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Abstract Oxygen reduction reaction (ORR) occurs at the
cathode of fuel cells and metal-air batteries, but usually
suffers from sluggish kinetics. To solve this issue, efficient
electrocatalysts are highly desired. Palladium (Pd)-based
nanomaterials, as the most promising substitute of platinum
(Pt), exhibit superior activity and stability in ORR elec-
trocatalysis. The delicate regulation of the structure and/or
composition shows great potential in improving the elec-
trocatalytic ORR performance of Pd-based nanomaterials.
In this review, we retrospect the recent advance of Pd-
based ORR electrocatalysts, and analyses the relationship
between nanostructure and catalytic performance. We start
with the ORR mechanism and indicators of ORR perfor-
mance in both alkaline and acidic media, followed by the
synthetic methods for Pd-based nanoparticles. Then, we
emphasize the design strategies of efficient Pd-based ORR
catalysts from the perspective of composition, crystal
phase, morphology, and support effects. Last but not least,
we conclude with possible opportunities and outlook on
Pd-based nanomaterials toward ORR.
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1 Introduction

To alleviate global warming and environmental pollution,
carbon neutrality becomes a significant topic and leads to a
critical need for the alternatives of fossil fuels [1, 2].
Various of clean energy and devices, such as hydrogen,
fuel cells (FCs) and metal-air batteries (MABs) have
attracted extensive interests of worldwide researchers, due
to high energy-conversion efficiency and environmental
friendliness [3-6]. The cathodic reaction for both FCs and
MABsS is the oxygen reduction reaction (ORR), which is a
critical rate-determining reaction owing to the sluggish
kinetics [7-9]. Therefore, the development of high-effi-
ciency ORR electrocatalysts is of great significance for
their widespread applications.

At present, Pt-based materials are still the benchmark
electrocatalyst for their superior ORR activity [10, 11].
However, there are some disadvantages for Pt-based ORR
electrocatalysts, such as the scarcity of noble metal Pt, the
poor methanol resistance and inferior durability [12, 13]. In
the past decades, a great amount of non-Pt materials have
been studied as promising ORR electrocatalysts, such as
non-Pt noble metals [14, 15], transition metal-based
nanomaterials [16, 17], and carbon-based materials
[18, 19]. Among them, Pd-based nanomaterials have been
regarded as a kind of prospective alternatives to Pt, due to
the unique properties. On the one hand, Pd possesses
similar crystal structure with Pt and exhibits excellent
electrocatalytic activity in ORR [20, 21]. On the other
hand, Pd is more abundant in the crust of Earth and more
cost-effective relative to Pt [22]. In addition, Pd-based
materials are more tolerant of methanol, thus leading them
to be promising ORR electrocatalysts [23]. In recent years,
many researchers have paid attention to developing
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efficient Pd-based ORR electrocatalysts and the relevant
publications have gradually increased as shown in Fig. 1.

In general, electrocatalytic performance of nanomateri-
als, including activity and stability, is highly related to their
composition, morphology, crystal phase, and support
materials [24]. Pd-based alloys usually show advantages
relative to monometallic Pd in electrocatalysis. The doping
or substitution of other metal or nonmetal elements could
change the electronic structure of Pd and results in the
strain of Pd lattice, which makes great contribution to the
improved electrocatalytic ORR activity and/or stability
[25, 26]. The architecture of nanoparticles has an important
impact on their electrocatalytic properties. Compared with
the nanoparticles with smooth surface, Pd-based nanoma-
terials with rough surface possess larger surface areas, thus
exhibiting remarkably enhanced electrocatalytic perfor-
mance. For instance, porous Pd nanosheets [27], nanopor-
ous PdCr alloys [28], PACuAu nanothorn assemblies [29]
have been reported to exhibit superior electrocatalytic ORR
performance.

To gain insights into the development of advanced Pd-
based ORR electrocatalysts, the latest achievements on Pd-
based nanomaterials were summarized and the underlying
structure-performance relationship was analyzed in this
review. We start with the electrocatalytic mechanism of
ORR and indicators of electrocatalytic performance, then
present the synthetic methods of Pd-based nanomaterials
applied in ORR electrocatalysis. We focus on the design
strategies to improve the electrocatalytic performance and
several critically influential factors were pointed out, such
as composition, morphology, crystal phase, and support
materials. At last, the outlook on the potential opportunities
and challenges for the future development of Pd-based
ORR electrocatalysts were provided.
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Fig. 1 Number of published papers in recent ten years contain-
ing “‘Pd” and “ORR” as topics (source: Web of Science database;
date of search: 19 September 2022)
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2 Electrocatalytic mechanism
2.1 Reaction pathway

In general, ORR occurs through two possible pathways.
One pathway is the direct four-electron reaction, which is
desirable in FCs and MABs. By this pathway, O, is directly
reduced to H,O or hydroxyl groups, without the production
of hydrogen dioxide. The other one is the two-electron
reduction reaction, by which hydrogen dioxide is generated
as the intermediate and then further reduced to water
[7, 11]. To be specific, the overall reaction in acidic con-
dition is [30]:

0, +4H" +4e” — 2H,0 (4e pathway) (1)
0, +2H" +2¢~ — Hy0, (Step 1, 2e pathway) (2)
H,0, +2H" +2e¢~ — 2H,0  (Step 2, 2e pathway) (3)
and in alkaline condition the overall reaction is [31]:

0, +2H,0 +4e~ — 40H™  (4e pathway) 4)

0, +H,0+2¢” — HO, + OH (Step 1, 2e pathway)

(5)

HO; +H;0 +2e~ — 30H™ (Step 2, 2e pathway) (6)

When  Pd-based nanoparticles are used as
electrocatalysts, the direct four-electron reaction is
dominated, although it has been reported that ORR
occurs partly through two-electron reduction due to the
existence of palladium oxides on the surface [32]. In
addition, Pd shows higher ORR performance in alkaline
conditions than that in acidic electrolytes, which could be
attributed to the less anion adsorption in alkaline conditions
[23, 33]. In previous reports, the electrocatalytic activity of
Pd-based materials toward ORR in alkaline medium can
match or surpass that of commercial Pt/C [20, 34].

2.2 Adsorption configuration

According to the oxygen dissociation barrier on the catalyst
surface, the direct four-electron pathway can be proceeded
by a dissociative or associative pathway (Fig. 2a) [35]. In
acidic medium, the dissociative pathway takes place by the
following steps [36]:

0; + 2% — 20° (7)
20" + 2H" +2¢~ — 2HO* (8)
2HO* + 2H" 4 2e~ — 2H,0 + 2% 9)

Herein, * represents a site on the surface of catalysts.
While the associative pathway goes through the ele-
mentary steps:

a
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Fig. 2 a Scheme of different ORR mechanisms and resultant intermediates on surface of electrocatalysts. Reproduced with
permission from Ref. [35]. Copyright 2019, the Royal Society of Chemistry. b A volcano map of ORR activity as a function of oxygen
binding energy. Redrawn with permission from Ref. [36]. Copyright 2004, American Chemical Society

0, + * — O} (10)
O} + H' + e~ — HOO* (11)
HOO* + H" +e~ — O" + H,0 (12)
O*+H" +e~ — HO* (13)
HO* + H" + e~ — H,0 + (14)

In alkaline condition, H,O serves as the proton donor,
and the corresponding steps in the ORR proceed as follows
[37]:

Dissociative pathway : O, +2* — 20" (15)
20* 4 2H,0 + 2¢~ — 2HO* 4+ 20H" (16)
2HO" +2¢~ — 20H + 2° (17)
Associative pathway : O, + % — O} (18)
0} + H,0 + e~ — HOO" + OH™ (19)
HOO* +e~ — O* + OH™ (20)
0" + H,0 + ¢~ — HO* + OH™ (21)
HO* + e~ — OH™ + (22)

The binding energies of the intermediates on various
metal surfaces have been calculated, and the activities of
different metals can be plotted as a function of the O
binding energy (AEp). A typical volcano profile can be
obtained by correlating the relationship between
electrocatalytic activity and AEq, as shown in Fig. 2b.
From the plot, it is seen that Pt and Pd locate at the top
region with medium AEq, suggesting they are the excellent
electrocatalysts toward ORR [36]. Therefore, Pd-based
nanomaterials are of great potential when applied in ORR
electrocatalysis.

2.3 Indicators of ORR performance

In ORR electrocatalytic measurements, rotating disc elec-
trode (RDE) system is usually adopted in a three-electrode
cell. The working electrode rotates to promote the convec-
tion of electrolyte and alleviates the mass transfer effect
during ORR tests. Cyclic voltammetry (CV) curves are
recorded with N,/Ar saturated in the electrolyte to estimate
the background current. The ORR polarization curves are
obtained in O, saturated electrolyte by linear sweep
voltammetry (LSV) scanning with a RDE rotation rate of
1600 r-min~" typically. The kinetic current of the electro-
catalysts can be evaluated according to the Koutecky—
Levich equation [24, 38]:

1 1 1
T=+ (23)
J Ik Jie

Jie = 0.62 nFAD*3y~1/50)' 2, (24)

where j, ji and jj. are the actually measured, the kinetic and
the diffusion-limited current densities, respectively, F is
the Faraday constant, A is the geometric area of the elec-
trode, D is the diffusion coefficient of O,, y is the kinetic
viscosity of the solution, w is the rotation speed of elec-
trode (rad-s™'), and Co, is the concentration of dissolved
O, in the solution. The ji is generally derived from the
Koutecky—Levich plot (' vs. '?) at various rotation
speeds.

The Tafel slope can be used to evaluate the elementary
steps and the rate determining steps in ORR, and thus
determine the reaction mechanism and kinetics. According
to the Tafel equation: Ay = aAlgj, the Tafel slope a could
be obtained by the division of a potential range (A7) into a
logarithmic current range (Algj) [39]. The turnover
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frequency (TOF) is related to the total number of molecules
transformed into the desired product by a single active site
per unit time. The TOF reveals the catalytic performance of
a single site and the intrinsic kinetic activity of the cata-
lysts. The higher TOF value corresponds to the more active
site [40, 41].

To assess the ORR performance of the catalysts, specific
activity and mass activity are often calculated. Specific
activity is the kinetic current normalized by the active
surface area, and mass activity can be obtained by the
kinetic current generated per unit mass of noble metals.
The electrochemically active surface area (ECSA) is
important to evaluate the specific activity and mass activity
of the electrocatalysts. In general, the ECSA can be esti-
mated by CO-stripping method, which involves the oxi-
dation of pre-adsorbed CO monolayers, or by hydrogen
underpotential deposition (Hpq) method, which is obtained
by integrating the H,,q regions from CV curves [42].
Different from Pt, Pd will adsorb a certain amount of
hydrogen and make it impossible to quantitatively differ-
entiate between H,,q and absorbed hydrogen (H,ps), SO it is
difficult to estimate the ECSA of Pd by H,,q method. It has
been reported that the ECSA of Pd-based electrocatalysts
can be determined by the Pd oxide reduction analysis, and
the Coulombic charge determined by integrating current
peak of PdO reduction is employed [43].

Stability is another important indicator for the practical
application of ORR electrocatalysts. There are usually two
methods to evaluate the stability. One is to measure the
current—-time (i—f) chronoamperometric response at a
potential in the limiting-diffusion range at a rotation rate of
1600 r-min~" in O,-saturated solution. The current remains
no obvious change with the increase of time, indicating a
good stability. The other method is the accelerated stress
test (AST) recommended by the U.S. Department of
Energy (DOE), which is conducted by CV cycling between
0.6 and 1.0 V (vs. RHE) in O,-saturated solution. The
smaller the half-wave potential (E;,,) changes compared to
that of the initial cycle, the better the stability.

3 Synthesis of Pd-based nanoparticles

There are various synthetic methods for the preparation of
Pd-based nanoparticles, such as chemical reduction
method, electrochemical deposition method, dealloying
method. Generally, the structure of nanomaterials will be
affected by the synthetic strategy. Therefore, the proper use
of synthetic method could modify the structure of Pd-based
nanomaterials, thus further influences their electrocatalytic
performance.

Rare Met. (2023) 42(6):1778-1799

3.1 Chemical reduction method

Chemical reduction method is one of the most commonly
used methods for the preparation of Pd-based nanoparti-
cles. This method is often direct and simple. During the
synthesis process, metal salts are usually used as precursors
and reduced by reducing agents, including sodium boro-
hydride [44], ascorbic acid [45], formaldehyde [46, 47],
carbon monoxide [48], dimethylamine borane [49], etc. In
the reduction process, the property of reducing agent, the
addition of structure directing agent, and the reaction
condition will affect the reaction kinetics and then make
impacts on the morphology and physiochemical nature of
the nanomaterials. For example, Fu et al. fabricated Pd and
bimetallic PdAg nanoparticles with three-dimensional
network structure by using NaBH, at room temperature
[44]. Zhu and coworkers [50] prepared core—shell
PdPb@Pd aerogels by employing NaHPO, as the multi-
functional reducing agent (Fig. 3a, b). In the reduction
reaction, hypophosphite could promote the gelation, so
NaHPO, is an important factor in the formation of multi-
ply-twinned aerogel structure with an ordered intermetallic
phase. Pd and Au@Pd porous nanoparticles with perpen-
dicular pore channels and ultrathin branches were reported
by Huang et al. [51] (Fig. 3c, d). In the synthesis, hex-
adecylpyridinium chloride (HDPC) was utilized as the
structure-directing agent, while ascorbic acid served as the
reducing agent. The use of HDPC contributes to the unique
porous structure due to the special polarizability and
compactness of the headgroup. When HDPC is absent or
replaced with poly(vinyl pyrrolidone) (PVP) or hexade-
cyltrimethylammonium chloride (CTAC), the desired
structure cannot be obtained. In addition, the reducing
agent, ascorbic acid, is also critical in the reaction, its mild
reducing ability benefits to the preparation of the unique
well-defined porous structure. By using the same reducing
agent with the assistance of poly(styrene)-b-poly(ethylene
oxide) (PS-b-PEO) polymeric micelles, Li et al. [52] syn-
thesized mesoporous Pd nanoparticles as shown in Fig. 3e,
f. In this work, a series of comparison experiments were
designed and the results showed that the porous structure
and particle size would be affected by the reaction condi-
tions, including the Pd precursor concentration, surfactant
concentration, as well as the solvent composition.

3.2 Electrochemical deposition method
Electrochemical deposition (ED) provides an efficient
strategy for the synthesis of Pd-based nanomaterials. By

regulating the electrochemical parameters, the growth rate
and structure of Pd-based nanomaterials can be rationally

a
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Fig. 3 a lllustration for synthesis of multiply-twinned PdPb@Pd aerogels; b SEM image of Pd;Pb,@Pd aerogel. Reproduced with
permission from Ref. [50]. Copyright 2018, the Royal Society of Chemistry. TEM images for ¢ porous palladium nanostructures and
d porous Au@Pd nanostructures. Reproduced with permission from Ref. [51]. Copyright 2013, Wiley—VCH. e, f SEM images of
mesoporous Pd nanoparticles. Reproduced with permission from Ref. [52]. Copyright 2019, the Royal Society of Chemistry

adjusted. In the process, two or three electrode configura-
tions were used, and the electrolyte acts as both Pd precursor
and conductive medium [53-55]. Recently, Pd-based mate-
rials with various morphologies have been prepared by ED
method, such as nanowires [56], nanorods [57], nanourchins
[58], nanoflake [59], nanoplates array [60]. For example, Xu
et al. [61] fabricated highly ordered Pd nanowire arrays by
employing anodized aluminum oxide (AAO) as the tem-
plate. The obtained Pd nanowire arrays are composed of Pd
nanowires with uniform diameter and length, and the nano-
wires are well isolated, parallel to each other, and perpen-
dicular to the substrate. Zhao et al. [62] synthesized Pd

[/

@

dendritic nanostructures on single-crystal n-GaN(0001) by
cyclic voltammetry. The deposition process was carried out
at 0.2 V (vs. Ag/AgCl) without underpotential deposition
process and followed the typical instantaneous nucleation in
large overpotential region. The prepared nanoarchitecture
contains numerous small branches around the trunk of den-
dritic structures and grows along the <111> directions,
which is beneficial to the enhanced electrocatalytic perfor-
mance. Su et al. [63] reported that 5 nm-thick Pd nanosheets
could be obtained by electrochemical depositing Pd between
graphene oxide (GO) sheets, due to the self-limiting growth.
During the electrochemical deposition, a two-electrode

Rare Met. (2023) 42(6):1778-1799
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system containing a Pt anode and a GO-coated indium tin
oxide (ITO) glass cathode was used, and Pd(NOs), aqueous
solution served as the electrolyte. In this work, the thickness
of the Pd nanosheets was not affected by growth time,
because after full coverage of GO layers, the growth self-
terminated.

Yamauchi et al. reported mesoporous Pd films with
perpendicular mesochannels prepared by ED method [64].
In the synthesis, cationic surfactant, cetylmethylammo-
nium chloride (C14TAC), and Na,PdCl, were mixed as the
electrolyte, and Au substrate served as the working elec-
trode. Under optimized conditions, the electrochemical
deposition of Pd films was conducted at a constant poten-
tial. As shown in Fig. 4a—d, the as-prepared Pd films are
featured with vertically aligned mesochannels. Distinct
mesopores are uniformly distributed on the top surface
(Fig. 4a, b). And the cross-sectional transmission electron
microscopy (TEM) images suggest that cylindrical chan-
nels are distributed perpendicularly to the substrate
(Fig. 4c, d). The unique structure could provide ultrahigh
surface area, which is beneficial to the increased electro-
catalytic performance. Similarly, in another work, they
prepared mesoporous bimetallic PdCu films by the same
method in nonionic micellar solutions (Fig. 4e) [65]. The

50 nm

as-synthesized PdCu films are filled into the mesochannels
vertically aligning on the substrate as shown in Fig. 4f—i.

3.3 Dealloying method

Dealloying involves the selective dissolution of the active
components from an alloy by chemical or electrochemical
strategies, and the residual compounds (usually refers to
noble metals) form unique structures after migration and
diffusion [66, 67]. The dealloying method is easy to
operate and the morphology and composition of the
nanomaterials can be precisely controlled. Pd-based
bimetallic and multi-metallic nanomaterials have been
prepared by dealloying method, demonstrating advantages
in the field of electrocatalysis. For example, Liu and Xu
[68] synthesized nanoporous PdTi alloys by dealloying
method. In the synthetic process, ternary PdTiAl was used
as the precursor. After the simple dealloying at room
temperature, nanoporous PdTi alloy was obtained, which
had uniform ligament size and controllable bimetallic
ratio. As shown in Fig. 5a, b, PdTi alloy possesses three-
dimensional bicontinuous network nanostructure with
interconnected pore channels, which are beneficial for the
mass transport and largely contribute to the improved
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Fig. 4 a, b Top-view SEM images and ¢, d cross-sectional TEM images of mesoporous Pd films. Reproduced with permission from
Ref. [64]. Copyright 2015, American Chemical Society. e Schematic illustration for formation of mesoporous PdCu films with vertical
mesochannels; f, g Top-view SEM images, h TEM image and i HAADF-STEM cross-sectional image of mesoporous Pdg;Cuyg films.
Reproduced with permission from Ref. [65]. Copyright 2018, American Chemical Society
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Fig. 5 a Top-view SEM and b TEM images of nanoporous PdTi alloy. Reproduced with permission from Ref. [68]. Copyright 2013,
Wiley-VCH. ¢, d SEM images of ¢ Pd45CesAlgg alloy ribbon and d nanoporous PdCe nanocubes. Reproduced with permission from
Ref. [69]. Copyright 2018, the Royal Society of Chemistry. e lllustration of electrochemical dealloying process of Pd/Ni or Pd/Mn;
f STEM image and g corresponding elemental mapping images of Pd (red) and Ni (green) for PdNi/C before alloying; h STEM image
and i corresponding elemental mapping images for PdNi/C after alloying. Reproduced with permission from Ref. [71]. Copyright 2020,
American Chemical Society. j lllustration of synthesis of bimetallic CuPd alloy multipods by GRR from Ref. [79]. Copyright 2017, the
Royal Society of Chemistry

electrocatalytic performance. Chen et al. [69] fabricated
nanoporous PdCe nanocubes by a one-step chemical
dealloying method from Pd,sCesAlgy alloy ribbons
(Fig. 5c, d). The average size of the obtained nanoporous
PdCe nanocubes is 200 nm, while the average pore size is
about 5 nm. The highly conductive network and accessi-
ble open porosity could promote the electron and mass
transportation in electrocatalysis. Sun et al. [70] reported

Y
H’“

NN

the ordered intermetallic Pd;Bi nanoparticles converted
by colloidally synthesized ordered intermetallic PdBi, via
electrochemical dealloying method. After the dissolution
of Bi from the outer, the residual defect-rich amorphous
material enables the transportation of Bi from the core,
and results in reconstruction of the core to be a crystalline
intermetallic. Furthermore, dealloying method could also
be wused as an effective way to enhance the

Rare Met. (2023) 42(6):1778-1799



Design strategies of Pd-based electrocatalysts

Table 1 ORR performances of Pd-based nanomaterials with different compositions

Catalysts Electrolyte Half-wave Specific activity at 0.9 V Mass activity at 0.9 V Refs.
potential / V (vs.  (vs. RHE) / (mA-cm™3) (vs. RHE) / (mA-mg~")
RHE)
Au@Pdg 47 structures 0.1 mol-L™" 0.580 - - [81]
Au@Pdg 5 structures KOH 0.710
Au@Pd, o structures 0.850
Au@Pd 5 structures 0.830
nPd/C 0.1 mol-L™" 0.807 - 355 [82]
IrgPde,/C NaOH 0.838 46.8
Irp3Pd4-/C 0.840 55.8
Ir37Pdg3/C 0.835 39.8
Mesoporous PdRu 0.1 mol-L™" 0.910 2.90 1550 [83]
nanocrystals KOH
RhgoPd,o cube 0.1 mol-L™" - 0.15 10 [84]
Rhg,Pdsg cube HCIO4 0.04 6
Rh43Pds; octahedron 0.03 "
RhygPd74 octahedron 0.19 55
RhgPdg, octahedron 0.24 101
Nanoporous Pd-Cu thin 0.1 mol-L™" 0.896 1.42 1110 [85]
films KOH
Nanoporous PdCr alloys 0.1 mol-L™" - 0.24 160 [28]
HCIO,
PdAuBiTe nanosheets 0.1 molL™" 0.929 3.93 2480 [88]
PdBiTe nanosheets KOH 0.897 1.27 730
Au-O-PdzZn/C 0.1 molL™" - - 105 [89]
D-Pdzn/C KOH 56
O-Pdzn/C 78
Pd3;Pb ultrathin porous 0.1 mol-L™" 0.908 1.18 590 [90]
intermetallic nanosheets KOH
Pd,S/C 0.1 molL™" 0.877 - - [91]
KOH
B-doped Pd particle 0.1 mol-L™" 0.860 413 at 085V 2380 at 0.85 V [92]
KOH
BiPd/C_Pre 0.1 mol-L™" 0.860 0.604 752 [93]
PbPd/C_Pre KOH 0.840 0.466 641
SnPd/C_300 0.810 0.525 292
CuPd@NiPd nanoparticles 0.1 mol-L~"  0.910 2.840 250 [94]
Alloy CuPd KOH 0.880 - 170
Alloy NiPd 0.870 - 190

electrochemical performance of Pd-based nanoparticles.
Lu et al. [71] discovered that Pd/Ni and Pd/Mn
nanoparticles showed enhanced ORR activity after the
electrochemical dealloying. This was because that Ni or
Mn selectively leached out during the dealloying process,
and electrochemically active Pd enriched at the surface of
Pd/Ni and Pd/Mn nanoparticles (Fig. Se—i). Not only does
the core—shell structure contribute to the improved ORR

Rare Met. (2023) 42(6):1778-1799

ability, but also does the reduced surface oxide after
electrochemical dealloying. In addition, other Pd-based
nanoparticles with various features have also been pre-
pared by dealloying method, such as hierarchical nano-
porous Pd [72], core-shell Pd-M (M=Fe, Co and Ni)
nanoparticles with Pd;M core and Pd shell [73], nano-
porous bimetallic Ag—Pd alloys [74], and nanoporous Pd/
NiO composites [75].

K4



1786 C-J Lietal
b F Co.12
—Pdc, ~ MA at 0.9V
L —D- n s 5

1T —0-Pdzn 2 010
- — Au-O-PdZn 3
E-2F pyc g 0.08 |
E AE,,=50 mY .8
: B :ED 0.06 (=
E 4f < S
= = 004} a
~ 5t = Pd/C pyC o)

- - - . , 0.02 2

02 04 06 08 10

E IV (vs. RHE)

1d(11)=0.284 nm '5

Samples

i 12
9 o0F—pac h o [ PdPB UIIDINs/C — —_ PpdiC
— Initia / otk a
1 }p—PUC -1F After 10k cycles / — PtC / o\
& , | PdUNsC &l y / ~ 6} PdUNsC /N
E — Pd;Pb UPINS/C  /// E { £ — Pd,Pb UPINs/C/ \
S 3t / s 3t { S 3t
< ‘ < f < / ‘
§, -4 F E 4t / £
i.‘ f ~ f R
= E h————— / = L =
= Mﬁ” / R R B e R 8 2 m TP -
6L 1 1 1 1 -6r 1 1 1 1 -
02 04 06 08 1.0 02 04 06 08 1.0 02 04 06 08 10

EIV (vs. RHE)

E IV (vs. RHE)

E/V (vs. RHE)

Fig. 6 a STEM and corresponding elemental mapping images of Pd, Zn and Au; b polarization profiles of different electrocatalysts
toward ORR; ¢ mass activity of different electrocatalysts at 0.9 V (vs. RHE). Reproduced with permission from Ref. [89]. Copyright
2019, American Chemical Society. d HAADF-STEM, e atomic-resolution aberration-corrected HAADF-STEM, and f STEM-EDX
elemental mapping images of Pdz;Pb ultrathin porous intermetallic nanosheets (UPINs); g polarization curves for PdzPb UPINs/C
(green), Pd UNs/C (orange), Pt/C (red), and Pd/C (black) electrocatalysts toward ORR; h polarization curves of Pd;Pb UPINs/C before
and after cycling test; i polarization curves of different electrocatalysts with addition of methanol. Reproduced with permission from

Ref. [90]. Copyright 2021, Wiley—VCH

3.4 Other methods

Apart from the above-mentioned synthetic methods, Pd-
based nanomaterials can also be prepared by various
strategies, such as hydrothermal method, galvanic
replacement method, hard template method. Lim et al. [76]
prepared Pd nanorods and nanowires by a hydrothermal
method at 200 °C with PdCl, as the precursor. In the
synthesis, the high yield of these one-dimensional (1D)
nanostructures is tuned by the addition of low concentra-
tions of Cu®* and/or NaCl, in which Cu ions could scav-
enge oxygen to suppress etching of the twinned Pd seeds
that grow into nanowires, and the addition of NaCl will
lower the reduction rate due to the formation of PdCl,>",
thus promotes diffusional growth. When the molar ratio of

aQ

Cu to Pd was ~ 1:12,500, the yield of 1D nanostructures
could increase from 10% to 90%. Meanwhile, NaCl could
enhance the growth of 1D structure, so long Pd nanowires
could be obtained in high yield. Kong et al. [77] fabricated
Pd porous hollow spheres by a template method. In the
study, SiO, colloids were used as the template material,
and Pd was electroless plated. After the removal of SiO, by
NaOH aqueous solution, porous hollow Pd spheres were
prepared. In addition, AAO was also used as template to
synthesize Pd nanowire arrays by Li et al. [78]. The
reduction reaction occurred in the pores of AAO, and Al
sheet in the bottom of pores served as a reductant in
reducing Pd*" ions attracted into the pores under
hydrothermal conditions. Chen et al. [79] prepared
bimetallic CuPd alloy multipods by a galvanic replacement
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strategy. In the synthesis, Cu nanoparticles were firstly
fabricated as the sacrificed template, and after the addition
of Pd precursor, the galvanic replacement reaction (GRR)
would occur between Cu templates and Pd2+, as illustrated
as Fig. 5j. During the reaction, Pd*" were reduced to
metallic Pd, while Cu seeds were oxidized to Cu®*. The
resultant Cu*" were simultaneously reduced by oley-
lamine, thus leading to the formation of CuPd alloy mul-
tipods. The obtained CuPd multipods possess an average
diameter of about 15.5 nm. And there are various types of
multipods, including tripods, tetrapods, pentapods and
hexapods. The unique microstructure, electron transfer
from Cu to Pd, and lattice contraction of Pd imposed by Cu
collectively contribute to the enhanced electrocatalytic
activity.

4 Design strategies

The electrocatalytic performance of catalysts will be
affected by their intrinsic properties including composition,
morphology, crystal phase, support materials, and so on. In
ORR electrocatalysis, the optimization of these aspects
may contribute to the enhanced electrocatalytic activities
of Pd-based nanoparticles.

4.1 Composition regulation

Relative to mono-metallic Pd, Pd-based bimetallic and
multi-metallic nanoparticles exhibit significant advantages
in ORR electrocatalysis. The incorporation of suit-
able metal elements would regulate the electronic config-
uration of Pd and alter the strength of oxygen adsorption,
thus enhance the electrocatalytic ORR activity [23, 80]. It
has been reported that Pd has combined with a variety of
metal elements to form promising ORR electrocatalysts,
such as Au [81], Ir [82], Ru [83], Rh [84], Cu [85], Ni [86],
Co [87], Cr [28] (Table 1). For example, Zhao et al. [88]
proposed a visible-light-induced template strategy to syn-
thesize two-dimensional ultrathin PdAuBiTe alloy
nanosheets. The obtained nanosheets possess the thickness
of ~ 5 nm and the diameters of more than 500 nm, and the
ratio of horizontal to vertical surpasses 100. Benefitting
from the combination of topmost and edge defects, low-
coordinated atoms, lattice strain, and downshift of the
d-band center of Pd, the PdAuBiTe alloyed nanosheets
exhibit enhanced ORR performance with longer durability
and higher mass activity. Meanwhile, PdAuBiTe nanosh-
eets also show higher methanol tolerance and poison tol-
erance to CO relative to commercial Pd/C and Pt/C. Yang
and coworkers [89] synthesized an ordered intermetallic

Table 2 ORR performances of Pd-based nanomaterials with different morphologies

Catalysts Electrolyte Half-wave potential Specific activity at 0.9 V (vs. Mass activity at 0.9 V (vs. Refs.
/'V (vs. RHE) RHE) / (mA-cm™2) RHE) / (mA-mg~")
PdCuAu nanothorn 0.1 mol-L™" 0.860 - - [29]
assemblies HCIO,4
Hyper-dendritic PdZn 0.1 mol-L™" 0.910 0.393 461 [97]
nanocrystals KOH
Intermetallic PdsPb 0.1 molL™" = 15.7 610 [98]
nanowire networks KOH
PdNi nanocorals 0.1 mol-L™" 0.851 - 6.03 [99]
KOH
CuPd alloy multipods 0.1 mol-L™" 0.818 - - [79]
CuPd alloy HCIO, 0.807
nanospheres
Nanoporous PdCe 0.1 molL™" - - 78.2 [69]
nanocubes KOH
Pd metallene/C 0.1 mol-L™"  0.900 1.336 892 [101]
KOH
Pd,Sn wavy nanowires 0.1 mol-L™" 0.929 1.51 650 [102]
KOH
Ordered Pd,Sn 0.1 mol-L™" 0.893 9 2500 [103]
nanosheets KOH
PdCuMo porous 0.1 molL™" 0.913 0.64 1460 [104]
nanosheets KOH
Ultrathin AuPd 0.1 mol-L™"  0.900 1.98 at 0.85 V 770 at 0.85 V [105]
nanowires KOH
Rare Met. (2023) 42(6):1778-1799 @ r/_‘
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Fig. 7 a SEM image of PdCuAu nanothorn assemblies; b schematic illustration of ORR electrocatalysis on PdCuAu nanothorn
assemblies. Reproduced with permission from Ref. [29]. Copyright 2018, the Royal Society of Chemistry. ¢ HAADF-STEM and d TEM
images of porous Pd metallene; e ORR polarization curves of different catalysts. Reproduced with permission from Ref. [101].
Copyright 2021, Wiley—VCH. f HAADF-STEM image and g schematic diagram of Pd,Sn wavy nanowires; h ORR polarization curves
for different electrocatalysts before and after 10,000 cycles of accelerated durability tests (ADTs). Reproduced with permission from

Ref. [102]. Copyright 2019, American Chemical Society

PdZn/C (O-PdZn) coated by a Pd shell with several atomic
layers, and then incorporated Au. As shown in Fig. 6a, Au,
Pd and Zn elements are dispersed uniformly in elemental
mapping images, indicating that Au is homogeneously
distributed through the nanoparticle. The experimental
results indicate that PdZn alloying and the decoration of Au
can weaken the oxygen affinity and enhance the electro-
catalytic activity toward. The polarization curves suggest
that the half-wave potential (E;,;) of O-PdZn, disordered
PdZn (D-PdZn), and Au-incorporated O-PdZn (Au-O-
PdZn) are higher by 20, 34 and 50 mV relative to those of
Pd/C and Pt/C, respectively, as shown in Fig. 6b. More-
over, the mass activity of Au-O-PdZn/C at 0.9 V is obvi-
ously higher than those of D-PdZn/C, O-PdZn/C, Pt/C and
Pd/C, demonstrating the significant composition advantage
of Au-O-PdZn (Fig. 6¢c, Table 1). Other ultrathin porous
Pd-M (M=Pb, Sn and Cd) intermetallic nanosheets were

Q

also reported by Guo and coworkers [90], which were
synthesized by a template-directed method. When used as
ORR electrocatalyst, Pd;Pb porous nanosheets displayed
enhanced activity, superior stability, and higher methanol
tolerance relative to Pd ultrathin nanosheets, Pd/C and Pt/C
(Fig. 6d—i). Theoretical calculations based on density
functional theory (DFT) indicate that the interatomic
interaction of Pd;Pb intermetallic alloy could optimize the
electronic structure, thus weakening the adsorption of OH
intermediate and boosting the reaction kinetics.

Except for metal elements, researchers have recently
found that the incorporation of non-metallic elements (e.g.,
S, B and P) can also help to enhance the ORR performance
of Pd. For instance, Du et al. [91] prepared various palla-
dium sulfides (e.g., PdsS7, Pd4S and PdS) by a one-pot
colloidal method in hot solution. Among the sulfides,
monodisperse Pd,S nanoparticles displayed the best
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electrocatalytic ORR performance in the alkaline. Ey,, of
Pd,S nanoparticles was determined to be 0.877 V, with
about 47 mV more positive relative to that of commercial
Pt/C (Table 1). Meanwhile, the obtained Pd4S nanoparti-
cles also exhibited improved methanol tolerance and sig-
nificantly enhanced stability compared with Pt/C catalyst.
Theoretical calculations suggested that the existence of
oxygen absorption sites at the surface of Pd,S could anchor
atomic O moderately and desorb O, molecule facilely, thus
leading to improved ORR performance.

By combining DFT calculations with experiment results,
Vo Doan et al. [92] explored the mechanism of enhanced
ORR performance in B-doped Pd (Pd-B). On the basis of
theoretical modelling, the intermediates absorb weakly on
the surface of B-doped Pd relative to Pd during the ORR
process. And Pd—B exhibits nearly optimal binding energy
by lowering the energy barrier, which is associated with O,
dissociation, indicating Pd—B would have high activity for
ORR. Experimentally, B-doped Pd nanoparticles were pre-
pared by an electroless deposition route and the ORR activity
was evaluated. According to the results, B-doped Pd
nanoparticles exhibit 2.5-fold and 8.8-fold higher specific
activity and 14-fold and 35-fold higher mass activity than
commercial Pd/C and Pt/C electrocatalysts, respectively.
Based on the simulated Pd—B surface and XPS analysis, the
binding energy of Pd-B nanoparticles is in lower value
region compared with pure Pd, and most of the surface atoms
of Pd-B catalyst possess higher electron density relative to
Pd nanoparticles. The additional electrons could efficiently
weaken the bonding strength between O and Pd atoms, thus
decreasing the binding energy and enhancing the electro-
catalytic ORR property of Pd—B. Rego et al. [95] reported a
gas diffusion layer directly deposited by carbon-supported
PdP nanocatalysts, where the P accounted for about 15 at%,
and different Pd were loaded. The obtained PdP alloys
exhibit higher activity compared with Pd toward ORR, but
comparable to that of Ptin the acidic solution. And the results
suggest that ORR occurring on PdP alloy proceeds through
the 4e pathway.

2H-PdCu

Monoclinic Pd;Bi,

4.2 Morphology modulation

Many studies indicate that morphology regulation plays a
significant role in the improvement of electrocatalytic
activity of ORR. The rational morphology control of cat-
alysts could lead to the exposure of particular surfaces and
influence catalytic active sites, thus affecting their catalytic
properties [23, 96]. In recent years, Pd-based nanomaterials
with controllable morphologies have been reported as
excellent electrocatalysts with comparable performance to
Pt/C catalyst toward ORR (Table 2). For instance, Wang
et al. [29] fabricated PdCuAu nanothorn assemblies with a
direct one-step method and the obtained materials were
self-supported and assembled from staggered nanothorns.
The highly branched architectures could provide sufficient
accessible active sites in ORR electrocatalysis and the
unique structure is not susceptible to particle agglomera-
tion during the reaction (Fig. 7a, b). The combination of
the branched morphology and tri-metallic composition
renders PACuAu nanothorn assemblies to be superior ORR
catalyst with high electrocatalytic activity, durability, and
methanol tolerance. Huang and coworkers [97] prepared
three-dimensional (3D) hyper-dendritic PdZn nanocrystals
by a one-pot pathway without templates and regulated by
gas mixtures of CO and H,. Benefitting from the porous
nature, hyper-dendritic nanostructure and electronic mod-
ulation of Zn, the obtained catalysts exhibit superior ORR
performance. The mass activity and specific activity of
hyper-dendritic PdZn nanocrystals are determined to be
0.461 A-mgpy " and 0.393 mA-cm™2 at 0.9 V, which are
5.2-fold and 5.0-fold that of Pt/C, respectively. Besides, the
catalyst also displayed improved stability with only 3%
loss of mass activity after 10,000 cycles for ORR. Shi et al.
[98] prepared intermetallic Pd;Pb nanowire networks via a
one-step wet-chemistry strategy. The obtained catalyst
exhibited distinctly enhanced ORR activity and stability
comparable to Pt/C electrocatalyst as well as improved
methanol-tolerant ability. The superior electrocatalytic
property is mainly ascribed to the unique microstructure

@Pd OFe

fct FePd/Pd

fcc Pd,Bi

Fig. 8 Different crystal structure of Pd-based nanoparticles: a hcp 2H type PdCu alloy nanoparticles. Reproduced with permission
from Ref. [108]. Copyright 2021, American Chemical Society. b, ¢ Monoclinic PdsBi, and fcc Pd;Bi nanocrystals. Reproduced with
permission from Ref. [109]. Copyright 2021, American Chemical Society. d fct-FePd/Pd nanoparticles. Reproduced with permission
from Ref. [110]. Copyright 2015, American Chemical Society
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Table 3 ORR performances of Pd-based nanomaterials with different crystal phases
Catalysts Electrolyte Half-wave potential / V (vs.  Mass activity at 0.9 V (vs. RHE) / Refs.
RHE) (mA-mg~"pq)
2H-Pde7Cuss 0.1 mol-L~" 0.905 870 [108]
nanoparticles KOH
fcc PdsgCU31 0.883 350
nanoparticles
Monoclinic PdsBi,/C 0.1 mol-L~" 0.930 2050 [109]
fcc PdBi/C KOH 0.924 920
fcc-FePd 0.1 mol-L™" 0.840 34.8 [110]
fct-FePd HCIO4 0.860 413
fct-FePd/Pd 0.880 99.7

and the formation of Pd;Pb intermetallic phase. The
ultrathin nanowires possess 3D porous structures with
rough surfaces, which could provide a large number of
opening channels for the outside and inside active sites to
be accessible to catalyzing the fuel molecule. In addition,
many other Pd-based efficient ORR catalysts with different
morphologies have also been reported, such as 3D PdNi
nanocorals [99], nanoporous PdCu films [85], Pd nano-
cubes [100], CuPd alloy multipods [79], nanoporous PdCe
nanocubes [69].

Besides, the construction of defects in nanoparticles
could modulate surface electronic structure and influence
the electrocatalytic capacities. For example, Yu et al. [101]
fabricated ultrathin porous Pd metallene with abundant
lattice defects by a wet-chemistry method as an effective
electrocatalyst toward ORR in alkaline medium. As shown
in Fig. 7c, d, the prepared Pd metallene exhibits an ultra-
thin two-dimensional (2D) curved nanosheet architecture
and the lateral dimension could reach to 500 nm. The
curved ultrathin 2D structure, high porosity and abundant
defects render Pd metallene to be promising electrocatalyst
for ORR. As shown in Fig. 7e, the defect-rich porous Pd
metallene/C displays better ORR activity than spherical Pd
nanosheets/C, commercial Pt/C and Pd/C catalyst. The
enhanced electrocatalytic activity mainly arises from the
morphology of curved sub-nanometer nanosheet, which
could endow the nanosheet with strain effect and regulate
the electronic structure to adjust the binding strength of
oxygen on Pd, thus facilitating the ORR property. Zhang
et al. [102] synthesized 1D PdSn nanowires (NWs) with
controllable defects consisting of Pd,Sn wavy NWs with
rich defects and Pd,;Sn NWs with penta-twinned nanos-
tructures (Fig. 7f, g). The electrochemical results suggest
that the PdSn NWs display defect-dependent properties,
and the Pd,Sn wavy NWs with rich defects present superior
electrocatalytic activity and durability, as displayed in
Fig. 7h. DFT calculations reveal that the surface defect
region displays optimized electronic structure for charge

aQ

transfer and structural flexibility, which effectively weaken
the overbinding effect and boost the ORR activity. Liang
et al. [103] fabricated ultrathin and intermetallic Pd,Sn
nanosheets with rich defects through a seed-mediated
strategy. The obtained ordered Pd,Sn nanosheets displayed
superior ORR property and durability in alkaline condition
relative to the disordered counterparts, Pt/C, and many
reported Pd-based electrocatalysts for ORR. The remark-
able ORR performance attributed to the advantageous 2D
architecture with rich defects, the thermodynamically
stable intermetallic structure, and the optimized Pd-O
binding strength is due to Sn incorporation.

4.3 Crystal phase engineering

Except for composition and morphology, the crystal phase
of Pd-based nanoparticles also plays a critical role in ORR
electrocatalysis. The different electronic structures deriving
from the diverse crystal lattices affect the intrinsic prop-
erties of nanomaterials, thus leading to different electro-
catalytic capacities [106, 107]. Relative to the
thermodynamically stable face-centered cubic (fcc) phase,
Pd-based nanomaterials with unique crystal phases possess
different characteristics, which could help to boost their
electrocatalytic activity and stability. For example, Ge
et al. [108] synthesized PdCu alloy nanoparticles with
unconventional hexagonal close-packed (hcp, 2H type)
phase with tunable Cu contents by a general seeded strat-
egy (Fig. 8a). Furthermore, galvanic replacement reaction
of Cu by Pt could lead to the formation of unconventional
trimetallic 2H-PdCuPt nanoparticles. As seen in Table 3,
the prepared unconventional 2H-Pdg;Cus; nanoparticles
display improved ORR activity in alkaline condition, with
a higher mass activity of 0.87 A-mgpq~ " at 0.9 V, which is
2.5-fold and 4.0-fold that of the conventional fcc PdgoCus,
counterpart and Pd/C catalyst, respectively. The results
reveal the importance of crystal phase on adjusting the
ORR property. In addition, the ORR performance of the
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Fig. 9 a TEM and b HRTEM images of monoclinic PdsBi, nanocrystals; ¢ TEM and d HRTEM images of fcc Pd3;Bi nanocrystals.
e ORR polarization curves of different catalysts; f mass activities of different catalysts at 0.9 V (vs. RHE). Reproduced with permission
from Ref. [109]. Copyright 2021, American Chemical Society

Table 4 ORR performances of Pd-based nanomaterials with various support materials

Catalysts Electrolyte Half-wave Specific activity at 0.9 V. Mass activity at 0.9V  Refs.
potential / V (vs. (vs. RHE) / (mA-cm™2)  (vs. RHE)/ (mA-mg~")
RHE)
Pd/SnO, catalyst 0.1 mol-L™" 0.832 0.007 38 [118]
KOH
Thiolated GO-supported PdCo 0.1 mol-L="  0.810 2.08 at 0.8 V 329.13 at 0.8 V [116]
catalyst KOH
GO-supported PdCo catalyst 0.750 0.99 at 0.8 V 115.55at 0.8 V
N-doped carbon nanotubes 0.1 mol-L™"  0.907 3.78 252 [117]
supported PdCoNi KOH
nanoparticles
Mo,C-coupled Pd atomic layers 0.1 mol-.L™"  0.935 3.19 2055 [119]
KOH
PdHo 706@Ni-B/C 0.1 mol-L™" 0.910 - 1050 [120]
PdHo 706/C HCIO, 0.890 750
Nano-hollow spherical 0.1 mol-.L™" 0.860 - 882 at 08V [5]
PdCuMoNiCo NHSs/RGO;- HCIO, 265 at 0.85 V
CNT
Pd/N-Mo0O,-Mo,C half-hollow 0.1 mol-L~"  0.900 - 2360 at 0.8 V [121]
nanotube KOH
a pa
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Fig. 10 a Schematic illustration of ORR electrocatalysis on G-Cu,Pd, nanocomposites; b mass activies of G-Cu,Pd,
nanocomposites under different potentials. Reproduced with permission from Ref. [115]. Copyright 2015, American Chemical
Society. ¢ TEM image of AL-Pd/Mo,C embedded in octahedral carbon frameworks. d ORR polarization curves of different catalysts.
Reproduced with permission from Ref. [119]. Copyright 2021, American Chemical Society. e TEM image of PdHg70s@Ni—B
composites; f polarization curves of PdH, with different x value, Pt/C and PdHg 70s@Ni—B/C catalysts. Reproduced with permission

from Ref. [120]. Copyright 2017, Wiley—VCH

nanoparticles with the incorporation of Pt could be further
enhanced. Zhou et al. [109] prepared monoclinic PdsBi,
and conventional fcc Pd;Bi nanocrystals (Fig. 8b, ¢) and
evaluated their ORR performance. The bimetallic
nanocrystals with different crystal phase were fabricated
under the same synthetic condition with different Pd pre-
cursors, and possessed comparable size and morphology
(Fig. 9a—d). When applied in ORR electrocatalysis, the
carbon-supported monoclinic PdsBi, nanocrystals exhibit
superior activity with a mass activity of 2.05 A-mgpq ',
which is higher than fcc structured Pd;Bi nanocrystals/C,
Pd/C and Pt/C electrocatalysts (Fig. 9e, f, Table 3).
Moreover, the monoclinic PdsBi, nanocrystals also display
enhanced catalytic stability and maintain the highest mass
activity among the catalysts after 10,000 cycles of ORR
durability test, suggesting the prominent advantage of the
crystal phase. Jiang and coworkers [110] fabricated fcc-
FePd and face-centered tetragonal (fct)-FePd by annealing
core/shell Pd/Fe;0,4 nanoparticles and found that the fct-
FePd was stronger ferromagnetic relative to fcc-FePd and
exhibited higher ORR activity and stability in 0.1 mol-L™"
HCIO, solution (Table 3). After temperature-programed Fe

2

etching in acetic acid, core/shell fct-FePd/Pd nanoparticles
(Fig. 8d) was obtained, and the performance was further
enhanced.

4.4 Support effect

In the application of electrocatalysis, support materials are
often used. The interaction between metal catalysts and
supports would modulate the electronic structures of cata-
lysts and boost the electrocatalytic reaction kinetics, thus
help to enhance the electrocatalytic activity (Table 4)
[111, 112]. In addition, the dispersity and stability of cat-
alysts can be improved with the utilization of support
materials [113]. Carbon-based materials with good elec-
trical conductivity, high specific surface area, and afford-
able price, have become the most commonly used support
materials [114]. For example, Zheng et al. [115] prepared a
series of graphene (G) supported Cu,Pd, nanocomposites
(G-Cu4Pd, G-Cu;Pd, G-CuPd, G-CuPd;, G-CuPd,) and
evaluated their ORR activities (Fig. 10a). Relative to pure
Cu,Pd, nanocrystals, G-Cu,Pd, nanocomposites exhibit
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Fig. 11 An integration of synthetic strategy, performance evaluation, theoretical calculation and in situ/operando characterization for

Pd-based electrocatalysts toward ORR

significantly improved interfacial electron transfer
dynamics. Among them, G-Cu;Pd nanocomposites show
the best ORR electrocatalytic activity in alkaline media
(Fig. 10b), which is superior to that of Pd/C catalyst and
close to Pt/C catalyst. Moreover, the stability of G-CusPd
could surpass that of Pt/C electrocatalyst. Such enhance-
ment may arise from the optimized electronic structure of
G-Cu;3Pd nanocomposites and the appearance of graphene.
For further exploration, the ORR activities of pure G and
Cu;Pd were studied. The polarization plots suggest that
G-Cu3Pd nanocomposites exhibit more positive onset
reduction potential and enhanced current density compared
with pure G and CuzPd. It is ascribed to the strong syn-
ergetic effect between Cus;Pd and graphene, which accel-
erates interfacial electron transfer dynamics, this was also
investigated by electrochemical impedance spectra. Yun
et al. [116] fabricated thiolated graphene oxide-supported
PdCo catalyst and found that the ORR catalytic perfor-
mance was distinctly enhanced by the exposed active sur-
face (Table 4). Li et al. [117] synthesized PdCoNi alloy
nanoparticles anchored on N-doped carbon nanotubes and
the obtained catalyst exhibited enhanced electrocatalytic
ORR activity and stability. These results suggest that
pyridine nitrogen in N-doped carbon nanotubes is

Rare Met. (2023) 42(6):1778-1799

beneficial to the ORR, and the stabilizing function of
N-doped carbon nanotubes contributes to the improved
stability.

Transition metal-based materials exhibit strong interac-
tion with the metal catalysts and have been considered as a
kind of potential support materials in electrocatalysis
[122—-124]. Many researches have suggested that the
combination of transition metal-based materials and Pd-
based nanoparticles could achieve promising ORR activity.
For instance, Huang et al. [119] reported Mo,C-coupled Pd
atomic layers (AL-Pd/Mo,C) with distinctly improved
ORR activity and stability (Fig. 10c, d). Experiments and
DFT calculations indicated that the Mo,C support could
affect the adjacent Pd atomic layers via the electronic
effect, and optimize the d-band center of Pd atoms as well
as the intermediate adsorption energy. In addition, the
strong interactions between Pd metal and Mo,C support
could stabilize the high specific surface area of Pd atomic
layers. Lu et al. [120] synthesized Pd hydride nanocubes
embedded into 2D amorphous NiB nanosheets through a
two-step method. The PdH, 43 nanocubes were fabricated
firstly and then embedded into 2D amorphous NiB
nanosheets by NaBH, reduction with the presence of Ni
species. In the process, PdHg 43 would further transform

a
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into PdHj, 706 because of the production of endogenous H,.
As seen in Fig. 10e, the obtained composites could main-
tain the initial shape and size of PdHj 43 nanocubes. From
the ORR polarization curves, PdH( 70 @Ni—-B/C exhibits
the improved activity relative to PdHg 79¢/C without NiB
wrap (Fig. 10f, Table 4). It is ascribed to the strong elec-
tron effect, because the BO, ™ species in NiB membrane are
electron-deficient, which could effectively tune the binding
energies of O and OH species, and result in an optimal
value for excellent electrocatalysts for ORR. Dong et al.
[113] firstly synthesized Mn,O3 mesoporous nanostructure
as support material and then prepared Mn,05-Pd
nanocomposites with various Pd loading amounts. The
obtained composites exhibit competitive ORR activity and
selectivity to the commercial Pt/C. Both the mesoporous
structure of Mn,O3 and the synergic effect between Pd
nanoparticles and support contribute to the enhanced ORR
performance.

5 Summary and outlook

Considering the low reserve and high price of Pt, Pd-based
nanomaterials have been well regarded as a promising
substitute of Pt in the ORR, due to the similar electronic
structure of Pd and the comparable electrocatalytic per-
formance. In this review, the recent advance of Pd-based
ORR electrocatalysts is summarized, including the ORR
mechanism, the synthetic methods of Pd-based nanoparti-
cles, and the effects of composition, morphology, crystal
phase and support materials of Pd-based catalysts on ORR.
Pd-based nanoparticles have shown promising electrocat-
alytic activity towards ORR, some of which even surpass
commercial Pt/C catalyst, particularly in alkaline condi-
tions. In addition, Pd-based electrocatalysts often exhibit
higher methanol tolerance relative to Pt/C, thus demon-
strating great potential in ORR electrocatalysis. However,
some drawbacks also exist and many issues need to be
addressed in the future research.

Pd-based nanoparticles demonstrate superior ORR per-
formance comparable to commercial Pt/C electrocatalyst in
alkaline media. However, in acid solution, they often show
unsatisfactory capacity and durability compared to Pt/C.
Therefore, the exploration of highly active and stable Pd-
based ORR electrocatalysts in acidic media is of great
concern. To achieve high-performance Pd-based electro-
catalysts, we think that it is an integration of the following
aspects as shown in Fig. 11. Firstly, the incorporation of
other metal/nonmetal elements could adjust the electronic
structure of Pd, therefore, Pd-based bimetallic and multi-
metallic nanoparticles tend to achieving higher ORR
activity relative to single Pd [125, 126]. However, in pre-
vious reports, Pd element often accounts for the main

aQ

content in the nanostructures and only a small amount of
non-noble metals can be incorporated. In this concern, the
preparation of catalysts with increased content of transition
metal or nonmetal elements is an effective strategy to
prepare cost-effective electrocatalysts. In this regard, the
high-entropy alloy may open a new avenue for the rational
design of Pd-based electrocatalysts [127]. Secondary, the
morphology and crystal phase play important roles in
improving the ORR performance of Pd-based nanoparti-
cles. Thus, precise synthesis or modulation of specific
crystal plane or surface is a prerequisite for the systematic
study of the relationship between morphology or crystal
phase and catalytic property [34, 101]. Thirdly, the intro-
duction of support materials would promote catalytic
reaction kinetics and prevent the agglomeration of catalysts
[115, 128]. Therefore, the design of adequate support
materials is paramount in adjusting the interaction between
the catalyst and support, which is beneficial for reducing
the loading of Pd.

In addition to the design of electrocatalysts themselves,
the understanding on catalytic mechanism or reaction
process is equally significant. To achieve this goal, in situ
or operando characterization techniques are undergoing a
booming development, such as in situ/operando Fourier
transform infrared spectroscopy (FTIR), X-ray absorption
spectroscopy (XAS), ambient-pressure X-ray photoelectron
spectroscopy (AP-XPS). [129]. Another powerful tool to
reveal the intrinsic property of electrocatalysts is the the-
oretical calculations based on large computational power.
Currently, it has become a common phenomenon to explain
the underlying electrocatalytic process or mechanism by
DFT and molecule dynamics. Moreover, machine learning
is becoming an attractive strategy to screen a large amount
of materials toward highly efficient electrocatalysts,
demonstrating great prospect in saving time and lowering
the cost of experiments. In summary, the development of
cost-effective, environmentally friendly and durable Pd-
based ORR electrocatalysts is highly desired, and con-
certed efforts are required to achieve great progress in the
practical application in the near future.
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