carbon electrode leads to the
processes of proton and electron pair generation from the
carbonaceous compound. Several adsorption and depro-
tonation steps take place that produce intermediate spe-
cies, that further undergo transformative reactions. The
water molecules surrounding the anode also generate

Potential (V)

FIGURE 9
before MeOH addition

Cyclic voltammetry analysis to determine the performance of the electrocatalysts in 1 M KOH solution (saturated by N,)
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FIGURE 10 Methanol oxidation reaction electrocatalytic performance of catalysts, (A) cyclic voltammetry analysis, (B) linear sweep

voltammetry analysis, and (C) chronoamperometry analysis

electron/proton pair as hydroxyl groups that combine
with some of the surface intermediates. Among the inter-
mediates, CO minimizes the rate of MOR in the anode
because it has greater stability and its formation can
cause the blockage of the electrocatalysts’ active sites.’>>*
CO is formed due to an indirect mechanism where CHO
or COH gets directly dehydrogenated. CO,, on the other
hand, is formed through hydroxyl group addition and
several dehydrogenation processes. First, OH group is
formed when formaldehyde or hydroxymethylene
undergoes hydrogen abstraction resulting in formyl or
COH, whereafter a proton/electron pair is extracted from
a water molecule to produce the OH group. The group
afterwards combines together with the carbonaceous spe-
cies leading to the production of di-oxygenated species
(eg, dihydroxycarbene [C(OH),] or formic acid
[HCOOHY]). Dehydrogenation then takes place to gener-
ate either carboxyl (COOH) or formate (HCOO) that then
forms CO, after subsequent dehydrogenation. Alterna-
tively, CO, production can be seen through a direct path-
way wherein a proton/electron pair is extracted from
water and the resulting hydroxyl that is produced is
added to formaldehyde to form an intermediate
H,COOH. Dehydrogenation of this intermediate can
cause formic acid or dioxymethylene (H,COO) to be pro-
duced and with further dehydrogenation of dioxymethy-
lene (first to formate) CO, is formed that gets desorbed
from the electrocatalysts.

4 | CONCLUSIONS

The synthesis of three types of Ag-based electrocatalysts
was performed using a solution combustion synthesis
method. Results of XRD analysis showed the presence of
graphitic carbon in carbon nanotubes in all the three
electrocatalysts. Detailed analysis using XRD, XAS, and
XPS indicate that the bulk of the electrocatalysts are not

alloyed showing separate phases of silver and nickel/
cobalt-oxides, whereas a surface alloying is confirmed
indicating metals to be present in various oxidation
states. The presence of well-porous structure on the sur-
face of the electrocatalysts was confirmed by SEM micro
images and the elemental phase distribution of silver in
the electrocatalysts was determined from TEM analysis,
especially the way by which Ag nanoparticles are distrib-
uted with nanoparticles of nickel (in AgNi/C) and cobalt
(in AgCo/C), a characteristic that was further analyzed
using XPS. The electrocatalytic performance of the Ag-M
eletrocatalysts (AgNi/C and AgCo/C) was compared with
Ag alone catalyst supported on carbon. Based on CV,
LSV, and CA analysis, it was established that AgNi/C
was the most active and stable catalyst in comparison to
AgCo/C and Ag/C toward MOR. The AgNi/C demon-
strated the highest current density with relatively slower
decay among the three electrocatalysts when analyzed
using CA, indicating its potential for long-term sustain-
able application in methanol oxidation.
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