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Proton exchange membrane fuel cells (PEMFCs) have attracted extensive attention because of their high
efficiency, environmental friendliness, and lack of noise pollution. However, PEMFCs still face many difficulties in
practical application, such as insufficient power density, high cost, and poor durability. The main reason for these
difficulties is the slow oxygen reduction reaction (ORR) on the cathode due to the insufficient stability and catalytic
activity of the catalyst. It is very important to develop advanced platinum (Pt)-based catalysts to realize low Pt loads
and long-term operation of membrane electrode assembly (MEA) modules to improve the performance of PEMFC.
By designing the structure of a Pt-based catalyst, it can be generated on a special surface structure, so as to boost
the stability and activity of Pt-based catalysts, such as low-dimensional nanostructures (e.g., two-dimensional
nanoplates and one-dimensional nanowires). These structures not only have high conductivity, but can also make
sure the nanocrystals are fully in contact with the support and effectively inhibit Ostwald ripening, with excellent
stability.

Pt-based catalysts oxygen reduction reaction (ORR) catalytic layer

proton exchange membrane fuel cell (PEMFC)

| 1. Introduction

Fossil fuels and massive energy consumption, as well as the consequent serious climate and environmental
issues, pose a serious threat to the sustainable development of human society. In this regard, the utilization and
development of clean energy has gradually spread across the globe. In addition to the common photovoltaic power
stations and solar thermal power stations, researchers are slowly turning their attention to fuel cells WZEl4l Fyel
cells can be divided into alkaline fuel cells (AFCs) RIBI, phosphoric acid fuel cells (PAFCs) BRI selid oxide fuel
cells (SOFCs) L1213l molten carbonate fuel cells (MCFCs) 1415]16] and proton exchange membrane fuel cells
(PEMFCs) LAI8I aecording to different electrolytes. In addition to the general characteristics of fuel cells,
PEMFCs also have the outstanding advantages of fast response, low operating temperature, high energy
conversion efficiency and high power density. A PEMFC is an energy conversion device that converts hydrogen
energy into electric energy effectively through electrochemical reactions, and which can effectively alleviate the
problems of global warming and fossil energy shortage. However, all the commercial PEMFC catalysts used are
Pt-based catalysts, which are expensive; the stability and activity of the catalysts need to be improved, and the
hydrophobic/hydrophilic balance in the catalytic layer (CL) greatly limits their application. It is of great significance

to improve the overall performance of PEMFCs by improving the stability and activity of catalysts, minimizing the Pt
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load, optimizing the structure of each functional layer, and reducing the transmission resistance between the CL

and the proton exchange membrane (PEM).

| 2. Design Principle of Pt-Based Catalysts

The ORR on the cathode of a PEMFC is a complex reaction process involving multiple elemental reactions. In the
whole reaction process, there are multiple reaction pathways (such as direct reaction pathway and continuous
reaction pathway) and reactions of various intermediates (such as 0,2~, 0?7, H,0,, surface Pt-O and Pt-OH). The
specific reaction mechanisms are still unclear. However, through many researchers’ theoretical and experimental
studies on ORR, a practical and significant theoretical basis has been obtained for the mechanism of ORR. At
present, researchers generally believe that ORR mainly takes two paths 2921 One is a direct four-electron
pathway, in which O, reacts directly into H,O under the action of catalyst; the reaction mechanism equation is as
follows: [0, + 4H* + 4e™ - 2H,0, E® = 1.229 V]. The other is the indirect two-electron pathway; under the action of
the catalyst, O, is first converted into the intermediate product H,O,, and then continues to obtain the electron
reaction to generate H,O; the reaction mechanism equation is as follows: [0, + 2H* + 2e”—~H,0, E? = 0.67 V],
[H,0, + 2H* + 2e™ -~ H,0, E® = 1.77 V].

Theoretical and experimental studies have found that in either four- or two-electronic pathways, the chemical bond
of oxygen in the initial reaction will be broken. As a result, the reduction potential of the four-electronic pathway is
higher than the two-electronic pathway, and the dissociation of the O-O bonds in O, is higher than that in H,O,,
thus the two-electron pathway with low catalytic activity tends to occur. However, the actual reaction is much more
complicated, and the oxidation reaction at the cathode may be a mixture of two and four electrons. For PEMFC, the
operation of the electric potential and current efficiency are higher when the electrode reaction is carried out in a
four-electron pathway, which can avoid the influence of H,O, produced by the indirect two-electron pathway on the

proton membrane. Therefore, the four-electron pathway is also considered to be a more effective ORR process 29

In PEMFC, the main obstacle limiting its discharge performance is the slow ORR on the cathode. The reaction
cannot meet the discharge requirements of PEMFC without external force, but can be carried out with the ORR
smoothly under the action of appropriate catalysts. Pt has been used as an electrocatalyst for PEMFC for decades
due to its unique properties of accelerating ORR reactions 22, Compared with other single-element catalysts (Ag,
Pd, Au, Cu, Co and Ni, etc.), Pt has special electronic properties and has moderate interactions with oxygen-
containing substances, so it is more favorable to catalyze ORR 28, The ORR activity can also be reflected

according to the binding capacity of single element catalyst with O or OH.

In practical applications, strain effect and ligand effect often act synergically on Pt-based catalysts. Strain effect
enhances the performance of Pt-based catalysts by adjusting the distance between Pt atoms to change their
electronic structure. In addition, the ligand effect can effectively reduce the difference of electronegativity and mean
the whole catalyst is in the lowest energy state, thus developing a novel approach to boost the catalytic
performance 24, Synergistic effects often occur in the interface construction between Pt-based nanomaterials and

other components, such as Pt and metal, Pt and support, and Pt and other compounds 22!,
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| 3. Controllable Preparation of Pt-Based ORR Catalysts

So far, the studies on the stability and activity of Pt-based catalysts have mainly looked at the following four

aspects:

(1) The development and design of novel Pt-based nanocatalysts with more stable structure and more efficient

performance, such as porous nanowires 28 hollow nanostructures 22 and highly open nanoframes 28,

(2) The activity of a Pt-based catalyst is closely related to the crystal face structure. The crystal face exposed by
the Pt-based catalyst determines the atomic arrangement and electronic structure of the surface, which directly

affects the electrochemical adsorption and decomposition of reactant molecules in the catalytic reaction process
28]

(3) To enhance the intrinsic activity of Pt (increase the unit activity of Pt), the way to change the intrinsic activity of
Pt itself is usually alloying, by introducing another or more transition metal elements, such as Cu, Cr, Co, Ni, Fe

and other metal elements, to build a Pt-based alloy, heterogeneous structure or core-shell type B34,

(4) More and more new support materials have attracted the attention of researchers, such as composite materials
or ceramic materials with better stability than carbon materials. The physicochemical properties and structure of the
surface of such support materials play an important role in the stability and activity of the final catalyst. Moreover,
the interactions between the Pt-based NPs and the supports help to regulate the electronic structure of Pt, thus

further enhancing the catalytic performance of Pt-based NPs [22],

3.1. Structural Control of Pt-Based Catalysts

In commercial applications, Pt/C catalysts are commonly used in the cathodes of PEMFCs, as they have 2—-3-times
more catalytic activity than that of pure Pt, but this is far from expected. The Pt/C catalyst still has obvious
disadvantages B3], such as high cost, easy CO poisoning, poor stability and other problems. In order to further
enhance the stability and catalytic activity of Pt-based catalysts, researchers have developed Pt-based NPs with
special structures, which typically have more than 10-times higher ORR mass activity than Pt 4. At present, Pt-
based catalysts can be divided into one-dimensional (1D) nanowires/nanotubes, two-dimensional (2D) nanoplates,

three-dimensional (3D) polyhedrons, nanoframes and other special structures according to their different structures
[35]

Low-dimensional Pt-based nanomaterials (e.g., nanowires and nanoplates) have been widely used in
electrocatalysis and energy conversion due to their special atomic arrangement and electronic structure as well as
good solubility and aggregation 28, Results show that the combination of the porous metal structure and one-
dimensional nanostructure is an effective method to enhance the stability and activity of Pt-based catalysts 78],
A porous metal structure is a very efficient structure which can provide high specific surface area and abundant
catalytic active sites. The porous structure not only enhances the efficiency of Pt, but also inherits the high

conductivity of the Pt, thus maximizing the electron transfer rate in the porous nanostructures B99 However, the
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porous metal structures tend to be less stable, often in the form of NPs, which can easily agglomerate or detach
from the supports 412431 The anisotropic structure of 1D nanowires can ensure sufficient contact with
nanocrystals and support, which is conducive to inhibiting the agglomeration, separation and Ostwald ripening of

the nanocrystals in the reaction process, thus improving the stability 241,

3.2. Morphology Control of Pt-Based Catalysts

For Pt-based ORR catalysts, the preparation of different morphologies is mainly to expose more highly active sites
and thus improve the catalytic activity. In addition, Pt atoms on the surface of Pt nanocrystals of different
morphologies are also arranged in different ways. For example, a Pt octahedron is dominated by Pt (111), a Pt
cube is dominated by Pt (100), and a Pt concave cube is dominated by Pt (110). Common pure Pt polyhedral NPs
451 Due to the different catalytic activity of Pt atoms on different crystal faces, the order of ORR activity of Pt atoms
on different crystal faces is Pt (110) > Pt (111) > Pt (100) in non-adsorbent electrolytes (0.1 M HCIO, electrolyte),
but the order of ORR activity of Pt atoms on polyhedral Pt-based catalysts is not the same, such as Pt3Ni

catalysts.

Based on Pt crystal nucleation growth theory, the control experiment in the process of experimental conditions
such as reactant concentration, reaction time and reaction temperature, etc., can effectively affect the growth of
crystal nucleation thermodynamics and dynamic factors in the process of crystal nucleus to control the initial

topography and Pt-accumulated growth process, and end up with a different morphology of Pt NPs.

3.3. Composition Control of Pt-Based Catalysts

Although Pt is an ideal material for electrocatalysis, its high cost and scarcity limit the commercial application of
PEMFC (481471 |n order to improve the stability and activity of ORR, the electronic structure of Pt needs to be
adjusted to solve the key problems of the surface adsorption of various oxygen-containing intermediates in the
ORR process. Researchers have developed a series of Pt-based alloy catalysts for PEMFCs, which were alloyed
with transition metals (e.g., Zn, Cu, Ni, Co, Fe, Mn, etc.) to change the atomic arrangement of the d-band center of
Pt and the catalyst surface, thus changing the chemisorption state of oxygen-containing species on the surface of
catalysts 8. The introduction of transition metals not only effectively reduces the cost of Pt-based catalysts, but

also makes their catalytic activity much higher than Pt/C catalysts due to the interaction of strain effect and ligand
effect [24131]49][50]

Pt-based alloys are usually disordered structures with Pt and transition metals randomly distributed in NPs.
However, acidic environments (pH < 1) and high chemical potentials (>0.7 Vrye) can lead to the dissolution and
oxidation of transition metals, thus reducing the overall activity of the catalyst 2152 Therefore, the ordered Pt-
based alloy catalysts, such as Pt;Co B3I ptFe B3B8 pt,cy BABEEl etc., have attracted more and more
attention. Compared to the disordered structure, the ordered Pt-based alloy catalyst has a high degree of alloying,
definite composition and structure, and electronic properties, so this type of Pt alloy generally has higher

electrochemical stability.
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In addition to the ordering process, researchers have also developed a new type of catalyst—Pt-based core-shell
catalyst BABAI61l This catalyst can solve the previous problems effectively, requiring only a tiny amount of Pt to
cover the NP surface and protect the transition metals that are easily soluble on the NP surface. The core-shell

type catalyst design is very effective, because the electrochemical reaction occurs only on the surface layer of the
NPs 54,

3.4. Optimization of Pt-Based Catalyst Supports

It is well known that the catalyst support plays a key role in regulating the activity and durability of catalysts [62163]
(641 At present, carbon black materials (such as Ketjen Black and Vulcan XC-72, etc.) have been widely used as
PEMFC catalyst supports due to their advantages of high conductivity, high active area, porous structure, good
stability in acidic and alkaline media, and relatively low price BY[63I66] However, in the case of PEMFCs running for
a long time, the charcoal supports easily form oxygen-containing groups on the catalyst support surface, which will
reduce the conductivity of the catalyst and lead to serious sintering of catalyst NPs. In addition, the oxygen-
containing groups also improve the hydrophilicity of the supports, thereby affecting the air permeability and

drainage performance 87,

| 4. Effect of CL Structure on the Performance of MEA

The MEA modules of PEMFC are composed of catalytic layers (CLs), polymer electrolyte membranes (PEMs) and
gas diffusion layers (GDLs) on both sides of the membrane €8, The electrochemical reaction of the PEMFC occurs
in the MEA. Specifically, the reaction gases H, and O, are transferred to the CLs at the anode and cathode through
the diffusion layers, respectively. H, is oxidized to protons on the anode, while O, will be reduced to oxygen ions
on the cathode, and combine with protons transferred from the anode side to form water molecules 62, Although
the operation of PEMFC requires water to ensure adequate electrical conductivity, the reaction can be hampered if
excess liquid water is not properly treated. Therefore, researchers have attempted to improve the performance of
the membrane electrode by constructing a cathodic catalytic layer (CCL) with a special structure to achieve a

hydrophilic/hydrophobic balance or adding hydrophobic materials to improve its hydrophobicity 2,

The electrochemical reaction on the MEA of PEMFC is a multiphase reaction, which is carried out on the three-
phase boundary (TPB) formed by electrolytes, reaction gas (oxygen/air and hydrogen) and catalysts. Because
PEMFC adopts solid electrolytes, its sulfonate radical is fixed on the resin of PEM and will not invade the electrode;
the TPB of the reaction is limited to the part where the reaction layer contacts the PEM. Only the surface of CL and
PEM can effectively conduct protons. Therefore, in order to ensure that the reaction takes place in the electrode
CL, it is necessary to establish ion channels in the CL. Moreover, since the reaction requires gas reactants to reach
the catalyst surface and the generated water to leave the surface quickly, it also requires that the CL has
hydrophobic channels. In addition, the ionomers in the CLs will occupy part of the pores, so it is necessary to
adjust the content and distribution structure of ionomers in the CL to meet the needs of proton conduction and
prevent too many ionomers from reducing the porosity of the CL and affecting the transmission of O,. The ideal

catalytic layer should have an excellent electrochemical three-phase interfacial reaction region, allowing good
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transfer and transport of electrons, protons, oxygen, and water 1. Thus, it is necessary to improve the CL

structure, among which the gradient structure and the ordered structure design are very effective approaches.

4.1. Gradient Catalyst Layer Structure

In the CL, poly tetra fluoroethylene (PTFE) and ionic conductive polymers (such as Nafion) are commonly used as
binders. The content of the binder affects the gas permeability, catalytic activity and ionic conductivity of the CL [Z2],
If the Nafion content is too low, the ionic conductivity of CL will be insufficient, resulting in low Pt utilization and high
impedance. In contrast, too much Nafion will fill the pores in the layer, affecting the gas transport and electron
conduction of the CL 23], Therefore, Nafion content in the CL should be controllable within a reasonable range, and

its distribution should be gradient design.

4.2. Ordered Catalyst Layer Structure

At present, the effects of the catalyst-coated membrane (CCM) A8 gradient catalyst layer structure 8179
and ordered catalyst layer structure on the performance of MEA have been studied, and some achievements have
been made. CCM directly coats the catalyst ink on both sides of the PEM to form CLs, which can effectively
improve the catalyst utilization rate and greatly reduce the proton transfer resistance between PEM and CL. The
gradient concentration CL was designed to better balance the relationship between operating conditions and
electrode structures, electrode performance and precious metal load. However, both the catalyst-coating catalytic
layer and the gradient concentration design catalytic layer have shortcomings. The disorder of multiphase transport
channels of electrons, protons, water, gas and others will increase the mass transfer resistance and greatly reduce
the utilization efficiency of catalysts [2. Therefore, it is of great significance to study the structure of ordered
catalytic layers in order to reduce the amount of Pt, enhance the utilization efficiency of catalysts and increase the

three-phase interfaces of reactions.

The concept of ordered membrane electrodes was first proposed by Middelman et al. B, In the process of CLs
preparation, porous ordered structure and nanoarray structure were introduced to achieve the separation and
ordering of mass transfer channels, protons and electrons. The three-phase reaction interface of the electrodes
was utilized to the maximum extent, the content of precious metal Pt was effectively reduced, and the stability of
the electrode structure was improved. In recent years, with the deepening of research, other ordered membrane
electrodes have appeared, such as carbon nanotubes/nanowires arrays, metal oxide arrays, conductive polymer
arrays as the support or Pt nanostructure arrays directly as the electrode, which have different characteristics and

disadvantages.
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