Chapter 17
Palladium-Based Electrocatalysts for
Oxygen Reduction Reaction

Minhua Shao

Abstract Fuel cells are clean energy devices that are expected to help address the
energy and environmental problems in our society. Platinum-based nanomaterials
are usually used as the electrocatalysts for both the anode (hydrogen oxidation) and
cathode (oxygen reduction) reactions. The high cost and limited resources of this
precious metal hinder the commercialization of fuel cells. Recent efforts have
focused on the discovery of palladium-based electrocatalysts with little or no
platinum for oxygen reduction reaction (ORR). This chapter overviews the recent
progress of electrocatalysis of palladium-based materials including both extended
surfaces and nanostructured ones for ORR.

17.1 Introduction

In a low-temperature fuel cell, hydrogen gas is oxidized into protons, electrons, and
other by-products when other fuels are used at the anode. At the cathode of the fuel
cell, the oxygen is reduced, leading to formation of water. Both the anodic and
cathodic reactions require electrocatalysts to reduce the overpotentials and increase
reaction rates. In the state-of-the-art low-temperature fuel cells, Pt-based materials
are used as the electrocatalysts for both the reactions; however, the high cost and
limited resources of this precious metal are hindering the commercialization of fuel
cells. Recent efforts have focused on the discovery of electrocatalysts with little or
no Pt for oxygen reduction reaction (ORR) [1-3].

The electrocatalytic activity of Pd is the second highest among the pure metals
for ORR, only behind Pt. This, combined with the fact that the cost of Pd is lower
than that of Pt, makes it an attractive alternative to Pt. Figure 17.1 compares the
prices per troy ounce of Pd and Pt in the last 10 years [4]. The cost of Pd is roughly
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one quarter of Pt except in the period of 2000-2002 when it spiked to $1,100 per
troy oz due to insufficient supply in the market. Similar to Pt, most Pd today is used
in the automotive industry for catalytic converters to reduce the toxicity of
emissions from a combustion engine.

While Pd is less expensive than Pt, the electrocatalytic activity of bulk polycrys-
talline Pd for ORR is at least five times lower than that of Pt, which prevents it from
being used directly in fuel cells. Great efforts have been dedicated to improve the
activity of Pd by surface modification and alloying. This chapter attempts to
summarize the recent progress of electrocatalysts containing Pd for ORR. The
development of Pd electrocatalysts for electrooxidation of hydrogen and small
organic molecules is not discussed in this chapter but has been adequately covered
in Chaps. 5 and 6 and recent reviews [5-7].

17.2 ORR in Acid Solutions

17.2.1 ORR on Bulk Surfaces

Due to its complexity, the ORR mechanisms on noble metal surfaces are not fully
understood despite five decades’ extensive studies [8—10]. On Pt surfaces, it is
generally accepted that the first electron transfer or oxygen adsorption together with
an electron and proton transfer forming superoxide (Eq. 17.1) is the slow step
determining the overall reaction rate of oxygen reduction:

0, + H" +e~ — OOH,g. (17.1)
It is reasonable to assign (Eq. 17.1) to the rate-determining step of ORR since it

requires a significant energy to form a bond between Pt and oxygen before the O-O
can break. This assignment has been supported by recent experimental and
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theoretical work. One may agree that a reactive surface facilitates the reaction
(Eq. 17.1), i.e., the more reactive the surface, the stronger the oxygen bond. The
0O-0 bond dissociation generates adsorbed OH species, which need to be further
reduced to complete the four-electron reaction according to

OH,4s + H" + ¢ — H,0. (17.2)

Unlike Eq. (17.1), the strong adsorption of OH on catalyst surfaces hinders its
reduction and hence slows down the ORR rate. In addition, the buildup coverage of
oxygen-containing species decreases the availability of active surface sites. Thus, a
good ORR catalyst is one that forms a moderate bond with the adsorbates to balance
the kinetics of O—O bond breaking and removal of oxygen-containing species
generated from the former step. Density functional theory (DFT) calculations
demonstrated that the oxygen binding energy (BEo) on Pt(111) is a little bit too
strong and Eq. (17.2) is the bottleneck of the ORR. If slightly weakened, such as
found for a surface of Pt monolayer on Pd(111) (denoted as Pt/Pd(111)) [11] and for
a Pt skin on various Pt alloys [12-14], the ORR activity can be enhanced
remarkably.

Pd is a more reactive metal than Pt and binds oxygen more strongly. It oxidizes
at more negative potentials than Pt and is expected to be less active for ORR [15].
The study of ORR on Pd bulk electrodes in acidic media has received less attention
than on Pt due to the lower activity and stability of the former. The first direct
comparison of ORR activity between polycrystalline Pd and Pt was attempted by
Damjanovic and Brusic [16], who found that the exchange current densities for a
polycrystalline Pd and Pt electrode were 2 x 107" and 107'° A cm™?, respec-
tively, in a HC1O, solution. In other words, the bulk Pt is five times more active than
Pd in this study. It has been well known that the ORR kinetics strongly depends on
the electrolyte used in the experiment and on the crystallographic orientation of the
electrodes. For instance, the ORR activity of low index planes of Pt follows the
order of Pt(111) < Pt(110) < Pt(100) in H,SO4 solutions. While in HCIO4
solutions, it follows the order of Pt(100) < Pt(111) < Pt(110) [17]. The main
reason for the lower activity of Pt(111) than Pt(100) in H,SO, solutions is the
much stronger adsorption of SO42_ and HSO,~ on the former. On the other hand,
there is no anion strongly adsorbed on either surface in the HC1O, solutions. In such
electrolytes, the discrepancy of the activity on the different surfaces originates
primarily from the structural and electronic properties of the surfaces rather than
from the poisoning effect from specific adsorption of the anions.

Due to the difficulty of preparing Pd single crystals and their poor stability, the
facet-dependent ORR activities of the Pd single crystals have not been available
until very recently. Kondo et al. [18] measured the ORR activities of low index
planes of Pd single crystals in HCIO, solution and found that the activity increased
following the order of Pd(110) < Pd(111) < Pd(100). This order is completely
opposite to that on Pt(hkl) in the same solution. The comparison of the kinetic
activities on different Pd and Pt facets is shown in Fig. 17.2. Surprisingly, the
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activity of Pd(100) is 14 times as high as that of Pd(111). It is also worth noting that
Pd(100) is even more active than Pt(111). The kinetic current densities of ORR
correlate well with the terrace atom density on n(100)-(111) and n(100)-(110) series
of Pd suggesting that (100) atoms are the most active sites for ORR on Pd
electrodes. Further fundamental studies are needed to understand the mechanisms
of facet dependence of ORR activity on Pd(hkl). Recent DFT study revealed a
dramatic difference in reactivity between the Pd(111) and (100) surfaces. The Pd—O
bond on Pd(100) surface is weaker than that on Pd(111) by 0.04 eV. As discussed
above, the Pd(111) binds to the oxygen intermediates too strongly resulting in a low
ORR activity. A weaker Pd—O bond on (100) may explain its superior ORR activity.

According to d-band center theory, one way to improve the ORR kinetics of Pd
surfaces is to reduce the BEo by lowering its d-band center. The DFT calculations
reported by Shao et al. [19] revealed that the Pd monolayer on Pt(111) has a lower
d-band center than a bare Pd(111) surface and hence a lower BEo, making Pd/Pt
(111) a better catalyst than Pd(111) for ORR. This argument was supported by their
experimental work, which showed that Pd/Pt(111) had a higher ORR activity than
Pd(111), but somewhat lower than Pt(111) [19].

17.2.2 ORR on Pd-Based Nanocatalysts

By alloying Pt with transition metals M (M = V, Cr, Co, Ni, Fe, Ti, etc.), the ORR
activity can be enhanced remarkably in both phosphoric acid fuel cell (PAFC) and
PEMFC [20-22]. The activity enhancement mechanisms have been an open ques-
tion for more than three decades and ascribed to decreased Pt—Pt bond distance [23],
enhanced surface roughness [24], increased Pt d-band vacancy [25-27], weakened
OH adsorption [28, 29], and downshifted d-band center [30—35]. Ngrskov and
Mavrikakis et al. combined the structural and electronic effects by introducing a
d-band model that correlates changes in the energy center of the valence d-band
density of states at the surface sites with their ability to form chemisorption bonds.



17 Palladium-Based Electrocatalysts for Oxygen Reduction Reaction 517

According to their model, the binding energy of oxygen-containing species on Pt
skin formed during selective leaching of non-noble metals or annealing at high
temperatures was weaker than on a pure Pt surface due to the compressive strain
and electron transfer from the transition metal on the subsurface layer. Similar to Pt,
the activity of Pd can be enhanced by alloying with transition metals.

17.2.2.1 Binary Pd Alloy Catalysts

Savadogo’s group was the first to discover the enhanced ORR activities on Pd
alloys [36]. It was found that Pd—Co, Ni, and Cr bulk alloys prepared by sputtering
had higher activity than Pt prepared in a same way in acidic solutions. Since their
groundbreaking results, many groups have reported the oxygen reduction behaviors
of various Pd alloys. Bard’s group [37-39] identified a series of Pd-based catalysts,
including binary systems Pd—Co, Mn, V, and Ti, that showed higher ORR activity
than pure Pd. For Pd—Co/C, the maximum activity was observed with a Co atomic
ratio in the range of 10-20 %, but the high activity was lost quickly during
electrochemical testing, maybe due to the fast dissolution of Co atoms [38]. One
would expect that the dissolution rate of Co in Pd—Co alloy is much faster than that
in Pt—Co.

The compositions of Pd alloys play an important role in ORR activity.
Depending on the synthesis methods and annealing temperatures, different opti-
mum Pd:M ratios for ORR were reported. Shao et al. [19] found that Pd,Co/C
synthesized by the impregnation method and annealed at 900 °C exhibited the
highest ORR activity. The same optimum ratio was also observed by Wang et al.
[40], who co-reduced Pd and Co salts in ethylene glycol and annealed the dried
product at 500 °C. The highest ORR activity for Pd—Co catalysts (30—40 at.% Co),
formed by co-reducing Pd and Co salts in aqueous solutions, was obtained by Zhang
et al. [41]. Particle size, as well as the activity, increased with increasing annealing
temperature, and the highest activity was observed at the lowest annealing temper-
ature (300 °C). For the Pd—Fe systems, an optimized composition of Pd:Fe = 3:1
was found by several groups [42—45]. The ORR activity of Pd;Fe/C was comparable
to or higher than that of Pt/C. The activity was found to correlate well with the
Pd—Pd bond distance and the Fe content in the alloy (Fig. 17.3) [42, 46]. The highest
ORR activity was obtained for Pds;Fe, which has a Pd-Pd bond distance of
0.273 nm, smaller than that of Pd by 2.3 %. Similar results were obtained for the
Pd—Co alloys [40], suggesting the compressed lattice plays a role in the activity
enhancement. The activity of Pd;Fe was found to be further enhanced by adding a
small amount of Ir in it [43]. The enhancement mechanism is unknown. For Pd—W
alloys annealed at 800 °C, only 5 % W is needed to maximize the activity [47].

Oxygen reduction activities of some Pd—nonmetallic element alloys (Pd—Se, S, and
P) were also studied, but no significant improvements have been observed [48, 49].
Pd-Pt alloys, however, showed higher ORR activity than Pt with a small amount of
Pd in the alloys. For instance, Li et al. found that Pt—Pd/C exhibited a slightly higher
ORR activity than Pt/C [50]. Guerin et al. found that the Pd—Pt alloys showed higher
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Fig. 17.3 Specific activity and Pd—Pd bond distance calculated from XRD data against the
concentration of Fe in Pd—Fe/C electrocatalysts. All samples were treated at 500 °C [42]

activity than Pt in a composition range of 70-90 % Pt [51]. The high activity was also
observed on dendrimer-encapsulated Pd—Pt nanoparticles containing 180 atoms with
a Pt:Pd ratio of 5:1 [52]. The enhanced activity may be explained by a shorter Pt—Pt
bond distance.

17.2.2.2 Ternary Pd Alloy Catalysts

Most of the binary alloys have limited durability. By incorporating a more
corrosion-resistant metal, like Au, Mo, and Mn, the stability of the alloy was
enhanced significantly [37, 53]. For example, Pd—-Co—Mo catalysts with a Pd:Co:
Mo atomic ratio of 70:20:10 exhibited not only higher activity than Pt/C but with
excellent chemical stability during fuel cell testing [53]. Other Pd—Co-M (M = Pt,
Au, Ag) ternary catalysts have been investigated by Mathiyarasu and Phani [54]. As
expected, the Pd—Co—-Pt combination showed the highest activity which was higher
than Pt/C, but Pd—Co and Pd—Co—Au exhibited very low activity, which is contrast
to other reports [19, 37].

17.2.2.3 Synthesis and Particle Size Effect

The activity discrepancy for Pd-based catalysts with similar compositions has been
seen in the literature. One of the main reasons is that the properties of the Pd alloys
highly depend on the synthesis method and posttreatment. A good example is the
Pd—Cu system. Wang et al. [55, 56] found that PdCuj; catalysts synthesized by a
colloidal method showed a higher activity than those made by thermodecom-
position, benefiting from the more uniform alloying and much smaller particle
size in the former method. Raghuveer et al. [57] also concluded that the activity
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of Pd—Co—Au synthesized by the microemulsion method was higher than that
prepared by the conventional sodium borohydride reduction method due to the
smaller particle size and higher degree of alloying.

The effects of particle size and degree of alloying were studied by Liu and
Manthiram in the Pd-(Co;(/C catalysts [58]. Upon increasing the annealing temperature
from 350 to 500 °C, the catalytic activity decreased due to increasing the alloying
degree and particle size. Further increasing the annealing temperature resulted in further
activity decreases, though this was attributed solely to the increase in particle size. An
interesting trend is that the activity of Pd—Co alloy decreased with increasing the degree
of alloying in the case of the same particle size. It seems that high Co content is not
necessary for activity improvement. Further study is needed to understand the role of
alloying degree and transition metal contents by controlling the particle size and
compositions. Due to the high surface energy of Pd, it is very difficult to synthesize
monodispersed Pd-M (M = transition metals) nanoparticles with small particle size.
Such study requires novel synthesis method of Pd alloys.

17.2.2.4 Structural Effect

The ORR activity of Pd-based catalysts depends on the shape and morphology of
the materials. Pd(100) exhibited the highest ORR activity among the low index
facets [18]. Several studies reported the shape-dependent ORR activities in nano-
scale materials. The specific activity of Pd nanorods prepared by Xiao et al. [59]
was ten times higher than that of Pd nanoparticles and comparable to that of bulk Pt.
The authors attributed the high activity to the contribution from (110) sites
according to their DFT calculations, which is in contrast to what was observed in
the single-crystal work [18]. Li et al. [60] synthesized PdFe nanorods with a
diameter of 3 nm and length of 10-50 nm, which can be controlled by the amount
and type of surfactants. The PdFe nanorods demonstrated a higher PEMFC perfor-
mance than commercial Pt/C in the practical working voltage region (0.80-0.65 V).
The electrocatalytic activities of other shape-controlled Pd-based nanomaterials
(cubic, octahedral, nanowires, etc.) are also of interest.

Erikson et al. demonstrated that cubic Pd particles enriched with {100} facets
with an average size of ~27 nm had a higher ORR activity than spherical Pd
particles (2.8 nm) [62]. A systematic study on the structural dependence of electro-
chemical behavior of Pd nanocrystals with a much smaller particle size (5-6 nm)
was reported by Shao et al. [63]. As shown in Fig. 17.4a, the hydrogen adsorption
peaks were observed at 0.16 and 0.21 V for the Pd cubes and octahedra, respectively
[61]. The peak for the Pd cubes was sharper than that for the Pd octahedra. The
differences in position and shape of hydrogen peaks may be caused by a weaker
adsorption of hydrogen on Pd(100) than that on Pd(111). The differencebetween Pd
cubes and octahedral was also confirmed by their Cu underpotential deposition
(UPD) curves (Fig. 17.4b) [61]. For Pd octahedra, a sharp current peak was
observed at 0.51 V due to UPD of Cu on {111} facets. On the other hand, a broader
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Fig. 17.4 Cyclic voltammetry curves of carbon-supported Pd nanocrystals. (a) In a nitrogen-
saturated 0.1 M HClOy, solution. Scanning rate = 50 mV sL.(b)Ina nitrogen-saturated 0.05 M
H,SO4 + 0.05 M CuSO, solution. Scanning rate = 5 mV s~!. The double-layer currents were
subtracted from the Cu UPD curves [61]

peak appeared at ca. 0.54 V for Pd cubes due to UPD of Cu on {100} facets.
The higher Cu UPD potential on {100} than on {111} facets is due to a larger
difference in work function between Pd(100) and Cu(100) than that between Pd
(111) and Cu(111) and is consistent with the results obtained from bulk single
crystals [64].

The oxygen polarization curve of Pd/C cubes is much more positive compared to
those of octahedral and conventional Pd/C (Fig. 17.5a). This indicates that the Pd/C
cubes were much more active for oxygen reduction. The specific ORR activities of
Pd atoms in different samples were compared in the inset of Fig. 17.5a. The specific
activities of cubic, octahedral, and conventional Pd/C were 0.31, 0.033, and
0.055 mA cm 2, respectively. The activity enhancement of Pd cubes was about
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Fig. 17.5 (a) Anodic polarization curves for the ORR on Pd cubes and octahedra supported on
carbon black in 0.1 M HCIO,. The data of conventional Pd/C is also included for comparison.
Sweep rate = 10 mV s~ '; rotating speed = 1,600 rpm; and room temperature. The currents were
normalized to the geometric area of the rotating disk electrode. The electrochemically active areas
of Pd/C cubes, Pd/C octahedra, and Pd/C-HT were 1.27, 1.4, and 0.98 cm?, respectively. Inset:
comparison of specific activities for Pd/C cubes, Pd/C octahedra, conventional Pd/C, Pt/C
(2.8 nm), and Pt/C (7 nm) at 0.9 V. (b) Anodic polarization curves in 0.1 M HCIO, and coverage
of OH of Pd/C cubes, Pd/C octahedra, and conventional Pd/C after subtracting the double-layer
current density. The currents were normalized to the electrochemical active area. The coverage of
OH was calculated by integrating the charge associate with OH,4 formation and normalized to half
of the charge of Cu UPD [63]
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ten and six times over Pd/C octahedra and conventional Pd/C, respectively. The Pd/
C cubes were even more active than the state-of-the-art Pt/C catalysts with an
average particle size of 2.8 nm and comparable to Pt/C with a similar particle size.
This result demonstrated that Pd(100) sites are much more active than Pd(111) at
the nanoscale, consistent with the extended surface study.

The ORR kinetics is controlled by the amount of available active sites on the
catalyst’s surface and the interaction between the surface and oxygen-containing species
(e.g., 05,0, OH, and OOH). The chemisorbed OH (OH,4) acts as a poison species in the
potential range where oxygen reduction is under combined kinetic—diffusion control,
since it blocks the surface sites for O, adsorption. Shao et al. [63] compared the anodic
branches of the voltammetry curves (0.65-0.9 V) for cubic, octahedral, and conven-
tional Pd/C after subtracting the double-layer currents (Fig. 17.5b). The onset potential
of OH,q4 formation for both octahedral and conventional Pd was more than 50 mV lower
than Pd cubes. Consequently, the coverage of OH,q (®op) on Pd cubes was much lower
than other surfaces in the potential range > 0.7 V. Thus, the higher ORR activity on Pd
cubes can be attributed to its lower OH,4 coverage and consequently more available
reaction sites.

17.3 ORR in Alkaline

17.3.1 ORR on Bulk Surfaces

The development of alkaline fuel cells promotes the studies of ORR on Pd-based
materials in alkaline medium. A four-electron transfer reaction is expected on Pd
surfaces:

0, +2H;0 4 4™ — 40H". (17.3)

Lima et al. studied the ORR activities of different noble metals with a {111}
facet in a 0.1 M NaOH solution [65]. The results showed that Pd(111) was more
active in an alkaline solution than in an acidic solution, with an ORR activity very
close to that of Pt(111) in the former solution.

Arenz et al. found that Pd/Pt(111) has a higher ORR activity than Pt(111) in
alkaline solution, which is different from that in acid solution [66]. In alkaline
solution, where only OH anions are present, the inhibition effect from the strong
anion adsorption is much smaller than in acidic solution, resulting in a high ORR
activity. Pd overlayers on Au(100) and Au(111) also showed significant activity
improvement with respect to an unmodified Au substrate in the alkaline solutions
[67-69]. The very high activity of Pd in alkaline solutions is surprising and deserves
further attention.
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17.3.2 ORR on Pd-Based Nanocatalysts

Pd exhibits a higher ORR activity in alkaline than in acidic solutions due to a
decrease in the anion poisoning effect in alkaline solutions. Indeed, many studies
have shown that the ORR activity of Pd/C in alkaline solutions is comparable to that
of Pt/C [70, 71]. Similar to that of Pt/C, the ORR activity of Pd/C is dependent on
the particle size of the metal. Jiang et al. [71] demonstrated that the specific activity
increased monotonically by a factor of about 3 with the particle size increasing from
3 to 16.7 nm, while the mass activity first increased when the Pd particle size
increased from 3 to 5 nm and then decreased with further Pd particle size increases.
The increase of the specific activity is contributed to the increase of the fraction of
the facet atoms with increasing the particle size.

The ORR activities of Pd-M alloys (M = Fe, Ni, Au, Sn) [70, 72-74] have also
been studied in alkaline solutions. The Pd;Fe/C was twofold more active than pure
Pd/C [70]. Similar activity enhancement was also observed on Pd—Sn alloys [72].
For Pd-Ni/C catalyst, the ORR activity depends on the composition of the alloys.
The highest activity was observed on PdNi/C and Pd;Ni/C, which was not superior
to Pd/C or Pt/C [73]. A synergistic effect from WC on ORR activity has been
observed by Ni et al. [74]. The Pd nanoparticles supported on WC/C synthesized by
an intermittent microwave heating method showed an enhanced ORR activity in
comparison to Pd/C and Pt/C. By alloying with Au, the activity of Pd was signifi-
cantly enhanced, but the exact enhancement mechanism is not clear. The strong
interaction between the supports and metal nanoparticles and its effect on ORR
activity may be an interesting topic to study. The development of Pd-based
ORR catalysts for alkaline fuel cells is of interest to replace costly Pt materials.
The ORR activity and stability of Pd-based catalysts, however, has to be compared
to that of less expensive non-precious metal electrocatalysts [75, 76].

17.4 Methanol Tolerance

One of the main issues in the direct alcohol fuel cells (DAFCs) is that the fuel can
easily permeate into the cathode through the proton exchange membrane, which
causes dramatic performance loss since the currently used Pt-containing cathode
catalysts have no or little methanol tolerance. One of the advantages of Pd—M alloys
over Pt in DAFC:s is their high methanol and ethanol tolerance in acid. In particular,
methanol tolerance was demonstrated for Pd—Fe, Pd—Co, Pd—Cr, Pd—Ni, and Pd—Pt
alloys [19, 41, 53, 77-80].

Shao et al. found no evidence of methanol oxidation on Pd,Co/C in nitrogen-
saturated HClO, solution containing 0.1 M methanol (Fig. 17.6) [19]. For the ORR,
the half-wave potential drops ca. 20 mV with 0.1 M methanol in solution, compared
to the same electrocatalyst without methanol. The loss of 20 mV might reflect the
blocking of some active sites for oxygen reduction by the adsorbed methanol or its
intermediates from oxidation. Similar methanol tolerance properties of Pd-M
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alloys have been reported by numerous groups [41, 77, 80-82]. All the results
confirmed the excellent methanol tolerance of Pd-based alloys due to the low
methanol oxidation on these electrocatalysts. By alloying with Pd, the methanol
tolerance of Pt-based catalysts can be improved by diluting the Pt—Pt bonds, which
are required for dissociative adsorption of methanol and ethanol on the surface of
the catalyst. Accordingly, both Pd-M and Pd-Pt catalysts might be good candidates
for resolving the problem of methanol crossover in DMFCs.

17.5 Mechanism of ORR Activity Enhancement

An understanding of the origin of the high activities of Pd-M alloys may help us in
designing inexpensive and more active catalysts. Some thermodynamic guidelines
were proposed to understand the enhancement effect from the alloying with transition
metals. Bard and coworkers [38, 39] suggested that for Pd-M alloys the reactive
metal M constitutes the site for breaking the O—O bonds, forming O, that would
migrate to the hollow sites dominated by Pd atoms, where it would be readily reduced
to water. Based on this mechanism, the alloy surface should consist of a relatively
reactive metal such as Co, and the atomic ratio of this metal should be 10-20 % so
that there are sufficient sites for reactions of O—O bond breaking on M and O,q,
reduction at hollow sites formed by Pd atoms. The DFT calculations [39] indicated
that one of the O atoms diffused to the Pd hollow site while the other still adsorbed on
the hollow site near Co after the dissociative adsorption of the O, molecule. The
second O, could dissociate on Co with an O atom prebound on the hollow site near it.
Balbuena et al. [83] and Savadogo et al. [84] proposed a similar thermodynamic
guideline for designing Pd alloy catalysts. For Pd with fully occupied valence
d-orbitals, alloying with transition metals, such as Co with unoccupied valence
d-orbitals, significantly reduces the Gibbs free energy both for the first charge-
transfer step and for the steps involving the reduction of intermediates.
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A Pd-enriched surface or called Pd skin can be formed either by annealing at
elevated temperatures [85—87] or potential cycling before ORR activity evaluation.
DFT calculations show that, like the Pt3Co alloy surfaces, the electronic structure of
the Pd skin is modified by the compressive strain (the transition metals used in the
Pd alloys usually have a smaller atomic radius than that of Pd) and the underlying
alloy, which in turn modifies the reactivity of the surface [88, 89]. As shown in
Fig. 17.7, compressive strain alone accounts for a 0.1 eV destabilization of the
Pd—O bond. A Pd;Fe(111) substrate contributes a further destabilization of O by ca.
0.25 eV, whereas a PdFe(111) substrate contributes a further destabilization of O by
ca. 0.35 eV. The Pd skin on Pd;Fe(111) is very similar to Pt(111) in terms of both
the d-band center position and the oxygen binding energy, and should have a high
ORR activity. The high activity of this alloy was confirmed by using a Pd;Fe(111)
single crystal by Zhou et al. [90].

17.6 Durability of Pd-Based Electrocatalysts

The durability of low-temperature fuel cell is one of the essential topics in the fuel
cell development. The fuel cell performance gradually decreases due to the degra-
dation of the Pt-based catalyst 1 under the harsh operating conditions including high
potential, low pH, high temperature, and frequent start—stop cycling [2, 91]. The
thermodynamic behavior of bulk Pt is described by the potential-pH diagrams
(Pourbaix diagrams) [92]. The main pathways for Pt dissolution involve either
the direct dissolution of metal,

Pt — P" + 2~ E; = 1.19 4 0.029 log[Pt*"], (17.4)
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or an oxide film formation and a subsequent chemical reaction,
Pt + H,O — PtO +2H' +2e~  Ep = 0.98 — 0.59 pH, (17.5)
PtO + 2H" — Pt*" + H,0 log[Pt"] = —7.06 — 2 pH. (17.6)

The dissolution through Pt oxides is expected to be slow due to the self-
passivation effect. Similar to Pt, Pd can dissolve in acid solution via [92]

Pd — Pd>* +2e”  Ey = 0.99 +0.029 log[Pd**], (17.7)

or
Pd + H,O — PdO +2H" +2e~  Ey = 0.90 — 0.59 pH, (17.8)
PdO +2H" — Pd*" + H,O log[Pd*] = —2.35 — 2 pH. (17.9)

In the direct dissolution pathway, the equilibrium potential of Pd dissolution is
0.2 V lower than that of Pt. In the chemical dissolution pathway, the Pd** equilib-
rium concentration is ~5 orders of magnitude higher than Pt**. Thus, Pd should
have a much higher dissolution rate at the same operation potential and thus much
less stable than Pt in the fuel cell environment. Consequently, Pd is not expected to
meet the durability requirement of the PEMFC, especially for those in the automo-
tive application due to intensive start—stop driving cycles. The very low stability of
Pd/C during potential cycling was confirmed recently [93]. The stability of Pd in
alkaline medium may not be a problem; however, no such study is available in the
literature.

Considerable efforts have been taken to improve the stability of Pd-based
catalysts in the acidic medium. One way is to alloy with certain elements. Pd
ternary alloys, including Pd—Co—Au [38, 39] and Pd—Co-Mo [53], have been
developed to improve the stability of the catalysts. By adding 10 % Au to the
Pd—Mo mixture, its stability can be improved significantly. However, the long-term
durability of these catalysts has not been addressed yet.

Another promising way to improve the activity and durability of Pd-based
nanocatalysts is to deposit a Pt layer on them. Recently, Pd/C and PdAM/C catalysts
modified by a Pt monolayer were found to possess higher activity than that of Pt/C
due to the strain and electronic effects from the Pd-based cores, and the durability
of the catalysts is improved significantly and comparable to Pt/C [70, 93-95].
The Pd-based core materials are expected to be partially dissolved under the fuel
cell operation conditions due to some defects in the Pt monolayer. In the meantime,
the diffusion of Pt atoms on the surface results in a more compact shell. Thus,
further dissolution of Pd-based core is greatly reduced.
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17.7 Conclusions

Pd-based electrocatalysts have shown comparable ORR activity to state-of-the-art
Pt/C. It may play a role to replace or partially replace costly Pt catalysts in the
cathode of low-temperature fuel cells.

As expected, the oxygen reduction rate strongly depends on the orientations of
the Pd surface with Pd(100) having a much higher ORR activity than any other
facets in acid. This trend has been confirmed both in the studies of bulk single
crystals and nanocrystals of Pd. Synthesis and characterization of shape-controlled
Pd and Pd alloy nanomaterials are of importance to design next generation Pd-based
electrocatalysts.

The long-term stability of Pd-based electrocatalysts is one of the unavoidable
issues for PEM fuel cell applications. Pd—Pt-based ORR catalysts are more stable
than Pd-transition metal alloys under harsh fuel cell conditions, but may still not
meet the long-term fuel cell operation requirement due to the Pd leaching out.
Future research may focus on improving the durability of Pd-based catalysts by
surface modification and composition optimization. Core—shell type of catalyst
with Pd-based materials as the core and Pt as the shell may be one of the most
promising candidates to be used in the automotive fuel cell due to its low Pt content
and high activity and stability.
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