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Abstract 

 
Palladium (Pd)-based electrocatalysts have recently emerged as one class of the foremost promising 

candidates for the oxygen reduction reaction (ORR) in alkaline media due to their excellent ORR activity 

and durability and lower costs compared with platinum. Insightful design of Pd-based nano-architectures 

with optimized active surface sites and maximal intrinsic performance is central to promoting the ORR 

applications. To further accelerate the sluggish ORR kinetics at the cathode of fuel cells and substantially 

decrease the overall cost of the electrocatalysts, various strategies including controlled sizes and shapes with 

selected crystallographic facets, crystal-phase engineering, heteroatom doping, tailored surface strains, and 

surface engineering by de-alloying, have been extensively developed during the past decade. In this review, 

we first present a brief introduction to the fundamental ORR mechanisms of Pd-based electrocatalysts in 

alkaline media, followed by a thorough discussion on various strategies for delicately designing high-

performance Pd-based catalysts with corresponding examples. Thereafter, we outline the perspectives and 

new insights on the challenges and also propose some emerging research directions related to the rational 

design and controlled synthesis of Pd-based ORR electrocatalysts. 
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1. Introduction 

As key alternative energy conversion technologies for directly converting chemical energy into 

electrical energy, fuel cells have attracted increasing interest due to their multitudinous advantages including 

high energy conversion efficiency, environmental benignancy, and high energy density.[1-4] In recent years, 

considerable efforts have been primarily devoted to investigating the oxygen reduction reaction (ORR) at the 

cathode, one of the key catalytic reactions in fuel cells.[5-7] Especially, platinum (Pt)-based electrocatalysts 

set as benchmarks have been well-documented to possess excellent ORR activity and stability in practical 

fuel cells.[8-10] Owing to the sluggish ORR kinetics derived from the multielectron and multistep process, 

however, a significant amount of Pt-based electrocatalysts is often required, resulting in the higher overall 

cost for a fuel cell device.[11-13] It has also been confirmed that Pt-based electrocatalysts exhibit poor 

methanol tolerance and low resistance to impurities, such as chloride ions and CO on electrolytes, which 

significantly diminish the efficiency and performance of fuel cells. Consequently, research interests have 

also gradually been extended to the development of non-Pt electrocatalysts, such as other noble metals,[14-16] 

non-noble metals,[17-20] and metal-free materials.[21]  

Among these alternates, palladium (Pd)-based electrocatalysts have received broad attention due to their 

similar electronic structures, comparable performance, and perhaps lower cost than Pt. Recent progress of 

the extensive investigations has also demonstrated that the pure Pd and Pd-based electrocatalysts exhibit 

superior catalytic activity and stability in alkaline media in comparison with Pt.[14-16, 22-26] In addition, it was 

determined that Pd-based electrocatalysts exhibited much higher methanol tolerance and resistance to CO as 

compared with Pt-based electrocatalysts. As such, developing cost-effective and high-efficient Pd-based 

electrocatalysts for substantially enhancing ORR performance is highly desirable and essential, especially in 

alkaline media.[27] However, they still cannot attain all the requirements for the implementation of fuel cells, 

where ORR electrocatalysts are expected to possess the features of low cost, high activity, and high stability 

synchronously. To this end, various strategies have been developed for further improving the electrocatalytic 

performance of Pd-based electrocatalysts with precise control over the shape, composition, crystal phase, and 

surface strain while observably decreasing the Pd usage, since these structural parameters play crucial roles 

in determining their ORR performance.[28-32] For example, well-defined PdCu nanocubes enclosed by {100} 

facets exhibited enhanced ORR performance in 0.1 M KOH as compared with polycrystalline-exposed PdCu 
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nanoparticles and Pd nanoparticles, confirming that the ORR performance can be boosted by both the shape 

and composition optimization.[33] DiSalvo and coworkers also demonstrated that ordered intermetallic Pd3Pb 

nanocrystals exhibited excellent electrocatalytic activity toward ORR in alkaline media as compared with 

their counterparts in a disordered phase.[34] Moreover, as validated by a recent report, the tensile-strained 

surface of PdFe alloy enabled the optimum binding strength for reaction intermediates, ultimately resulting 

in the maximum activity toward ORR in 0.1 M KOH.[35] Concisely, increasing attention has been turned to 

the rational design of novel approaches to elaborately modulate the nanoscale features of Pd-based 

electrocatalysts. 

Although several reviews concentrating on Pd-based electrocatalysts have been released in the past 

years,[36-41] a comprehensive and systematic summary on delicately designing the nanoscale structures of Pd-

based electrocatalysts using various strategies, especially with high-efficient ORR in alkaline media, is still 

very intriguing. In this review, we focus on addressing the fundamental ORR mechanisms of Pd-based 

electrocatalysts in alkaline media and the most commonly used strategies for achieving their structures with 

tunable ORR performance. Furthermore, we highlight some of the current challenges and future perspective 

directions related to the controllable synthesis of Pd-based electrocatalysts with substantially improved ORR 

performance in alkaline media. To the best of our knowledge, by far there has been no report that attempts to 

cover these advances of Pd-based ORR electrocatalysts in alkaline media. 

 

2. Fundamental ORR Mechanisms of Pd-based Electrocatalysts in Alkaline Media 

Given its significant prominence in fuel cell devices, the ORR has recently received increasing attention, 

especially in alkaline media, due to the greatly enhanced kinetics as compared with the acidic media.[27, 42, 43] 

Presently, the Pd-based electrocatalysts are generally considered to be one of the most promising candidates 

for replacing Pt while maintaining the high catalytic performance for ORR in alkaline media.[25, 38] It has also 

been identified that the ORR efficiency on Pd-based electrocatalysts in alkaline media can be comparable or 

superior to that of Pt/C, mainly owing to the declining influence from adsorption of anions.[42] Typically, the 

ORR process requires the cleavage of strong O-O bonds and involves the multiple electron transfer steps, 

which often leads to undesirable side reactions and a high overpotential, ultimately degrading the 
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electrocatalytic performance in the devices.[44-46] As such, it is highly desirable to understand the ORR 

mechanism in atomic-scale in order to develop high-efficient ORR electrocatalysts.  

Compared to Pt-based electrocatalysts, the insightful ORR mechanisms on the surface of Pd-based 

electrocatalysts in alkaline media have not been completely understood despite the extensive efforts over the 

past decades.[47-49] Nonetheless, the ORR process on Pd-based electrocatalysts should be akin to that on Pt-

based analogs due to their similar surface features.[38] It is generally recognized that the complete ORR 

process involves four coupled proton and electron transfers, which may couple with several possible 

pathways in alkaline media: 

(1) O2 reduction to OH− ions via a direct four-electron pathway, 

(2) O2 reduction to H2O2 via a two-electron pathway, 

(3) a combination of four and two-electron pathways, 

(4) an associative mechanism involving the adsorption of O2 and direct proton/electron transfer to O2 

and OOH, which contributes to the formation of O and OH, 

(5) a dissociative mechanism involving the cleavage of O-O bonds of O2 and the hydrogenation of O to 

OH. 
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Figure 1. a) Schematic illustration of alkaline ORR mechanisms and the possible intermediates on the 
surface of Pd-based electrocatalysts. b) Variation trends in ORR activity of different electrocatalysts plotted 
as a function of the oxygen-binding energy. Reproduced with permission.[50] Copyright 2004, American 
Chemical Society. c) Volcano plot of the half-wave potential of Pd-based electrocatalysts vs. the calculated 
Pd d-band center relative to Fermi level. Reproduced with permission.[51] Copyright 2006, American 
Chemical Society.      
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For the 4e- pathway, it articulates that the molecular oxygen adsorbed on the catalyst surface would generate 

O2
- intermediate when catching an electron in the first step. The O2

- intermediate then further incorporates 

with an electron and water, facilitating the formation of species HO2
- and OH-. Finally, the HO2

- is further 

reduced to OH- once receiving an additional electron. In contrast, another possible pathway involves a 

formation of absorbed O species from the dissociation of O2 and a subsequent reduction to O- and then to 

OH-.  Note that it was typically recognized that the rate-controlling step of ORR is the first electron-transfer 

reaction or O2 adsorption along with the superoxide anion production in alkaline media.[53] Based on the 

previous reports,[5, 27] it seems that the 4e- pathway, without hydrogen peroxide (H2O2) intermediates, is more 

favorable on Pd-based electrocatalysts. The H2O2 intermediates, yielding in the 2e- pathway, are typically 

harmful species and could not only corrode the electrocatalysts but also markedly decrease energy 

conversion efficacy in the fuel cell devices. It should be emphasized that the presence of Pd-oxides on the 

catalyst surface might promote the formation of H2O2 via the 2e- pathway.[54] Meanwhile, the alkaline ORR 

mechanism on Pd-based electrocatalysts is highly dependent on the potential range applied, which can be 

utilized to effectively regulate the exposure of Pd active sites.[55] Furthermore, to further interpret the ORR 

activity on different electrocatalysts, Nørskov and coworkers established a linear correlation associated with 

the oxygen–metal bond interactions and the position of metal d states relative to Fermi level based on the 

density functional theory (DFT) calculations (Figure 1b), which called a d-band center theory.[50] Specifically, 

the apparent discrepancy of the oxygen–metal bond mainly depends on the coupling strength between the O 

2p states and the metal d states.[56] In theory, an upward shift of the d states will cause an upward shift of the 

anti-bonding states, resulting in a stronger bond and thus unfavorably removing O and OH species adsorbed 

on the surface. Therefore, a close relationship between the electronic structure of the metallic catalyst and 

catalytic activity can be well-established, which provides an effective approach to search for high-efficient 

catalysts for the ORR. More importantly, by further calculating the adsorption energy of the surface 

intermediates during the ORR process as demonstrated by Adzic and coworkers, a nice volcano plot shown 

in Figure 1c can be obtained, where Pd-based electrocatalysts possess the moderate oxygen-binding energy, 

not too high or too low, which is very suitable as the ORR electrocatalysts.[51] Based on these previous 

findings, it is reasonably envisioned that there is still plenty of room for ORR performance improvement by 

elaborately designing the electrocatalyst structure, such as alloying, optimizing the surface metal and/or 

structure, and tuning the phase structure. 
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 For the convenience of the following discussion, the reported ORR activities of some pure Pd 

nanoparticles supported on carbon (Pd/C) in alkaline media are summarized in Table 1. 

 

Table 1. Summary of the ORR activities of some Pd/C electrocatalysts reported previously  

Catalyst details Mass activity  
(A/mgPd

-1) 
Specific Activity 

 (mA/cmPd
-2) 

Measured potential and 
reference electrode Electrolyte Reference 

  
Commercial 10 wt% Pd/C 

 

 
0.18 

 
0.52 

 
0.9 V  vs. RHE 

 
0.1 M KOH 

 
[57] 

 
Commercial 20 wt% Pd/C  

  
0.02 

0.035 
0.038 0.9 V  vs. RHE 

0.875 V  vs. RHE 
0.1 M KOH 
0.1 M KOH 

 

[58] 
[58] 

Synthesized 10 wt% Pd/C 0.07 
 

0.03 0.91 V  vs. RHE 0.1 M KOH [59, 60] 

 Synthesized 20 wt% Pd/C 0.28 0.55 0.85 V  vs. RHE 0.1 M NaOH [61] 
 0.75  0.80 V  vs. RHE 0.1 M NaOH [61] 

Synthesized 20 wt% Pd/C   0.19 0.9 V  vs. RHE 0.1 M KOH [62, 63] 

      
Synthesized Pd/C 

 
 

Synthesized Pd/C 
 

0.11 
0.04 

 
0.34 

 

0.07 
0.01 

0.86 V  vs. RHE 
0.91 V vs. RHE 

 
     - 0.1 V vs. Hg/HgO 

 

0.1 M KOH 
0.1 M KOH 

 
0.1 M KOH 

 

[64] 
[64] 

 
[65] 

 
 

3. Strategies to Enhance Alkaline ORR Performance of Pd-based Electrocatalysts 

To acquire the highly efficient Pd-based ORR electrocatalysts, it is very essential to master the 

commonly used strategies to rationally design the electrocatalysts structures at the atomic scale. In this part, 

we outline several strategies of the structure design for improving the alkaline ORR performance of Pd-

based electrocatalysts, including shape and size control, phase control, heteroatom doping, surface-strain 

control, and de-alloying, and elaborate on their recent progress. 

 

3.1 Shape and Size Control 

Extensive efforts have been devoted to the manipulation of shape- and size-controlled Pd-based 

electrocatalysts for improving their electrochemical performance in the past two decades.[33, 66-71] It is 

generally believed that exposure on a particular catalyst surface and specific size may favor an 

electrocatalytic reaction, and this could provide a better understanding of the shape- and size-dependent 

performance.[13, 72-74] To this end, various approaches have been widely developed to precisely tune the 

morphology of Pd-based electrocatalysts for their catalytic performance enhancement.[75-77] Of central 

importance for the shape-control is the elaborate choice of experimental parameters, such as appropriate 
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reducing agents, solvents, coordination ligands, capping agents, surfactants, and foreign ions as the chemical 

additives, that are capable of selectively binding to specific facets on the nanocrystal and markedly altering 

the growth rates of different facets.[69] For size control, the use of these chemical additives in a synthetic 

system could typically modulate the nucleation and growth kinetics through coordination. It should be 

pointed out that these chemicals could strongly bind to surfaces of the yielded nanocrystals, seriously 

impeding their subsequent practical application. To avoid the negative influence, however, complete removal 

of species adsorbed on the particle surfaces is generally required and should be carefully considered before 

the performance tests. As demonstrated by Guo and coworkers, PdMo bimetallene in highly curved and sub-

nanometre-thick metal nanosheet was achieved by simultaneously reducing Pd(acac)2 and Mo(CO)6 by 

ascorbic acid in the presence of oleylamine.[78] The key to the successful synthesis is highly dependent on the 

decomposition temperature of the metal carbonyl precursors and the type of reducing agents. Interestingly, 

they reported that the as-synthesized PdMo bimetallene showed an electrochemically active surface area as 

large as 138.7 m2 gPd
-1, resulting in a mass activity up to 16.37 A mgPd

-1 toward ORR at 0.9 V in alkaline 

media, which is 78 times and 327 times as high as those of Pt/C and Pd/C commercial catalysts, respectively. 

They ultimately concluded that the synergistic effect, the strain effect induced by the curved morphology, 

and the quantum-size-effect derived from supra-thin nanosheets could dramatically alter the electronic 

structure with optimal oxygen-binding based on the DFT calculations. Later, Huang and coworkers 

developed a template-directed approach for the synthesis of ultrathin PdM (M = Pb, Sn, and Cd) porous 

nanosheets with desirable sizes (Figure 2a).[79] In this case, the use of Pd ultrathin nanosheets as the template 

(Figure 2b) plays an important role in directing the morphological development and regulating the deposition 

of foreign atoms as well as the subsequent interatomic diffusion. As expected, the ORR mass activity of the 

ultrathin Pd3Pb porous nanosheets is 6.8 times as high as that of the Pt/C in 0.1 M KOH solution, with 

remarkable stability (Figure 2c). The DFT calculations also suggested that the interatomic interaction 

between Pd and Pb could optimize the surface electronic structure, thus boosting the ORR performance. This 

work showcases an improved ORR performance through delicate controlling the morphology of Pd-based 

electrocatalysts in nanosheets as the ultrathin-sheet could provide abundant active sites, high conductivity, 

and high atomic utilization.[37] 
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Figure 2. a) HAADF-STEM image of Pd3Pb ultrathin porous intermetallic nanosheets. b) TEM image of Pd 

ultrathin nanosheets. c) ORR polarization curves recorded in O2-saturated 0.1 M KOH electrolyte at a scan 
rate of 10 mV s−1 and a rotation rate of 1600 rpm. a-c) Reproduced with permission.[79] Copyright 2021, 
Wiley-VCH. d) TEM image of the as-synthesized dendritic Pd59Cu30Co11 nanoalloys. e, f) Defect analysis 
images of the as-synthesized dendritic Pd59Cu30Co11 nanoalloys through aberration-corrected TEM. g) 
Specific activities and mass activities of the Pt/C, Pd88Co12, Pd50Cu50, Pd56Cu38Co6, Pd59Cu30Co11, and 
Pd62Cu16Co22 catalysts toward ORR at 0.9 V. d-g) Reproduced with permission.[80] Copyright 2018, Springer 
Nature. h) HRTEM image of a dendritic structure projected along the zone axes of [110] axis. The inset in (h) 
is the corresponding HAADF-STEM image. Reproduced with permission.[81] Copyright 2018, Wiley-VCH. 
 

 

Unlike the 2D nanosheet, the anisotropic dendritic morphology of Pd-based electrocatalysts has also 

been proved to be high-efficient for substantially improving the ORR performance owing to the large 

specific surface area, high densities of stepped atoms, and abundant defect sites that presented on the corners 

and edges.[80, 82, 83] In a recent report, Wang and coworkers reported their synthesis of dendritic PdCuCo 

nanoalloys, serving as robust multifunctional electrocatalysts for ORR in 0.1 M KOH (Figure 2d).[80] 

Particularly, the composition of the as-synthesized nanoalloys could be readily tuned by merely varying the 

feeding molar ratios among the precursors, while the dendritic morphology was preserved. Impressively, the 

Pd59Cu30Co11 nanoalloys exhibit superior activity and durability toward ORR compared with the Pt/C 

catalyst, mainly due to the presence of abundant defects for this special dendritic nanostructure (Figure 2e-g). 

In another example, Han and coworkers disseminated a general synthesis approach for a class of 
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multicomponent anisotropic dendrites with abundant vacancies.[81] The presence of atomic vacancies from 

the ternary PdCuCo dendrites was shown clearly (Figure 2h) based on the high-resolution transmission 

electron microscopy characterization. Benefiting from the vacancies sites on the surface, the optimized 

electronic structures of these PdCuCo nano-dendrites can significantly accelerate the charge transfer in the 

ORR process, thereby exhibiting substantial enhancement in mass activity and stability. Consequently, 

modifying the electronic structure of the Pd-based electrocatalysts via a generation of the dendritic 

morphology with rich defects/vacancies is an intrinsic regulatory strategy to boost its ORR performance in 

alkaline media. Furthermore, this morphology-based strategy has also been widely demonstrated using other  

shapes of Pd-based electrocatalysts, such as nanocubes, nanorods, and nanoplates, which showed  excellent 

activity and stability toward ORR in alkaline media.[33, 84-87]  

Except for the shape-control strategy mentioned above, size control was also proved to be effective for 

improving the ORR activity of Pd-based electrocatalysts.[88, 89]  Since heterogeneous catalysis occurs on the 

surface of catalysts, maximum exposure of catalyst surface atoms is desired. The fraction of catalyst surface 

area can be readily tuned by merely controlling the catalyst size. As such, single-atom catalysts (SACs) 

would be an extreme case.[90-94] In fact, the delicate design and development of SACs are recently emerging 

as a new frontier in the electrocatalysis field.[95, 96] It has been reported that Pd-based SACs exhibit great 

potential in enabling maximum atom-utilization with unique geometric and electronic properties that are 

derived from the lack of metal–metal bonds and the ionic nature of the isolated catalytic sites.[97, 98] For 

example, Sun and coworkers developed a one-pot hydrothermal approach to prepare atomically dispersed Pd 

catalysts supported on carbon nanotubes and manganese oxide nanowire networks and showed a superior Pd 

mass activity (484 A g-1 at 0.9 V) for ORR in alkaline media when compared to state-of-the-art Pd-based 

electrocatalysts.[99] Experimental and theoretical studies affirmed that Pd single atoms and the surrounding 

metal sites synergistically contributed to activating molecular oxygen and optimizing the binding strength to 

reaction intermediates. This could significantly accelerate the ORR kinetics.  

 

3.2 Phase Control 

For Pd-based electrocatalysts, optimizing their catalytic performance by tuning the phase has become a 

novel and versatile strategy.[29, 100-102] Some unconventional phases that are difficult to attain in their bulk 

state could be stable in their nanostructure and endow these Pd-based electrocatalysts with intriguing 
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properties, paving the way for understanding the phase-dependent performance.[103] As discussed in recent 

years, relative to a random alloy, the ordered intermetallic structures with a specific atom stoichiometry and 

a long-range atomic ordering present remarkable properties toward a broad range of applications, especially 

electrocatalysis, owing to the enhanced interaction between different components.[104-106] It is worth noting 

that the synthesis of Pd-based nanocrystals with an unconventional phase structure is often highly 

challenging due to the competitive formation of the thermodynamically stable phase. Accordingly, some 

effective strategies might need to be further developed to stabilize the unconventional phases and maintain 

their excellent electrocatalytic performance, since the unconventional phases are generally recognized to be 

thermodynamically unstable. Goodenough and coworkers demonstrated that an ordered Pd3Fe/C 

intermetallic electrocatalyst prepared through a thermal annealing approach with the aid of a KCl matrix 

showed significantly enhanced activity and durability for ORR under alkaline conditions, as compared with 

the disordered Pd3Fe/C, Pd/C, and Pt/C catalysts.[107] They claimed that such an enhancement originated 

from remarkable changes in the Pd−Pd bond distance and electron structure as well as the presence of 

uniform active sites. Huang and coworkers further developed a new strategy for the synthesis of L12-ordered 

Pd3Pb tripods with predominant {110} facets by co-reducing Pd(acac)2 and Pb(acac)2 in a mixed solvent of 

oleylamine and oleic acid (Figure 3a).[108] Based on the first-principle calculations, they believed that the 

strongly coupled s-p-d exchange effect on {110}faceted Pd3Pb tripods with ordered structure played a crucial 

role in greatly boosting the ORR performance (Figure 3b). As such, the controlled synthesis of Pd-based 

electrocatalysts with ordered intermetallic structures offers an alternative avenue to substantially promoting 

their ORR performance. 
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Figure 3. a) TEM image of L12-ordered Pd3Pb tripods with the corresponding structural model as the inset. b) 
Combined projected DOS of metallic Pd, bulk Pd3Pb, and L12-ordered Pd3Pb (110) surface. a-b) Reproduced 
with permission.[108] Copyright 2018, Cell Press. c) ORR polarization curves of Pd31B12, Pd/C, and 
commercial Pt/C catalysts measured in O2-saturated 0.1 M KOH solution at a rotational speed of 1600 rpm. d) 
Valence band spectra of Pd31Bi12 and Pd foil measured by ultraviolet photoelectron spectroscopy (UPS) with 
a He I source. c-d) Reproduced with permission.[109] Copyright 2019, American Chemical Society. e) TEM 
image of monoclinic Pd5Bi2 nanocrystals with the corresponding structural model as the inset. f) Mass 
activities of the monoclinic Pd5Bi2/C, face-centered cubic (fcc) Pd3Bi/C, Pd/C, and Pt/C at 0.9 V vs. RHE. 
Reproduced with permission.[29] Copyright 2021, American Chemical Society. 

 

 

In addition, it has recently been reported that some unconventional phases of Pd-based electrocatalysts, 

such as rhombohedral, monoclinic, and orthorhombic phases, exhibit remarkable activity and stability 

toward ORR in alkaline media.[29, 102, 109] For example, Hall and coworkers utilized the electrodeposition 

approach to prepare metastable Pd31Bi12 nanocrystals with a rhombohedral crystal structure at room 

temperature in minutes.[109] It was identified that the Pd31Bi12 nanocrystals are highly efficient for ORR, 

yielding specific activities over 35 folds as high as those of the Pt/C and Pd/C catalysts (Figure 3c). Valence 

band spectra of the Pd31Bi12 verified that the adsorption energy of ORR intermediates for Pd31Bi12 is reduced 

with a shift to the optimal value, which could be a major reason for the ORR improvement (Figure 3d). Most 

recently, we reported uniform Pd5Bi2 nanocrystals with a monoclinic structure synthesized using a facile 

one-pot approach. These monoclinic Pd5Bi2/C nanocatalysts exhibit a mass activity up to 2.05 A/mgPd toward 
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ORR in 0.1 M KOH (Figure 3e and 3f).[29] Owing to the enhanced electron interaction between Pd and Bi 

components in Pd5Bi2, the leaching of the Bi could also be greatly alleviated during the ORR process, 

resulting in extraordinary stability. While various unconventional phases are being continuously developed 

for improving catalytic performance, it is foreseeable that this concept could also be extended to other Pd-

based multimetallic systems successfully.[110-114] 

 

3.3 Heteroatom Doping 

Heteroatom doping has recently emerged as an effective method for developing highly stable and active 

Pd-based electrocatalysts.[115-119] It has been unveiled to be highly effective for regulating the electronic 

structure, boosting the reaction kinetics, optimizing the binding affinity with reaction intermediates, and 

modifying the surface characteristics.[120] It is often required to purposely take into account the discrepancies 

in the mutual solubility and electronegativity between the host matrix and the dopants. The dopants can be 

generally classified into metal and nonmetal atoms. Metal doping is also called alloying, and it can introduce 

more active sites, optimize electronic structures, and greatly improve the performance of a catalyst derived 

from the synergistic effect of different metal components during the practical ORR process. In contrast, it 

was found that nonmetal doping can polarize the surrounding atoms due to the high electronegativity of 

nonmetals, significantly vary the band centers of the active sites and thus enhance electrocatalytic 

performance. Inspired by these findings, extensive efforts have been made on the delicate design of high-

performance Pd-based electrocatalysts by heteroatom doping in recent years.[48, 121-124] By doping various 

metals, such as copper (Cu), bismuth (Bi), Pt, silver (Ag), gold (Au), cobalt (Co), nickel (Ni), and so on, the 

ORR activity and stability of Pd could be dramatically enhanced in alkaline media.[23, 29, 125-129] For example, 

Abruña and coworkers recently prepared a series of Pd−Cu thin-film with tunable composition using a 

magnetron sputtering approach and then evaluated their ORR performance in 1 M KOH (Figure 4a and 

4b).[130] Among the samples, Pd50Cu50 binary alloy was identified as the most promising electrocatalyst 

toward ORR, showing a remarkable mass activity (more than 3-fold greater than that of Pd/C catalyst,  

Figure 4c). This activity enhancement may be attributed to an optimal d-band center derived from electron 

redistribution of Pd and Cu atoms. Previously, Henkelman and coworkers studied composition-dependent 

ORR performance on PdCu nanoparticles based on DFT calculations.[131] They probed that charge transfer 

from Cu to Pd would contribute to up-shifting the d-band center of Cu and down-shifting that of Pd, giving 
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rise to stronger binding between O and Cu and weaker binding between O and Pd. It was also reported that 

ternary PdCuNi and PdCuCo electrocatalysts with an ordered structure possess higher activity and stability 

toward ORR as compared with the binary PdCu and the Pd/C catalyst.[103] An introduction of smaller-sized 

atoms, Co and Ni, into the PdCu lattice could facilitate the formation of catalytically active and hollow sites 

on the surface together with the optimal electronic structure, which  improved ORR activity and stability. All 

together, the electronic structure and Pd density of states could be dramatically altered by doping foreign 

metallic atoms, which provides a universal strategy for boosting the electrocatalytic performance. 

Pd catalysts could also be modified using nonmetal atoms, such as hydrogen (H) and boron (B), to 

optimize their electronic structure as a promising strategy demonstrated in recent years.[132-134] It should be 

pointed out that nonmetal elements with small atomic radii and favorable affinity are typically capable of 

permeating into interstitial sites within the Pd lattice, which could profoundly turn the lattice parameters and 

charge transfer energy between different components. For example, H could easily implant in the Pd lattice 

to form Pd hydrides as the key intermediates especially during the electrocatalytic process.[135] Huang and 

coworkers developed a wet-chemical approach for successfully preparing H-implanted Pd icosahedra with 

enhanced ORR activity and stability.[136] It was verified that the H-implanted Pd icosahedra could greatly 

decrease electronic densities and weaken the Pd–O binding strength, thus significantly boosting the 

electrocatalytic performance as compared with the structure without H doping. In this case, the twinned {111} 

facets in H-implanted Pd icosahedra are also vital to effectively decrease the ORR barrier and stabilize the 

intermediated species. Moreover, the ORR performance is highly dependent on the hydride degree in the Pd 

nanocrystals, as confirmed by Wang and coworkers.[137] Such an approach of interstitial H atom doping can 

also be extended to other Pd-based nanostructures with enhanced catalytic performance.[138, 139]  
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Figure 4. a) SEM image of Pd50Cu50 with an average size of around 100 nm. b) Relative atomic contents of 
Cu and Pd as a function of the sample position, which covers the range of Cu at. % from ∼5% to ∼95% with 
Pd50Cu50 in the middle. c) Relative ORR activity calculated by normalizing the kinetic current to the Pd at. % 
vs. Pd at. % in the samples. a-c) Reproduced with permission[130] and modified. Copyright 2020, American 
Chemical Society. d) SEM image of Pd–B nanoparticles. e) XPS spectra of Pd–B, Pd–N2H4, commercial 
Pd/C, and Pd plate. f) Comparisons in specific activities and mass activities of Pd–B, Pd–N2H4, and 
commercial Pd/C catalysts in O2-saturated 0.1 M KOH solution, based on the data reported in ref.[140] d-e) 
Reproduced with permission.[140] Copyright 2016, Wiley-VCH. 
 

 

Besides, doping B into Pd-based electrocatalysts equally becomes a universal approach to deliberately 

regulate the electronic structure and enhance their electrocatalytic performance.[141, 142] It should be 

emphasized that doping B could generally cause the downshift of the d-band center derived from the electron 

transfer between the d-orbitals of Pd and p-orbitals of B. As demonstrated by Sato and coworkers, B-doped 

Pd could decrease the barrier of O2 dissociation and optimize the binding energy of ORR intermediates, 

recognizing that Pd-B is highly active for ORR in alkaline media (Figure 4d).[140] Relative to undoped Pd 

catalyst, Pd-B synthesized by an electroless deposition approach yields a mass activity of 2.38 A/mgPd at 

0.90 V, achieving a 14-fold enhancement. X-ray photoelectron spectra and computational results indicate a 

negative shift of the Pd binding energy after a B-doping and suggest that such doping fills the density of 

states with excessive electrons, significantly weakening the O-bonding to Pd and enhancing the ORR 

performance (Figure 4e and 4f). By employing a different approach, Chen and coworkers carried out a one-

pot synthesis of Pd-B nanocrystals in N� N-dimethylformamide using NaBH4 as a reductant and dopant.[143] 
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They reported that Pd-B nanocrystals with different boron contents could be readily obtained by precisely 

controlling the reaction time and concentration of NaBH4. The as-synthesized Pd-B ORR nanocatalysts show 

a mass activity is 14 times as high as that of the commercial Pt/C catalyst in alkaline solution (Figure 4f). 

The improvement in ORR performance was found to associate with the presence of sub-oxidized B on the 

outermost surface and B in the subsurface. In both cases, the presence of B in Pd-based electrocatalysts gave 

rise to highly enhanced ORR performance in alkaline media.  

Furthermore, it seems that doping Pd-based electrocatalysts with different nonmetal elements is also a 

feasible strategy to tune their surface electronic structures and boost their ORR performance.[144, 145] Liu and 

coworkers developed a soft-templating approach to co-alloyed Pd with B and phosphorus (P) to construct 

Pd-B-P ternary mesoporous nanospheres using dimethylamine borane and sodium hypophosphite as the 

sources of B and P, respectively.[146] Benefiting from the three-dimensional dendritic morphology with 

highly exposed active sites and the B/P co-doping with optimized surface electronic structure, this ternary 

system exhibits excellent ORR activity and stability as compared with the undoped and single-element doped 

counterparts. This approach was further extended to a multi-component PdMˊBP nanosphere system (Mˊ = 

Cu, Ag, and Pt) nanospheres, showing expected achievement.[50] In a remark, rationally altering the 

electronic structure of a Pd-based catalyst by doping with heteroatoms could be another viable strategy for 

substantially promoting their ORR performance. 

 

3.4 Surface-Strain Control 

Surface strain can be caused by either tensile or compressive force and quantified as the alteration in 

bond length for surface atoms as compared with the ideal bulk value. Generally, a distortion of a crystal 

lattice away from the ideal value is often caused by tension at the interface between two different phases, 

including twinned boundary, facet, and core-shell structure. It is important to note that this kind of strain 

effect will approach the strongest on the interface and then rapidly decrease with the increase of distance 

from the surface. Particularly, the expansion and contraction of bonds diminish and enlarge the overlap 

between d-electron orbitals of the affected atoms, respectively, ultimately inducing the changes of the d-band 

center and thus affecting the binding strength of absorbed species on the catalyst surface. Consequently, the 

surface strain provides an alternative strategy to maximize the electrocatalytic performance in a reaction.[147-
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152] It should be emphasized that insightful efforts might need to be further made to accurately induce and 

modulate the surface strain to the desired level on the surface of nanocatalysts without compromising other 

structural parameters. In some cases, atom diffusion, defect formation, and surface reconstruction may lead 

to releasing the surface strain during the practical electrocatalytic process. For instance, Sun and coworkers 

synthesized a series of uniform core–shell nanocrystals composed of an Au (or Ag) core and PdCu-alloy 

shell and demonstrated excellent catalytic activity and stability toward ORR in alkaline media.[153] By merely 

regulating the molar ratio of Pd(acac)2 to Cu(acac)2, the thickness and composition of the PdCu shell could 

be precisely tuned in this work. In 0.1 M KOH, both Ag@Cu37Pd63 and Au@Cu40Pd60 samples (with shell-

thickness of 0.75 and 1.1 nm, respectively) delivered mass activity of ~0.20 A/mg (noble metal basis), which 

is over 3 times as high as that from the commercial Pt/C (0.06 A/mgPt). Supported by DFT calculations, they 

further ascribed the electrocatalytic activity enhancement to the optimized surface strain and electronic 

structure on the shell by comparing another group of core–shell catalysts M″@CuPd (M″ = Au and Ag) with 

different Cu/Pd molar ratios as well as the CuPd nanoparticles and Pd/C catalyst (Figure 5a-c). Subsequently, 

Zhuang and coworkers reported a spontaneously galvanic displacement approach to successfully prepare a 

Pd skin onto the AuCu ordered intermetallic nanoparticles (Figure 5d).[154] It has been confirmed that the 

AuCu ordered intermetallic core was fully coated with a Pd shell with 2–3 atomic layers, and also verified 

that the AuCu@Pd core-shell nanoparticles exhibit extraordinary stability in alkaline solution and their ORR 

mass activity is ~20 times as high as that of the commercial Pt/C catalysts (Figure 5e). Similarly, this 

outstanding performance was attributed to the lattice shrinkage in Pd induced by the AuCu ordered 

intermetallic core and thus the significant weakening of the oxygen affinity on the Pd shell. As demonstrated 

by a theoretical study,[155] the surface strain effect on the strength of Pd–O binding was also found to be 

highly shape-dependent on Pd-based core-shell electrocatalysts. Based on the first-principles and multiscale 

quantum mechanics/molecular mechanics, Lu and coworkers revealed linear scaling relationships between 

the oxygen adsorption energy and surface strain, which can be determined from nanocrystal facets and edges 

(Figure 6). By systematically evaluating the ORR activity on Pd-based core-shell nanoparticles as a function 

of their shapes, it was suggested that the compressive strain on the {111} facets and the edges favor the ORR, 

whereas the compressive strain on the {100} facets suppresses the ORR. Taken together, constructing a Pd-

based core-shell electrocatalyst with tunable compressive strain could efficiently enhance their ORR 

performance in alkaline media while the cost is significantly reduced. 
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Figure 5. a) Models of core-shell nanoparticles for different shell compositions with a shell thickness of 0.8 
nm and core-shell nanoparticles for different shell thickness with a shell composition of CuPd2. b) Calculated 
distribution of surface strain on core-shell nanoparticles with different shell compositions with a shell 
thickness of 0.8 nm and core-shell nanoparticles for different shell thickness with a shell composition of 
CuPd2. c) Comparisons in mass activity at −0.2 V of Ag@CuPd nanoparticles with different shell 
composition and thickness in O2-saturated 0.1 M KOH solution at a scan rate of 10 mV/s and a rotation rate 
of 1600 rpm. a-c) Reproduced with permission.[153] Copyright 2014, American Chemical Society. d) 
Schematic illustration of the synthesis of Pd skin on ordered intermetallic AuCu nanoparticles through the 
galvanic replacement approach, and TEM images of an ordered intermetallic AuCu nanoparticle and 
AuCu@Pd core-shell nanoparticle, together with the corresponding STEM-EDX line scans along a single 
nanoparticle. e) Comparisons in specific activity and mass activity in O2-saturated 1.0 M KOH at 0.9 V vs. 
RHE. d-e) Reproduced with permission[154] and modified. Copyright 2016, Elsevier. 
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Figure 6. Oxygen adsorption energy (E) as a function of surface strain (ε) on different facets (left) and edges 
(right). The red solid and blue dashed horizontal lines represent the optimal E value for maximal ORR 
activity and the E value on unstrained Pt(111) surface, respectively. The insets of the right panel indicate the 
corresponding edges. Reproduced with permission.[155] Copyright 2017, American Chemical Society.      
 

 

 

In addition to the compressive strain that could promotionally contribute the enhancement to the ORR 

performance, the tensile strain could also diminish the overlap of the wave functions and downshift the σ* 

antibonding states near the Fermi level. This could weaken the binding affinity of oxygen species to the 

surface atoms and accelerate the overall reaction rate.[156-160] Such ORR activity improvement on a tensile-

strained surface was claimed by Huang and coworkers using a unique class of Pd−Pb@Pd core-shell 

nanosheets and nanocubes that they constructed with tensile strain on the (100) of both the top-Pd and edge-

Pd surfaces.[161] The mass activities of the resultant Pd−Pb@Pd core-shell nanosheets and nanocubes were 

reported as 1.6- and 1.4-fold as high as those of the unshelled counterparts, respectively. Especially, the 

Pd−Pb@Pd core-shell nanosheets exhibit a mass activity of 0.57 A/mgPd at 0.90 V, which are 8.8 and 6.5 

times as high as those of the commercial Pd/C and Pt/C, respectively. In a subsequent study, Zeng and 

coworkers reported the Pd@PdFe core−shell icosahedra with a three-atomic-layer tensile strained PdFe 

overlayer as a high-efficient and durable electrocatalyst toward ORR.[35] They showed 2.8-fold enhancement 

in mass activity in comparison with the commercial Pt/C catalyst in 0.1 M KOH solution, and this 
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performance was superior to most of the non-Pt electrocatalysts (Figure 7a and 7b) reported previously. In 

this case, the volcano-type relationship was revealed with the maximal ORR performance at the Fe 

percentage of 9.0%, which can be generally understood based on the Sabatier principle. They further 

revealed that the synergistic coupling of tensile strain and alloy effects could optimize the binding strength 

with reaction intermediates, thus resulting in the maximum activity for ORR in alkaline media (Figure 7c).[35] 

As such, the tensile strain can be precisely controlled by optimizing the shell composition, like the previous 

case of PdAu hollow nanospheres with ultrathin Au-rich shells.[162] 

 

 

 

Figure 7. a) TEM image of Pd@PdFe core−shell icosahedra with the corresponding size distribution 

diagram as the inset. b) Mass activities of ORR calculated by normalizing the kinetic current densities to Pd 
loading mass of the catalysts on the electrode at 0.90 VRHE and 0.85 VRHE. c) The adsorption energy of 
adsorbed O atom (EO) for Pt(111) surface, Pd(111) surface, and PdFe(111) surface with 2.0% tensile strain 
and Fe percentage of 8.3%. Note that the EO for the pure Pt(111) surface is set as zero and the optimal EO for 
ORR is about −0.2 eV. a-c) Reproduced with permission[35] and modified. Copyright 2020, American 
Chemical Society. d) HAADF image of Pd2NiAg nanocrystals with five-fold twinning outlined by five 
dotted lines. e) Structural model for five-fold twinning consistent with the atomic projections in (d). f) ORR 
polarization curves in O2-saturated 0.1 M KOH solution at a scan rate of 5 mV/s and rotation rate of 1600 
rpm. d-f) Reproduced with permission.[163] Copyright 2015, American Chemical Society.      
 

 

The lattice strain on the surface can be induced not only in core-shell structures but also in other nano-

architectures, such as nanocrystals with twinned boundaries.[164, 165] It has been well-demonstrated that the 

Au
th

or
 

dotted lines. e) Structural model for fiveAu
th

or
 

dotted lines. e) Structural model for five
polarization curves in O Au

th
or

 

polarization curves in O2Au
th

or
 

2

f) Reproduced with permission.Au
th

or
 

f) Reproduced with permission.Au
th

or
 

TEM image of Pd@PdFe

Au
th

or
 

TEM image of Pd@PdFe
diagram as the inset. b) Mass activities of ORR calculated by normalizing the kinetic current densities to Pd 

Au
th

or
 

diagram as the inset. b) Mass activities of ORR calculated by normalizing the kinetic current densities to Pd 
loading mass of the catalysts on the electrode at 0.90 V

Au
th

or
 

loading mass of the catalysts on the electrode at 0.90 V
adsorbed O atom (E

Au
th

or
 

adsorbed O atom (EO

Au
th

or
 

O) for Pt(111) surface, Pd(111) surface, and PdFe(111) surface with 2.0% tensile strain 

Au
th

or
 

) for Pt(111) surface, Pd(111) surface, and PdFe(111) surface with 2.0% tensile strain 
and Fe percentage of 8.3%. Note that the E

Au
th

or
 

and Fe percentage of 8.3%. Note that the E
ORR is about −0.2 

Au
th

or
 

ORR is about −0.2 eV. 

Au
th

or
 

eV. 
Chemical Society. d) HAADF image of PdAu

th
or

 

Chemical Society. d) HAADF image of PdAu
th

or
 M

an
us

cr
ip

tthe synergistic coupling of tensile strain and alloy effects 

M
an

us
cr

ip
tthe synergistic coupling of tensile strain and alloy effects 

intermediates, thus 
M

an
us

cr
ip

t
intermediates, thus 

tensile strain

M
an

us
cr

ip
t

tensile strain can be precisely controlled by optimizing the shell composition, 

M
an

us
cr

ip
t

can be precisely controlled by optimizing the shell composition, 

PdAu hollow nanospheres

M
an

us
cr

ip
t

PdAu hollow nanospheres

M
an

us
cr

ip
t

 26884062, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sstr.202100188 by O

ffice O
f Scientific A

nd T
echnical Inform

ation, W
iley O

nline L
ibrary on [10/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 This article is protected by copyright. All rights reserved 

twinned and non-twinned nanocrystals showed entirely different electrocatalytic behaviors in the typical 

face-centered cubic (fcc) structure. For instance, relative to the spherical Pd2NiAg nanoparticles and the 

commercial Pt/C catalyst, five-fold twinned Pd2NiAg nanocrystals with a Ni-terminated surface exhibited 

substantially enhanced electrocatalytic performance for ORR in alkaline media (Figure 7d-f).[163] Combining 

experimental observations with DFT calculations, Dai and coworkers reported that the surfaces of the five-

fold twinned Pd2NiAg nanocrystals show a particular valence electron density, where an optimal geometric 

arrangement of surface atoms greatly contributed to catalyzing ORR. Shortly, Huang and coworkers further 

revealed that the Pd6Ni icosahedra display the highest activity and durability in 0.1 M KOH with a mass 

activity of 0.22 A mgPd
−1, as compared with PdNi icosahedra with different Ni contents and Pt/C catalyst.[166] 

Particularly, the presence of twin boundary and underlying Ni atoms with a specific content can cause the 

obvious shifting of the d-band center by weakening the interaction between the adsorbed O and Pd (111) 

surface, thus boosting the ORR activity. Altogether, controlling the surface strain of a Pd-based 

electrocatalyst could offer a novel and significant route for achieving enhanced ORR performance in alkaline 

media. 

 

3.5 De-alloying 

For a given alloy electrocatalyst, de-alloying has been generally considered as an effective and robust 

approach to regulating the surface electronic structure and the chemical composition by selectively removing 

one or more components, thus significantly tuning their electrocatalytic performance.[167-172] Typically, the 

removal of the less noble atoms from the topmost surface may effectively contribute to a formation of steps 

and kinks, where the coordinated numbers of noble atoms would increase accordingly, facilitating a surface 

diffusion of noble atoms and thus surface reconstruction. Relative to other approaches, the advantages of de-

alloying are simple and high-yielding without involving the use of organic solvents. Solid core−shell and 

nanoporous structures with interconnected nanoscale skeletons and voids are often obtained using this 

method, which is particularly beneficial for the electrocatalytic process. Usually, the de-alloying approach 

might not be favorable for precise control of the composition since it is excessively sensitive to the 

experimental parameters. For example, Abruña and coworkers reported an electrochemical de-alloying 

strategy to significantly improve the ORR activity and stability of Pd/M⁎ (M⁎ = Ni and Mn) electrocatalysts 

in alkaline media through deliberately etching one component which is more active (Figure 8a).[61] Notably, 
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after this electrochemical de-alloying, it was confirmed that the sample possesses a core-shell structure with 

a higher ratio of electrochemically active Pd on the surface. This benefits from an increase in the atomic 

utilization of active components (Figure 8b and 8c). However, the electrochemical de-alloying method may 

not be always favorable for the formation of core-shell structure, depending on the processing conditions 

such as the applied potential and the reaction time. Hall and coworkers utilized the electrochemical de-

alloying approach for converting as-synthesized ordered intermetallic PdBi2 to ordered intermetallic Pd3Bi 

nanoparticles under ambient conditions (Figure 8d).[173] They identified that the formation of Pd3Bi 

nanoparticles could mainly be attributed to the PdBi2 with low melting point and low vacancy formation 

energies, which drives the facile removal of the Bi from the surface and interdiffusion of the constituent 

atoms. Importantly, the resultant Pd3Bi nanoparticles exhibited more positive half-wave potential determined 

in O2-saturated 0.1 M KOH solution (Figure 8e), delivered mass activity that was ~11 times and ~3.5 times 

as high as those of Pt/C and Pd/C, respectively, and demonstrated promising durability toward ORR in 

alkaline media (Figure 8f). 
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Figure 8. a) Schematic illustration of Pd/M⁎ (M⁎ = Ni, Mn) nanoparticles through the electrochemical de-
alloying approach. b) EELS elemental composition maps of as-synthesized PdNi/C and after electrochemical 
de-alloying, and corresponding EELS elemental line scan of Pd and Ni derived from the white box in (b) 
from the EELS mapping. Note that the red color represents Pd is and the green color represents Ni. c) ORR 
polarization curves in O2-saturated 0.1 M NaOH of PdNi/C before and after de-alloying at a sweep rate of 5 
mV/s and rotation rate of 1600 rpm. a-c) Reproduced with permission[61] and modified, Copyright 2020, 
American Chemical Society. d) Schematic illustration of the synthesis of ordered intermetallic Pd3Bi by an 
electrochemically induced phase transformation and ORR polarization curves of Pt/C, Pd/C, and converted 
Pd3Bi in O2-saturated 0.1 M KOH. Reproduced with permission[173] and modified. Copyright 2019, American 
Chemical Society.  
 
 

Except for the electrochemical de-alloying approach, the chemical de-alloying approach was also 

generally utilized to synthesize Pd-based electrocatalysts with different structures using various chemical 

reagents including acids and alkalis for improving the ORR performance.[174-179] Cui and coworkers 

developed a one-step approach and prepared nanoporous PdCe nanocubes by selectively de-alloying ternary 

Pd15Ce5Al80 alloy ribbons in 5 M NaOH solution for 48 h at 50 oC.[180] Supported by electrochemical 
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evaluation and DFT calculations, they reported that alloying Pd with Ce could induce an obvious negative 

shift of the d-band center relative to that of Pd, which dramatically weakens its binding to O and thereby 

increases the intrinsic ORR activity of the PdCe alloy. Additionally, the morphology and microstructure of 

the final products could be affected by any of the synthetic parameters, including the type and concentration 

of chemicals, de-alloying temperature and time. Before this work, Zhang and coworkers also prepared a 

series of nanoporous alloys with different microstructures, compositions, and porosities by successively de-

alloying a ternary alloy Al75Pd17.5Au7.5 alloy in NaOH/HCl and HNO3 aqueous solutions.[181] These 

nanoporous alloys with unique structures and compositions could be potentially served as promising 

candidates for ORR catalysts in alkaline media. In short, de-alloying has become a useful approach to 

strengthen the electrocatalytic performance by precisely manipulating the surface structure, composition, and 

strain.  

In a remark, the aforementioned strategies are capable of being widely applied for delicately tuning the 

ORR performance of Pd-based electrocatalysts. These methods as well as their combinations can also 

significantly facilitate the understanding of structure–performance relationship and the intrinsic reaction 

mechanisms. To summarize these contributions clearly, some typical Pd-containing electrocatalysts together 

with their synthetic strategies and ORR activities in alkaline media are presented in Table 2. It is worth 

pointing out that, in some cases, it is vital to simultaneously couple multiple strategies in a practical 

syntheses system, ultimately resulting in extraordinary performance improvement. In addition, it seems that 

regulating the metal-support interaction in Pd-based hybrid catalysts has recently been demonstrated to be an 

effective strategy to advance their ORR performance,[58] and increasing interests begin to focus on the 

development of general and cost-saving strategies to enable gaining high-efficient ORR catalysts used in 

alkaline polymer electrolyte fuel cells (APEFC).   

Table 2. Summary of the synthesis methods and ORR activities of some typical Pd-containing 

electrocatalysts reported previously in alkaline media. 

Catalysts 
 

Synthesis  
method 

Electrolyte 
Mass activity 

at 0.9 V 
(A mgPd

-1) 

Specific Activity 
at 0.9 V  

(mA cmPd
-2) 

Half-wave 
potential 

E1/2  (V vs. RHE) 
Reference 

Ordered intermetallic 
Pd3Pb 

 

Phase control 0.1 M KOH 0.169 NA 0.92 [34] 

Pd@PdFe core−shell 

icosahedra 
 

Surface-strain control 0.1 M KOH 0.31 1.56 NA [35] 

Pd3Pb ultrathin porous 
intermetallic nanosheets 

Surface-strain control 0.1 M KOH 0.59 1.18 NA [79] 
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Dendritic Pd59Cu30Co11 
nanoalloy 

 

Surface-strain control 0.1 M KOH 0.38 0.9 0.91 [80] 

Pd17Se15 nanoparticles Phase control 0.1 M KOH 0.460 1.201 NA [102] 
        

Ordered PdCuCo 
nanoparticles 

 

Phase control 0.1 M NaOH 0.13 NA 0.872 [103] 

L12-ordered  
Pd3Pb tripods 

 

Phase control 0.1 M KOH 0.56 1.76 NA [108] 

Ordered intermetallic 
Pd31Bi12 

 

Phase control 0.1 M KOH NA 9.2 0.93 [109] 

Monoclinic Pd5Bi2 Phase control 0.1 M KOH 2.05 NA 0.93 [29] 
       

Pd−P nanoparticle Heteroatom doping 0.1 M KOH 2.21 5.16 0.85 [124] 
       

Pd50Cu50 thin films Heteroatom doping 1 M KOH 0.13 2.3 0.886 [130] 
        

Pd-B nanoparticles Heteroatom doping 0.1 M KOH 2.38 4.13 0.86 [140] 
        

B-Pd nanoparticles Heteroatom doping 0.1 M KOH 0.97 1.27 NA [143] 
        

Ternary PdBP 
mesoporous 
nanospheres 

Heteroatom doping 0.1 M KOH 1.45 2.45 0.92 [146] 

       
AuCu@Pd core-shell 

nanoparticles 
Surface-strain control 1 M KOH 1.781 1.08 NA [154] 

       
Tensile strained 

Pd3Pb@Pd core-shell 
nanosheets 

Surface-strain control 0.1 M KOH 0.574 1.31 NA [161] 

       
PdAu hollow 

nanospheres with 
Au‐ rich shells 

Surface-strain control 0.1 M KOH 0.153 0.13 0.866 [162] 

       
Pd6Ni icosahedra Surface-strain control 1 M KOH 0.22 0.66 NA [166] 

       
Ordered intermetallic 
Pd3Bi nanoparticles 

Phase control 0.1 M KOH 1.2 2.3 ~0.95 [173] 

       
Ni–Pd core–shell 

nanoparticles 
Surface-strain control 0.1 M KOH 0.038 NA 0.86 [30] 

       
Ordered intermetallic 

Pd3Fe  
Phase control 0.1 M KOH 0.0974 NA ~0.88 [107] 

       
Nanoporous PdCe 

nanocubes 
De-alloying 0.1 M KOH 0.078 NA NA [180] 

       
 

 

 

4. Conclusions and Perspectives 
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In this review, we have elaborately outlined recent research advances on the exquisite design of cost-

effective and high-performance Pd-based ORR electrocatalysts in alkaline fuel cells at the atomic level. 

Considerable progress has been made in the synthesis, characterization, and related evaluation for ORR in 

alkaline media. These developed approaches such as shape control, crystal phase exploration, heteroatom 

doping, surface strain engineering, and de-alloying have significantly boosted the ORR performance of many 

Pd-based electrocatalysts.  

Despite these achievements, there still remains plenty of room for rationally designing Pd-based 

advanced electrocatalysts and for attaining deliberate synthesis of new electrocatalysts with high activity and 

remarkable long-term durability toward alkaline ORR. Currently, the mechanistic understanding of the 

controlled synthesis at the atomic or molecular level and thus establishing the fundamental correlation 

between the nanostructure and ORR performance are falling far behind the development of synthetic 

strategies in terms of empirical theory and insights. Specifically, inescapable and well-known issues often 

come with the irreproducibility of the synthesis and narrow applicability of the established approaches. As 

such, future development to address these issues should devote more efforts to exploiting in-situ techniques 

with high-resolution characterizations at the atomic-scale and quantitative assessment since these are crucial 

for deeply understanding the intrinsic reaction mechanisms. On this basis, simultaneously combining several 

approaches may be considered to be effective for greatly boosting the activity and durability of Pd-based 

ORR catalysts. Meanwhile, there is a considerable mismatch in assessing intrinsic catalytic activity and 

stability between rotating disk electrode (RDE) and membrane electrode assembly (MEA) techniques, 

mainly due to the obvious discrepancy in mass transport, catalyst layer thickness, operating temperature and 

pressure. To bridge this gap and contribute to fast screening high-efficient ORR catalysts, it is highly 

expected to develop novel evaluation techniques for fuel cells, such as floating electrode technique (FET) 

and thin-film gas diffusion electrode (GDE) technique.[182, 183] Additionally, the development of novel 

synthetic strategies is highly desirable and will be also essential for the precise control of Pd-based 

electrocatalysts. It is worth mentioning that solution-based approaches commonly use capping agents and 

stabilizers to regulate the growth of nanocrystals and avoid the nanocrystals aggregations. Many cleaning 

procedures including the post-synthesis treatment wouldn’t effectively remove all of the capping agents and 

stabilizers that are absorbed on the surfaces of final products. Even trace amounts of the remaining chemicals 

on the catalyst surface would significantly hamper the performance toward ORR. Furthermore, the post-
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cleaning process such as thermal annealing and plasmon treatment may also result in serious structural 

degradation. To avoid these issues, novel surfactant-free approaches for the synthesis of Pd-based 

electrocatalysts with revolutionary ORR performance in alkaline media are anticipated urgently. 

Another unneglectable concern associated with the Pd-based electrocatalysts in alkaline media is their 

durability under harsh ORR conditions. In the preliminary laboratory studies, the testing period is typically 

in a range of ~10 to ~100 h. However, to meet the U.S. DOE target of 8000 h for practical applications, the 

stability of Pd-based electrocatalysts needs to be substantially increased. Moreover, relevant studies with 

respect to the degradation mechanisms of Pd-based electrocatalysts are still lacking. Perhaps, integration of 

operando spectroscopic measurements and computational simulations may offer a feasible strategy to probe 

the mechanistic origin, which can be also used to guide the strategic synthesis. Meanwhile, it has been 

discussed that the unstable carbon support in alkaline media could ultimately lead to the generation of metal 

carbonates on the interfaces between the catalyst and the support. As a result, the development of novel 

support with high stability for Pd-based electrocatalysts should be another milestone in this field. 
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TOC 

 
This review focuses on Palladium (Pd)-based electrocatalysts for the oxygen reduction reaction (ORR) in 

alkaline media. After a brief introduction and fundamental ORR mechanism overview, various strategies for 
delicately designing high-performance Pd-based catalysts are throughout discussed together with 

associated examples. Perspectives with challenges and new insights are further outlined, and some 
emerging research directions are also proposed. 
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