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Highly active Pd-P nanoparticles electrocatalyst for formic acid
oxidation was synthesized using NaH,PO, as a reducing agent.
The Pd-P nanoparticles were amorphous and exhibited higher
specific and mass activity values compared to commercial Pd/C
electrocatalyts and reported literature values. Furthermore, the
Pd-P nanoparticles were found to be more durable than Pd/C
electrocatalyts.

Direct formic acid fuel cells (DFAFCs) have attracted much
attention as an environmentally-friendly, high performing fuel
cell due to their high electromotive force, reduced rate of fuel
crossover as well as high power and energy density.l'5 In
particular, palladium (Pd) has received considerable amounts
of attention as a replacement for conventional platinum (Pt)
due to its lower cost, higher catalytic activity and also its
ability to catalyze formic acid oxidation (FAO) through a direct
dehydrogenation pathway which makes it less susceptible to
co poisoning.s'9 However, the major problem with using Pd is
that its catalytic activity drops significantly over time. '

In recent years, many research groups have searched for
ways to improve both the catalytic activity and the durability
of Pd electrocatalysts.le"15 Advancements made to improve
these properties includes manipulating Pd nanoparticles
(NPs) sizes™®*® or shapeslg'zl, combining Pd with other metals
to form bimetallic compoundszz'24 as well as altering the
morphology of the Pd.?>?® |n particular, manipulating the
morphology of Pd to enhance the catalytic activity and
durability is still a relatively new research front with many
advancement 0pportunities.27’28

Therefore, this work reports a facile synthesis method for
highly active Pd-P NPs for enhanced FAO. The Pd-P NPs were
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Fig. 1 SEM images (upper) and their corresponding size
distribution (lower) of Pd-P for (a) 6 cycles, (b) 9 cycles and (c)
12 cvcles of deposition.

shown to be amorphous and had higher specific and mass
activity than previously reported in the literature.2*?%° Also,
these Pd-P NPs were shown to be more stable than
commercial Pd/C.
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Fig. 2 (a) Specific activity and (b) Mass activity graphs of Pd-P
NPs and Pd/C. The number beside the curves denote the
number of deposition cycles. The measurements were
conducted in N,-saturated 0.5 M H,SO, + 1 M HCOOH solution.
Scan rate: 50 mV s™.

The Pd-P NPs were prepared by stepwise electroless
deposition using PdCl, and NaH,PO, at room temperature
without any harsh conditions or additives as previously
reported.zml'32 By varying the number of cycles in the
electroless deposition method, the electrocatalytic ability of
the Pd-P NPs can be tuned accordingly.

The Pd-P NPs were characterized by scanning electron
microscopy (SEM). Fig. 1 shows the SEM images of different
deposition cycles of Pd-P NPs. Regardless of the number of
deposition cycles, the Pd-P NPs were shown to be well
dispersed. Also, the mean size of the Pd-P NPs increases with
increasing deposition cycles (6, 9 and 12 cycles were 14, 16
and 20 nm respectively). The amorphous nature of the Pd-P
NPs were already characterized in a previous work and shown
in Fig. S1 (ESIT).3*?

The electrocatalytic activities of these Pd-P NPs on FAO
were analyzed using cyclic voltammetry (CVs). Fig. 2 shows the
CVs conducted in N,-saturated 0.5 M H,SO, + 1M HCOOH
scanned at 50 mV s™. From Fig. 2, it is indicated by the
oxidation peak potentials for FAO occurs in the range of 0 V to
0.3 V. These oxidation peaks occurring within this range
verifies that the Pd-P NPs catalyzes the FAO through
dehydrogenation  pathway which is the preferred

2| J. Name., 2012, 00, 1-3

Table 1. Specific, mass activity and average P content values of
Pd-P and Pd/C at peak potential

Catalysts SpecifX: Ac?zivity MassAActi-\llity A(\:/:;:E:tP
(mA cm?) (mApg’) T
6 cyc Pd-P 4.9 2.9 12
9 cyc Pd-P 5.7 2.0 16
12 cyc Pd-P 4.3 1.1 11
Pd/C 0.9 0.05 -

Specific and mass activity values are the averaged results of
multiple Pd-P and Pd/C samples.

pathway.1'3'24'32 Furthermore, the absence of any oxidation
peaks at 0.4 V demonstrates that the undesired indirect
oxidation pathway (dehydration pathway) is not present.3'24’34

It is observed in Fig. 2 that there are two discrete peaks in
every FAO curve. These two discrete peaks are in agreement
with recent studies conducted on the mechanism of FA0.**?
It is explained by Joo et al. that the first peak at the lower
potential (0.17 V) corresponds to HCOO™ being oxidized while
the second peak at higher potential (0.28 V) is caused by
bridge bonded-adsorbed formate enhancing HCOO™ oxidation
at higher potential by preventing the adsorption and oxidation
of other species on the electrode surface.®®

Fig. 2a shows the CVs of different numbers of deposition
cycles of Pd-P NPs normalized by electrochemically active
surface area (ECSA).z'7 It conclusively shows that at all the
deposition cycles, the specific activities of the Pd-P NPs were
higher than the commercial Pd/C. This trend is also observed
for the data in Fig. 2b. In Fig. 2b, the CVs of the different cycles
of Pd-P NPs were normalized by the amount of Pd loaded onto
the GCE instead.”” Again, the mass activities of the Pd-P NPs
were shown to be better than the commercial Pd/C at all the
varying deposition cycles.

Table 1 summarizes the averaged specific and mass activity
values of all the different deposition cycles of the Pd-P NPs as
well as the commercial Pd/C. It is reiterated from Table 1 that
for both specific as well as mass activity values, amorphous Pd-
P NPs outperform the commercial Pd/C at all the deposition
cycles. This superior specific and mass activity of the Pd-P NPs
is theorized to be the result of the amorphous structure of the
Pd-P NPs. Being amorphous in nature, the surface of Pd-P is
structurally disordered and contains large numbers of low co-

28,31 S
These low co-ordination

ordination number reactive sites.
number reactive sites (edges, defects and kinks) have been
reported to increase the catalytic activity towards FAQ. 4283841
Hence, amorphous Pd-P has superior specific and mass activity
over commercial Pd/C.

Fig. 3 presents the CVs of the Pd-P NPs deposited on
carbon cloth before and after annealing at 700 oc for 1 hour.
This annealing temperature and duration are known to change
the amorphous Pd to crystalline phase.42 After the annealing
process, the specific activity of the Pd-P drops significantly,
which supports the speculation that the amorphous nature of
Pd-P is a key factor in its high catalytic activity.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Specific activity graphs of 6 cycles Pd-P NPs deposited on
carbon cloth before and after annealing at 700 °c for 1 hour.
The measurements were conducted in N,-saturated 0.5 M
H,SO, + 1 M HCOOH solution. Scan rate: 50 mV s
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Fig. 4 Chronoamperometry results for Pd-P and Pd/C. Results
were evaluated as a percentage of initial current density. The
measurements were performed in N,-saturated 0.5 M H,SO, + 1

M HCOOH solution at 0.2 V vs Ag/AgCl (KCl sat.).

Comparison is made between different deposition cycles of
Pd-P for specific activity values. As seen from Table 1, 9 cycles
Pd-P had the highest specific activity of 5.7 mA cm"z, followed
by 6 cycles Pd-P which had a specific activity of 4.9 mA cm?
and lastly 12 cycles Pd-P which had a specific activity of 4.3 mA
cm™. The highest specific activity (5.7 mA cm"z) is higher than
any previously reported values from the literature.”**® Also
from Table 1, the average P content for 6 cycles Pd-P was 12
at% while 9 cycles Pd-P was 16 at% and 12 cycles Pd-P was 11
at%. This trend is reflective of that observed for the specific
activity. It is suggested that, with more P doping, the surface of
Pd-P becomes increasingly structurally disordered which
results in greater number of low co-ordination active sites.”®*?
These low co-ordination active sites are known to increase
catalytic activity.l“’zg’sg'41 Hence, with greater number of these
low co-ordination active sites, the specific activity increases.
The reverse would also be true. With less P doping, there
would be less low co-ordination active sites and would cause
the specific activity to drop. Therefore the trend of the average

This journal is © The Royal Society of Chemistry 20xx

P content of 6, 9 and 12 cycles Pd-P would explain the trend of
the specific activity.

Table 1 also shows a decreasing trend for the mass activity
values with increasing deposition cycles. The maximum mass
activity value (2.9 mA ug'l) is also higher than any previously
reported literature values.”** The decreasing trend would be
because of increased probability of coagulation of Pd-P NPs
and particle size with increasing deposition cycles (Fig. 1).
Increased coagulation and particle size would mean lower
mass activity values as less Pd is exposed to the electrolyte
(wasted Pd).

Fig. 4 compares the durability of the Pd-P with that of the
commercial Pd/C. It is demonstrated that the Pd-P is more
durable with respect to Pd/C as seen from the gentle slope of
the percentage of the initial current density of Pd-P compared
to the sharp slope of Pd/C. The percentage current density of
Pd-P at 400, 800 and 1200 s were 21%, 10% and 7% of the
initial value while for Pd/C it was 4%, 3% and 2% respectively.
This clearly shows that at each corresponding time interval,
the drop in percentage current density for Pd-P was always
lesser than Pd/C. This conclusively shows that Pd-P is more
durable, efficient and has better resistance
compared to Pd/C.

In summary, this report demonstrated a facile stepwise
electroless deposition method for synthesizing Pd-P NPs which
were characterized to be amorphous. These Pd-P NPs
demonstrated higher specific and mass activity values than
commercial Pd/C and those previously reported in the
24,2930 Furthermore, these Pd-P NPs were shown to
be more durable than Pd/C. Importantly, this report promotes
the potential of amorphous materials as catalysts not solely
for fuel cells but also for other catalytic applications.
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