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HIGHLIGHTS

e Molybdenum-containing carbon nanofiber supported Pd catalyst was synthesized.
e Pd/MoS-VECNF catalysts were tested for formic acid oxidation.

e Formic acid oxidation activity is improved by the addition of molybdenum.

e Superior stability is achieved by the molybdenum-containing catalyst.

e Pd/MoS-VECNF catalyst is promising for direct formic acid fuel cells application.
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ABSTRACT

Numerous studies have reported the development of Pd-based catalyst for the anode direct
formic acid fuel cell (DFAFC) that improves the electrocatalytic activities. We have now
developed a carbon nanofiber embedded with carbon black (Vulcan) and molybdenum
sulfide (MoS,) nanoparticles as the Pd support for the FAOR catalyst. The MoS,-Vulcan
embedded carbon nanofiber (MoS-VECNF) was first prepared by electrospinning and heat
treatment. The MoS-VECNF was prepared with different weight ratios of MoS, to poly-
acrylonitrile (PAN). The prepared support was then loaded with 20 wt% Pd nanoparticles by
the polyol method. The Pd/MoS-VECNF catalyst demonstrated a better FAOR activity and
stability as compared to the Pd/VECNF catalyst with 0.10 as the optimum weight ratio. The
achieved peak current density was 1.46 times higher than that of the Pd/VECNF catalyst.
The presence of MoS, nanoparticles in the carbon support produced a strong metal-
support interaction which improved the FAOR activity and stability of the catalyst.
Therefore, the Pd/MoS-VECNF catalyst is suggested to be promising for DFAFC applications.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Direct formic acid fuel cells (DFAFCs) are some of the polymer
electrolyte membrane fuel cells (PEFCs) types that have gained
much attention due to their high theoretical voltage (1.48 V),

* Corresponding author.

low formic acid toxicity, low fuel crossover, low operating
temperature and ease of fuel transport and storage. These
advantages allow the DFAFC to be used as the power source
for portable devices such as cell phones and laptops. More-
over, formic acid is also a promising hydrogen energy carrier
which means that it can be used as the hydrogen source for
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the hydrogen-PEFC [1]. However, in the case of the DFAFC
operation, the power output is still low due to the poor per-
formance of the anode catalyst at which the formic acid
oxidation reaction (FAOR) takes place. The FAOR can proceed
via two routes which are the direct and indirect pathway re-
actions. The direct pathway involving reactive intermediate
species (HCOO) and produces CO,. Meanwhile, the indirect
pathway is an incomplete formic acid oxidation that produces
CO as shown by the following reaction. The strongly adsorbed
CO is considered a poison blocking the catalyst surface that
inhibits further oxidation of the formic acid. Thus, the direct
pathway is highly desirable for the formic acid oxidation [2].

Directpathway : HCOOH —HCOOg4s — CO, + 2H" + 2e” (1)

Indirect pathway : HCOOH — HCOOgg4s — COq4s + H,O — CO,
+2H' 4+ 2e
(2)

Pd and Pt catalysts are commonly used for the formic acid
oxidation, but Pd is shown to be more active than Pt thus
preferable for the direct pathway reaction and excellent
anti—-CO—poisoning capacity [3—5]. However, the develop-
ment of a highly active and stable Pd catalyst is still chal-
lenging due to the adsorption of reaction intermediates on the
Pd surface and Pd dissolution [6].

A vast number of studies has introduced effective strate-
gies for improving the FAOR activity of the Pd catalyst. One of
the strategies is alloying the Pd with other non-noble metals,
such as Cu, Co, Ni, Ru, Sn, Bi, Ir, Cr, Au or Ag. These metals are
added to Pd and form bimetallic [7—15] or trimetallic [16—19]
catalysts. The addition of these metals caused a weaker
adsorption of CO on the catalyst surface as compared to when
Pd alone is used as the catalyst, hence, it promotes the elec-
trocatalytic activity [5,10]. In recent study, improved FAOR
activity was also demonstrated by the Ga-modified PdAgCo/
CNT catalyst. Addition of a fourth metal to the catalyst re-
duces the catalyst particle size, resulting in an increased
active surface area [20]. Modification of the support material is
reported as another effective way for promoting the electro-
catalytic activity of the Pd catalyst. Carbonaceous materials,
such as carbon black, carbon nanotubes, carbon nanofibers
and graphene, are common supports for the Pd catalyst. A
popular method is incorporating the carbon support with
other metal compounds which can alter the metal-support
interaction of the catalyst. A stronger metal-support interac-
tion between the Pd nanoparticles and the support is
confirmed to increase the electrocatalytic activity and stability
of the FAOR. Various types of metal compounds were com-
bined with the carbon as the Pd support, for instance, CeOy
[21], MoOy [22], WOs5 [23], SiO; [24], WMoOy, [25], MoO5 [26], CuO
[6], SnO; [27], and Sm,03 [28]. Doping the carbon support with
a heteroatom, such as N, P and B, was also reported to promote
the FAOR catalytic activity. The mono- or dual-heteroatom
doping of the carbon support for the Pd catalyst was also
evaluated, such as Pd/N—C [29,30], Pd/N—C—TiO, [31], Pd/NP-C
[32], Pd/NP-Coal-CNF [33] and Pd/BG [34]. In addition, a binary
carbon supported Pd catalyst also performed well. For
instance, the combined graphene and carbon black as the Pd
support (Pd/GC) [35] and carbon black-embedded carbon

nanofiber-supported Pd (Pd/CB-CNF) [36] improved the FAOR
activity. In some studies, both of the above-mentioned stra-
tegies were combined in which the Pd alloy was supported on
the modified carbon support. For example, PdAMoP/BN-CNT
[37], PANi/N-G [38], PdSn/BN-G [39] and Pd;Cu/CeO—C [40].

In addition to the afore-mentioned materials, transition
metal dichalcogenides (TMDs) have gained interest for use in
electrocatalyst applications due to their high abundance, low
cost, and attractive electrochemical properties [41]. TMDs,
such as MoS, and ReS,, have been evaluated for DLFC anode
electrocatalyst applications [42—45]. MoS, has emerged as a
promising catalyst material for enhancing the electrocatalytic
activity and stability for the oxidation of alcohols. A highly-
active and stable catalyst was obtained by supporting Pt on
the MoS,/N—C for the methanol oxidation reaction [42]. A
superior activity and stability for the oxidation of methanol,
ethylene glycol and glycerol were also achieved on the MoS,/
NrGO supported Pt catalyst as compared to the commercial Pt/
C catalyst [43]. A well-dispersed Pt on the MoS,/rGO support
was also obtained which displayed a higher electrocatalytic
activity toward the methanol oxidation and formic acid
oxidation than that of the Pt/C catalyst [44]. The addition of
MoS, to the support of the Pt catalyst has already been shown
to improve the CO-poisoning on the Pt catalyst and improve
the electrocatalytic activity. These behaviors suggested that
the addition of MoS; to the catalyst support is favorable for
promoting the electrocatalytic activity regarding the oxidation
of small organic molecules.

The objective of this study is to improve the electro-
catalytic activity of the Pd-based catalyst for the formic acid
oxidation. In a previous study conducted in our laboratory, the
formic acid oxidation activity was improved by supporting Pd
on a Vulcan XC-72-embedded carbon nanofiber (VECNF). The
VECNF provided a higher surface area than if only the Vulcan
XC-72 was used as the support. Moreover, embedding Vulcan
XC-72, which is simultaneously heat treated with the electro-
spun polymer fiber, into the carbon nanofiber produces a
stronger metal-support interaction. These features of the
carbon support resulting in the enhancement of the FAOR
activity [36]. Motivated by this finding, we proposed to add
MoS, to the VECNF as the Pd support to further enhance the
FAOR activity. To the best of the author's knowledge, the use
of MoS, for the FAOR electrocatalyst is limited. In addition,
Mo@Pd has been theoretically predicted as the most prom-
ising Pd alloy catalyst for the formic acid oxidation. It was
determined that the direct pathway of the formic acid oxida-
tion via the formate (HCOO) intermediate was most favored
on the Mo@Pd alloy [5]. This provides a way to obtain an
improved FAOR activity by adding a Mo-based material to the
Pd catalyst. Therefore, MoS, nanoparticles and a Vulcan
embedded carbon nanofiber (MoS-VECNF) was developed in
this study as the Pd catalyst support. First, the MoS-VECNF
support was prepared by electrospinning and heat treat-
ment. Next, Pd nanoparticles were deposited by the polyol
method with a 20 wt % Pd loading. The Pd/MoS-VECNF catalyst
was characterized by XRD, SEM, EDX and XPS. Their FAOR
activity and stability were then tested and compared to the
MoS-only catalyst (Pd/VECNF). The weight ratio of MoS; to
polyacrylonitrile (PAN) for the MoS-VECNF support was varied
at 0.05, 0.10 and 0.15 to determine the optimum MoS, content.
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The Pd/MoS-VECNF catalyst exhibited an excellent activity
and stability for the FAOR as compared to the Pd/VECNF. This
study provided a new approach to modify the catalyst support
for improving the formic acid oxidation activity and stability
of the Pd-based catalyst.

Experimental method
Carbon nanofiber support preparation

The electrospinning ink solution was prepared by dissolving
Vulcan XC-72R (Fuel Cell Earth) and MoS; nanoparticles (US
Research Nanomaterials, Inc.) in N,N-dimethylformamide
(FUJIFILM Wako Pure Chemical Co., Ltd.) and sonicated for
30 min, then stirred for 1 h. Polyacrylonitrile (Sigma-Aldrich)
was added to the solution and stirred for 5 h at 80 °C. The ink
solution was then stirred overnight at room temperature.
Afterwards, the solution was added to a 5-mL syringe and
electrospun at the applied voltage of 25 kV, flow rate of
0.7 mL min~?, spinneret-to-collector distance of 15 cm and
30% RH. The drum collector was covered with Al foil and
rotated at the speed of 300 rpm. The electrospinning device
was a NANON 03 electrospinning setup (MECC Co., Ltd.,
Japan). The electrospun nanofiber was stabilized under flow-
ing N, and O, at 250 °C for 10 h. The stabilized nanofiber was
then carbonized at 1000 °C for 1 h. Next, the carbonized
nanofiber was steam-activated under humidified N, at 850 °C
for 1 h. The molybdenum-containing nanofiber was prepared
with different MoS, to PAN weight ratios (0.05, 0.10 and 0.15)
which were designated as MoS-VECNF 0.05, MoS-VECNF 0.10
and MoS-VECNF 0.15, respectively. The nanofiber without
MoS, (VECNF) was also prepared for comparison.

Catalyst preparation

Palladium (Pd) was deposited on the MoS,/VECNF support by
the polyol method. PdCl, (FUJIFILM Wako Pure Chemical Co.,
Ltd.) was dissolved in ethylene glycol (FUJIFILM Wako Pure
Chemical Co., Ltd.) by sonication for 1 h, then stirred overnight
at room temperature. MoS,/VECNF was also dissolved in
ethylene glycol by sonication and stirred for 3 h. The pH of the
PdCl, in the ethylene glycol was adjusted to 11 by NaOH (in the
ethylene glycol). Next, the PdCl, solution was stirred and
heated at 160 °C for 3 h. The colloidal suspension was then
added to the MoS,/VECNF support solution. The pH of the
mixture was adjusted to 1 by a 0.5 M HNO; solution and stirred
overnight. The catalyst was filtered, washed with water, and
finally dried overnightin a vacuum oven at 110 °C. A 20 wt% Pd
loading was prepared in this study. The prepared catalyst was
denoted as Pd/MoS-VECNF. A Pd/VECNF catalyst was also
prepared by the same method for comparison.

Physical characterization

The MoS-VECNF support and the Pd/MoS-VECNF catalyst were
physically characterized by using a scanning electron
microscope-energy disperse X-ray (SEM-EDX, Hitachi High-
Tech Corp., Japan) to determine the morphology of the

carbon nanofiber. The X-ray diffraction (XRD) pattern from the
X-ray diffractometer (Miniflex, Rigaku, Japan), using Cu Ka
radiation operated at 2.7 kV and 30 mA, was used to determine
the crystallite size of the Pd nanoparticles. The Pd face
centered cubic (fcc) peak at 40° was considered for the calcu-
lation using Sherrer's formula:

092
"~ Bcos®

where 1 is the X-ray wavelength (1.54056 A),  is the width of
the peak at half height, and 6 is the peak angle. The weight
percentage of the Pd nanoparticles in the catalyst was deter-
mined by heating the prepared catalyst at 600 °C for 45 min in
air. The residue weight was measured and the weight ratio of
Pd in the residue was also determined by an EDX measure-
ment. The X-ray photoelectron spectroscopy (XPS, JEOL Ltd.,
Japan) was conducted to determine the surface elemental
composition and the chemical state of the catalyst element.
The obtained data were analyzed using SpecSurf (ver. 1.9.3,
JEOL) analysis software.

(3)

Electrochemical characterization

The electrochemical characterization of the catalysts was
done using a conventional three-electrode electrochemical
cell configuration and the data were recorded by a potentio-
stat/galvanostat (Automatic Polarization System HSV-110,
Hokuto Denko Corp.). A glassy carbon electrode (GCE) with
the diameter of 3 mm was the working electrode, a Pt wire was
the counter electrode and a Hg/HgSO, electrode in a saturated
K,S0, solution was the reference electrode. All the potentials
reported in this study are referred to the normal hydrogen
electrode (NHE). The GCE was polished using an alumina
slurry, then washed with distilled water. The catalyst ink was
prepared by dispersing 5 mg of the catalyst in 320 pL of ethanol
and 25 pL of a 5 wt% Nafion solution. After sonication for 1 h,
2.5 pL of the ink was pipetted on the cleaned GCE and naturally
dried at room temperature for 30 min. For the electrocatalytic
activity measurement, cyclic voltammetry (CV) was per-
formed in a mixed solution of 0.5 M H,SO,4 and 3 M HCOOH in
the potential range of 0—1.20 V (vs. NHE) at the scan rate of
10 mV s™*. The CV measurement was also conducted in the
solution of 0.5 M H,SO, containing 0.5 M HCOOH to compare
the FAOR activity with other studies. To determine the sta-
bility of the synthesized catalyst, a chronoamperometry (CA)
measurement for 3600s was conducted in the N,-saturated
0.5 M H,S0, with a 3 M HCOOH solution at the potential of
0.60 V (vs. NHE). To determine the CO-poisoning tolerance on
the catalyst, the CO-stripping CV test was carried out. CO was
bubbled into the electrolyte while the electrode potential was
maintained at 0.2 V (vs. NHE) for 45 min to adsorb CO onto the
catalyst layer. The dissolved CO was then purged out by
bubbling N, for 15 min. Next, the CO-stripping voltammogram
was recorded in the potential range of 0—1.20 V (vs. NHE). The
obtained current was normalized with the Pd loading depos-
ited on the GCE to obtain the mass activity (mA mgp4). Prior to
each measurement, the solution was purged with N, for
30 min to remove the O, in the solution. All the measurements
were conducted at room temperature.


https://doi.org/10.1016/j.ijhydene.2023.06.004
https://doi.org/10.1016/j.ijhydene.2023.06.004

35756 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 48 (2023) 35753—35764

(@) (b)

Mean: 228 +37 nm

100 200 300 400 500 600 700 More
Diameter (nm)

Mean: 293 + 80 nm

400 500 600 700 More
Diameter (nm)

Mean: 318 £ 63 nm

100 200 300 400 500 600 700 More
Diameter (nm)

(8 (h)

N
(3]

Mean: 422 * 87 nm

- N
(5] o
T

Frequency
=)

Diameter (nm)

Fig. 1 — SEM images and the corresponding fiber diameter distribution histograms of heat-treated VECNF (a,b), MoS-VECNF
0.05 (c,d), MoS-VECNF 0.10 (e,f), and MoS-VECNF 0.15 (g,h).
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Results and discussion
Physical characterization

The carbon supports prepared prior to the Pd deposition were
characterized by SEM and EDX to determine their morphology
features. Fig. 1 shows SEM images of the heat-treated VECNF
and MoS-VECNF with different MoS contents and their cor-
responding distribution of the fiber diameter histograms. The
average fiber diameters after heat treatment of the VECNF,
MoS-VECNF 0.05, MoS-VECNF 0.10 and MoS-VECNF 0.15 were
228 + 37,293 + 80, 318 + 63 and 422 + 87 nm, respectively. The
MoS-VECNF supports show a rougher structure and bigger
fiber diameter as compared to the VECNF support. The
average fiber diameter of the MoS-VECNF increased as the

MoS, nanoparticle content increased. MoS-VECNF 0.15
showed larger beads on the nanofiber structure than the 0.05
and 0.10 ones. The elemental mapping of the MoS-VECNF 0.10
support shown in Fig. 2 revealed that the C, Mo, and S were
uniformly distributed on the nanofiber. The XRD patterns in
Fig. S1 show the strong peaks of MoS, in the carbon support as
the MoS, content increased. Thus, it was confirmed that the
MoS, was embedded in the nanofiber structure.

The Pd loading of all the prepared catalysts was 19—21 wt
%. The XRD patterns for the Pd/VECNF and Pd/MoS-VECNF
with the different prepared MoS, catalyst contents are
shown in Fig. 3. A broad diffraction peak observed at ca. 25° for
all the catalyst samples represents the (002) carbon plane.
Strong diffraction peaks at about 40.1, 46.5, and 68.3° were
attributed to the (111), (200) and (220) plane, respectively

Fig. 2 — EDX elemental mapping image of the Pd/MoS-VECNF 0.10 catalyst.

Pd/MoS-VECNF 0.15

Pd/MoS-VECNF 0.10

Intensity (a.u)

N
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e
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Fig. 3 — XRD patterns of Pd/VECNF and Pd/MoS-VECNF catalysts (0.05, 0.10 and 0.15 g of MoS, content).
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Fig. 4 — XPS spectra for all the element peaks (a) and Mo 3d and S 2p peak region (b) for all the catalyst samples.

which is the face-centered cubic (fcc) structure of Pd also
present in all the catalyst samples. The crystallite size of the
Pd based on the (111) peak was 6.9, 5.5, 6.1 and 5.6 nm for Pd/
VECNF, Pd/MoS-VECNF 0.05, Pd/MoS-VECNF 0.10, and Pd/MoS-
VECNF 0.15, respectively. The addition of MoS, to the catalyst
support resulted in a slightly smaller Pd crystallite size as
compared to the pure VECNF supported Pd catalyst. Therefore,
it can be inferred that the presence of MoS, in the catalyst
support is not influencing the Pd crystal structure but
affecting the Pd crystallite size which was also reported in
other studies [25]. The MoS, peaks are invisible after the Pd
deposition due to the low MoS, loading which causes the
coverage of MoS, by the Pd [46,47]. Thus, the existence of the
MoS, was confirmed by XPS characterization as further dis-
cussed in the next section.

The surface composition and the chemical state of each
element were analyzed based on the XPS spectra for each

studied catalyst. Each element curve was fitted by using a
Shirley-type background and the Gauss-Lorentz equation.
Fig. 4 (a) shows the wide scan spectra for all the catalyst sam-
ples. The C1s, O1s, N1s, and Pd 3d peaks were observed in the
spectra for all the catalyst samples. As the content of MoS, is
relatively low, the Mo and S peaks are indistinctin the figure as
compared to the other element peaks. Fig. 4 (b) shows the
spectra focusing on the binding energy for the Mo and S ele-
ments. Peaks corresponding to the Mo 3d and S 2p were
distinctly observed in all the Pd/MoS-VECNF catalyst samples.
As the MoS, content increased, sharp peaks appeared and
assigned to the Mo 3d and S 2p species. Therefore, it was
confirmed that the MoS, is present in the Pd/MoS-VECNF
catalyst. The atomic composition obtained from the quantifi-
cation of the XPS spectrais shown in Table 1. There was a slight
difference in the Mo content between the Pd/MoS-VECNF 0.10
and Pd/MoS-VECNF 0.15 catalysts which was 0.47 and 0.50,
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Table 1 — Elemental composition based on the XPS
analysis.

Element content (at.%)
C N (0} Pd Mo S

Pd/VECNF 79.39 437 1369 255 — =

Pd/MoS-VECNF 0.05 81.03 371 1217 253 0.20 0.36
Pd/MoS-VECNF 0.10 80.20 3.06 1295 2.60 047 0.72
Pd/MoS-VECNF 0.15 80.96 293 11.97 261 050 1.04

Catalyst

respectively, due to an error by a small peak among the fittings.
However, S of which its peak clearly showed compared to that
of the Mo content proportionally increased with the added
MoS,. Therefore, it is considered that the Mo content also
increased with the increasing MoS, content.

To determine the chemical state and possible interaction
between the metal and support, the Pd 3d spectra were
analyzed. The curve fitted Pd 3d peaks for all the catalyst
samples shown in Fig. 5 clearly indicated the existence of two

E Pxﬂ\ Pd° Pd/MoS-VECNF 0.15
L
2
]
c
)
£
LD N L Val
325 330 335 340 345 350
Binding energy (eV)
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325 330 335 340 345 350
Binding energy (eV)

Fig. 5 — XPS spectra of Pd 3d for the Pd/VECNF and Pd/MoS-
VECNF (0.05, 0.10, 0.15) catalysts.

Table 2 — Binding energies of Pd3d for the Pd/VECNF and
Pd/MoS-VECNF catalysts.

Catalyst Pd 3ds/, binding Chemical Relative
energy (eV) state  intensity (%)
Pd/VECNF 334.92 pd° 67
336.22 pd?+ 33
Pd/MoS-VECNF 0.05 334.70 Pd°® 62
335.63 pPd?+ 38
Pd/MoS-VECNF 0.10 334.77 pd° 65
335.99 pd?* 35
Pd/MoS-VECNF 0.15 334.92 Pd°® 52
335.77 pd?+ 48

chemical states of the Pd atom in each catalyst. The Pd 3ds/,
and Pd 3ds, regions were deconvoluted into two doublet
peaks corresponding to the metallic state (Pd°) and +2
oxidation state (Pd*"). The binding energy (BE) for Pd° and Pd*"
of each catalyst is summarized in Table 2. The BE for Pd° and
Pd®*" in the Pd/MoS-VECNF catalyst was shifted to a lower
value as compared to the Pd/VECNF catalyst. The BE of Pd° is
lower by 0.22 eV and 0.15 eV for Pd/MoS-VECNF 0.05 and Pd/
MoS-VECNF 0.10, respectively. Meanwhile, the BE of Pd° for
the Pd/MoS-VECNF 0.15 catalyst was not shifted. However, the
shifts in the Pd*" BE are greater in all the Pd/MoS-VECNF
catalysts. The shifting of the binding energy represents the
strong interaction between the Pd nanoparticles and MoS-
VECNF support. Furthermore, the negative shift of the Pd 3d
BE is beneficial to weaken the bond between the Pd and in-
termediates species, such as CO, and thus, improving the CO
anti-poisoning ability of the Pd catalyst [48]. Therefore, the
shifting of the Pd 3d BE in the Pd/MoS-VECNF catalyst sug-
gested that the electronic nature of Pd is altered by the addi-
tion of MoS, that can contribute to promoting the FAOR
activity [49]. A similar occurrence was also found in the study
reported by Tang et al. in which the BE of the Pt supported on
the MoS—N-doped C is shifted to a lower value than that of the
Pt/C catalyst [42]. In addition, it was found that the Pd*" spe-
cies is higher in Pd/MoS-VECNF than in the Pd/VECNF catalyst,
but the Pd° species still dominates in all the catalyst samples
which is beneficial for the formic acid oxidation. The presence
of Pd*" can be considered as an insignificant factor for the
electrocatalytic activity because it could be reduced to Pd°
again by the formic acid oxidation [6]. Thus, based on these
characteristics, an improved FAOR activity is expected for the
catalyst with the presence of MoS,.

Electrochemical characterization

The electrochemical characteristics of the Pd/VECNF and Pd/
MoS-VECNF catalysts were determined by cyclic voltamme-
try (CV) measurements. Based on the CV measurement, the
electrochemical surface area (ECSA) and the electrocatalytic
activity for the FAOR of the catalysts were established. The
CV was conducted in a N,-bubbled 0.5 M H,SO, solution in
the potential range from 0 to 1.20 V (vs. NHE) to determine
the ECSA as shown in Fig. 6 (a). The CV curve shows a
distinct peak of hydrogen desorption and adsorption in the
potential region of 0.04—0.25 V (vs. NHE) for all the catalyst
samples. The ECSA value was estimated based on the
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Fig. 6 — Cyclic voltammetry curves in N,-saturated 0.5 M H,SO, solution (a) and forward scan of FAOR curve in
0.5 M H,S0, + 3 M HCOOH (b) for Pd/VECNF and Pd/MoS-VECNF (scan rate is 10 mV s~ %),

hydrogen desorption region which can be calculated by the
following equation [50]:

ECSA = Qu

710 x M < 100 )

Qu (C) is the charge exchange during the hydrogen elec-
trolysis, 210 (uC cm™?) is the charge required to oxidize the
hydrogen in a monolayer, and M (g) is the Pd loading on the
working electrode. The ECSA for the Pd/VECNF, Pd/MoS-
VECNF 0.05, Pd/MoS-VECNF 0.10, and Pd/MoS-VECNF 0.15
catalysts was 170, 174, 176 and 160 m? g~?, respectively. Based
on these values, it can be deduced that the ECSA slightly in-
creases with the addition of MoS, in the Pd support as
compared to the pure VECNF-supported Pd. A higher ECSA for
the catalyst infers that more electrocatalytic active sites are
provided by the catalyst which promotes the electrocatalytic

activity [51]. However, as the MoS, content increased to 0.15,
the ECSA slightly decreased which is due to coverage of the Pd
by the excess amount of MoS, that reduces the exposure of the
active site. Based on these ECSA values, it can be predicted
that the FAOR activity will be higher for Pd/MoS-VECNF as
compared to the catalyst without MoS,.

The CV measurement was conducted in a 0.5 M H,SO4 so-
lution containing 3 M formic acid to determine their electro-
catalytic behavior towards the FAOR activity. Fig. 6 (b) shows
the forward scan of the CV curve for the Pd/VECNF and the
prepared Pd/MoS-VECNF catalysts. The CV curve indicates the
current density normalized by the mass of the Pd. The FAOR
activity of the catalyst was determined based on the peak
current density value. It was noted that the Pd/MoS-VECNF
catalyst shows a higher FAOR activity than that of the Pd/
VECNF catalyst for all the MoS, contents. The achieved peak
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current density was 3697, 4363, 5395 and 4295 mA mg;j for Pd/
VECNF, Pd/MoS-VECNF 0.05, Pd/MoS-VECNF 0.10 and Pd/MoS-
VECNF 0.15, respectively. The peak current density achieved
its optimum value with the Pd/MoS-VECNF 0.10 catalyst which
was 1.46 times greater with respect to the Pd/VECNF catalyst.
The increase in the peak current density is in good agreement
with the prediction based on the shifting of the Pd 3d binding
energy that implies a strong metal-support interaction pro-
duces a better FAOR activity. The Pd/MoS-VECNF 0.10 catalyst
displayed the highest peak current density as compared to the
0.05 and 0.15 catalysts due its highest Pd° content. It is sug-
gested that the higher the Pd° content, the better the catalytic
activity [52]. The peak current density decreased as the MoS,
content increased to 0.15 which can be explained from the BE
of the Pd° that is not shifted, inferring a weaker metal-support
interaction as compared to Pd/MoS-VECNF 0.05 and Pd/MoS-
VECNF 0.10. This indicated that the electronic modification
is insignificant in the Pd/MoS-VECNF 0.15 catalyst, hence
reducing the FAOR activity. This electronic modification is
important to inhibit the intermediate adsorption on Pd and
stimulate the desorption of H, from the catalyst [6].
However, the FAOR activity of the Pd/MoS-VECNF 0.15
catalyst is better than that of Pd/VECNF. The reason for this
can be ascribed to the hydrogen spillover effect with the
presence of MoS, in the catalyst. The hydrogen spillover is
when the hydrogen from the dehydrogenation that adsorbed
on the Pd is transferred onto the MoS, surface. Consequently,
more Pd active sites are available for further adsorption and
oxidation of the formic acid [53]. This is because MoS, is an
efficient catalyst for the hydrogen evolution reaction (HER)
thus hydrogen can be easily adsorbed on the MoS, [54]. In the
study done by J. Chang et al. an effective HER catalyst (Ni,P)
was added to the Pd carbon support for the formic acid
oxidation. The strong metal-support interaction and
hydrogen spillover effect provided by the Ni,P to the catalyst
contributed to the electrocatalytic activity improvement [55].
In some studies reported [56,57], sulfur-containing materials
are not preferable as a Pd-based catalyst support since they
may generate SOy, which poisons the Pd catalyst. However,
the MoS, content in the catalysts synthesized in this study is
relatively low. Therefore, the poison effect of SOy on the Pd
catalyst might not be severe. The poison effect of SOy on the
Pd-based catalyst should be considered in future studies.
Besides the catalytic activity, the catalyst stability is an
important factor to meet the commercialization re-
quirements. The FAOR stability of the Pd/MoS-VECNF and Pd/
VECNF catalyst samples was tested by chronoamperometry
(CA) in a 0.5 M H,SO, solution containing 3 M HCOOH at 0.6 V
(vs. NHE) for 3600 s. The Pd/MoS-VECNF catalyst maintained a
higher current density than the Pd/VECNF catalyst over the
entire test period as shown in Fig. 7 (a). Based on the per-
centage of the relative current in Fig. 7 (b), the Pd/MoS-VECNF
catalyst demonstrated a better electrocatalytic stability than
the Pd/VECNF catalyst. The Pd/MoS-VECNF 0.10 catalyst
showed the highest residual current density after the 3600 s
CA test, followed by the Pd/MoS-VECNF 0.05, Pd/MoS-VECNF
0.15 and Pd/VECNF catalysts. The current density retained
after the 3600 s testing for Pd/MoS-VECNF 0.10 is 6 times
higher than that of the Pd/VECNF catalyst. The curve pattern
for the first 1500 s shows a slow reduction in the current
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Fig. 7 — Chronoamperometric curves (a) and relative
current (b) of Pd/VECNF and Pd/MoS-VECNF catalyst in

0.5 M H,SO, + 3 M HCOOH solution at 0.60 V (vs. NHE) for
3600 s.

density for the Pd/MoS-VECNF 0.10 whereas a dramatic
decrease in the current density for Pd/VECNF was observed. A
superior stability can be achieved by the addition of MoS, to
the catalyst with the appropriate content. The CO anti-
poisoning ability of the catalyst is enhanced with the pres-
ence of MoS, in the catalyst [42].
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at the scan rate of 10 mVs~2.
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Table 3 — Comparison to recent studies of Pd-based catalyst for FAOR.

Catalyst Pd loading (wt.%) Electrolyte solution Peak current density (mA mgpi) References
Pd/(C16mim)sPMo;,0,4¢/NP-CFs 20 0.5 M H,S0, + 0.5 M HCOOH 754 [61]
Pd/xCuO-CNT 10 0.5 M H,S04 + 0.5 M HCOOH 1904 [6]
Pd/WMOx-C 15 0.5 M H,SO4 + 0.5 M HCOOH 912 [25]
Pd/adenine modified-G 14.5 0.5 M H,SO,4 + 0.5 M HCOOH 1350 [62]
Pd/Sn0O,—C 12.5 0.5 M H,SO4 + 0.5 M HCOOH 1001 [27]
Pd/Mo0O;—C 10 0.5 M H,S0, + 0.5 M HCOOH ~1000 [26]
Pd/MoS-VECNF 20 0.5 M H,SO4 + 0.5 M HCOOH 1925 This study

To determine the CO anti-poisoning ability of the prepared
catalyst, a CO stripping test was conducted as shown in
Fig. S2. The second cycle after the CO stripping showed
hydrogen adsorption/desorption peaks suggesting that the
oxidation of CO was complete [58]. Fig. 8 shows the CO strip-
ping curve for all the catalysts. It was found that the onset
potential in which the starting potentials for the CO oxidation
of the Pd/VECNF and Pd/MoS-VECNEF catalysts showed similar
values. A similar onset potential value was also observed
when the Pd support was modified in the study done by Y. Bao
et al. [38]. Their findings showed a more significant improve-
ment of the CO anti-poisoning ability by alloying the Pd with
Ni than supporting the Pd with different type of carbon.
Similar to their study, the CO oxidation peak area of the Pd/
MoS-VECNF 0.10 catalyst is broader than that of the other
catalysts. This indicated that the CO can be more easily
removed from the Pd/MoS-VECNF 0.10 [52,59]. Hence, the Pd/
MoS-VECNF 0.10 catalyst showed the highest FAOR activity
and stability. It can be deduced that the appropriate content of
MoS; in the catalyst support is needed.

For this study, the FAOR activity measurement was eval-
uated using the 3 M HCOOH solution which is more concen-
trated than most reported in other studies to mimic the
practical conditions of the DFAFC operation which typically
used 3 M or higher HCOOH solutions [60]. For comparison
purposes, we also measured the FAOR activity of the opti-
mized Pd/MoS-VECNF catalyst in 0.5 M H,SO, containing the
0.5 M HCOOH solution. The FAOR activity of our catalyst and
the most recent Pd-based catalyst reported for the DFAFC
anode application is summarized in Table 3. The listed cata-
lysts are using the support modification strategy to enhance
the FAOR activity. The Pd/MoS-VECNF catalyst prepared in our
study is the highest when compared to the other studies.
Therefore, the catalyst introduced in this study has a signifi-
cant potential for DFAFC applications.

Conclusions

The MoS-VECNF supported Pd catalyst was successfully syn-
thesized to improve the electrocatalytic activity and stability
towards formic acid oxidation for DFAFC anode applications.
Based on the electrochemical measurement, the activity and
stability for the FAOR is improved by the addition of MoS, in
the carbon nanofiber support when compared to no MoS,. The
optimum amount of MoS, is 0.10 g with the peak current
density of 5395 mA mgz4. The achieved peak current density is
1.46 times higher than that of the Pd/VECNF catalyst. The
superior stability was also shown by the Pd/MoS-VECNF

catalyst when compared to the Pd/VECNF catalyst. A stron-
ger metal-support interaction provided by the presence of
MoS, in the carbon support contributes to the further
improvement of the FAOR activity and stability. Therefore, the
MoS-VECNF introduced here is promising as the Pd support to
achieve a high performance for DFAFC applications.
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