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based nanomaterials for
multifunctional ORR/OER/HER electrocatalysis
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With the growing demand for sustainable energy, research on electrocatalysis is attractingmore attention in

the fabrication of clean energy devices (e.g., fuel cells, electrolyzers, and metal–air batteries). The oxygen

reduction reaction (ORR), oxygen evolution reaction (OER), and hydrogen evolution reaction (HER) are the

most significant electrocatalytic reactions requiring highly active and stable catalysts to address the cost,

performance, and durability issues. This review summarizes novel palladium-based nanomaterials for

multifunctional ORR/OER/HER electrocatalysis in both acidic and alkaline media. The mechanism of

electrocatalytic reactions and the challenges of the Pd-based catalysts are demonstrated. To solve the

problems, researchers' strategies include but are not limited to alloying design, single-atom catalyst

design, hybrid nanomaterial fabrication, interface engineering, etc. Finally, the advantages of Pd-based

nanomaterials are summarized and their prospects for high activity and stable electrocatalysis are proposed.
1. Introduction

With the growth of the Earth's population worldwide and
industrialization in developing countries, the demand for
energy by humans has reached an unprecedented level.1 The
major source of energy in daily life is fossil fuels. However, the
huge consumption of fossil fuels has caused many problems in
the past two centuries.2 For example, the rising emissions of
greenhouse gases are closely related to the combustion of fossil
fuels. Besides, due to the non-renewable nature of fossil fuels,
people may face a shortage of fossil fuels in the next few
decades. Hence, seeking alternatives to fossil fuels is very
important for addressing the energy and environmental
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problems of the 21st century.3 The oxygen reduction reaction
(ORR), oxygen evolution reaction (OER), and hydrogen evolu-
tion reaction (HER) are the most important reactions with
extensive applications in electrocatalysis.4 In detail, the ORR
occurs in the cathode of fuel cells; water splitting involves the
OER and HER; the ORR and OER also occur in metal–air
batteries. Developing efficient and stable electrocatalysts for
these reactions has become more and more important over the
years.5 Pt/C is a commonly used commercial electrocatalyst, but
its scarcity and inferior stability greatly impede the develop-
ment of Pt-based electrocatalysts. At the same time, Pt-based
materials cannot be applied to OER electrocatalysis due to
their poor activity. For the OER, the commercial catalyst is RuO2

or IrO2 supported on carbon, which shows similar problems to
commercial Pt/C. Moreover, the development of noble materials
for multifunctional electrocatalysis has gradually gained
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researchers' attention due to the demand for energy conversion
devices (e.g., fuel cells, electrolyzers, and metal–air batteries).

In general, some signicant parameters need to be consid-
ered for electrocatalysis,6 including the rarity of the materials,
their electrocatalytic performance (e.g., the overpotential and
current density of the reaction), their long-term durability in
different working environments,7 their multiple functions in
different electrocatalytic reactions, the complexity of the
synthesis processes, etc. For these points, researchers have
proposed different strategies to solve the related problems and
have addressed the issues of the materials. To decrease the cost,
researchers have tried to develop non-noble metal-based
materials such as transition metal oxides, transition metal
suldes,8 transition metal phosphides and some carbon mate-
rials such as metal–graphite-based and MOF-based
electrocatalysts.9–11 However, to date, due to the lack of noble
metal active sites, the electrocatalytic performances of non-
noble catalysts are not comparable to those of noble metal-
based catalysts. To achieve high catalytic performance of cata-
lysts, it is of paramount importance to focus on the reaction
mechanisms to manipulate the adsorption energy of interme-
diates and pay attention to several aspects: (1) increasing the
number of active sites, (2) enhancing the adsorption of reac-
tants, (3) speeding up the desorption of products, and (4)
dealing with the intermediates. Notably, these improvements
are related to the materials' geometry, morphology, electronic
structure, active sites on the surface, etc. To improve the long-
term durability at the working potential, various morphologies
have been designed to stabilize the materials' structures and
reduce the aggregation of the nanoparticles during the elec-
trochemical reactions.

Platinum-based materials are still state-of-the-art catalysts
for the ORR, HER, and other electrocatalytic reactions.
However, the high cost, scarcity, and poor impurity tolerance of
Pt-based materials have stimulated the development of non-
platinum electrocatalysts as alternatives,12 including other
noble metals like Pd, non-noble metals, metal-free catalysts, etc.
By comparing Pt and Pd, it can be concluded that these two
noble metals have both commonality and unique characteris-
tics. Both Pd and Pt are platinum group metals, with similar
physical and chemical properties like stability in the air,5 the
feasibility of forming alloys, and designability towards nano-
structures. The similar electronic properties of Pd and Pt result
in optimal adsorption energy with intermediates. Besides, many
researchers combined Pd and Pt and used the synergistic effect
to enhance the electrocatalytic activity.13–17 In terms of Pt-based
catalysts, their availability is low, and stability is inferior due to
the poor methanol tolerance and low resistance to other
impurities.12 Compared with platinum, Pd is more abundant
and historically the price of Pd was lower than that of Pt,
although the price of Pd has become higher in recent years. The
catalyst fabrication cost is also related to the loading mass of
noble metals, and researchers utilized different strategies to
address the cost issue like alloying with non-noble metals.13,18–20

These comparable properties of Pd make it attractive for high-
performance electrocatalysis. Based on Pd, researchers can
design different materials to meet different requirements for
9384 | J. Mater. Chem. A, 2023, 11, 9383–9400
electrocatalytic functions. Pd-based materials have been used
for not only ORR, HER, or OER single-functional electro-
catalysis, but also multifunctional reactions like water splitting
and in metal–air batteries. It's hard for Pd metal on its own to
have all the advantages mentioned above including in terms of
cost, performance, stability, and multifunctional applications,
but there are some strategies to improve the overall perfor-
mance, lower the cost, reduce the overpotential, increase the
current density, and enhance the stability. For example, alloying
with nonprecious metals, fabricating Pd single-atom catalysts,
synthesizing composite materials, and constructing 2D nano-
materials21 are good ways to reduce the loading mass of Pd and
improve the performance at the same time. Pd-based electro-
catalysts are among the most important candidates in electro-
catalysis but have received less attention. Inspired by the fast
development of efficient strategies in the catalytic research
eld, in this review, the mechanism of electrocatalytic reac-
tions, the challenges of Pd-based catalysts, and researchers'
strategies and solutions to current problems are demonstrated
and summarized.

2. Oxygen reduction reaction (ORR)
2.1 Challenges

The ORR is a sluggish reaction hindering the development of
fuel cells. Many issues related to the ORR need to be solved or
optimized, including the slow kinetics, inappropriate adsorp-
tion strength, corrosive environment for catalysts,22,23 etc. On
account of the complicated nanostructure of some novel
materials, such as a composite consisting of graphene oxide
and a Cu-centered MOF assembly,24 the sophisticated design
enables excellent ORR performance, but it is usually accompa-
nied by the destruction of the structure, dissolution of the metal
elements, agglomeration of the nanoparticles, and leaching of
the alloyed nanostructures, and all these effects will lead to
performance degradation and shorter catalyst durability.25,26

Besides, adsorption strength also has a great inuence on
electrocatalysis. However, the weak adsorption strength
between the reactants and the active sites will limit the initial
mass transfer, thus decreasing the overall catalytic activity. If
the adsorption strength between the products and the active
sites is too strong, the molecules will poison the active sites and
block further reactions on these active sites.27 Therefore, it is
important to leverage the adsorption of the reactants and the
desorption of the products, as well as the mass transfer of
different intermediates at different reaction steps. The ORR has
two reaction pathways including four-electron transfer and two-
electron transfer. Four-electron transfer is highly desired aim-
ing at a higher efficiency of the fuel cells' half reaction. However,
in the practical working environment, the two pathways coexist
so that the average electron transfer number is lower than four
electrons.28 Therefore, improving the selectivity by the mate-
rial's design is also a big challenge. Pd nanomaterials'
conductivity also attract researchers' attention due to the poor
intrinsic electrical conductivity, so how to choose supported
carbon materials or other conductive substrates and how to
grow Pd-based nanomaterials on them should be well
This journal is © The Royal Society of Chemistry 2023
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addressed. For the above challenges, the design and synthesis
of high-performance catalysts is critical though many strategies
to solve these problems have already been proposed.
2.2 Strategies

2.2.1 Alloying design. Alloying is a commonly used method
to improve the catalytic activity and stabilize the materials for
Pd-based catalysts.29 Among different alloying strategies, tran-
sition metals such as Fe, Ni, Co, etc. are utilized as alloying
elements. Bimetallic compounds (e.g., Pd–Fe, Pd–Mo) formed
by two transition metals benet the catalytic activity of both
metals, lower the price due to the addition of the cheap
elements, and improve the durability of the unstable transition
metals.30 Besides, alloying brings about some benecial effects
towards good ORR performance: (1) constructing the control-
lable morphology and specic geometry like curved bimetallene
(Fig. 1c),31 (2) causing strain in the surface, (3) adjusting the
electronic structure to t the optimal oxygen binding energy,
etc.32 M. Neergat et al. prepared Pd–Fe bimetallic compounds in
a low-temperature synthesis route (Fig. 1b),33 and concluded
that the low-temperature treatment maintained the size of PdFe
bimetallic crystals without surface segregation, and the perfor-
mance results showed a good methanol tolerance. This early
work indicated the key points of alloy synthesis.

Recently, Luis E. Betancourt et al. designed the interactions
between Pd and Ag to synthesize the Pd–Ag alloy supported on
Fig. 1 (a) STM image after deposition of 0.4mL Au on Pd3Fe(111) at 300 K
(∼5 nm) and nanogaps (∼2 nm). Image size: (100 × 100) nm2. Reprodu
image of 20 wt% Pd3Fe/C. Inset shows the selected area diffraction patte
(c) TEM image of PdMo bimetallene. Reproduced with permission.31 Copy
of Pd3Cu for boosting the alkaline ORR. Inset: Determination of electron
Elsevier. (e) Electrochemical oxygen reduction reaction (ORR) activity
Reproduced with permission.34 Copyright 2020, American Chemical Soc

This journal is © The Royal Society of Chemistry 2023
carbon.34 The deposition of Pd tuned the electronic properties
of the catalyst and increased the ORR performance to twice that
of Pd/C (Fig. 1e). The Pd in the alloy accelerated the adsorption
of reactants and the Ag facilitated the desorption step of the
products, demonstrating a unique collaboration of the bime-
tallic alloys for the ORR. In order to investigate the original
inuences of different Pd-based bimetallic alloys, Georgios
Bampos et al.20 researched several kinds of alloys like Pd–Cu,
Pd–Ag, Pd–Ca, and Pd–Ni synthesized by the wet impregnation
method and compared their intrinsic ORR activities. Based on
electrochemical tests and various characterization techniques,
Pd–Cu achieved the best performance due to the optimal Pd
lattice strain among all the alloys. In another study, Tong Wu
et al.19 applied DFT (Density Functional Theory) calculations to
study the intrinsic properties of Pd3Cu and tried to explain the
excellent balance between activity and durability (Fig. 1d). By
constructing a possible mechanism for the reaction occurring
on the Pd3Cu surface, the researchers analyzed the adsorption
strengths of reaction intermediates and the electron-affinity
properties, thus developing the application of d-band center
theory for the explanation of ORR activity.

However, problems of catalytic activity and stability still exist
in binary alloys. Although the two active metals provide optimal
electronic properties, oxygen binding energy, and super good
performance, they cannot remain stable under the working
environment like an alkaline medium due to the high activity.35

To solve the problems existing in binary alloy catalysts,
. Au films grew preferentially at step edges and formed 2-D nanoislands
ced with permission.18 Copyright 2019, John Wiley and Sons. (b) TEM
rn of Pd3Fe/C. Reproduced with permission.33 Copyright 2011, Elsevier.
right 2019, Springer Nature. (d) Illustration of the active electron-affinity
-affinity of Pd and Cu. Reproduced with permission.19 Copyright 2019,
comparison between Ag and Pd alloys and their pure constituents.
iety.

J. Mater. Chem. A, 2023, 11, 9383–9400 | 9385
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researchers have started to try to add more components in the
alloy compound, like in ternary alloys. Xiaofang Yang et al.18

used inactive bulk gold to cover the surface of the Pd–Fe alloy
catalyst and the results showed a large improvement of stability
(Fig. 1a). In this compound, the Pd–Fe part exhibited highly
active ORR performance and Au served as an electronic modier
and structural stabilizer. This balancing strategy took advantage
of the different metals' properties and veried the feasibility of
ternary alloy catalysts. Xian Jiang et al.36 grew PdPb bimetallic
alloy nanolayers on Au nanowires to fabricate a trimetallic
catalyst for highly active ORR. The core–shell structure of
Au@PdPb and the anisotropic one-dimensional nanowire
morphology greatly increased the utilization efficiency of noble
metal atoms, exhibiting enhanced ORR activity. Compared to
a zero-dimensional nanostructure, the anisotropic one-
dimensional nanowires could prevent aggregation and disso-
lution, thus improving the ORR stability. Qiuyan Chen et al.13

designed core–shell nanosheets with Pd, Pt, and Ni, and tuned
the shell thickness to optimize the electrocatalytic performance.
Combining the core–shell morphology and ultra-thin nano-
sheet structure, this ternary alloy exhibited promising ORR
performance compared with commercial Pt/C. However, the
material becomes more complex with the additional element
and it's hard to predict and control the morphology and struc-
ture of ternary alloys. Mashu Torihata et al.14 studied the surface
structure and composition of the Pt–Pd–Co ternary alloy; they
fabricated several composition ratio compounds and compared
several surface planes, and showed that the low index planes of
the Pt–Pd–Co ternary alloy had higher activity compared with
Pt's corresponding planes. With more elements in the material
synthesis, it's hard to control the catalytic properties of the
prepared samples. Dinesh Bhalothia et al.15 carefully studied
the effect of the third metal Pt in the ternary alloy NiPdPt
nanoparticles and showed that the adsorption time and content
of Pt had a severe inuence on the atomic arrangement and
charge density distribution of the nal ternary alloy nano-
particles. In the presence of atomic Pt clusters in the surface,
the defect active sites were well protected, thus enhancing the
overall ORR performance.

The alloying strategy with Pd and non-noble metals indeed
provides superior catalytic performance and reduces the cost.
However, the reduced atomic percentage of Pd leads to limited
durability under harsh operating conditions, especially when
the atomic percentage of Pd is lower than 50%.37 To solve this
problem, Zhi-Peng Wu et al.37 developed an alloying–realloying
strategy to address the issue of Pd-based alloys' durability.
Researchers synthesized PtPdM (M = Cu, Ni or Co) ternary
alloys and studied their durability issues by in situ high-energy
synchrotron XRD. Results showed that the dealloying–realloy-
ing cycles played an important role in the overall stability. The
realloying process occurred in the compression-strained single-
phase alloy state and helped with the “self-healing” of the
material. Inside the ternary compositions, Pd could decrease
the dealloying degree and facilitate the realloying process, thus
improving the durability in the alloying–realloying strategy.

2.2.2 Size effect. The size effect, changing from nano-
particles to nanoclusters, then to a single/dual-atom scale, plays
9386 | J. Mater. Chem. A, 2023, 11, 9383–9400
a critical role in the nanomaterials' physicochemical properties.
Pd nanoclusters could provide extra active sites based on the
transition metal catalysts. Xiaoqian Wei et al.38 utilized the
electronic interaction between Pd nanoclusters and Fe single
atoms, triggering the Fe single atom's spin-state to change to an
intermediate spin. The change of spin state enhanced the ORR
dissociative pathway and improved the catalytic activity. This
atomic-scale mechanism study provided researchers with new
insights into the spin-regulation strategy. H. Cruz-Mart́ınez
et al.39 applied auxiliary density functional theory to study the
ORR activity of the Pd-based core–shell clusters, including Pd
nanoclusters, M@Pd bimetallic nanoclusters, and M@PdPt
trimetallic nanoclusters. Researchers computed the adsorption
energies of some intermediates (O, OH) as predictors to eval-
uate the ORR activity and investigated the catalytic trends of
these Pd-based nanoclusters. From the theoretical viewpoint,
the conclusion of the activity trends was M6@Pd30Pt8 >
M6@Pd38 > Pd44 and the stability of these nanoclusters was
further studied in a vacuum and an oxidizing environment.

To maximize the utilization of precious metals, fabricating
single-atom catalysts (SACs) is an efficient method to fully make
use of the active sites and achieve 100% atom efficiency.40 In
traditional bulk Pd materials, waste of inner precious metals
greatly increases the cost, while palladium single atoms sup-
ported on some carbon materials could maximize the benets.
Hee-Eun Kim et al.41 synthesized Pd single atoms supported on
graphitic carbon nitride with carbon black and this catalyst
showed high activity and selectivity towards two-electron
transfer ORR. Due to the abundant N-anchoring sites in the
carbon nitride, researchers used the quite simple impregnation
method to immobilize the Pd single atoms into the sites
without forming Pd nanoparticles. This work showed the
advantages of SACs: low cost, simple synthesis, high activity,
and high selectivity, and many studies conrmed these
features. Nan Wang et al.40 synthesized a Pd-doped zeolitic
imidazolate framework material for H2O2 generation (Fig. 2c).
Similar to the Pd single atoms immobilized on the graphitic
carbon material, this catalyst is also an N-coordinated single-
atom Pd material. Based on DFT calculations, the researcher
pointed out that the Pd single-atom sites in the form of Pd–N4

preferred breaking the bonds between oxygen atoms and active
sites, resulting in the high selectivity of two-electron transfer
during the ORR process. The fabrication of SACs depends on
different transition metals as active sites and various carbon
materials as the conductive supporting base. Kun Jiang et al.42

fabricated transition metal single atoms immobilized on
carbon nanotubes and achieved exible control towards oxygen
reduction pathways. The transition metal SACs in the work like
Fe–C–O single atom catalysts tuned the product selectivity and
brought inspiration and guidance towards other metals like Pd.
Similar to N-coordinated Pd SACs, some researchers focused on
carbon-coordinated SACs, like defective graphene. Zengxi Wei
et al.43 found a new Pd SAC (C4Pd) and analyzed the mechanism
behind the high activity and selectivity for two-electron transfer
to produce H2O2 (Fig. 2d). As a reference, they also fabricated Pd
clusters immobilized on the defective graphene with the
formula C4Pdx (x = 2, 3, 4, 5), which exhibited worse
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) The obtained lowest-energy configurations for a single TM atom anchored on 2H- and 1T-MoSe2 monolayers. Reproduced with
permission.45 Copyright 2022, Elsevier. (b) Adsorption energies of different TM atoms on the hollow Ti (red stars) and hollow C (blue pentagons)
sites of Ti3C2O2. Reproduced with permission.44 Copyright 2020, Royal Society of Chemistry. (c) Structural characterization for Pd0.157-NC,
showing the configuration of Pd single atoms in Pd-NC. Reproduced with permission.40 Copyright 2022, American Chemical Society. (d)
Proposed 2Dmaterials with different binding environments (B, C, N, O, P, S, Se) for one single Pd atom. Reproduced with permission.43 Copyright
2022, Elsevier. (e) Optimized structures of C4Pdx (x = 1, 2, 3, 4, 5). Reproduced with permission.43 Copyright 2022, Elsevier.
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performance than the single atom catalyst (Fig. 2e). Considering
their multifunctional nature, SACs are still competitive. In order
to nd the trifunctional catalysts for the ORR, OER and HER,
Zhanzhao Fu et al.44 took advantage of single-layer Ti3C2 and
fabricated Pd SACs on Ti3C2O2 (Fig. 2b). The combination of
Ti3C2's intrinsic high activity for the HER and traditional ORR
and OER active centers of the Pd metal successfully constructed
the highly active trifunctional catalyst Pd1@Ti3C2O2. The
interaction between these two parts could change the d-band
center of Pd atoms to an optimal position and improve the
catalytic performance. As for the stability, the study demon-
strated that the aggregation of Pd single atoms into small
clusters could not inuence the activity.

Besides using one kind of transition metal as the active sites,
distributing two or more kinds of elements as single atoms in
carbon materials is also a feasible strategy. Matthew T. Darby
et al.46 reported single-atom alloys (SAAs) for ORR electro-
catalysis. Through DFT calculations, the SAAs exhibited excel-
lent activity and durability like high tolerance to CO poisoning
due to the C–C coupling and C–H activation reactions. Among
10 kinds of SAAs, doped metals like Pd, Pt, Rh greatly improved
the activity of the host metals like Au and Ag, demonstrating the
SAAs enhanced ORR performance over the corresponding
monometallic SACs.

Transition metal dichalcogenide (TMD) nanosheets provide
new ideas for the choice of supporting 2D nanostructures. TMD
nanosheets are promising for anchoringmetal single atoms due
This journal is © The Royal Society of Chemistry 2023
to their low cost and good stability. Zengming Qin et al.45

stabilized various transition metals on the TMD MoSe2 (Fig. 2a)
and compared their overpotentials during the ORR and OER
processes (Fig. 6b). Ni@1T-MoSe2 had the lowest OER over-
potential while Pd@1T-MoSe2 achieved the best performance
comprehensively.

Dual-atom catalysts are also promising for high atom-
utilization efficiency.47,48 Compared with single-atom catalysts,
they could supply more active sites for reactants and interme-
diates, especially some necessary bridge adsorption. Xuewei
Wang et al.49 engineered both a single-Pd-site catalyst and dual-
Pd-site catalyst with different coordination environments, and
compared the adsorption characteristics. Specically,
researchers tried C, B, and N as coordination environments,
and evaluated their inuences on the adsorption of the reactant
(O2) and intermediates. The results showed that the removal of
*OH should be the potential determining step for the B coor-
dination environment, while the formation of *OOH should be
the potential determining step for C and N coordination envi-
ronments. From the perspective of mechanism, the Pd2B6/C
material could facilitate O]O cleavage, thus enhancing both
associative and dissociative pathways.

2.2.3 Atomic arrangement design. Based on the number of
electrons transferred in the ORR process, the reaction pathway
can be divided into a four-electron transfer pathway and two-
electron transfer pathway, with nal products of water or
hydroxide ions, and hydrogen peroxide molecules or peroxide
J. Mater. Chem. A, 2023, 11, 9383–9400 | 9387
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ions, respectively. The indispensable step of the four-electron
transfer pathway is O]O cleavage, preventing the formation
of hydrogen peroxide molecules.50 Additionally, hydrogen
peroxide molecules can be further reduced by electrons to
achieve the four-electron transfer pathway, and also high pH
can lead to its decomposition. Therefore, the selectivity of these
two pathways is sensitive to the active sites of materials' struc-
tures, the chemical composition of the catalysts, and the elec-
trochemical environment. To design highly selective 2e− ORR
catalysts, Juyeon Lee et al.50 applied DFT calculations to nd
suitable materials and fabricated Pd–Se–B nanocorals, which
showed excellent 2e− ORR activity and selectivity in near-
neutral electrolyte. The synthesis strategy is to control the
atomic arrangement by inserting some less catalytically active
sites such as Se, Hg, and Au. These kinds of atoms can serve as
interatomic spacers to increase the distance between two Pd
atoms and eliminate the ensemble sites, thus preventing the
cleavage of O]O and generating hydrogen peroxide molecules.
Besides, A. Verdaguer-Casadevall et al.51 studied the factors for
2e− ORR selectivity and synthesized Ag–Hg and Pd–Hg elec-
trocatalysts for H2O2 production. Based onmechanism research
and DFT calculations, researchers concluded that the highest
activity for H2O2 production should be achieved with moderate
interaction with intermediates, and also the isolated active sites
cannot break the O]O bond, resulting in high selectivity for
H2O2 production.

2.2.4 Functionalized composite design. Functionalized
hybrid materials composed of metals and other materials like
carbide, nitride, and polymers are promising for electrocatalysis
due to the simple synthesis routes and relatively low cost.52,53

Researchers could design the morphology of different materials
Fig. 3 (a) The synthetic scheme of Pd@PANI metallene. Reproduced wit
an O2-saturated 0.1 M KOH solution with a rotation rate of 1600 rpm at
2022, Elsevier. (c) Schematic illustration for the synthesis of Pd–Ni–P@NC
with permission.58 Copyright 2019, Elsevier. (d) XRD patterns of Ni–P@
Copyright 2019, Elsevier.

9388 | J. Mater. Chem. A, 2023, 11, 9383–9400
separately and think about the combination strategy, thus fully
utilizing the advantages of the hybrid materials' different parts
and their interactions. Recently, Hongjing Wang et al.54

prepared polyaniline-functionalized porous Pd metallene
(Fig. 3a) and used it for a long-term ORR test. The ultrathin
porous Pd nanosheets could provide extensive catalytic active
sites due to the high ratio of surface area to bulk volume, while
the polyaniline could provide high conductivity, excellent
hydrophilicity and relatively good stability. As mentioned above,
the interactions between different parts of hybrid materials
could be benecial to the whole catalytic performance (Fig. 3b).
The results revealed that the p-conjugated ligand in the poly-
aniline would modify the d-band center and electronic struc-
ture. In order to investigate the specic function of polyaniline
in the Pd-based nanocomposites, Mphoma S. Matseke et al.55

synthesized Pd/PANI/C (carbon black) composite materials for
the electrocatalytic ORR. Based on the TEM images, the sample
with polyaniline showed a more even distribution of the Pd
nanoparticles on the surface than the traditional Pd/carbon
black catalysts. The stability test demonstrated that the incor-
poration of polyaniline could improve the durability due to the
alleviation of the Pd nanoparticles' agglomeration. Besides, the
properties of polyaniline have been studied comprehensively
like the relationship between the catalytic activity and the
thickness of the polyaniline shell.56 Researchers have broad-
ened their horizons to extensive carbon material supports. To
utilize nitrogen-doped reduced graphene oxide, Ammara Ejaz
et al.57 reported an efficient method to fabricate a Pd@nitrogen-
doped reduced graphene oxide nanocomposite, with various
inner interactions among the nitrogen, oxygenated functional-
ities of graphene oxide and Pd nanoparticles. Due to the
h permission.54 Copyright 2022, Elsevier. (b) ORR polarization curves in
a scan speed of 10 mV s−1. Reproduced with permission.54 Copyright
by reacting Pd(II)/Ni(II)-dimethylglyoxime with NaH2PO2. Reproduced
NC, Pd–P@NC, and Pd–Ni–P@NC. Reproduced with permission.58

This journal is © The Royal Society of Chemistry 2023
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complex coordination environment of the nitrogen, researchers
investigated the distinct role of pyrrolic, pyridinic and graphitic
nitrogen. The results showed that the type of nitrogen inu-
enced the size and distribution of the Pd nanoparticles.

Metal phosphide is another choice because of the high mass
activity and specic activity resulting from enhanced charge
transfer and electronic modication.59 Xue Dong et al.58 studied
a bimetallic phosphide supported on a nitrogen doped carbon
material and investigated the effects of the interfacial coupling
interaction of metal phosphides (Fig. 3c and d). The incorpo-
ration of the palladium phosphide and the nickel phosphide
produced synergistic effects which optimized the electronic
structure. By using dimethylglyoxime, the nitrogen doped
carbon material was easily synthesized during the pyrolysis
while the phosphating process occurred in the same step.
Electroless deposition is another effective method to synthesize
hybrid materials. Barun Kumar Barman et al.60 coated Pd on
a prepared Ru-based nitrogen-doped graphene nanocomposite
by galvanic electroless deposition. In detail, some Ru atoms
were replaced by Pd atoms during the galvanic replacement,
and it constructed more catalytic active sites for good ORR and
HER performance. Compared with Pt coated samples, the Pd–
Ru@NG showed better HER activity due to the formation of
PdHx in the solution and better ORR stability due to the
promising alcohol tolerance. Marta Nunes et al.61 tried to
investigate the loading effect of noble metals supported on high
surface area graphite (HSAG) and the results showed that the
addition of Pd into Cu/HSAG could increase the electrocatalytic
activity no matter how small the amount of the Pd added.

Pd-based hybrid materials can also be used for an H2O2-
generating two-electron pathway. A. P. Reyes-Cruzaley et al.62

designed a novel hybrid material named Pd NP-PTH-CNTs for
two-electron transfer ORR. By incorporating polythiophene
(PTH) onto the carbon nanotubes (CNTs), researchers greatly
increased the conductivity of CNTs, and at the same time, the
PTH served as a reducing and stabilizing agent to assist in
synthesizing the Pd nanoparticles in a moderate way. Further-
more, the H2O2 selectivity could be enhanced by the size control
and the distribution position of Pd nanoparticles.

Synthesizing palladium-MOF/ZIF-based materials provides
an idea for fabricating low-cost catalysts. At the same time, the
transition metals perform quite well in electrocatalysis. There-
fore, combining these two materials to fabricate composite
electrocatalysts could be a feasible strategy. The synthesis of
composite materials not only decreases the whole cost, but also
provides more active sites both in number and variety. Here,
“MOF/ZIF”means that they are used as precursors but there will
be pyrolysis or carbonization or phosphating or vulcanization
later, based on the particular design and requirements. Zelin
Cui et al.63 synthesized Fe/Co/N doped carbon to support 40%
wt palladium nanoparticles. As aforementioned, the transition
metal-based materials already show good performance towards
electrocatalysis, and here the FeCo alloy on the carbon material
works as active sites for the ORR. Without the addition of
palladium, the component ratio of the carbonmaterial from the
pyrolysis of bimetallic ZIFs can be adjusted to achieve the best
ORR performance. Then, slightly oxidized palladium
This journal is © The Royal Society of Chemistry 2023
nanoparticles were introduced into the FeCo-based carbon
materials to nish designing the palladium-based catalyst. The
transition metals on it promote the oxygen activation process
and prevent the agglomeration of nanoparticles.

Pd-based materials are also promising choices for multi-
functional electrolysis due to their electronic structures and
combining properties with other materials. Noble metals like
platinum and palladium are excellent catalysts for the ORR and
HER and they could show good intrinsic properties towards
these two electrocatalytic processes, while the transition metal
oxides possess intrinsic activity towards OER electrocatalysis. In
order to fabricate trifunctional electrocatalysts, combining
noble metal materials with other OER catalytic materials can be
a practical approach. Recently, L. Karuppasamy et al.64 reported
a kind of multifunctional electrocatalyst for the ORR, OER and
HER which shows competitive electrocatalytic performances
(0.90 V half-wave potential for the ORR, 65 mV overpotential at
10 mA cm−2 for the HER and 180 mV overpotential at 10 mA
cm−2 for the OER) and good stability. The researchers synthe-
sized a defect-enriched N–MoO2–Mo2C heterointerface sup-
ported Pd nanocomposite keeping the following design ideas in
mind. The unique icosahedral palladium structure with suit-
able crystal defects improves the adsorption properties; the
presence of MoO2 and Mo2C increases the conductivity of the
whole material and reduces the OH formation on active sites
resulting in quite good durability. In the accelerated durability
test (ADT), the half-wave potential only moves towards a nega-
tive potential of 24.9 mV. Taeoh Kang et al.65 reported another
multifunctional composite material, Pd/CoOx/d-NC, for the
ORR and OER. The core design idea of this composite material
is that when combining two parts of materials, where the rst
part is benecial for the ORR and the second part is benecial
for the OER, there are some synergistic effects, leading to the
result that one plus one is greater than two. For this material,
the palladium nanoparticles as active sites are responsible for
the main performance of the ORR, while the defect-rich N-
doped carbon improves the ORR activity. The CoOx with
oxygen vacancies improve the adsorption of oxygen species,
with the electron-decient palladium structure achieving quite
good OER performance.

3. Oxygen evolution reaction (OER)
3.1 Challenges

The OER is a half-cell reaction of water splitting. Compared with
the other half-cell reaction, HER (a two-electron transfer
process), the OER is more sluggish in terms of the kinetics due
to the four-electron transfer.66 The sluggish kinetics means that
a large overpotential should be applied and more energy should
be consumed.67 Currently, RuO2/C and IrO2/C are commercial
catalysts for the OER.68 But the high mass ratio of precious
metals leads to the high cost of these commercial catalysts,
which is not sustainable due to the low natural reserves of Ru
and Ir. Ideal electrocatalysts require lower fabrication cost and
relatively fast kinetics, so researchers always tried to design and
synthesize alternative materials for RuO2/C and IrO2/C. For the
OER catalytic performance, both number and activity of the
J. Mater. Chem. A, 2023, 11, 9383–9400 | 9389
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active sites are critical, inuenced by the intrinsic properties of
the materials, nanostructures and the surface area.69 Therefore,
facing the above problems, it's necessary to design and fabricate
a less expensive and more efficient catalyst to promote the
overall electricity-driven water splitting.

3.2 Hybrid material design strategies

Alloying is an excellent strategy for efficient and durable cata-
lysts of the OER. Zafar Khan Ghouri et al.70 synthesized PdCe
alloy nanoparticles supported on carbon nanowires for the OER
(Fig. 4a and b). Due to the large number of active sites and low
charge transfer resistance, the cooperative effect of bimetallic
nanoparticles improved the catalytic activity and selectivity
(Fig. 4c).70 In addition, this kind of cooperative effect could
enhance the chemisorption efficiency of oxygen-containing
species and the 3D structure of the nanowires could improve
the electrochemical surface area. The palladium in the catalyst
could offer active centers by an electron inductive effect. Tao
Zhang et al.71 tuned the nanostructure of an Ir–Pd alloy with
three shapes, including hollow spheres, wires, and tetrahe-
drons, and investigated the OER performance of these nano-
particles (Fig. 4e). Among the three microstructures, the
nanowires and nanotetrahedrons exhibited excellent OER
performance whose mass activity was ve times that of the
commercial Ir/C catalyst. Palladium oxide-based nanomaterials
also exhibit great potential for the OER. G. M. Salvador et al.72

replaced the Mn3+ of a-MnO2 by Pd
4+ due to the similar radius

of Mn3+ and Pd4+, and synthesized Pd/a-MnO2 for the OER
(Fig. 4d). The PdO in the surface of the catalysts provided active
Fig. 4 (a) XPS Pd 3d spectra and (b) XPS Ce 3d spectra for a synthesized P
2022, Elsevier. (c) Overpotential retention as a function of LSV cycle num
electrodes. Reproduced with permission.70 Copyright 2022, Elsevier. (
permission.72 Copyright 2021, Elsevier. (e) XRD patterns of as-synthesiz
2018, Springer Nature. (f) Tafel plots of developed catalysts in 1 M KOH
Society.

9390 | J. Mater. Chem. A, 2023, 11, 9383–9400
sites and enhanced the overall OER performance compared
with pure a-MnO2, indicating the successful Pd-doping strategy.

Nanocluster engineering is also an effective way to fabricate
active and durable OER electrocatalysts. R. Manjunatha et al.73

synthesized a nitrogen-doped carbon nanotube supported Co–
Fe nanocomposite and decorated Pd nanoclusters to further
improve the electrocatalytic performance. The Pd nanocluster-
coated Co–Fe–NCNTs exhibited superior trifunctional electro-
catalytic activity for the ORR, OER, and HER. Researchers
fabricated a water electrolysis cell and rechargeable zinc–air
battery with this catalyst, which displayed comparable perfor-
mance with commercial catalysts. Fan He et al.74 synthesized Pd
nanoclusters immobilized on MoS2 monolayers to explore the
size effect of a nanocluster. The defective MoS2 monolayers
could provide extensive catalytic active sites and the interaction
between Pd nanoclusters and the monolayers led to high
stability. The diatomic Pd nanoclusters (Pd2) showed the best
performance for the OER while the Pd6 nanoclusters exhibited
the best performance for the ORR.

Dual-atom catalysts (DACs) have also attracted extensive
attention in recent years and DACs can provide more exible
active sites than single-atom catalysts. Mengjie Huang et al.48

calculated the ORR/OER activity and stability of C2N-supported
dual-atom catalysts (DACs), including homonuclear DACs like
Pd2–C2N, Pt2–C2N, and heteronuclear DACs like PdPt–C2N,
GaPd–C2N, and PdRh–C2N. The results showed that the heter-
onuclear PdRh–C2N and GaPd–C2N catalysts exhibited better
OER and ORR catalytic performance compared with their
homonuclear counterparts, respectively. Also, the PdPt–C2N
dCe/CNWs nanocomposite. Reproduced with permission.70 Copyright
ber and (inset) corresponding LSV cycles for synthesized PdCe/CNWs
d) Framework lattice crystal structure of a-MnO2. Reproduced with
ed Ir–Pd alloy nanocrystals. Reproduced with permission.71 Copyright
. Reproduced with permission.77 Copyright 2019, American Chemical

This journal is © The Royal Society of Chemistry 2023
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catalyst showed potential for bifunctional OER/ORR catalytic
performance.

Composite nanomaterials are promising for enhancing the
OER performance.75 The design of nanocomposite materials
has been widely developed, including core–shell structure-
based nanocomposites, multidimensional nanocomposites
consisting of 3D and 2D blocks,76 etc. Jiahui Kang et al.77

designed a quite complex nanomaterial named “Pd
nanoparticle-interspersed nickel cobalt hydroxide carbonate
nanothorn-coated copper hydroxide nanotube arrays grown on
a copper foam” and it exhibited quite high OER performance
due to the large surface area, the increased number of active
sites and the fast electron and mass transfer (Fig. 4f). This Pd
nanoparticle and core–shell carbon composite material
possessed interfacial interaction resulting in optimized elec-
tronic structure, leading to enhanced OER activity.
3.3 Multifunctional OER/ORR catalyst design

The demand for bifunctional electrocatalysts for the OER and
ORR greatly increased with the development of rechargeable
metal–air batteries like zinc–air batteries.78–80 However, it is
hard for them to possess both excellent OER and ORR catalytic
activity at the same time. For example, Pt/C is a commercial
catalyst applied in the ORR, and RuO2 and IrO2 are recognized
as the best catalysts for the OER, but they can only serve as
single functional catalysts.81 As substitutes for Pt metal, many
Pd-based catalysts are developed for the ORR. Due to the oxide
materials' promising activity for the OER, designing Pd metal
Fig. 5 (a) Electrochemical performances of Li–O2 batteries: the initial
LSCF@Pd as air cathode materials in the potential range of 2.0–4.35 V
comparing different cathode catalysts: (a) carbon black, (b) Nano-LSCF, a
2019, American Chemical Society. (b) Reaction schemes of the ORR and
Copyright 2022, Elsevier. (c) Schematic illustration of the synthesis of the
2018, John Wiley and Sons. (d) LSV curves for the ORR of Super P, HCS
Elsevier.

This journal is © The Royal Society of Chemistry 2023
oxide catalysts or Pd-based transition-metal oxides can be
a promising way to develop bifunctional electrocatalysts. Hong-
Chao Li et al.9 applied a two-step carbonization strategy based
on a Pd-incorporating ZIF material to form structural nano-
cubes (Fig. 5c). This catalyst showed a better catalytic perfor-
mance for the OER and ORR than the commercial RuO2 and the
commercial Pt/C, respectively. In the OER working environ-
ment, CoOOH formed in the surface of the nanocubes, pre-
venting further oxidation of the whole material, and served as
OER active sites simultaneously (Fig. 6a). To increase the elec-
tronic conductivity, researchers chose to make the conducting
carbon materials derived from ZIF the base and also to main-
tain the porous morphology of the initial framework. Jia-Xing
Guo et al.82 studied comprehensively the bifunctional catalysis
of single precious metals (including Pd, Pt, and Ir) anchored on
Janus MoSSe monolayers (Fig. 5b). Based on the analysis of the
reaction mechanism, the intermediate form and the adsorption
behaviors, the Pd and Pt single atom samples exhibited better
OER and ORR activity compared with the Ir sample. Researchers
pointed out that the built-in electric eld of the Janus MoSSe
monolayer structure could be one of the reasons for the excel-
lent OER performance. Xiaomeng Liu et al.83 prepared hetero-
structured Pd/Pd4S supported on hollow carbon spheres for
efficient bifunctional electrocatalysis (Fig. 5d). The porous
morphology provided an extremely large surface area and
abundant transportation channels for reactants and interme-
diates, while the interfacial engineering of Pd/Pd4S provided
excellent intrinsic catalytic activity. The synergistic effect of the
two parts enhanced the catalytic performance and the
discharge profiles of (a) carbon black, (b) Nano-LSCF, and (c) Nano-
vs. Li/Li+ at a current density of 200 mA g−1. Schematic illustration

nd (c) Nano-LSCF@Pd (right). Reproduced with permission.84 Copyright
OER processes on Pd- and Pt-MoSSe. Reproduced with permission.82

Pd@PdO–Co3O4 nanocubes. Reproduced with permission.9 Copyright
, and Pd/Pd4S@HCS. Reproduced with permission.83 Copyright 2021,
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Fig. 6 (a) Catalytic cycle of Co during the water oxidation process. Reproduced with permission.9 Copyright 2018, John Wiley and Sons. (b)
Adsorption energies (Eads) and cohesive energies for a single TM atom anchored on 2H- and 1T-MoSe2 monolayers. Reproduced with
permission.45 Copyright 2022, Elsevier. (c) FTIR spectrum of Ni-MOF. Reproduced with permission.88 Copyright 2020, John Wiley and Sons. (d)
Chronopotentiometric stability measurements of an NComp-3-based electrolyzer for 25 h. Reproduced with permission.89 Copyright 2021,
American Chemical Society.
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application for the lithium oxygen battery showed quite good
specic capacities. Mi Young Oh et al.84 aimed to use Pd-based
perovskite oxide materials to fabricate a lithium oxygen battery
and synthesized a nanostructured La(Sr)Fe(Co)O3−d@Pd matrix
(Fig. 5a). The combination of Pd nanoparticles' ORR activity and
perovskite oxides' OER activity enabled the superior charge–
discharge capacity and cycling performance of the lithium
oxygen battery.
3.4 Multifunctional OER/HER catalyst design

Water-splitting bifunctional electrocatalysts have also
attracted researchers' attention.85,86 Among numerous cata-
lysts, MOF-based materials are desirable multifunctional
electrocatalysts due to the intrinsic properties of well-dened
compositions, tunable morphology, porous structures, and
high surface area.87 Adewale K. Ipadeola et al.88 developed
bimetallic Pd/Ni nanocrystals on MOF-derived carbon mate-
rials for water-splitting, including OER and HER electro-
catalysis (Fig. 6c). The researchers treated the MOF template
with chemical etching and compared the sample with and
without the etching process. The results showed that the
untreated sample performed better due to the superior
9392 | J. Mater. Chem. A, 2023, 11, 9383–9400
conductivity. MOF derived carbon materials have promising
properties for achieving high catalytic activity resulting from
the tunable porosity and high surface area. The metal oxides
have quite good intrinsic OER activity and based on this,
Papri Mondal et al.89 studied metal permanganate materials.
Aer the compositing and doping process, researchers
fabricated silver permanganate modied by both metallic
and oxidized Pd (Pd0 and Pdd+). Owing to the synergistic effect
of the different parts of the nanocomposites (i.e., silver
permanganate, metallic Pd, and oxidized Pd), the adsorption
ability, charge transport and long-term durability improved
remarkably (Fig. 6d). Researchers also investigated the
inuence of oxidation states of oxidized Pd species on the
bifunctional catalytic properties and the mixed-valence Pd
showed the best performance. Xiao Zhang et al.90 developed
bimetallic nanoparticles doped in carbon nanotubes for tri-
functional (OER, HER, and ORR) electrocatalysis. Based on
calcination and reducing agent treatment, researchers
immobilized the Ni and Pd nanoparticles into CNTs with
sizes of 1 nm and 2–5 nm, respectively. This accurate control
of size and distribution of the metal nanoparticles success-
fully enhanced the catalytic activity in the acidic medium.
This journal is © The Royal Society of Chemistry 2023
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4. Hydrogen evolution reaction (HER)
4.1 Challenges

Hydrogen fuel, with no carbon and high enthalpy of combus-
tion, is considered to be an alternative clean fuel for the
future.91 In order to take advantage of hydrogen fuel, hydrogen
production technologies have been widely researched and the
electrocatalytic hydrogen evolution reaction is one of the most
promising implementations.92 The cost of materials, the elec-
trocatalytic performance and the long-term stability are the
most signicant parameters used to evaluate catalysts. Pt-based
materials are known to be the most efficient HER catalysts but
the high cost, poor tolerance towards products and the scarcity
of Pt have restricted the development of the HER.93 Besides, the
catalytic performance varies in different pH media and
adsorption energy analysis of different reactants is needed for
acidic or alkaline medium. Therefore, fabricating low-cost
electrocatalysts for highly active and stable HER electro-
catalysis is urgent for researchers.
4.2 Design strategies

4.2.1 Interface engineering. Interface engineering is a good
method to provide more highly active reaction sites for the
hydrogen evolution reaction and enhance the performance.94

Palladium nanoparticles could serve as active sites in the
surface of HER electrocatalysts. Yang-Yi Liu et al.94 constructed
perfect interfaces between Pd–Ag and carbon/nitrogen (C/N)
materials by controlling the fabrication temperature and
successfully synthesized a Pd-doped core–shell nanowire
Fig. 7 (a) Schematic illustration of the preparation of C/N-co-doped Ag@
ray diffraction patterns of NF_Cu2O, NF_Cu2O–Pd, and NF_Cu2O-CNT–
(c) Schematic illustration of the transformation from cubic Pd to the final
Blue = Pt, brown = Pd. Reproduced with permission.16 Copyright 2019
Reproduced with permission.104 Copyright 2020, Elsevier. (e) Example STM
duration at 0.47 V vs. SHE). Reproduced with permission.98 Copyright 20

This journal is © The Royal Society of Chemistry 2023
structure (Fig. 7a). This interface controlling strategy could
provide more active sites in the surface and enhance the
adsorption, activation, and conversion of the reactants and
intermediates to the products. Following this initial idea, the
researchers chose the noble metal alloy–carbon material inter-
face system. Based on ratio adjustment of Pd and Ag, the cata-
lysts exhibited extremely high performance with a low Tafel
slope of 64 mV per decade. Besides the 3D nanostructure, the
2D nanosheet-based interface is also a good choice. Jin Li et al.95

atomically dispersed Pd on MoO3 nanosheets to form
a Pd@MoO3 heterostructure and interface (Fig. 8a and b). This
catalyst performed very well in acidic medium with a quite low
overpotential and Tafel slope value. The well-designed interface
enhanced ion/electron transfer in the surface and increased the
catalysis rate. Based on the self-assembly-directed synthesis
method, the researchers achieved the fabrication of an efficient
and large-size electrocatalyst.

4.2.2 Sub-nanoscale engineering. Pd-based nanoclusters
also demonstrated excellent HER electrocatalytic performance
due to the physicochemical property change resulting from sub-
nanoscale engineering. The conductive MOF materials are
desirable frameworks to support Pd nanoclusters. Fuqin Zheng
et al.96 fabricated Pd nanoclusters immobilized in MOF-74 for
efficient bifunctional electrocatalysis of both the ORR and HER.
The tiny Pd nanoclusters were dispersed uniformly and
conned in the MOFs, successfully reducing the noble metal
mass loading and lowering the cost. This work further veried
the template function of conductive MOFs for metal nano-
clusters' connement. An Pei et al.97 used nickel hydroxide to
PdNWs. Reproducedwith permission.94 Copyright 2018, Elsevier. (b) X-
Pd samples. Reproduced with permission.103 Copyright 2021, Elsevier.
Pd–Pt triple-shelled nanocube via a layer-by-layer epitaxial approach.
, Springer Nature. (d) Schematic for the preparation of a Pd/Ni alloy.
image of a Au(111) surface after Pd displacement of Cu UPD (10 s UPD

21, Elsevier.
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Fig. 8 (a) Synthetic scheme of the Pd@MoO3 heterostructure. Reproduced with permission.95 Copyright 2019, American Chemical Society. (b)
Nyquist plots of Pd@MoO3, c-MoO3, MoO3, Pd NPs, and Pt/C. Reproduced with permission.95 Copyright 2019, American Chemical Society. (c)
Cyclic voltammetry curves in a non-faradaic region at scan rates of 20, 40, 60, 80, and 100mV s−1 for NF_Cu2O–CNT–Pd samples. Reproduced
with permission.103 Copyright 2021, Elsevier. (d) Comparison of Rct and reduction percentage based on Ni-MOF. Reproduced with permission.104

Copyright 2020, Elsevier. (e) XPS spectrum of Pd 3d in PY–SE–COF–Pd and inset shows the possible Pd2+ coordination modes in PY–SE–COF–
Pd. Reproduced with permission.111 Copyright 2022, Elsevier.
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support Pd nanoclusters and Ru single atoms, and applied the
catalyst for both the HER and OER. Aer tuning the Pd/Ru ratio
of Pd nanoclusters and Ru single atoms, the Pd12Ru3/Ni(OH)2/C
displayed excellent performance in HER and OER processes,
resulting from the synergistic effect of the adjacent Pd and Ru
atoms.

4.2.3 Morphology design. Morphology design is another
promising strategy to design the catalysts. To increase the
number of active sites and lower the costs, Daniel Ohm et al.98

used the nano-conning strategy to grow some atomically
dispersed Pd/Ir islands on Au(111) and optimized the HER
performance by controlling the morphology, density and size of
the islands (Fig. 7e). Based on the Cu underpotential deposition
and galvanic displacement, the researchers deposited the sub-
layers on the surface of Au and then successfully fabricated
discrete islands of Pd/Ir. By controlling the deposition process
of Cu, researchers could shape the islands as the designed
morphology. B. T. Jebaslinhepzybai et al.99 also used the
galvanic replacement method to synthesize distinct nano-
structures. The researchers developed a facile route to fabricate
the carbon-supported porous Pd core with a Pt enriched shell
surface. The prepared PdPt/C nanocrystals had high crystal-
linity, thus exhibiting super good stability, and provided
a feasible way to synthesize bimetallic catalysts.

Core–shell structures are widely studied with different
elements. Yihe Wang et al.16 fabricated a Pd/Pt core–shell
nanostructure and adjusted the shell layers by the etching
method (Fig. 7c). The hollow nanocages could increase the
atom utilization efficiency of both noble metals and the bilayer
nanocages performed better than the monolayer ones. It's
9394 | J. Mater. Chem. A, 2023, 11, 9383–9400
worth noting that the activity improvement of this bilayer thin
wall was more than twice that of the monolayer one. To further
reduce the cost of fabrication, constructing a core–shell
structure with some less expensive transition metals like Cu
could be a feasible strategy. Jing Li et al.100 reduced Cu(acac)2
and Na2PdCl4 to synthesize PdCu alloy nanocubes and used
electrochemical reactions to fabricate core@shell PdCu@Pd
nanocubes by etching the surface Cu to enhance the overall
HER activity through weakening the binding energy of the
intermediates and exposing more Pd active sites on the
surface. Compared with the original PdCu alloy nanocubes,
this core–shell structure brought about Pt-like performance
and much greater stability. In order to further decrease the
content of noble metals for low-cost electrocatalysts, fabri-
cating bimetallic catalysts with a large amount of non-noble
metals is a feasible strategy. However, balancing the stability
of this kind of catalyst and the super low loading of noble
metals is quite difficult. To nd the optimal solution to this
problem, Xiaocheng Liu et al.101 synthesized nanoporous NiPd/
metallic glass and minimized the Pd loading in the alloys by
implementing the dealloying method and galvanic replace-
ment to load Pd on the surface.

To fabricate durable and active HER electrocatalysts,
U. Lačnjevac et al.102 deposited Pd nanoparticles on the surface
of TiO2 nanotube arrays via a galvanic displacement strategy.
The Pd lls the entire tube wall with the matching length. The
semiconductor properties of the TiO2 nanotubes and interactive
Pd active sites provided optimized atomic hydrogen binding
energy, thus boosting the HER activity. The 3D TiO2 nanotubes
not only supported a large amount of Pd nanoparticles, but also
This journal is © The Royal Society of Chemistry 2023
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prevented degradation of the Pd active sites, enhancing the
electrocatalytic durability under harsh working environments.

4.2.4 Nanocomposite fabrication. Designing functional-
ized nanocomposite materials for the high performance elec-
trocatalysis has caught researchers' attention.105 Didem Balun
Kayan et al.106 used two methods to synthesize rGO-Pd nano-
composites, including electrochemical deposition and chem-
ical synthesis followed by electrochemical reduction. Based on
a comparison between these two methods, the chemical
synthesis route performed better with a lower overpotential.
With more active sites for reactant adsorption and Pd binding,
it optimized the hydrogen evolution performance. Chandraraj
Alex et al.107 embedded Pd nanoparticles into a coordination
polymer-rGO composite for highly efficient HER electro-
catalysis. The organic ligand inside stabilized the Pd nano-
particles to maintain the intact framework, thus enhancing the
durability by preventing the aggregation of Pd nanoparticles
and the rGO carbon materials improved the conductivity of the
whole electrocatalyst. Taking advantage of the various carbon
materials to support Pd nanoparticles could be an effective way
to fabricate catalysts.

Designing multifunctional carbon materials is benecial to
the electron transfer and stability of the whole structure. S.
Shiva Kumar et al.108 synthesized phosphorus-doped carbon
nanoparticles as novel carbon materials to support palladium.
The researchers used the spray pyrolysis method to synthesize
P-CNPs as an electron carrier material with perfect electrical
conductivity. To evaluate the activity of this novel low-cost
catalyst, the researchers fabricated membrane electrode
assemblies by using this catalyst as an HER electrode. Samane
Asadi et al.109 prepared a Ni–Pd(OH)2/C nanocomposite by the
electrodeposition method and investigated the effect of Mo ions
in alkaline electrolyte on the improvement of the catalyst's
activity. Based on analysis of the Tafel curves and EIS, the
results showed that the Mo ions could be the activator for the
HER of the Ni–Pd(OH)2/C nanocomposite. Besides, excellent
durability was observed in this catalytic system. Ali A. Ensa
et al.17 designed a novel nanocomposite, i.e., Pt–Pd alloy nano-
particles combined with a sulfonated graphene-based conduc-
tive polymer. Due to the p-network in the graphene, it provided
excellent electrical conductivity and mechanical stability. Also,
the sulfonated graphene nanosheets provided super large
surface area for the HER.

4.2.5 Modication strategy. Pd-based modication is
a cost-efficient strategy for electrocatalysis, and improves the
electrocatalytic performance owing to surface modication of
Pd-containing molecules.103 Vishal Burungale et al.103 fabricated
Pd/CNT modied Cu2O/NF by the spraying method to deal with
the sluggish reaction kinetics of the HER (Fig. 7b). Compared
with the pure Cu2O/NF, the presence of Pd improved the cata-
lytic activity while the CNT part in the surface could greatly
enhance the charge transportation and conductivity (Fig. 8c).
The surface modication also provided porous structures and
enhanced the dispersivity of Pd nanoparticles. Besides, noble
metals like Pd are benecial for the overall conductivity and
activity of the catalysts.
This journal is © The Royal Society of Chemistry 2023
Due to the poor conductivity of MOF-based materials,
researchers modied these materials with some metal nano-
particles. Ming Nie et al.110 took advantage of the Pd nano-
particles to enhance the electrical conduction of MOF materials
for high performance HER. Based on the direct reduction
method, researchers prepared Pd/MOF materials and the
synergistic effect of the improved specic surface area and
conductivity enlarged the electrocatalytic activity. M. Nie et al.104

reported the fabrication of Pd doped Ni-MOF materials as high
conductivity and stable three-dimensional HER catalysts
(Fig. 7d). To further improve the performance, researchers
investigated the effect of different content ratios of Pd to Ni, and
found that this adjustment could reduce the resistance charge
transfer (Fig. 8d). The pore structure and adsorption ability
derived from MOF structures, combined with the excellent
electron transfer ability and highly active sites from the modi-
ed Pd nanoparticles, resulted in super good performance.

In addition to MOF materials, other three-dimensional
carbon materials could also be functionalized by noble metals
to fabricate electrocatalysts. Jie-Yu Yue et al.111 constructed Pd
ions supported on COF materials for application in the HER.
This work developed the rst Pd2+/COF system for HER elec-
trocatalysis and the performance results indicated that the
vinylene-linked COF platforms without a pyrolysis-free process
could be a new design idea (Fig. 8e). Due to the ordered crys-
talline porous structure linked by covalent bonds, the COF-
based materials could be highly stable. Besides, the carbon–
carbon double bonds derived from the vinylene adjusted the
electronic structure and increased the surface area. Therefore,
the combination of Pd active sites and this COF structure
enhanced the whole catalytic performance and durability. Chao
Shu et al.112 used the hydrothermal method to synthesize low-
loading Pd on a hollow titanium dioxide sphere and the Pd
doping effect could provide more active sites, resulting in
promoted catalytic performance.

Utilizing the synergistic effect of a Pd-based alloy as a modi-
er is also a promising strategy to fabricate cost-efficient elec-
trocatalysts. M. Smiljanić et al.113 deposited Pd/Rh nanoislands
on a polycrystalline gold electrode and compared it to Pd–
polycrystalline gold and Rh–polycrystalline gold to investigate
the synergistic effect of the tri-metallic catalyst. The results
indicated that the strong interaction between these three metals
lowered the adsorption energy of the intermediate during the
HER process, thus enhancing the catalytic activity.

5. Conclusion and perspectives

With the development of electrocatalysis, more and more
materials have been studied for different electrocatalytic reac-
tions. Besides the studies on commercial catalyst-based mate-
rials (like Pt-based catalysts), researchers have proposed and
designed lots of novel materials114 such as alloys, transition
metal phosphides, suldes, nanocomposites, single atom
catalysts, etc. Due to the higher reserves of Pd compared with
Pt,115 researchers have tried to fabricate Pd-based catalysts for
efficient and stable ORR, OER and HER. Recent studies
demonstrated that the precious metal Pd has the potential to
J. Mater. Chem. A, 2023, 11, 9383–9400 | 9395
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achieve equivalent or even better electrocatalytic performance
in comparison with Pt.116 Based on a comprehensive analysis,
Pd-containing nanomaterials have the following intrinsic
advantages: (a) palladium is more abundant than platinum. (b)
Pd could provide active sites for both the ORR and HER, and
PdO could provide active sites for the OER. Therefore, the
palladium element has intrinsic activities for these reactions,
providing a foundation for further electrocatalytic performance
improvement. (c) The oxygen binding strength of Pd-based
materials is closer to the optimized oxygen binding strength
in alkaline medium, so it's easier to balance the oxygen-
containing chemicals' adsorption and desorption, which plays
an important role in the electrocatalytic ORR and OER.117 (d) Pd-
containing materials with different nanostructures and
morphologies are studied extensively by researchers and they
have developed relatively mature methods for designing and
synthesizing novel materials.

Recent studies on Pd-based nanomaterials for the ORR, OER,
HER and multifunctional applications are summarized in this
review. There are many challenges no matter in ORR, OER or
HER, and the key point is to design low-cost electrocatalysts that
exhibit high activity, good stability and multifunctionality.
Many studies have proposed useful strategies to draw closer to
the goal such as alloying, defect engineering, strain engi-
neering, single atom catalyst design, framework-directed
nanocomposite design, morphology engineering, surface
treatment and so on.118 There is still a long way to go before the
successful commercialization of Pd-based nanomaterials.
Although some Pd-based nanomaterials exhibit excellent mass
activity and specic activity, the mass production of novel
materials needs multi-dimensional investigation, and the
industry production conditions are quite different from the
laboratory conditions. It is believed that Pd-based nano-
materials are promising for high-performance and stable elec-
trocatalysis119 and many novel materials can be explored and we
hope that this review could provide useful summaries and
motivate researchers to further prompt the development of Pd-
based nanomaterials for multifunctional electrocatalysis.
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N. Elezović and N. Krstajić, Deposition of Pd
nanoparticles on the walls of cathodically hydrogenated
TiO2 nanotube arrays via galvanic displacement: A novel
route to produce exceptionally active and durable
composite electrocatalysts for cost-effective hydrogen
evolution, Nano energy, 2018, 47, 527–538.

103 V. Burungale, H. Bae, P. Mane, H. Rho, S.-W. Ryu,
S. H. Kang and J.-S. Ha, Improved performance of CNT-
Pd modied Cu2O supported on Nickel foam for
hydrogen evolution reaction in basic media, J. Mol. Liq.,
2021, 343, 117612.

104 M. Nie, Z. H. Xue, H. Sun, J. M. Liao, F. J. Xue and
X. X. Wang, Pd doped Ni derived from Ni - Metal organic
framework for efficient hydrogen evolution reaction in
alkaline electrolyte, Int. J. Hydrogen Energy, 2020, 45,
28870–28875.

105 W. Li, X.-s. Chu, F. Wang, Y.-y. Dang, X.-y. Liu, X.-c. Wang
and C.-y. Wang, Enhanced cocatalyst-support interaction
and promoted electron transfer of 3D porous g-C3N4/GO-
M (Au, Pd, Pt) composite catalysts for hydrogen evolution,
Appl. Catal., B, 2021, 288, 120034.

106 D. B. Kayan, T. Baran and A. Menteş, Functionalized rGO-
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