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Abstract.

Synthesis of highly efficient functional electrocatalyst that favours the electrochemical oxidation

of formic acid via CO-free dehydrogenation pathway is required for direct formic acid fuel cells. Traditional
catalysts favour the dehydration pathway involving the generation of poisonous CO. Herein we demonstrate the
superior electrocatalytic performance of Pt-Pd bimetallic nanoelectrocatalyst of ultralow Pt content and tuning
the reaction pathway by controlling the Pt content. Bimetallic nanoparticles of PtyPdgs, Pt;Pdy; and Pt4;Pds3
compositions are synthesized by electrochemical co-deposition method in aqueous solution. The nanoparticles
of ultralow Pt content, PtyPdys, favour the CO-free dehydrogenation pathway for formic acid oxidation with
an onset potential of 0 V (SHE) whereas the Pt47Pds3; nanoparticles favour the dehydration pathway involving
the formation of CO at high positive potential. The Pt content of the bimetallic nanoparticles actually controls
the oxidation peak potential and catalytic activity. Significant negative shift (~350 mV) in the oxidation peak
potential and remarkable enhancement in the current density (2.6 times) are observed for PtyPdos nanoparticles
with respect to Pts7Pds3. The absence of three adjacent Pt and Pd atoms could be the reason for the suppression
of CO pathway. The electrochemical impedance measurements indirectly support the CO-free pathway for the

formic acid oxidation on Pt4Pdgg nanoparticles.

Keywords.
electrocatalysis.

1. Introduction

The small organic molecule-based polymer electrolyte
membrane (PEM) fuel cell attracts immense attention
due to their ease of operation at room temperature and
light weight. Among the direct liquid fuel cells, formic
acid fuel cell (DFAFC) has several advantages: (i) the
theoretical cell voltage of DFAFC is higher (1.45 V)
than that of direct methanol fuel cell (DMFC) (1.18 V)
at room temperature,'~* (ii) formic acid crossover flux
through Nafion™ membrane is two-orders magnitude
lower than methanol,> enabling the use of concen-
trated formic acid (~80%) to achieve high energy den-
sity compared to DMFC,® (iii) it is non-toxic and
has faster oxidation kinetics on anode catalysts with
respect to methanol. In contrast to methanol oxidation,
the complete oxidation of formic acid does not require
water at the anode, allowing the use of concentrated
formic acid.* Formic acid can undergo oxidation in two
different pathways on metal surface, viz., dehydration
and dehydrogenation pathways (figure 1). In dehydro-
genation pathway, the direct oxidation of formic acid
produces CO,. On the other hand, dehydration pathway

*For correspondence

Bimetallic nanoparticles; electrochemical deposition; formic acid oxidation; dehydrogenation;

witnesses the formation of adsorbed intermediate CO g,
on the metal surface and retards the oxidation kinet-
ics. Recently, another parallel pathway involving the
formation weakly adsorbed intermediate HCOO,4 has
also been proposed.” The pathway for the oxidation
of formic acid depends on the nature of the electro-
catalysts.?3-6-10 Pt catalyst is known to favour the unde-
sirable dehydration pathway involving the generation
of surface poisoning intermediate species CO.!' Such
intermediate species actually blocks the adsorption of
reactive formate species on the catalyst surface and
slow down the electron transfer kinetics. The modifi-
cation of Pt surface with surface adatom is known to
facilitate the oxidation process by altering the reaction
pathway. On the other hand, the Pd catalyst is known to
favour the direct dehydrogenation pathway, which does
not involve the formation of CO.!> However, the activ-
ity and durability of Pd catalyst is not adequate enough
for its utilization in DFAFC. In order to achieve high
current density and durability, Pd-based bimetallic
nanocatalysts and adatom modified Pd catalysts have
been used.'*! The electrocatalytic performance of
these catalysts depends on the crystallographic orienta-
tion, composition, size and shape of the particles.!>~!
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Figure 1. Possible reaction pathways for the electrochem-
ical oxidation of formic acid on metal (M) surface.

Among the various nanoscale bimetallic nanocatalysts,
Pt-Pd is demonstrated to have high electrocatalytic
activity.'®!® The use of large amount of Pt actually
increases the overall cost of the fuel cell and hence sev-
eral efforts have been taken to minimize the amount
of Pt content without compromising the electrocatalytic
performance.?

The electrochemical route for the synthesis of nano-
scale materials is a versatile approach. Both spatial and
size control can be easily achieved by the fine tuning
of electrochemical parameters.?! The major advantage
associated with the electrochemical synthesis of nano-
scale metal particles is that it does not require toxic
reducing/stabilizing agents and sophisticated equip-
ment. Moreover, the particles can be directly deposited
on conducting platforms for microelectronic and micro
fuel-cell applications. The co-deposition of Pt and Pd is
a promising approach where the merits of both metals
can be integrated to achieve enhanced electrocatalytic
performance. Taking advantages of the electrochemical
route, in this work the electrochemical co-deposition
of Pt-Pd nanoparticles of different composition and the
evaluation of their electrocatalytic performance towards
oxidation of formic acid are described. Interestingly, we
could tune the reaction pathway from dehydration to
CO-free dehydrogenation route by controlling the com-
position of Pt-Pd nanoparticles. The CO-free pathway
is achieved with the bimetallic nanoparticle of ultralow
Pt content. The electrocatalytic performance of bimetal-
lic nanoparticle has been compared with the Pt and Pd
nanoparticles obtained at the identical condition.

2. Experimental
2.1 Materials

H,PtCls.6H,O and K,PdCl, were obtained from Sigma-
Aldrich. Formic acid was purchased from Merck (India).
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All other chemicals used in this study were of analytical
grade (purity >99%) and used as received. All the
solutions were prepared with Milli-Q (18 M cm)
water.

2.2 Instrumentation

The field emission scanning electron microscopic
(FESEM) images of the nanoparticles were obtained
with JEOL JEM 6700F electron microscope. The X-ray
diffraction (XRD) analysis was performed with a Pana-
lytical X pert PRO high resolution XRD (PW 3040/60)
unit using Ni-filtered Cu Ko (A = 1.54 A) radiation.
The overall atomic percentage of the alloy catalyst was
measured with CAMECA sx-100 electron probe micro
analyzer (EPMA). Electrochemical measurements were
carried out in a two-compartment three-electrode cell
using glassy carbon (GC) (surface area: 0.07 cm?)
working (CH Instruments, Texas, USA), Pt wire aux-
iliary, and Ag/AgCl (3 M KCI) reference electrodes.
All electrochemical experiments were performed with
Autolab potentiostat-galvanostat (302N), using com-
puter controlled GPES software. All the potentials are
referred against standard hydrogen electrode (SHE) by
adding a conversion factor of 0.197 V.

2.3 Synthesis of bimetallic nanoparticles

Electrodeposition of Pt-Pd bimetallic nanostructures of
Pty;Pds3, Pt;Pdg; and PtyPdys were performed in 0.5
M H,SO, solution containing required molar ratio of
PtCI~ and PACI;~ (PtCl; :PdCl;~ = 1:1, 1:15, 1:30) by
stepping the potential from 1.1 to O V with a pulse width
of 100s. The Pt and Pd nanoparticles were individually
deposited under identical condition for the compara-
tive study with Pt-Pd bimetallic nanoparticles. The elec-
trodes were washed extensively with Millipore water
after the deposition and used for further measurements.
The electrochemically accessible surface area of the
bimetallic nanoparticles was determined according to
the literature procedure (figure S1).

3. Results and Discussion
3.1 Characterization of nanoparticles

The Pt-Pd bimetallic nanostructures of different atomic
compositions have quasi spherical and aggregated
flower-like shape with size ranging from of 80-200 nm
(figure 2). The XRD profile shows a single diffraction
peak at 26 = 39.86° which is indexed to the (111) plane of
the face centered cubic lattice of Pd (JCPDS: 46-1043),
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indicating the crystalline nature of the nanoparticles
(figure 2d). The voltammetric profile of bimetallic nano-
particles shows the characteristic signature for the sur-
face oxide formation and its reduction and hydrogen
adsorption and desorption. The electrochemically acces-
sible surface area of the nanoparticles was obtained
according to the literature procedures??-> (figure S1). The
Pt4;Pds;, Pt;Pdo; and PtyPdos nanoparticles have the sur-
face area of 0.166, 0.135 and 0.141 cm?, respectively.

3.2 Electrochemical oxidation of formic acid

The electrocatalytic performance of Pt, Pd and Pt-Pd
bimetallic nanoparticles towards formic acid oxidation
is shown in figure 3. On the Pt nanoparticle-based elec-
trode, the oxidation in the forward scan shows a small
peak ~0.6 V (figure 3a), corresponding to the oxida-
tion of formic acid. Surface poisoning by in situ gen-
erated CO partially inhibits the oxidation. The sharp
peak at 0.95 V corresponds to the anodic stripping of
adsorbed CO. The large anodic wave during the reverse
sweep is due to the oxidation of formic acid at the
CO-free clean Pt surface.'> On the other hand, the Pd
nanoparticle-based electrode shows anodic peak ~0.5 V
during both forward and reverse sweeps for the oxida-
tion of formic acid. The small hump ~0.82 V could be
due to the oxidative removal of CO. The voltammet-
ric features obtained for the Pt and Pd nanoparticles are
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in close agreement with the earlier literature.'**** The
voltammetric features for the oxidation of formic acid
on Pt,;Pds; nanoparticles are very similar to that of Pt
nanoparticles (figure 3b). The small broad peak at ~0.6 V
and the relatively sharp peak at 0.89 V in the forward
scan are ascribed to the oxidation of formic acid and
the stripping of adsorbed CO, respectively. The nega-
tive shift in the formic acid oxidation and CO stripping
peak position with respect to the Pt nanoparticle (figure
3a) can be attributed to the presence of Pd. The sur-
face adsorption of in situ generated CO actually inhibits
the oxidation process during the forward sweep. In the
reverse sweep, the oxidative removal of poisonous CO
at potential >0.6 V activates the Pty;Pds; surface. Con-
sequently, a large anodic wave was obtained for the
oxidation of formic acid during the reverse sweep.
Significant enhancement in the peak current and
remarkable negative shift in the formic acid oxidation
peak potential were observed while decreasing the Pt
content of the catalyst. Surprisingly, ~350 mV nega-
tive shift in the formic acid oxidation peak potential and
~72.6 times enhancement in the peak current (forward
sweep) were observed with Pty;Pdgs nanoparticles com-
pared to Pty;Pds; (figure 3c). Such significant negative
shift in the peak potential and enhancement in the peak
current implies the decrease in the activation energy for
the oxidation of formic acid. The onset potential for the
oxidation of formic acid is ~50 mV. To the best of our
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Figure 2. FESEM images of the electrodeposited (a) PtyPdgs, (b) Pty7Pds3
and (c) PtyPdys bimetallic nanoparticles. (d) XRD profiles of electrodeposited
Pt-Pd bimetallic nanoparticles of different compositions.
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Figure 3. Cyclic voltammograms illustrating the electrocatalytic perfor-
mance of (a) Pt and Pd, (b) Pty7Pds3, (c) Pt4Pdos and (d) Pt;Pdo; nanoparticles
toward formic acid (0.1 M) in 0.1 M of HCIOj,. Scan rate: 50 mVs™!.

knowledge this is the lowest potential reported so far in
the literature (table S1). Among the existing catalysts,
the Pd nanoparticles grown on cubic Pt nanocrystals
show the onset potential of ~0.1 V (RHE) with a peak
potential of 0.27 V' and the Pd adatom decorated Pt
nanoparticles have the peak potential of 0.25 V with an
onset potential of ~0.1 V (RHE)" for the oxidation
of formic acid. Recently, the oxidation of formic acid
on Sb-decorated octahedral Pt and Au@Pt dendrimer
encapsulated nanoparticles with peak potential of 0.2 V
(RHE) and —0.2 V (Hg/Hg,SO,) has been reported.” The
Pt;Pdy; nanoparticles show the anodic peak at 0.33 V
and a very small hump at ~0.85 V in the forward sweep
(figure 3d). The small hump can be ascribed to the
anodic stripping of adsorbed CO. The oxidation poten-
tial is ~330 mV less positive than that of the Pt;;Pds;
nanoparticles. Unlike the Pt,Pdos nanoparticles, it shows
small anodic peak ~0.7 V during the reverse sweep
though it is not very prominent (figure 3d). The magni-
tude of stripping peak current for adsorbed CO on
Pt;Pdy; is significantly less with respect to the Pty;Pds3,
signifying the change in reaction pathway while decreas-
ing Pt content.

The careful analysis of the voltammetric profile for
the oxidation of formic acid on the nanoparticles of dif-
ferent composition shows that the Pt content has strong
influence on the oxidation. Significant negative shift
in the peak potential and remarkable decrease in peak

current were observed for the stripping of adsorbed CO
while decreasing the Pt content. For instance, on the Pt
nanoparticle, the stripping peak appears at the potential
of 0.95 V and it shifts to 0.89 V and 0.84 V on Pty;Pds;
and Pt;Pdy; nanoparticles, respectively. No stripping
signature was observed on Pt,Pdq¢s nanoparticles. The
negative shift in the stripping peak potential implies
the facile removal of adsorbed CO during the anodic
process due to weak binding interaction. Moreover, the
formic acid oxidation peak in the forward sweep shifts
from 0.6 V (Pty;Pds;) to 0.34 V (Pt;Pdys) and then
to 0.25 V (Pt,Pdes) while decreasing the Pt content,
demonstrating that the formic acid oxidation is highly
favourable on PtyPdys nanoparticles. Such negative shift
in the oxidation peak potential implies the facile elec-
tron transfer. The area normalized current density (table
1) for the oxidation of formic acid on the Pt,Pdy at the
potential of 0.25 V is 4.25 mAcm~2 (for 0.1 M formic
acid), which is significantly higher than those of the
other Pt-Pd and Pt-Ir catalysts®® (table S1). The ratio
between the magnitudes of the peaks obtained during
the forward and reverse sweep can provide knowledge
on the reaction pathway.”” The Pt;Pdys nanoparticles
have the highest ratio of 7.418, which is significantly
higher than Pty;Pds; (0.156) and Pd (1.3) nanoparticle-
based electrodes, suggesting that the oxidation mech-
anism on Pt;Pd¢s nanoparticles involves the CO-free
dehydrogenation pathway. The voltammetric profile of
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Table 1. Catalytic performance of the bimetallic nanoparticles.

ECSA Onset Pot. E, Peak current density* I¢/1,
Catalyst (cm?) %) %) J (mAcm™2?)
PtsPdyge 0.141 0.036 0.251 4.251 7.18
Pt;Pdos 0.135 0.057 0.336 4.288 5.92
Pt47Pds3 0.166 0.255 0.595 1.638 0.15

* Current density was measured at the peak potential of the respective catalyst in the

forward sweep.

formic acid on the Pt;Pdos nanoparticles does not show
prominent peak during the cathodic sweep; the peak
current in the reverse sweep is rather small. This may be
associated with the surface composition/morphology of
the nanoparticles, though the actual reason is not known
at the present stage.

3.3 Voltammetric stripping of in-situ generated CO

In order to confirm CO-free pathway for the oxida-
tion of formic acid on Pt,Pdy, the nanoparticle-based
electrode was subjected to following experiments. The
electrodes (Pt;Pdys and Pty;Pds;) were first pre-treated
at their respective formic acid oxidation potential [E,
(Pt,Pdgs) = 0.25 V and E, (Pty;Pds3) = 0.6 V] in Ar-
saturated 0.1 M HCIO, containing formic acid (0.1 M)
for 3 min. These pre-treated electrodes were transferred
to 0.5 M H,S0O, and the potential of the electrodes were
scanned from 0.5 to 1.3 V (vs. SHE) for the anodic
stripping of adsorbed CO (in-situ generated during the
pre-treatment). As shown in figure 4a, a well-defined
anodic wave at the potential of 0.9 V corresponding to
the anodic stripping of CO for the Pty;Pds; nanoparticle
was observed. The peak current significantly decreased
in the second sweep. The peak potential (0.9 V) is very
similar to that shown in figure 3b for the anodic strip-
ing of CO. On the other hand, no characteristic signa-
ture for the stripping of CO on Pt;Pdys nanoparticles
was observed (figure 4b), rationalizing that the Pt,Pdge
nanoparticle actually favour the dehydrogenation path-
way for the oxidation of formic acid. The reaction
pathway is tuned to dehydrogenation by changing the
composition of the nanoparticles.
Chronoamperometric measurements were performed
in order to evaluate the durability of the nanoparticles.
The potential of the electrode was stepped from the on-
set potential to the peak potential and the steady state
current was measured for one hour time (figure S2).
Among the three bimetallic nanoparticles, Pt;Pdos shows
highest activity and durability. The deactivation rate on
Pt,Pdys nanoparticles was found to be ~8%/200 s in
the first 30 min and no further significant change was
noticed after 30 min. The steady state current density at
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Figure 4. Linear sweep voltammograms of (a) Pty;Pds;3
and (b) PtsPdy¢ nanoparticle-based electrodes in 0.5 M
H,SO0y, that were pretreated at the potential of 0.6 and 0.25 V,
respectively for 3 min in Ar saturated 0.1 M HCIO, solution
containing 0.1 M HCOOH. Scan rate: 50mVs~!.

30 and 60 min remain same (20 ©Acm~2), highlighting
the durability of the catalyst. The deactivation rate for
the other nanoparticles is significantly high.

3.4 Electrochemical impedance studies

To further evaluate the electrocatalytic performance of
bimetallic nanoparticles, potential-dependent electro-
chemical impedance measurements were performed.
Representative potential-dependent Nyquist plot for
the oxidation of formic acid on Pt;Pdys and Pty;Pdss3
nanoparticles are shown in figure 5. The impedance
parameters were obtained by fitting the data with appro-
priate equivalent circuits (figure 5) and are tabulated in
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= R,: Solution resistance

= QIl: Constant phase element

= Q2: Pseudocapacitance

= R, Charge transfer resistance
= Ry, R3: Additional resistance

= L: Inductance

Figure 5. Nyquist plot for the oxidation of formic acid (0.1 M) as a function of
applied potential on (A) Pt;Pdgg and (B) Pt47Pds3 nanoparticle-based electrodes in 0.1
M HCIOy. Equivalent circuits used to fit the impedance data are presented as ‘a’, ‘b’,

‘¢’ and ‘d’.

Table 2. Electrochemical impedance parameters obtained for Nyquist plot in figure
5A. ‘a’ and ‘c’ denote the equivalent circuit used to fit the data (equivalent circuits

are given in figure 5).

Pot. (V)* Ry(Q) Ra(k) QI (uMho) R2 (k) Q2(uMho) nl n2
0.03¢ 511 455 151 - - 085 -
0.2° 52 2.1 31.9 —50.7 12.2 0.81 0.93

**At 0.4, 0.7, 0.8, and 1.0 V capacitive behaviour was observed.

table 2 and 3. In the equivalent circuits, R; is the solu-
tion resistance and QI is the constant phase element
(CPE). Generally, the electronic properties of the elec-
trode cannot be described well with the double layer
capacitance (Cq) when the electrode surface is rather
rough. In such situation, Cy is substituted with CPE
in the equivalent circuit. CPE is traditionally used to
describe the non-ideal capacitive behaviour of the elec-
trode. Mathematically, CPE = A~'(jw)™, where A is a
coefficient and w is the frequency; the CPE become Cy
when the value of n approaches 1.%® The charge transfer
resistance is designated as R whereas the resistance
which is parallel to Q2 is designated as R2. Q2 is asso-
ciated with the pseudocapacitance. The resistance in

series to the inductance is designated as R3. The charge
transfer resistance in the circuit related to the resistance
of the electrode for charge transfer. On the other hand,
the resistance R2 and R3 are associated with the adsor-
bate formation/removal from the electrode surface. The
inductive loop of the impedance plot is modelled to
pseudocapacitance in parallel with resistance or pseu-
doinductance in series with a resistance.”® In the case
of Pt;Pdys, the impedance measurement performed at
the foot of the voltammograms (0.03 V) shows a small
semi-circle with R, value of 45.5 k2. The impedance arc
at the first quadrant indicates the presence of resistive
and capacitive components, possibly due to the adsorp-
tion of formate species on the nanoparticle surface.
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Electrochemical impedance parameters obtained for Nyquist plot in figure 5B. ‘a’, ‘b’ ‘c’ denote the equivalent

circuit used to the fit the data (equivalent circuits are given in figure 5).

Pot. (V) R ()  Ru(kQ) Q1 (#Mho) R2 (k) Q2 (#Mho) R3(kQ) L (H) nl n2
0.2 52.9 183 24.7 - - - - 0.82 -
0.4% 47.4 62 10.1 - B - - 0.82 B
0.5? 45.7 146 12.8 - - - - 0.81 -
0.7° 50.1 40 2 —80 60 10 500 0.71 0.73
0.85¢ 48.5 9.5 8.02 —48 3.67 - - 0.83 0.72
0.95¢ 48.7 11.2 9.65 =71 11.2 - - 0.82 0.76
1.15% 47.6 55 11.3 - - - - 0.85 -
HCOOH co CO,

Pt47Pd53

12 — —
10} ]
(’IE St E
< <t b A

'é 6

= 4F L
5 1
0 i S :
00 02 04 06 08 10 1.2

E/'V vs. SHE

Pt,Pd,,

J (A cmz)
N W -

S =

00 02 04 06 038 1.0
EV vs. SHE

Figure 6. Possible reaction pathways for the oxidation of formic acid on Pt47Pds3 and PtsPdye.

The impedance arc moved to the second quadrant
while further increasing the potential up to 0.2 V. The
appearance of the impedance arc in the second quad-
rant suggests the presence of an inductive component,
presumably due to the formation of chemisorbed oxy-
gen containing —OH like species.”’ At more positive
potentials the impedance plot is purely capacitive in
nature, originating from the double layer capacitance.
The absence of resistive components at higher potential
implies the absence of CO adsorption/desorption. This
is in good agreement with the voltammetric data shown
in figure 3c. The potential-dependent impedance pro-
file supports the CO-free pathway for the oxidation of
formic acid.

The impedance behaviour of Pt;;Pds; nanoparticle
is largely different from Pt,Pdys. The impedance pro-
file shows that the formic acid oxidation on Pty;Pds;
involves the generation of CO. At lower potential region
(0.2-0.5 V) the impedance arc appears at the first quad-
rant(figure 5B). The R, at lower potential (0.2-0.7 V) is

significantly high (62—-183 k€2) indicating the adsorp-
tion of CO on the nanoparticle surface. As the potential
arrives at 0.7 V amajor change in the impedance spectra
was observed with a negative resistance. The impedance
spectra with loop at second and third quadrant during
the electrooxidation process at more positive potentials
can be ascribed as the reversible formation of oxide
like species.??** The impedance arc at the potential
> (0.85 V appears in the second quadrant and the diam-
eter of the arc significantly decreases while increasing
the potential from 0.7 V to 0.85 V. The appearance
of the impedance arc at the second quadrant implies
the presence of inductive component. The decrease in
the R, value at more positive potential is actually due
to the oxidative removal of CO. This is in agreement
with the voltammetric profile presented in figure 3.
The impedance behaviour of Pt;Pdo; nanoparticles also
illustrate the formation of CO-like species as evidenced
from the large R, values (figure S3, table S2). The
impedance profile for the oxidation of formic acid on
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Pt4;Pds; and Pt;Pdy; is closely similar to that of Pt and
Pd nanoparticle-based electrodes (figure S4).

3.5 Possible reaction pathway

As described earlier, the electrochemical oxidation of
formic acid in acidic solution on most of the metal elec-
trodes can follow either the dehydration or dehydroge-
nation pathway (figure 1). Presence of parallel pathways
cannot be ruled out. As expected, the bimetallic catalyst
with more amount of Pt content actually follows the
dehydration path, producing poisonous CO species. On
the other hand, the bimetallic catalyst with less amount
of Pt tends to favour the dehydrogenation rather than
the dehydration pathway (figure 6). The Pd atoms in the
bimetallic nanostructures actually inhibit the formation
of surface poisoning CO in the low potential region and
favour the oxidation at less positive potential.'”® The
superior performance of the Pt;Pd¢s nanoparticles can
be explained by considering the ‘ensemble effect’ and
crystallographic orientation. The major contribution to
the superior electrocatalytic performance of Pt;Pdgs
originates from the ‘ensemble effect’. The dehydration
of formic acid to produce poisoning CO requires at least
two adjacent Pt sites.””-*! The absence of such adjacent
Pt sites would eventually suppress the formation of CO.*
The ultra-low amount of Pt in Pt,Pdys nanoparticles
can be considered as an impurity in a Pd rich environ-
ment and the separation of Pt sites by the surrounding
Pd atoms would favour the dehydrogenation pathway
rather than the dehydration pathway for the oxidation
of formic acid. The marked change over of reaction
pathway from dehydration to dehydrogenation while
decreasing the Pt content can primarily be ascribed to
the ‘ensemble effect’. The absence of continuous Pt-Pd
arrangement as depicted in figure 6 could be a reason
for the CO-free pathway of formic acid oxidation. The
voltammetric and impedance measurements support
the dehydration pathway on the bimetallic catalyst with
high Pt content (Pt4;Pds3).

4. Conclusion

The Pt-Pd bimetallic nanoparticles of different Pt con-
tent have been electrochemically synthesized. The oxi-
dation of formic acid via CO-free pathway is achieved
with the nanoparticles of ultra-low Pt content. The
Pt content in bimetallic electrocatalyst actually deter-
mines the oxidation peak potential. The change of oxi-
dation pathway from dehydration to dehydrogenation
was observed while decreasing the Pt content is demon-
strated for the first time. The ‘ensemble effect’ plays a
key role in tuning the reaction pathway.
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Supplementary Information

Voltammetric response of the nanoparticle-based elec-
trode, chronoamperometric response illustrating the sta-
bility of the electrode towards formic acid oxidation,
Nyquist plot for the oxidation of formic acid on Pt;Pdo;,
Pt and Pd nanoparticle-based electrodes, tables sum-
marizing the previous literature on formic acid oxida-
tion and impedance parameters are presented in the
supplementary information available at www.ias.ac.in/
chemsci.
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