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Abstract

Modulating the electrocatalytic performance of Palladium (Pd) with nonmetallic elements (e.g., H, B, C, N, O, P and
S) has gained ever-increasing attention since their introduction has been proven to effectively modulate the 3d-
electronic configuration and subsurface properties of Pd. In this review, the most advanced nonmetal-modified Pd-
based catalysts are classified according to the different doped atoms (i.e., hydrides, borides, carbides, nitrides,
oxides, phosphides and sulfides) and critically reviewed to emphasize the roles of nonmetallic elements doping on
various electrocatalytic reactions. In each section, the synthetic strategies developed to incorporate nonmetals are
discussed in detail. Furthermore, the optimized approaches of nonmetals-doped Pd-based catalysts and
corresponding electrocatalytic enhancement mechanisms are also discussed clearly. Finally, the current challenges
and future perspectives regarding nonmetal-modified Pd-based nanocatalysts are also outlined.
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INTRODUCTION

With the persistent traditional fossil fuel consumption and concomitant environmental crisis, it has been an
urgent demand for the rapid development of renewable and sustainable energy storage/conversation
systems'™”. Electrocatalysis is the crucial component of clean energy conversion and technology for

»[3-5

achieving the global mission of “carbon neutrality””*. Exploring high-performance electrocatalysts to
promote the sluggish reaction kinetics of electrocatalytic reactions is quite essential. In comparison to the
non-noble metal catalysts, Pt-based noble metals are still the state-of-the-art and most extensively used
catalysts in the field of electrocatalysis as a result of their attractive catalytic performance and corrosion
resistance, but their large-scale commercialization is greatly impeded to the scarce reservation and fancy
price””. Thus, seeking non-Pt-based noble metals as an effective alternative has become urgently needed".
Pd, as one of the Pt group metals, with more bountiful reserves (2 to 3 times), similar electronic structure,

11,12

and close catalytic performance of Pt, has been regarded as a significant research object"""”.. However, the
performance of Pd is still far from satisfactory compared with Pt, which can be attributed to the inferior
oxygen and electrochemical dissolubility resistance under high potentials and harsh acidic/alkaline catalytic

[13,14]

conditions

In recent years, considerable efforts have been made to trim down the cost along with maximum utilization
of Pd-based materials by a bunch of optimized strategies, such as heterogeneous interface designing,
supporting engineering, strain engineering, crystal phase engineering, microstructure regulation, and
heteroatom doping*'*. These strategies can efficiently modulate the catalytic property of Pd-based
materials and thus provide ways to generate efficient and stable nanocatalysts. Among the proposed
strategies, the metal and/or nonmetallic heteroatoms doping in Pd lattice to form alloy/intermetallic
nanocatalysts have been extensively investigated as one of the most effective approaches to overcome the
obstacle of poor stability, high costs, and scarcity"**. Especially, the introduction of the nonmetallic
heteroatoms (e.g., H, B, C, N, O, P and S) can regulate the structural and electronic properties of Pd, thus
effectively modulating the overall work function and engineering the surface adsorption at active sites,
ultimately leading to enhanced electrocatalytic activity and stability. The rising of nonmetal-modulated
strategies enriches the research system of Pt-free electrocatalysts while promoting research progress in Pd-
based electrocatalysts. With increased focus on energy-related catalysis in the past few years, a number of
nonmetal-implanted Pd-based electrocatalysts have been identified to be promising for many
electrocatalytic reactions, such as oxygen reduction/evolution reactions (ORR/OER), hydrogen
evolution/oxidation reactions (HER/HOR), N, reduction reaction (NRR), CO, reduction reaction (CO,RR),
alcohol oxidation reaction (AOR), and formic acid oxidation reaction (FAOR), etc.”"?! Although some
reviews on nonmetal-doped noble metals have been reported, there are still limitations. Chen et al.
introduce the development of nonmetals-doped precious metals, but to some extent, it occupies the space
for a detailed understanding of nonmetal-doped Pd-based catalysts”!. Other targeted reviews on nonmetal-
doped Pd-based catalysts did not discuss all common nonmetals (e.g., H, B, C, N, O, P, and S)***".

In this review, the most advanced nonmetals-doped Pd-based catalysts were classified on the basis of the
different doped atoms to be hydrides, borides, carbides, nitrides, oxides, phosphides, and sulfides
[Figure 1]. We focus on the development of the nonmetallic atoms doped Pd-based nanocrystals with
diverse compositions, stoichiometries, morphologies, and their resulting performance as catalysts for almost
all mainstream electrocatalytic reactions. In each section, we will introduce the enhancement mechanisms
in detail. Notably, the optimized strategies of nonmetals-doped Pd-based catalysts and the corresponding
electrocatalytic applications were discussed together to reveal the effectiveness of the improved approaches
more clearly. Finally, the challenges and outlooks for future nonmetal-doped Pd-based electrocatalysts are
proposed.
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Figure 1. Schematic illustration of nonmetal-doped Pd-based catalysts towards electrocatalytic applications.

ADVANTAGES OF NONMETAL-DOPING

The merits of doping nonmetals into the Pd lattice have made it an attractive choice to modify the crystal
and electronic structure of Pd. For one thing, the doping of nonmetal atoms into Pd can be classified into
interstitial and substitutional doping. Theoretically, those nonmetal atoms (e.g., H, B, C, N) with small
atomic radii tend to incorporate into interstitial sites within Pd lattices rather than substitute Pd atoms,
while other nonmetals (e.g., O, P, S) with a relatively large radius can either occupy the interstitial lattice
sites of the Pd lattice or substitute Pd atoms. The difference in atomic radius can induce the Pd lattice strain
effect and abundant structural defects. Moreover, Pd-nonmetal alloys possess a rich phase compared to Pd-
metal alloys. Pd with the face-centered cubic structure will also form other crystal phases or amorphous
structures after B, P, or S doping, and the modified Pd crystal phase evolution offers more opportunities to
optimize the catalytic properties. For another, the apparent electronegativity difference between Pd and
nonmetal atoms can also arouse the significant charge transfer between Pd and adjacent nonmetallic atoms,
thus effectively optimizing the electronic structure of Pd sites. Meanwhile, unlike the d-d orbital coupling
between Pd and transition metals, the s, p-orbitals of nonmetallic heterometals would coordinate with the d-
orbital of Pd atoms to form the s, p-d-conjugated structure, resulting in the improved electronic structure
and d-band center of Pd sites. This optimized electronic structure is believed to modulate the reaction
intermediates’ adsorption energy and lower the activation energy of the chemical reactions, thus ultimately
improving their catalytic performance. Finally, nonmetals with abundant resources, easy availability and
low cost provide effective ways for the cost reduction of Pd-based electrocatalysts.
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SYNTHESIS AND ELECTROCATALYTIC APPLICATIONS

H-doped Pd-based nanocrystals

Tremendous attention has been focused on the hydrogen (H) atoms dopant into Pd-based catalysts
compared with other nonmetallic elements due to the smallest atomic radius of H among all atoms and
favorable affinity towards Pd. This advantage makes H atoms easier to penetrate into the interstitial sites
within the Pd lattice structure, and thermodynamic equilibrium can be obtained in a short time by an
extremely high migration rate in the parent metal, resulting in the final formation of Pd-based hydrides and
an expanded Pd lattice spacing”. Essentially, the changed lattice parameters of Pd and subsequently altered
charge transfer between the host and guest metals would generate available electron structures for Pd-based
catalysts for improved electrocatalytic activity and selectivity®. Inspired by this point, the control synthesis
of palladium hydride (PdH,) nanocatalysts via incorporating H atoms into the space lattice of Pd would be
expected to be a fascinating route for addressing the relatively poor catalytic performances of pure Pd
catalysts.

General speaking, the synthetic routes of the Pd-based hydrides could be briefly summarized as the direct
exposure of Pd-based nanocrystals in the H,-containing atmosphere under certain conditions, mainly
including (i) traditional gaseous H, treatment"**"), the prefabricated Pd nanocrystals were transferred into
H, atmosphere at a certain condition; (ii) post hydrogenation treatment”**¥, the prefabricated Pd-based
nanocrystals were hydrogenated with H, generated from the decomposition of the solvents (e.g., DMF®,
NaBH,", N,H,", HCHO"", amine molecules™*, and alcohol molecules*"); (iii) in-situ hydrogenation
treatment, direct hydrogenation during preparation***. Typically, the hydrogenated steps include gaseous
hydrogen adsorbing on the surface of Pd-based nanocrystals, penetrating the Pd phase, and then occupying
the interstitial sites of the Pd lattice. Moreover, another method to prepare PdH, is applying a negative
potential to drive the evolved H atoms into the lattice of Pd nanocrystals. To better understand the roles of
different H sources, examples of common H sources and their electrocatalytic performances are
summarized in Table 1.

In theory, the electrocatalytic property of Pd-based electrocatalysts could be optimized via two effective
ways: (i) electronic regulation to promote the intrinsic activity of each active site via interface engineering
and controlling the crystal plane structure, electronic effect and stress effect of the catalysts; (ii) structural
regulation to increase the number of surficial active sites via enlarging the specific surface area, increasing
the defect sites and introducing carriers. It has been a paradigm for a long that efficiently tuning Pd-based
electrocatalyst activity and durability through electronic and structural regulation. In fact, the
hydrogenation of Pd-based catalysts usually requires a high-pressure condition, which often accompanies H
atoms to gradually leach out over time, even at room temperature”®**. More terribly, the as-prepared PdH,
nanocatalysts have worse stability due to the spontaneous release of hydrogen under ambient conditions.
Earlier studies have proved that amorphous materials are a kind of metastable materials with the absence of
defects, which have displayed superior corrosion resistance and catalytic properties®”**. Amorphous
materials can be used as a protective shell to significantly enhance the stability of as-prepared PdH,
nanocatalysts. Typically, Liu ef al.® proposed a novel strategy that incorporated amorphous CuO with
PdH, nanocubes treated with the gas H, to cope with the unsatisfactory hydrogen stability. The external
layer of dense amorphous CuO has a certain ability to isolate hydrogen ions, resulting in preventing H
atoms from escaping. With the introduction of amorphous CuO, the PdH,,,@CuQO nanocubes show
excellent long-term stability. This strategy of enhancing stability can also be extended to other synthetic
methods. One notable example is given by Lu et al., who used simple DMF treatment of Pd nanocubes in
combination with two-dimensional amorphous NiB nanosheets via the NaBH, reduction of Ni species to
form PdH,,,,@NiB composites, resulting in a highly efficient and durable ORR electrocatalyst'*”. The
improved ORR activity and stability both arise from the strong interaction between PdH, ,,, nanocubes and
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Table 1. List of common H sources and electrocatalytic applications of Pd-based hydrides.

Catalysts Hsource Syntheticroute Electrolyte Performance Ref.
ORR
PdH,5; NDs  OAm In-situ 0.1 M KOH £, =091V, MA=072Amg 'at0.9V;SA=125mA cm”at 0.9V [29]
hydrogenation
treatment
PdH 45 H, Gaseous H, 0.1 M KOH £, =089V,MA=018 A mg” at 0.9V [31]
@CuO NCs treatment
PdH, 0, NCs DMF Post hydrogenation 0.1M HCIO, E,,=0.89V;MA=075Amg" at 0.9 V;ECSA=50m’g" [45]
treatment
PdH 70¢@Ni- DMF Post hydrogenation 0.1M HCIO, E,,=091V,MA=105A mg” at 0.9 V;ECSA=52m’g" [45]
B NCs treatment
PdH 64 DMF Post hydrogenation 0.1 M KOH E,, =091V, MA=055Amg 'at0.9Vv [46]
icosahedra treatment
HER
RhPdHNPs ~ CH,CHO  In-situ 1M KOH Ny = 36.6 mV; Tafel slope = 35.3 mA dec”; TOF =0.33s” [47
hydrogenation
treatment
RhPdH NSs ~ HCHO In-situ 1M KOH Mo = 40 mV; Tafel slope = 35.7 mA dec’” [42]
hydrogenation
treatment
IrPdHNDs  C,H;OH Post hydrogenation 0.5 M H,SO, acidic: n,y = 14 mV; Tafel slope = 35.21 mA dec TOF=0.26 s [41]
treatment 1M KOH alkaline: n,, = 25 mV; Tafel slope = 47 mA dec TOF=0145".
1M PBS neutral: n,, = 60 mV; Tafel slope = 47 mA dec”; TOF = 0.035 5™
PdH-NDs DMF Post hydrogenation 1M KOH My = 358 mV; Tafel slope =130 mA dec’! [48]
treatment
PdCuy,Hys; OAmM Post hydrogenation 1M KOH Ny = 28 mV; Tafel slope = 23 mA dec” [49]
/C treatment
MOR
PdH, ,,@Pt  DMF Post hydrogenation TMKOH+1M ~ MA =3.68 Amgp,, p ; ECSA=1511m"g" [35]
NPs treatment CH,0OH
PdH,,3NDs  n- In-situ TMKOH+1M MA =218 Amg’; TOF=0.76 5" [43]
butylamine hydrogenation CH;0H
treatment
PdH, 4,3 NCs  DMF Post hydrogenation 0.1 M KOH + SA=123mAcm” [50]
treatment 0.1M CH;0H
PdH,,3NCs  DMF Post hydrogenation 1M KOH +1M MA=0.92Amg’; SA=582mAcm” [511
treatment CH;0OH
PdMoH NSs  OAm In-situ TMKOH+1M MA =356 Amg’; SA = 6.06 mA cm” [44]
hydrogenation CH,0OH
treatment
FAOR
PdH,,;NDs  DMF Post hydrogenation 0.1TMKOH+0.5 MA=0.85A mg'w; ECSA =16.4 m2 g'1 [48]
treatment M HCOOH
S-PdHNCs ~ DMF Post hydrogenation 0.5 M HCIO, + MA=4.40A mg'1; SA=7.48mAcm” [52]
treatment 0.5M HCOOH
PdHy43NCs  n- Post hydrogenation 0.5 M H,SO, + MA =1.04 Amg-1; SA=6.82mAcm” [40]
butylamine treatment 0.25 M HCOOH
PdH, ,sNCs  n- Post hydrogenation 0.5 M H,50,+  MA=106Amg"; SA=511mAcm” [53]
butylamine treatment 0.25 M HCOOH
PdHy 706 NCs N,H, In-situ 0.5MHCIO, + MA =540 Amg [371
hydrogenation 0.5 M HCOOH
treatment
NRR
PdH, 43 NCs  DMF Post hydrogenation 0.1 M Na,SO, NH; yleld 20.4 g h"mg” cat.; FE\yz =43.6% at-0.15V; ECSA = [32]
treatment 39m’ g
PdHy 43 NRs  DMF Post hydrogenation 0.1 M Na,SO, NH; ylgld =1753 pgh” mg’ cat; FE\ns =18.56% at -0.15 V; ECSA = [34]
treatment 621m°g

CO,RR
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TiO,-PdH,,; DMF Post hydrogenation 0.1 M Na,SO, FEchs = 82% at-0.6 V [33]

NCs treatment

PdHy40 NCs  DMF Post hydrogenation 0.1 M KHCO, FEco =~59% and FE,, = ~36% at -0.6 V [54]
treatment

ECSA: electrochemcial active surface area; FE: faradic efficiency; MA: mass activity; NRs: nanorods; NCs: nanocubes; NDs: nanodendrites; NTs:
nanotetrahedrons; SA: specific activity; TOF: turnover frequency; n,,: overpotentials at 10 mA cm® Note that: All potentials are relative to the
RHE when without other annotations.

NiB nanosheets. Such interaction induced by the electron-deficient BO* species in the amorphous NiB
membrane can effectively tune the binding energies of O and OH species. These studies illustrate the
importance of introducing amorphous materials and provide new opportunities for designing superior
stability and activity of Pd-based hydrides.

Apart from the introduction of amorphous materials to form the core-shell structure, the electrocatalytic
performance of Pd-based hydrides could also be activated by another composition regulation way of
forming the PdM alloy hydrides. Recently, Pd-based bimetallic hydrides (PAMH) have attracted increasing
attention in the field of electrocatalysis. This novel approach for enhancing performance is to modify PdH,
catalysts with transition metal (M), such as Ir"*, Rh">*], Mo/, Ni"”, Pt*?, efc. In the case of PAMH, the
introduction of the secondary metal can not only increase the utilization of Pd atoms, but also enhance the
stability and electroactivity due to the combined effects of ligand effect, geometric effect and alloy effect. For
example, Cui et al. have provided useful insights into the design and synthesis of PAMH catalysts and the
corresponding structure-activity relationship. They proposed a facile synthesis of RhPdH with different
structures via a one-pot solvothermal method through simultaneous reduction of palladium(II)
acetylacetonate [Pd(acac),] and ruthenium(III) acetylacetonate [Rh(acac),] with aldehydes as H source, to
successfully achieve the alloy hydrides with high activity and robust stability'***”". They found that the stable
alloy hydrides can only be obtained through the combination of H atoms and alloy structures [Figure 2A].

On the one hand, doping H atoms into RhPd alloy will increase the electronic density, enlarge the bond
distance and lower the coordination number of Pd and Rh, induced by the electronic interaction between
Rh/Pd 4d and H 15 states (ligand effect), which is consistent with the situation observed in the Pd-H
system™>**. On the other hand, the added Rh substantially can enhance the binding of H in the alloy
[Figure 2B], indicating the RhPdH possess a very large formation enthalpy (alloy effect), corresponding to a
very stable hydride. In another work of their group, authors further revealed that the incorporation of H
atoms could cause the large lattice expansion of Pd and strong Pd-H orbital hybridization via combining
physical characterizations and theoretical results. As demonstrated by the high-resolution X-ray
photoelectron spectroscopy (XPS) spectra in Figure 2C, the electronic interaction between Pd and H is
stronger than that between Rh and H in the RhPd-H system due to the more positive peak shift (0.67 eV >
0.30 eV), indicating more electron transfer occurs on the Pd atoms. Moreover, the higher intensity of the
first near-edge peaks of RhPd-H NPs than that in the RhPd NPs in the extended X-ray adsorption fine
structure (EXAFS) experiment also indicated the s, p-d orbital hybridization in RhPd-H NPs [Figure 2D],

consistent with the XPS results. Notably, the interstitial C incorporation could also induce the expansion of
crystal lattice, which would hinder the real understanding of Pd lattice expansion. Fourier transform
infrared (FTIR) spectra unambiguously identified that the Pd lattice expansion was actually induced by the
doping interstitial H atoms since the FTIR peaks of the simulated H interstitially modified RhPd NPs match
well with those of the as-fabricated RhPd-H NPs [Figure 2E]. The large lattice expansion and strong Pd-H
orbital hybridization would achieve a longer bond distance and smaller coordination number in RhPd-H
system, which is verified by the FT-EXAFS spectra of the Pd K-edge [Figure 2F]. From the viewpoint of
reaction kinetics, these results contribute to the weakened hydrogen adsorption on Pd and Rh sites and the
optimized HER activities. Indeed, the enhancement mechanism in the RhPd-H system is also applied in
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Figure 2. Design of PAMH nanocatalysts with different structures and reaction properties. (A) Different formation energy diagram of 2D
RhPd and RhPdH alloy nanosheet; (B) formation enthalpies diagram of different ground-state RhPdH. (A and B) reproduced with
permission from™?: Copyright 2022, American Chemical Society; (C) Pd and Rh 3d spectra of the RhPd-H NPs and RhPd NPs; (D)
EXAFS spectra of the Pd K-edge; (E) FTIR spectra of the RhPd NPs, the RhPd-H NPs, and the simulated RhPd-H NPs, respectively; (F) FT-
EXAFS spectra of the Pd K-edge; (C-F) reproduced with permission from™””: Copyright 2019, American Chemical Society; (G) schematic
illustration of the synthesis of the IrPdH nanodendrites; (H) diagram of the HER free energy on IrPdH and its counterparts; (G and H)
reproduced with permission from™": Copyright 2022, Wiley-VCH.

other PAMH nanostructures. More recently, our group also reported an ethanol-induced two-step
solvothermal synthesis strategy to prepare IrPdH nanodendrites, which exhibit superior HER activity and
stability in the whole pH range [Figure 2G]"". The hydrogenation mechanism of Pd-based hydrides was
sufficiently investigated and discussed, in which the H atoms were produced from the -OH and -CH,-
groups in the ethanol solvent, facilitating the formation of IrPdH. After the insertion of H/Ir atoms, the
adsorption Gibbs free energy of *H could be effectively regulated via shifting the d-band center relative to
the Fermi level, thus promoting the hydrogen formation process, which is verified by a series of density
functional theory (DFT) calculations [Figure 2H]. Moreover, the ultrafine dendrite and three-dimensional
porous structure can endow the IrPdH catalyst with plentiful accessible active sites and rapid channels for
mass/electron transfer and diffusion, contributing to excellent HER activity. This work unambiguously
uncovers that the formation of PAMH provides considerable potential for the design of active and stable
electrocatalysts. It is worth pointing out that the above-mentioned PAMH nanocatalysts with different
nanostructures were endowed with more accessible active sites and large surface reaction areas (geometric
effect), demonstrating that nanostructure engineering also imparts a significant contribution in boosting
electrocatalytic activity and stability.

Controlled facets of nanocatalysts are another typical way to activate the electrocatalytic performance of Pd-
based hydrides, and it has attracted remarkable attention because of the correlation between surface
properties and catalytic activity!*?. Typically, in terms of structure control, the surface atomic
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arrangement, namely the facet, is believed to be important for improving the electrocatalytic performance,
mainly due to the electrocatalytic reaction are highly structure-sensitive and involve both the surface
adsorption/desorption and interface catalytic process'®”. Indeed, combining specific facets with interstitial H
atom doping has been demonstrated to facilitate catalytic activity and stability”®**. Therefore, in the past
decades, intensive studies have been carried out on constructing Pd-based hydrides with various exposed
crystal facets and exploring the relationship between exposed facets and electrocatalytic activity.

An exciting fact was found that the Pd single crystals followed an active trend of Pd{110} < Pd{111} <
Pd{100} in an acid solution when served as ORR catalysts, which was reported by Hoshi et al**. Moreover,
in other work by Erikson et al., it was found that the Pd{100} nanocubes exhibited lower OH,, coverage
than that of Pd{110}, which facilitated the increase in its reaction sites toward ORR****’, Given the important
role of Pd-based hydrides, these studies not only deepen the fundamental understanding of facet
engineering to enhance the electrocatalytic activity but also offer a promising strategy for designing high-
performance Pd-based hydrides with specific active facets. For example, Zhang et al. prepared three types of
PdH,,, nanocrystals (cubic, octahedral and rhombic dodecahedral) with different surface structures
enclosed by {100}, {111}, {110} facets, respectively, via a facial n-butylamine treatment of prefabricated Pd
nanocrystals“”. The three as-prepared PdH, ,, nanocrystals served as highly efficient catalysts for FAOR with
the activity and stability order as PdH, {100} > PdH, {111} > PdH,,{110}. Regarding the catalytic
mechanism, the authors also attributed the enhanced catalytic performance to the distinct electronic
structure of PdH,. Due to the different electronegativity between Pd and H atoms, the interstitial H doping
would cause the electronic transfer between Pd and H, which lead to the downshift of the Pd d-band
center™>***|_ This d-band shift results from the interaction of H with Pd, known as the “ligand effect”***”,

which can weaken the binding strength between reaction intermediates and the catalyst surface. Hence,
benefiting from the synergies of facets control and ligand effect, the PdH,,,{100} exhibits the highest
catalytic activity and stability. Similarly, Bu et al. also highlighted the benefits of the synergies effect of Pd-
based hydrides for the electrocatalysis enhancement*’. They successfully created Pd-H icosahedra/C with
twinned {111} facet by a wet-chemical approach and investigated their electronic behaviors and active origin
in ORR by DFT. The authors explained that the enhanced ORR performance is not only attributed to the
optimized electronic structure induced by the ligand effect, but more importantly, the twined {111} facet in
Pd-H icosahedra/C can further minimize the ORR barrier and adjust the binding strength of key
intermediates involved in dissociative mechanisms on the surface of Pd-H (111)-twin, including 2*O,
*O + *OH, *O, and *OH [Figure 3A]. When constructing the twin-crystal Pd-H {111} surface, the
overpotential can be further reduced from 0.60 V to 0.43 V owing to the combined effects between the
close-packed structure and introduced H [Figure 3B]. In addition, the twin-crystal Pd-H {111} surface holds
a moderate OH binding strength nearly occupied the peak of 4e activity volcano map as well as moderate
density of state [Figure 3C and D], indicating the twined {111} faceted Pd-H icosahedra/C has the best
electrocatalytic activity toward ORR, as evidenced by the polarization curves. The Pd-H icosahedra/C
exhibits the most positive half-wave potential of 0.91 V vs. RHE among these four catalysts in 0.1 M KOH
[Figure 3E].

According to the above discussion, it is strongly verified that the synergistic merits of facets control and
ligand effect are helpful for improving the electrocatalytic performance of Pd-based hydrides. To better
illustrate the catalytic mechanism of facet-controlled and H-doped Pd, a relatively complete picture of
enhancing catalytic performance in Pd-H systems is presented based on recent reports******: (i) in the
hydrogeneration process for Pd, the H atoms occupy the octahedral interstitial sites of Pd lattice, and then
produce an isotropic lattice expansion induced by different atomic radii. As a result, The surface lattice
strain or possible defects might be introduced, leading to the improved surface and catalytic properties of
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Figure 3. Facet effect applied in Pd-based hydrides. (A) The structural model of intermediates; (B) diagram of ORR process energy
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moderate density of state on twin-crystal Pd-H {111} surface; (E) ORR polarization curves of various catalysts in 0.1 M KOH; (A-E)
reproduced with permission from™®”; Copyright 2021, Chinese Chemical Society.

the PdH, catalysts; (ii) due to the strong interaction between the Pd 4d and H 1s orbitals, the 4d density of
states (DOS) is modified and contains appropriate electron states, which can be utilized to stabilize the
related reaction intermediates; (iii) the downshift of the d-band center induced by the reduced DOS near
the Fermi level, resulting in the weakening binding strength between the PdH, surface and reaction
adsorbates; (iv) since the electrochemical reaction activity strongly depends on the surface atomic
arrangement, different active facets possess different binding strengths for key reaction intermediates, which
means the surface structure regulation of Pd-based catalysts holds an outstanding ability to improve the
electrocatalytic performance.

From the viewpoint of reaction kinetics, it is necessary to deepen understanding of the relevance between
surface/electronic structure and electrocatalytic activity, thereby optimizing the electrocatalytic performance
of the Pd-based hydrides. According to the discussions above, a reliable conclusion is drawn that the
moderate binding strength is a key parameter of electrocatalytic reaction and is related to local composition,
surface structure, and strain in metal particles. In terms of optimizing the catalytic performance of Pd-based
hydrides, the strategies, including previously mentioned interface engineering, electronic effect, and crystal-
facets controlling, have been widely studied for promoting the intrinsic activity of each active site by
electronic regulation. Notably, a surface lattice strain strategy based on lattice expansion or compression has
also attracted great attention. In this regard, Liu et al. designed a novel core-shell PdH,,.@Pt nanoparticles
for highly efficient electrocatalytic alcohol oxidation (AOR), using cubic and octahedral Pd NPs as the cores
for epitaxial growth of ultrathin Pt shells with further hydrogenation to obtain the final product
[Figure 4A]"". Benefiting from the synergism of strain effect-induced Pd lattice expansion, ligand effect, and
geometric effect, the OH adsorption on the Pt surface could be strengthened. As a result, both octahedral
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Figure 4. Lattice strain effect applied in Pd-based hydrides. (A) Schematic diagram of core-shell PdH, ,;@Pt nanostructures; (B) MOR
performance of different electrocatalysts measured in 1.0 M KOH + 1.0 M methanol; (A and B) reproduced with permission from™™:
Copyright 2021, American Chemical Society; (C) the slab models with different PdH overlayer thicknesses. Diagram of FAOR process
free energy on different PdH overlayer thicknesses: (D) 1 monolayer; (E) 3 monolayer; (F) 5 monolayer; and (G) O monolayer; (C-G)
reproduced with permission from®™”: Copyright 2022, American Chemical Society.

PdH,,.@Pt (o-PdH,,,@Pt) and cubic PdH,,@Pt (c-PdH,,@Pt) display remarkably improved MOR
activities compared to their counterparts in 0.1 M KOH [Figure 4B]. Given the combination of the two
strategies of strain engineering and bimetallic hydride, this work would open an exciting avenue to expand
the family of efficient PAMH electrocatalysts for electrocatalysis and beyond.

Meanwhile, we should also concern that the strain induced by the lattice mismatch is also dependent on the
overlayer thickness on the substrate™”'. To gain a deeper insight into the relevance between strain tuning
with PdH, catalysts toward a variety of potential applications, Shi et al. employed first-principles DFT
calculation to shed light on the effect of the hydride overlayer thickness on the FAOR reaction
mechanism™. Through utilizing the energy difference between HCOO* and COOH* (Ayc00.coon) @8 @
descriptor for the preferred FAOR pathway, where positive (negative) values indicate preferential
stabilization of COOH* (HCOO*). It was found that the different thicknesses of PdH overlayers on Pd
(100) in the slap models, as shown in Figure 4C, enable it to affect the preferred FAOR pathway. As shown
in Figure 4D-F, the corresponding DFT calculations suggest that the formation of CO* from COOH* was
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preferred over COOH’s dehydrogenation when 1 or 5 overlayers of PdH are supported on Pd (100). Instead,
HCOO* was preferred over COOH* when the Pd (100)-PdH slap model with 3 monolayer PdH overlayers.
This result indicates that the carboxyl-mediated pathway was preferred on very thin or thick PdH
overlayers. More interestingly, the first dehydrogenation step for this Pd (100)-PdH was always potential-
determining while it was exergonic in the case of PdH (100) as a model for pure PdH,,,, [Figure 4G]. The
authors explained that the situation is due to the release of the compressive strain which was exerted on
PdH by the underlying Pd lattice in the case of Pd-PdH models. Considering the above results, it is expected
that the formation of thin overlayers would play an important role in further enhancing the performance of
PdH, catalysts without changing the loading of Pd.

To better illustrate the catalytic mechanism of introducing the H atom into Pd-based materials, a relatively
complete picture of enhancing catalytic performance in Pd-H systems is presented according to the above
discussion. On the one hand, with the interstitial H doping, the Pd 3d core level spectrum of PdH, was
shifted to a higher binding energy and its valence band spectrum presented a decreased bandwidth due to
the charge transfer between filled Pd 4d orbital and half-empty H 1s orbitals. Meanwhile, the Pd-Pd lattice
spacing becomes to be large. The changes in the lattice parameter and charge transfer between the host and
guest improve the catalytic activity and selectivity. On the other hand, the different strategies including
PAMH nanostructures, strain effect, and facet design, bring many possible opportunities for Pd-based
hydrides to improve catalytic performance. As one of the most classical metal hydrides, controllable
synthesis of PdH, with different structures and stoichiometric ratios by controlling the reaction conditions
and the type of H source has always attracted much attention, and the current research on this aspect is still
ongoing. Given the important roles of the PdH, nanocatalysts as electrocatalysts, we believe that their
synthesis and application will receive more attention and efforts in the future.

B-doped Pd-based nanocrystals

Similar to the incorporation of H atoms, B atoms could also effectively enter into the lattice sites of the host
Pd"”>7¢l. Firstly, the B atoms have a smaller ionic radius than Pd, which would cause the enlarged Pd-Pd
lattice spacing. Meanwhile, B atoms usually serve as the electron donator, which can lead to further
shrinkage of the size of the B atoms and thus favor their doping in the interstices of the Pd lattice. The
interstitial Pd-based borides have been widely reported to possess superior activity and excellent long-term
stabilities in electrocatalysis, based on monometallic Pd being prone to deactivation with time because of
surface poisoning"”. In considering the structure-property relationship, alloying B atoms not only directly
optimizes the surface electronic stages of Pd, which alter the electron density to weaken the affinity of
poisoning intermediates on the Pd surface, but also facilitates the formation of BO, and consequently
accelerates the removal and further oxidation of poisoning intermediates on Pd">'*7**’),

The common synthetic pathways of Pd-based borides and their corresponding applications are summarized
in Table 2. Particularly, most Pd-based borides were usually prepared by wet chemical synthesis, which can
be divided into two basic methods: one-step and two-step approaches. Typically, the latter method
possesses a better shape-controlling capability since it involves the first synthesis of Pd-based crystals with
specific morphologies as precursors, followed by the introduction of B atoms to form interstitial Pd-B
alloys. However, the one-step synthesis approach is simple and facile because it only involves a direct
chemical reaction between Pd-containing salts and B-containing agents under hydrothermal or
solvothermal conditions. Apparently, dimethylamine borane (DMAB), borane tetrahydrofuran (BH,-THF),
NaBH,, and H,BO, have been demonstrated to be used as effective boron sources. Besides wet chemical
synthesis, the structurally ordered intermetallic Pd-B nanocatalysts can also be formed by the solid-state
reaction, which can only generate at high temperatures (usually above 500 °C). Such a high temperature
usually led to uncontrolled crystallization and/or mixed-phase products.
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Table 2. List of common B sources and electrocatalytic applications of Pd-based borides

Catalysts B Synthetic route Electrolyte Performance Ref.
source

EOR

Pd-B NWs DMAB  One-step aqueous 1TOMKOH+1.0 M C,H, MA=339Amg" ECSA=411m"g,," [811
reduction OH

PdCuB@N-G ~ DMAB  One-step aqueous 1.O0MKOH+10MC,H; MA=583A mg’ [82]

NPs reduction OH

mesoPd-B NSs  H;BO;  One-step aqueous 1TOMKOH+10MC,H; MA=295A mg’; SA =113 mA cm” [83]
reduction OH

ORR

B-doped Pd DMAB  Two-step chemical 0.1 M KOH E,=086V; MA =238 mA mg'1 at 0.85V;SA =413 [23]

NPs syntheses mA cm™at 0.85V

B-Pd/C NaBH,  Two-step chemical 0.1 M KOH EVZ =093V;,MA=097A mg'1 at0.9V;SA=127mA [84]
syntheses cm?at0.9V

B-Pd/C DMAB  Two-step chemical 0.1MHCIO, £, =085V, MA=0.055A mg ' at 0.9 V;SA =0.064 [76]
syntheses mAcm?at09V

FAOR

B-doped Pd DMAB  One-step aqueous 0.5MHCOOH+05M SA=654mAcm?at0.19V [78]

NPs reduction H,SO,

B-doped Pd DMAB  One-step aqueous 0.5MHCOOH+05M SA=741mA cm™at 0.35V [85]

NPs reduction KOH

CO,RR

Pd-B films DMAB  Electrochemical 0.1M KHCO, Product: formate, CO, and H,; FE; .. = 83.5% at -0.1V  [21]
deposition

B-doped Pd DMAB  One-step aqueous 0.1M KHCO4 Product: formate, CO, and H,; FE;, . ... = 70% at -0.5V  [86]

NPs reduction

As a whole, most of the binary Pd-B alloys developed previously still consist of 0D structures such as
nanoparticles or nanocubes™’>****) which limit their potential electrocatalytic applications that are
susceptible to more sophisticated nanostructures. This is partly because of the unusual reduction kinetics of
the system, where the infiltration of interstitial B atoms into the Pd lattice is usually required a highly
activated process under extreme conditions that may lead to the sintering of high-surface metal
nanoparticles. To this end, one of the urgent desires for extending the applications of Pd-B alloy
nanocatalysts is to develop a simple yet efficient route that endows the positive synergies, including binary
Pd-B alloy composition and nanostructural effects.

Generally, template methods are deemed to be the most effective for controlling the growth of binary Pd-B
mesoporous alloys. Lv et al. demonstrated the Pd-B highly ordered mesoporous structures with an
atomically ordered crystal-phase sequence obtained using mesoPd/KIT-6 hybrids as the synergistic
template™. Notably, the authors emphasized that the mesoPd/KIT-6 hybrids as the synergistic template
could endow Pd-B nanoparticles with extremely mesoporous structural stability in the process of crystal
phase evolution as the strong nanoconfinement effect of mesoPd/KIT-6 hybrids. It was found that the fcc-
to-hcp crystal-phase transformation of mesoPd-B was achieved by interstitially inserting metallic B atoms
into Pd crystals that are confined within a mesoporous silica template. Interestingly, this template-induced
synthetic strategy can also be extended to other binary Pd-B alloy NWs with precisely controlled crystal
structures. One notable example is given by Wang et al., who reported ultrathin PdB alloy nanowires (NWs)
with 1D wavy nanostructures and abundant crystalline defects as a highly active AOR electrocatalyst
through a general yet straightforward surfactant-assisted aqueous synthesis®®. The formation processes of
binary PdB alloy NWs were schematically illustrated in Figure 5A. The amphiphilic surfactant,
hexadecylpyridinium chloride [C, H,,-pyridyl (Cl), C-py] were first utilized as soft functional templates
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Figure 5. Growth strategy and performance influencing factors of Pd-B alloys. (A) Diagram of template-assisted aqueous growth of
binary PdB nanowires; (B) low-magnification TEM image of the binary PdB NWs; (C) EOR and (D) MOR curves of binary PdB NWs and
other counterparts in 1.0 M KOH + 1.0 M C,HOH or CH;0OH; (A-D) reproduced with permission from™®"; Copyright 2021, American
Chemical Society; (E) the relation between the B atoms location, the AG,,. and d center of PdB alloy; (F) the relation between the
subsurface B atoms concentration, the AG,. and d center of PdB alloy; (G) the ECSA and ECSA-normalized HER specific activities of Pd,
B catalysts and corresponding counterparts; (E-G) reproduced with permission from™: Copyright 2021, The Royal Society of Chemistry.

that can self-assemble with Pd precursor into a columnar mesoscopic, resulting in directing in-the-
columnar growth of 1D ultrathin PdB alloy NWs along assembled columnar mesophases. Low-
magnification transmission electron microscopy (TEM) shown in Figure 5B clearly demonstrates a wavy
NW morphology with an ultrathin diameter and many crystalline kinks. Benefiting from the synergistic
effects of binary PdB alloy composition and an ultrathin and defect-controlled NW structure, the PdB NWs
exhibit outstanding EOR/MOR performance [Figure 5C-D] with the highest mass activity (3.39 A mg,;")
and excellent long-term stability in the alkaline mediums. Compared with 0D NPs, 1D ultrathin NWs can
offer multiple advantages, including inhibition of the Oswald ripening process, easy accessibility of active
sites, and accelerated electron/mass transfer.

Such nanostructure/morphology engineering strategy can be reliably expanded to generate ternary
composition PAMB mesoporous nanosheets (MNSs), leading to enhanced electrocatalytic activity toward
EOR. Introducing an additional transitional metal (such as Cu, Ag, and Pt) into the Pd-B alloy system is
believed to give rise to a synergic composition effect, which enables a remarkable boost in the catalytic
performance. In this respect, Sun et al. reported a facile in situ reduction strategy to prepare the ternary
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PdCuB alloy nanoparticles that were stabilized on the nitrogen-functionalized graphene (N-G), and applied
in the EOR™!. The introduction of Cu weakens the adsorption affinity of ethoxy intermediates (such as CH,
COO,y, CH,CO,, etc.) and consequently accelerates the rate-determining step of EOR electrocatalysis.
Moreover, the interstitial insertion of B not only directly optimizes the surface electronic structure of Pd
that facilitates the desorption of Pd-O on the nanocatalyst, but also favors the functional adsorption of
OH,,, that kinetically accelerates the further oxidation of poisoning ethoxy intermediates on Pd/Cu. It is
noteworthy that the nitrogen-functionalized graphene stabilizes PdCuB nanoparticles and suppresses
physical Ostwald ripening process. Compared with the PdCu alloy, the optimized PdCuB@N-G
nanocatalyst exhibited excellent electrochemical EOR activity (5.83 A mg,,") and good cycling stability.
Considering the above contributions, these investigations definitely confirmed that the nanostructures
engineering strategy and B alloying efficiently improved electrocatalytic performance. Importantly, it
provides new insight into rationally designing and preparing high-performance Pd-B alloy nanocatalysts
with various nanostructures and multicomponent features.

Apart from the various nanostructures that were synthesized to expose abundant active sites, the location,
concentration, and ordering of interstitial B atoms in Pd-B alloy’s near-surface (several atomic layers below
the surface) are also extremely important factors for realizing excellent catalytic performance. Most
investigations about binary Pd-B alloys have consistently concluded that the adsorption strength of
adsorbates weakens; however, elucidation of the correlation between catalytic activity and the location,
concentration and ordering of interstitial B atoms in Pd-B alloy’s near-surface region has been
controversial>>”>******l_One widely accepted explanation for the correlation is that the subsurface B atoms
located in octahedral interstitial sites with a half-filled state play an essential role in ensuring an appropriate
degree of interatomic B(s,p)-Pd(d) orbital hybridization, which would downshift the d-band center of the
Pd surface relative to the Fermi level (E;), resulting in the modified surface adsorption and catalytic
properties of binary Pd-B alloys®*'. For instance, Li et al. investigated the effects of the distribution,
amount, and ordering degree of interstitial B on the HER activity of Pd-B alloy electrocatalysts"®. Based on
DFT results [Figure 5E-F], the 1st B layer (i.e., subsurface B layer) in the Pd-B model brings about a much
more positive Pd d-band center and a significant weakening of surface hydrogen adsorption energy than
metallic Pd, while the deeper B layers (i.e., 2nd-5st B layers) have little influence on surface Pd d-band
center and hydrogen adsorption. Meanwhile, with the subsurface B concentration ranging from 0 to 100%,
the surface d-band shifts down from -1.5 to -2.9 eV relative to E;, and hydrogen adsorption becomes
weaker. Note that there is a volcano-type relationship between catalytic activity and the concentration of
subsurface B in the Pd lattice. The Pd-B alloy model with abundant subsurface B shows an extremely strong
hydrogen binding ability that is located in the right leg of the volcano plot, while those with very little
subsurface B possess too weak hydrogen binding ability that is located in the left leg of the volcano plot.
Impressively, as confirmed by the intermetallic boride Pd,B, the Pd-B alloy model with a subsurface B half-
filling state at the top of the volcano plot holds an optimal HER activity. In this case, the intermetallic boride
Pd,B alloy exhibits a near-zero AGy;« value. As shown in Figure 5G, the hcp-Pd,B with interstitial B ordering
displayed superior catalytic activity and stability toward HER relative to the B-doped hcp and fcc Pd with
disordered interstitial B atoms (i.e., B-hcp Pd and B-fcc Pd).

Considering the above results, the location, concentration and ordering of interstitial B atoms in Pd-B alloy
catalysts play an essential role in giving rise to optimal near-surface electronic structure and adsorption
properties. Despite their importance, the general realization of interstitial B atoms located in sub-surface
octahedral sites with a half-filled state remains a challenge. Therefore, more work on Pd-B nanocatalysts is
still required, not only to develop efficient approaches for preparing Pd-B nanocatalysts but also to
comprehensively understand the modified electronic structures and surface adsorptions of Pd-B

electrocatalysts.
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C-doped Pd-based nanocrystals

It has been a paradigm for a long that carbon species formed in situ during the electrocatalytic reaction acts
as adverse factors for noble metal catalysts. In earlier studies on noble metals as heterogeneous and
homogeneous catalysts, carbonaceous deposits on the metal surfaces via the decomposition of reactants can
strongly inhibit the catalytic activity, resulting from the sufficient blockage of metal catalytic sites caused by
the carbon layers on metal surfaces. With the deepening understanding of surface science, however, it has
been recently reported that carbon species can act as electrocatalyst promoters under certain conditions.
The octahedral interstitial sites of Pd crystals were occupied by the C atoms and accompanied by an
expansion of lattice. Also, the subsurface C atoms in the palladium carbides (PdC,) species were likely to
modify the surface electronic structure of Pd®.

While subsurface C chemistry is proposed to promote the electrocatalytic performance of PdC, catalysts,
incorporating C atoms into Pd lattices to form PdC, nanocatalysts remains an arduous challenge. In general,
the PdC, nanocatalysts are synthesized by following several synthetic routes: (i) calcination method, which
mainly involves the gas-solid reaction between Pd black or supported Pd nanoparticles and C-containing
gas (e.g., CO, C,H, C,H, or hydrocarbons) at temperatures above 150 ‘C [Figure 6A]**". These gaseous C-
containing species are supplied from the fragmentation of C-containing feed molecules, which have been
observed in the conditions of acetylation, hydrogenation, and isomerization of unsaturated
hydrocarbons®*”*; (ii) the direct interaction of Pd nanoparticles with carbon from the C-containing
support to form a PdC, phase at 250-400 °C under the H, or inert atmosphere [Figure 6A]“”'"**) One of the
typically related investigations supported by the data of chemisorption and in situ X-ray diffraction has
indicated the formation of a carburized Pd phase as a result of the interaction of Pd nanoparticles with
carbon support"*; (iii) one-step chemical reduction of Pd salt in the presence of an organic additive. Such a
preparation method has been employed by Okitsu and Takuo in the synthesis of PdC, using

104,105],

tetrachloropalladate (II) or tetracyanoethylene"**'*”; (iv) treating the prepared Pd crystals as the precursors
to carbonize with organics like Na,EDTA or glucose under hydrothermal/solvothermal conditions"*'*".
This method has been shown the capability to constructing PAC, nanocrystals with tunable C/Pd atomic
ratios by simply adjusting the reaction time, and it is considered to be more suitable for preparing PdC,
nanocrystals than the aforementioned methods that might require extreme conditions like high temperature
and/or pressure. Regardless of the carbon source, the surface electronic structure and adsorption properties
of Pd generate a substantial change through the presence of surface PdC, species formed by carbon
dissolving into the subsurface of Pd nanoparticles, illustrating the potentially positive roles of carbon in
catalysts, as demonstrated by some theoretical and experimental studies”>””. As a quintessential example,
Simonov et al. prepared the PAC /XC72 catalyst as a highly efficient electrocatalyst for the HOR by the
migration of C atoms from the support to Pd lattices [Figure 6A-B]””. Under the influence of incorporated
C atoms, the weakened CO adsorption on Pd carbide and the absence of H absorption have been achieved,
increasing the number of active sites for the HOR. The promoting effect of the incorporated C atoms is
supported by a control experiment to remove the doped carbon from the Pd lattice by oxygen treatment at
300 °C. As shown in Figure 6C, the PdC,/XC72 catalyst subjected to the oxidative treatment (dashed line)
has a notable decrease in the exchange current density of HOR compared with the PdC,/XC72 (solid line)
under the same specific Pd surface area of 2.5 cm™(geom.), implying a drop in catalytic activity. In this
study, the process of CO adsorption on Pd modified with incorporated C atoms was found to be partially
suppressed, indicating an enhancement in CO tolerance. In other words, an increase in the number of active
sites for the HOR was obtained in PdC /XC72 catalyst, leading to a significantly enhanced current density of
the HOR. This work further confirmed the promoting effect of incorporated C atoms. It is worth
mentioning that the promoting effect of subsurface C atoms is not a particular feature of Pd, but a common

feature for noble metals such as Ag and Au"".
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Figure 6. Synthesis strategy and positive influence of surface PdC, species. (A) Two typical routes for incorporating C atoms into Pd
lattices; (B) TEM image of the PdC,/XC72 catalyst; (C) the comparison of exchange current density of HOR over the PdC,/XC72 (solid
line) and oxygen-treated PdC,/XC72 (dashed line); (A-C) reproduced with permission from™”: Copyright 2012, Elsevier.

Adjustable C/Pd atomic ratios is a feasible strategy to create new PdC, to realize optimal catalytic activity
and selectivity for certain reaction. However, the precision synthesis of the controlling composition of Pd
and C within PdC, nanocatalysts has been scarcely reported, greatly because the preparations
aforementioned usually require harsh conditions or rely on a particular substrate. These limitations have
hindered the investigation of the effect of C content on electrocatalytic performance. Given this fact and the
harsh synthetic conditions (such as high temperature/pressure) required in other approaches, more research
is needed to develop an effective and environment-friendly method with mild synthetic conditions for the

preparation of PdC, catalysts.

N-doped Pd-based nanocrystals

Palladium-based nitrides (PdN,) as non-stoichiometric and interstitial compounds could also form via the
N atoms filling into the octahedral interstitial sites within Pd lattices. The addition of N could be expected
to impart Pd-based catalysts with better electrocatalytic performance as a result of the unique properties of
metal nitrides, such as high resistance against corrosion, high hardness, high melting points, density and
low electrical resistance"”"""). The synthesis of Pd-based nitrides, however, has long posed one of the biggest
challenges in efficient electrocatalysts applications because of the predicted low metal-N bond strength and
the generally unreactive nature of the most readily available nitrogen sources (e.g., N,, NH,, ammonia, and
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amides) at low and moderate temperatures'>'"”.. Generally, metal nitrides are often prepared by following
several synthetic pathways: (i) subjecting corresponding metal oxides to heating in flowing NH, by slowly
raising the temperature*"; (ii) heating treatment metals or samples combined with carbon-based
materials to high temperatures in N, or NH, environment"'”"**; (iii) calcining along with nitrogen-based
compounds, which involves the ammonolysis of binary compounds that often produces nitrides***"; (iv)
high temperature/pressure approaches are often used to synthesize metal nitrides"""*?; (v) some other
approaches include vapor deposition techniques"'*'*”, solid-state metathesis"**, solvothermal synthesis"*",
and sol-gel processing*”. Unfortunately, most of these methods are focused on the synthesis of transition
metal nitrides, and there are relatively few reports on the synthesis of noble metal nitrides because the
precious metal-N bonds are difficult to create. Additionally, some methods sometimes are considered
unfriendly to the environment due to the use of toxic nitrogen sources and high temperatures. Hence, much
improvement is still needed to access the PN, via using the above methods, resulting in urgent demand for
facile, effective, and environmental-friendly methods to synthesize the PdN, catalysts. Moreover, controlling
the morphology and nitrogen content of some PAN, nanocrystals during their preparation has also attracted
much attention. One of the related studies was reported by Veith et al.”” They developed an effective
formation strategy of N-rich Pd nanoparticles via reactive sputtering of the pure metal in the N, plasma.
Through controlling the particle size and deposition condition (pressure, power, and distance), the
stoichiometry of the as-prepared PAN, nanoparticles is PAN, ., (87 at % N), in which the high concentration
of N ligands increases the electrochemical stability via blocking all active sites. This result proves the
potential of N to influence the properties of precious metal materials in a favorable way, and the premise is
to develop appropriate synthesis methods.

Although the importance of interstitial N atoms for regulating the activity and stability of catalysis has been
verified, PAN, nanostructures with controllable stoichiometries are difficult to control experimentally. This
seriously hinders the understanding of the structure-activity relationship between interstitial nitrogen
content and catalyst performance. A widely accepted explanation is that the interactions between the N p
and Pd d orbitals might be strongly associated with the structure-activity relationship. As a further example,
Guo et al recently demonstrated the synthesis of PAN, nanocrystals (x < 0.5) with controllable
stoichiometric via the hydrothermal decomposition of urea to incorporate N atoms into the lattices of Pd
nanocubes [Figure 7A]"**. Corresponding EDS images clearly reveal the effective doping of N atoms. The
concentration of the urea could be changed to adjust the chemical stoichiometries of PAN, nanocrystals.
The obtained PdN, nanocrystals not only exhibit superior catalytic performance for FAOR and MOR, but
also offer an impressive ORR catalytic activity in 0.1 M KOH [Figure 7B], in which the Pd,N nanocrystals
show the most positive potential compared with all catalysts. More importantly, after accelerated durability
tests (ADTSs) of 10,000 cycles [Figure 7C], it was further demonstrated that the excellent cycling stability of
Pd,N nanocrystals toward ORR with activity decay only ~9%. Regarding the enhancement mechanism, the
authors found that the strong interactions between Pd and interstitial N atoms cause a downshift and
optimization of the Pd d-band center, thus improving the electrocatalytic activity and stability. It should be
worth noting that there is an obvious dependence of catalytic activity on the N/Pd ratio, suggesting the
pronounced effect of proper N content on enhancing the catalytic performance of noble metal
nanocatalysts. In particular, the d-band center of the PAN, nanocrystals will decrease with the increase of N
filling concentration, which is believed to benefit the removal of absorbed O and OH species and thereby
improve the catalytic performance toward ORR"". It is widely accepted that this dependence on N filling
concentration may be attributed to factors such as structure and electronic effects*>'*”. As noted in the
example above, the modified electronic structure, polycrystalline structure containing plenty of dislocation
and grain boundaries can lower the d-band center position of Pd and provide extra active sites, resulting in
a deep understanding of the correlation between the nitrogen content and the catalytic performance. Such
correlation may be a combination of electronic and/or structural effects.



Page 18 of 38 Wang et al. Chem Synth 2023;3:8 | https://dx.doi.org/10.20517/cs.2022.34

1 c

— Pd/C
o] 0 o e Pd/C after ADTs
-1

d cube
=1 e Pd cube after ADTs;’

B AWV @&
j(mA/lcm?) @
N
j (mA/cm?)
&

-5 1 T T
-6 ' ' . ' i -6
0.2 04 06 08 1.0 02 04 06 08 1.0
E (V vs. RHE) E (V vs.RHE)
D meso-PdN NCs .(A NO; ®Y° NO,; 4 NH; ®gN,

Binary PdN alloy facilitates the O Pd ® N Mesoporous structure enhances the retention time of catalyzing
adsorption and reactivity of NO3 NO;-to-NHj; through an eight-electron transfer pathway
| % et /N Y _ .
S F Gos;
" 2e” % | 0.00 | i
¢ oy 93w ‘ — Cu,PdN
< ". b ® | 1 S 0.40-
., 4 U 005 _
8:3:.’.‘;{ ’.‘ é’,?:’:o"‘ g 0.05 CuN  CupPdN/ /Pd E .
| §7 T i) z z |
S, i £ 0101 2
oi'l . f‘. % 250 Cu,PdN 5 S 0.20
% 03.‘:.'\ WO lond~ o, o mgy O P |
25w a0 @
o -0.15- s i
;-;::3::. .::"5‘ = 040 Pd
newe ‘3%,
':."S‘ ‘0.: .&..:. -0.20 T T T T T T 1 0.00 T T T T 1
fa atss -06 -05 -04 -03 -02 -01 00 0.1 0 200 400 600 800 1000
Voltage (V vs Ag/AgCl) Number of cycles

Figure 7. Effect of composition proportion and structure design on the electrocatalytic performance of Pd-based nitrides. (A) TEM image
of Pd,N nanocrystal with inset EDS mappings diagram; (B) ORR polarization curves in 0.1 M KOH of Pd-based nitrides with different
nitrogen content and other counterparts; (C) the stability tests of the catalysts in Figure 7B; (A-C) reproduced with permission from"™®:
Copyright 2021, The Royal Society of Chemistry; (D) diagram of the electrocatalytic mechanism of meso-PdN NCs for selective NO5- to
-NH, electrocatalysis. Reproduced with permission from"”*’: Copyright 2022, Wiley-VCH; (E) TEM image of Cu,PdN nanocrystals with
insert antiperovskite-type CusPdN structure model; (F) ORR polarization curves of CusPdN, Cu;N, and Pd nanoparticle in 0.1 M KOH; (G)
the relation between mass activity and cycle numbers of Cu;PdN and Pd; (E-G) reproduced with permission from™°: Copyright 2014,
American Chemical Society.

Noted from the structural effects for boosting electrocatalytic performance, recent works also reveal that
nanostructures of metal nitrides are often desired for improving their surface reactive properties and further
expanding their applications. Sun et al. constructed mesoporous PAN NCs with highly penetrated
mesoporous channels by treating the prefabricated meso-Pd NCs with urea under hydrothermal conditions.
The mesoporous framework with abundant exposed abundant undercoordinated active sites contributes to
the adsorption of NO, and facilitates the subsequent reactivity of NO, - to -NH, electrocatalysis
[Figure 7D]"*). Notably, benefiting from the longer mesoporous channels and alloying N, the outward
diffusion of Pd atoms is inhibited, the total reaction energy is reduced, and the retention times of the deeper
electrocatalytic reduction of pre-reduced NO, is increased, thereby synergistically promoting the
conversion of the deeper electrocatalytic reduction of pre-reduced NO,, for which synergistically facilitating
subsequent six-electron reaction into NH, and boosting the electrocatalytic cycling stability. As a further
example, Lee et al. prepared a novel antiperovskite-type intermetallic nitrides (Ni,.Pd,,)NNi, as a highly
efficient ORR electrocatalyst in acidic conditions by transforming the disordered PdNi, to long-rang-
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ordered antiperovskite crystal structures under NH, environment with high temperature**. The
antiperovskite structured intermetallic nitrides exhibited superior ORR activity and stability, originating
from the downshift d-band center of the monolayer Pd/antiperovskite surface and the lower formation
energy of the antiperovskite core nanocrystal. This result suggests that the unique crystal structure of
antiperovskite-type nitrides is beneficial to improving the electrochemical properties, which opens an
exciting avenue to expand the family of cost-effective ORR electrocatalysts. Inspired by this structure,
similar improvements in ORR performance were observed in the work by Vaughn et al” They also
developed an efficient solution-phase synthesis of antiperovskite-type Cu,PdN nanocrystals that are
multifaceted with a quasi-cubic morphology [Figure 7E], through the reaction of copper(II) nitrate and
palladium(II) acetylacetonate in 1-octadecene with oleylamine at 240 °C. As expected, the Cu,PdN
nanocrystals have a half-wave potential (E,,) value of -0.13 V, while those of the Cu,N and Pd are -0.45 and
-0.07 V [Figure 7F], suggesting the ORR activity of the Cu,PdN nanocrystals is improved substantially
relative to that of comparable Cu,N nanocrystals but similar to that of Pd. More importantly, the repeated
cycling experiment indicated that the Cu,PdN nanocrystals show great enhancement in ORR activity and
cycling stability than comparable Pd nanocrystals by constructing antiperovskite-type nitrides [Figure 7G].

According to the above discussion, the fine structure and shape control of Pd-based nitrides catalysts is a
viable strategy for achieving excellent catalytic activities and durability. However, there are few examples of
multi-metal Pd-based nitrides with different nanostructures. Hence, an urgent requirement for the design of
advanced N-doped Pd-based catalysts to establish the fundament correlations between the composition,
structure, and reactivity of Pd-base nanomaterials.

O-doped Pd-based nanocrystals

The antitoxic property has always been an essential evaluation indicator for designing high-performance
Pd-based electrocatalysts. The formation of abundant palladium oxide (PdO,) species, including palladium
oxides and hydrous palladium oxides, through the oxidation treatment of Pd catalyst has been verified to be
an effective strategy for improving anti-poisoning capability as a result of the excellent elimination of CO-
like poisoning intermediate species’*'”". Therefore, PdO,-containing catalysts have drawn a rising
awareness due to the crucial role of PdO, in improving electrocatalytic properties. In general, the synthesis
of Pd-based oxides can be summarized as two representative pathways: (i) The one is the oxidation
treatment of the pre-reduced or existing Pd-based crystals under oxygen or air atmosphere to form PdO,
species™ " For example, Hu et al. prepared a supported PdO nanocatalyst via a two-step procedure where
Pd(NO,), was first reduced by formaldehyde and then oxidation for the removal of NO, and CH,"*; (ii)
Another way is a direct one-step synthesis via the thermal decomposition of the impregnated Pd** species
within Pd salts in the air or a simple solvothermal method"""*. Wang et al. developed a facile high-
temperature pyrolysis method to synthesize porous Pd-PdO nanotubes for methanol electrooxidation, in
which Pd(II)-dimethylglyoxime complex nanorods as the pyrolysis precursor'*!. Interestingly, Guerrero-
Ortega et al. developed a novel two-step procedure that uses organometallic Pd(dba), rather than Pd salts as
the reduced precursor to fabricate carbon-supported core-shell Pd@PdO catalyst, which exhibits the highest
oxidation current magnitude during methanol electrooxidation as a result of the presence of interactions
between PdO and Pd"**. With the rapid development of synthetic technologies, there are also some other
methods reported. Plasma sputtering of a Pd electrode under the oxygen atmosphere has been utilized to
prepare the highly oxidized palladium (Pd*) species, which were found to be high thermal stability and high
reaction probability toward CO at room temperature compared to the oxidized palladium (Pd*) species'*..
Moreover, Kuriganova et al. have also proposed a new electrochemical dispersion approach of a Pd foil
electrode under pulsed alternating current conditions for the preparation of the Pd-PdO/C electrocatalyst

145]

toward formic acid oxidation!*!.
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Regardless of the synthesis routes, the as-prepared O-doped Pd-based catalysts display better electrocatalytic
activity and durability as a result of the valid O doping. On the one hand, the abundant PdO, species on the
surface of the Pd-based oxide electrocatalysts can provide the required oxygen species for the oxidation of
CO-like poisoning intermediate, leading to significantly improved poisoning tolerance and consequently
retard the attenuation of electrocatalysts"**”**/. On the other hand, the strong interface interaction
between Pd and PdO, species has been confirmed to induce charge redistribution and influence the
adsorption behavior of the reaction intermediates. The strong interface interaction can also be contributed
to the significantly enhanced electrocatalytic activity and stability of catalysts"* "\ Meanwhile, Xing et al.
have conducted related explorations about the roles of the Pd-PdO interface!**'*”. The combination of
designed experiments, DFT calculations, and in situ sensitive probes demonstrated that the Pd° sites achieve
the activation of formic acid and the adsorption of active intermediate, while the Pd* sites pull hydrogen
from the reaction intermediates, and the Pd/PdO heterojunction overcomes the CO poisoning by
eliminating the dehydration pathway. These results strongly confirmed that the presence of the Pd-PdO
interface plays a decisive role in formic acid dehydrogenation. Interestingly, the authors shed light on the
regulation of the Pd-PdO interface by introducing polyaniline as nanoparticles support, which was found to
be an electronic structure modulator for metal particles. As a result, the amount of Pd-PdO interface is
increased owing to the polyaniline modification, thus contributing to increased catalytic activity"*..

Noted from the promising interface interaction between Pd and PdO for electrochemical reactions, recent
works also reveal that the formation of Pd-PdO interfacial structure is a feasible way to solve dynamic issues
during the NRR process. As investigated by Lv et al., PdO/Pd heterojunctions supported on carbon
nanotubes (PdO/Pd/CNTs) were constructed by reducing PdO/CNTs with ultraviolet laser irradiation,
while the abundant PdO-Pd interfaces can act as active sites for N, dynamic activation and proton
transitions [Figure 8A]"*. Benefitting from the synergistic effect of Pd and PdO, the transmission route of
H protons and activated N, was greatly decreased, thereby ensuring that the electrocatalytic NRR efficiency
was significantly improved. Under the influence of the PAO-Pd interfaces, the N, adsorbed on the Pd
surface can sufficiently form chemisorbed Pd-N bonds, while PdO can adsorb H protons located in the
subsurface region to imitate a-PdH. It should be noted that the reduction degree of PdO and optimum ratio
of Pd/PdO are critical for the best catalytic activity. As the irradiation process proceeded, the 10 min
irradiated PAO/Pd/CNTs presented an optimal mass ratio of Pd (18%) to PdO (82%) and the highest NH,
yield rate of 18.2 ug mg ., h™' [Figure 8B], indicating that the PdAO/Pd/CNTs (10 min irradiation) reduce
the overpotential of the chemical reaction, as verified by the HER curves [Figure 8C]. These results not only
demonstrate that the presence of Pd-PdO interfaces plays a critical role in enhancing the catalytic NRR
performance but also open an exciting avenue to design high-performance PdO/Pd-based nanocatalysts as
the NRR electrocatalysts.

Considering the importance of the Pd-PdO interface, some design strategies have been demonstrated to
boost the catalytic efficiency of PAO/Pd-based nanocatalysts by a combination of constructing Pd-PdO
interfaces and incorporating appropriate supports [Table 3]. The complex interactions between Pd/PdO
catalysts and their support matrixes may be strongly associated with excellent catalytic performance in
several different ways: Firstly, the MO, (M = Ce!"*", Zr!">"*) Ni"**, All*?, efc.) as the support can dilute the
concentration of Pd atoms, thus maximizing the Pd active sites and minimizing the deactivation caused by
the metal-sintering processes. Secondly, the in-situ reduction of activated PdO nanoparticles at high-
temperature might bring about the encapsulation of Pd nanoparticles within thin and partially reduced
metal oxide layers, which could stabilize the active component and avoid the aggregation of Pd-based NPs
to increase the structural and electrocatalytic stability. Meanwhile, the interface between Pd and the metal
oxides would also cause a change in the electronic structure, inducing the charge redistribution and
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Table 3. Non-exhaustive list of common PdO/Pd support materials and their applications from recent literature

Catalysts Synthetic routes Support material Electrolyte Performance Ref.
EOR
Pd-PdOx@GS-NH, Two-step Graphene Sheets TMKOH+1TMC,Hs  Ej o =-0.55V (vs. Hg/HgO); ECSA = [135]
Procedure OH ? g’1
PdO/MWCNTs  Dry grinding Multiwalled carbon TMKOH+1TMC,Hs  E o =-0.70 V (vs. SCE); MA=5.03  [152]
nanotubes OH Ame’
mg
Pd@ZrO,/Si-ALO  Two-step Si-modified alumina TMKOH+TMCHs  MA=171Amg" [153]
3 procedure OH
PdO-Pd-Fe/HCSs Pyrolysis method = Huge carbon spheres TMKOH+1TMC,H;  SA=133mA cm % ECSA =8.03m? g'1 [154]
OH
MOR
Pd/PdO/PG Plasma sputtering  Multiwalled carbon 1M CH;0H +TM KOH MA =1.65mA mg'1 [147]
nanotubes
Pd@PdO-Co;0,  One-pot synthesis  Vulcan carbon (XC-72R) TMCH,OH+TMKOH E_ . =-037V;MA=172A mg’’ [136]
NRR
PdO/Pd/CNTs Laser irradiation Carbon nanotubes 0.1M NaCH NH; yield =17.53 pg h' mgqcat_; FE= [150]
11.6% at -0.10 V
ORR/OER
Pd@PdO-Co;0,  Two-step ZnO Nanorod 1M KOH ORR:E, ot =0.92V with E;, =0.78 V;  [155]
Procedure OER: 10 =154V
A N, Absorption B ° 04
P NH, 60 -
< s £
4 & iE
¢ L5 3 2 1
b4 $ 2,
B - 1 === PdO/CNTSs (0 min]
a0 E * 10 3 g —_ PdOIPdION(Ts(W)min)
3 ] > 8 101 —— PAO/PU/CNTS (120 min)
%\ E N F Ls § a ] == Commercial Pd/C
® Pulling hydrogen P S S S S A L R PR P A P PR
Irradiation time (min) Potential (V vs RHE)
D . E 1200 -
@ x ° .. 100 Pd(111) —= PAIC F S0 ::J/(C)MC
@ PaNp o -+ / SESELOME 1ooor —— Pd-PdO/OMC
® e - Pd(100) —— Pd-PdO/OMC - c
@ Pd-PdONP ° OMC TEOF Ter 800 -
NP= i J E g
Microwave-assisted chemical E Sl E 600
Chemical Reduction l reduction s or T =
Annealing at 300 °C in Air § § 400 -
\/ : | S 200+
100 | ol

02 0.4 0.6
E/V (vs. Ag/AgCl)

08 -0.2 0.

0 0.2 0.4
E/V (vs. Ag/AgCl)

Figure 8. Effect of the Pd-PdO interfacial interaction and appropriate supports on the electrocatalytic performance of Pd-based oxides.
(A) Diagram of NRR process on the Pd-PdO interface; (B) the relation between the varied irradiation times and the reduction degree
(blue line) and NH, yield rate (brown line) of PdO/CNTs; (C) LSV curves of PdO/CNTs with different irradiation times; (A-C)
reproduced with permission from™": Copyright 2019, The Royal Society of Chemistry; (D) diagram of the introduction of ordered
mesoporous carbon over Pd/OMC and Pd-PdO/OMC catalysts. The CV curves of Pd-PdO/OMC and its counterparts measured in
different solutions: (E) 0.5 M H,S0, solution; (F) 0.5 M H,SO, + 0.5 M HCOOH solution; (D-F) reproduced with permission from™™";
Copyright 2020, Elsevier.

ultimately improving the catalytic performance"*. Particularly, the performance of PdO/Pd-based catalysts

can also be remarkedly improved while using carbon materials as the support, including graphene!*>'*>'*'!

carbon nanotubes'*?, carbon nanofibers

[152]

[162]

, carbon nanosphere

[154

>

|, and ordered mesoporous carbons",

which have a sequential structure and high electronic conductivity. Therefore, it is highly desirable to
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optimize catalytic performance by designing the PAO/Pd-support interfaces based on the above points. As a
further example, Zhou et al."*" developed an ordered mesoporous carbon-supported Pd-PdO catalyst (Pd-
PdO/OMC) through microwave-assisted chemical reduction followed by the annealing treatment
[Figure 8D], where the OMC and microwave treatment were introduced to enhance the spatial dispersion
of Pd nanoparticles and reduce the negative effect of annealing process. The cyclic voltammetry results
reveal that the larger hydrogen adsorption/desorption regions and the highest forward anodic current peak
value are attributed to the highly dispersed and likely “confined” Pd nanoparticles on OMC as well as
favorable species transport [Figure 8E-F]. Due to the abundant exposed active sites and strengthened
anchoring effect of Pd-PdO catalyst on the OMC substrate, the Pd-PdO/OMC catalyst exhibits excellent
activity and stability toward FAOR.

Even though considerable progress has been acquired in the supported Pd/PdO-based catalysts and their
electrocatalytic applications, many questions, including the dynamic evolution of the interface between
Pd/PdO and the support under experimental conditions, should be clearly defined to offer guidance for
rational designing high-performance Pd/PdO-based electrocatalysts.

P-doped Pd-based nanocrystals

Since the doped P with abundant valance electrons would significantly affect the electronic states of noble
metal elements, the formation of the Pd-P alloy is one of the most effective ways to modulate the intrinsic
activity of Pd-based electrocatalysts'*”. The 3d electron density of the Pd atoms will be decreased due to the
electron transfer from Pd to P caused by the higher electronegativity value of P than that of Pd, thus
boosting the resultant electrocatalytic performance accordingly*'**. Therefore, the P-doped Pd-based
nanocrystals have attracted considerable research interest to obtain superior catalytic performance toward
various electrocatalytic reactions and reduce the mass loading of Pd"*'".

Nevertheless, the synthesis of P-doped Pd-based nanocatalysts is still a tremendous challenge owing to the
lack of a feasible scheme and optimal design for doping P into Pd lattices. In addition, since these methods
usually contain toxic phosphorous sources, the selection of phosphorus sources is critical. By far, the
representative preparation of P-doped Pd-based nanocatalysts follows three synthetic pathways: (i) liquid-
phase synthesis, including the hydro-/solvothermal or water/oil-bath methods, which is a bottom-up
synthesis method of Pd-based phosphides, usually generating via dissolving the Pd metal precursors and P
source in the solvents"*"7. Noted that acetylacetone salts of Pd are widely used as the Pd metal precursors
while organic phosphines, such as tri-n-octylphosphine (TOP), triphenylphosphine sulfide (TPS), tri-n-
octylphosphine oxide (TOPO), triphenylphosphine (TPP), and hexamethylphosphoroustriamide (HMPT)
as P sources in the organic solvents. Using this approach, controlled morphologies and sizes of Pd-based
phosphides can be obtained and carried out at a much lower temperature (generally at 180-300 °C), in
which the C-P covalent bond of organic phosphines breaks easily to release phosphorus among the
temperature range"””. Correspondingly, Pd inorganic salts as the metal precursors with NaH,PO, as the P
sources are usually applied in the aqueous synthesis of Pd-based phosphides"*'””; (ii) gas-solid reaction
with a heating treatment in an inert/reducing atmosphere, in which Pd chloride salts or bulk usually serve as
metal precursors while hypophosphite (e.g., NaH,PO, and NH,H,PO,) and phytic acid are widely used as P
source”7 Tt is noted that hypophosphite serves as a P source and may lead to poisoning and the
autoignition of PH,under a high-temperature condition (> 500 °C), making it difficult to guarantee
[177].

experimental safety"””; (iii) other synthetic methods, including solid state reaction"”"”, stepwise electroless
deposition” and others.
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In general, the introduction of surfactants or templates can boost the potential of constructing
electrocatalysts with specific morphology and composition under liquid-phase synthesis. This
surfactants/templates-assisted synthetic strategy may also provide new insight into constructing other
nonmetals doped Pd-based catalysts, which might be promising candidates for advanced catalytic
applications. However, it should be noted that the expensive cost and a “clean” surface are required for the
high-performance electrocatalysts synthesized by surfactants or templates"*. Compared to liquid-phase
synthesis, the higher temperatures in the gas-solid phase reaction facilitate the complete conversion of
metals to phosphides with the convenient introduction of carbon-based materials. Unfortunately, particle
agglomeration may be generated and accompanied by the performance degradation under high-
temperature conditions. To better understand the effects of synthesis methods and phosphorus source
selection on performance, a summary of different synthesis methods and phosphorus sources of P-doped
Pd-based nanocrystals was presented in Table 4.

From the viewpoint of geometric structure, morphology has a significant influence on catalytic
performance*. To date, researchers have reported a large number of Pd-based phosphides with various
nanostructures and compositions, such as nanoparticle networks (NNs)"*, nanosheets"*>'”, and
amorphous nanoparticles"” to promote the electrocatalytic performance towards a set of electrocatalytic
reactions. For example, Lv et al. have successfully constructed the highly branched and defect-rich PdP
nanosheets via an effective surfactant-directed aqueous synthesis, in which the surfactant
docosylpyridinium bromide and its corresponding self-assembled micelles were employed as nanoreactors
for the nanoconfined growth of PdP NSs [Figure 9A]"*". Under the strong nanoconfinement effect of the
surfactant docosylpyridinium bromide, a well-alloyed branch framework with homogeneously distributed
Pd and P was obtained, in which abundant crystallographic defects were observed. The higher integrated
charge in the cathodic peak and the larger ESCA observed on the PdP NSs, are favorable for the
enhancement of the electrocatalytic EOR performance [Figure 9B]. The authors explained that the ultrathin
and highly branched structure contributes to the abundant exposed active sites and the P-alloyed
composition induces the strong electronic interaction, which together endow the binary PdP NSs with
remarkable mass activity, stability, anti-poisoning ability, and enhanced reaction kinetics towards EOR. This
enhancement mechanism and effective surfactant-directed aqueous synthetic strategy are applied equally to
the 3D network nanostructure. As investigated by Zhang et al., a facile one-step template (i.e., Brij 58)
assisted aqueous growth was proposed to obtain the 3D Pd-P NN for superior FAOR with significantly
improved CO tolerance performance [Figure 9C]"*.. On the one hand, 3D networks may be contributed to
the exposure of intrinsic active sites. On the other hand, the presence of strong electronic interactions
between Pd and P can significantly weaken the CO binding to the modified Pd surface, thus effectively
reducing the overpotential for FAOR. These results strongly suggest that the synergistic structural and
compositional advantages can be associated with boosted electrocatalytic performance.

Note that the role of P alloying in enhancing the catalytic performance of Pd catalysts has been proven to be
a practical option. More importantly, the combined introduction of oxyphilic secondary metals M (Ni, Cu,
etc.) and P to fabricate multicomponent nanoalloys has also become a hot research topic purposed for
further optimizing and boosting the catalytic performance of Pd-based catalysts and, meanwhile, reducing
the mass loadings of Pd metals"*®'*"*>'*) Impressively, these Pd-M-P ternary and even quaternary catalysts
can act as a class of electrocatalysts for EOR, since the oxyphilic metals can effectively accelerate the
chemical absorption of OH' and the formation of OH radicals, thus enhancing the EOR activity and CO
tolerance property"*'. Recently, Lv et al."* prepared an ultrathin anisotropic multicomponent PdCuP NWs
through one-pot surfactant-directing aqueous synthesis to serve the improved EOR activity and stability
[Figure 9D]. On the one hand, the ultrathin NW structure could alleviate the Oswald ripening and
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Table 4. List of synthesis methods and phosphorus sources for Pd-based phosphides

P Synthetic

Catalysts Electrolyte Performance Ref.
routes route
EOR
PdP,/rGO  HMPT  Liquid-phase 05MKOH+05M  SA=156mAcm? MA=0.05Amg" [1571]
synthesis C,H,OH
Pd-Ni-P NPs TOP Liquid-phase TM NaOH+1TMC,H; SA=495mA cm MA=023A mgpy [169]
synthesis OH
PdNiP/C NaH,PO, Liquid-phase 05MNaOH+TMC, MA=253Amg’,, [181]
synthesis H,OH
PAPNSs  NaH,PO, Liquid-phase TMKOH+1MC,H, MA=322Amg ", [165]
synthesis OH
PdCuP NWs NaH,PO, Liquid-phase TMKOH+TMCH;, MA=67A mg'wPlj [182]
synthesis OH
Pd-Ni-P NaH,PO, Liquid-phase OIMKOH+TMC,H SA=19mA cm’; Tafel slope = 60 mV dec’ [183]
synthesis sOH
Pd- NaH,PO, Liguid-phase TMKOH+1MC,H; ECSA=679 m’g’; Egneet = -0.58 V (vs. Hg/HgO) [173]
P/3DNGS synthesis OH
MOR
Pd-Ni-P/C  TPP Liquid-phase ~ 0.5MKOH+1MCH; MA=33Amg"ECSA=629m g’ [168]
synthesis OH
Pd/PNPs  NaH,PO, Liquid-phase TMKOH+1MCH, MA=0.84Amg";ECSA =507 m’g’ [170]
synthesis OH
FAOR
Pdp/C Red P Solid state 0.5MHCOOH+0.5 SA =117 mAcm” [178]
reaction M H,SO,
NRR
AuPdP NWs Pd(PPh,) Liquid-phase 0.1MNa,SO, NH; yield =18.78 pg h' mgcaﬁ; FE\ns = 15.44% [184]
4 synthesis
PdP,/rGO  Red P Solid state 0.5MLiCIO, NH; yield =30.3 pg h' me. FEnws = 12.56% [167]
reaction
ORR
PtPdNiP NaH,PO, Liquid-phase 0.1MHCIO, ;=093 V;SA=29mA cm?; MA=0.45Amg’ [185]
MNs synthesis
Pd-PNPs ~ NaH,PO, Electroless 0.1M KOH E,,=0.88V;SA=68mA cm”?; MA =134 Amg’ [179]
deposition
HER
P-Pd,S TPS Liquid-phase 0.5M H,SO, Ny = 47 mV; Tafel slope = 32.7 mV dec’; C,= 2.01 mF cm™ [186]
NWs synthesis
P-PtPdCu  TOP Liquid-phase 0.5MH,SO, Mo =12 mV; Tafel slope = 29 mV dec™; Cy=173mF em” [187]
synthesis
PdsP, NH,H,  Gas-solid 1M KOH Mo = 104 mV [177]
@NPGC PO, reaction
PdsP,@NC  Phytic  Gas-solid 0.5MH,SO, Mo =28 mV in 1M KOH [176]
acid reaction 1M KOH Mo =8mVin0.5MH,SO,
PdP,@CB  NaH,PO, Gas-solid 1M KOH Mo = 35.4 mV, Tafel slope = 42.1mV dec’'in 1M KOH No=84.6 [174]
reaction 1M PBS mV Tafel slope =723 mV dec’in1M PBS
Pd;P/NPC  Phytic Gas-solid 0.5MH,SO, My = 277 mV, Tafel slope =120 mV dec’in0.5M H,SO,; m, =173 [20]
acid reaction 1M KOH mV, Tafel slope = 109 mV dec’in 1M KOH
OER
PdP,@CB  NaH,PO, Gas-solid 1M KOH Mo =270 mV, Tafel slope = 78.6 mV dec”in 1M KOH; Mo =227  [174]
reaction 1M PBS mV, Tafel slope = 96 mV dec’in 1M PBS

dissolution process, and expose more reaction sites, thus facilitating the mass/electron transfer to accelerate
the electrocatalytic kinetics. On the other hand, the existence of Cu sites can weaken the adsorption of the
intermediates (Co,q, and CH,CO,,,) by regulating the electronic state of Pd, and the formation of OH,, on
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Figure 9. Effect of alloy structures and compositions on the electrocatalytic performance of Pd-based phosphides. (A) Diagram of
surfactant-directed aqueous growth of PdP nanosheets; (B) CV curves with insert ESCA diagram of PdP NSs and other counterparts
measured in 1.0 M KOH; (A and B) reproduced with permission from®%: Copyright 2020, The Royal Society of Chemistry; (C) CO
stripping curves with insert magnified green square area of PdP nanoparticles and other counterparts. Reproduced with permission
from™*: Copyright 2014, The Royal Society of Chemistry; (D) diagram of ultrathin ternary PdCuP alloy nanowires toward EOR; (E) the
difference in mass activities of PdCuP nanowires and their counterparts; (D and E) reproduced with permission from!®?"; Copyright 2019,
Elsevier; (F) CO stripping curves of Pd,,Ni,;P;, and other counterparts. Reproduced with permission from": Copyright 2017, Nature
Publishing Group.

Cu sites can also accelerate the further oxidation of the intermediates to generate acetate ions, which would
obviously boost the electrocatalytic kinetics of EOR. Thus, the PACuP NWs demonstrated the most superior
electrocatalytic mass activity with respect to their counterparts [Figure 9E]. This study suggests the key role
of P and oxyphilic metal dopants in the improved EOR performance of Pd-based catalysts. However, it is
still a tremendous challenge to develop a facile and robust synthetic methodology for the construction of
Pd-M-P nanocrystals with advanced nanostructures, ascribed to the complexity or uncertainty in
simultaneously achieving the morphological and component control while alloying amorphous P within
PdM nanocrystals. By far, only a few efforts paid to the construction of Pd-M-P nanocrystals with advanced
nanostructures, such as one-dimensional nanowires"*'*!, two-dimensional nanoplates"™, and three-
dimensional porous spheres"*. Besides, in the Pd-M-P nanocrystals, tuning their particle size, surface
structure, morphology, and support matrix to enhance their electrocatalytic activity has become a major
concern, but less focus on the improved catalytic performance by simultaneously incorporating M/P and
shortening the distance between Pd and M active sites. Recently, Chen et al."* have successful report the
enhanced catalytic activity toward EOR of Pd-Ni-P ternary nanocatalysts by tailoring the Ni/Pd atomic ratio
to 1:1 and shortening the distance between Pd and Ni active sites [Figure 9F]. It was also found that the
activity significantly increased with the decrement of the distance between Pd and Ni active sites. Their
research provides a valuable perspective for improving the catalytic activity of P-doped Pd-based catalysts.

More interestingly, many studies have revealed that the activity and stability of P-doped Pd-based
nanoalloys can be improved by combining them with conductive supports like graphene"*””” and
carbon!”""", For example, PdP nanoalloys with low content phosphorus uniformly embedded in the 3D
nitrogen-doped graphene can serve as highly active and stable electrocatalysts for ethanol oxidation
reactions in alkaline media"”. Xie et al.""”’ designed the PdP, nanoparticles to load on rGO, making PdP, a
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high-performance NRR electrocatalyst for environmental N, to NH, conversion. Similarly, the palladium
nanocatalyst with high-doping phosphorus anchored on the carbon also possesses superior catalytic activity
and stability toward FAOR"”. In a word, these advantages of materials are mainly derived from alloying Pd
with P and secondary from the dispersion of active components.

P-doping Pd nanocatalysts are considered to be an effective route to improve the electrocatalytic
performance owing to the electronic structure alteration mechanism. Generally, the binding strength of
reaction intermediates adsorbed on Pd active sites can be regulated, thereby enhancing the catalytic
activities. In this case, a simple and effective synthetic approach that can further regulate the stoichiometry
of Pd and P is highly desirable. Even though the PdP and Pd-M-P catalysts have acquired considerable
progress, their preparation is still a tremendous challenge. As a result, there is a limitation in the deep
understanding of the modification of P-doping. Therefore, it is urgent to develop a precise control
preparation of P-doping Pd so that a deeper understanding of the modification of P-doping can be
established.

S-doped Pd-based nanocrystals

Pd-based sulfides (Pd,S,) have been found to be very important for a variety of electrocatalytic applications
due to their special physical-chemical properties'*"**.. The majority of Pd,S, can be generally prepared by
H,-assisted gas sulfidation with H,S"**"** or by introducing sulfur-containing compounds into an aqueous
palladium salt solution**"**. In addition, the chemical vapor deposition and the thermal decomposition of
organometallic compounds containing Pd-chalcogen bonds into palladium chalcogenides have been
developed as another effective strategy to obtain Pd,S"**"". However, these methods have suffered from
high environmental pollution, high scaling cost, or complicated Pd-chalcogen precursors formation.
Recently, Du et al. reported a colloidal synthesis of Pd,S, (e.g., Pd,.S,, Pd,S, and PdS) via a facile one-pot
hot-solution synthetic route and applied for the ORR*”. Such a method can not only reduce the cost and
procedures of catalyst preparation but also achieve the controllable component of S in the catalysts by
simply tuning the amount of S powder, despite the drawback of high temperature (> 300 °C). Besides, it was
found to be readily prepared the supported palladium sulfides through the post-synthetic modification of
supported Pd (or oxide) precursors with sulfidation agents such as H,S, Na,S and organic sulfur-containing

molecules?27],

Even though there have been many synthetic approaches reported in the literature for the Pd,S , extremely
limited information is available on the factors that determine the phase evolution of Pd-based sulfides and
the correlation between the crystal structures and catalytic performances. According to the phase diagram
of Pd-S, there are five types of Pd-S crystalline phases, namely PdS, PdS,, Pd,S, Pd.S, and Pd,S,*. Since the
Pd-S phase diagram shows full mixing in all compositions and a continuum of closely related stable phases,
it offers room to tailor the phase evolution of Pd sulfides so that the structure-property relationships can be
established™. It should be mentioned that phase evolution occurs highly depending on temperature, as
observed in the previous reports®”*. In this regard, Liu et al. have demonstrated how a PdS powder
evolves and changes with thermal pre-treatment”'". The authors found that when the sample was exposed
to H, at temperatures of 150 °C or higher, the sulfur was lost to the gas phase (H,S), resulting in the sample
undergoing a phase change from a chalcogenide-rich phase (PdS) to a metal-rich phase (Pd,S) via the Pd,S,
phase as an intermediate. Meanwhile, a new material containing the three phases at the same time would be
obtained when the sample is at thermal treatments of 250 °C. Additionally, the sample was almost
exclusively converted to the pure Pd,S phase at thermal treatments of 350 °C. Apart from the temperature,
Xu et al. prepared a series of Pd,S /C catalysts (Pd,S, Pd,S, Pd,S,, and PdS) by tailoring the H,-assisted
sulfidation of Pd/C precursors with H,S at 150-750 °C, which has proposed that the sulfidation atmosphere,
sulfidation temperature, and the metal-support interaction all play important roles in determining the

194]

crystal structure and phase evolution of Pd,S /C catalysts'".
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Developing a crystal phase and orientation of controllable Pd-based sulfides is necessary for achieving the
desired catalytic performance. Recent works also reveal that the metal-rich Pd,S phase can be significantly

202

applied in electrocatalytic reactions. As investigated from the DFT calculation by Du et al.*”, the existence
of oxygen absorption sites in Pd,S surface can significantly decrease the thermodynamic reaction energy, in
which the most and the second most stable configurations at each O coverage hold a huge difference in O
adsorption energy [Figure 10A-B]. The adsorption configuration (Pd,S-40,,,-O,,,) was able to trap atomic
sites on the Pd,S

surface contribute to the fast electrode kinetics and facilitate the subsequent adsorption and activation of

133

oxygen moderately and desorb O, facilely. This indicates that the stably adsorbed O

*Q,. Benefiting from the more optimal oxygen adsorption free energy induced by the stably adsorbed O,
on the Pd,S surface, the Pd,S NPs exhibit superior activity toward ORR with a half-wave potential of 47 mV
[Figure 10C].

In addition to the optimized crystal structure, the excellent catalytic performance might also be linked to the
interaction between Pd,S, nanoparticles and the support. For the supported Pd sulfides with superior
catalytic properties, on the one hand, the sulfidation modification could get access to the generation of key
structure motifs suitable for the catalytic reactions. This modification might be the combination of a Pd site
isolation effect as a result of the crystal phase (Pd,S or Pd,S) and a change in the Pd electronic state®™”*'*. On
the other hand, the formation of strong interaction between guest-host components in the supported Pd
sulfides also plays an important role in enhancing the catalytic activity and stability”'*. Based on this, Huang
et al. reported a S, N-doped carbon-supported Pd,S catalyst (Pd,S-SNC) with abundant defects and a
hydrangea-like structure for ORR and HER [Figure 10D]”"”. Owing to the effective interaction of Pd,S NPs
on the support and the introduction of S dopant in carbon, the aggregation of Pd atoms is largely inhibited,
which equips the Pd site with enhanced activity. Moreover, the hydrangea-like structure and the high
electronegativity of S and N atoms endow the obtained Pd,S NPs with numerous active sites and faster
reaction kinetics, which can regulate the adsorption-desorption energy of hydrogen or oxygen intermediates
to an optimal value, contributing to the improved ORR and HER activity [Figure 10E]. Indeed, when served
as HER catalyst, research works have indicated that the decreased free energy of H adsorption induced by
the S-edge side might be contributed to the high HER activates”*. According to the above, these
investigations strongly imply the great potential of constructing the supported Pd sulfides with unique
crystal phases and Pd,S -support interaction.

Similarly, Wang et al. investigated promising partially amorphous PdS nanosheets obtained by sulfuring
crystalline Pd NSs for HER to reveal the effect of crystallinity of Pd-based sulfides on the electrocatalytic
performance®’. The HRTEM image shown in Figure 10F reveals that no lattice fringes can be observed in
the sulfurized sample, suggesting the crystalline structure has nearly converted into an amorphous structure,
as consistent with the XRD patterns. Benefiting from the amorphization transformation and the nanosheet
morphology, the partially amorphous PdS NSs exhibit more excellent HER activity than their crystalline
counterparts [Figure 10G]. This investigation strongly implies the enormous potential of constructing Pd-
based sulfides with unique crystal phases, crystallinity, and Pd,S -support interaction.

Multi-nonmetals doped Pd-based nanocrystals

It is well accepted that the favorable introduction of nonmetallic elements into Pd-based nanostructures
enables catalysts with significantly improved catalytic performance over pure metal Pd catalysts. Recently,
some works have highlighted that dual-nonmetals doping could bring about more significant improvement
due to the synergistic effects between the heteroatoms compared with single nonmetal-doping
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Figure 10. Effect of the crystal structure and modified supports on the electrocatalytic performance of Pd-based sulfides. (A) Different
adsorption configurations of reaction intermediates on metal-rich Pd,S (110) phase; (B) O adsorption energies of the most stable
adsorption configurations and the sub-stable adsorption configurations at different O coverages; (C) LSV curves of the Pd,S and other
reference catalysts in 0.1 M KOH; (A-C) reproduced with permission from'®?; Copyright 2018, American Chemical Society; (D) SEM
images of Pd,S-SNC and (E) HER polarization curves of Pd,S-SNC and reference catalysts in 0.5 M H,5S0O, solution; (D and E)
reproduced with permission from'"": Copyright 2021, Wiley-VCH; (F) HRTEM of the PdS NSs and corresponding (G) LSV curves; (F and
G) reproduced with permission from™™": Copyright 2021, The Royal Society of Chemistry.

counterparts””*'*. For example, Yin ef al. reported the S and P-co-doped mesoporous PtPd nanocages
(PtPdSP mNCs) as efficient acidic ORR electrocatalysts”™. According to theoretical results, S and P-co-
doping result in a large number of low-coordinate active sites on the Pd surface, the synergetic electronic
interactions between the metal and nonmetal elements, and the lattice expansion of metals. Interestingly,
the two former results cause the downshift of the d-band center of Pd, while the latter has the opposite
effect. The authors claimed that the modification of electronic structures and a downshift of the d-band
center position could weaken the bond energy between the Pt surface and the adsorbed species, thus making
a substantial contribution to the excellent intrinsic ORR activity. Xu et al. also found that the co-doping of B
and P tuned the electronic and geometric structures of Pd atoms, leading to a superior FAOR
performance®. In their study, the B, P-co-doping PdRu nanospine assemblies were found to form oxygen-
containing species (e.g., Ru-OH,,, BO,, and PO,) that could facilitate the oxidation of the adsorbed oxygen
species at a low potential. As confirmed by electrochemical measurements, the as-fabricated PARuBP had a
high specific activity (4.51 mA cm™and a mass activity (1.71 mA ugy,"), likely because of a weakened
bonding between the Pd surface and adsorbed oxygenated species.

From the viewpoint of geometric structure, the co-incorporation of dual-type nonmetallic atoms brings
about not only lattice expansion, but also a way to some extent enhance performance through constructing
heterointerface. A recent revisit of the reported Pd,S/Pd.P, .. heterostructure has identified the presence of
abundant Pd,S and Pd,P phases™'.. The authors emphasized the heterostructure could significantly promote
the HER reaction kinetic. On the one hand, the Pd,S/Pd.P, . heterostructure has a much lower R value (4.3
Q) relative to Pd,S (28.5 Q) and Pd,P,,. (40 Q), indicating that the greatly enhanced charge transfer
capacity. In other words, the presence of Pd,S/Pd,P,,, heterointerface helps to reduce the number of formed
oxidation species, leading to the strong surface antioxidative ability. DFT also confirmed that the
Pd,S/Pd.P,,, has a weaker water dissociation energy barrier (1.04 eV) than Pd,S (1.29 eV) and Pd,P,,, (1.24
eV). These results demonstrated the ability of heterointerface to regulate the activity and durability of
alkaline HER and encouraged the study of constructing multi-nonmetal doping Pd-based heterostructures.
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CONCLUSION AND OUTLOOK

With decades of development, metal-nonmetal nanocrystals play important roles in electrocatalysis, and the
modification of Pd metal with various nonmetals has stood out as one of the most effective strategies for
searching for suitable Pt-free catalysts. Growing attention has been implemented to modulate nonmetal
elements in noble metals. In this review, we have reviewed the recent progress in nonmetal element-doped
Pd nanocrystals, including Pd-based hydrides, borides, carbides, nitrides, oxides, phosphides, and sulfides,
as well as their electrocatalytic applications. These doped elements into palladium, which are recognized as
ideal promoters for various electrocatalytic reactions, offer a positive role in optimizing the atomic
structure, electronic properties, and surface adsorption behavior, thereby achieving excellent catalytic
activity, stability, and selectivity.

Although great progress has been made in the development of Pd-nonmetal nanocrystals, several major
challenges to the development of highly efficient and stable Pd-nonmetal based catalysts still exist in
academic research and industrial production. To further promote the synthesis and catalytic application of
such catalysts, a shortlist of these challenges and the potential directions for future studies has been
proposed.

(i) There is still a lack of more accurate and controllable strategies for preparing Pd-nonmetal nanocrystals
with well-designed morphologies, phases, and compositions. It is well known that catalyst nanostructure
optimization with precisely controlled morphologies and composition plays a decisive role in determining
the electrocatalytic efficiency of nanomaterials. However, the preparation of Pd-nonmetal nanocrystals
often depends on elevated temperature/pressure reaction conditions, leading to uncontrolled crystallization
processes and large-grain production, which limit the ability to design well-designed morphologies and
compositions. Generally, these parameters will change the electronic structure and the surface adsorption
behavior of the obtained Pd-nonmetal nanocrystals, resulting in a considerable influence on catalytic
performance. Therefore, mild synthesis approaches should be urgently developed. Especially for
nonmetallic atoms with relatively smaller atomic radius (e.g., H and B), their existence in Pd lattices is often
random and structurally unstable, which restrict their electrocatalytic applications. It should be noted that
the doping amount, type, and location in Pd also have a significant impact on the final product. Therefore,
developing simple strategies for introducing stable nonmetal elements and controlling the amount, type,
and location are required. In addition, the doping of those elements (e.g., B, C, and S) can form structurally
ordered intermetallic, which usually tend to produce a mixed phase with different stoichiometric ratios
based on the fixed constituent element. Hence, it is also necessary to develop and synthesize pure-phase
intermetallics and prepare them for practical applications.

(ii) There is a lack of in-depth mechanistic studies on the role of doping modification of nonmetal elements.
The nonmetallic heteroatoms (e.g., H, B, C, N, O, P, and S) doping in the Pd nanostructure offers multiple
effects simultaneously, such as a lattice expansion, phase evolution, charge redistribution, and orbital
hybridization coupling, to institute the new electrochemical active sites, thus effectively regulating the
adsorption energy of the reactants at the active sites which ultimately lead to the enhanced activity.
Obviously, rational elucidation of the correlation between catalytic activity and each doping effect plays an
important role in providing theoretical guidance for the rational design and construction of Pd-nonmetal
nanocrystals. From the fundamental point of view, although more and more such catalysts have been
reported to show much improved catalytic performance, little work was done on simultaneously discussing
the multiple effects. Therefore, mechanistic studies based on considering all doping effects are crucial. In
addition, the nonmetallic heteroatoms in Pd may undergo dynamic evolution; thus, conventional
experiments and ex-suit characterization may not reflect or even provide misleading information due to the
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unstable intermediate species and possible air exposure. Hence, we believe that a combination of theoretical
and experimental strategies, together with the in-situ characterization techniques, will improve the
fundamental understanding of the mechanism of doping modification of nonmetal elements.

(iii) The stability of the single nonmetal doped Pd-based nanocrystals is limited. On the one hand, as
aforementioned, the nonmetallic heteroatoms in Pd lattices may undergo dynamic evolution, such as
oxidation or migration under harsh operation conditions (e.g., high temperature, high pressured extreme
pH environment), resulting in a compromise between intrinsic activity and stability. On the other hand, the
activity can also be gradually lost with the corrosion of Pd sites in acidic or alkaline media, leading to poor
durability. To end this, the Pd metal can be alloyed with secondary metals M (e.g., Rh,">*") Mo,****”
Nj,eresteoensl gnd Cul*#>1%)) while incorporating the nonmetallic heteroatoms NM to form the Pd-M-
NM structures, which have been demonstrated as an effective promoter for the catalytic stability. Moreover,
the together introduction of multiple nonmetallic heteroatoms into Pd-based catalysts, such as PdBP'***
and PdBS™*, has also been reported to become a promising strategy for improving catalytic stability.
Considering this, developing facile and robust methods to fabricate multi-nonmetallic doped Pd materials
with alloying secondary metals to find novel high-performance catalysts is a promising research direction.

In summary, developing nonmetal-doped Pd-based electrocatalysts in different energy-related
electrocatalytic applications is very promising but still challenging. Given the large family of nonmetal
doped Pd-based catalysts available regarding composition and their unique physical/chemical properties,
more studies on these catalysts need to be performed. With the continuing research efforts, it is believed
that such materials would provide a considerable incentive for further electrochemical energy conversion
investigation.
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