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ABSTRACT 

An urgent need for cleaner energy alternatives has driven the research of fuel cells, and 

consequently, electrocatalysts. Noble metals such as Pt and Pd are well known as the most 

suitable catalysts for fuel cell reactions. However, because of their high costs, much effort has 

been invested to improve their efficiency. Amorphous noble metal nanoparticles are 

promising electrocatalysts because of their abundant uncoordinated active sites that result 

from their long-range disordered lattice. Researches on amorphous Pt- and Pd-based 

catalysts have progressed well with several different synthesis routes. This review aims to 

systematically study the differences, advantages, and disadvantages of these methods and 

the resulting characteristics, performance in fuel cell applications, and future prospects of the 

amorphous Pt- and Pd-based catalysts. 
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1. Introduction 
Due to the ever-increasing energy demand and rapidly worsening situation of climate change, there 
is a dire need for alternative sources of energy that are clean and renewable [1]. Among other 
renewable energy sources such as photovoltaic cells and wind turbines, fuel cells have emerged as a 
promising contender and have long become a popular research topic for green energy [1, 2]. 

Having many advantages, fuel cells still have various issues that require improvements. The major 
challenge is that majority of the reactions involved (except for hydrogen oxidation reaction) at both 
electrodes are kinetically slow, although they are thermodynamically favored. This is due to high 
activation energy barriers of the rate-determining steps, namely, cleavage of strong stable bonds such 
as C–H and O=O [1, 3, 4]. Therefore, catalysts are essentially always required to increase the rates of 
these sluggish reactions. 

Noble metals such as Pt and Pd are considered the most widely used electrocatalysts for both 
oxidation and reduction reactions [1, 3]. Even though much effort has been spent on exploring low-
cost catalyst materials for ORR, however they suffer from poor stability, conductivity and complex 
syntheses [5-25]. Being the most popular electrocatalysts for fuel cells with high catalytic activity, Pt 
and Pd still have several shortcomings that hinder their potential as catalysts for fuel cells. First, they 
are extremely rare and thus expensive metal, so their mass activity, which is catalytic current peak 
normalized by weight of catalyst, should be optimized [1, 3, 26]. In addition, they have poor durability 
due to poisoning by reaction intermediates, especially in the case of alcohol or formic acid oxidation 
[3, 26]. It has been hypothesized that carbon monoxide (CO) formed during the intermediate stages 
of the oxidation reaction can bind itself strongly to the catalyst’s active sites and deactivate them [27]. 
Oxidative removal of CO is difficult as it requires large overpotential, slowing down the reaction even 
further [28]. Therefore, strategies need to be developed to overcome these challenges. 

There have been several reported approaches that tackled these issues. Popular directions focus on 
controlling the catalysts’ shapes [29-34] and morphologies [35-38] and developing multimetallic alloys 
[39-42] or even special support materials [43-47]. By manipulating the catalysts’ shapes, researchers 
have shown that by increasing the exposure of high-index facets, catalytic activity can be increased 
[30, 33, 48-51]. In addition, hollow 3-D shapes of catalysts can vastly improve their mass activity due 
to the exposure of their inner surface [29, 31, 34, 52-57]. Porous morphology can also increase 
catalytic activity by increasing the available catalytic surface area and promote mass diffusion [35-38, 
58-62]. Furthermore, researchers have intensively explored alloying Pt and Pd with transition metals 
such as Ru, Ni, and Cu [29, 30, 32, 34, 41, 53, 63-66]. Transition metals are inexpensive, thus can reduce 
cost of the catalysts. They increase catalytic activity of the catalysts via two mechanisms: (1) their 
oxophilicity and (2) weakening of the bond between poisonous CO intermediates and catalyst due to 
decreased electron density of Pt and Pd [39, 51, 53, 63, 67-71]. Lastly, although support materials do 
not directly participate in the catalytic process, they can improve overall reaction kinetics because 
they facilitate mass diffusion. In addition, some functionalized support materials can influence the 
final composition of the catalysts during synthesis. For example, carbon nanotubes (CNTs) treated 
with concentrated HNO3 (O-functionalized CNTs) can increase the amount of P-doping in Pd-P 
nanoparticles (NPs) [72]. Novel support materials can be generally divided into two groups: those that 
are novel carbon based such as reduced graphene oxide, N-doped graphene, and functionalized 
graphene [42, 47, 73, 74] and those that are noncarbon supports such as titanium nitride nanotubes, 
Mo-doped titanium nitride, and titania [43-45]. 

One of the most recent approaches in the design of effective catalysts is the development of Pt- and 
Pd-based amorphous catalysts. Amorphous structure is unique with many interesting properties. It is 
characterized by many defects due to long-range disordered lattice. These defects have low-
coordination active sites, which have been reported to increase catalytic activity [75, 76]. In addition, 
the synergistic effects of doping and alloying elements that are added to the lattice to create 



amorphous structure also contribute to higher catalytic activity. Therefore, amorphous catalysts have 
improved activity compared to their crystalline counterparts. 

In this report, different synthesis methods, characterization, performance, and future prospects of 
amorphous noble-metal-based catalysts are reviewed in order to shed light on how amorphous 
catalysts are formed and how their properties contribute to their superior performance in fuel cell 
applications. 

2. Synthesis methods (description, explanation, and insights) 

Amorphous, or metallic glass, structure is characterized as having a lack of any long-range ordered 

lattice that is normally observed in crystals. Therefore, the first principle that all synthesis methods 

for amorphous structure must follow is that the lattice must be distorted, whether by physical or 

chemical means. Amorphous phase is however a metastable state, unlike the stable crystalline phase. 

This means that all amorphous materials synthesis methods must be able to follow second principle, 

which is to prevent crystal formation. In this section, different strategies used to achieve the goals set 

out by these two principles are discussed in terms of their formation mechanisms as well as their 

advantages and disadvantages. 

2.1. Top–down approaches 

2.1.1. Conventional methods 

Conventional top–down methods for the synthesis of amorphous materials follow the concept of 
“energize and quench” in order to process the materials at a non-equilibrium state (amorphous phase 
is non-equilibrium metastable phase). Basically, the materials are supplied with energy to bring them 
from an equilibrium crystalline state to a highly non-equilibrium state and then quenched to the 
desired metastable phase [77]. Amorphous catalysts synthesized using these conventional methods 
belong to the category of bulk amorphous metal alloys, or bulk metallic glass. 

Mechanical alloying is a powder-processing technique that utilizes repeated cold welding, fracturing, 
and rewelding of powder particles in a high-energy ball mill. This technique enables the synthesis of a 
variety of equilibrium and non-equilibrium alloy phases including amorphous alloys [77-80]. Although 
the concept is simple, this process is extremely time consuming (normally takes 40 h of milling) and 
extremely energy intensive. Moreover, it is wasteful. In order to prepare the catalyzed electrodes, the 
amorphous alloy powders are mixed with glassy carbon and paraffin binder. This means that a large 
amount of the catalysts is left inside the bulk of the electrode and is not being fully utilized [81]. 

Melt quenching is a traditional method used to produce amorphous metal alloys. The idea behind this 
method is simple: a mixture of molten metals is cooled down at a rate fast enough to prevent crystal 
formation, and the materials are locked in a metastable glassy state. The cooling down rate is normally 
in the range of millions of degrees per second [82-84]. This method, although faster than mechanical 
alloying, is still energy intensive. 

2.1.2. Dealloying method 

Dealloying is a top–down process used for the fabrication of amorphous catalysts with nanoscale 
features, which are known as nanoporous catalysts. Catalysts synthesized via this method are 
commonly Pd based, belonging to category of dealloyed amorphous Pd-based metal alloys. 

Essentially, this method does not induce amorphous structure. Its main purpose is to increase the 
surface area of the catalyst while maintaining its amorphousness. In general, an amorphous alloy is 
formed with an extra metal in ribbons. These ribbons are then soaked in concentrated acid (e.g., 

https://en.wikipedia.org/wiki/Cold_welding
https://en.wikipedia.org/wiki/Ball_mill


sulfuric acid) to dissolve, or dealloy, the extra metal, leaving the wanted metals behind. These metals 
undergo sulfurization in a two-step mechanism. Depending on what element the extra metal is, 
dealloying process can be carried out in two steps: first in strong base and then in concentrated acid 
[85, 86]. 

Another variation that allows better control of the removal of the extra metal is selective etching by 
anodic polarization in diluted acid (e.g., 0.5 M H2SO4). By adjusting the potential, etching of the noble 
metal can be greatly eliminated, hence reducing the number of control parameters (e.g., dissolution 
of noble metals) [87]. 

Although low processing temperature plays a role in maintaining crystallinity, it is believed that the 
difference in diffusion coefficients of metals (in this case, Pd has a lower diffusion coefficient than Cu) 
results in a “fixing” effect, keeping all the atoms in place and preventing them from crystallizing. It was 
proven in a previous study that when only one metal is used (Cu), the structure recrystallizes [85, 86]. 

The ratio of the metals used in the precursor has an effect on amorphousness. For amorphous Pd-Cu-
S, the starting precursor Ti30Cu68Pd2 is required, while Al80(Pd0.67Cu0.33)20 could not yield 
amorphousness. The starting precursor Al80Pd10Cu5Ni5 with a lower Pd concentration, interestingly 
yields an amorphous structure. This phenomenon has two advantages: (1) amorphous structure with 
a high catalytic activity is achieved and (2) cost savings is gained because lower Pd concentration is 
used. 

2.1.3. Thermal plastic forming (TPF) techniques 

TPF is an innovative top-down method to synthesize metallic glass (or amorphous) nanostructures 
from bulk metallic glass. It is a net-shaping fabrication method, along with direct casting. Compared 
to TPF, direct casting of molten metals into molds followed by rapid cooling yields poor fidelity and 
limited shapes, thus is not well investigated and will not be discussed in great details here [88-90]. 

TPF is carried out by heating bulk metallic glasses to a specific supercooled liquid state, then shape it 
using a variety of techniques conventionally used for thermoplastic forming, such as molding, 
extrusion, blow molding, rolling, etc. with molding or imprinting being most extensively reported 
thanks to the complex shapes that this technique can achieve.  For imprinting, the supercooled liquid 
state metallic glass fills in templates to get desired shapes and dimensions [88, 89, 91-94]. Bulk metallic 
glasses can exist in a supercooled liquid state at a temperature above their glass transition 
temperature without crystallization. This state of viscous liquid is stable across a large temperature-
time range, which allows an opportunity to shape them using. Discovery of bulk metallic glass alloys 
with high formability and utilization of wetting between the mold and the metallic glass has led to 
fabrication of nano-dimension structures [88, 91, 94]. Such techniques are often referred to as 
nanoimprinting or nanomoulding in literature. 

The most profound strength of these techniques, especially nanoimprinting/nanomoulding, is their 
high-throughput for complex, even hierarchical nano-sized structures. Nonetheless, they are not 
without limitations. There are limited options for materials because not all elements used in alloys can 
form metallic glass, and not all metallic glasses have the suitable formability for processing [94]. Efforts 
have been spent on investigating post-processing techniques such as galvanic displacement, 
electrochemical deposition and underpotential deposition to incorporate elements that are unable to 
form glass [94, 95]. 

 



2.2. Bottom–up approaches 
The main disadvantage of using noble metals such as Pd and Pt as catalysts is their limited availability 
and thus exorbitant price. This has been one of the main reasons why fuel cells are not fully 
commercialized. 

The solution to reduce the use of these noble metals is to maximize their surface area, since their 
catalytic properties are strictly surface processes. For spherical particles (the typical nanoparticle 
shape), their surface area is inversely proportional to their radius. Therefore, to maximize the surface 
area of the catalysts, the size of these catalysts needs to be reduced to increase the area/volume ratio. 

Achieving a smaller particle size is the biggest challenge for top–down approaches. Although they are 
easily implemented in industrial settings, there is a limit on the catalyst particle size that can be 
obtained. Whether it is due to theoretical limit, lack of advanced equipment, or cost of production 
being too high compared to the cost saved from reducing noble metal use, there exists a bottleneck 
for top–down approaches. Therefore, bottom–up approaches are a more suitable option. 

2.2.1. Wet chemical reduction 

Wet chemical reduction is a simple method to synthesize amorphous catalysts. Generally, the 
synthesis requires two main components: metal precursors and reducing agents. Metal precursors 
include ionic forms of Pd, Pt, and transition metals for alloying. Reducing agents are used to reduce 
the metal ions to their metallic state. Other secondary components such as surfactants and pH 
regulators can also be incorporated to fine-tune the characteristics of the catalysts. The reagents can 
be mixed in different combinations and ratios to achieve the desired composition of the final catalysts. 
To achieve amorphous structure, the composition of each component has to fall within a certain 
critical range. Phosphorus doping plays a critical role in achieving amorphousness by inducing lattice 
disorder. The discovery of doping phenomenon is due to the use sodium hypophosphite (NaH2PO2). It 
was found out that NaH2PO2 can undergo reduction to elemental P alongside with metal ion reduction 
[96, 97]. Catalysts synthesized via this method therefore belong to the category of P-doped 
nanocatalysts. Alloying transition metals also create a lattice mismatch that aids in the induction of 
amorphous structure. 

Efforts to fabricate amorphous metal alloys dated back in 1997 [98], where catalysts were fabricated 
in the form of a 5-μm coating instead of smaller nanoparticles. Fortunately, the size of the catalysts 
obtained from bottom–up approaches can be controlled simply via time, which is a great advantage, 
as evident with the results of a study by Salomé et al. [6]. These authors reported the synthesis of a 
PdP catalyst deposited on a carbon paper for a significantly reduced deposition time. These catalysts 
had an agglomerate size of 100–200 nm. 

Due to the simplicity of bottom–up approaches, they are widely used in the synthesis of not only 
amorphous but all types of catalysts. They also give researchers the flexibility to investigate different 
types of support materials. Besides the intrinsic properties of catalysts, it is well known that catalyst 
and support material interaction can increase catalytic activity as well [42-45, 47, 72-74]. 

Nevertheless, catalysts prepared by wet chemical reduction are still limited to small quantities used 
in research facilities. Fortunately, an interesting adaptation of bottom–up approaches developed by 
Poon et al. [75, 76], which is called stepwise electroless deposition, is fully automatable, showing a 
great promise for wide industrial applications. This process allows for the direct deposition of Pd-P on 
any substrate without pretreatment or preseeding and without the use of a chelating agent, which 
might hinder the catalytic activity of the catalyst. 



2.2.2. Innovative methods 

The catalysts that belong to this category are synthesized through different innovative methods. These 
catalysts are not yet well studied compared to the other three categories, but they hold a great 
promise of creating a breakthrough in the field of amorphous catalyst design and synthesis. 

A recent approach to achieve amorphous Pd or Pt electrocatalyst is by using ligand exchange. The 
general procedure involves synthesizing a precursor, which is a crystalline catalyst, using wet 
reduction or solvothermal method. The shape of the formed precursor depends on the capping or 
ligand agent used. The ligand-exchange process is carried out by introducing a special ligand called 
bismuthiol I. This thiol ligand has a stronger interaction with Pd atoms, so it can displace other ligands 
bonded to Pd. It induces amorphousness at the outer layer of the catalysts. Then, the lattice gradually 
expands and transitions to an amorphous structure with time, without changing the morphology 
(shape) of the catalysts [99]. The ligand-exchange process has the advantage over the other methods 
already discussed because it can create shapes other than sphere or clusters normally obtained by 
other methods. So far, it has been reported that nanosheet and nanocubes can be obtained using this 
process [99]. 

Photolysis is the decomposition or separation of molecule driven by energy from light. A recent study 
has shown that amorphous Pt in thin film form can be synthesized using this method: a Pt complex 
(platinum β-diketonate) is synthesized, and spin coated onto a silicon or ITO substrate. Then, the 
complex is irradiated with UV light to decompose and yield an amorphous Pt film [100]. Although 
there is no explanation reported on the formation mechanism of the amorphous structure, it is a 
unique way to synthesize amorphous Pt. This method has a great advantage of practicality as spin-
coating technique is well developed in the industry, so integration of this method for 
commercialization will be easier compared to other methods. 

Galvanic displacement reaction is used as a technique typically for the synthesis of hollow and porous 
metal nanoparticles. The nature of this reaction is corrosion driven by the difference in 
electrochemical potentials between two metals. Typically, the synthesis involves a metal serving as a 
sacrificial template as well as a solution containing metal ions that are to be deposited. The metal ions 
will be reduced to metal, gradually displacing the metal that serves as a sacrificial template, which, on 
the other hand, will be oxidized to metal ions. Usually, galvanic displacement results in a crystalline 
structure. However, the special galvanic displacement of Cu by H2PtCl6 aided by Na2S2O3 surprisingly 
yields amorphous CuPt alloy [101]. Na2S2O3 is a complexing agent for CuCl. Therefore, the presence of 
Na2S2O3 in the galvanic displacement of Cu encourages the formation of CuCl, where Cu has a valence 
state of +1 and prevents its disproportionation to Cu2+. Therefore, for every four electrons needed to 
reduce PtCl62− to one Pt atom, four Cu atoms should be oxidized. The large discrepancy between the 
number of Cu atoms removed and the number of atoms of Pt formed creates a large number of lattice 
vacancies, increasing the surface energy of the system. As a result, the atoms rearrange into an 
amorphous structure that has lower energy than a heavily defected crystal structure. 

Even though the mechanisms which form the amorphous structure are unique and innovative with 
many advantages, these methods suffer from limited materials options as they have only been 
discovered on a case-by-case basis and there is not yet a generalized strategy. Much work is needed 
in the future to explore their full potential as general synthesis strategies for amorphous structures. 

 

 



3. Characterizations 

The physical properties of catalysts are responsible for their catalytic performance, and the properties 

of interests are morphology, crystal structure, and chemical composition. Amorphous Pt- and Pd-

based catalysts are subjected to the same characterizations. Aside from the absence of any long-range 

crystal structure (being amorphous) as the common property, other properties of amorphous Pt- and 

Pd-based catalysts discussed here are diverse because they are based on the results of different 

synthesis methods. This section aims to systematically discuss how amorphousness is characterized 

and to highlight some interesting differences among catalysts. 

3.1. Amorphous structure 

Amorphous structure is essentially indicated by the lack of any crystal structure. Therefore, to 

characterize amorphousness, techniques that are used to characterize crystal structure are used to 

look for proof for the lack of it. X-ray diffraction (XRD) is unarguably the most conventional and 

straightforward technique to study crystal structure. While it still holds an essential role in 

investigating nanocatalysts, XRD has its limitations. Because of the small size of nanoparticles, 

broadening of the diffraction peaks according to Scherrer’s equation becomes significant, thus making 

interpretation of XRD spectra confusing. Therefore, additional proofs are often required, and in order 

to solve this problem, transmission electron microscopy (TEM) has been used to capture and evaluate 

the structures of catalysts. 

Selected area electron diffraction (SAED) technique is commonly used to check for the amorphous 
structure of the nanoparticles. An amorphous structure is indicated by diffused rings, unlike the clear 
Debye–Scherrer rings that are characteristic of a crystalline structure. In Fig. 1, SAED images give 
information on the phase transformation of PtNiP particles annealed at different temperatures. 

 

Figure 1 The SAED images of the amorphous PtNiPa/C (a),  and PtNiP catalysts annealed at different 
temperatures: PtNiP-300/C (b), PtNiP- 500/C (c) and PtNiP-700/C (d).Reprinted from reference [102] 
with permission from PCCP. Copyright (2014) of PCCP 

More advanced techniques such as high-resolution transmission electron microscopy (HR-TEM) are 
also routinely used to double confirm the amorphous nature of nanoparticles. As shown in Fig. 2, an 
HR-TEM image of a catalyst reveals a fingerprint-like pattern that lacks clear lattice fringes of an 
orderly structure, indicating that the catalyst is indeed amorphous. 



 

Figure 2 (a) TEM and SAED images and (b) the corresponding HR-TEM image of the amorphous 
nanoporous structure of a catalyst synthesized via electrochemical dealloying of Pd32Ni48P20 alloy at 
0.85 V in 0.5 M H2SO4 electrolyte. Reprinted from reference [87] with permission from Intermetallics. 
Copyright (2017) of Intermetallics 

Even though XRD has certain limitations when it comes to characterizing amorphous nanoparticles as 
mentioned above, it is still the easiest and most conventional tool used to study the amorphous 
structure of materials. Therefore, it is often used for rapid evaluation, helping to investigate the 
influence of various factors, such as composition and temperature, on the amorphous structure. An 
amorphous structure is characterized by a long-range disorder of the metal lattice. Therefore, 
characteristic sharp peaks of a crystal structure are not present in XRD spectra of amorphous Pt or Pd.  

Amorphous structure is the result of mixing additional elements into the lattice of noble metal. Each 
element contributes to amorphousness differently and a critical concentration of an element is crucial 
in engineering amorphous catalysts. For bulk metal alloys, the interaction of metals in the mixture is 
the key to achieve amorphous phase. The phases of the metals can be evaluated by using a phase 
diagram. For dealloyed Pd-based amorphous alloys, interaction between Pd and Cu creates a fixing 
effect, preventing the metal atoms from diffusing and recrystallizing during dealloying [85, 86]. For P-
doped nanocatalysts, when metals and non-metal P that are used for alloying and doping, respectively, 
are introduced into the lattice, they induce a lattice disorder, which is the key to induce amorphous 
structure. It has been reported that P is the main factor that disorders the lattice [103]. When the P 
content increases, the crystal structure becomes more disordered and eventually turns amorphous. 
On the other hand, metals such as transition metals Cu and Ni that are used for alloying cause the 
lattice to contract. While providing an opposite effect compared to that of P, they are believed to 
enhance thermal stability of amorphous catalysts. Due to the opposing effects, the concentration of 
each element plays a key role in ensuring that the final material is amorphous. According to reported 
studies, for systems containing Cu, scientists have found out that Cu content must be kept below 20 at% 
[104]. Meanwhile for systems containing Ni, a minimum concentration of 15 at% of P is required to 
achieve amorphous structure for Pd [87]. For systems without any metal used for alloying, atomic 
concentration of P can still be lower (11%) while amorphous structure is still achieved [76]. In the case 
of Pt, while the critical concentration for obtaining amorphous structure is not discussed, the atomic 
percent of P follows a similar pattern to that in Pd catalysts. For example, 34 at% of P, i.e.,., atomic 
ratio of Pt/P is 2:1, was reported for amorphous PtP/C [105], 49 at% of P for PtNiP/C [102], and 37 at% 
P or an atomic ratio of roughly 1:3 Pt/P for PtNiRuP/C [66]. 



 

Figure 3 XRD spectra of: (a) PtP/C catalysts annealed at different temperatures. Reprinted from 
reference [105] with permission from RSC Advances. Copyright (2014) of RSC Advances. (b) PtNiP/C 
catalysts annealed at different temperatures. Reprinted from reference [102] with permission from 
PCCP. Copyright (2014) of PCCP 

The thermal stabilization effect of alloyed transition metal has been observed in P-doped Pt-based 
amorphous catalysts. Amorphous PtP/C catalyst reported by Ma et al. [105] started to recrystallize 
when annealed at 200°C and fully transitioned into a crystalline structure at 400°C (Fig. 3a). When Ni 
was introduced into the PtNiP/C catalyst reported by the same group [102], the catalyst only started 
to recrystallize at 300°C and only turned into a crystalline structure at 700°C (Fig. 3b). Although there 
is no study on crystallinity evolution of PdP system for a clear comparison, PdNiP has been reported 
to be stable up to 350°C. The effect of concentration of metals used for alloying to thermal stability of 
the catalyst is not investigated in detail, but generally, 300°C should be a safe processing temperature 
for these catalysts. 

3.2. Size and shape 
The shapes of amorphous catalysts are not very diverse. Many of the synthesis methods only use 
simple surfactants to achieve the desired shape. In an amorphous structure, there is no preferred 
growth direction, so the shape of amorphous catalysts is confined by the surfactant in use. Most often 
seen shapes are spheres. 

Some works reported amorphous nanocatalysts synthesized in the presence of surfactants, which 
greatly affects the size distribution of the catalyst. Zhao et al. [106] investigated different surfactants 
and reactants for the synthesis of monodisperse Pd-Ni-P nanoparticles as seen in Fig. 4. The conditions 
are summarized in Table 1. From the figure, only the optimal condition could yield a monodisperse 
distribution: palladium acetylacetonate [Pd(acac)2, 0.2 mmol], nickel acetylacetonate [Ni(acac)2, 
0.6 mmol], and triphenylphosphine (TPP, 1.76 mmol) as Pd, Ni, and P sources, respectively; tetra-n-
butylammonium bromide (TBAB, 2 mmol) and trioctylphosphine oxide (TOPO, 6 mmol) as surfactants; 
and oleylamine (OLA, 12 mL) as a reducing reagent and a stabilizer. 

 

 

 

 

 



 

Table 1 Optimizing conditions for the fabrication of monodisperse amorphous Pd-Ni-P NPs 

Pd source Ni source P source Surfactant Reductant 
and stabilizer 

Sample 

Pd(acac)2 Ni(acac)2 PPh3 TBAB/TOPO OLA/OA 1 
Pd(acac)2 Ni(acac)2 PPh3 – OLA 2 
Pd(acac)2 Ni(acac)2 TOP – OLA 3 
Pd(acac)2 Ni(acac)2 PPh3 TBAB/TOPO OLA 4 

Data are reproduced from [106] with permission from Chemistry of Materials. Copyright (2014) of 
Chemistry of Materials 

PPh3 triphenylphosphine 

 

 

Figure 4 TEM images of Pd-Ni-P NPs obtained from different reaction conditions summarized in Table 
1. Reprinted from reference [106] with permission from Chemistry of Materials. Copyright (2014) of 
Chemistry of Materials 

In the syntheses of the majority of amophous catalysts, surfactants are not ultilized. As a result, the 
size distribution of the catalysts follows a normal distrbution, as exemplified in Fig. 5, where the 
amorphous PtNiP nanoparticles subjected to various temperatures for thermal treatment are 
depicted. 



 

Figure 5. TEM images and corresponding histograms of PtNiP particle size distribution (insets) of 
amorphous PtNiP/C catalyst (a) and PtNiP/C catalysts annealed at different temperatures: PtNiP-
300/C (b), PtNiP-500/C (c), and PtNiP-700/C (d). Reprinted from reference [102] with permission from 
PCCP. Copyright (2014) of PCCP 

For catalysts synthesized without a shape-determining surfactant, the size-reduction effect of P can 
be observed as illustrated in Fig. 6. Using the stepwise electroless deposition method reported by 
Poon et al. [76], the use of NaH2PO2 as a reducing agent yielded P-doped amorphous Pd nanoparticles 
with a visibly smaller particle size compared to the crystalline counterpart reduced by N2H4. Size-
reduction effect in P-doped nanoparticles was investigated by Daimon et al. [107]. This reduction in 
size greatly contributes to the superior mass activity of these amorphous catalysts, which is of high 
importance as Pt and Pd are costly noble metals. 

 

Figure 6 TEM and SAED images of Pd nanoparticles synthesized by stepwise electroless deposition 
process using (a) NaH2PO2 and (b) N2H4 as reducing agents. Reprinted from reference [76] with 
permission from the Journal of the American Chemical Society. Copyright (2014) of the Journal of the 
American Chemical Society 

With the recent discovery of ligand-exchange method, more shapes can be achieved depending on 
the original surfactant used, as exemplified in Fig. 7 [99]. An ultrathin Pd nanosheet synthesized using 
octanoic acid as a capping agent [108] (Fig. 7a) can be transformed into amorphous structure (Fig. 7b) 
while maintaining its shape [109]. Similarly, Pd nanocubes synthesized using poly(vinylpyrrolidone) 
[110] (Fig. 7c) could be transformed to amorphous nanocubes (Fig. 7d) via ligand exchange with 
bismuthiol I. 



 

 

Figure 7 (a) TEM, (a1) SAED, and (a2) HR-TEM images of Pd nanosheet with octanoic acid as a capping 
agent (OA). Inset in a is the molecular structure of OA. (b) TEM, (b1) SAED, and (b2) HR-TEM images 
of Pd nanosheet synthesized via ligand exchange with bismuthiol I for 24 h. Inset in b is the molecular 
structure of bismuthiol I. (c) TEM, (c1) SAED, and (c2) HR-TEM images of Pd nanocubes synthesized 
using poly(vinylpyrrolidone (PVP)). Inset in c is the molecular structure of PVP. (d) TEM, (d1) SAED, and 
(d2) HR-TEM images of Pd nanocubes via ligand exchange with bismuthiol I for 24 h. Inset in d is the 
molecular structure of bismuthiol I. Reprinted from reference [99] with permission from Advanced 
Materials. Copyright (2020) of Advanced Materials 

3.3. XPS study 
When additional elements are introduced into a lattice, the bonding and electronic structure will 
change. XPS is used to investigate these changes. 

3.3.1. P-doped nanocatalysts 
In P-doped nanocatalysts, the interaction between P atoms and noble metal Pt and Pd atoms is evident 
and is often carefully investigated. P is an electronegative element that might withdraw electrons from 
Pt and Pd, resulting in a decreased electron density in these noble metals, which is beneficial for 
catalytic activity. 

In PdP systems, the Pd 3d peaks often can be deconvoluted into two pairs of doublets: 3d5/2 and 3d3/2 
levels of metallic Pd0 and 3d5/2 and 3d3/2 of oxidation state Pd2+ as shown in Fig. 8. Across all reported 
systems of PdP, peaks corresponding to 3d5/2 and 3d3/2 levels of Pd0 range from 335.2 to 335.6 eV and 
from 340.5 to 340.8 eV, respectively, while 3d5/2 and 3d3/2 peaks of Pd2+ range from 335.7 to 337.5 eV 
and from 341.4 to 342.7 eV, respectively. Comparing the peak position of 3d5/2 of Pd0 for PdP to that 
for pure Pd, there is a slight shift in binding energy. This indicates that there is electron transfer from 
Pd to P, leaving Pd positively charged [6, 72, 111, 112]. In the PdNiP systems, interestingly, the binding 
energy of 3d5/2 of Pd0 is much higher at 337.8 eV, exhibiting a much more dramatic shift of more than 
2 eV [106, 113]. 



 

 

Figure 8 Pd 3d XPS spectrum of amorphous PdP nanoparticles. Reprinted from reference [112] with 
permission from Applied Surface Science. Copyright (2018) of Applied Surface Science 

P is an element with many valence states; therefore, it is expected to exist in different forms and 
species in the metal lattices. There are numerous factors that determine what species should be 
present and their relative concentration in the catalysts, which may include support materials, 
synthesis method, and influences from other components. For PdP synthesized on carbon 
nanospheres using wet reduction method reported by Zhao et al. [112], the P 2p spectra can be fitted 
to multipeaks of different oxidation states. The fitted P 2p3/2 peak at 132.7 eV represented P that 
bonds to one or two oxygen atoms [114]. The peak at 129.6 eV (P 2p1/2) is elemental phosphorous 
[115], and the most intense doublet at 133.7 eV corresponds to P 2p1/2 of phosphates. The peaks at 
134.8 and 136.0 eV can be attributed to P=O and P2O5, respectively [112, 114, 115]. The type of P 
species present also depends on the concentration of P in the lattice. According to Salomé et al. [6], 
the catalyst PdP10t3 with 10 at% of P synthesized by electrodeposition has phosphorus in one single 
form, i.e.,., alloyed with Pd, while PdP15t3 synthesized using the same electrodeposition technique but 
has higher P concentration of 15 at%, shows the presence of oxidized phosphorus as phosphate 
groups besides PdP. Similarly, Zhang et al. [111] synthesized Pd/P NP networks using wet reduction 
method. The P 2p peaks at 129.5 and 134.3 eV correspond to elemental state phosphorus P0 and 
oxidized phosphorus Pv, respectively. Compared to the XPS data of bulk P from research [116, 117], 
the binding energy of P shifts negatively. The shifts in binding energy of P in the PdP NP networks 
further confirm the electronic interactions between Pd and P, resulting in electron transfer from Pd 
to electronegative P [111, 116, 118]. 

For Pt-based catalysts, Pt 4f XPS spectra have two peaks corresponding to Pt 4f7/2 and Pt 4f5/2 states. 
These peaks can be deconvoluted into three pairs of doublets corresponding to metallic Pt0 and 
oxidized states PtII and PtIV, as shown in Fig. 9. For Pt-based catalysts, the binding energy of Pt 4f shifts 
positively, similar to that for Pd-based catalysts but in contrary to that of Pt/C catalyst due the 
donation of electrons from Pt to P. As mentioned above, Pt exists in both metallic and oxidized states. 
However, the ratio is different across different systems. For PtP, Pt is predominantly in oxidized states 
[105]. For PtNiRuP, Pt exists mainly in metallic state [66], while PtNiP has a balanced mix of both 
metallic and oxidized states [102, 119, 120]. 

 



 

Figure 9 Pt 4f spectra of PtRuNiP/C nanoparticles annealed at different temperatures. Reproduced 
from [66] with permission from the Journal of Power Sources. Copyright (2014) of the Journal of Power 
Sources 

XPS peaks of P in Pt-based catalysts also exhibit a negative shift in a similar manner to that in Pd-based 
catalysts, owing to the fact that P donates electrons to Pt. P 2p peak can be fitted into two individual 
component peaks at 133.4–133.6 eV and at 134.4–134.8 eV, corresponding to PIII and PV, respectively 
[118, 121, 122]. 

3.3.2. Dealloyed Pd-based amorphous alloys 
In dealloyed Pd-based amorphous alloys, S is doped as a result of the dealloying process. Being an 
electronegative element much like P, an electron transfer interaction is also expected and often 
investigated. 

Pd peaks also experience a similar positive shift in binding energy, as seen in Fig. 10, owing to the fact 
that the S doped into the lattice is also a highly electronegative element with many valence states 
similar to P. Peaks corresponding to 3d5/2 and 3d3/2 levels of Pd0 range from 336.2 to 336.6 eV and 
from 341.6 to 341.8 eV, while 3d5/2 and 3d3/2 peaks of Pd2+ range from 337.3 to 337.5 eV and from 
342.5 to 342.6 eV. Comparing the peak position of 3d5/2 of Pd0 to that for pure Pd, there is a larger 
shift in binding energy compared to that for pure Pd [85, 86]. 

In the spectra of S 2p, there are often two pairs of doublets: the higher binding energy doublet for 
bridging S2

2− and/or apical S2− and the lower binding energy doublet for terminal S2
2− and/or S2− in the 

materials. There are also peaks attributed to SO4
2− residue from dealloying process. It has been 

reported that bridging S2
2− and/or apical S2− on surface of catalyst might contribute to improve 

catalytic activity [85, 86]. 

 



 

Figure 10. XPS spectra of (a) Pd 3d, (b) Cu 2p, (c) Ni 2p, and (d) S 2p of PdCuNi–S catalyst. Reprinted 
from reference [86] with permission from Applied Catalysis B: Environmental. Copyright (2019) of 
Applied Catalysis B: Environmental 

4. Electrocatalytic activity 

Oxygen reduction reaction (ORR), formic acid oxidation (FAO), and methanol/ethanol oxidation 

reactions (EOR/MOR) are important fuel cell reactions. Unfortunately, they have sluggish kinetics and 

high susceptibility to catalyst poisoning [4, 116, 123-136]. Therefore, a significant amount of research 

has been conducted to design catalysts that can overcome these challenges. Catalysts with amorphous 

structure has shown a great promise through many successful reports. Amorphous structure is 

characterized by a long-range disorder that gives rise to low-coordination active sites. These sites are 

responsible for the improvement in the activity of catalysts with amorphous structures [75, 76] in 

comparison to their crystalline forms. Low-coordination active sites (kinks, edges and steps) have been 

experimentally proved by previous fundamental studies to be the active sites where bonds scission 

occurs [137-142]. Theoretical investigation has suggested that atoms in the neighborhood of surface 

irregularities experience profound chemical effects such as energy level rearrangement and charge 

transfer, which resulted in increased density of states and appearance of bonding orbitals which are 

not available in flat surfaces, are believed to contribute to their enhanced reactivities [143-145]. In 

this section, catalytic activity of amorphous catalysts is discussed in comparison to that of their 

crystalline counterparts. 



4.1. Anode reactions 

Anode reactions of fuel cells comprise of many small organic molecules electro-oxidation such as 

methanol oxidation or formic acid oxidation. They often suffer from CO poisoning, which is a reaction 

intermediate that binds strongly to active sites and deactivates them. Interestingly, amorphous 

catalysts possess better CO tolerance than their crystalline counterpart, resulting in higher durability 

besides their higher current density output. As mentioned above in the XPS data discussion, binding 

energies of Pt and Pd often experience a positive shift, which translates to weaker bonding to 

poisoning species and consequentially higher poisoning resistance and durability. Besides the effect 

of electron transfer from electronegative elements such as P and S inside the lattice of these catalysts, 

Richter et al. also proposed, via experimental and theoretical analysis, that the shift can also be 

attributed to lattice strain [146]. 

4.1.1. Methanol oxidation reaction 

Methanol oxidation is known for its importance as an anode reaction in fuel cells. Methanol is a 
popular fuel because of its ease of transportation and storage, low operating temperature, and high-
energy density [147-152].  

In an experiment by Wang et al. [87], PdNiP was fabricated by electrodealloying. The amorphous 
PdNiP was dealloyed at a lower potential of 0.85 V while the crystalline counterpart was dealloyed at 
0.88 V. In Fig. 11, the cyclic voltammetry (CV) measurements of the two catalysts revealed that the 
amorphous PdNiP (denoted NP-A) is 1.5 times more efficient than its crystalline counterpart (denoted 
NP-B) in terms of specific activity (1.31 versus 0.82 mA cm−2). The durability of the catalyst was also 
briefly investigated with 100 CV cycles, which resulted in only a slight current reduction of 9%. There 
are various explanations on why amorphous structure can increase the activity of catalysts. 
Amorphous structure has many active sites arising from the high amount of lattice defects, which can 
promote catalytic activity. The abundance of surface atoms with unsaturated coordination provided 
more active sites for reactions [153, 154]. Hu et al. [155] substantiated this claim by demonstrating 
using density functional theory calculations that atoms are bonded differently in amorphous structure 
compared to crystalline one. 

 

Figure 11 CV curves of pure Pd plate, sample NP-A, and sample NP-B in 1.0 M KOH and 1.0 M methanol 
solution. Scan rate was 20 mV s−1. Reprinted from reference [87] with permission from Intermetallics. 
Copyright (2017) of Intermetallic 

Annealing test is another approach to confirm the effect of amorphous structure on catalytic activity. 
In the study done by Zhao et al. [113], annealing at 400°C converts the amorphous Pd-Ni-P/CNT 
catalysts into their crystalline forms. In a similar manner, the catalytic activity decreases as can be 



seen in Fig. 12. The high catalytic activity is attributed to the random nature in the arrangement of Pd, 
Ni, and P atoms as well as the electron deficiency of Pd (indicated by the positive shift in binding 
energy of Pd 3d5/2 observed via XPS). The electron deficiency is believed to weaken the adsorption of 
reaction intermediates of MOR into Pd, therefore improving the catalytic activity of the amorphous 
Pd-Ni-P/CNT [156, 157]. 

 

Figure 12 Current density–potential curves of the cyclic voltammetry measurements carried out to 
compare the MOR catalytic activities of amorphous and crystallized Pd-Ni-P/CNTs. Reprinted from 
reference [87] with permission from the International Journal of Electrochemical Science. Copyright 
(2016) of the International Journal of Electrochemical Science 

Another study by Zhao et al. [106] sought to investigate the durability of amorphous Pd-Ni-P/C 
nanoparticles in greater details, as shown in Fig. 13. After 400 cycles in an electrolyte solution 
containing methanol, the catalytic activity of Pd-Ni-P/C only dropped by 3.5% compared to a drastic 
45% decrease in commercial Pd catalyst. Similarly, after 300 cycles, ECSA still remained up to 91.4% 
of the maximum values. Such durability is attributed to the combination of Pd and NiO, in addition to 
other common factors such as abundance of uncoordinated active sites due to the amorphous 
structure and Pd electron deficiency [156-159]. 

 

Figure 13 (a) Time–current density function of CV-monitored MOR using different Pd-based catalysts. 
The maximum current density measured during every anodic scan as a function of cycle number is 
given. (b) ECSA values calculated from cyclic CV tests of 8-nm Pd-Ni-P/C that are carried out in 
deaerated 0.5 M KOH. Reprinted from reference [106] with permission from Chemistry of Materials. 
Copyright (2014) of Chemistry of Materials 

In the case of amorphous Pt-based catalysts for MOR such PtP/C [105] and PtNiP/C [102] developed 
by Ma et al., their phase transition induced by heat treatment (annealing at various temperatures) 



was investigated in greater details. The overall trend shows that amorphous catalysts have the most 
superior performance: highest current density, most negative onset potential for CV, and highest 
current retention for chronoamperometry. These parameters gradually degrade as the catalysts 
transition into their crystalline form at a higher temperature. This trend can be observed clearly in Fig. 
14 with PtP/C as an example. 

 

Figure 14 CV graphs from measurement done in 0.5 M H2SO4 + 0.5 M CH3OH at a scan rate of 50 mV s−1. 
Measurements were normalized by (a) Pt loading and (b) ECSA derived from CO stripping (ECSACO). 
Chronoamperometry curves obtained by measurements at a potential of 0.6 V in 0.5 M H2SO4 + 0.5 M 
CH3OH were normalized by (c) Pt loading and (d) ECSACO of four catalysts: amorphous PtP supported 
on carbon (amorphous PtP/C) and PtP supported on carbon annealed at 200°C, 300°C, and 400°C (PtP-
200/C, PtP-300/C, and PtP-400/C, respectively). Reprinted from reference [105] with permission from 
RSC Advances. Copyright (2014) of RSC Advances 

Other amorphous Pt-based catalysts, such as the amorphous CuPt synthesized via Na2S2O3-mediated 
galvanic displacement reported by Zhao et al. [160], also displayed a similar difference in catalytic 
activity between amorphous and crystalline forms. Amorphous CuPt has a higher specific activity, 
more negative onset potential, and higher cyclic stability compared to both crystalline CuPt 
(synthesized via non-mediated galvanic displacement) and commercial Pt/C, as shown in Fig. 15. 

 



 

Figure 15 (a) CV curves from measurements run in N2-saturated 0.1 M HClO4 and 0.5 M CH3OH solution 
at a scan rate of 10 mV s−1. (b) Onset potentials. Long-term stability measurements: CV curves of (c) 
amorphous CuPt and (d) crystalline CuPt before and after 1,000 cycles. Reprinted from reference [160] 
with permission from ACS Catalysis. Copyright (2016) of ACS Catalysis 

4.1.2. Formic acid oxidation 

Formic acid oxidation is also one of the popular anode reactions of fuel cells because formic acid is a 

fuel with high performance, is environmentally friendly, and most importantly has low crossover rate 

[59, 161-164].  

The amorphous Pd-P catalyst synthesized via facile stepwise electroless deposition reported by Poon 

et al. [75] was investigated for its catalytic capability for FAO. The number of cycles carried out during 

synthesis could fine-tune the P content of the catalyst, affecting the level of lattice disorder that 

ultimately influences its catalytic activity. Nonetheless, all variations of reported amorphous Pd-P 

catalysts that follow the desirable dehydrogenation pathway display higher specific and mass activities 

than commercial Pd/C, which can be seen in Fig. 16a, b. They also have higher durability (Fig. 16c). 

Annealing test was again used to prove the contribution of the amorphous the structure to the 

catalytic activity, with results shown in Fig. 16d. 



 

Figure 16 (a) Specific activity and (b) mass activity graphs of Pd-P NPs and Pd/C from CV measurements 
done in N2-saturated 0.5 M H2SO4 + 1 M HCOOH solution at a scan rate is 50 mV s−1. The number 
beside the curves denotes the number of deposition cycles. (c) Chronoamperometry results for Pd-P 
and Pd/C, which were evaluated as a percentage of initial current density. Measurements were 
performed in N2-saturated 0.5 M H2SO4 + 1 M HCOOH solution at a potential of 0.2 V versus Ag/AgCl 
(KCl saturated). (d) Specific activity graphs (six cycles) of Pd-P NPs deposited on a carbon cloth before 
and after annealing at 700°C for 1 h. CV measurements were performed in N2-saturated 0.5 M 
H2SO4 + 1 M HCOOH solution at a scan rate of 50 mV s−1. Reprinted from reference [75] with 
permission from Chemical Communications. Copyright (2016) of Chemical Communications 

Zhang et al. [165] reported a porous Pd (P-Pd) nanosheet synthesized via reduction by CO, which has 
an amorphous–crystalline heterostructure. The amorphous–crystalline heterostructure increases the 
number of active sites, which in turn improved the catalytic activity of the nanosheet. It has higher 
specific activity and mass activity as well as durability compared to commercially available Pd/C, as 
seen in Fig. 17. 

 



 

Figure 17 (a) Activities and (b) chronoamperometry curves of various Pd-based catalysts based on 
measurements performed in 0.5 M H2SO4 + 0.5 M HCOOH solution. Reprinted from reference [165] 
with permission from Small. Copyright (2019) of Small 

4.2. Cathode reaction—oxygen reduction reaction 
Oxygen reduction reaction is an important cathodic reaction in fuel cells [76, 166, 167].  

A superior amorphous Pd-P catalyst reported by Poon et al. [76] has higher catalytic activity and 
durability than commercial Pd/C and even Pt/C for ORR, as can be seen in Fig. 18. There is a remarkable 
positive shift in the ORR curves experienced by the amorphous Pd-P catalysts. Interestingly, the 
catalytic activity can be fine-tuned simply by varying the number of cycles of deposition. The Pd-P 
catalyst was also subjected to annealing at 700°C for 1 h. The annealed Pd-P catalyst experienced a 
dramatic drop in its catalytic activity, exhibiting almost the same ORR curve as its crystalline Pd–N2H4 
counterpart (reduced by N2H4). The annealing test result again showed that the contributing factor to 
high catalytic activity is the amorphous structure. The amorphous Pd-P catalyst also has superior 
durability compared to their commercial counterparts, as evident from the 30,000-s 
chronoamperometry test result. 

 



 

Figure 18. ORR polarization curves for Pd nanoparticles synthesized with (a) NaH2PO2 and (b) N2H4. 
Measurements were performed in O2-saturated 0.1 M KOH solution at a scan rate of 10 mV s−1 and a 
rotational speed of 1,600 rpm. The numbers beside the curves correspond to the cycle numbers of the 
stepwise electroless deposition process. (c) ORR polarization curves of Pd nanoparticles synthesized 
on a carbon cloth. Annealing was performed at 700°C for 1 h. Inset is the EDS spectra of Pd-P after the 
annealing, indicating that P remains even after the annealing. (d) Chronoamperometry response of Pd 
nanoparticles synthesized with NaH2PO2 or N2H4 and performed in O2-saturated 0.1 M KOH solution 
at potential of 0.666 V versus reference hydrogen electrode (RHE) and a rotational speed of 200 rpm. 
Reprinted from reference [76] with permission from the Journal of the American Chemical Society. 
Copyright (2014) of the Journal of the American Chemical Society 

Ma et al. [120] reported an amorphous PtNiP/C catalyst for ORR as well. Koutecky–Levich calculations 
revealed that its synthesis followed a four-electron electron transfer pathway, reducing O2 to H2O. The 
amorphous catalyst was also heat treated at 500°C for hour to obtain its crystalline form for 
comparison. It is clear in Fig. 19 that the crystalline catalyst has a more inferior catalytic activity, as 
indicated by the negative shift in its ORR curve and lower specific activity and mass activity values at 
0.6 and 0.65 V. 



 

Figure 19 (a) ORR polarization curves of amorphous PtNiP/C, crystalline PtNiP/C, and PtNi/C catalysts 
for oxygen reduction in O2-saturated 0.5 M H2SO4 solution at a scan rate of 5 mV s−1 and rotation speed 
of 1,600 rpm. (b) Mass activity of amorphous PtNiP/C, crystalline PtNiP/C, and PtNi/C catalysts at 0.60 
and 0.65 V. Reprinted from reference [120] with permission from the Journal of Power Sources. 
Copyright (2014) of the Journal of Power Sources 

5. Conclusion and future prospects 

Amorphous structure is a promising approach in the design of effective catalysts for fuel cell 
applications. In this review, synthesis methods, properties, and catalytic activity of amorphous Pt- and 
Pd-based catalysts have been systematically discussed. Many synthesis methods have been developed 
to synthesize noble-metal-based amorphous catalysts with increasingly smaller size and higher 
performance, each with their own unique strength and practicality. The superior catalytic activities of 
these amorphous catalysts can be attributed to the abundance of uncoordinated active sites as the 
result of a characteristic long-range disordered structure. In addition, the elements introduced into 
the lattice to induce amorphous structure, via doping and alloying, also change the electronic 
structure of Pt and Pd, which helps increase their performance. 

Even though utilizing amorphous structure is a breakthrough in catalyst science thanks to its unique 
properties, there are still much room for improvement. Looking at the trend across literature reporting 
on amorphous Pt- and Pd-based catalysts, it is suggested that more works should be done to validate 
the applicability of the catalysts in fuel cells and improve the catalysts further. 

First, it is noticed that the studies for different fuel cell reactions of amorphous Pt- and Pd-based 
catalysts have not been conducted in good proportion. Majority of the catalysts reported are tested 
for MOR, while reports on FAO or ORR applications are relatively sparse. It is proposed that more 
amorphous Pt- and Pd-based catalysts should be synthesized and tested for more diverse fuel cell 
reactions other than MOR. This could prove the versatility of these amorphous catalysts and provide 
deeper and broader understanding on their catalytic activity. 

Second, despite the promising results reported, the structural stability of these amorphous catalysts 
is overlooked. Amorphous structure is a metastable state hence it easily undergoes structural 
relaxation. Harsh operating conditions of fuel cells can potentially destabilize these catalysts and cause 
them to recrystallize. Therefore, future research on amorphous catalysts should address their long-
term stability. Possible strategies are to either increase the number of elements used in the alloys or 
introduce novel functionalized support [102, 168, 169]. 

Lastly, the electrochemical tests carried out to prove the superior catalytic activity of these materials 
are just “proof of concept.” The transition from half-cell reaction test to full-cell test is often met by 
various challenges. It is encouraged that testing in full-cell setup be carried out so that the difficulties 



in applying these promising amorphous Pt- and Pd-based nanocatalysts to fuel cells can be fully 
understood, addressed, and resolved. 
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