1D Pd-Based Nanomaterials as Efficient
Electrocatalysts for Fuel Cells

Yizhong Lu and Wei Chen

Abstract Since the first experiment conducted by William Grove in 1839, fuel cell,
a device that converts the chemical energy stored in fuels into electricity through
electrochemical reactions with oxygen or other oxidizing agents, has attracted
worldwide attention in the past few decades. However, despite extensive research
progress, the widespread commercialization of fuel cells is still a big challenge
partly because of the low catalytic performance and high-cost of the Pt-based
electrocatalysts. In addition, the hydrogen storage is another critical issue for the
commercialization of hydrogen-powered fuel cells. Among the metal catalysts, Pd
has been found to be a promising alternative because of its excellent catalytic
properties and lower cost than Pt. Moreover, Pd-based materials exhibit high
hydrogen storage capabilities. In this chapter, we summarize recent progress in the
synthesis of one-dimensional (1D) Pd-based nanomaterials and their applications
as electrocatalysts on both anodic and cathodic sides of fuel cells, and their appli-
cations in hydrogen storage. We demonstrated here that various 1D Pd-based
nanomaterials, such as nanorods, nanowires, and nanotubes have been successfully
prepared through different synthetic routes. The nanostructured 1D Pd-based
materials exhibit high catalytic performance for electrooxidation of small organic
molecules and oxygen reduction reaction (ORR). Moreover, high capacities for
hydrogen storage have also been reported with 1D Pd-based nanomaterials.
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1 Introduction

Due to the increasing worldwide energy demand and environmental concerns, much
effort has been devoted to the seeking for efficient and clean energy sources to
replace the traditional fossil fuels such as gasoline and diesel [1]. Fuel cell, a device
that converts the chemical energy stored in fuels into electricity through electro-
chemical reactions efficiently without pollution, has been attracting increasing
research interest as a new power source for portable applications due to their high
energy-conversion efficiency and relatively low operating temperature [2, 3]. Based
on the operating temperature and the type of used electrolyte, fuel cells are usually
classified into phosphoric-acid fuel cells (PAFCs), solid oxide fuel cells (SOFCs),
alkaline fuel cells (AFCs), molten-carbonate fuel cells (MCFCs), polymer exchange
membrane fuel cells (PEMFCs), and direct-methanol fuel cells (DMFCs) [4]. While
all types of fuel cells work on the similar principle: hydrogen or other fuels oxidation
at anode and oxygen reduction at cathode. Among different types of fuel cells, the
PEMFCs and DMFCs are especially promising for automotive and portable elec-
tronic applications owing to the low operation temperatures [5, 6]. It should be noted
that despite extensive research progress, there are still many scientific and tech-
nological challenges to realize the widespread commercialization of fuel cells. For
instance, the reactions on both anode and cathode need electrocatalysts with high
catalytic performance. To improve the efficiency and durability, and to reduce the
cost of fuel cells, the conventional Pt catalysts have to be replaced by novel nano-
structured electrocatalysts with high electrocatalytic activity, high stability, and
low-cost. For fuel cells, platinum has been regarded as the best electrocatalyst
because of the highest electrocatalytic activity among the metal catalysts for elec-
trooxidation of small organic fuels and for oxygen reduction [7]. However, with
platinum as an anode catalyst, its surface is usually heavily poisoned by CO
intermediates produced during the oxidation of organic fuels, resulting in the
lowering of catalytic performance. On the other hand, the state-of-the-art cathode
electrocatalysts, Pt nanoparticles (2—-5 nm) supported on amorphous carbon mate-
rials (Pt/C), usually suffer from poor durability caused by the fast and significant loss
of platinum electrochemical surface area (ECSA) over time during fuel cell oper-
ation. Moreover, the high price and the limited global supply of Pt largely drive up
the cost of fuel cells. To reduce the cost and minimize the self-poisoning of catalysts,
Pt-based electrocatalysts alloyed with other transition metals (Fe, Co, Ni, Cu, Mn,
Ir) with controlled surface composition and structures have been extensively studied
in recent years [8—17]. Compared to pure platinum, Pt-based electrocatalysts exhibit
higher performance and a reduced sensitivity toward CO poisoning because of the
so-called bifunctional mechanism [18-20] or ligand effect [21, 22]. For instance,
Pt-Ru alloys have shown enhanced electrocatalytic activity for fuel cell anode
reactions and the enhancement could be well explained by the ligand effect and the
bifunctional mechanism [23, 24]. Based on the ligand effect, the presence of
ruthenium was proposed to alter the electronic properties of Pt, resulting in less
strongly CO adsorption on the catalyst surface. While according to the bifunctional
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mechanism, ruthenium provides oxygen-containing species, which could then
oxidize CO on the adjacent platinum sites at more negative potentials than pure
platinum. Due to the large surface area, various Pt-based bimetallic nanostructures
have been synthesized and applied to both anode and cathode catalysts. For
example, Xia and co-workers [25] synthesized Pd-Pt bimetallic nanodendrites,
which exhibited enhanced catalytic activity for oxygen electro-reduction. Recently,
Stamenkovic et al. [12] demonstrated that extended single crystal surfaces of
Pt;Ni(111) exhibit an enhanced ORR activity that is 10-fold higher than the cor-
responding Pt(111) surface and 90-fold more active than the current state-of-the-art
Pt/C catalysts for PEMFCs. Such a remarkable activity was attributed to the unusual
electronic structure (d-band center position) and arrangement of surface atoms in
near-surface region. For the anode reaction, Yang et al. [10] have found that the
(100) facet-terminated Pt;Co nanocubes are much more active than the Pt nano-
cubes due to the weaker and slower CO adsorption.

In recent years, to further reduce the loading of Pt, intensive studies have
focused on low-Pt or non-Pt electrocatalysts [26-37]. Among the studied non-
platinum electrocatalysts, Pd-based nanomaterials have become hot research
topics as electrocatalysts in fuel cells because of their similar intrinsic properties to
platinum, such as the valence band structure and lattice parameters [38, 39]. More
significantly, compared to Pt, Pd is cheaper and exhibits higher electrochemical
stability. Recent research progress in Pd-based catalysts has revealed that Pd can
catalyze the oxidation of formic acid and alcohols at the anode of polymer elec-
trolyte membrane fuel cells (PEMFCs) with greater tolerance to CO than Pt cat-
alysts and comparable activity toward the cathode oxygen reduction [40-50].

For catalysts on nanoscale, their catalytic efficiency, selectivity and reaction
durability are highly dependent on the size, shape, composition, and surface
structure [8, 26, 41, 51-54]. Similarly to Pt-based nanoalloys, Pd-based alloy
nanomaterials have also shown enhanced electrocatalytic activities compared to
pure Pd catalyst due to the synergistic effect or the modulation effect [55, 56].
Recent investigations have found that alloying Pd with some transition metals,
such as Au [57], Ag [58], Fe [59], Co [60], Ti [55, 61], Ni [62], Sn [63], etc., is an
effective way to improve the catalytic activity of Pd metal. At the same time, some
of Pd alloys exhibited comparable activity and stability to those of Pt catalysts.

Among various Pd or Pd-based nanomaterials, one-dimensional (1D) nano-
structured electrocatalysts, such as nanowires (NWs) [64—72], nanorods (NRs)
[44, 73], nanoleaves (NLs) [74], and nanotubes (NTs) [75-80], have attracted more
and more attention in recent years due to their unique structures and high surface
area. From a structural perspective, 1D Pd nanomaterials possess largely pristine
surfaces with long segments of crystalline planes, as compared with their corre-
sponding 0D morphologies. Additionally, the anisotropic growth of 1D structured
materials typically results in the preferential surface display of low energy crystal
facets in order to minimize the surface energy of the systems [81]. In the previous
studies on 1D Pd nanostructures, high resolution transmission electron microscopy
(HRTEM) and selected-area-electron diffraction patterns (SAED) showed that the
surfaces of the Pd nanowires are enclosed by {111} and {200} planes, suggesting
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the <110> growth direction of the nanowires [82]. It is well known that the catalytic
activities of metal nanomaterials are strongly dependent on their exposed surface
facets. Earlier studies have shown that the Pd(100) plane exhibits the highest cat-
alytic activity for formic acid oxygen among the three low-index faces Pd(111),
Pd(100), and Pd(110) [83, 84]. On the other hand, the single-crystalline 1D
nanomaterials with structural anisotropy contain fewer surface defect sites in
comparison with the corresponding zero-dimensional nanoparticles. When used as
electrocatalysts, the electron transport properties of catalyst materials are of
importance for the electrochemical reactions. Compared to metal nanoparticles, 1D
nanomaterials can provide more efficient electron transfer, thus lowering the elec-
tronic resistance and enhancing the fuel oxidation or Oxygen reduction reactions
[76, 85]. Meanwhile, for nanoparticle-based electrocatalysts, the electrochemical
scanning process may lead to the particle aggregation, dissolution, and Oswald
ripening, which is one of the biggest challenges in designing efficient fuel cell
electrocatalysts. However, for 1D nanomaterials, the asymmetric structure nature
can effectively prevent their structure destruction from aggregation, dissolution, and
ripening [75, 86, 87]. From above, the large surface area, high electrochemical
stability, efficient electron transport, and excellent CO-tolerance of 1D Pd-based
nanomaterials would be highly advantageous for their applications in fuel cells as
anode and cathode catalysts.

Among the fuels fed to the anode of fuel cells, hydrogen is considered to be one of
the most promising clean energy carriers due to its light weight, high energy density,
and no harmful chemical by-products from its combustion. Hydrogen can be gen-
erated from renewable sources, such as water splitting via photolysis [88-92]. For
hydrogen powered fuel cells, despite prodigious efforts, how to develop a safe and
easy storage method is still a remaining significant challenge for the widespread
application of hydrogen as the fuel of choice in mobile transportation. The efficient
and safe storage of hydrogen is crucial for promoting the “hydrogen economy”. The
safety and cost issues of conventional hydrogen storage as compressed gas or liquid
largely limit the practical use of these methods. Other developed methods for
hydrogen storage by physical adsorption on materials with large surface area or
formation of chemical bonds have been proved to be efficient, convenient, and safe
approaches [93]. Among the hydrogen storage materials, Pd-based nanomaterials
exhibited excellent storage capacity and their storage properties are strongly related
to the morphologies, composition, and size of the nanostructures [94].

In this chapter, we highlight the recent progress of one-dimensional Pd-based
nanomaterials, including the synthetic techniques and their application in fuel cells
as electrocatalysts on both anode and cathode sides. With different preparation
routes, various structured nanomaterials with different surface morphologies can be
realized. Since the composition and surface structure of Pd-based alloy materials
play decisive roles in determining their electrocatalytic properties, the structure and
properties of 1D Pd materials can be manipulated by changing synthetic conditions
to meet the scientific and technological demands of fuel cell catalysts. In addition,
the application of one-dimensional Pd-based nanomaterials in the hydrogen storage



1D Pd-Based Nanomaterials as Efficient Electrocatalysts 325

is also discussed here due to their importance in fuel cells. Finally, a brief conclusion
and an outlook will be given on the future research directions of 1D Pd-based
nanomaterial as efficient electrocatalysts and hydrogen storage materials.

2 One-Dimensional Pd-Based Nanomaterials as Effective
Cathode Electrocatalysts

From the previous studies, the ORR is considered to proceed by the efficient four-
electron pathway or the less efficient two-step pathway, depending on the elec-
trolyte and the catalytic activity of the cathode materials [95].

A. Direct 4-electron pathway:

In alkaline solutions

0, + 2H,O + 4e” — 40H™ (1)
Acid solutions.
0, + 4H" + 4e” — 2H,0 (2)
B. Peroxide pathway:
In alkaline solutions
0, + H,O + 2¢- — HO, + OH™ (3)

followed by either the further reduction reaction
HO; + H,O + 2¢~ — 30H™ 4)

or the decomposition reaction

2HO; — 20H™ + O, (5)

In acid solutions
0, + 2H" + 2~ — H0, (6)

followed by either
H,O, + 2H" + 2¢~ — 2H,0 (7)

or

2H,0, — 2H,0 + O, (8)
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On the basis of the mechanism of ORR, O, molecules are firstly adsorbed on
the surface of catalysts, and then electrochemically reduced either directly to water
or indirectly to intermediate of H,O,. According to the previous studies on the Pd
and Pt-catalyzed ORR, the adsorption energy (AE) of O adsorption can serve as a
good descriptor for the catalytic activity of the catalyst surface toward the ORR
[56, 96]. Therefore, it would be of great interest to develop a robust and practical
Pd or Pd-based catalysts with low AE toward O species. Recently, Abruna et al.
[44] succeeded in tailoring the morphology of the deposited Pd from nanoparticles
to nanorods by simply adjusting the precursor concentration in the electrochemical
deposition of Pd. They found that the surface-specific activity of Pd nanorods (Pd
NRs) toward ORR is not only higher than that of Pd nanoparticles (Pd NPs), but
also becomes comparable to that of bulk Pt catalysts under fuel cell operating
potentials. It can be seen from Fig. 1a, b that, under the experimental conditions of
1 x 107> M PdCl, precursor and 3000 s electrochemical deposition time, only Pd
nanoparticles were formed with the size range from 5 to 10 nm. However, when
the PdCl, concentration increased to 3 x 10™* M and deposition time decreased
to 100 s, uniform Pd nanorods can be produced with an average diameter of 5 nm
and an aspect ratio of ~8. By comparing the electrocatalytic activities of the
formed Pd NPs, Pd NRs, and bulk Pt for ORR as shown in Fig. lc, the half-wave
potential (E;,,) obtained from Pd NRs shifts positively by 85 mV compared to that
of Pd NPs and approaches that of bulk Pt catalyst. Figure 1d demonstrates that the
kinetic current density (jx) of the Pd NRs approaches that of bulk Pt and is 10-fold
higher than that of the Pd NPs at +0.85 V (a practical operating potential of a
PEMFC cathode). The superior ORR activity of Pd NRs was attributed to the
exceptionally weak interaction between the exposed Pd(110) facet of Pd NRs and
the adsorbed O atoms, which was confirmed by the CO stripping experiments and
density functional theory (DFT) calculations. This study indicated that 1D Pd
nanostructures could be an efficient and cost-effective cathodic electrocatalysts for
PEMFCs.

By taking advantage of the higher activity offered by certain platinum alloys,
Yan and coworkers [75] reported that unsupported PtPd nanotubes (PtPdNTs)
exhibited much enhanced mass activity toward ORR as fuel cell cathode elect-
rocatalysts. In the study, Pt and PtPd nanotubes were prepared through a galvanic
replacement reaction between the pre-synthesized silver nanorods and Pt or Pd
precursors. Figure 2 shows the SEM and TEM images of the as-synthesized PtPd
NTs. It can be clearly seen that the PtPd NTs display uniform diameter (45 nm),
wall thickness (7 nm), and length (10 um). The ORR activity and durability test
are shown in Fig. 3. From Fig. 3b, it can be seen that the half-wave potential of the
PtPANTs (0.851 V) is higher than that of the synthesized Pt nanotubes (PtNTs)
(0.837 V), platinum black (0.817 V), and Pt/C (0.828 V). The shift to more
positive potentials suggests clearly that the overpotential of ORR can be effec-
tively reduced by using the bimetallic system. Moreover, the calculated mass- and
specific-activity of the PtPd nanotubes are 1.4 and 1.8 times higher than those of
the platinum black, respectively. Figure 3a shows the ECSA change with number
of cyclic voltammetry (CV) cycles at three electrocatalysts. After 1000 cycles,
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Fig. 1 SEM images of two typical morphologies of Pd obtained by adjusting the precursor
concentration and deposition time: a Pd nanorods (Pd-NRs), 3 x 1074 M PdCl,, 100 s; b Pd
nanoparticles (Pd-NPs), 1 x 1073 M PdCl,, 3000 s. ORR data for Pd-NR, Pd-NP, and bulk Pt,
obtained in an O, saturated 0.1 M HClO, solution at a rotation rate of 900 rpm and a scanning
rate of 10 mV s™'. ¢ Normalized ORR profiles and d Tafel plots. The diffusion limited current
(jr) has been normalized to the geometric surface area (GSA), while the kinetic current density
(jx*) has been normalized to an electrochemical surface area (ESA) corresponding to a roughness
factor (RF) of 10. Reprinted from Ref. [44] with permission by the American Chemical Society

Fig. 2 a SEM image of PtPd nanotubes. b TEM image and electron diffraction pattern (inset) of
the PtPd nanotubes. Reprinted from Ref. [75] with permission by Wiley-VCH



328 Y. Lu and W. Chen

Fig. 3 a Loss of (a)
electrochemical surface area 100 {32 &
(ECSA) of Pt/C (E-TEK), o 4 PINT
platinum-black (PtB; 2 god & 3 : .
E-TEK), and PtNT catalysts -
with number of CV cycles in 5 . . PiB
Ar-purged 0.5 M H,SO4 8 60 1
solution at 60 °C (0-1.3 V 3 . = .
vs. RHE, sweep rate i) 40 4 -
50 mVs~'). b ORR curves £
(shown as current—voltage 2 20 4 - PVC
relations) of Pt/C, platinum -
black (PtB), PtNTs, and "
PdPtNTSs in O,-saturated 0% T T T T r
0.5 M H,S0, solution at 0 200 400 600 800 1000
room temperature (1600 rpm, Number of CV cycles
sweep rate 5 mV s™'). Inset
mass activity (fop) and (b) = ) _
specific activity (bottom) for 04 § D85V prPaNT
the four catalysts at 0.85 V. §
Reprinted from Ref. [75] P 2
with permission by Wiley- _ =
VCH e 7

O 2 i

b §

= 412

=
-4 o
-5 ’ = . . . =
02 04 086 08 10 12

E/Vvs RHE

platinum-black and Pt/C catalysts lose about 51 and 90 % of their ECSA,
respectively. However, the Pt nanotubes only lose about 20 % of its ECSA,
indicating the enhanced electrochemical stability of the unsupported nanotubes. In
addition, the durability tests indicated that the ECSA of PtPd NTs is 5.8 times
higher than that of the Pt/C and 1.5 times higher than that of the Pt NTs. Such
enhanced activity and durability of PtPd NTs toward ORR can be ascribed to the
change of electronic structures induced by the addition of Pd into the platinum
lattice.

The electrocatalytic results obtained from the Pt and PtPd nanotubes clearly
indicated that the catalytic performance of 1D nanomaterials can be improved by
decorating another metal. Recently, Alia et al. [79] synthesized Pt-coated Pd
nanotubes (Pt/PdNTSs) with a wall thickness of 6 nm, outer diameter of 60 nm, and
length of 5-20 pum via the partial galvanic displacement of Pd nanotubes with Pt.
ORR on Pt/PdNTs, Pt nanotubes (PtNTs), Pd nanotubes, and supported Pt nano-
particle was studied to evaluate their electrocatalytic activities as PEMFCs



1D Pd-Based Nanomaterials as Efficient Electrocatalysts 329

cathodes. It was found that the Pt/PdNTs with Pt loading of 9 wt% (PtPd 9)
produced an ORR mass activity 95 % of PtNTs. Taking account of the reduction
of Pt loading in PtPd 9, the Pt mass activity of Pt/PdNTs is actually significantly
higher than PtNTs. Compared to the dollar activity target (9.7 A $~') of the
United States Department of Energy (DOE), the calculated dollar activity of PtPd
9 (10.4) exceeds that of DOE by 7 %. On the other hand, the area activity of Pt/
PdNTs outperformed the DOE target by greater than 40 %.

In a recent paper, Koenigsmann et al. [97] reported the synthesis, character-
ization, and electrochemical performance of novel 1D ultrathin Pt monolayer
shell-Pd nanowires core catalyst. They found that the UV ozone-treated nanowires
exhibited outstanding area and mass specific activities of 0.77 mA cm™2 and
1.83 A mgp, toward ORR, respectively, which were significantly enhanced as
compared with conventional commercial Pt nanoparticles, core-shell nanoparti-
cles, and acid-treated nanowires. This study also indicated that the methods to
remove the organic residue on the surface of nanomaterials can affect their sub-
sequent catalytic activity. In another report by Koenigsmann et al. [66] they
successfully synthesized a series of bimetallic Pd;_,Au, and Pd,_,Pt, nanowires
with control over composition and size through an ambient, template-based
technique. In their report, the as-synthesized 1D alloy nanowires (ANWs) maintain
significantly enhanced activity toward ORR as compared with commercial Pt
nanoparticles and other 1D nanostructures. Specifically, the PdgAu and Pd,Pt
nanowires possess ORR activities of 0.49 and 0.79 mA cm ™2, which are larger
than the analogous value from commercial Pt nanoparticles (0.21 mA cm_z).

Recent studies have demonstrated that Pd catalysts can produce high ORR
activity when combined with appropriate transition metals, such as Co, Fe, Mo, etc
[59, 61, 98]. By an organic phase reaction of [Pd(acac),] and thermal decompo-
sition of [Fe(CO)s] in a mixture of oleyamine and octadecene at 160 °C, Li et al.
[73] synthesized PdFe nanorods (PdFe-NRs) with tunable length. The morphology
of the PdFe products can be tuned by altering the volumetric ratio of oleyamine
(OAm) and octadecene (ODE) surfactants during the synthesis. As shown in
Fig. 4a, under the OAm/ODE ratio of 1/3, there is only PdFe nanoparticles for-
mation with an average particle size of 2—4 nm. With the ratio increasing to 1/1,
PdFe nanorods with a diameter of 3 nm and length of 10 nm were formed
(Fig. 4b). If only OAm was used in the synthesis, long PdFe nanorods with a
length of 10 nm can be produced. Interestingly, around 20-40 PdFe nanorods were
self-assembled to “flower”-like bundles (Fig. 4c, d), and the distance between two
nanorods is around 2—4 nm. It was proposed that this bundle structure is likely to
form a thin and dense catalyst layer in a membrane-electrode assembly (MEA),
which can facilitate the mass transport of reactants. In the following electrocata-
Iytic investigations, the as-synthesized PdFe-NRs demonstrated a better PEMFC
performance than commercial Pt/C in the practical working voltage region
(0.80-0.65 V), which can be attributed to their unique 1D morphology, high
intrinsic activity toward ORR, reduced cell inner resistance, and improved mass
transport.
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Fig. 4 TEM images of the PdFe nanoparticles (a) and nanorods with a length of 10 nm (b),
50 nm (c), and 50 nm in one bundle (d). Reprinted from Ref. [73] with permission by Elsevier

In another report, Li and co-workers [74] reported the preparation and char-
acterization of PdFe nanoleaves (NLs) for ORR. The novel nanoleaf-structured
materials were synthesized through a wet chemical reduction method with the
presence of oleylamine, and the composition of the final products can be tuned by
changing the precursors of Pd(acac), and Fe(CO)s. It was found that the Fe
concentration largely affects the morphology of the as-synthesized nanostructures.
From the TEM images shown in Fig. 5, the nanoleaves are actually composed of
Fe-based nanosheets and Pd-rich nanowires embedded in the sheets. Lower Fe
content results in the formation of 1D Pd nanowires with shorter lengths and larger
diameters. The high resolution TEM (HRTEM) images in Fig. 5g shows that the
side surfaces of these Pd-rich nanowires are composed of Pd(111) planes, while
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Fig. 5 TEM images of the Pd,Fe, nanoleaves (NLs): a, b PdFe;-NL, ¢, d Pd;Fe;-NL, e,
f PdsFe;-NL, and g HRTEM image of Pd,Fe;-NL. Reprinted from Ref. [74] with permission by
the American Chemical Society
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Fig. 6 ORR polarization
curves of commercial Pt/C
(black curve), Pd/C (self-
prepared by EG method, red
curve), Pd;-NL/C (green
curve), and Pd,-NL/C (blue
curve) in oxygen saturated
0.1 M NaOH (conditions:

10 mV s™', 2500 rpm, and
room temperature). Reprinted
from Ref. [74] with
permission by the American
Chemical Society
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the tips and ends are predominated by Pd(110) and Pd(100) facets. The mor-
phology of PdFe-NLs is distinctively different from the Pd nanorods with larger
diameter (5-10 nm) prepared using PVP as a stabilizer. The varied Pd nano-
structures suggest that the different synthesis conditions, i.e., different surfactants,
presence/absence of Fe, etc., can affect the growth mechanisms of 1D nanoma-
terials. By etching away the enveloping Fe-rich sheets using an organic acid, the
Pd-rich NWs are exposed on the surfaces of the nanoleaves, and they demonstrated
high reactivity toward electrocatalytic reduction of oxygen in a 0.1 M NaOH
electrolyte. The ORR polarization curves obtained from different catalysts are
shown in Fig. 6. It can be observed that the Pd-NLs show a remarkable
improvement in ORR activity with the half-wave potential shifting positively by
~38 mV, compared to commercial Pt/C catalyst. Moreover, the mass activity of
Pd;-NL and Pd,-NL are 0.159 and 0.157 A mgl?dl, respectively, which are twice
higher than that of Pd/C (0.0735 A mg;dl) and ~2.7 times higher than that of Pt/C
(0.0585 A mgp') at 0 V versus Hg/HgO. For the specific activity, the Pd;-NLs and
Pd,-NLs at 0 V are 312 and 305 pA cmpg, respectively, which are higher than that
of Pd/C (207 pA cmpy) and Pt/C (103 LA cmp). The enhanced electrocatalytic
activity of Pd NLs may be attributed to the unique nanoleave structure, which
provides more Pd(111) facets, a large surface area, and more resistance to oxide
formation.

More recently, Xu et al. [77] prepared a novel PdCu bimetallic nanotubes with
hierarchically hollow structures via a galvanic displacement reaction by using
dealloyed nanoporous copper as both a template and reducing agent and found
that the PdCu nanocomposites exhibit enhanced ORR activity. In this study,
three-dimensional nanoporous copper (Fig. 7a, b) was firstly synthesized by
dealloying Cu/Al alloy foils in NaOH. PdCu bimetallic hollow structures were
then produced through a galvanic replacement reaction between nanoporous
copper and K,PdCl,. The SEM and TEM measurements (Fig. 7c—f) show that the
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Fig. 7 SEM and TEM (HRTEM) images of nanoporous copper (a, b) and nanotubular
mesoporous PdCu bimetallic nanostructure (c—f), respectively. Reprinted from Ref. [77] with
permission by the American Chemical Society

formed PdCu bimetallic nanocomposites display nanotubular mesoporous nano-
structures. The electrochemical polarization curves of the nanotubular mesoporous
PdCu (NM-PdCu) revealed that the half-wave potential of the NM-PdCu for ORR
was 0.840 V, which was 60 mV more positive than that of the commercial Pd/C
catalysts. Moreover, the NM-PdCu catalyst is also superior to the commercial Pt/C
(0.825 V) catalyst with more positive half-wave potential. The calculated specific
activity of NM-PdCu at 0.8 and 0.85 V is 1.5 and 1.4 times that of the Pt/C catalyst
at the respective potentials. From the Koutecky-Levich curves in rotating disk
voltammetry measurements, a nearly complete reduction of O, to H,O on the
NM-PdCu surface via an efficient four-electron reaction process was obtained.
More importantly, based on the experimental results, NM-PdCu catalyst showed
enhanced methanol tolerance as compared with the commercial Pt/C and Pd/C
catalysts. The enhanced ORR activity, stability, and methanol tolerance were
ascribed to the presence of sublayer Cu atoms, which provide an electronic mod-
ification for the topmost Pd layer by a surface strain effect or an alloying effect. This
effect could provide unique surface sites for the adsorption of O, molecules and be
beneficial for their subsequent electro-reduction. Furthermore, the unique three-
dimensional bicontinuous spongy structure and various hollow channels provide
good transport channels for medium molecules and electrons, which may greatly
facilitate the reaction kinetics of ORR on the catalytic surfaces.
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3 One-Dimensional Pd-Based Nanomaterials as Effective
Anode Electrocatalysts

3.1 Electrocatalysts for Alcohol Oxidation

Although Pt-based alloy catalysts, especially nanostructured PtRu, have been
widely used as anode electrocatalysts in DMFC, the effectiveness and wide
application of these catalysts are still largely limited due to their relatively low
electrochemical stability and low tolerance to CO poisoning [99]. To address the
disadvantages suffered from Pt-based catalysts, recent efforts have been devoted
to the development of more efficient catalysts with high stability and high
CO-tolerance. Recently, Pd-based nanomaterials have been found to exhibit high
CO tolerance and superior electrocatalytic activity toward CO oxidation [38, 100],
methanol oxidation [101, 102], and ethanol oxidation [69]. However, there are still
obstacles in utilizing Pd nanoparticles because they often experience irreversible
aggregation during electrocatalytic cycles, leading to a significant loss of catalytic
activity and durability. Thus, 1D Pd-based nanomaterials have emerged as a
potential electrocatalysts owing to their unique anisotropic structure. In particular,
the ordered surface structure of one-dimensional nanostructured catalysts could
affect the electrochemical and electrocatalytic properties. Among various synthetic
approaches for one-dimensional nanostructure arrays, an anodic aluminum oxide
(AAO) membrane-based method has received increasing attention because its
uniform and reproducible porous structure as an ideal template can produce highly
ordered nanotube or nanowire-type arrays.

Cheng et al. [71] prepared highly ordered Pd nanowire arrays (NWAs) using a
porous AAO template by pulse electrodeposition method. It can be clearly observed
from Fig. 8b—d that the Pd nanowires templated by AAO are highly ordered with
uniform diameters of about 50 nm and length of 850 nm. Meanwhile, the
as-prepared Pd NW As retain the size and near cylinder shape of the pores of the AAO
template as shown in Fig. 8a. More interestingly, the as-synthesized Pd NWAs
exhibit good electrocatalytic activity toward isopropanol and methanol oxidation at
room temperature. By using a similar AAO template-electrodepositon method and a
subsequently magnetron sputtering techniques, Cheng’s group also prepared highly
ordered Pd/Pt core-shell nanowire arrays (Pd/Pt NWAs) [72]. In the method, Pd
NWAs were first synthesized in AAO template. After removing the template in
NaOH solution, Pt film was then coated on the surface of Pd NWAs through mag-
netron sputtering. Figure 9 shows the SEM images of the as-synthesized Pd and
Pd/Pt NWAs. By using AAO as template, highly ordered Pd NWAs with smooth
surface and uniform diameter and length were produced. However, after magnetron
sputtering of Pt, the surface of Pd nanowires was covered by a thin layer (~ 1.7 nm)
of cotton-like aggregated Pt nanoparticles. Nevertheless, the microstructure and
morphology of Pt coated Pd NWAs is more or less the same as original Pd NWA
core. Figure 10a shows the CVs of different electrodes in a nitrogen- saturated 0.5 M
H,SO, solution without methanol. It was found that the electrochemical active area
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Fig. 8 Typical SEM images of a AAO template, b surface of Pd nanowire arrays (NWAs) with
the diameter of 50 nm, ¢ cross-section of Pd NWAs and d TEM image and EDX (inset) of Pd
NWAs. Reprinted from Ref. [71] with permission by Elsevier

(EAA) of Pd/Pt core-shell NW As electrode is 51 and 20 times larger than that of Pt
thin film and PtRu/C electrode, respectively. This extremely high EAA from Pd/Pt
core-shell NW As shows that Pd/Pt core-shell NW As nanostructure can substantially
increase the effective electrochemical active sites most likely due to the very high
surface-to-volume ratio of the highly ordered NWA core nanostructure and the high
roughness of the Pt shell. By comparing the CVs in Fig. 10b, the Pd/Pt core-shell
NWAs exhibit superior performance for methanol oxidation. It can be seen that the
onset oxidation potential on Pd/Pt core-shell NWAs (0.19 V vs. SCE) is more
negative than those on PtRu/C (0.21 V) and Pt thin film (0.39 V). The electrocata-
Iytic activity, as measured by the peak current density in the forward scan is
22.7 mA cm ™2 for the Pd/Pt core-shell NWAs, which is nearly 4.2 and 8.7 times
higher than that of the E-TEK PtRu/C and Pt thin film electrodes. On the other hand,
the peak potential for methanol oxidation on the Pd/Pt core-shell NW As electrode is
170 mV more negative than that on the conventional PtRu/C electrode, indicating
the enhanced electrode kinetics. Moreover, the Pt mass specific current peak density
is 756.7 mA mggt] for the Pd/Pt core-shell NWASs electrode, which is four times
higher than the E-TEK PtRu/C electrode (180.0 mA mgp,'). Since Pd is electrocat-
alytically inactive in acidic media, the high EAA and mass specific current for
methanol oxidation can be mainly attributed to the Pt shell sputtered on the surface of
Pd NWAs core.
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Fig. 9 SEM micrographs of a and b surface of Pd NWAs, ¢ surface of Pd/Pt core-shell NWAs,
d cross-section of Pd NWAs, and e cross-section of Pd/Pt core-shell NWAs. Reprinted from
Ref. [72] with permission by Elsevier

Earlier studies have shown that 1D NWs have a strong interaction with carbon
supports and are less vulnerable than conventional nanoparticles to dissolution,
Ostwald ripening, and aggregation in strong acidic electrocatalytic conditions
[71, 103]. Different from the bimetallic Pd-based alloys, Guo et al. [104] recently
synthesized ultrathin (2.5 nm) trimetallic FePtPd alloy nanowires (NWs) with
tunable compositions and controlled length (less than 100 nm). These FePtPd
NWs exhibited composition-dependent catalytic activity and stability for methanol
oxidation reaction. As shown in Fig. 11a, the as-prepared Fe,gPt;gPd;, NWs
exhibit the highest catalytic activity for methanol oxidation with the mass current
density of 488.7 mA mgp,' and peak potential decreased from 0.665 V (vs. Ag/
AgCl) obtained on Pt nanoparticle catalysts to 0.614 V. More interestingly, the
Fe,gPt3gPds4 displayed enhanced electrochemical stability with the mass current
density (98.1 mA mgﬁtl) after i-t test for 2 h at 0.4 V (Fig. 11b). Figure 1lc, d
indicates that there was almost no noticeable morphology change before and after
i-t tests, whereas the Pt nanoparticles experienced substantial aggregation. The
authors attributed the enhanced stability of NWs versus NPs to the stronger NW
interactions with carbon support and/or by better NW structure stability, which
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makes the NWs less subject to dissolution, Ostwald ripening, and aggregation in
acidic solution.

Compared to methanol, ethanol is less toxic and can be produced in large
quantities from agricultural products. Moreover, ethanol is the major renewable
biofuel from the fermentation of biomass. Recent studies have shown that Pd-based
nanomaterials are electrocatalytically active for ethanol oxidation in alkaline med-
ium, representing an important alternative to Pt-based catalysts for direct ethanol
AFCs [69, 80, 105]. For instance, Jiang and coworkers [69] successfully synthesized
highly ordered Pd nanowires arrays (Pd NWA) through the anodized aluminum
oxide (AAO) template-electrodeposition method. The SEM characterizations in
Fig. 12 show that the as-synthesized Pd NWAs after AAO template fully dissolved
are highly ordered with uniform diameter ca. 80 nm and length ca. 800 nm. The
uniform porous structure of the nanowires can effectively improve their ECSA and
thus enhance the active sites for the electrocatalytic reaction. Electrochemical
experiments demonstrated that the as-synthesized Pd NWA exhibited excellent
electrocatalytic activity and stability for ethanol oxidation in alkaline media com-
pared to the conventional Pd film electrodes and the well-established commercial
E-TEK PtRu/C electrocatalysts. As can be seen from Fig. 13, the onset potential for
the ethanol oxidation on the Pd NWA electrode is —0.62 V, which is 150 mV more
negative than the —0.45 V observed on the Pd film electrode and 40 mV
more negative than the —0.58 V obtained from the conventional E-TEK PtRu/C
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Fig. 11 CVs (a), linear sweep voltammetry (inser) and i-t curves (b) of methanol oxidation
reaction catalyzed by Fe,gPt;sPd;, NWs, FePt NWs, Pt NPs and PtPd NPs in 0.1 M
HC10,4 + 0.2 M methanol solution. The CVs were obtained at a scan rate of 50 mV s~! and
the i-t curves were collected at a constant potential of 0.4 V. TEM images of the Fe,gPt3gPds34
NWs/C before (c) and after (d) 2 h i-t test. Reprinted from Ref. [104] with permission by the
American Chemical Society
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Fig. 12 SEM images of a cross section and b surface of Pd NWAs. Inset in (a): XRD pattern of
Pd NWAs. Reprinted from Ref. [69] with permission by Wiley-VCH
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electrocatalyst. The negative shift of onset potential indicates the significant
enhancement in the kinetics of the ethanol oxidation reaction on Pd NW As. Similarly
to methanol oxidation on Pt-based electrocatalysts in acid media, ethanol oxidation
on Pd NWA electrode is also characterized by well-separated anodic peaks in the
forward and reverse scans. The anodic peak current density on the Pd NWA elec-
trode is seven times of that on the Pd film electrode and almost twice of that on the
PtRu/C electrode. The obtained electrochemical results indicate that the 1D Pd
NWA nanomaterials could be an efficient anode electrocatalysts for direct ethanol
AFCs.

Interface formed in a bimetallic system plays an important role in the catalytic
promotional effect and studies on bimetallic interface are also critical to investi-
gate the fundamental mechanism of enhanced electrocatalytic activity for fuels
oxidation. Recently, Yu et al. [80] designed unsupported Pd—Au bimetallic tubular
nanostructures through one-step nonaqueous solvent electrodeposition method and
studied their catalytic activity for electrooxidation of ethanol. With the electro-
deposition method, tubular, dispersed, and unsupported Pd—Au bimetallic het-
erostructure tubes (BHTSs) were formed with controlled atom percentage of Pd and
with several micrometer-sized lengths as measured by SEM (Fig. 14a, b). The
TEM image in Fig. 14c indicates the uniform wall thickness of the nanotubes,
composed of many flocky-like spheres. Moreover, the unique porous structure of
the BHTs could promote the mass transfer and effectively expose their inner and
outer surfaces. From the HRTEM images shown in Fig. 14d—f, the single Au
nanoparticle and the interfaces of Au—Pd and Au—Au can be observed clearly. The
resultant tubular materials demonstrated high surface area, high stability, and
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0.236 nm

Fig. 14 a, b SEM images of Pd—Au bimetallic heterostructure tubes (BHTs). ¢ TEM image of
unsupported Pd—Au BHTs. HRTEM images of d a single particle e overlapped Pd—Au particles
near the edge of the pore area, and f Au—Au particle interface, respectively. Reprinted from
Ref. [80] with permission by the American Chemical Society

durability during the electrocatalytic studies. Figure 15 shows the CVs of various
catalysts supported on glassy carbon electrode (GCE) in N,-purged 1.0 M KOH
aqueous solution with ethanol at a sweep rate of 50 mV s™'. By comparison with
Au nanotubes, Pd nanotubes, and commercial Pt/C catalysts, the synthesized Pd—
Au BHTs exhibited larger ECSA (Fig. 15a), higher pseudo-area and mass activities
(Fig. 15b-e), and higher electrochemical stability (Fig. 15f), suggesting that they
can act as efficient Pt-free catalysts for fuel cells or other applications. The
enhanced electrocatalytic performance was attributed to the electronic structure,



1D Pd-Based Nanomaterials as Efficient Electrocatalysts 341
(a) i (b) 151 .
31 Pd 100 at.%
Pd 95 at.% 12 4
o 24 Pd 80 at.% »
E Pd 65 at.% g 9
< 11 PUC 20 wt.% - ol 5
R —3 T 6 ®
——— =
4 = S 3 4
-2 0
08 06 04 02 00 02 10 -08 -08 -04 -02 00 02
E/V vs. Hg/HgO E/V vs. Hg/HgO
(c) 2% 2 (d) 154
101 | i —— Pd 100at%
R NI ] —Psax
£ & i = PUC (20 wt%) (| |
< 1384 7 fipe " A
= [6] a' il £
g 090 _ e \ <
= 0o 80 80 T
3 Pﬂtal.%] / £
4 a o 3
ﬁ 0.45 //,/ \ ) = 3
2 000 —r \~ 0
10 08 06 04 02 00 02 08 06 04 02 00 02 04
E/V vs. Hg/HgO E/V vs. HyHgO
(€) 1200 - - () Pd 100 at %
Pd 95 at.%
-Pd 100 at % 12 4 Pd o%
5 1000 - Pd65at% | 8 o,
" PYC (20 wt%) | | | Pd 65 at.%
o gg0 4 = E o9 - Pd 50 at.%
< "EE PUC 20 wt.%
€ 600 4 [+ II\
g < 6 4\
3 400 E M\ N\
2 200 R
= . —
04 0 B ——— m—
08 -06 04 -02 00 02 0 500 1000 1500 2000
E/V vs. HgHgO tl's

Fig. 15 Cyclic voltammograms (CVs) for determining the relative ECSA change of Pd and
electrocatalytic activity. a CVs recorded in a Ny-purged 1.0 M KOH solution at room
temperature. Pseudo-area activity (b) and mass activity (c¢) of unsupported Pd—Au BHTs with
different Pd atom percentage for ethanol oxidation in 1.0 M KOH + 1.0 M C,HsOH. The insets
show the peak current variation by increasing the Au atom percentage. d Pseudo-area activity and
e mass activity of Pd NP tubes, unsupported Pd—~Au BHTs, and Pt/C catalyst. f Chronoampero-
metric curves for ethanol electrooxidation at —0.3 V versus Hg/HgO on Pd NP tubes,
unsupported Pd—-Au BHTs, and Pt/C catalyst. Scan rate: 50 mV s~'. Reprinted from Ref. [80]
with permission by the American Chemical Society

local reactivity, and the significant coupling of d orbitals at the Pd—Au particle
interfaces [80, 106].

More recently, Zhu et al. [64] developed a facile and general approach to
synthesize high aspect ratio 1D Pd-based ANWs and found that the as-prepared
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Fig. 16 TEM (a, b) and HRTEM (c) images of the obtained PdgyPt,, nanowires. HAADF-
STEM-EDS mapping images (d—g) of PdgoPt,g nanowires. The cross-sectional compositional line
profiles of individual PdgyPt,, nanowire (h). e Pd-K; f Pt-L; g Pd-K + Pt-L. Reprinted from
Ref. [64] with permission by Wiley-VCH

PdPt ANWs exhibit significantly enhanced activity and stability toward ethanol
oxidation in alkaline medium. Figure 16a and b show the TEM images of the
PdgoPt,o ANWSs templated from pre-synthesized Te NWs under different magni-
fications, clearly indicating the formation of uniform nanowires with high aspect
ratios, an average diameter of 10.8 nm, and lengths up to tens of micrometers.
HRTEM and elemental mapping measurements (Fig. 16c—h) revealed that both Pd
and Pt elements are homogeneously distributed without significant segregation of
each component. Electrochemical experiments are then performed to evaluate the
catalytic activity of the PdPt ANWSs toward alcohol oxidation. As shown in
Fig. 17a, for the PdPt ANWs with different compositions, the Pd,sPtss ANWs
displays the highest activity toward ethanol oxidation in terms of onset potential
and peak current. Based on the CV comparison in Fig. 17b, the mass activities on
the Pd4sPtss ANWs modified electrode is about 1.2 and 1.8 times of those on the
Pd NWs and Pt nanotubes electrodes for ethanol oxidation. Moreover, the Pd4sPtss
ANWs also show a higher activity than commercial Pd/C electrocatalyst for eth-
anol oxidation. From the current-time curves recorded at —0.2 V shown in
Fig. 17c, the Pd4sPtss ANWs exhibit the highest catalytic stability among the
studied electrocatalysts. On the other hand, the as-prepared 1D Pd4sPtss catalyst
also shows higher electrocatalytic activity and stability compared to the
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Fig. 17 a CVs of the Pd,Pt, electrodes in a 0.5 M NaOH + 1 M ethanol solution; b CVs of the
PdsPtss, Pd NWs, Pt NTs and E-TEK Pd/C electrodes in a 0.5 M NaOH + 1 M ethanol solution;
¢ Current density—time curves of the PdysPtss, Pd NWs, Pt NTs and E-TEK Pd/C electrodes in a
0.5 M NaOH + 1 M ethanol solution at —0.2 V; d CVs of the Pd4sPtss, Pd NWs, Pt NTs and
E-TEK Pd/C electrodes in a 1| M KOH + 1 M methanol solution; e Current density—time curves
of the Pd4sPtss, Pd NWs, Pt NTs and E-TEK Pd/C electrodes in a 1 M KOH + 1 M methanol
solution at —0.2 V. The loading amount of noble metal is 71.4 ng cm ™~ for each catalyst and all
the potential scan rates are 50 mV s~'. Reprinted from Ref. [64] with permission by Wiley-VCH

monometallic catalysts Pt NTs and Pd NWs and the commercial E-TEK Pd/C
catalyst toward methanol oxidation in alkaline conditions (Fig. 17d, e). The
excellent catalytic performance of the PdPt nanowires could be attributed to three
aspects: (1) the high aspect ratio; (2) the electronic effect; and (3) the synergistic
effect [64].

3.2 Electrocatalysts for Formic Acid Oxidation

Except for alcohol, formic acid is another potential fuel for liquid fuel cells.
Formic acid is a liquid at room temperature and dilute formic acid is on the US
Food and Drug Administration list of food additives. Although the energy density
of formic acid is lower than that of methanol, formic acid can be oxidized at less
positive potential and with faster kinetics than methanol at room temperature.
Moreover, formic acid can be easily handled and stored, and the low crossover
through the polymer membranes allows fuel cells to work at relatively high
concentrations of fuel and thin membranes. Therefore direct formic acid fuel cells
(DFAFCs) have attracted increasing attention in recent years. Three possible
reaction paths of formic acid oxidation have been widely accepted [107-110].
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HCOOH,y — COOH, + H" + e — CO, + 2H" + 2e” 9)
HCOOH,qy — HCOO,q + H" +e~ — CO, + 2H" + 2e~ (10)
HCOOH,qy — COy + H,0 — CO, + 2H' + 2e” (11)

In the first and second paths, through dehydrogenation with forming different
intermediates formic acid can be oxidized to CO, directly. The Eq. (11) represents
the indirect pathway, in which the produced CO intermediate can adsorb strongly
on the surface of catalyst, leading to the poisoning of catalyst. To overcome the
heavy CO-poisoning and high-cost of Pt-based catalysts, recent extensive research
efforts have been devoted to the development of non-platinum anode electrocat-
alysts. Recent studies, including in situ spectroelectrochemical studies showed that
Pd-based catalysts can catalyze the oxidation of formic acid at the anode of
PEMFCs with greater resistance to CO than Pt catalysts [42, 111].

Recently, we successfully synthesized nanoneedle-covered 1D palladium-silver
nanotubes through a galvanic displacement reaction with Ag nanorods at 100 °C
(PdAg-100) and room temperature (PdAg-25) [76]. TEM and SEM measurements
displayed that the synthesized PdAg nanotubes exhibit a hollow structure with a
nanoneedle-covered surface, which provide the perfect large surface area for
catalytic applications. From the HRTEM images of PdAg-25 shown in Fig. 18a, b,
the surface of the PdAg-25 nanotubes is decorated with crystalline Pd nanopar-
ticles with Pd(111) planes, and meanwhile, Ag and AgCl particles are dispersed in
the inner space of the nanotubes. From the elemental mapping and cross-sectional
line profiles shown in Fig. 18d—g, silver is dispersed in the core and Pd mainly
distributes on the shell of the nanotubes. From the CVs in 0.1 M HCIOy solution in
Fig. 19a, more charge for hydrogen desorption was obtained with PdAg-25
nanotubes compared with that of PdAg-100 with the same loading on electrode
surface, indicating rougher surface and thus larger ECSA of PdAg-25 nanotubes.
By comparing the CV curves of the electrodes in 0.1 M HCIO4 + 0.5 M HCOOH
solution (Fig. 19b), one can see that the PdAg-100 nanotubes exhibit more neg-
ative anodic peak potential (+0.285 vs. +0.316 V) and much larger anodic peak
current density (3.82 vs. 1.97 mA cm™?) of formic acid oxidation than those of
PdAg-25 under same conditions. The higher electrocatalytic activity of PdAg-100
nanotubes possibly as the consequences of the higher ratio of Pd to Ag (36:64) in
PdAg-100 compared with that in PdAg-25 (25:75) and the annealing process of the
nanotube surface structures at 100 °C. Chronoamperometric analyses (Fig. 19c—e)
were carried out to evaluate the activity and stability of the PdAg nanotubes for
formic acid electrooxidation. It can be seen that at the three studied potentials, the
maximum initial and steady-state oxidation current densities obtained from both of
the PdAg nanotubes are much larger than that from the bulk Pd electrode over the
entire time period. On the other hand, the initial current density on the bulk Pd
electrode decays much more rapidly than those of the as-synthesized PdAg
nanotubes. These results indicate that the synthesized PdAg nanotubes exhibit
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Fig. 18 a, b HRTEM images of PdAg-25 nanotubes. The inset in (a) shows the corresponding
two-dimensional fast Fourier transform (FFT) pattern. ¢ The high-angle annular dark-field
(HAADF) STEM image of PdAg-25 nanotubes; the corresponding elemental mapping of Ag (d),
Pd (e), and CI (f) in the PdAg-25 nanotubes. g Cross-sectional compositional line profiles of a
PdAg-25 nanotube. Reprinted from Ref. [76] with permission by the American Chemical Society

excellent catalytic activity and stability for formic acid oxidation due to their
unique 1D nanostructures. In the electrochemical impedance spectroscopy studies,
it was also found that the charge-transfer resistance (Rcr) at the PdAg-100
nanotubes is much smaller than that at the PdAg-25 nanotubes, indicating the
electron-transfer kinetics for formic acid oxidation at the PdAg-100 nanotubes is
much better facilitated.

In another study, we synthesized bimetallic PdAAg ANWs based on a facile one-
step wet chemical strategy [70]. Uniform PdAg nanowires were produced by
heating the silver nitrate and Pd(NOs3),-2H,0 solution in ethylene glycol at 170 °C
with the presence of poly(vinyl pyrrolidone). The HRTEM images in Fig. 20a, b
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Fig. 19 a Cyclic voltammograms of the PdAg-25/GC (black curve), PAAg-100/GC (red curve),
and bulk Pd electrode (blue curve) in 0.1 M HCIO, solution. For comparison, the CV from the Pd
bulk electrode is magnified 5x. b CVs of the PdAg-25/GC (red curve), PdAg-100/GC (green
curve), and bulk Pd electrode (blue curve) electrodes in 0.1 M HCIO4 and 0.5 M HCOOH
solution and the CV of PdAg-25/GC (black curve) in 0.1 M HClOy,. Potential scan rate 0.1 V s7L
Chronoamperometric curves of the bulk Pd, PdAg-25/GC and PdAg-100/GC electrodes in 0.1 M
HCIO,4 + 0.5 M HCOOH at different electrode potentials: ¢ —0.15, d +0.3, and e +0.68 V.
Reprinted from Ref. [76] with permission by the American Chemical Society

show that worm-like nanowires were formed and the surface of the nanowires is
predominated by Pd(111) planes. As mentioned previously, the (111) planes of Pd
are less susceptible to oxidation and have a lower peak potential for formic acid
oxidation, making the nanowires promising electrocatalysts for DFAFCs. The
element maps revealed that the elements of Pd and Ag are homogeneously dis-
persed in the PdAg nanowires, indicating the formation of alloy structure. The
electrochemical studies showed that although the onset potential of formic acid
oxidation on PdAg nanowires is only a little more negative than that on the
commercial Pd/C catalyst, the current density of formic acid oxidation in both
forward and reverse potential sweeps is much larger (about 3.4 times) than that
obtained at the Pd/C. Moreover, from the CV and chronoamperometric mea-
surements, our synthesized PdAg nanowires exhibit high CO tolerance and
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Fig. 20 a-b High-resolution TEM micrographs (HRTEM) of PdAg nanowires at different
magnifications. The scale bars are a 20 nm and b 5 nm. ¢ The high angle annular dark field
(HAADF) STEM image of PdAg nanowires and the corresponding elemental mapping of Ag (d),
Pd (e). f Overlay map of the elements in the PdAg nanowires. Reprinted from Ref. [70] with
permission by the American Chemical Society

long-term electrochemical stability. On the other hand, the electrochemical
impedance spectroscopy measurements showed that with the electrode potential
increasing the impedance spectra of PdAg nanowires show arcs in the first
quadrant firstly and then negative impedance was observed in the second quadrant
(Fig. 21a). However, all the impedance spectra of Pd/C are located in the first
quadrant within the entire potential range (Fig. 21b). The different impedance
results obtained from the two catalysts suggest that PAAg nanowires have higher
CO tolerance and fast formic acid oxidation kinetics. Also from Fig. 21c, it can be
seen that the Rt derived from PdAg ANWs is remarkably smaller than that from
the Pd/C catalysts within the studied potential window. The smaller Rct indicates
that the electron-transfer kinetics for formic acid oxidation at the PAAg nanowires
is much better facilitated than that at the Pd/C catalysts. All the results demonstrate
that the as-synthesized PdAg nanowires have much better catalytic performance
than that of commercial Pd/C catalysts.
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Recently, Song et al. [78] reported the fabrication of Pd nanotube electrodes by
means of electrodeposition method as a function of applied current density. From
the TEM and SEM images (Fig. 22) of the Pd array electrodes electrodeposited
using different current densities, it can be seen that all the products exhibit tubular
arrays having an average diameter of ~220 nm and different lengths. Note that the
surface of the as-synthesized Pd-NT becomes rougher with the increase in current
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Fig. 22 TEM and SEM images of the Pd nanotube arrays fabricated at different current densities
for 12 h: —1 mA cm™2 (Pd-NT-1) (a, b, ¢); —3 mA cm ™2 (Pd-NT-3) (d, e, f) and —5 mA cm™?
(Pd-NT-5) (g, h, i). Reprinted from Ref. [78] with permission by Elsevier

densities and the Pd-NT-5 tube arrays electrodeposited under the highest applied
current density display the roughest surface. This suggests that the fast tube array
growth under higher current density may result in rougher surface structure. In the
electrocatalytic studies for formic acid oxidation, it was found that the Pd-NT-5
exhibited the largest electrochemical active surface area and the highest electro-
catalytic activity among the three samples, but the catalytic activities of all the Pd
nanotubes are lower than that of the commercial Pd catalyst (20 wt%). The authors
compared the electrochemical stability of the Pd-NT-5 and commercial Pd/C
catalyst. As shown in Fig. 23a, the Pd-NT-5 exhibits nearly maintained electro-
catalytic activity after the stability test. Simultaneously, the size and morphology
of the Pd-NT-5 also remained after the stability test. In contrast, the electrocata-
Iytic activity of the Pd/C deteriorated significantly after the stability test
(Fig. 23b). Furthermore, the Pd/C showed increased particle size and nonuniform
size distribution. The results strongly suggest that the Pd nanotubes have enhanced
electrocatalytic stability, which may be ascribed to the less aggregation of 1D Pd
nanotubes during the catalytic reaction in comparison with the Pd/C.
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Fig. 23 a CVs of Pd-NT-5 before and after stability test in 0.5 M HCOOH and 0.1 M HCIO, at
25 °C. TEM images and transmission electron diffraction (TED) patterns of Pd-NT-5, b before
and c after stability test. d CVs of Pd/C before and after stability test in 0.5 M HCOOH and
0.1 M HCIO4 at 25 °C. TEM images and TED patterns of Pd/C, e before and f after stability test.
Reprinted from Ref. [78] with permission by Elsevier

4 One-Dimensional Pd-Based Nanomaterials as Effective
Hydrogen Storage Materials

Except for the physical methods, such as storage in tanks as compressed hydrogen
and physical adsorption on large surface area adsorbents [112—114], chemical
materials including metal-borohydrides [115], Mg-based alloys [116], carbon
materials [117], and ammonia-boranes [118] etc. have also been widely used as
potential hydrogen storage media. However, due to the strong binding between
hydrogen and most of the materials, poor dehydrogenation kinetics and high
temperatures needed for hydrogen release limit greatly the practical application of
these materials. Recently, palladium-based alloys have been found to exhibit
higher solubility and permeability of hydrogen than in pure Pd [119-121]. Espe-
cially, the nanostructured materials exhibit improved capacity of hydrogen storage
compared to the bulk counterparts due to the large surface area and short hydrogen
diffusion paths. Similar to the catalytic activity, the hydrogen storage capacity of
the Pd-based nanomaterials is strongly related to their structure factors, such as
size, composition, and morphology. For example, the previous study showed that
for PdAg alloys, the highest permeability for hydrogen was obtained from the
alloy with ~23 wt% of Ag when measured at a pressure of 1 atm and temperature
above 473 K [122, 123]. Further simulation study suggested that faster hydrogen
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Fig. 24 a, b SEM images and ¢ TEM image of silver nanowires with surface coated with Pd/Ag
alloy sheaths. d PC isotherms for hydrogen desorption from the hydrides of the as-synthesized
Ag@PdAg nanocables at 20, 70, and 120 °C. Here H/M is the hydrogen-to-metal ratio. Reprinted
from Ref. [119] with permission by the American Chemical Society

diffusion can be realized from the PdAg alloys with Ag concentration higher than
63 % [124].

Sun et al. [119] synthesized silver nanowires with surface coated by thin
sheaths of Pd/Ag alloys through the galvanic replacement reaction. From the SEM
and TEM images shown in Fig. 24a—c, each Ag nanowire of ~60 nm in diameter
is coated with Pd/Ag sheaths and is straight and uniform in diameter along the
entire long axis. It was found that different from the Pd nanotubes formed from
short Ag nanowires, only some segments of the long Ag wire have been converted
to hollow structure after galvanic replacement reaction. The total percentage of Ag
in the final product was determined to be as high as 92.2 wt%. Figure 24d shows
the pressure-composition (PC) isotherms of the as-synthesized Ag/Pd nanostruc-
ture (Ag@PdAg) at different temperatures (20, 70, and 120 °C). It can be seen that
the distinct plateaus were formed similar to those of polycrystalline Pd powders,
indicating the existence of a broad metal-H miscibility gap for the Ag@PdAg
wires. Moreover, the absorption and desorption of hydrogen were reversible and
the reactions at room temperature were very fast for the Ag@PdAg system. By
comparison, the hydrogen solubility of Ag@PdAg wires is larger than that of Pd
powers, which can be ascribed to the unique structure of PdAg alloy sheath formed
on the Ag nanowires.

Recently, Chen and coworkers [94] reported that the Pd-Cd nanomaterials with
10-15 % Cd exhibit the highest hydrogen storage ability, over 15 times greater
than the pure Pd nanoporous materials. In their study, the hydrogen storage ability
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of Pd—Cd nanomaterials with different compositions was evaluated by using
electrochemical cyclic voltammetry technique. Under the acid condition, it is easy
to clearly separate the region of hydrogen sorption/desorption from the potential of
the palladium oxide formation. However, it is not so easy to decouple adsorption
from absorption of hydrogen. Thus, they used the total charge, Oy, obtained by
integrating the area under the anodic peaks in the CVs to determine the hydrogen
storage ability. As shown in Fig. 25, the charges for hydrogen desorption on the
Pd—Cd nanostructures displays a volcano shape with 10-15 % Cd possessing the
highest capacity. The authors found that with the amount of Cd increasing from 0
to 15 %, the crystallite size decreased from 25.81 to 9.16 nm and the surface area
was increased from 11.58 to 46.64 m> gfl. However, when the amount of Cd was
further increased to 20 %, larger PdCd nanopartilces were formed and decreased
surface area was obtained, thus resulting in the lower hydrogen storage capacity.
Therefore, the hydrogen storage ability of the PACd nanostructures depends on the
surface structure and crystallite size. The enhanced hydrogen storage capacity
upon the addition of Cd can be ascribed to the formation of small dendritic
structures, dilation of the lattice constant, and decrease of the crystalline size.
By using electrochemical cyclic voltammetry, our group studied the hydrogen
storage properties of the PdAg nanotubes obtained by galvanic displacement
between Ag nanorods and Pd(NOj), at different reaction times [125]. From the
SEM images (Fig. 26a—d) of the PdAg-(10), PdAg-(90), PdAg-(150) and PdAg-
(180) nanotubes, which were collected at reaction times of 10, 90, 150, and
180 min, respectively, the hollow structure could be seen gradually with the
reaction time increasing. Based on the inductive coupling high frequency plasma-
mass spectrophotometry (ICP-MS) measurements, the ratios of Pd to Ag with 5:95,
10:90, 15:85, and 18:82 were determined for the samples. That is, the Pd content in
the PdAg nanotubes increases with the increase ingalvanic reaction time. In the
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Fig. 26 Scanning electron microscopy (SEM) images of the PdAg nanotubes synthesized with
different galvanic reaction times: 10 min (a); 90 min (b); 150 min (¢) and 180 min (d). e Cyclic
voltammograms of the PdAg nanotubes obtained at different galvanic reaction times and Pd
nanoparticles in 0.1 M HCIO, electrolyte solution. Potential scan rate 0.1 V s~ For clarity, the
CV from Pd nanoparticles is shown in the inset. The dashed frame shows the hydrogen
adsorption-desorption region obtained on the PdAg nanotubes. f The total charge (Qy) of
hydrogen adsorption and absorption on the PdAg nanotubes dependent on galvanic reaction time.
Reprinted from Ref. [125] with permission by the Royal Society of Chemistry

CVs (Fig. 26e) of the synthesized PdAg nanotubes in a N, saturated 0.1 M HCIO,4
aqueous solution, there is obvious hydrogen adsorption/desorption in the potential
range of —0.25 to +0.1 V. From the dependence of Qy on reaction time shown in
Fig. 26f, it can be seen clearly that the hydrogen storage ability depends strongly
on the composition of the PdAg nanostructured materials. The PdAg nanotubes
with 15 % Pd possess the highest capacity for hydrogen absorption, which is over
200 times higher than that of pure Pd nanoparticles. Such significantly enhanced
ability for hydrogen storage can be ascribed to the special tubular structures and
alloying of Pd and Ag around the walls of the nanostructures. This work suggests
that 1D Pd-based alloy nanotubes with low Pd content might represent a unique
class of low-cost materials for efficient hydrogen storage.
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5 Conclusions and Future Outlook

In this chapter, we discussed the technological challenges of the modern elect-
rocatalysts and summarized recent research progress of 1D Pd-based nanomate-
rials as efficient electrocatalysts on both anode and cathode sides of fuel cells and
the applications in hydrogen storage. Specifically, we presented the effect of
structural parameters of Pd-based 1D nanomaterials on their electrocatalytic
activities for cathode ORR, and anode small molecules (methanol, ethanol, and
formic acid) oxidation, and on their hydrogen storage capacity. From the studies
shown in this chapter, it can be concluded that 1D Pd-based nanomaterials exhibit
enhanced electrocatalytic activity and improved electrochemical stability for
oxygen reduction and small molecule oxidation. Except for the large electro-
chemically active surface area of 1D nanomaterials, the unique anisotropic
structure of nanowire, nanorod, and nanotube can also facilitate the mass and
electron-transfer during the catalytic reactions. Meanwhile, it has been found that
1D Pd-based nanomaterials possess excellent hydrogen storage ability compared
to the corresponding 0D structures. Therefore, 1D Pd-based nanomaterials repre-
sent not only a class of non-Pt electrocatalysts with low cost and excellent catalytic
performance, but also a class of novel hydrogen storage materials for fuel cells.

Yet, despite substantial progress in the electrocatalysts based on 1D Pd-based
nanomaterials, some challenges remain in future work in this field. The emphases
of future investigations should mainly include: (1) further developing different
synthetic techniques to produce high quality 1D Pd-based nanomaterials with
controlled size, shape, and composition; (2) further improving the catalytic per-
formance and reducing Pd loading of 1D nanomaterials to achieve cost-effective
fuel cell electrocatalysts; (3) further investigating theoretically the correlation
between structures of 1D Pd-based materials and their catalytic and hydrogen
storage properties to provide fundamental direction for nanomaterial design; (4)
further enhancing the study of 1D Pd-based nanocatalysts in real fuel cells to test
their catalytic performance in practical applications.
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