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Chapter 40

On the Catalytic Activity of Palladium
Nanoparticles-Based Anodes Towards
Formic Acid Electro-oxidation: Effect
of Electrodeposition Potential

Islam M. Al-Akraa, Ahmad M. Mohammad, Mohamed S. El-Deab,
and Bahgat E. El-Anadouli

Abstract In this investigation, the catalytic activity of palladium nanoparticles
(PdNPs)-modified glassy carbon (GC) (simply noted as PANPs/GC) electrodes
towards the formic acid electro-oxidation (FAO) was investigated. The deposition
of PdNPs on the GC substrate was carried out by a potentiostatic technique at
different potentials and the corresponding influence on the particles size and crystal
structure of PANPs as well as the catalytic activity towards FAO was studied.
Scanning electron microscopy (SEM) demonstrated the deposition of PdNPs
in spherical shapes and the average particle size of PANPs deposited at a potential
of 0 V vs. Ag/AgCl/KCl(sat.) was the smallest (ca. 8 nm) in comparison to other
cases, where the deposition proceeded at higher potentials. The electrochemical
measurements agreed consistently with this, where the highest surface area of
PdNPs was calculated similarly for the deposition carried out at 0 V
vs. Ag/AgCl/KCl(sat.). Interestingly, the X-ray diffraction (XRD) analysis revealed
a similar dependency of the PANPs crystal structure on their particle size and
distribution. The deposition of PdNPs at 0 V vs. Ag/AgCI/KCl(sat.) seemed
exhibiting the best crystallinity. From the electrocatalytic point of view, the activity
of the PANPs/GC electrode towards FAO decreased with the deposition potential
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of PANPs, which influenced consequently the particle size, shape, and/or crystallo-
graphic orientation of PANPs.

Keywords Palladium nanoparticles ¢ Electrodeposition « Formic acid « Fuel cells ¢
Electrocatalysis ¢ Particle size

40.1 Introduction

Research in fuel cells is intensively growing with the global desire to obtain
efficient, incessant, and green energy sources [1, 2]. In this regard, the direct formic
acid fuel cells (DFAFCs) have shown superiority over the traditional hydrogen and
direct methanol fuel cells (DMFCs) in providing electricity for portable electronic
devices [3-5]. The hydrogen fuel cells (HFCs) have long been investigated but the
commercialization was restricted by difficulties associated with hydrogen storage
and transportation. On the other hand, the DMFCs appeared promising as a conse-
quence of the ease handling (methanol is a liquid fuel) and the high theoretical
energy density (approximately 4.9 kWh L™") of methanol [6]. However, unfortu-
nately, the DMFCs endured an inherent toxicity and a slow oxidation kinetics of
methanol as well as the high crossover of methanol through Nafion-based mem-
branes [7]. This has actually drawn attention to find a more convenient fuel for
proton exchange membrane fuel cells (PEMFCs). Formic acid (FA) appeared
promising in this regard, where it exhibited a smaller crossover flux through Nafion
membrane than methanol [8, 9], which, interestingly, allow using high concentrated
fuel solutions and thinner membranes in DFAFCs. This is highly desirable for the
design of compact portable power systems. Furthermore, DFAFCs have a higher
theoretical open-circuit potential (1.40 V) than that of HFCs (1.23 V) and DMFCs
(1.21 V) [6, 7]. Nevertheless, DFAFCs experience a severe drawback where the
catalytic activity of the Pt anodes (that typically used in DFAFCs), on which FA
electro-oxidation (FAO) proceeds, ceases with time. This results from the adsorp-
tion of poisoning CO intermediate resulting from the “non-faradaic” dissociation of
FA. This ultimately deteriorates the overall performance of DFAFC [3, 4]. Typi-
cally on Pt-based materials, FAO proceeds in two parallel pathways; the direct
(desirable—involving the dehydrogenation of FA to CO, at a low anodic potential),
and the indirect (undesirable—involving the chemical dehydration of FA with the
release of poisonous CO that next be oxidized by platinum hydroxide at higher
potentials (see Eq. (40.1)). Unfortunately, the adsorption of CO on Pt surface in the
low potential domain (or the surface poisoning with CO) induces a catalytic
deactivation for the electrode, which ultimately impedes the direct route of FAO.

Pt + CO,+ 2H*+ 2¢~ Direct dehydrogenation
/
Pt + HCOOH (40.1)

Pt—-CO + H,O — Pt + CO,+ 2H*+ 2e~ Indirect dehydration
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To overcome the electrode’s poisoning with CO and to prevent the catalytic
deterioration of the electrode’s activity, the development of new efficient and stable
anodic catalysts for FAO will be necessary. Actually, Pd represents the reference
catalyst for FAO where it provides even a better catalytic enhancement than
Pt-based materials [10—12]. However, unfortunately, this catalytic activity deteri-
orates rapidly as a consequence of the poor stability of Pd catalyst [13]. That is why
attention was shifted towards Pt-based materials regardless the lower catalytic
activity provided. If we could solve the catalytic deactivation of Pd surfaces, it
will be much interesting than Pt. The reaction mechanism of FAO on Pd proceeds
exclusively via the dehydrogenation pathway (Eq. (40.1)) to produce carbon diox-
ide (CO,) with very minor poisoning by CO [13, 14].

Pd + HCOOH — Pd 4+ CO, + 2H" + 2¢~ (40.2)

The Pd catalyst was previously prepared by several approaches such as the dip
coating [15], spraying [16], painting [17], sputtering, and electroplating (electro-
deposition) [18-20]. Among these techniques, the electrodeposition of Pd catalyst
onto a carbon substrate has attracted a particular attention due to the ease of
preparation, suitability for special-shaped electrodes and low cost requirement.
However, several studies indicated that the potential of electrodeposition may
affect the particle size, geometry, and distribution of the Pd catalyst on the electrode
surface, which will definitely change the electrochemical surface area and influence
the electrocatalytic performance [21, 22].

With the revolution in nano-manufacturing, the use of palladium nanoparticles
(PdNPs)-modified catalyst for FAO will be promising in twofold; the materials’
saving and, hopefully, overcoming the catalytic deterioration of Pd. However,
initially we need to investigate the influence of deposition potential on the particle
size distribution and the catalytic activity of PANPs towards FAO.

In this study, PANPs will be electrodeposited by a potentiostatic method at
different potentials onto GC electrodes to investigate how the deposition potential
influences the PANPs’ particle size, crystal structure, and electrocatalytic activity
towards FAO. The electrochemical measurements, field-emission scanning electron
microscopy (FE-SEM), and X-ray diffraction (XRD) spectroscopy are all combined
to reveal the surface morphology, composition, and crystal structure of PANPs and
to understand the origin of enhancement in the catalytic activity of the catalyst.

40.2 Experimental

Typically cleaned glassy carbon electrode (GC, d=3.0 mm) was used as the
working electrode. A spiral Pt wire and Ag/AgCIl/KCl(sat) were used as the counter
and reference electrodes, respectively. All potentials in this study are referenced to
Ag/AgCl/KCl(sat). The electrodeposition of PANPs on the bare GC was carried out
in 0.1 M H,SOy solution containing 1.0 mM Pd(CH5COOQO), (Merck KGaA) via a
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constant potential electrolysis technique by holding the potential at 0, 0.05, 0.10,
0.15, and 0.20 V corresponding to overpotentials (1) of —0.80, —0.75, —0.70, —0.65,
and —0.60 V, respectively. Overpotentials stated here are relative to the standard
potential for Pd** reduction to Pd® which is 0.715 V vs. Ag/AgCl/KCl(sat). All of
the chemicals used in this investigation were of analytical grade and used without
further purification.

The electrochemical measurements were performed at room temperature
(25+1 °C) in a conventional two-compartment three-electrode glass cell using
BioLogic SAS potentiostat operated with EC-lab® software. A field emission
scanning electron microscope (FE-SEM, QUANTA FEG 250) was employed to
evaluate the electrode’s morphology. The X-ray diffraction (XRD, PANalytical,
X’Pert PRO) operated with Cu target (4 = 1.54 A) was used to identify the crystal-
lographic structure of PANPs. The electrocatalytic activity of the modified elec-
trodes towards FAO was examined in a solution of 0.3 M FA at pH of 3.5 (the pH
was adjusted by adding a proper amount of NaOH).

40.3 Results and Discussion

40.3.1 Electrochemical and Materials Characterization

Figure 40.1 shows the cyclic voltammogram (CV) obtained at GC electrode in
0.1 M H,SO4 containing 1.0 mM Pd(CH3;COOQO), solution at a scan rate of
20 mV s~ '. The potential scan started from 1.05 V to more negative potentials.
The absence of the cathodic current at potentials more positive than 0.55 V reveals
that the under potential deposition (UPD) in this system has not yet reached and
that the electro-crystallization started in the overpotential deposition (OPD) region.
This indicates a weak deposit—substrate interaction and recommends the Volmer—
Weber growth mechanism for the deposition process [23, 24]. This growth mech-
anism operates on electrodes with low surface energy as has been observed for
the electrodeposition of metals on a GC substrate [24]. Looking inside, a single
well-defined cathodic peak (peak a) at ca. 0.2 V was observed and assigned to the
Pd deposition. At more cathodic potentials (£ =—0.35 V), the current increased
intensively due to the hydrogen adsorption and evolution. On the reverse (anodic
direction) sweep, peak (b) represents the hydrogen desorption and/or oxidation. The
backward and the forward scans intersect and a nucleation loop is observed at a
potential of ca. 0.3 V. The appearance of such a loop indicates that the deposition of
Pd on Pd is easier than on GC [25]. At more positive potential (E=0.7 V), the
oxidation peak (c) assigns the dissolution of deposited Pd.

The data of Fig. 40.1 was employed to electrodeposit PANPs onto the GC
electrode in 0.1 M H,SO, containing 1.0 mM Pd(CH;COO), solution via a constant
potential electrolysis technique. Figure 40.2a shows the current transients of PANPs
electrodeposition onto GC electrode for 10 s at different applied potentials (£ =0,
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Fig. 40.1 CV obtained at GC electrode in N,-saturated 0.1 M H,SO, solution containing 1.0 mM
Pd(CH;COO),. Potential scan rate: 20 mV s~ !
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Fig. 40.2 (a) Current transients obtained at GC electrode in N,-saturated 0.1 M H,SO, solution
containing 1.0 mM Pd(CH3COO), at different applied potentials (£ =0, 0.05, 0.10, 0.15, and
0.20 V), and (b) variation of deposited mass of PANPs with applied electrodeposition potential

0.05, 0.10, 0.15, and 0.20 V). As observed in Fig. 40.2, the charge of deposition
decreases with the electrodeposition potential, which will definitely stimulate a
consequent decrease in the mass of the deposited PANPs, as calculated from
Faraday’s law of electrolysis (see Fig. 40.2b). Actually, not only the mass, but
also the particle size, geometry, crystallinity, and electrocatalytic activity of PANPs
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Fig. 40.3 Charge transients obtained at GC electrode in Nj-saturated 0.1 M H,SO, solution
containing 1.0 mM Pd(CH3COO), at different applied potentials (£ =0, 0.05, 0.10, 0.15, and
0.20 V)

may be influenced by the deposition potential. However, in order to understand
precisely this influence, we need to fix the mass of PANPs deposited at all potentials.
This can be achieved if the deposition charge (Q) of PANPs was kept constant
regardless the deposition potential.

Figure 40.3 shows the charge transients of PANPs electrodeposited onto the GC
electrode at different potentials (E =0, 0.05, 0.10, 0.15, and 0.20 V), where Q is
kept constant at 60 pC.

As Fig. 40.3 depicts, a deposition time of (1.3, 1.7, 2.1, 3.7, and 8.6 s) was
required to pass 60 pC for the deposition of PANPs with a theoretical net mass of
3.3x107® g. Now, after avoiding the influence of the catalyst mass, we can
investigate the dependence of the particle size, crystallographic structure, and
electrocatalytic activity of PANPs on the deposition potential.

Figure 40.4 shows the characteristic CVs at PANPs/GC electrode at different
applied potentials (£ =0, 0.05, 0.10, 0.15, and 0.20 V) applying only a charge of
60 pC. The characteristic behavior of Pd is clearly shown; the oxidation of Pd,
which extends over a wide range of potential, is coupled with the oxide reduction
peak at ca. 0.50 V. This couple corresponds to the solid-state surface redox
transition (SSSRT) involving Pd/PdO. In addition, well-defined peaks for the
hydrogen adsorption/desorption are shown in the potential range from 0.0 to
—0.2 V. Interestingly, the active real surface area of PANPs (calculated utilizing
the oxide reduction peak at ca. 0.50 V) decreased with the deposition potential,
which infers a difference in the particle size and distribution, as long as the mass is
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Fig. 40.4 CVs obtained at PANPs/GC electrode in Nj-saturated 0.5 M H,SO,4. A same charge of
60 pC is applied at all electrodeposition potentials. Potential scan rate: 100 mV 5!

fixed. A recent report has actually indicated the dependence of the catalyst’s
particle size on the deposition potential [26].

Interestingly, the deposition of PANPs at 0 V provided the highest real surface
area among the other deposition potentials (see Fig. 40.4). And consequently, we
expect the smallest particle size for PANPs deposited under this potential. This is the
role of microscopy to support the assumption. The FE-SEM micrographs in
Fig. 40.5 show the corresponding morphology for the set of PdNPs catalysts
deposited at 0, 0.10, and 0.20 V. The PdNPs were deposited at 0, 0.10, and
0.20 V in spherical nanoparticles of average particle sizes of ca. 8, 36, and
48 nm, respectively. This agrees very much with our expectation, recommending
an increase of average particle size with the increase of the deposition potential.
The particles’ distribution of PANPs deposited at 0 V was much more homogeneous
if compared to other deposition potentials. It seems with this deposition potential
(0 V), the number of individual starting nuclei for PANPs deposition was higher
assisting the uniform distribution of small particles. On the other hand, the depo-
sition of PANPs at higher potentials favored the deposition of fewer number of
PdANPs’ nuclei but assisted their rapid growth to end with low density but coarser
particles [25].

The influence of the deposition potential on the particle’s size of PANPs may
induce a further change in the crystal structure of PdNPs. Recent experiments
explained the possibility of changing the lattice parameters of nanoparticles with
their particle size, and the dependency became more significant at extremely small
particle sizes [27]. The XRD technique was next employ to verify this dependence.
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Fig. 40.5 FE-SEM micrographs of PANPs/GC electrode. The electrodeposition of PANPs was
carried out at (a, b) 0 V, (¢, d) 0.10 V, and (e, f) 0.20 V keeping the deposition charge constant
at 60 pC

Figure 40.6 depicts the XRD pattern of PANPs (8, 36, and 48 nm) that were
electrodeposited at 0, 0.10, and 0.20 V, respectively. In Fig. 40.6a, the XRD pattern of
PdNPs (8 nm) shows several peaks ca. 24°, 38°, 44°, 65°, and 78°. These peaks
correspond, respectively, to the (002) plane of C, (111), (200), (220), and (311)
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Fig. 40.6 XRD pattern of PANPs/GC electrode. The electrodeposition of PANPs was carried out
at (a) 0 V, (b) 0.10 V, and (¢) 0.20 V keeping the deposition charge constant at 60 pC

planes of Pd face-centered cubic (fcc) lattice (JCPDS standard 05-0681 (Pd))
[21, 28]. However, the intensity of these peaks for PdNPs deposited at 0.10
(36 nm) and 0.20 (48 nm) V was a little bit broad and shorter (Fig. 40.6b and c).
This may happen with a certain degree of distortion in the crystal lattice parameters
that was associated with the change in the average particle size [29]. The diffraction
angles of the lattice planes in Fig. 40.6 were shifted as well to lower values with the
decrease in the particle size, which reveals the expansion of the Pd—Pd interatomic
distance [28]. The lattice constant of PANPs, in contrast to other metal nanoparticles,
increased with the decrease of particle size, perhaps due to a structural change
or incorporation of oxygen, carbon, or hydrogen into the palladium lattice [28].
Table 40.1 summarizes the differences in diffraction angles, interplanar spacing of
(111) plane, and lattice constants of PANPs deposited at different potentials.
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Table 40.1 Differences in diffraction angle (26), interplanar spacing (d) of (11 1) plane, and
lattice constant () with PANPs deposition potential (E), overpotential (17), and PANPs average size

E (V) n (V) Average particle size (nm) 26 of (111) (degree) d(A) a(A)
0 -0.80 8 38.17 2.357 4.082
0.10 -0.70 36 38.23 2.354 4.078
0.20 -0.60 48 38.39 2.344 4.059
a b
1.0 0.6
0.8} 05
0.4
_ 06F _
‘o '©
= 04p =
0.2
02}
0.1
oo} # . . T , ] 0.0 "
\ N N \
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Fig. 40.7 (a) LSVs obtained at PANPs/GC electrode with the same applied charge of 60 pC
in Nj-saturated 0.3 M FA (pH 3.5). Potential scan rate: 100 mV s71, and (b) variation of
electrocatalytic activity of PANPs (in terms of oxidation peak specific current) towards FAO
with electrodeposition potential

40.3.2 Formic Acid Electro-Oxidation

Figure 40.7a shows the linear sweep voltammograms (LSVs) of FAO at the PANPs/
GC electrode in an aqueous solution of 0.3 M formic acid (pH 3.5), where the
deposition of PANPs was carried out at potentials (E=0, 0.05, 0.10, 0.15, and
0.20 V). A pronounced single oxidation peak is observed at ca. 0 V, which assigns
the direct oxidation of FA to CO,.

The electrocatalytic activity of metal nanoparticles is expected to depend on
their size, shape, and crystal structure [30—32]. In our case of PANPs, the oxidation
peak current can be used as a probe to measure the electrocatalytic activity towards
FAO. Investigation of these peaks revealed a decrease in the catalytic activity of
the PANPs/GC electrode towards FAO with the increase in deposition potential of
PdNPs or with the increase of the average particle size of PANPs (see Fig. 40.7b).
Interestingly, the specific current of the oxidation peak for PANPs deposited at
0 V was almost 3.5 times larger than that deposited at 0.20 V. As we mentioned
previously, the deposition at 0 V resulted in PANPs with the smallest particle size
(8 nm), the highest active real surface area, and the most perfect crystal structure.
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Therefore, this deposition condition (0 V) is expected to offer more active sites for
the adsorption of FA, which ultimately will lead to a better enhancement in the
electrocatalytic activity towards FAO.

40.4 Conclusions

The deposition of PANPs on the GC electrode was carried out by a potentiostatic
technique at different potentials. Electrochemical, SEM, and XRD investigations
confirmed that the deposition of PANPs at a potential of 0 V provided the smallest
particle sizes (ca. 8 nm), the largest active surface area, and the most perfect crystal
structure for PANPs. From another view, the electrocatalytic activity of the PANPs/
GC electrode towards FAO decreased with the deposition potential of PANPs, and
the best enhancement was achieved when the deposition was achieved at 0 V. This
is definitely attributed to a consequent change in the particle size, distribution,
and/or crystallographic orientation of PdNPs.
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