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Electronic and lattice strain dual
tailoring for boosting Pd electrocatalysis
in oxygen reduction reaction

Qing Zeng,1,2 Danye Liu,1,2 Hui Liu,1,3 Penglei Cui,1 Chaoquan Hu,1,3 Dong Chen,1,3,* Lin Xu,4,* Xiang Wu,5

and Jun Yang1,2,3,6,*

SUMMARY

Deliberately optimizing the d-band position of an active component via electronic
and lattice strain tuning is an effective way to boost its catalytic performance.We
herein demonstrate this concept by constructing core-shell Au@NiPd nanopar-
ticles with NiPd alloy shells of only three atomic layers through combining an
Au catalysis with the galvanic replacement reaction. The Au core with larger elec-
tronegativity modulates the Pd electronic configuration, while the Ni atoms al-
loyed in the ultrathin shells neutralize the lattice stretching in Pd shells exerted
by Au cores, equipping the active Pd metal with a favorable d-band position for
electrochemical oxygen reduction reaction in an alkaline medium, for which
core-shell Au@NiPd nanoparticles with a Ni/Pd atomic ratio of 3/7 exhibit a
half-wave potential of 0.92 V, specific activity of 3.7 mA cm�2, and mass activity
of 0.65 A mg�1 at 0.9 V, much better than most of the recently reported Pd-even
Pt-based electrocatalysts.

INTRODUCTION

Oxygen reduction reaction (ORR), a crucial reaction in fuel cells and metal-air batteries for directly convert-

ing chemical energy into electricity energy (Bu et al., 2016; Chen et al., 2019a; Shao et al., 2019; Tao et al.,

2020; Wang et al., 2011, 2018a, 2018b), has been considered as the rate-limiting step in these electrochem-

ical devices. Robust and highly efficient electrocatalysts are therefore required to boost the sluggish ki-

netics of ORR (Chen et al., 2017, 2019b; Lu et al., 2017; Shao et al., 2019; Wang et al., 2018a, 2018b,

2019a; Ye et al., 2019). To this end, a wide variety of electrocatalysts has been continuously engineered

and constructed, in which platinum (Pt)-based nanomaterials are dominant and serve as the most efficient

catalysts for ORR owing to their unique electron structure for the fast reaction kinetics (Chen et al., 2019b;

Kakati et al., 2014; Li et al., 2016; Wang et al., 2018a, 2018b, 2019b). Besides, palladium (Pd)-based nano-

materials are also regarded as the potential electrocatalysts for ORR, owing to similar physical properties to

Pt, such as phase structure, atomic size, and electron configuration, which have been extensively studied,

and their electrocatalytic performance for ORR is continuously improved (Antolini, 2009; Bu et al., 2018;

Chen et al., 2016; Deming et al., 2015; Fu et al., 2014; Guo et al., 2014; Jiang et al., 2015, 2020; Koenigsmann

et al., 2012; Koenigsmann andWong, 2011; Lu et al., 2020; Li and Prakash, 2009; Liu et al., 2014, 2018; Noha

and Shim, 2016; Neergat et al., 2011; Shao et al., 2006; Shim et al., 2011; Sonika et al., 2019; Xu et al., 2013;

Yang et al., 2016, 2019).

Many studies have documented that the Pd shells grown on an Au core usually show excellent electroca-

talytic properties for ORR, even beyond Pt in an alkaline medium owing to the electron transfer from Pd to

Au that has relatively larger electronegativity (Chen et al., 2016; Fu et al., 2014; Noha and Shim, 2016; Sonika

et al., 2019; Yang et al., 2016). This electronic coupling lowers the adsorption energy of oxygenated inter-

mediates, e.g., O/OH, O2
- and H2O2 in ORR process on the Pd sites, which is originally stronger than that on

the Pt surface according to the volcano plot of ORR (Deming et al., 2015; Shao et al., 2006), facilitating the

reaction kinetics and enhancing the intrinsic electrocatalysis for ORR. In principle, as the thickness of the

shell continues to decrease, this electronic coupling should be more capable to weaken the adsorption en-

ergy of the oxygenated intermediates on Pd surfaces. However, the lattice expansion in the thin Pd shell

induced by the Au core with relatively larger lattice parameters also becomes more prominent, leading

to the upshift of the d-band position of Pd metal, which would harm its ORR activity by in turn enhancing
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the adsorption of oxygenated intermediates on the same (Chen et al., 2016; Deming et al., 2015; Laskar and

Skrabalak, 2016; Liu et al., 2021). Therefore, for completely making use of the advantages of thin Pd shell for

ORR electrocatalysis, the disadvantaged lattice expansion should be averted for favorable adsorption of

ORR intermediates. Nevertheless, both steadily obtaining core-shell structures with ultrathin shells and en-

gineering them at the atomic level are hard and face great challenges (Chen et al., 2016; Xie et al., 2012,

2014).

We herein demonstrate a dual tailoring strategy to deliberately optimize the d-band position of Pd metal

for boosting its performance in ORR electrocatalysis. In this strategy, we construct core-shell Au@NiPd

nanoparticles with NiPd alloy shells of only three atomic layers by combining Au-catalyzed formation of

core-shell Au@Ni nanoparticles with galvanic replacement reaction between Ni shells and Pd2+ precursors.

In the final core-shell products, the Au core modifies the electronic configuration of Pd atoms through its

bigger electronegativity, whereas the Ni atoms alloyed in the ultrathin shells neutralize the lattice stretch-

ing in Pd shells exerted by the Au cores, equipping the active Pd metal with an optimized d-band position

favorable for the ORR electrocatalysis. In specific, the core-shell Au@NiPd nanoparticles at a Ni/Pd atomic

ratio of 3/7 exhibit a half-wave potential of 0.92 V, specific activity of 3.7 mA cm�2, and mass activity of 0.65

A mg�1 at 0.9 V versus reversible hydrogen electrode (RHE) for ORR in an alkaline medium, much better

than those of their core-shell Au@Pd counterparts, commercial Pd/C and Pt/C catalysts, as well as the ma-

jority of the recent reported Pd-based electrocatalysts. Furthermore, as revealed by density functional the-

ory (DFT) calculations, benefiting from the neutralization of Pd lattice expansion and the electronic

coupling between Au and Pd, the adsorption energy of oxygenated intermediates on the sub-nano

NiPd alloy shells weakens, promoting the hydrogenation of O* to *OH, which is the rate-determined

step during ORR, and enhancing their ORR electrocatalytic behavior.

RESULTS AND DISCUSSION

Synthesis and characterizations of core-shell Au@NiPd nanoparticles with sub-nano NiPd

alloy shells

As shown by the scheme in Figure 1A, a strategy that combines Au-catalyzed formation of core-shell Au@Ni

nanoparticles with galvanic replacement reaction (GRR) between Ni shell and Pd2+ precursors was em-

ployed to gain sub-nano NiPd alloy shells on the Au cores. The Au seeds used in this strategy have an

average size of 8.18 nm with a standard deviation of 1.75 nm, as evinced by the transmission electron mi-

croscopy (TEM) and high-resolution TEM images in Figure S1 as well as the histogram in Figure S2A of sup-

plemental information. Then, with the assistance of Au catalysis we discovered before (Chen et al., 2016)

that the Ni2+ ions are reduced and grow on the Au cores, forming core-shell Au@Ni nanoparticles with a

Ni shell of up to three atomic layers. We initially used this Au catalysis strategy to prepare core-shell

Au@Pd nanoparticles with Pd shells of up to three atomic layers in aqueous phase (Chen et al., 2016)

and found that it is applicable for other core-shell systems in organic media. Analogous to the Au@Pd

case in aqueous solution, for the Au@Ni system, after growing three Ni atomic layers in oleylamine on

the Au cores, the surface property of the core-shell Au@Ni nanoparticles would resemble pure Ni particles,

and lose its capability of catalytic reduction, ceasing the continuous reduction of Ni2+ precursors. The TEM

image in Figure 1B and the corresponding histogram in Figure S2B demonstrate that these core-shell

Au@Ni nanoparticles are quasi-spherical with an average size of 8.78 nm. As clearly observed in high-res-

olution aberration-corrected high-angle annular dark-field scanning TEM (HAADF-STEM) images in Fig-

ures 1C and S3A, the brightness contrast between the central and the extremely thin edge region of the

particles indicates their typical core-shell feature with the ultrathin shell (Liu et al., 2021; Kim et al.,

2017). The element mapping analyses of two arbitrarily selected particles shown in Figure 1D1 also indis-

putably confirms their core-shell construction (Figures 1D2�D4). In addition, the lattice spacing of

0.195 nm at shell region and 0.233 nm at core region could be clearly identified from Figure 1C, corre-

sponding to the (111) crystal facets of face-centered cubic (fcc) Ni and Au phases, respectively.

The ultrathin Ni shells of only three atomic layers would reduce the subsequently added Pd2+ ions under

the reaction temperature depending on GRR between them (Figure 1A), which converts the thin Ni shells

into sub-nano NiPd alloy shells and results in core-shell Au@NiPd nanoparticles with an alloy shell thickness

of only three atomic layers. With different feeding amounts of Pd2+ ions, i.e., 0.00625, 0.0125 and

0.025 mmol, the actual Ni/Pd molar ratios in the alloy shells determined by inductively coupled plasma-

atomic emission spectrometry (ICP-AES) are 9/1, 3/7, and 1/9 (as summarized in Table S1), corresponding

to core-shell Au@NixPdy products labeled as Au@Ni9Pd1, Au@Ni3Pd7, and Au@Ni1Pd9, respectively. It is
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noteworthy that, when Pd2+ and Ni2+ ions are simultaneously added into the reaction system with the ex-

istence of Au seeds, core-shell-shell Au@Pd@Ni nanoparticles would be formed as dominant products

instead of core-shell Au@NiPd nanoparticles owing to the larger oxidation/reduction potential of

Pd2+/Pd than that of Ni2+/Ni.

Figure 1. Synthetic Strategy and Characterizations of Core-shell Au@NiPd Nanoparticles

(A) Schematic illustration showing the combination of Au catalysis with galvanic replacement reaction for the formation of core-shell Au@NiPd nanoparticles

with sub-nano NiPd alloy shells.

(B) TEM image of core-shell Au@Ni nanoparticles.

(C and D1) Aberration-corrected HAADF-STEM images of core-shell Au@Ni nanoparticles.

(D2�D4) Element mapping analyses of two arbitrarily selected core-shell Au@Ni nanoparticles shown in (D1).

(E) TEM image of core-shell Au@Ni3Pd7 nanoparticles.

(F and J1) Aberration-corrected HAADF-STEM images of core-shell Au@Ni3Pd7 nanoparticles.

(H) Fast Fourier transform image corresponding to the particle shown in (F).

(I) Magnified STEM image of the selective area of the particle shown in (F) encircled by red dotted line.

(G) Intensity profile along the yellow arrow direction from the selected area encircled by yellow dotted line shown in (I).

(J2�J5) Element mapping analyses of the arbitrarily selected core-shell Au@Ni3Pd7 nanoparticles shown in (J1).
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We take Au@Ni3Pd7 nanoparticles as typical examples to demonstrate the characterizations of their core-

shell constructions and sub-nano features in their shell regions. As shown in Figures 1E and S2C, the con-

version from Ni shells to NiPd alloy shells does not change the spherical morphologies of these core-shell

nanoparticles and only leads to slight increase in average particle sizes (from 8.78 to 8.86 nm). The clear

diffraction spots observed in fast Fourier transform image of the particle shown in Figure 1F verifies that

the core-shell products generated from GRR between Ni shell and Pd2+ ions retain periodic structure

and good crystallinity (Figure 1H). Analogously, the appeared brightness contrast from HAADF-STEM im-

ages of Figures 1F and S3B distinctly manifests that the shell thickness of the core-shell Au@NiPd nanopar-

ticles is in the sub-nano scale. Their exact core-shell structure with an Au core and a NiPd alloy shell could

be further uncovered by the element mapping analyses of the particles shown in Figure 1J1, in which the

signal of Au is concentrated on the central region of these particles (Figures 1J2 and 1J5), while the signals

of both Pd and Ni are uniformly distributed on the particle margins (Figures 1J3�1J5). Furthermore, the

alloy shell of only three atomic layers could be identified from the magnified HAADF-STEM image (Fig-

ure 1I) of the selected area encircled by the red dotted line shown in Figure 1F. Also, as clearly observed

from the intensity profile of the yellow-dot-line encircled area (Figure 1G), along the direction indicated by

the yellow arrow in Figure 1I, the NiPd alloy shell of only three atomic layers on Au core is determined. In

addition, a (111) facet of NiPd alloy shells with lattice spacing of 0.210 nm and a (111) facet of Au cores with

lattice spacing of 0.234 nm could also be discerned from Figure 1I. It should be noteworthy that the lattice

spacing of alloy NiPd (111) crystal facet is smaller than that of pure Pd (111) crystal facet (0.225 nm) and that

of Pd (111) crystal facet of core-shell Au@Pd nanoparticles (0.231 nm) synthesized by the Au-catalyzed strat-

egy, as shown in Figure S4. Correspondingly, based on these lattice spacings, the lattice parameters of the

sub-nano NiPd alloy shell and pure Pd shell on Au core were calculated to be 0.3637 nm and 0.4053 nm,

respectively, which suggest that the contraction of Pd lattices is achieved in the sub-nano shells through

alloying with Ni atoms.

The effect of Ni atoms in sub-nano shells on the contraction of Pd lattices could also be revealed by XRD

patterns. As shown in Figure S5, the XRD patterns of both core-shell Au@Ni3Pd7 nanoparticles and core-

shell Au@Pd nanoparticles show the typical diffraction peaks corresponding to face-centered cubic (fcc)

phase. Owing to the ultrathin shell of only three atomic layers, the diffraction peaks of all core-shell samples

are inevitably dominated by Au core. However, a discernible positive shift of the (111) diffraction peak for

core-shell Au@Ni3Pd7 nanoparticles could be observed in comparison with that of core-shell Au@Pd nano-

particles, also illustrating that, to a certain extent, alloying with Ni atoms could neutralize the lattice tensile

effect in Pd layer imposed by the Au cores.

The XPS spectra were employed to probe the surface composition of the as-synthesized core-shell samples

and further explore the lattice tailoring in the sub-nano shells. As observed in Figure 2A, the 3d XPS spectra

of Pd for all these samples could be deconvoluted into two pairs of doublets, corresponding to its metallic

state at lower binding energy and oxidation state at higher binding energy, respectively (Chen et al., 2020;

Huang et al., 2017; Wang et al., 2015). Of note, compared with those of commercial Pd/C catalyst, the Pd 3d

peaks of core-shell Au@Pd have an apparent shift to lower values. In contrast, the Pd 3d peaks of core-shell

Au@Ni3Pd7 nanoparticles exhibit a slight shift to higher values, which suggests that the lattice tensile effect

in the sub-nano alloy shells induced by Au core with bigger lattice parameters has been neutralized (Chen

et al., 2015, 2016; Deming et al., 2015; Laskar and Skrabalak, 2016). The reverse shift highlights the key role

of Ni in regulating lattice strain effect in atomic level. Alloying with Ni atoms not only compensates the Pd

lattice expansion induced by the Au core but also leads to slight shrinkage of its lattice spacing, which

reversibly results in a mild increase of Au 4f binding energies for core-shell Au@Ni3Pd7 nanoparticles, as

evinced by Figure 2B. The variation of the lattice characteristics inevitably changes the d-band position

of Pd in these samples. As shown in the surface valence spectra of Figure 2C, compared with that of com-

mercial Pd/C catalyst, the lattice expansion upshifts the d-band position of Pd of core-shell Au@Pd nano-

particles (Chen et al., 2015, 2016), while the lattice contraction in the sub-nano NiPd alloy shells lowers the

d-band position of Pd of core-shell Au@Ni3Pd7 nanoparticles. Furthermore, Ni atoms in sub-nano alloy

shell also would cause the electron effect, leading to the electron to flow from Pd atoms to Ni atoms

due to more d-band vacancies of Ni than that of Pd (Xu et al., 2013), which also would lower the d-band

position of Pd. The change of d-band center of Pd could be demonstrated by the electrochemical reduc-

tion of PdO shown in Figure 2D (Liu et al., 2014). The most positive reduction peak potential (ca. 804 mV) in

cyclic voltammogram (CV) curves of core-shell Au@Ni3Pd7 relative to that in CVs of core-shell Au@Pd (ca.

795 mV) and commercial Pd/C catalyst (ca. 650mV) illustrates the weakest adsorption energy of hydroxyl on

ll
OPEN ACCESS

4 iScience 24, 103332, November 19, 2021

iScience
Article



the NiPd alloy surface. Interesting, core-shell Au@Pd nanoparticles also possess a more positive potential

than that of commercial Pd/C catalyst for the reduction of PdO species, and this could be attributed to the

strong electronic coupling between their Au core and ultrathin Pd shell regions (Fu et al., 2014). Similarly,

the CO stripping curve of core-shell Au@Ni3Pd7 nanoparticles appears an obvious negative shift (Fig-

ure S6), also supporting the weak adsorption energy of oxygenated species on their Pd sites. In addition,

the ECSAs based on the integral areas of corresponding CO stripping peaks shown in Figure S6 are calcu-

lated to be 118.1 m2 g�1 for core-shell Au@Ni3Pd7 nanoparticles, 60.1 m2 g�1 for core-shell Au@Pd nano-

particles, and 80.0 m2 g�1 for commercial Pd/C catalyst, respectively. Because of almost exactly the same

size for core-shell Au@Ni3Pd7 nanoparticles and core-shell Au@Pd nanoparticles, as well as the dilution ef-

fect of Ni atoms on the Pd site in alloy shells, the larger ESCA of core-shell Au@Ni3Pd7 nanoparticles just

manifests the presence of higher ratio of the electrochemically active sites on the sub-nano NiPd alloy

shells relative to that on the pure Pd shells.

Electrochemical measurements for ORR on core-shell Au@NiPd nanoparticles

The electrocatalytic properties of core-shell Au@Ni3Pd7 nanoparticles for ORR in alkaline media were eval-

uated and benchmarked against core-shell Au@Pd nanoparticles, commercial Pd/C, and commercial Pt/C

catalysts. The ORR polarization curves of these catalysts were obtained by performing the LSV in O2-

Figure 2. XPS and Electrochemical Characterizations of Core-shell Nanoparticles

(A) Pd 3d XPS spectra of core-shell Au@Ni3Pd7 nanoparticles, core-shell Au@Pd nanoparticles, and commercial Pd/C catalyst.

(B) Au 4f XPS spectra of core-shell Au@Ni3Pd7 nanoparticles and core-shell Au@Pd nanoparticles.

(C) Surface valence spectra of core-shell Au@Ni3Pd7 nanoparticles, core-shell Au@Pd nanoparticles, and commercial Pd/C catalyst.

(D) Cyclic voltammogram (CV) curves in 0.1 M KOH at a scan rate of 50 mV s-1 for core-shell Au@Ni3Pd7 nanoparticles, core-shell Au@Pd nanoparticles, and

commercial Pd/C catalyst.
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saturated 0.1 M KOH. As clearly shown in Figure 3A, both of the core-shell Au@Pd nanoparticles with or

without the Ni atoms in the sub-nano shells exhibit higher half-wave potentials (0.92 and 0.88 V for core-

shell Au@Ni3Pd7 nanoparticles and core-shell Au@Pd nanoparticles, respectively) not only relative to com-

mercial Pd/C catalyst (0.81 V), even relative to commercial Pt/C catalysts (0.86 V), demonstrating the supe-

riority of core-shell nanostructures for electrochemically catalyzing O2 reduction. Furthermore, the larger

half-wave potential of core-shell Au@Ni3Pd7 nanoparticles than that of core-shell Au@Pd nanoparticles in-

dicates the positive effect of Ni atoms in the alloy shells on boosting the ORR performance of Pd sites. Fig-

ure 3B compares the current densities of these four catalysts normalized by the geometric area of electrode

(specific activity) and by the mass of Pd loaded on the electrode (mass activity) at 0.9 V for ORR. As ex-

pected, core-shell Au@Ni3Pd7 nanoparticles show the mass activity of 0.63 A mg�1 at 0.9 V and is 3.3,

5.9, and 13.0 times higher than that of core-shell Au@Pd nanoparticles (0.2 A mg�1), commercial Pt/C cata-

lyst (0.11 A mg�1), and commercial Pd/C catalyst (0.05 A mg�1), respectively. Also, the specific activity of

core-shell Au@Ni3Pd7 nanoparticles for ORR reaches to 3.7 mA cm�2 at 0.9 V, which is much higher than

2.5 mA cm�2 of core-shell Au@Pd nanoparticles, 2.1 mA cm�2 of commercial Pt/C catalyst, and 0.9 mA

cm�2 of commercial Pd/C catalyst. In addition, the enhanced mass activity and specific activity of Au@-

Ni3Pd7 nanoparticles also surpass the majority of the recently reported Pd-even Pt-based ORR electroca-

talysts, as summarized in Table S2. The smallest Tafel slope of core-shell Au@Ni3Pd7 nanoparticles (73 mV

dec�1) among these four catalysts suggests the fastest ORR kinetics on their sub-nano NiPd alloy shells, as

displayed in Figure 3C. The Nyquist plots of EIS disclose that the core-shell Au@Ni3Pd7 nanoparticles

possess a much smaller semicircle diameter than other reference catalysts (Figure 3D), which represents

a lower electron transfer resistance during ORR. Moreover, the equivalent circuit of the electrochemical

interface has been depicted as shown in the inset of Figure 3D. The circuit includes an electrolyte resistance

(Rs), charge transfer resistance (Rct), and Q associated with a constant phase element corresponding to the

double layer capacitance. The values of Rct for core-shell Au@Ni3Pd7 nanoparticles, core-shell Au@Pd

nanoparticles, commercial Pt/C catalyst, and commercial Pd/C catalyst were determined to be 131, 320,

750, and 2,419 U cm�2, respectively. The lowest Rct value of core-shell Au@Ni3Pd7 nanoparticles again

demonstrates their fastest electron transfer during ORR. The favorable reaction kinetics and fast electron

transfer equip the core-shell Au@Ni3Pd7 nanoparticles with excellent electrocatalytic behavior toward

ORR, vividly demonstrating that the dual tailoring on electronic coupling and lattice strain effect could

effectively boost the electrocatalysis of Pd sites for ORR.

For assessing theORR pathway on the sub-nanoNiPd alloy shells, polarization curves were recorded at different

rotating speeds (Figure 3E). The nearly parallel Koutecky-Levich (K-L) plots inserted in Figure 3E suggest the first-

order reaction kinetics toward the oxygen dissolved in the electrolyte. According to the K-L equation, the elec-

tron-transfer number (n) is determined to be 3.9 to 4.1 over the whole potential range, indicating that the four-

electron pathway is dominant for ORR on the sub-nanoNiPd alloy shells of core-shell Au@Ni3Pd7 nanoparticles.

Moreover, as shown in Figure S7, in the selected potential range, the calculated peroxide yield of core-shell

Au@Ni3Pd7 nanoparticles during ORR remains below 1.5%, corresponding to their high electron-transfer num-

ber for ORR. In addition to their remarkable activity, the core-shell Au@Ni3Pd7 nanoparticles also have excep-

tional electrocatalytic durability for ORR. As shown in Figure 3F, after undergoing an accelerated durability

test for 10,000 cycles, the core-shell Au@Ni3Pd7 nanoparticles have little changes in half-wave potential and spe-

cific activity at 0.9 V for ORR, which are much better than those of commercial Pt/C catalyst (Figure S8A). Based

on their CO stripping peak (Figures S8B and S8C), the ECSA of core-shell Au@Ni3Pd7 nanoparticles after the

accelerated durability test only decreases by 6.9% (Figure S8D) and is much lower than that of commercial Pt/

C catalyst after the accelerated durability test (34.8%).Moreover, the core-shell construction and surface compo-

sition are alsomaintained for core-shell Au@Ni3Pd7 nanoparticles after the accelerated durability test, as proved

by themicroscopic images in Figure S9 and the ICP-AES data in Table S1, which guarantee them to continuously

and stably catalyze the reduction of oxygen molecules.

For full transparency of this study, we also evaluated the electrocatalytic performance of core-shell Au@-

Ni3Pd7 nanoparticles for ORR in an acidic medium (0.1 M HClO4). Unfortunately, as shown in Figure S10,

different from the highly efficient electrocatalysis for ORR in the alkaline electrolyte, the current density

of core-shell Au@Ni3Pd7 nanoparticles for ORR in the acidic medium is lower than that of commercial

Pt/C catalyst, illustrating that the electron effect and lattice strain in the sub-nano NiPd alloy shells cannot

significantly promote the originally sluggish reaction kinetics of ORR on Pd sites in the acidic conditions.

Therefore, the core-shell Au@Ni3Pd7 nanoparticles currently developed in this work are only suitable for

the ORR in alkaline media.
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Figure 3. Electrochemical Measurements for Oxygen Reduction Reaction (ORR)

(A) ORR polarization curves of core-shell Au@Ni3Pd7 nanoparticles, core-shell Au@Pd nanoparticles, commercial Pd/C catalyst, and commercial Pt/C catalyst

at room temperature in O2-saturated 0.1 M KOH at a scan rate of 10 mV s-1 and a rotating speed of 1,600 rpm.

(B) Column diagrams of mass activity and specific activity of different catalysts at 0.9 V.

(C) Tafel plots over core-shell Au@Ni3Pd7 nanoparticles, core-shell Au@Pd nanoparticles, commercial Pd/C catalyst, and commercial Pt/C catalyst in 0.1 M

KOH.

(D) Nyquist plots of EIS over core-shell Au@Ni3Pd7 nanoparticles, core-shell Au@Pd nanoparticles, commercial Pd/C catalyst, and commercial Pt/C catalyst

in 0.1 M KOH.

(E) ORR polarization curves of core-shell Au@Ni3Pd7 nanoparticles at different rotating speeds.

(F) ORR polarization curves of core-shell Au@Ni3Pd7 nanoparticles before and after 10,000 cycles.
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Theoretical investigations into the ORR on core-shell Au@NiPd nanoparticles with sub-nano

NiPd alloy shells

DFT calculations were carried out to gain insights into the mechanism of ORR on core-shell Au@Ni3Pd7

nanoparticles. As clearly shown in the free energy diagram for ORR over core-shell Au@Ni3Pd7 nanopar-

ticles, core-shell Au@Pd nanoparticles, and commercial Pd/C catalyst (Figure 4A), when no extra potential

is applied, the free energy of every elementary reaction for ORR on these three catalysts gradually de-

creases at 0 V (Figures 4 and S11). While at the equilibrium potential of 1.23 V, the hydrogenation of O*

to form OH* on the surface of these three catalysts must overcome the highest energy barrier originating

from too strong adsorption of oxygenated intermediates generated during ORR process, which is the most

seriously endothermic process as the rate-determined step for ORR on these catalysts. The lowest increase

of free energy for the step on the sub-nano alloy shell surfaces of core-shell Au@Ni3Pd7 nanoparticles illus-

trates their best electrocatalytic performance toward ORR compared with their core-shell Au@Pd counter-

parts and commercial Pd catalyst. Besides the electronic coupling between Au and Pd, the Ni atoms al-

loyed in the sub-nano alloy shell that leads to shrinkage of the Pd lattices further lower the adsorption

energy of oxygenated intermediates in ORR on Pd sites (Figures 4B�4D), which facilitates the hydrogena-

tion of O* to OH* and enhances the ORR activity of core-shell Au@Ni3Pd7 nanoparticles. An appropriate

molar ratio of Ni/Pd is necessary for the sub-nano NiPd alloy shells to have the optimal ORR performance.

As shown in Figure S12 and Table S3, the above-mentioned core-shell Au@Ni3Pd7 nanoparticles show the

Figure 4. DFT Computational Investigations

(A) Free energy diagram of ORR over core-shell Au@Ni3Pd7 nanoparticles, core-shell Au@Pd nanoparticles, and

commercial Pd/C catalyst at 0 and 1.23 V.

(B�D) The adsorbed model of intermediates OOH*, O*, and OH* on the surface of core-shell Au@Ni3Pd7 nanoparticles.
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maximum activity and half-wave potential for ORR, compared with the core-shell Au@NiPd nanoparticles

with other Ni/Pdmolar ratios in their sub-nano alloy shells. It is easy to understand that smaller amount of Ni

atoms in the NiPd alloy shells cannot sufficiently neutralize the tensile effect in Pd lattices imposed by Au

core, leading to limited decrease of the adsorption energy of oxygenated species on the Pd sites, while the

excess amount of Ni atoms would not only dilute the Pd sites but also unduly weaken the adsorption energy

of the oxygenated intermediates on the same, which may deteriorate the ORR by impeding the activation

of initial oxygen molecules.

DISCUSSION

In this work, core-shell Au@NiPd nanoparticles with sub-nano NiPd alloy shells of only three atomic layers

were successfully constructed by combining the Au-catalyzed formation of core-shell Au@Ni nanoparticles

with galvanic replacement reaction between pre-formed Ni shells and Pd2+ precursors. The as-prepared

core-shell Au@NiPd nanoparticles at a Ni/Pd molar ratio of 3/7 (Au@Ni3Pd7) show much higher mass activ-

ity and specific activity for ORR compared with core-shell Au@Pd nanoparticles, commercial Pd/C catalyst,

and commercial Pt catalyst. In addition, the nearly unchanged half-wave potential and specific activity at

0.9 V before and after the accelerated durability test for 10,000 cycles also verify their superior electroca-

talytic durability. DFT calculations reveal that, benefiting from the weakened adsorption energy of oxygen-

ated species on the Pd sites due to electronic coupling and lattice strain regulation, the hydrogenation of

O* to form OH* for ORR on the core-shell Au@Ni3Pd7 nanoparticles is prompted, significantly boosting

their electrocatalysis for oxygen reduction reaction.

Limitations of the study

For this study, it is difficult to accurately quantify the electron effect between the Au core and Pd shell, and

lattice strain of Pd shell imposed by the Au core and the doped Ni atoms in alloy shell, owing to the mutual

influence among them. In addition, the poor electrocatalytic activity of core-shell Au@NiPd nanoparticles

for ORR in acidic media is also a nonnegligible limitation for this study.
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METHODS DETAILS

Synthesis of core-shell Au@NiPd nanoparticles

For the synthesis of core-shell Au@NiPd nanoparticles with sub-nano NiPd alloy shells, an Au-catalyzed

strategy we developed before was employed for synthesizing core-shell Au@Ni nanoparticles (Chen

et al., 2016), which serve as sacrificial templates in subsequent replacement reaction with Pd2+ precursors.

In detail, 0.1 mmol of HAuCl4$4H2O was add to 10 mL of oleylamine in a three-necked flask. The mixture

was ultra-sonicated for 1 min, and then heated to 150�C under vigorous stirring for the formation of Au

seeds. After 2 h, the temperature of the reaction system was lowered to 120�C, and 0.1 mmol of Ni(acac)2
was added, followed by keeping the temperature at 120�C for 2 h for fulfilling the reduction of Ni2+ ions

under the Au catalysis. It is noteworthy that without Au assistance, the reduction of Ni2+ ions in oleylamine

at 120�C is not possible. As a result of Au catalysis, the Ni atoms continuously grow on the Au core and form

a shell with thickness of up to three atomic layers. Then, different amount of Pd(acac)2 (0.00625, 0.0125 and

0.025 mmol) was swiftly introduced, and the temperature was kept 3 more hours for completing the

galvanic replacement reaction between the thin Ni shell and Pd2+ ions, which converts the pure Ni shells

into NiPd alloy shells. Afterward, the final core-shell Au@NiPd products were firstly precipitated with meth-

anol, washed twice with methanol, and collected by centrifugation at 8000 rpm for 3min. Finally, the as-pre-

pared core-shell nanostructures were re-dispersed in 10 mL of n-hexane, denoted as core-shell Au@NixPdy

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Palladium(II) acetylacetonate Aladdin Co., Ltd CAS: 14,024-61-4

Gold chloride trihydrate Sinopharm Chemical Reagent CAS: 16961-25-4

Nickel(II) acetylacetonate J&K Scientific CAS: 3264-82-2

Oleylamine J&K Scientific CAS: 112-90-3

Nafion117 solution Sigma-Aldrich Co., Ltd CAS: 31175-20-9

Ethanol Beijing Chemical Works CAS: 64-17-5

Methanol Beijing Chemical Works CAS: 67-56-1

n-hexane Beijing Chemical Works CAS: 110-54-3

Pd/C catalyst (20 wt% Pd loading) Alfa Aesar Co., Ltd Stock No.: 38308

Pt/C catalyst (20 wt% Pt loading) Johnson Matthey Stock No.: Hispec3000
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nanoparticles, in which the x and y indicating the corresponding Ni/Pd atomic ratio in alloy shells were

determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES).

Synthesis of core-shell Au@Pd nanoparticles

Core-shell Au@Pd nanoparticles served as counterparts of core-shell Au@NiPd nanoparticles were also

synthesized based on the Au catalysis (Chen et al., 2016). Analogously, after synthesis of Au seeds, the tem-

perature of the reaction system was decreased to 100�C, followed by introduction of 0.1 mmol of Pd(acac)2
precursors. Then after 2 h, the core-shell Au@Pd nanoparticles were formed, precipitated, washed,

collected and re-dispersed in 10 mL of n-hexane.

Particle characterizations

The images of transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) were taken using

a JEOL JEM-2010F electron microscope operated at 200 kV. High-angle annular dark-field scanning TEM

imaging (HAADF-STEM) was performed on an aberration-corrected JEM-ARM 200F operated at 300 kV,

which provides a nominal image resolution of 0.07 nm. An energy dispersive X-ray spectroscopy (EDX)

analyzer attached to the aberration-corrected JEM-ARM 200F operated in the STEM mode was used to

analyze the element distributions of the obtained core-shell nanostructures. Powder X-ray diffraction

(XRD) patterns of the samples were recorded by a Bruker D8 diffractometer using Cu Ka radiation (l =

0.154056 nm), and the X-ray photoelectron spectra (XPS) were collected using a Thermo Scientific K-Alpha

XPS spectrometer. The ICP-AES test was conducted on Thermo Scientific 6300 to determine the accurate

content of the corresponding component in as-prepared core-shell samples.

Electrochemical measurements

For the electrochemical measurements, core-shell Au@NiPd nanoparticles and their core-shell Au@Pd

counterparts were loaded on the active carbon substrate. The calculated amounts of carbon powder

were added to the hexane solution of core-shell nanoparticles. After stirring for 6 h, the carbon supported

samples were collected by centrifugation and dried at room temperature in a vacuum. The accurate con-

tents of the Pd loaded on carbon substrates were determined by ICP-AES.

Electrochemical measurements were conducted on a standard three-electrode cell that was connected to a

Bio-logic VMP3 potentiostat. A leak-free Ag/AgCl electrode and a platinummesh (13 1 cm2) attached to a

platinum wire were used as the reference and counter electrode, respectively. All potentials were con-

verted to values with reference to RHE.

The working electrode was prepared as follows: 5 mg of the carbon-supported nanoparticles was ultrason-

ically dispersed in 1 mL of ethanol containing 0.05 mL of Nafion solution. Subsequently, 5 mL of the ink was

dropped onto the 5-mm glassy carbon disk electrode, which was then dried in a warm air stream at 70�C for

1 h. The electrochemically active surface areas (ECSAs) of these Pd-based nanostructures were determined

based on the electrochemical CO stripping curves, and were calculated using an equation in term of

ECSA = Q/420G, where Q is the charge of the desorption of CO in microcoulomb (mC), which is calculated

by dividing the scan rate (0.05 V s�1) with the integral area of the stripping peak, G represents the mass

loading of Pd (mg) on the electrode determined by ICP-AES, and 420 is the theoretical charge (mC cm�2)

for stripping a monolayer of CO from the surface of catalysts.

The linear sweep voltammetry (LSV) curves of core-shell Au@NiPd nanoparticles, core-shell Au@Pd nano-

particles, commercial Pd/C and Pt/C catalysts for ORR at room temperature were obtained by rotating disk

electrode (RDE) tests, which were carried out in an O2-saturated 0.1 M KOH solution with a scan rate of

10 mV s�1 at different rotation rates. The RDE tests of core-shell Au@NiPd nanoparticles and commercial

Pt/C catalysts in the acidic medium were performed in 0.1 M HClO4 solution with a scan rate of 10 mV s�1 at

a rotating speed of 1600 rpm. Rotating Disk Ring Electrode (RRDE) tests also were performed in the same

condition, and the ring electrode was held at 1.4 V to collect the peroxide generated at the disk electrode.

The yield of the peroxide was calculated by the followed formula:

H2O2% =
2IR=N

ID + IR=N
3 100%

where ID and IR are the absolute value of the disk and the ring current and N (calculated value is 0.15) is the

RRDE collection efficiency. Electrochemical impedance spectroscopy (EIS) was measured in the frequency
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range from 106 to 0.01 Hz. The long-term durability tests were performed by continuously sweeping poten-

tial cycles in the potential range of 0.6–1.0 V vs. RHE with an accelerated sweep rate of 100 mV s�1 in an O2-

saturated 0.1 M KOH solution at room temperature. After the durability tests, the catalysts on the RDE were

re-dispersed ultrasonically into ethanol for charactering their morphology and composition.

Calculation details

DFT calculations were performed using the Vienna ab-initio simulation package (VASP) (Kresse and

Furthmüller, 1996a, 1996b). The projector-augmented wave (PAW) method (Perdew et al., 1996) was

used to describe the ionic cores and take valence electrons into account using a plane wave basis set

with a kinetic energy cutoff of 450 eV. The generalized gradient approximation (GGA) with the Per-

dew-Burke-Ernzerhof (PBE) exchange-correlation functional (Kresse and Joubert, 1999) was used in our

calculations. Geometry optimizations were performed with the force convergency smaller than 0.03 eV

Å�1. The Brillouin zone is sampled with 3 3 3 3 1 Monkhorst mesh (Monkhorst and Pack, 1976). The

free energy on surface was calculated using the equation in form of DG = E (DFT) + DE (ZPE) – TDS,

Where E (DFT) is the total energy for the adsorption OOH*, OH* and O*, DE (ZPE) is the zero-point en-

ergy change, and DS is the entropy change.
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