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Highlights

Reviewing recent five years’” work on one-dimensional (1D) nanostructured
electrocatalysts

Focusing on the application in oxygen reduction and hydrocarbon oxidation reactions for
PEMFCs

Covering 1D Pt-based, non-Pt precious metal and non-precious metal catalysts (NPMCs)
Summarizing the performance via ex-situ electrochemical measurement as well as in-situ
fuel cell testing

Providing critical perspectives for bridging the gap between pure material research and

fuel cell development



Abstract

Recent research on one-dimensional (1D) nanostructured materials brings in tremendous
progress on their application as catalysts in polymer electrolyte membrane fuel cells
(PEMFCs). The desired 1D nanomaterials with tailored morphology, structure and
composition can potentially address many drawbacks faced by conventional Pt/C catalysts.
However, their application in practical fuel cell electrodes still faces big challenge due to
their unusual morphology and bulky volume. This review focuses on the recent progress from
2010 in 1D electrocatalysts for oxygen reduction reaction (ORR) and hydrocarbon (methanol,
ethanol and formic acid) oxidation reaction in PEMFCs, covering Pt-based and non-Pt
precious metal nanostructures, as well as non-precious metal catalysts (NPMCs). The
correlations between the morphology, composition and catalytic properties of these catalysts
are discussed. Critical perspectives are devoted to the increasing gap between the pure
materials research and the fuel cell development in this emerging research area (222

references).

Keywords: Nanowire; nanotube; electrode; direct methanol fuel cell (DMFC); direct formic

acid fuel cell (DFAFC)



1. Introduction
The growing pressures from energy demand and environmental pollution have motivated
search for alternative clean and sustainable power generation technologies. The fuel cell,
which can directly convert chemical energy (e.g. H) into electrical power at high energy
efficiency with low carbon and NOy emission, is one of the promising candidates for the
replacement of conventional combustion-based power generators [1]. Of the multitude of fuel
cell technologies available, polymer electrolyte membrane fuel cells (PEMFCs) have been
receiving extensive attention, due to their low operational temperature, easy start-up and
shutdown and flexible power ranges in applications [2]. Despite the initial demonstrated
application of PEMFCs, the large-scale commercialization has been remarkably hindered by
several technological challenges, in particular the low catalytic activity, high cost, poor
durability and reliability of fuel cell electrodes. In PEMFCs, the power generated is from two
electrochemical reactions, namely fuel (e.g. hydrogen or hydrocarbons) oxidation reaction at
anode and oxygen reduction reaction (ORR) at cathode [3]. Electrocatalysts are required to
promote the on-going of the electrochemical reactions and Pt is still considered as one of the
best electrocatalysts for PEMFCs up to today [4]. Besides the high cost of catalysts, the slow
electrode kinetics and irreversible CO poisoning greatly influence catalyst activities in
electrodes, and the harsh operational conditions also cause durability issues for a long-term
operation [5]. All of these challenges drive researchers to develop highly economical, active
and robust electrocatalysts to make PEMFCs commercially successful.

The commonly used strategies to reduce the loading amount of Pt in PEMFCs while
guaranteeing the performance level include dispersing Pt nanoparticles (NPs) on high surface
area carbon support, optimizing catalyst size, shape, structure and morphology, as well as

incorporating other transition metals to form Pt alloy or hybrid nanostructures. Shao et al. [6]



showed that the ORR specific activity of Pt improved rapidly with the increased particle size
from 1.3 nm, and the mass activity reached the maximum value at 2.2 nm. Pt NPs with
various shapes [7] (e.g. cubic, tetrahedral, truncated octahedral and high-index tetra-
hexahedrons) and different structures (e.g. solid, hollow and porous) have been synthesized
and demonstrated. Multi-component NPs such as core-shell [8, 9] and alloy NPs [10, 11]
have also been prepared and enhanced catalytic activities observed. Although excellent
catalytic activities are achieved with these NPs, the small size of these spherical nanoparticles
usually induces severe degradation during PEMFCs operation. The high surface energy of
zero-dimensional (0D) structural feature renders small particles more susceptible to
dissolution, which is more pronounced in the crucial cathodic environment in practical
PEMFCs. The dissolved particles will redeposit on larger ones, making larger particles even
large and smaller ones even small, which is defined as the Ostwald ripening process. In order
to reduce the surface energy, another reshaping process named agglomeration also occurs
when these smaller NPs come in contact each other. Moreover, the corrosion of carbon
support materials also contributes to the catalyst degradation, leading to detachment of
catalyst NPs from the support and sintering on the membrane, resulting in poor fuel cell
performance [12, 13]. To address these issues, novel nanostructures with excellent stability

are urgently required for practical applications.

2. Advantages of 1D nanostructures for PEMFC applications

One-dimensional (1D) nanostructures, such as nanorod (NR), nanowire (NW), nanotube (NT)
and nanochain (NC) represent a promising morphology paradigm that may overcome some
inherent drawbacks of 0D NPs. 1D motifs, in particular single-crystal nanostructures, allow
for the preferential exposure of low energy crystal facets and lattice planes with fewer lattice

boundaries [14, 15]. The displayed facets would help reduce the surface energy of the whole



system and be highly active for the catalysis. The smooth single-crystalline planes can also
minimise the number of undesirable low-coordination defect sites which are less catalytically
active and wvulnerable to oxidation and decomposition. Besides, 1D nanostructures can
facilitate the electron transport by the path directing effects in catalyst electrodes and thus
enhancing the reaction Kkinetics on the catalyst surface [16]. Furthermore, it has also been
predicted that when the diameter of 1D nanostructures decreases below a critical value of 2
nm, their electrocatalytic activity will be improved due to a surface contraction effect [17].

In terms of the catalytic stability, due to their asymmetric structure, 1D nanostructures
are able to alleviate the dissolution, aggregation and Oswald ripening that the NPs usually
suffer from [18]. Benefitting from the relative large scale length and the retained electrical
conductivity as compared with NPs, 1D nanostructures are less inclined to require a carbon
support for dispersing NPs and conducting electrons, thus can potentially address the support
corrosion problem faced by commonly employed Pt/C catalysts [19].

All of these noteworthy advantages of 1D nanostructures provide the potential to reduce
the precious metal loading without compromising the electrocatalytic activity but with a
better durability. In light of these, 1D nanostructures, as a new direction for superior

electrocatalysts in PEMFC applications, have attracted considerable efforts.

3. Preparation of 1D Catalysts for PEMFC applications
Recent developments in material synthesis methods have enabled the fabrication of many
novel 1D nanostructures with precisely controlled shape, composition and structure, bringing
in a step forward to the fuel cell research and development.

The earliest approach explored for the synthesis of Pt-based nanowires as fuel cell
catalysts is template preparation method, which starts from the use of mesoporous silica

SBA-15 to produce a nanowire network [20]. The diameter and length of the prepared



catalysts can be adjusted by controlling the pore diameter and length of templates. This
straightforward route has been actively explored and a range of templates such as
mesoporous silica [21], anodic aluminum oxide (AAO) [22], ZnO [23], etc. have been
applied. Considering the complicated process of template removal, contrary to these hard
templates, some soft templates including polymers [24] and viruses [25] have also been used
to generate 1D morphology.

Apart from the template method, an electrospinning technique has also been
employed to prepare 1D catalysts. With the ability to control the porosity, the fibre diameter
and length, the produced 1D nanomaterials exhibit good catalytic performance [26]. However,
in order to well disperse the inorganic precursors, surfactants are usually added and needed to
be removed in the post-treatment process. The remaining surfactants may cover the catalyst
surface, resulting in a low catalytic performance [27].

Although the template and electrospinning techniques could benefit for the production
of 1D morphologies, both of them require to remove either templates or surfactants to obtain
pure products. Moreover, only polycrystalline nanostructures could be obtained during the
synthesis process, which limits the further performance improvement [28]. Compared with
polycrystalline 1D nanostructures, single-crystalline counterparts possess longer segments of
smooth crystal planes, fewer lattice boundaries and a lower number of surface defect sites,
which are confirmed to be beneficial for the electrocatalytic reactions [29]. The wet-chemical
routes containing both organic solvent and aqueous solution approaches have been then
demonstrated to successfully synthesise single-crystalline 1D nanostructures for fuel cell
catalysts.

In 2004, Xia et al. [30] for the first time demonstrated that the reaction rate is a good
control tool for producing 1D Pt nanostructures. They prepared single-crystal Pt nanowires

through a polyol process at 110 °C combined with poly(vinyl pyrrolidone) (PVP) as



surfactant and a trace amount of iron species to further slow the reaction rate. After that Bi**
was also introduced to decrease the reaction growth rate to form Pt-Bi nanowires [31].
However, similar to the electrospinning method, the polyol process also has the problem of
removing surfactants. To address this problem, the oleylamine method, without using
surfactants or ligands, was adopted to synthesize Pt-Fe nanowires [32]. Nevertheless, the high
reaction temperature and the requirement of protective gas flow also limit the use of this
method. Hence, there is a continuous need for the development of facile synthesis techniques
which are environmental friendly, surfactant-free, cost-effective, etc. to obtain high-quality
single crystalline 1D catalysts. In 2007, Sun et al. [33] successfully developed an efficient
aqueous approach for the large-scale synthesis of single crystal Pt NWs by using formic acid
as the reducing agent. This method is much simpler than the above-mentioned approaches
because it doesn’t need any templates, surfactants, organic solvents, capping agents or
induced growth catalysts and can be directly performed at room temperature with mild formic
acid as reductant, which makes it a promising method for the synthesis of 1D Pt
nanostructures for fuel cell catalysts. Based on this method, they prepared self-assembled
three-dimensional (3D) Pt nanoflowers (NFs) [34], multiarmed starlike Pt NWs [35], and 3D
hybrid nanostructures with Pt NWs on Sn@CNT nanocable [36]. The single crystal effect
with 1D morphology of these 1D Pt nanostructures brought in excellent catalytic activity and
durability towards ORR.

Very recently, based on the improved understanding of the crystal nucleation and
growth mechanisms, a few other methods have been developed to generate 1D structural
motifs in aqueous solvents, including electrochemical deposition [37], galvanic replacement
[38], thermal decomposition [39], seed mediated growth [40], organic-sol [41, 42],

hydrothermal synthesis [43], and a combination thereof.



However, there’re still big challenges faced by 1D nanostructures for their real
applications in fuel cells. These include the unusual morphology and the bulky volume of 1D
nanostructures as compared to conventional Pt/C nanoparticles. The unusual morphology
brings big difficulties for 1D nanostructures in fabricating fuel cell electrodes by approaches
used for conventional Pt/C electrodes, and the bulky volume results in smaller specific
surface areas thus a lower mass activity. These challenges were previously summarized by
Du in his review paper [28]. In this review, considering the progresses in addressing these
challenges, we focus on the very latest efforts on 1D electrocatalysts in recent five years,
concentrating on the rational synthesis of precious metal based elements, alloys, and hybrid
structures, as well as non-precious metal catalysts (NPMCs) for two crucial electrochemical
reactions in PEMFCs. The correlation between the electrocatalyst structure and
electrocatalytic performance is further discussed. Considering the requirements for practical
PEMFC electrodes rather than just pure catalyst research, the challenges facing the
development of 1D nanostructures and the prospect to replace the current commercial Pt NP
catalysts for PEMFC applications are explored. An overview of all references cited including
the 1D nanostructures, the preparation approaches and the achieved results is listed in Table 1

at the end of this review.

4. 1D nanostructured catalysts for oxygen reduction reaction (ORR)

Since the kinetics of ORR is ca. 6 orders of magnitudes slower at cathode than the hydrogen
oxidation reaction (HOR) at anode, the performance of a hydrogen-air fed PEMFC mainly
limits by this sluggish reaction. Many studies have been conducted to find catalytic
mechanisms of the multi-electron ORR, which could be helpful for the design of better
catalysts to drive this rate-limiting reaction. However, the understanding of the ORR

mechanism is not easy owing to the challenges of intermediates in-situ identification, kinetic
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data unambiguous interpretation as well as electronic structure explicit calculation [44].
Although the detailed process of this complex multistep reaction is still under debate today,
the commonly accepted ORR mechanism in acid solution involves O, adsorption, proton and
electron transfer step, followed by the O-O bond breaking [45]. It is believed that the binding
energies of reactive intermediates such as oxygenated (O*), hydroxyl (OH*) and
superhydroxyl (OOH¥*) species determine the overall ORR process [46, 47]. For catalysts that
bind these species too weakly, the rate is limited by proton and electron transfer to dissociate
O, while for catalysts that bind these intermediates very strongly, the rate is limited by
reaction products to desorb from the surface [48]. Therefore, the optimal catalytic activity can
be achieved with “moderate” binding energies of these reactive intermediates on catalyst
surface. In consideration of this, the oxygen adsorption energy (AEo) is considered as a good
descriptor for the catalytic activity. A volcano plot (Fig. 1a) has been developed by Ngrskov
et al. [49] to describe the relationship between ORR activity and AEo. The metals located on
the left side of the volcano peak bind oxygen too strongly while the right side of the metals
have a weak oxygen binding ability. Among the pure metals, Pt is the most active one and it
locates closest to the volcano peak. Besides of pure metals, Pt-based transition metal alloys
can possibly provide further enhanced activities, and the trend was explained by Greely et al.
[45] with another volcano plot (Fig. 1b). It demonstrates that a surface that binds oxygen 0.0—
0.4 eV more weakly than Pt (111) will be better, with 0.2 eV weaker than that of Pt as the
optimum situation. Therefore, many efforts have been made to develop catalysts with AEg
around 0.2 eV positive than that of Pt to improve the ORR kinetics [48].
(Fig. 1 here)

Another descriptor to indicate the adsorption energy of adsorbates on metal surfaces is

the d-band centre (g4) model which illustrates the position of g4 relative to the Fermi Level (&)

[50]. Unlike the difficult measurement of AEo, g4 is experimentally accessible and regarded
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as the simplest descriptor with good accuracy. The shift of g4 results from the variation of
electronic structure which is further controlled by the filling state of electrons. Taking oxygen
atom adsorption on the Pt surface as an example, the coupling of O 2p state with Pt d
electrons causes oxygen resonance to split into two states: a fully filled bonding state below
er and a partially filled antibonding state across er. A downward shift of g4 to e will lead to
more filling of antibonding states and thus to a weaker bond, which is favorable to ORR [51].
Hence, the d-band centre is regarded as the ultimate indicator to predict the catalytic activity
for ORR. The understandings provide the basis for the design of novel 1D nanostructured

materials to catalyse ORR.

4.1 1D Pt-based catalysts for ORR

On account of the outstanding catalytic and electrical properties, coupled with the excellent
corrosion resistance, Pt-based catalysts are still the most efficient electrocatalysts for ORR,
especially in acidic medium as they can effectively impede the formation of adsorbed
oxygenated intermediates at potentials above 0.8 V and improve ORR Kkinetics via lower
energy pathways [52]. Therefore, to overcome the drawbacks of low intrinsic activity and
poor stability of conventional Pt NPs, some work has been conducted on the combination of
the respective advantages of Pt and 1D nanostructures to design novel 1D Pt-based catalysts.
Many exciting achievements have been reported in recent years, including pure Pt, Pt-based

alloy and Pt-based hybrid catalysts.

4.1.1 1D Pt nanostructured catalysts for ORR
To further understand the catalytic mechanism of 1D nanostructures, electrodes which are
made up of only one Pt nanowire were fabricated separately by two groups of Li [53] and

Percival [54] to explore the competition effect of neighbouring catalyst particles for reactants
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on the ORR Kkinetics. They got a similar conclusion that the radius of nanowire affected the
electrocatalytic activity, although it was also observed that the tip end position was more
active than the sidewall position. The observations can help understand the structure-function
relationship in single nanowire level and provide implications for the synthesis and selection
of novel catalysts with high efficiency. However, the two reported work only covered the Pt
NWs down to 4 nm. For a much thinner 1D nanostructures with a higher surface to volume
ratio, e.g. 2-3 nm, with which a much enhanced catalytic activity was usually achieved, a

further study is required.

Ultrathin Pt nanowires

Ultrathin 1D nanostructures have been explored to increase the surface-area-to-volume ratio
for a large electrochemical surface area (ECSA) and thus an enhanced catalytic activity.
Unlike either the extremely small nanoparticles or the large bulky volume of Pt NWs, these
ultrathin 1D nanostructures don’t suffer from the physical ripening and aggregation process
or have a mass transport limitation in practical application. Assisted by chromium
hexacarbonyl [Cr(CO)¢], Xiao et al. [55] synthesized Pt ultrathin NWs with a uniform
diameter of 2-3 nm by a pyrolysis approach in oleylamine. The length can reach up to several
microns. The mass activity of Pt NWs (88 mA mg %) is comparable to that of Pt/C (85
mA mg *, 45 wt% Pt on Vulcan XC-72 carbon support, Tanaka). Ruan et al. [56] developed
ultrathin multiple-twinned Pt NWs with a diameter of about 2 nm and a high density of twin
planes by biomimetic synthesis using a specific Pt-binding peptide (amino acid sequence Ac-
TLHVSSY-CONH2, named BP7A, identified through phage display). The material achieved
a mass activity of 144 mA mg ', a 58.2% increase compared with the Johnson Matthey (JM)
Pt/C catalyst (20 wt% Pt on Vulcan XC72R carbon support). After a 6000-cycle accelerated

degradation test (ADT), they only showed a loss of 14.2% of their initial ECSA, comparing
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with a severe degradation of 56.7 % of JM Pt/C catalyst. Koenigsmann et al. [17] synthesized
even thinner Pt NWs with a diameter of 1.3 nm through the reduction of H,PtCls by NaBH,4
in the mixture of N,N-dimethyl formamide (DMF) and toluene, followed by a treatment with
an acid wash protocol. The as-prepared Pt NWs displayed an outstanding high specific
activity of 1.45 mA cm? which was nearly 4 times greater than that of analogous,
unsupported platinum NTs and 7 times greater than that of Pt/C NPs (Fig. 2). It is confirmed
that the acid washing exfoliates the nanowires and re-dissolve amorphous platinum deposits
S0 as to expose the active surface areas of the wires themselves, and this is also confirmed
working for the conventional Pt NPs.

(Fig. 2 here)

Pt nanotubes

Another common 1D Pt nanostructure is Pt NTs, which normally show higher specific
surface areas than the same size Pt NWSs. Pt NTs are usually prepared by either the template
synthesis method (i.e. with anodic aluminum oxide template (AAO)) or the galvanic
replacement reaction (i.e. from Ag or Cu nanowires). Un-supported Pt NTs could be easily
synthesized by the decomposition of a platinum acetylacetonate vapour within anodic
alumina (AAO) templates [57]. In this case, the nanotubes obtained are usually large
nanoparticulate aggregates composed of small Pt crystallites. Although a higher specific
activity can be achieved, the mass activity is usually much lower than Pt/C. In terms of this,
the galvanic replacement approach can partially address this drawback. For example, porous
polycrystalline Pt NTs [13] with a wall thickness of 5 nm, an outer diameter of 60 nm, and a
length of 5-20 um were synthesised through galvanic displacement from Ag nanowires and
showed a slightly higher mass activity than Pt/C (Pt NT: 88 mA mg *; Pt/C: 84 mA mg %). A

post hydrothermal treatment can evolve the polycrystalline Pt NTs to single crystalline Pt
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NTs [58], which can further improve the catalytic activity and stability. Single crystal porous
Pt dendritic NTs were also reported with Ag dendrites as templates [59]. The unique structure
with characteristics of porous, hollow, hierarchical, and single crystallite not only renders a
large surface area with a high catalyst utilization, but also improves mass transport and gas
diffusion. These novel Pt structures exhibited a significantly improved catalytic activity (4.4
fold) for ORR and greatly enhanced durability (6.1 fold) over the state-of-the-art Pt/C catalyst
(E-TEK, 30 wt% Pt/VVulcan XC-72). Instead of using Ag nanowires, more cost-effective Cu

nanowire templates have also been employed to prepare Pt NTs [60].

Other 1D nanostructures

Other 1D nanostructures were also investigated for ORR. For example, vertically-aligned Pt
NRs were fabricated on glassy carbon electrodes through the glancing angle deposition
(GLAD) technique [61]. The length of nanorods varied between 50 and 400 nm, but only a
large diameter was achieved, which could be up to 100 nm, resulting in a lower mass activity.
Pt nanochains (Pt NCs) were synthesized by a one-pot hydrothermal decomposition method
through oriented attachment of spherical Pt nanoparticles [62]. The obtained NCs with a
diameter of 5-10 nm interconnected with each other and acted as building blocks to form a
network structure, exhibiting a similar mass activity to the commercial E-TEK Pt black. Fu’s
group [63] prepared polyallylamine (PAH) functionalized single crystal Pt nanolances (Pt
NLs) through a hydrothermal reduction route in a two-phase water-complex system. 1D Pt
NLs were formed due to the strong Pt-N bond interaction between Pt nucleation and PAH.
The diameter of the NLs was about 5-15 nm and the length was about 50-200 nm. Although
with a smaller ECSA, Pt NLs still showed a comparable ORR activity and a better durability

than that of Pt black (JM).
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Supported 1D Pt nanostructures

The reported synergistic effect between Pt catalysts and supports [64] indicates that the ORR
catalytic activity can be further improved by synthesizing supported 1D Pt nanostructures.
The electron donation from the support to Pt leads to a decrease in the Pt d-band vacancy and
thus outstanding ORR activities. Shimizu et al. [65] synthesized Pt NWs via spray drying and
hydrogen reduction, using SiO, NPs as spacers. After 27,000 redox cycles, benefiting from
the excellent chemical stability of SiO, the catalysts still retained 77% of their initial activity.
Through formic acid reduction method, Pt nanodendrites (Pt NDs) anchored on bamboo-
shaped carbon nanofiber arrays (CNFAs) [66] and Pt NWs grown on Tig7Rup30, were
fabricated [67]. For Pt NDs/CNFAs, the uniform dispersion of Pt NDs and improved catalyst-
support binding could contribute to the improved ORR activity. Regarding
PtNW/Ti,7Rug 30, catalysts, the multifunctional Tig7Ruo 302 not only plays an important role
as support but also as co-catalyst to catalyse ORR.

As a class of two-dimensional carbon material, graphene has many advantages such
as high electrical conductivity, huge surface area, unique electronic properties and high
thermal and chemical stability, owing to the graphitized basal plane structure. Graphene-
supported metal nanostructures have emerged as a new class of catalysts due to the metal-
support interactions and improved conductivity of the catalysts. Most of them were
synthesized via aqueous reduction process, using either NaBH,4 or formic acid as reductant to
synchronously reduce the Pt precursor and graphene oxide in one pot. Branched Pt
nanostructure on graphene were produced via NaBH, reduction process [68]. The electrons
involved in ORR is around 3.4-3.7, nearly matching the theoretical value of 4. Pt NWs
grown on sulfur doped graphene (SG) were prepared by using formic acid as reductant and
showed enhanced catalytic activity towards ORR [69]. Compared with pristine graphene

support, sulfur doped graphene (SG) seems to provide higher density of anchoring sites,
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which is favourable for Pt nucleation under lower reactant concentrations. The strong metal-
support interactions between Pt and SG result in uniform distributed Pt NWs on support
surface, as shown in Fig. 3. Another excellent approach is to modify the graphene surface for
a better contact with 1D Pt nanostructures. For example, Pt NDs supported on genomic-
double-stranded-DNA (gdsDNA) modified reduced-graphene-oxide (rGO) was reported
showing a much higher ORR activity [70]. The mass activity and specific activity obtained
during rotating disk electrode (RDE) measurement at 80 °C is 1.01 Amg *and 1.503 mA
cm 2, which is 5.5 and 1.7 times higher than that of Pt/rGO, respectively. Moreover, after
10,000 cycles for the ADT, the half wave potential in ORR polarization curves almost
showed no change. The authors attributed the excellent ORR performance to the introduction
of gdsDNA, which interacted with rGO sheets through n-7 interactions and resulted in good
conductivity of the catalysts.

(Fig. 3 here)

4.1.2 1D Pt-based alloy catalysts for ORR

To reduce the loading of expensive Pt while increasing the ORR activity, another very
effective strategy is to introduce non-Pt or even non-precious metals into the Pt catalysts to
form bi- or multi- metallic alloy catalysts. Compared with Pt, density functional theory (DFT)
demonstrated that alloying Pt with other metallic elements can lead to the change of Pt-Pt
interatomic distance, a downshift of the d-band centre, and the increase of d-band vacancy,
leading to a more favourable adsorption of oxygen intermediates [71], allowing the individual
element to work synergistically and improving the catalytic performance [72]. 1D Pt-based
alloy catalysts, combining both advantages of Pt multimetallic features and the 1D

morphology, can mutually and synergistically accelerate the ORR rate.
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1D Pt-based precious bimetallic nanostructures

Various precious metals such as Pd, Ag and Au have been introduced in Pt to form alloy
catalysts with different morphologies. Among these three precious metals, Pd is a promising
candidate as it has a similar valence shell electronic configuration and lattice constant to Pt
[73]. The lattice mismatch between Pt and Pd is only 0.77%, which endows PtPd alloy
similar properties to pure Pt. Additionally, compared to Pt, the cost of Pd is slightly lower
and the availability on earth is two hundred times higher [74]. Therefore, it is a good choice
to add Pd into Pt to design better ORR catalysts.

By using Te nanowires as templates, PdPt alloy NWs were prepared in wet chemical
solution [75]. The NWs had an average diameter of about 10 nm and length up to tens of
micrometres. The RDE testing showed more than double mass activities over the commercial
20% Pt/C. Starting from Pd nanowires, PtPd porous nanorods (PNR) were synthesized
through a bromide-induced galvanic replacement reaction [76]. PtPd PNRs had an average
diameter of 35 nm and a length up to 2 um. The porous structure led to more than 3 times
higher ECSA and 40% higher specific activity than Pt/C (40 wt%, from Alfa Aesar). This
structure also exhibited an excellent durability with only 5.88% loss of the initial ECSA after
the 1000 potential cycles of ADT in alkaline solution, as compared to 40.4% loss of the
commercial Pt/C catalyst. Wang’s group [77-80] prepared carbon supported PtM (M=Au, Pd,
Ag) NRs by a formic acid reduction method and studied their ORR activity and stability by
both of electrochemical measurement and DFT calculations. The results demonstrated the
ORR enhancement stemming from the high aspect ratio and alloying, which lessened the
effect of dissolution, aggregation and Ostwald ripening, and also led to a weaker Pt-O

binding.

1D Pt-transitional bimetallic nanostructures
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Previous computational and experimental studies pointed out that Pt alloyed with a transition
3d metal such as Fe, Co, Ni and Cu could show dramatic performance enhancement in ORR
catalysis [11, 45, 81]. The transition metals could decrease the absorbed OH species on the
active Pt sites and at the same time Pt can provide Kinetic stability against the dissolution of
the non-precious component, resulting in an improved ORR activity and stability.
Nanoporous PtFe alloy NWs [82] with a diameter of 10-20 nm were synthesised by
electrospinning and chemical dealloying techniques. The porous long nanowires interweaved
to form a self-supporting network, showing 2.3 times specific activity (0.38 mA cm?) to Pt/C
catalysts (0.19 mA cm 2y, 40% Pt/C, E-TEK). After 13,500 potential cycles, only 4% mass
activity was lost versus the 38% loss of that of Pt/C. Ultrathin PtFe alloy NWs with diameters
of 2-3 nm were prepared through an organic solution reduction method using oleylamine
[83]. The obtained catalysts demonstrated two times better mass activity and durability than
Pt/C. Sun’s group [84] synthesized thin PtFe and PtCo NWs with an average diameter of 2.5
nm via a similar organic-phase decomposition and reduction process. The as-prepared NWs
deposited on carbon support (Ketjen EC-300J) and then washed with acetic acid to remove
the surfactant and part of Fe or Co. The experimental results showed that the composition-
dependent ORR activity could not be well represented by the PtFe and PtCo NWSs owing to
the loss of Fe and Co during the acetic acid treatment. The surface specific and mass
activities of PtFe NWs reached 1.53 mA cm ? and 844 mA mgp ', respectively. If an
annealing treatment was introduced, a Pt skin could be formed on the surface of nanowires,
enhancing the ORR activity and stability. The annealed 6.3 nm PtFe NWs showed an even

higher specific activity of 3.9 mA cm

. Combining post-synthesis annealing and
electrochemical dealloying, PtCu alloy on Cu nanowire surface (PtCu/CuNW) was achieved
[85]. The compressive strain and low Pt content both contributed to high specific and mass

activities, which are 2.65 mA cmp” and 1.24 A mgp ", respectively. Recently, vertically
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aligned PtNi alloy nanorod arrays were synthesized through a magnetron sputtering GLAD
technique and exhibited a superior mass activity which is 2.3-2.5 folds higher than that of
pure Pt nanorods [86]. But the nanorods were also observed to lose activity during potential
cycling concomitant with the loss of Ni in spite that a much improved stability was obtained
as compared to Pt nanorods and Pt/C.

Since Xia’s group [87] reported the preparation of precious metal (Pt, Pd, Au)
nanotubes through a galvanic displacement reaction by using Cu nanowires as sacrificial
templates, the synthesis of tubular electrocatalysts has received increasing interest, especially
the bimetallic PtCu alloy NTs [88, 89]. In the reaction, Cu nanowires were partially replaced
by Pt, followed by an acid treatment to remove some Cu, then NTs consist of PtCu alloy
would be formed. Cu NWs here not only functioned as templates but also provided alloying
of the remaining Cu atoms with Pt. Cui et al. [90] also prepared PtCu tubular catalysts with
an AAO template. Thermal annealing was then introduced to increase the surface Pt atomic
fraction and lattice ordering, and a potential cycling treatment in acidic electrolyte was used
to partially dissolve Cu atoms to obtain a high ECSA. This adsorbate-induced morphology
restructuring process finally rebuilt a highly rough surface, displaying an enhanced specific
and mass activity of 0.8 mA cm?and 232 mA mg ™, respectively. The TEM images and
surface evolution schematic are shown in Fig. 4.

(Fig. 4 here)

1D Pt-based multimetallic alloy nanostructures

Going a step further from bimetallic alloy nanomaterials, multimetallic alloys have been the
subject of intensive studies. The multicomponent nature with multimetallic alloys means
different elements could work synergistically at a possibly higher efficiency than bimetallic

alloys. Ternary PtNiFe NWs [91], PtFeM (M=Cu, Ni) [92] and PtNiCu [93] NRs have been
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synthesized in organic phase for the ORR application. The results showed that they generally
possessed higher mass and specific activities than the binary alloys. Using Cu nanowires as
sacrificial templates, Yu’s group [94] synthesized PtPdCu nanoparticle nanotubes by galvanic
displacement with partially sacrificial Cu nanowire templates, and followed by the
electrochemical leaching of the non-noble metal Cu in the acidic electrolyte. Quaternary
PtCuCoNi alloy NTs with an ultralow content of Pt have also been synthesized by an AAO
template-assisted electrodeposition approach [95]. The multicomponent nature coupled with
hollow configuration of NTs enabled an improved ORR activity, showing a mass activity
17.5 and 5.0 times higher than that of Pt black (BASF) and Pt/C catalysts (30 wt% Pt, BASF),

respectively.

4.1.3 1D Pt-based hybrid catalysts for ORR

Besides alloys, another efficient way to reduce the content of Pt is to develop Pt-based hybrid
catalysts. Unlike alloy nanomaterials which usually have a homogeneous element distribution,
hybrid nanomaterials with core-shell structure or heterostructure architectures have a
heterogeneous atomic arrangement [96]. In this case, the precious metal shell can partially
address the leaching problem of transition metals as that in alloyed nanostructures under the
crucial fuel cell operating conditions, thus slowing the degradation rate of catalysts [97].
Besides, they often offer a variety of parameters such as the composition of the core, the
thickness of the shell, the structural morphology etc., which collectively control the catalytic
properties [9]. Similar to alloyed catalysts, Pt-based 1D hybrid catalysts not only minimize
the Pt usage but also offer desired interactions to tune both electronic and surface strain
effects, facilitating electron conduction and the stabilization during the catalysis process as

well [72].
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1D Pt-based core-shell structure

The unique structure of core-shell architectures captures growing interest in the research
community. Pt-based core-shell catalysts are characterised by a thin Pt shell on proper metal
cores. In general, the formation involves the generation of an interior core and a further
growth of an exterior Pt shell on all faces of the core. The commonly used methods for the
controlled synthesis of core-shell structure include the underpotential deposition (UPD)
replacement, the structural rearrangement (dealloying or segregation) and the seed-mediated
process [98]. By partially galvanic displacing Cu NWs, Pt with a layer thickness of 2 nm
coated on Cu NWs were obtained, and the specific ORR area activity could reach 1.50 mA
cmpe 2 [60]. An alternative catalyst system to transitional metal cores is to include non-Pt
precious metal cores, such as Pd or Au in 1D structures for a long-term stability in acidic
media. Koenigsmann et al. [99] synthesized carbon supported ultrathin Pd-Pt core-shell NWs
by using 2 nm Pd NWs as core and achieved Pt monolayer shell through Cu UPD
displacement. In this work, it was also found that a post UV-generated ozone treatment
endowed NWs with the retention of morphology and dispersion on carbon support, enhancing
the specific activity and durability by 1.5 and 1.4 folds, respectively. The obtained catalysts
displayed outstanding mass and specific activity of 1.83 A mg™ and 0.77 mA cm?,
respectively. After 20,000 cycles, the NWs still maintained 71% of their initial ECSA.
Considering the enhancement effect that has also been achieved for other nanostructures with
UV treatment [100], this post modification approach can possibly find a high potential in
PEMFC catalyst development after a further understanding of the detailed mechanism.
Through a similar Cu UPD approach, Pd-Pt core-shell NWs supported on multiwalled carbon
nanotubes (MWCNTS) were synthesized [101]. With direct partial galvanic displacement of
Pd NTs, Alia et al. synthesized Pd-Pt core-shell NTs [102] with a wall thickness of 6 nm.

Without exploiting electrochemical procedures or contaminating mediators such as Cu, Pd-Pt
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core-shell NWs were also prepared in aqueous solution by a hydrogen sacrificial protective
method [103].

Core-shell structures with extended bi- or multi- metallic core or shell have also been
reported. Through UPD followed by galvanic replacement with Pt, ultrathin nanowires (~2
nm) with PtAu binary shell and Pd core were synthesized and the structure-property
correlations were investigated [104]. Combining the experimental results and DFT
calculations, it is revealed that Au atoms underwent surface segregation and a restructuring
happened during the galvanic replacement process. By kinetically controlling the nucleation
and growth process, Pt-Au core-shell NRs with PtAu shell were prepared through a formic
acid reduction process [105]. Treating FePtM (M=Cu, Ni) NRs with acetic acid and by
electrochemical etching, Sun’s group [92] converted the ternary alloy NRs into core-shell
FePtM/Pt NRs. Recently, this group reported the further synthesis of FePtM/FePt (M=Pd, Au)
NWs through a seed-mediated method [106]. The FePt shell with an optimal thickness of 0.8
nm exhibited a mass and specific activity of 1.68 A mg™ and 3.47 mA cm?, respectively.
Based on the outstanding ORR activity of Pt3Ni, self-supported core-shell Au/PtsNi NWs
consisting of small-sized Pt;Ni nanodendrites on Au nanowires were synthesized in organic
phase by using oleylamine [107]. Compared with Au/Pt core-shell structure, Au/Pt3Ni

displayed more than twice ORR activity and durability.

1D Pt-based heterostructure

In addition to the core-shell structures, heterostructures offers an alternative hybrid catalyst
model for the ORR and fuel cell applications. It can partially benefit from the synergistic
effect of different metal compositions for accelerated ORR kinetics and at the same time be
fabricated through an easier method compared with the core-shell approach. Xia’s group [108]

synthesized Pd-Pt bimetallic NDs through a seed-mediated approach and investigated
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nucleation and growth mechanisms involved in the synthesis. Fig. 5 shows the growing
process of Pt on Pd nanoseed surface. According to their study, Pd seed played a crucial role
in the formation of open, dendritic structure. Otherwise, only foam-like Pt aggregates formed
under identical conditions. This dendritic nanostructure could also be supported on MWCNTSs
to provide even higher activities [109]. By introducing metal Bi in the synthesis process, Pt-
on-Pdg gsBig.15s NWs with a diameter of 8.3 nm and length of 387 nm were synthesized in an
oil phase [110]. Benefiting from the synergistic effect of trimetallic composition and the
favouring electron transmission by 1D nanowire structure, the as-prepared catalysts showed
superior electrochemical performance with a mass and specific activity of 1.16 A mg™* and
1.48 mA cm?, respectively.

(Fig. 5 here)

4.2 1D non-Pt based catalysts for ORR

Although Pt-based nanostructures are still the most frequently used catalysts for ORR, the
high cost and limited supply can hardly meet the demands for widespread applications of
PEMFCs. From a long-term point of view, exploring and synthesizing non-Pt based catalysts
seems to be an emphasis for future research. Due to the unique properties of the 1D
morphology, great efforts have also been made to find 1D Pt alternative catalysts for ORR.
Recent developments in this field reveal that the relatively cheap and abundant precious
metals (Pd, Au and Ag) and their multimetallic alloys, transition metal chalcogenides, metal
oxide based nanocrystals and N-doped carbon nanotubes can be potential substitutes for Pt-

based electrocatalysts towards ORR, especially in alkaline media.

4.2.1 1D non-Pt precious metal group catalysts
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1D non-Pt precious metal group catalysts, including Pd, Au, Ag and their alloys have all been
reported in recent years, but mainly for ORR in alkaline media. 45 nm Pd NWs [111] were
synthesized based on polycarbonate template method under ambient surfactantless condition
and compared with 2.2 nm ultrathin Pd NWs obtained by a wet-chemical technique with
surfactant [112] to investigate the size-dependent ORR behaviour. The results revealed a
distinctive size-dependent electrocatalytic enhancement of nearly 2-fold with the decrease in
wire diameter. By galvanic displacement of Ag NWSs, Pd NTs with a wall thickness of 6 nm
were synthesized [113], which could produce 3.7 times greater ORR activity than Pt/C. CuPd
bimetallic NWs with an average width of 18.2 nm were prepared by colloidal method [114].
Investigation of the growth process revealed that the nanowires were formed by attachment
of spherical particles and strongly influenced by interactions between surface ligands (PVP)
and metals. The obtained catalysts showed comparable ORR activity to Pt in acid media.
PdFe nanoleaves with Pd-rich nanowire “veins” and Fe-rich “blades” were synthesized
through a wet-chemical route [115]. The ultrathin Pd NWs with a very small diameter of 1.8—
2.3 nm enhanced the surface oxidation resistance. The unique high surface area and
nanoleave structure together contribute to the ORR performance with a specific activity of
0.312 mA cm? and a mass activity of 159 mA mg ' in NaOH electrolyte. Core-shell Pd-
coated B-MnO; nanorods [116] were also synthesized via electroless deposition method.

Au is another precious metal which has been extensively studied as electrocatalysts
for ORR. Au NDs supported on reduced graphene oxide [117] prepared in aqueous solution
have been demonstrated competitive activity and better stability toward ORR in alkaline
medium as compared to Pt/C catalysts. Wong’s group [118, 119] compared PdAu NWs
synthesized by wet-chemical and template-based methods to investigate the size and
composition dependent enhancement of ORR performance. The experimental results

demonstrated a similar specific activity of 2 nm PdAu NWs prepared via the wet-chemical
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method and that of the 50 nm ones obtained by the template-based method. Similar to the
preparation of Pd NTs by galvanic displacement of Ag NWs, Au NTs with a wall thickness
of 6 nm were synthesized [113], exhibiting even 2 times greater ORR activity than Pt/C. By
using a two-step galvanic replacement reaction technique, porous Pd shell coated Au
nanochain networks [120] were fabricated and achieved better activity and higher stability in
alkaline solution, which is presumably due to the porous Pd shell and nanochain Au core.
Recently another core-shell structure Au@Pd nanothorns were prepared for the first time
through a co-chemical reduction method [121]. The diameter of the as-prepared nanothorn
head is around 30-50 nm and the length is about 100-400 nm. Owing to the unique porous
structure and the synergistic effect between the Pd shell and Au core, the obtained catalysts
exhibited a higher ORR activity and stability in alkaline solution comparing to the
commercial Pd and Pt black.

As one of the important precious metals, Ag is much cheaper than Au and Pd. Due to
the simple preparation approach, 1D Ag nanostructures are commonly employed as a
sacrificial template for synthesizing electrocatalysts. Recently, nanostructured Ag is also used
directly in alkaline medium to catalyse ORR. Versatile 1D Ag@POA (poly(o-anisidine))
core-shell nanostructures such as nanobelts, nanowires and nanocables were fabricated by
rational adjustment of the preparation conditions [122]. Through polyol process or
hydrothermal method, Ag nanorods [123] and Ag nanowires supported on MWCNT-
incorporated bacterial cellulose [124] and N-doped grapheme [125] were also prepared.
These Ag catalysts all showed improved ORR activity and stability in the alkaline electrolyte.
Inspired from Pt and Pd-based multimetallic electrocatalysts, incorporating other metals into
Ag was also studied to improve catalytic performance. Novel octopus-tentacle-like Cu
nanowire-Ag nanocrystals were synthesized by growing Ag on Cu NWs in solution phase

[126]. The electrocatalytic measurement results demonstrated that the obtained 1D
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heterostructures exhibited enhanced ORR performance, which can be ascribed to the presence
of multiple junctions and strong synergistic effect of their constituents. 1D Ag/Au/AgCl
nanocomposites were prepared by the galvanic replacement between Ag nanowire template
and Au precursor [127]. Increasing the concentration of Au precursor induced the structure of
the catalysts changes from a core-shell solid wire to a porous hollow wire. The as-prepared
catalysts with optimal composition showed comparable ORR activity to commercial Pt/C in

alkaline solution.

4.2.2 1D non-precious metal catalysts (NPMCs)

Since cobalt phthalocyanine was initially reported to show catalytic activity for ORR, many
attempts have been carried out to explore a variety of non-precious 1D materials for further
cost-cutting [128]. However, due to the large difficulties facing the preparation, the research
for 1D NPMCs has only been focused on a few special materials.

Transition metal chalcogenide Cu,Se nanowires [129] with an average diameter of 70
nm have been prepared for ORR applications based on a solid-liquid phase chemical
transformation method. The phase structure-property relationship toward ORR was
investigated, and it was found that the tetragonal phase Cu,Se nanowires showed a better
ORR performance than that of cubic phase ones. The different phases contribute to the
different spatial arrangement ways of Cu and Se atoms, leading to different adsorption and
activation of oxygen avenues and resulting in different catalytic performance, which are
similar to that for precious metal catalysts.

Besides the transition metal chalcogenides, manganese oxide (MnOy) has also been
considered to be a good non-precious ORR catalyst due to its low cost, environmental
friendliness and high activity. MnOy doped carbon nanotubes (CNTs) [130] were fabricated

via a simple electrochemical deposition method and demonstrated an excellent catalytic

27



behaviour for ORR, resulting from the highly positive charged CNT surface generated by the
electron transfer from CNTs to Mn ions (Fig. 6). Ni-a-MnO; and Cu-a-MnO; nanowires were
prepared through the hydrothermal reaction and blended with graphene-like carbon (GLC) to
serve as effective catalysts for ORR [131]. The results indicated that the ORR activity of 20%
ceramic/80% GLC blends outperformed that of 20% Pt/C. Spinel phase 1D nanostructures,
like marokite CaMn,0O,4 nanorods [132] and NiCo,04 nanowires [133] were also prepared for
ORR applications and a comparable mass and specific activity with Pt/C catalyst has been
reported in alkaline electrolytes.
(Fig. 6 here)

Recently, N-containing carbon materials such as CNTs have also been intensively
studied [134-136] as electrocatalysts for the ORR in acid or alkaline medium. The formed
pyridine units embed in a conjugated sp? carbon network dramatically improve the catalyst
performance [136].

Although all of the above-mentioned 1D non-Pt based catalysts demonstrated
acceptable ORR activity or durability, the mass and specific activities were rarely provided,
the performance was general evaluated in alkaline environment and still far from the state-of-
the-art Pt/C catalysts. Further investigations should be continued to improve the catalytic
performance towards ORR, in particular in acid environment for potential PEMFC

applications.

5. 1D nanostructured catalysts for hydrocarbon oxidation reaction

Similar to the ORR at the cathode, the oxidation reaction of fuels at the anode also plays a
key role on the performance of hydrocarbon fed PEMFCs. Hydrocarbon species such as
methanol, ethanol and formic acid are considered to be promising fuels as they can be

handled, stored and transported much easier than hydrogen. These hydrocarbons possess
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identical advantages such as abundant, inexpensive and high volumetric energy density, at the
same time, having their individual characteristics. Among these three fuels, ethanol has the
highest energy density and more easily available from fermentation of biomass. However, the
oxidation of ethanol is associated with the breaking of C-C bond, which requires a higher
activation energy than C-H bond cleavage. Though a bit toxic, methanol is usually used as
fuel cell fuel because it has appropriate energy density and doesn’t suffer from the problem as
its counterpart ethanol. Recently, formic acid also draws a lot of attention due to the reasons
that it is a non-toxic and non-flammable liquid fuel and has a smaller crossover flux than
methanol through polymer electrolyte membrane. In order to efficiently employ these liquid
fuels in PEMFCs, catalysts with excellent catalytic activity and stability for hydrocarbons
oxidation are highly desired.

In hydrocarbon fed PEMFCs, the anode reaction suffers from slow kinetics, and
requires a high loading of catalysts to achieve acceptable current density, thus a very thick
catalyst layer is always expected. 1D nanostructures, due to their anisotropic feature, can
interconnect each other to form a network in the electrode thus improving electron transport
and catalyst utilization as well as facilitating mass exchange and fuel diffusion during the
electrochemical process. As a consequence, 1D nanostructures have attracted huge amount of

efforts for hydrocarbon oxidation research in recent years.

5.1 1D Pt-based catalysts for hydrocarbon oxidation reaction

Up to now, Pt-based catalysts are still the most practical catalysts for hydrocarbon oxidation
reaction. However, the process of hydrocarbon oxidation usually undergoes formation of
carbonaceous molecules such as CO and CHO, which poison the platinum surface and cause
irreversible inactivation of the catalysts. Compared with the much rough surface of

nanoparticles, 1D Pt-based nanostructures usually possess a much smooth catalyst surface
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with less defect, which has a weak adsorption with those carbonaceous molecules [137, 138]

thus providing an enhanced poisoning resistance.

5.1.1 1D Pt catalysts for hydrocarbon oxidation reaction
Polycrystaline and single-crystal Pt nanowires [56, 139, 140], nanotubes [13, 58, 141],
nanofibers [142] and nanorods [143, 144] have all been tested for hydrocarbon oxidation with
a main focus on methanol oxidation reaction (MOR). For example, ultrathin and ultralong
single-crystal Pt NWs with a diameter of 3 nm and length of 10 um were synthesized by
using solvothermal method and catalysed for MOR and formic acid oxidation reaction
(FAOR) [140]. The mass activities for MOR and FAOR reached ca. 500 and 700 mA mg™
and the specific activities were about 1.15 and 1.5 mA cm?, respectively. In addition, after
3000 potential cycles, there are only about 31% and 37% activity loss for MOR and FAOR,
which is much lower than the degradation rate of Pt/C. Using sacrificial Ag templates via a
galvanic replacement process PtAu alloy NTs were also prepared and applied for FAOR
[141]. The SEM and HRTEM images in Fig. 7 show the homogeneous dissolution of Pt and
Au across the bimetallic alloy and the nanotube morphology with a porous wall. The mass
activity of bimetallic PtAu NT series enhanced by 4, 10 and 22 times relative to Pt NT, Pt/C
and Pt black, respectively. Through electrochemical deposition route, mesoporous Pt
nanorods were also produced with the assistance of surfactant micelles [144]. The 1D motifs
demonstrated 209 mA mg ™ mass-normalized current density and high CO tolerance in MOR.
(Fig. 7 here)

The synergistic effect between catalyst and support for an improved catalytic
performance was also further confirmed towards hydrocarbon oxidation reaction. Many
conductive materials including carbon sphere [138, 145, 146], carbon nanotube [147],

graphene [68, 147-150] and metal oxide [67] are employed to support 1D catalysts for MOR.
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Graphene-branched-Pt hybrid nanostructures (BPtNs) were synthesized by in-situ reduction
of graphene oxide and Pt precursor solution using NaBH, [68], showing a peak current
density of ca. 49 and 14 times higher than that of BPtNs without graphene and Pt/C for MOR,
respectively. To take a further advantage of this synergistic combination from a hybrid
support for an enhanced catalytic performance, Pt NFs decorated graphene-carbon nanotube
hybrids (Pt/G-MWNT) were also prepared through electrodeposition method [147]. The

obtained catalysts exhibited a high mass activity of 127.43 mA mg ™.

5.1.2 1D Pt-based alloy catalysts for hydrocarbon oxidation reaction
Compared with monometal systems, the unique alloyed catalysts with controlled
architectures and compositions also exhibit a superior activity in hydrocarbon oxidation
reaction due to the synergistic effect, electronic effect and/or bifunctional mechanism, as
those in ORR. Based on these understandings, numerous 1D Pt-based alloy nanostructures
have been successfully synthesized and investigated for hydrocarbon oxidation reaction.
Prominent examples include 1D PtPd [108, 151-155] and PtAu [105, 141, 156, 157]
bimetallic nanocrystals and multimetallic nanoalloys based on them. In recent literatures, Rh
[158] and Ru [159] are also employed to construct promising 1D Pt-based alloy catalysts.
Besides, non-precious metals such as Fe, Co, Ni, Cu and Bi also have been explored as
substitutes for precious metals in 1D Pt-based electrocatalysts [31, 160-167]. Aside from
chemical composition, the shape and morphology of alloyed nanostructures were also
controlled to further improve the catalytic function and application performance.

It has been recently reported [153] that the incorporation of Pd with Pt can change the
MOR process, leading to a non-CO pathway, which is different from the supposed
bifunctional effect (e.g. for PtRu alloy) to improve CO tolerance. The modification of the

traditionally expected methanol oxidation pathway is ascribed to the decrease of Pt-Pt pair
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sites at the catalytic interface. Porous PtPd NDs with an average branch diameter of 19.5 nm
demonstrated 3 and 16 times higher enhanced activity than that of Pt black and Pd black
towards methanol and ethylene glycol electrooxidation in alkaline solution, and the I¢/l, (l¢
the forward peak current density; I, the backward peak current density) reached as high as 3.5
[151]. PdPt alloy NWs have also been demonstrated a 1.2 and 1.8 times higher mass activity
for ethanol oxidation reaction (EOR) than that of Pd NWs and Pt NTs, respectively [152].
Wong’s group [153] demonstrated that a nearly 3-fold improvement of alloyed PtsoPdsg NWs
over commercial Pt/C for MOR in acid electrolyte. Recently, bimetallic PtPd porous hollow
nanorod arrays (PHNRAS) was reported showing 2.5 times higher current density towards
MOR than Pt/C, as well as an outstanding stability confirmed by an almost constant peak
current density after 500 potential cycles [154]. The performance improvement is due to the
alternative arrangement of Pt and Pd nanocrystals as well as the porous, hollow nanorod
structure, which respectively benefits for the modification of electronic structure and
facilitates the mass transfer through the catalyst, leading to an efficient catalytic reaction. The
images, performance and advantages of PHNRAs are illustrated in Fig. 8.
(Fig. 8 here)

Not like PtPd nanostructures, the combination of Au to Pt nanostructures mainly show
enhancement in the FAOR activity [105]. The alloyed PtAu changed the reaction pathway,
enhancing the catalytic activity and the tolerance to CO poisoning through ensemble effects
and modified electronics induced by compositional variation. The activity of the Pt;Aus NTs
for FAOR could be 26, 82, and 149 times higher than that of Pt NTs, Pt black and Pt/C,
respectively [141], possessing a peak current density of 1.45 A mg* and an I/l ratio of 5.0.
Besides, Au-Pt double-walled NTs consist of an Au inner wall and a Pt outer wall have also

been reported for MOR application [157].
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In addition to Pd and Au, the alloying of other precious metals with Pt has also been
reported. Pt/Ru alloy NWs were prepared as high performance catalyst for MOR [159],
attributing to the lattice contraction, the enhanced electronic property, along with the
facilitated oxidation of adsorbed CO species. With the assist of Rh nanocubes as seeds,
ultrathin Rh/Pt NWs were synthesized and employed for EOR [158]. The Fourier transform
infrared spectroscopy (FTIR) investigation for the reaction intermediates of EOR showed that
Rh had a special effect on cleavage of C-C bond in ethanol and the alloyed catalyst possessed
a high selectivity to the complete oxidation of ethanol to CO..

Bring a step forward from the precious metals, alloying Pt with less expensive
transition metals can not only promote the formation of 1D morphology, but also increase the
oxidation of intermediate species, thus changing Pt d-band centre, promoting C-H cleavage
and the mitigation of CO oxidation at lower potential for an improved hydrocarbon oxidation.
The excellent activity of 1D PtNi alloy nanostructure towards ORR also makes it a promising
candidate for hydrocarbon oxidation. PtNi NDs [160], NWs [162], NRs [163], NTs [166]
have been investigated for FAOR, MOR and EOR, respectively. It was also found that the
addition of phosphorus (P) to PtNi can significantly improve the relative content of Pt(0) and
the 5d electron density of Pt for an enhanced catalytic activity. The specific current density of
Pt-Ni-P nanotube arrays (NTAs) for MOR reaches 3.85 mA cm 2. The SEM image, scheme
of MOR process in Pt-Ni-P NTAs and corresponding electrochemical activity and durability
are shown in Fig. 9 [166]. Other transition metal alloyed 1D Pt nanostructures recently
studied include PtBi [31] and wormlike Pt-M (M=Cu, Co, Fe) NWs [162] from wet chemical
approaches, as well as PtCo NWs [161], PtCu [164] and PtCo [165] NTs synthesized with the
aid of templates. All of them demonstrated an increased catalytic activity and a high CO
poisoning resistance towards EOR or MOR.

(Fig. 9 here)
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The outstanding catalytic performance of PtPd for MOR also makes it a potential base
to develop multimetallic alloy nanostructures to further improve its catalytic activity. Fe, Te
and Au alloyed PtPd NWs showed a significant increase in peak current density, a negative
potential shift in methanol oxidation and a slow decay rate in durability test [168-170].
PtPdTe NWs with a diameter of 57 nm exhibited a high electrocatalytic activity of 595 mA
cm ?mg *towards MOR, which is 2.4- and 2.6- fold higher than that of PtTe NWs and Pt/C,

respectively [169].

5.1.3 1D Pt-based hybrid catalysts for hydrocarbon oxidation reaction

Due to the slow Kinetic activities facing by hydrocarbon oxidation, the current efforts are
mainly carried out on the improvement of catalytic activities, e.g. through alloy
nanostructures as mentioned above. As the same, the work conducted here via using hybrid
catalysts still focuses on enhancing catalytic activities rather than simply reducing the cost as
that for ORR.

Pt/PtCu core-shell NTs with a wall thickness of 20 nm were prepared through a
galvanic replacement approach for FAOR application [171]. The merits of tailorable
electronic structure of core-shell nanostructure contributed to 4 and 10 times higher catalytic
activity and durability than that of Pt/C, respectively. By UPD replacement method, Pt on Pd
NWs [172] and Pt decorated Ru NWs [173] with a respective diameter of 10-20 nm and 40—
280 nm were obtained and applied to hydrocarbon oxidation. The peak current density of Pt
on Pd NWs for EOR was 858.6 mA cm in alkaline medium. Pt decorated Ru NWs
maintained a high degree of performance for MOR compared with traditional OD PtRu NP/C
and Pt/C catalysts, exhibiting a mass activity of 360 mA mg ™ and a specific activity of 0.36
mA cm 2 in HCIO, electrolyte. The functionality of Au for anti-poisoning component of Pt

also enables 1D Au/PtM core-shell nanostructures a possible electrocatalyst for hydrocarbon
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oxidation. Core-shell Au-Pt NWs [25] were generated by controlled coverage of Pt shell
layers on the surface of Au nanowire cores which were obtained through surfactant-mediated
M13 bacteriophage template. The corresponding TEM and STEM images are shown in Fig.
10. The enhanced intrinsic activity for EOR and the chronoamperometry measurement results
indicated the advantage of core-shell nanowire catalysts over the commercial Pt/C catalysts.
Going one step further, alloying the surface Pt with Au to prepare core-shell Au/PtAu NRs
[105] has been explored for FAOR, and the results demonstrated that the enrichment of Au
on the surface also showed a positive effect. Porous Ni@Pt core-shell NTs with a wall
thickness of 105 nm were also synthesized by ZnO nanorod template assisted
electrodeposition method for MOR and a 3.7 folds higher steady-state current density than
that of Pt/C catalyst was achieved [174].
(Fig. 10 here)

Apart from core-shell structure, Pt-Pd heteronanostructures have also been studied.
Wang et al. [175] prepared Pt-on-Pd bimetallic NDs with an average diameter of 10 nm and
demonstrated a better catalytic performance for MOR than either the Pt NDs or Pt black,
showing a mass activity of 490 mA mg . Pt decorated coral-like Pd nanochains [176] with a
diameter of 5.2 nm were successfully synthesized through a facile wet-chemical method and
applied for FAOR, showing a peak current density 4.4 times higher than that of Pt/C and an

improved durability as well.

5.2 1D non-Pt based catalysts for hydrocarbon oxidation reaction

Besides the high cost, the surface of Pt is usually heavily poisoned by the strong adsorption
of CO intermediates in hydrocarbon oxidation, resulting in the deterioration of catalytic
performance. This challenge forces both academic and industrial communities to find Pt

substitutes and numerous investigations have been conducted to explore alternative high
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performance electrocatalysts. In recent years, this topic focused on Pd [177-183] and Pd-
based catalysts [184-192] due to the great abundance of Pd in nature and its lower cost than
Pt. Particularly, unlike its counterpart Pt, Pd-based catalysts are less suffered from poisonous
CO intermediate species and have a lower oxidation overpotential towards hydrocarbon
electrooxidation, thus regarding as one of the most promising Pt-free catalysts for the
electrooxidation of hydrocarbon molecules. The only Pd free catalysts reported are Ni-Cu
alloy porous NWs prepared for MOR in alkaline solution [193].

Pd NWs [178-180], nanochains [181], nanothorns [182] and more complex flower-
like nanostructured networks [177], as well as Pd/polyaniline/Pd sandwich structured
nanotube arrays (SNTAs) [183] have been studied. Xia’s group [180] synthesized 2 nm
ultrathin Pd NWs via a polyol method and the electrochemical measurement showed a
catalytic current density of 2.5 folds higher than that of Pd/C catalysts towards FAOR. Hong
et al. [178] and Wang et al. [179] reported that the mass activity of Pd NWs with a diameter
of 4-5 nm reached 1.45 and 1.1 A mg* for EOR and FAOR, respectively.

The main efforts for 1D Pd-based alloy catalysts towards hydrocarbon oxidation were on
precious alloyed catalyst, especially 1D Pd-Au bimetallic nanocrystals. Pd-Au alloy NDs
[184, 185], Au@Pd core-shell NDs [186] and PdAu nanowire networks [187] were all
synthesized through the wet-chemical reduction method by using different reductants and
stabilizing agents. By controlling the nucleation and growth rate, the produced catalysts with
the diameter ranges between 3 and 26 nm demonstrated good catalytic performance for MOR
or EOR in alkaline media. The excellent performance can be ascribed to the improved
electron transport characteristics, the increased active sites as well as the favoured adsorption
of OH,gs Onto the catalyst surface, which collectively improve the catalytic process. Besides,
PdAg alloy NWs with an average diameter of 5-8 nm were obtained by coreduction method

[188] and nanoneedle-covered PAAg NTs [189] were synthesized via a galvanic displacement
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of Ag nanorods for FAOR,. Rh-on-Pd bimetallic NDs composed of Pd cores and 15-30 nm
Rh branches were also synthesized with ethylene glycol and CTAB for EOR application
[190]. Apart from combining with precious metals, some works were also reported for 1D Pd
alloyed with non-precious metals. Nanoporous PdNi [191] and PdBi [192] alloy NWs were
synthesized for FAOR application. Quinary PdNiCoCuFe alloy nanotube arrays have also
been prepared by template-assisted electrodeposition method for MOR and EOR in alkaline

solution [194].

6. PEMFC electrodes from 1D Pt nanostructures
Owing to the large aspect ratio, Pt NWs can form into free-standing membrane by
interconnected network, which possesses characteristics of high porosity, good flexibility and
large area per unit volume compared with the conventional catalyst membrane. Yu and co-
workers [195] prepared free-standing Pt nanowire membrane by using Te@C nanocables as
templates for the formation of Pt@C nanocables via the galvanic replacement reaction
between Te and PtCls®, followed by a calcination at 400 °C in air. The Pt nanowires
produced by this approach had a large size of 12 nm, resulting in only a 50% ECSA of Pt/C
catalyst (40 wt% Pt, JM). However, with the unique surface properties of long crystalline Pt
NWs, together with the nanowire network structure wh Int. J. Low-Carbon Technol ich
facilitated the electron transport and gas diffusion, the free-standing Pt nanowire membrane
exhibited a comparable mass activity and a much improved durability for the ORR compared
with the Pt/C catalysts.

Although the considerable progress has been achieved for catalysts themselves,
especially on novel nanostructured catalysts, an increasing gap exists between the pure
material research and practical fuel cell application. Until now, Pt nanowire is still the only

1D nanostructure that has been tested in PEMFCs. Due to the unusual morphology, catalysts
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with novel nanostructures are usually very difficult to fabricate into fuel cell electrodes by a
conventional process as used for Pt/C electrodes. This challenge also faced by 1D Pt
nanostructures. Carbon supported Pt NWs have been fabricated into PEMFC cathodes using
the conventional approaches (e.g. painting, printing, screening, etc.) and tested in single cells
[196-199]. A test was also conducted within a 1.5 kW PEMFC stack under collaboration
between Tongji University, University of Waterloo and General Motors [198]. Both power
performance and durability were evaluated. Although Pt NWs showed a larger diameter (ca.
4 nm) compared with the conventional Pt nanoparticles, a similar power performance was
still achieved benefiting from the unique catalytic activity of Pt NWs and the reduced mass
transfer losses in electrodes with enhanced porosity. The characterisation for the catalysts
before and after the durability test further indicated the enhanced stability of Pt NWs over
Pt/C. However, the large porosity also resulted in a thicker catalyst layer and a loose
electrode structure in PEMFCs. Although an excellent stability was observed for Pt nanowire
catalysts themselves, the poor electrode structure could still not bring a significant
improvement to the electrode durability, and finally only a slight improvement was obtained.
After a 420 h dynamic drive cycle durability testing, PEMFC stacks exhibited a performance
degradation rate of 14.4% and 17.9% for PtNW/C and commercial PtNP/C based cathodes,
respectively, which is shown in Fig. 11 [198]. The authors ascribed the majority of
performance loss to the degradation of the commercial Pt/C anode materials. However,
considering the much easier hydrogen oxidation reaction and the high catalyst loading of 0.2
mgee cm 2 used in the anode, this performance loss should be mainly ascribed to the
degradation of the cathode structure, as pointed out by Holdcroft in his review on fuel cell
catalyst layers [200].

(Fig. 11 here)
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One important progress in PEMFC electrodes in recent decades is the concept of the
thin film catalyst layer, which was introduced by the 3M Group in its nanostructured thin film
(NSTF) catalyst electrode. The catalyst layer consists of a monolayer array of perylene
whiskers (1 pm tall, 30 nmx55 nm in cross-section) with a surface coated 20 nm polycrystalline
PtCoMn film, which was achieved by a decal substrate transfer approach [201, 202]. SEM
images of the PtCoMn alloy catalyst sputter coating on the microstructured substrate
supported whiskers before transferring are shown in Fig. 12. This thin film catalyst layer with
a regular structure enabled a much higher catalyst utilization ratio in the electrode to meet the
U.S. DOE targets of mass activities. However, the approach is intrinsically limited by
challenges facing water management issues in practical operation and the very low ECSA (only
10-15 m?® gp V), as well as the catalyst materials and structures used. Recently, Cullen et al.
[203] investigated the structure-property relationship of PtNi NSTF catalysts under fuel cell
testing conditions. They demonstrated that catalyst pre-treatments, conditioning and potential
cycling could influence the structure and composition of the extended surface catalysts, which
could further affect their surface area, activity and durability.

(Fig. 12 here)

Another advance on thin film electrodes was achieved by Du and his colleagues [204-
207]. Integrated gas diffusion electrodes (GDEs) were prepared by in-situ growing single
crystal Pt nanowires on gas diffusion layer (GDL) surfaces, taking the advantages of the
unique simplicity of the formic acid reduction approach at room temperature [35]. The GDL
was directly used as support substrate. The whole catalyst layer contains only a monolayer
array of single-crystal Pt nanowires with a diameter of ca. 4 nm and a length of 20200 nm.
The obtained structure could be directly used as fuel cell electrodes. The extremely thin
catalyst layer with a regular structure further reduced the mass transfer losses and improved

the catalyst utilization; and the removal of the carbon support in Pt/C potentially contributed
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to the improvement of the electrode durability, both of which have been considered as the
challenges faced by PEMFCs in automotive applications [201]. However, due to the
hydrophobic surface of Pt nanowires, Nafion ionomer was still required for the catalyst layer
to conduct protons within the PtNW electrodes, which has been successfully removed from
the NSTF catalyst electrodes due to the hydrophilic pores which led to water flooding thus
facilitating proton transfers [206]. Furthermore, a well-controlled structure of the catalyst
layer is also of great importance to control triple phase boundary (TPB) for a higher catalyst
utilization ratio. The results demonstrated that an optimal Pt loading was necessary to achieve
a better performance as a low Pt loading could not cover the entire GDL surface while a high
loading resulted in little void volume for gas diffusion [205].

It was also found that even with the same Pt nanowires, their distribution on the GDL
also has a large impact on the final electrode performance. An optimal in-situ growing
temperature can partially balance the contact between the aqueous reaction solution with the
superhydrophobic GDL surface, improving the distribution of Pt nanowires on GDL surface
and enabling a better electrode structure [208]. A nearly double mass activity and three times
higher specific activity were achieved over the TKK Pt/C catalyst (45.9 wt% Pt/C,
TEC10ES50E) by testing using a standard protocols in hydrogen-oxygen fed PEMFCs as
defined by Gasteiger et al. [209]. The ADT of cathode also confirmed a better durability of Pt
nanowire electrodes with 48% loss in the ECSA compared with 67% loss of Pt/C
nanoparticle electrode. In order to reduce the diameter of Pt NWs in GDEs to increase the
ECSA and thus further enhance the electrode performance, active screen plasma nitriding
(ASPN) was introduced to treat the GDL surface before Pt NW growth [210]. The nitrogen
doping on GDL surfaces introduced in ASPN confined the Pt atoms in reaction to form tiny
nuclei and finally produced ultrathin Pt nanowires with a diameter of only 3 nm, offering a

larger ECSA for a better catalytic activity. Furthermore, the functional groups introduced by
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ASPN on the GDL surface facilitated the contact between the substrate surface and the
reaction solution to form a much uniform distribution of nanowires, further improving the
catalyst utilisation ratio. Images of Pt nanowires grown on the ASPN-treated GDLs are
shown in Fig. 13. The cathode cyclic voltammogram (CV) showed a larger Pt oxide reduction
potential, further confirming the weakening of the bond between oxygen containing species
and the surface of Pt nanowires which also contributed to a better ORR performance. The
testing of a PtNW cathode with only half catalyst loading showed an even better power
performance than the electrode with Pt/C nanoparticles. Inspired by the work from Xia’s
group [211], we introduced Pd nanoseeds on GDL surface to direct the growth of Pt
nanowires [212]. This successfully improved the distribution of catalyst nanostructures on
GDL surface, reducing the mass transfer losses in catalyst layer and the electrode achieved a
higher power performance at 0.6 V. However, the introduced nanoseeds also led to the
formation of dendrite-like Pt nanostructures, resulting in a less catalyst mass activity and
poorer durability compared with pure Pt nanowire electrodes.

Collaborated with Sui’s group, this PtNW catalyst electrode was also fabricated by in-
situ growing Pt NWs on the carbon coated Nafion membrane or PTFE surface followed by a
transfer step to Nafion membrane surface, which are similar to the catalyst coated membrane
(CCM) and decal methods used in the fabrication of conventional Pt/C electrodes,
respectively [213-215]. In this case, a better contact between the catalyst and the polymer
electrolyte membrane (PEM) can be realized to achieve a better power performance. The
preliminary tests confirmed a better performance compared with Pt/C electrodes and also the
importance of Pt NW distribution in controlling the electrode structure.

However, although an excellent power performance with a high catalyst utilisation
ratio has been demonstrated with these electrodes with PtNW arrays, a water flooding may

happened in operation due to the extremely thin catalyst layer, as that has been reported with
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NSTF catalyst electrodes [201]. The unique hierarchically micro/nano-structured interface
within this PtNW catalyst layer can provide a superhydrophobic feature [216] that can
potentially address the water management challenges. A long-term stability testing, in
particular within PEMFC stacks, is urgently required to confirm the real potential of this
advanced approach.

(Fig. 13 here)

7. Summary and Perspective

An impressive progress has been achieved in recent years in the design and synthesis of 1D
nanostructured materials as active and durable electrocatalysts for potential applications in
low temperature fuel cells. Owing to the inherent properties, 1D nanostructured
electrocatalysts have the potential to resolve many issues associated with their 0D
counterparts and are regarded as the promising candidates for the replacement of
contemporary 0D catalysts. A summary of these 1D nanostructures is listed in Table 1 by a
comparison between their structure, preparation approach, performance measurement method
and activities.

Among all the 1D catalysts, Pt-based nanocomposites are still the most practical
catalysts due to their good electrocatalytic activity and durability. However, the rational
design of self-supported, highly active and long-time lasting catalysts is still a challenge,
especially when taking into account the complex reaction mechanism and harsh fuel cell
operational conditions. Although great efforts have been devoted to fabricate non-Pt or even
non-precious metal based catalysts to reduce the production cost, they usually suffer from
dissolution in acidic electrolyte and most of them can only performed in alkaline medium. At
present, numerous work are focusing on fabricating advanced catalysts possessing combined

merits of 1D morphology, multi-composition as well as novel structures like core-shell,
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porous, hollow and ultrathin shape. Nonetheless, it seems there is no in-depth understanding
about the function of these factors at molecule reaction level. We also need to pay attention to
that the majority of the evaluation processes for 1D nanostructures is only based on ex-situ
electrochemical measurement in liquid electrolyte, and only Pt nanowires have been really
tested in fuel cells, which is crucial for practical applications.

In light of these shortfalls, future work should focus on the following aspects: (i) an
emphasis must be placed on the validation of catalyst performance in real fuel cell operating
conditions as catalyst will experience a much different and crucial environment in real fuel
cell conditions. A gap between pure material research and practical fuel cells resulted in that
many new nanostructure approaches developed only stayed at the “test tube” level and did
not work in fuel cells. If the 1D catalysts with excellent catalytic activities can be fully
approved with fuel cells, the targets for commercialisation can be easily met; (ii) more in-
depth theoretical and experimental studies are demanded to understand the structure-property
correlations in electrocatalysis, in particular in fuel cell electrodes. The unusual shape of 1D
nanostructures requires new understanding to develop innovation approach to fabricate them
into fuel cell electrodes, rather than using conventional processes for Pt/C nanoparticles; (iii)
the approach for electrodes with in-situ grown monolayer array of Pt nanowires could be a
promising technology. However, this can only happen after the long-term stability and water
management issues have been confirmed. Based on the much enhanced mass transfer
performance and catalyst utilization ratio, if the synergistic effects of the alloy and hybrid
nanostructures can be brought into the structure, it could offer a new path for the design and
development of PEMFC electrodes; (iv) an ongoing pursuit should be performed to develop
facile, green and scale-up catalyst synthesis processes to realize high-yield catalyst
production, in particular for the approaches leading to a reduced precious metal loading, i.e.

1D non-precious group metal catalysts which could play a special role in meeting the
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requirement for fuel cell commercialisation; (v) continuous efforts should be made to
understand the fundamental catalytic mechanisms of 1D nanostructures, including the
appropriate adsorption for reactant species and favourable electron transfer pathway to
optimize the geometry, composition and structure for a further improvement of the catalytic
activity and durability. It is believed that with the resolving of these challenges, 1D
nanomaterials with novel structural motifs, diverse advantages, multifunctional performance

and effective cost will show a high potential for low temperature fuel cell applications.
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Table 1. Summary of one-dimensional (1D) nanostructured catalysts for PEMFCs

Catalyst Preparation Morphology Measurement Activities References
Oxygen Reduction Reaction
Pt NWs Wet chemical synthesis Diameter: 1.3-3 nm; length up to ORR 88 mAmg* [17, 55, 56]
several micrometers 0.368-1.45 mA cm ?
Pt nanowire membrane  Te nanowire template Diameter: 12 nm; length: hundreds ORR Comparable with JM Pt/C [195]
of nanometers
Pt NTs AAO, Ag or Cu nanowires Wallthickness: 2.5-11 nm ORR 84.5-240 mA mg* [13, 57-60]
templates 0.369-2.39 mA cm
Pt NRs Glancing angle deposition (GLAD) Diameter: 5 up to 100 nm; length: ORR in HCIO, Lower mass but higher [61]
technique 50-400 nm specific activity than Pt/C
Pt nanochain or Thermal decomposition or Diameter: 5-15 nm ORR 3.24mAcm’? [62, 217]
nanolance hydrothermal methodology
Single Pt NW UPD or lithography patterning Radius: 6-130 nm; length: 40 nm. ORR in KOH and [53, 54]
electrode H,SO,
Supported Pt NWs Spray drying and formic acid Diameter: 4-13.9 nm ORR in acid 33-158 mMAmg™* [65-67]
reduction 0.415 mA cm ™
Pt NWs/graphene NaBH, or formic acid reduction Diameter: 2-5.8 nm ORR in acid 1010 mA mg’l [68-70]
1.5mAcm-
Pt NWs/C Acid reduction or electrospinning Diameter: 4.0-85 nm H,/air PEMFC cathode Max power density: 748.8 [196, 197,
mW cm™ 199]
Pt NW arrays Formic acid reduction Diameter 4 nm DMFC cathode 64 mW cm?at 2 mg cm? Pt [210]
loading
Pt NW arrays Formic acid reduction Diameter: 4 nm Integrated PEMFC max power density: 340-390 [204, 213]
cathode mW cm 2
Pd-Pt ND, NW and Chemical and template approach Diameter: 10-35 nm ORR in HCIO, and upto 3810 mAcm~? [75-77, 79,
NR KOH 108, 218]
Pt-Au NRs Formic acid reduction Diameter:10-20 nm ORR in HCIO, 48 mAmg* [77,79]
Pt-Fe NWs Electrospinning / organic phase Diameter: 2.5-10nm ORR in acid 77.1-844 mA mg™ [82-84]
reduction 0.3831.53 mA cm
CoPt NWs Organic phase reduction Diameter: 2.5 nm; ORR in HCIO, 0.64 mAcm*® [84]
PtNi NR or NF Sputtering/template Diameter: 25-100 nm ORR in HCIO, 440 mAmg* [86, 219]
1-4.41 mAcm?
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Pt-Cu NTs
Pt-Cu NRs
PtNiFe NWs or NRs

PtCuM NRs and NTs
(M=Ni, Fe, Pd)
PtCuCoNi NTs

Pt coated Cu NWs
PtCu/Cu NWs

Pd-Pt core-shell NWs,
NTs

Au/Pt or PtM (M=Au,
Ni) NWs and NRs
Pt-PdAu core-shell
NW

FePtM/Pt or FePt
(M=Pd, Au) NWs or
NRs

Pt-on-Pd NDs

Pt-on PdBi NW

Pd NWs
PdCu NWs
PdFe nanoleaves

Core-shell MnO,@Pd-
NRs

Au NDs/Graphene
Pd-Au NTs

PdAu NWs

PdAu nanochain
Au@Pd core-shell
nanothorns

Ag nanobelt

AAQ template/
replacement
Polyol or formic acid reduction

galvanic

Organic phase

Wet chemical /template

AAO templates

Galvanic displacement

UPD or galvanic displacement
Chemical reduction

UPD and galvanic replacement

Chemical reduction

Ascorbic acid reduction
Oil phase synthesis
Template method
Colloidal method

Wet chemical method

Electroless deposition

Wet-chemical
Galvanic displacement

Template or wet-chemical
Template
Co-chemical reduction

Hydrothermal method

Wall thickness: 30.3 nm

Diameter: 5 nm; length: 6-20 nm
Diameter: 2 nm; length: 20 nm
Diameter: 2-30 nm; length: 20 nm
Wall thickness: 30—10 nm

Outer diameter: 100 nm; Pt layer: 2
nm

Core diameter: 2.0 nm; wall
thickness: 6 nm

Diameter: 2.5+0.3 nm;
several tens of nanometers
Shell thickness: 0.3-1.3 nm

length:

Branch width: 2-3 nm
Diameter: 8.3 nm;
Diameter: 45 nm,
Width: 18.2 nm
Diameter: 2.3 nm

Diameter: 40-50 nm

Diameter: 35 nm
Wall thicknesses: 6 nm

Diameter: 2-50 nm;
Diameter: 5.6 nm;
Diameter: 30—50 nm

Thickness: 40-60 nm;
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ORR in HCIO,
ORR in HCIO,
ORR in acid

ORR in HCIO,
ORR in HCIO,
ORR in HCIO,
ORR in HCIO,
ORR in acid

ORR in HCIO,

ORR in HCIO,

ORR in H,S0O,
ORR in HCIO,
ORR in HCIO,
ORR in HCIO,
ORR in NaOH
ORR in KOH

ORR in KOH
ORR in KOH

ORR in HCIO,
ORR in NaOH
ORR in KOH

ORR in NaOH

190-232 mA mg™*

0.8-2.57 mAcm?

44-48 mA mg™

0.215 mA cm
5.32mAmg™

0.0077 mA cm?

64-103.4 mA mg™

0.25-1.37 mA cm 2

190 mA mg*

0.18 mAcm?

82 mA mg*1.50 mA cm?
1240 mA mg*, 2.65 mA cm >
340-1830 mA mg*
0.58-0.77 mA cm 2

41.3-479 mA mg*0.308 mA
cm™

2600 mA mg ™

1.0 mA cm™

103.4-1680 mA mg™*
1.369-3.47 mA cm

36.5mAmg™*
0.342 mA cm™
1160 mA mg™
1.48 mA cm
1.84 mA cm™

159 mAmg*
0.305 mA cm 2
500 mA mg™*

240 mAmg™
1.98 mA cm
0.4-0.49 mA cm™

[88, 90]

[77, 93]

[91, 92]
[92-94]

[95]

[60, 85]

[99, 101-103]
[80, 105,
107]

[104]

[92, 106]

[109]
[110]
[111]
[114]
[115]
[116]

[117]
[113]

[118, 119]
[120]
[121]

[122]



Ag NRs Polyol process Diameter: 83 nm ORR in KOH [123]
Ag NWs/MWCNTSs Polyol process [124]
Ag NWs/ N-graphene  Hydrothermal method ORR in KOH [125]
Ag/Au/AgCI Galvanic replacement Ag NW diameter: 500-550 nm ORR in NaOH [127]
nanocomposites
Cu-Ag NWs Seed-mediate Diameter: 16 nm; ORR in KOH [126]
Cu,Se nanowires Solid-liquid phase  chemical Diameter;:50-70 nm ORR in KOH 3.5-12mAmg* [129]
transformation
N-CNTs Wet chemical and annealing ORR in H,SO, and [135, 220]
KOH
N-Fe/Fe;C@C Wet chemical and annealing Diameter: 20-30 nm; ORR in PBS [128]
MnO,-CNTs Electrochemical ORR in KOH [130]
deposition
MnO, NWs Polyol method Diameter: 10 nm ORR in KOH [221]
Graphene-Ni-MnO, Hydrothermal method ORR in alkaline [131]
and Cu-MnO, NWs
CaMn,0,NRs Solvothermal method Diameter: 150-300 nm; ORR in KOH 70 mAmg™ [132]
0.0148 mA cm’?
NiC0,0, NWs Coprecipitation Diameter: 50 nm ORR in KOH [133]
RuvO, NWs Vapor—phase transport Dimension: 182 ORR in PBS [222]
Hydrocarbons Oxidation Reaction
Pt NDs Formic acid reduction Width: 2.5 nm FAOR in H,SO, 66.3mAmg " [139]
1.2mAcm*
Pt NFs Electrodeposition 200 nm EOR in HCIO, 1.414 mA cm™? [142]
Ultrathin Pt  NW Biomimetic Diameter: 2 nm MOR in H,SO,4 580.97 mA mg* [56]
network
Pt NWs Solvothermal Diameter: 3 nm MOR FAOR in H,SO, MOR: 500 mA mg™ [140]
1.15 mA cm?
FAOR: 700 mA mg™*
1.5mAcm?
Pt NTs Galvanic displacement with Ag Wall thickness: 5 nm; MOR in HCIO, FAOR: 354 mA mg™* [13, 58, 141]
NWs FAOR in H,SO,
Pt NRs Electrochemical route Top diameter: 5 nm MOR in H,SO, 47 mA cm? [143]
Mesoporous Pt Electrochemical route Diameter: 50-120 nm ORRMORin HCIO, 209 mAmg™ [144]
NRs Length: 0.6-3.2 um
Branched Pt/graphene  NaBH, reduction Average size: 5.8 nm MOR in H,SO,4 178.1 mAcm™? [68]
Pt NFs/graphene - Electrodeposition Size: 60-90 nm MOR in H,SO, 127.43mA mg™* [147]

CNTs
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Pt NWs/C
Pt NWs/C

Pt NWs/rGO

Pt NWs/S-Graphene
Pt NWs/ Ti0'7RU0'302
Pd-Pt NDs

PdPt NWs

PtPd porous hollow
nanorod arrays
PtPd NDs/rGO

PtAu NWs

Pt-Au core/shell NRs
PtAu alloy NTs

Au-Pt  double-walled
NTs

Rh/Pt NWs

Pt-Ru NWs

PtNi/C NDs

Pt-Bi NWs

PtCo NWs

PtM (M=Cu, Ni, Co,
Fe) NWs

PtNi NRs

Pt-Cu alloy NTs

PtCo NTs

Porous PtNiP NTs
PtPdM NWs (M=Fe,
Te or Au)

Pt/Pd NWs and NCs

Pt/Ru NWs

Phase transfer method
Formic acid reduction

Formic acid reduction
Formic acid reduction
Formic acid reduction
Wet chemical

Template
Zn0O template
Soft template

Wet chemical

Formic acid reduction
Galvanic replacement
Galvanic replacement

Seed displacement
Soft template

Thermal decomposition
Polyol process

AAO template
Hydrothermal method

Dealloying
AAO template
Co nanowire template

ZnO template

Thermal decomposition
template

CUPD or Wet chemical
CUPD

Average diameter: 2.5 nm

Diameter: 4 nm

Diameter: 4 nm;
Diameter: 2-5 nm;
Diameter: 4 nm

Average diameter: 19.5 nm

Diameter: 10.8-50 nm

Wall thickness: around 30 nm

Diameter: 100.32

Diameter:4 nm; length: 10-25 nm

Wall thickness: 5+1 nm

Diameter: 4.3 nm

Average diameter: 3.0 nm

Average size: 21.7 nm
Diameter: 3.6 nm
Diameter: 280 nm

Average diameter: 3.1, 2.9, 2.8, and

2.3nm

Diameter: 200 nm;
Wall thickness: 45 nm
Wall thickness: 8nm;

Wall thickness: 70 nm
Diameter: 2.5-10 nm

Diameter: 5-20 nm

Diameter: 40—-280 nm
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MOR in H,SO,4
MOR in H2804

MOR in H,SO,

MOR in HCIO,

MOR in H,SO,
FAOR and MOR in
KOH

MOR EOR in NaOH
and HCIO,

MOR in H,SO,

MOR EOR in KOH

FAOR

FAOR in H,SO,
FAOR in H,SO,
MOR in H,SO,

EOR in HCIO,
MOR in HCIO,
FAOR in HCIO,
EOR in HCIO,
MOR in H,SO,
MOR in H,SO,

EORin H2804
EOR in H,SO,
MOR in HzSO4

MOR in H,SO,

MOR in acid and EOR
in NaOH

EOR in KOH

MOR and FAOR in
acid

MOR in HCIO,

Peak 0.96 mA cm™
462.7 mAmg™*
0.8 mA cm™

1.154 mAcm™

1.6 mA cm™

92.4 mA cm

MOR: 1.25 mA cm?
1200 mA mg™*

MOR:333 mA mg*
EOR: 298 mA mg*
1886.2 mAmg™

80 mAcm™

Peak 1445 mA mg™*
Peak 138.25 mA mg™*

Peak 1.2 mA cm >

Peak 30.95 mA cm
Peak 0.905 mA cm 2
Peak 0.0138 mA cm™

1.34 mAcm2

Peak 32 mA cm™
Peak 636.4 mAmg™*
2.73mAcm™

3.85 mAcm?
488.7 mAmg™

EOR: 858.6 mA cm™
MOR: 490 mA mg™*
FAOR: 7.62 mA cm™
360 mMAmg*

0.36 mA cm™2

[138]
[145, 146]

[149]
[148]

[67]

[108, 151]

[152, 153]
[154]
[155]

[156]
[105]
[141]
[157]

[158]
[159]
[160]
[31]

[161]
[162]

[163]
[164]
[165]

[166]
[168-170]

[172, 175,
176]

[173]



Au-Pt core-shell NWs

Porous Ni@Pt Core-
Shell NTs

Pt/PtCu core-shell NTs
Pd flower-like
networks

Pd NWs

Pd nanochains

Pd thorn clusters
Pd/PANI/Pd
Sandwich-Structured
NTs

Au-Pd NDs

Au@Pd
NDs
PdAu and PdAg NWs

core-shell

Pd-Ag NTs
Rh-on-Pd NDs
PdNi NWs

PdBi NWs
PdNiCoCuFe NTs
Porous Ni-Cu
NWs

alloy

Virus-template
ZnO template

Galvanic replacement
CO-assisted reduction

Chemical reduction

KBH, reduction
Electrodeposition
ZnO template

Chemical reduction
Ascorbic acid reduction
Chemical reduction

Ag nanorod template

Ethylene glycol reduction
Dealloying

Thermal decomposition

Template

Hydrothermal reaction and thermal
decomposition

Diameter: 10-50 nm; length: 5 um
Wall thickness: 105 nm

Wall thickness: 20 nm
Flower diameter: 96.8 nm

Diameter: 2-5 nm

Diameter: 30—70 nm
Wall thickness: 50 nm

Diameter: ca. 21 nm
Arm diameter: 3-7 nm

Diameter: 5 nm;

Diameter: 83 nm
Diameter: 15 nm
Diameter: 150 nm
Diameter: 5.7 nm

Wall thicknesses: 150 nm
Length: 2 um

49

EOR in KOH
MOR in H,SO,

FAOR in H2804
FAOR in HCIO,

EOR in NaOH
FAOR in acid

FAOR in H,SO,
FAOR in H2804
EOR in NaOH

MOR and EOR
KOH
MOR in KOH

EOR in KOH
FAOR in HCIO,
FAOR in HCIO,
EOR in KOH
FAOR in H,SO,
FAOR in HCIO,
MOR in NaOH
MOR in NaOH

in

and

0.72 mA cm™2

6.2 mA cm™

EOR: 1450 mA mg™*
135 mAcm?

FAOR: 1100 mA mg™
1.38-2.4 mAcm?
283.81 mAmg*

Peak 350 mA mg*

Peak MOR: 27.04 mA cm >

Peak EOR: 4.18 mA cm™
90 mAmg™

EOR: 10.8 mAmg™
Peak FAOR: 8.5 mA cm™

Peak 30-40 mA mg*

100 mA mg*

[25]
[174]

[171]
[177]

[178-180]

[181]
[182]
[183]

[184, 185]
[186]
[187, 188]

[189]
[190]
[191]
[192]
[194]
[193]
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Figure Captions:

Fig. 1 Volcano plot for ORR activity of (a) pure metal and (b) Pt-based transition metal
alloys versus the oxygen binding energy (AEp). Adapted from ref. [45, 49] with permission
from ACS Publications and Nature Publishing Group.

Fig. 2 The polarization curve (a) for the acid-washed ultrathin platinum nanowires as
compared with commercial 3.3 nm platinum nanoparticles 46.4 wt % on a Vulcan carbon
support, both on a glassy carbon rotating disk electrode. Curves (anodic sweep direction)
were obtained with a rotation rate of 1600 rpm in a 0.1 M HCIO, solution at 20 °C. (b) The
electrochemical surface area (ECSA) activity at 0.9 V for acid-treated ultrathin nanowires
(red) as compared with commercial supported nanoparticles (green), acid-treated platinum
nanoparticles (orange), previously synthesized platinum nanotubes (black), and as-prepared
ultrathin nanowires without acid treatment (blue), respectively. Adapted from ref. [17] with
permission from ACS Publications.

Fig. 3 (a, b) SEM, (c) TEM and (d) high resolution TEM images of SG-PtNW-3 catalyst.
Insets in (d) are the Fourier filtered high resolution TEM images of the areas highlighted by
the dashed yellow squares. Adapted from ref. [69] with permission from Nature Publishing
Group.

Fig. 4 (a) PtCu tube after annealing at 600 °C. (b) CuPt restructured tube obtained after 250
potential cycles. Insets are the ED patterns showing the order-disorder transformation before
and after morphology restructuring. (c) Amplified TEM image shows the highly rough
surface. (d) Schematic of surface evolution after potential cycles. Adapted from ref. [90] with

permission from ACS Publications.
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Fig. 5 (a,b) TEM images showing the morphological evolution of Pd-Pt nanodendrites. High-
resolution TEM images of (c) an individual Pd-Pt particle and (d) the small Pt particles
shown in (a). In (c), the Pt bumps on the Pd seed are indicated by arrows. (e) High-resolution
TEM image of a single Pd-Pt nanodendrite. It can be seen that the lattice fringes are
coherently extended from the Pd core to the Pt branches. (f) High-resolution TEM image
taken from a Pt branch containing a single twin plane in its structure and the corresponding
Fourier transform (FT) pattern (inset). A twin plane is indicated by tw. Adapted from ref.
[108] with permission from Springer.

Fig. 6 Schematic diagram for the MnO,-CNT ORR mechanism. Adapted from ref. [130] with
permission from ACS Publications.

Fig. 7 (a) SEM and (b) TEM images of the PtAu NT. (c) Low-magnification HRTEM image
of the PtAu NT and (d) the corresponding high-magnification HRTEM image of panel c. The
insets of panels b and ¢ show the STEM image with the EDS line scan and the SAED pattern
of the PtAu NT, respectively. Adapted from ref. [141] with permission from ACS
Publications.

Fig. 8 (&) TEM image of the dispersive nanocrystals after ultrasonic dispersion of PtPd
porous hollow nanorod arrays (PHNRASs); (b) HAADF-STEM image of the dispersive
nanocrystals after ultrasonic dispersion of PtPd PHNRAs; (c) CVs measured in 0.5 M
CH3OH+0.5 M H,SO,4 at 50 mV/s; (d) Chronoamperometry curves measured in 0.5 M
H,S04+0.5 M CH3OH at 50 mV/s (The corresponding potential was held at 0.75 V for the
PtPd PHNRAs and 0.60 V for the commercial Pt/C and PtPd film, respectively, during the
measurements); (e) Schematic illustration for the advantages of PHNRAs as catalysts.
Adapted from ref. [154] with permission from Wiley.

Fig. 9 (a) SEM image of Pt-Ni-P nanotube arrays (NTAs); (b) Scheme for the almost

complete oxidation of carbonaceous species generated during methanol electrooxidation in
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the porous walls of Pt-Ni-P NTAs; (c) CVs of Pt-Ni-P and Pt-Ni NTAs in 0.5 M CH30H+0.5
M H,SO, at 50 mV/s; (d) Chronoamperometry curves of Pt-Ni-P and Pt-Ni NTAs in 0.5 M
H,SO4+0.5 M CH3OH at 50 mV/s. Adapted from ref. [166] with permission from ACS
Publications.

Fig. 10 (a) TEM images of Au-Pt core-shell NWs of 1:1 atomic ratio after the formation of Pt
shell clearly show the different morphologies and increase in diameter sizes. (b) The co-
existence of Au and Ag as core (simply called as Au core) and Pt as shells were confirmed.
Adapted from ref. [25] with permission from RSC.

Fig. 11 Average cell power as a function of the operation time, (A) PtNW/C and (C)
commercial Pt/C; 1-V and I-P curves of (B) PtNW/C and (D) commercial Pt/C. Adapted
from ref. [198] with permission from Elsevier.

Fig. 12 SEM images of the PtCoMn alloy catalyst sputter coating on the microstructured
substrate supported whiskers for the fabrication of NSTF catalyst elecgtrodes. Adapted from
ref. [202] with permission from ECS Publications.

Fig. 13 Images of Pt nanowires grown on ASPN-treated GDLs. (a-c) SEM images of a 3D
nano-architectured catalyst layer with Pt-nanowire arrays in-situ grown on the treated GDL
support surface, at three different magnifications. The support area is 5 cm?. (d-f) TEM and
HR-TEM images of Pt nanowires in the nano-architectured catalyst layer. (f) shows a HR-
TEM image of the part specified by the white square in (e), indicating the single-crystal
nanowires with the growth direction along the <111> axis. Adapted from ref. [210] with

permission from Nature Publishing Group.
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