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Abstract: Structure-engineered Pd-based catalysts at atomic level can effectively improve the 

catalytic performance for the oxygen or small organic molecules electrocatalysis, comparable 

to or even superior to that of commercial Pt/C. Here we synthesized PdCuCo anisotropic 

structure (AS) electrocatalysts with abundant vacancy defects on the exterior surface, which is 

unambiguously verified by aberration-corrected transmission electron microscopy. The 
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PdCuCo-AS with vacancy (v-PdCuCo-AS) show excellent electrochemical activity towards 

oxygen reduction reaction (ORR) and oxidation of alcohols.  The mass activity (MA) of the v-

PdCuCo-AS is 0.18 A/mg at 0.9 V vs. RHE, which is 15.55 times larger than that of the 

commercial Pd/C catalyst in acidic electrolyte. According to our theoretical calculations, this 

significant improvement can be understood as a result of the promoted charge transfer by 

polarized electronic structures of the v-PdCuCo-AS in the processes of ORR. The synergistic 

effect of the correlated defects, the compressive strain caused by the doping Co and Cu atoms 

effectively improve the electro-catalysis activity for the ORR in acidic/alkaline electrolyte on 

the v-PdCuCo-AS stems. This approach provides a strategy to design other AS structures for 

improving their electrochemical performance. 
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     Controlling the exterior surface structure of the electrode materials can be used to enhance 

the activity of catalyst, which has been widely applied for the sustainable conversion 

processes of water-hydrogen-oxygen, including the oxygen reduction reaction (ORR), oxygen 

evolution reaction (OER) and hydrogen evolution reaction (HER).[1-5] The configuration of 

surface electronic structure is closely related to the arrangement of surface atoms of the 

materials.[6-9] However, most current systems only focuse on the structures, sizes or 

components, neglecting the effect of the intrinsic defects of the crystals.[1, 10-13] In fact, it is 

quite difficult to obtain the catalysts without defects.[4] Some studies have demonstrated that 

the catalysts with defects on the surface possess higher activity than the defect-free ones.[4,16] 

For instance, it has been proved that the activity of the edge carbon is higher than basal plane 

carbon for the ORR.[17] Meanwhile, S-vacancies in the basal plane of MoS2 provide more 

exposed Mo atoms to directly bind with hydrogen.[18] The catalysts with controllable defects 

have great potential for high activity and the commercialization of the noble metal catalysts. 

     Fuel cells are high-efficiency energy-conversion devices.[19-23] The best currently known 

electro-catalysts for ORR and liquid fuels-oxidation reaction are the Pt-based catalysts, which 

suffers from high cost, undesirable durability and low CO poisoning tolerance problems.[23] 

Recently, Pd-based catalysts have been demonstrated to be promising effective catalysts 

because of their outstanding activities for ORR and electrochemical oxidation of small 

organic molecules, which show potential alternatives for the Pt-based catalysts.[13, 24-26] 

Previous studies show appreciable enhancement of the activity of the catalysts in water-

splitting and fuel cells by alloying Pd with the transition metals, exposing the low-coordinated 

surface atoms and altering the distances between surface atoms to control the defect or strain 

of catalysts.[13,26-28] A range of transition metals, including Fe, Co and Ni, have been 

intensively explored into PdCu active bimetallic system by simultaneously decreasing 

material cost and enhancing performance.[4,22,23] The specific activity for ORR of the ordered 

PdCuCo nanoparticles can reach 1.3 times higher than that of commercial Pt/C with the 
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compressive strain on the surface of the catalysts.[13] Huang and his co-workers found that the 

ascorbic acid (AA) not only acts as the reductant, but also works as the weak acid to remove 

the heteroatoms, forming the pure Pt phase on the surface of the crystals.[29] Thus the 

heteroatoms can be synchronously and selectively removed in the reaction to obtain the 

catalysts with abundant defects. Stimulated by this, considerable efforts have been made to 

develop the PdCuCo catalysts with abundant vacancies (v-PdCuCo) towards oxygen 

electrocatalysis. 

     In this work, we show a general method with high reproducibility for controllable 

synthesis of a class of multicomponent anisotropic structure (AS) with abundant active defect 

sites. The open AS addresses large specific surface area, 3D surface molecular accessibility 

and high densities of corners, edges and stepped atoms, which can optimize the use of noble 

metals.[6,30,31] The structural characterization analysis was obtained by aberration corrected 

high resolution transmission electron microscopy (HRTEM), indicating the existence of 

atomic vacancies. The anisotropic materials can achieve high surface-to-volume ratio even 

though there is an accumulation of the carbon-supported catalyst. Our density functional 

theory (DFT) calculations reveal that the vacancies enable the polarization of surface 

electronic structure for v-PdCuCo-AS, which can improve the ORR activities of the v-

PdCuCo-AS. Moreover, up-scaled synthesis of v-PdCuCo-AS can be readily achieved at gram 

scale, and the approach is an effective strategy to design other AS systems. 

     The structures of as-prepared v-PdCuCo-AS are characterized by aberration-corrected 

transmission electron microscopy (AC-TEM). Figure 1A shows representative high angle 

annular dark field (HAADF) images of v-PdCuCo-AS. The geometry of multi-hierarchical 

structure (Figure 1A, S1) with the branch diameter of ~9 nm is observed, which can help the 

molecular to contact with catalysts.[6,30] The selected-area electron diffraction (SAED) of the 

as-prepared nanomaterials (inset of Figure 1A) shows the v-PdCuCo-AS is single crystalline, 

with the corresponding diffraction pattern from the [02-2] zone axis of PdCu cubic 
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phase.[13,32,33] The obvious contrast between the vacancies sites and bulk atoms can be 

attributed to the ingredients in the v-PdCuCo-AS. A typical area of v-PdCuCo-AS image 

(Figure 1B) was selected to observe the dispersed vacancies sites. The enlarged HRTEM 

images show the atomic structure of v-PdCuCo-AS with the [110] direction in the zone axis. 

As a rigorous technique to document the element distribution of the nanomaterials, STEM-

EDS elemental mapping of the individual v-PdCuCo-AS shows that Co is homogeneously 

distributed in the interior area of the catalyst, whereas Pd and Cu were distributed throughout 

the v-PdCuCo-AS structure (Figure 1C, S2). The outer heteroatoms might be etched by AA 

owing to the weak acid.[29] The HRTEM images of v-PdCuCo-AS clearly show the vacancies 

sites are uniformly distributed around the catalysts (Figure 1B1,2). The higher magnification 

HRTEM and the inset HAADF images in Figure 1B1,2 indicated the vacancies, which can be 

identified from their different contrast as the red arrows indicate. These results are further 

supported by the XRD and TEM-EDS. It is noteworthy that there are no typical diffraction 

peaks of Cu or its oxides, and the peaks are in the central area between the fcc Pd and Cu, 

indicating the formation of PdCu alloy.[13,32,33] From the XRD spectrum (Figure 1D), the 

diffraction peaks can be well identified to the (111), (200), (220), and (311) for the fcc PdCu-

AS with the JCPDS number: 48-1551. The XRD pattern of v-PdCuCo-AS significantly shifts 

to low angle x-ray diffraction area owing to the increased lattice spacing by imbedding Co 

atoms.[34,35]  

     Surface analysis of the v-PdCuCo-AS was carried out using X-ray photoelectron 

spectroscopy (XPS) technique (Figure S3). The XPS spectroscopy shows the presence of Pd, 

Cu, and Co in the catalyst. The presence of the blurry Co peak in the full spectrum (Figure 

S3A) and the enlarged single unsharp Co2p peak in Figure S3B reveal that the surface Co 

atoms were leached away from the PdCuCo catalysts,[36-38] in consistent with the STEM EDS-

mapping-based study of v-PdCuCo-AS catalysts. The X-ray absorption near edge structure 

(XANES) and extended x-ray absorption fine structure (EXAFS) in Figure S4 show 
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negligible change of Cu for the PdCu-AS and v-PdCuCo-AS catalysts, which reveal the 

vacancy defects on the surface of the v-PdCuCo-AS are caused by removing of Co atoms as 

mentioned before. The compositional ratio between Pd/Cu/Co is 3.87/1/0.01 for the v-

PdCuCo-AS, as revealed by ICP-MS documented in Table S1. The ICP-MS results confirmed 

the low Co content as revealed by STEM-EDS mapping. The vacant sites might be influenced 

by the use of AA, which can act as a weak acid for removing the heteroatoms, allowing the 

abundant vacancies sites to diffuse on the exterior surface of the v-PdCuCo-AS.[29,37] 

     We can observe that abundant vacancies sites with randomly scattered distribution over the 

surface through the HRTEM image obtained from the [100] axis in Figure 2A. The 

corresponding HAADF images in the Figure 2B and 2C reveal that the defective regions 

(pointed out by the red arrow) mainly exist on the surface of the v-PdCuCo-AS structure, 

which provide further evidence for the results shown in Figure 1. For the fcc PdCu 

nanocrystals, the atomic arrangement forms alternating packing of Pd and Cu atoms along the 

<100> direction. While for the v-PdCuCo-AS, the Co atoms possibly cause the polar facets 

owing to embedded configuration and the intrinsic physical property. There is a significant 

difference of the arrangement of the crystal structure between the PdCu-AS and v-PdCuCo-

AS (comparing the Figure 2A and 2B with Figure 2D, Figure S5). Figure 2E and F show the 

approximate PdCu and v-PdCuCo-AS crystal structures along the [100] direction with Pd in 

grayness, where Cu is in blue and Co is in soft blue. For the PdCu-AS, the adjacent Pd-Cu 

and Cu-Cu atom–atom distances are 2.704 and 2.628 Å (Figure 2E), however, the adjacent 

Cu-Pd atom–atom distance decreases to 2.675 Å with the increase of Cu-Pd atom–atom 

distance after embedded Co atoms to the PdCu crystal. To further identify the atomic 

arrangement of the surface structure, the approximate v-PdCuCo-AS crystal structure from 

[232] and [100] perspectives (Figure 2G, H) are helpful for understanding the distinction of 

the different metal atoms in the bulk catalyst. The vacancies on the surface possess slightly 

larger atomic distances than the inner Pd atoms do, which provides spatial locations for strain 



 Submitted to   

7 
 

release.[39] The approximate v-PdCuCo-AS crystal structures in Figure 2G and H show that 

the coordination number of the surface atoms are undercoordinated relative to typical crystal 

surfaces.[40] For the PdCuCo catalyst, the surface charge density at site of Co is changed as the 

formation of vacancy (Figure 2I, 2J and S6). It is noteworthy that the introduction of Co can 

also increase the electronic polarization of the PdCu-AS (Figure 2I and S6), which helps to 

overcome the reaction barrier of the limiting steps of ORR, thus improving ORR activity.[41] 

     The formation process of v-PdCuCo-AS contains nucleation and growth steps. [2d, 22] The 

CTAB molecules and Br- act as the capping agents, which have great effect on the final 

structure of the v-PdCuCo-AS materials.[42] The metal atoms agglomerate to form 

nanoclusters, which subsequently grow to small PdCuCo particles (Figure S7A and S7B) after 

the content of corresponding atoms reached the level of supersaturation.[42] The formation of 

small PdCuCo particles may abide by the law of Wulff’s theorem, attempting to minimize the 

total interfacial free energy (γ) of the system.[43-47] This result is consistent with the previously 

reported papers on the shape evolution of the nanocrystals.[42-47] The reaction progress of 

PdCuCo truncated nanocubic generated from the PdCuCo particles is shown in Figure S7A 

and S7C. The new generated zero-valent metal atoms deposit onto the special active sites as 

the CTAB molecules and Br- absorb on the {100} facets, which have remarkable influence on 

the surface energy.[9, 43-47] The differentiation of the interfacial energy for the intermediates 

accelerates the island growth to form the anisotropic structures, as shown in Figure S7A and 

S7D. There are abundant steps, corners on the surface of the catalyst in the formation of the 

branches, which comprise the high-index facets {310}, {420} in the inset HRTEM images 

(Figure S7A). According to enlarged HRTEM images in Figure S7A, the lattice spacing of the 

architecture is estimated to be 0.22 nm (Figure S7A), consistent with the {111} facets of fcc 

PdCuCo crystal, confirming the growth of PdCuCo branch at <111> direction and the 

existence of PdCuCo nanocubics. After the PdCuCo-AS generation, the composites continue 
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to stir for a period of time to leach away the Co or Cu atoms on the surface to generate the 

vacancies sites for the v-PdCuCo-AS. 

     The electrochemical performance of the PdCu-AS and v-PdCuCo-AS towards ORR were 

evaluated in O2-saturated 0.1 M HClO4 solution against the commercial Pd/C (20% Pd, JM) 

(Figure 3). The electro-chemical surface area (ECSA) of the catalysts were determined by 

integrating the hydrogen adsorption charge on cyclic voltammograms (CVs), as shown in 

Figure 3A. The characteristic region of Hupd (H+ + e− = Hupd) adsorption/desorption for 

the Pd/C, PdCu-AS and v-PdCuCo-AS is in the potential range from 0.05 to 0.4 V. The 

reduction of Pd oxide for the OHad (2H2O =OHad + H3O++ e−) is in the potential 

between 0.65 and 1.25 V. The ECSA/gPd of the Pd/C, PdCu-AS and v-PdCuCo-AS are 

41.79, 72.18 and 70.46 m2/g, respectively. That is mainly because the AS can offer the 3D 

surface molecular accessibility. [6] The reduction potential of surface oxides of the PdCu-AS 

and v-PdCuCo-AS shift positively by 102 and 116 mV compared to Pd/C, revealing the 

decrease in oxygen affinity of the PdCu-AS and v-PdCuCo-AS.[48] The ORR polarization 

curves normalized with respect to the area of glassy carbon electrode (0.196 cm2) are 

presented in Figure 3B. The half-wave potential for v-PdCuCo-AS is 0.915 V vs.RHE, 

which is obviously higher than that of the commercial Pd/C (0.856 V vs.RHE) and PdCu-AS 

(0.88 V vs.RHE) as shown in Figure 3B, suggesting significantly enhanced ORR activity 

for v-PdCuCo-AS catalyst.[40] The kinetic currents are calculated in accordance with the 

Koutecky-Levich equation.[40,41,49-51] As seen from the corresponding Tafel plots in Figure 3B, 

v-PdCuCo-AS exhibits significantly improved kinetics with a smaller slope compared with 

PdCu-AS, revealing that the randomly distributed defective sites can effectively improve the 

activity of the v-PdCuCo-AS.[40,41,48] To better assess the ORR activity, we also analyze the 

corresponding specific activity (SA) and mass activity (MA) of synthetic catalysts at 0.8 V 

and 0.9 V vs. RHE. Overall, as expected, the SA of v-PdCuCo-AS catalyst at 0.8 V vs. RHE 



 Submitted to   

9 
 

could reach 1.61 mA/cm2, 2.4 times the SA of PdCu-AS (0.675 mA/cm2) and 5.96 times the 

SA of Pd/C (0.27 mA/cm2) (Figure 3C). The MA of v-PdCuCo-AS catalyst at 0.8 V vs. 

RHE is 1.135 A/mg, 10.67 and 2.33 times greater than those of the Pd/C (0.106 A/mg) and 

PdCu-AS (0.487 A/mg), respectively. Simultaneously, the SA of v-PdCuCo-AS catalyst at 

0.9 V vs. RHE was 0.252 mA/cm2, 3.42 times the SA of PdCu-AS (0.074 mA/cm2) and 

8.69 times of Pd/C (0.029 mA/cm2) (Figure 3D), respectively. The MA of v-PdCuCo-AS 

catalyst at 0.9 V vs. RHE is 0.178 A/mg, 15.55 times the MA of the Pd/C (0.011 A/mg) 

and 3.34 times the MA of the PdCu-AS (0.053 A/mg) respectively. In addition, the 

electrocatalysis activity of commercial Pt/C was also tested to compare the performance with the v-

PdCuCo-AS. The MA of the Pt/C at 0.9 V vs. RHE (0.1495 A/mg, Figure S8) is smaller than 

that of v-PdCuCo-AS (0.178 A/mg), which shows good catalytic performance of v-PdCuCo-

AS. These results and the comparisons to Pd-based catalysts from recent studies in table S3 

suggest an excellent structure and composition of the synthetic v-PdCuCo-AS. We also 

synthesized PdCuCo nanomaterials with different sizes, which contains the PdCuCo-AS (40 

nm) and PdCuCo nanoparticles (20 nm), as shown in Figure S9. When the whole size of the 

dendritic structure reduces to 40 nm, the extension of the branched protuberance is also 

reduced (Figure S9A). The ORR polarization curves show that the catalytic activity of the 

PdCuCo-AS gradually decrease as the branched protuberance gets smaller (Figure S9B, S10). 

That mainly because of the branches in the PdCuCo-AS could adequate expose the active sites 

with the high densities of edges, corners, and stepped atoms[13b, 25]. We also applied the Pd-

based electrocatalysts to the HER (Figure S11, 12 and Table S3). The v-PdCuCo-AS shows the 

better HER activity than PdCu-AS and commercial Pd/C, which further evidents the beneficial 

effects of the surface vacancies[6]. 

     The accelerated degradation tests (ADT) of the v-PdCuCo-AS catalyst was tested in 0.1 

M HClO4 solution at the potential between 0.6 and 1.1 V (vs. RHE). Figure S13 shows the 

electrocatalytic durability of high-performance PdCu-AS and v-PdCuCo-AS catalysts. The 
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CVs, ORR polarization curves and the corresponding Tafel plots (Figure S13) of the 

PdCu-AS and v-PdCuCo-AS catalysts before and after 4000 cycles between 0.6 and 1.1 V 

vs. RHE. These results suggest good stability of the v-PdCuCo-AS. There is 13.36% loss of 

MA for the PdCu-AS at 0.9 V vs. RHE after 4000 cycles, while only 0.26 % loss of MA for 

the v-PdCuCo-AS under the same condition (Figure S14), revealing that the superior catalytic 

durability of the v-PdCuCo-AS catalyst. The catalytic performance variation between the 

PdCu-AS and v-PdCuCo-AS is likely to be caused by the synergistic effect of correlated 

defects and doped Co atoms. The compressive surface strain of the v-PdCuCo-AS 

protected the interior Pd atoms from losing by the place-exchange mechanism 

during the ADT. In addition, the self-supporting property of the special AS structure can improve 

the electro-catalysis stability of the v-PdCuCo-AS (Figure S13 and S14).[13,40] The structures of 

the v-PdCuCo-AS catalysts before and after ADT were characterized by HRTEM (Figure 

S15), showing negligible change of the structure. 

     The ORR polarization of the catalysts were also tested in O2-saturated 0.1 M KOH 

solution as shown in Figure S16. The half-wave potentials of the v-PdCuCo-AS is 0.901 V, 

which is ~ 37 mV larger than that of PdCu-AS (0.864 V), suggesting its decreased ORR 

overpotential.[29] The corresponding Tafel plots inserted in Figure S16A further indicate the 

enhanced activity. At 0.8 V vs. RHE, the MA of the v-PdCuCo-AS is 0.21 A/mg, 1.63 times 

of PdCu-AS. Similar behavior is also observed at 0.9 V. The MA of the v-PdCuCo-AS is 

1.68 times larger than that of PdCu-AS. The v-PdCuCo-AS reported herein also show 

excellent catalytic performance toward alcohol oxidation in half cells, such as methanol 

oxidation reaction (MOR) and ethanol oxidation reaction (EOR). As shown in Figure 

S16C and 16 D, the v-PdCuCo-AS exhibits better MOR activity and shows 2.21 times 

MOR MA (0.17 A/mgPd) than PdCu-AS. For EOR, the MA of v-PdCuCo-AS is 0.823 

A/mgPd (Figure S16E and 16F), 2.44 times higher than that of the PdCu-AS. Furthermore, 
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the two typical current peak ratios for the MOR and EOR, one on the forward (If) and the 

other on the reverse potential scan(Ib), can act as the preliminary evaluation for the anti-

poisoning ability. [7,13] The ratio of If/Ib of the v-PdCuCo-AS for EOR is higher than that of 

PdCu-AS. Figure S17 shows the anodic portions of the CV corresponding to the CO 

oxidation process for the PdCu-AS and v-PdCuCo-AS. The onset potential of CO-stripping 

on v-PdCuCo-AS shifts more negatively than that on PdCu-AS, which further indicated that 

the v-PdCuCo-AS have a higher durability against CO poison than PdCu-AS.[52] The 

potential-dependent steady-state current curves (recorded at 3000 s) of EOR pointing toward 

the same trend is shown in Figure S18. The v-PdCuCo-AS for MOR exhibits inferior stability 

in the initial test, while conserves stability without obvious decay during subsequent tests. 

Apparently, v-PdCuCo-AS shows more superior stability compared to PdCu-AS. These 

results reveal that the catalysts with vacancies have better performance for MOR and EOR 

than the corresponding counterparts as illustrated in Table S4 and S5. 

     As widely accepted, modifying the electronic structure of the electrocatalysts through 

the control of defects is an intrinsic regulatory approach to improve its catalytic 

performance.[1d]  For this system, the vacancies on the exterior surfaces of the catalyst play an 

important role in promoting the ORR performance of the v-PdCuCo-AS. To gain further 

insight on the relationship between the vacancies and ORR performance of the PdCuCo-

AS, DFT calculations were performed to explore electronic structures of catalysts and their 

influence on catalytic properties. Clearly, the electrons are re-distributed around the vacancy 

on the surface of v-PdCuCo-AS, as shown in Figure 4A. Although the O2 can maintain its 

construction above vacancy, but the bond distance of O2 is expanded from 1.21 Å to 1.43 Å. 

These phenomena can be reasonably explained according to the charge transfer. As displayed 

in Figure 4B, some charge accumulation around O atoms and charge depletion areas in red 

colors can be found around Pd atoms, which means that the charge transferred from Pd atoms 

to O atoms, resulting in the ionization of O2. The ionized O2 can further enhance the 
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performance of ORR, in consistent with our experiment descriptions. Significantly, there is 

unobvious electron transfer from Cu to O2, which means that the influence of Cu is limited in 

ORR. It has been experimentally demonstrated that the lattice of PdCu-AS is expanded for Co-

embedding, and the influence of lattice change also calculated by DFT. The adsorption 

energies for O2 are increased with the change of lattice (Figure 4C), which again demonstrates 

that the vacancy structure can enhance the performance of ORR. 

     The v-PdCuCo-AS reported here show excellent electrochemical activity towards ORR. 

Owing to the vacancies sites on the exterior surface and the Co-embedded, the polarized 

electronic structures of the v-PdCuCo-AS can effectively promote the charge transfer in 

the processes of ORR. The MA toward the ORR (at 0.9 V vs. RHE) is found to be 15.55 

times that of a commercial Pd/C catalyst and 3.34 times that of the PdCu-AS (0.053 A/mg), 

respectively. In the case of high surface-to-volume ratio AS, the v-PdCuCo-AS not only 

exhibits substantial enhancement in mass activity towards ORR, but also retains better 

durability. Together, our studies show an attractive strategy by engineering the surface 

structure of the Pd-based-AS nanocatalysts, which are possible to achieve a randomly 

scattered distribution of vacancy defects on the surface of the catalysts. 

Experiment Section 

1. Chemicals and materials 

    Hexadecyltrimethylammonium bromide (CTAB, 99%), Pd/C (20% Pd) were purchased 

from Sigma-Aldrich. Sodium tetrachloropalladate (II), Potassium Bromide, Ascorbic Acid 

(AA), Copper (II) nitrate trihydrate, perchloric acid (HClO4, 70%) were supplied by 

Sinopharm Chemical Reagent Co., Ltd. All the chemicals were of analytical reagent and the 

ultrapure water in this experiments was with a conductivity of 18.25 MΩ cm. 

2. Preparation of PdCu-AS  

    6 mg Na2PdCl4, 1.62 mg Cu(NO3)2, 50 mg KBr, 100 mg CTAB, 90 mg AA were added in 

sequence into a reaction bottle with 5 mL H2O at 30℃ under constant magnetic stirring until 

the mixture well blended. Nitrogen was blown through the bottle to remove oxygen from the 

system. To obtain well-defined PdCu-AS catalyst, the system was heated up to 90 ℃ and kept 

for 90 min under the blow of nitrogen. After centrifugation/wash with ethanol, the final 
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products were obtained.  

3.  Synthesis of v-PdCuCo-AS 

    6 mg Na2PdCl6, 1.62 mg Cu(NO3)2, 50 mg KBr, 100 mg CTAB, 90 mg AA, 0.351 mg 

Co(NO3)2 were added in sequence into a reaction bottle with 5 mL H2O at 30℃ under 

constant magnetic stirring until the mixture well blended. To obtain well-defined v-PdCuCo-

AS catalyst, the system was heated up to 90 ℃ and kept for 120 min to remove the Co atoms 

under the blow of nitrogen. After a centrifugation/wash cycle, the v-PdCuCo-AS catalysts 

were obtained.  

4. Structural and compositional analyses 

    High-angle annular dark-field scanning TEM (HAADF-STEM) and energy dispersive X-

ray (EDX) mapping analyses were performed using a JEM-ARM200F (JEOL) with an 

aberration corrector operated at 200 kV. The high-resolution transmission electron microscopy 

(HRTEM) measurements were conducted on a JEM-2010FEF at an accelerating voltage of 

200 kV. Low-magnification Transmission electron microscopy (TEM) measurements were 

made on a HITACHI H-7650 transmission electron microscope at an acceleration voltage of 

80 kV. The compositions of the Pd-based catalysts were determined by ICP–MS (NexION 

300Q, PerkinElmer). The XRD analysis was carried out on a Bruker D8 Advance X-ray 

diffractometer with Cu Kα radiation. The XPS analysis was measured by a Thermo VG 

Multilab 2000 spectrometer with a monochromatic Al Kα radiation source at room 

temperature. The XAFS experiments and data processing were performed at the 4W1A-X in 

Beijing Synchrotron Radiation Facility. The data fitting was done by Artemis program in 

IFEFFIT. 

5. Electrocatalytic measurements 

    The ORR tests were carried out in 0.1 M HClO4 at room temperature through the Pine 

electrochemistry station using a glassy-carbon Rotating Disk Electrode (RDE, diameter: 5 

mm, area: 0.196 cm2) as the working electrode to load a thin catalyst film. The intact Ag/AgCl 

(3M KCl) was used as reference electrode and a Pt nanowire was the counter electrode. The 

concentrations of metal Pd was measured by ICP-MS and the loading amounts of Pd for v-

PdCuCo-AS and PdCu-AS, and the commercial Pd/C (JM) catalysts were calculated as 0.046, 

0.059, 0.15 mg Pd per cm2, respectively. The ECSAs of the catalysts were determined by 

integrating the hydrogen adsorption charge on CVs, which tested in N2-saturated 0.1 M 

HClO4 solution with the scan rate of 50 mV/s. The ORR tests were conducted in O2-saturated 

0.1 M HClO4 with the scan and rotation rates of 10 mV/s and 1600 rpm, respectively. The 

accelerated durability tests (ADTs) for the catalysts were performed in 0.1 M HClO4 with the 
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sweeping potential from 0.6 V to 1.1 V vs. RHE at a sweep rate of 0.1 V/s for 4000 cycles. 

The ORR tests in alkaline were performed at room temperature in 0.1 M KOH with the same 

scan and rotation rates. The methanol oxidation reaction (MOR) and ethanol oxidation 

reaction (EOR) measurements were conducted in 1 M KOH + 01 M CH3OH or 1 M KOH + 1 

M CH3CH2OH solution at room temperature. The scan rate for MOR and EOR tests was at 50 

mVs-1. The chronoamperometry was employed to investigate the stability of the catalysts. For 

HER, all the electrochemical measurements were performed in a three-electrode system in 0.5 

M H2SO4 electrolyte. To prepare the working electrode, the catalysts were incorporated onto 

carbon black (Vulcan XC-72) and dispersed ultrasonically in Nafion (0.05 wt %) isopropyl 

alcohol solution to form an ink. The compositions of the ink were determined by inductively 

coupled plasma-optical emission spectroscopy (ICP-OES). Then the ink was pipetted onto a 

glassy carbon electrode (GCE) as a working electrode and the graphite rod was chosed as the 

counter electrode. The loading amounts of the three catalysts were 10 μg/cm2.  

6. Calculation methods 

    It is well known that the chemical reaction sites are almost on materials surfaces. Therefore, 

we built surface models of PdCu-based structures (including PdCu and Co-doped PdCu) with 

a vacuum space of 15 Å. And based on these models, we attempted to understand the 

relationship between the structure and ORR performance of the Co-PdCu by using density 

functional theory (DFT) calculations. And in present work, all calculations were performed by 

using the Vienna Ab initio Simulation Package (VASP).[53] The ion-electron interactions are 

described by the projected augmented wave method combined with exchange-correlation 

functional of Perdew-Burke-Ernzerhof within the generalized gradient approximation.[54,55] 

For each numerical convergence, the thresholds of 10−5 eV in energy and 10−2 eV/Å in force 

under a considerable cutoff energy of 500 eV can be accepted. Grimme DFT-D2 dispersion 

correction method[56] were employed to describe the weak interactions of O2 on models. The 

binding energies (Eb) of O2 on PdCu-based structures were obtained by the equation, Eb = EAd 

– EPdCu – EO2, where EAd, EPdCu, and EO2 represent the total energies of O2 adsorbed PdCu 

based structures, PdCu based structures, and O2, respectively. The deformation charge density 

(ρd) describes the charge difference between atoms and compounds, and it was calculated by 

ρd = ρscf –ρatom, where ρscf and ρatom are the charge density of selected compound and the 

charge densities of all atoms in whole system, respectively, which are performed by VESTA 

code.[57] 
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Figure 1. Representative (A) HAADF-STEM (HS) image and the inset is SAED image. (B, 

B1,2) HRTEM images projected along the zone axes of [110] axis and the corresponding 

bright-field image of a dentritic structure. (C) The typical HS image and the rests are the 

corresponding STEM-EDS elemental mapping of an individual v-PdCuCo-AS. (D) XRD 

patterns and TEM-EDX of v-PdCuCo-AS. Scale bars are 20 nm in (C). 
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Figure 2. (A) HRTEM image of a typical branch of the PdCuCo-AS from the [100] direction. 

(B, C) The corresponding enlarged HAADF images. (D) HRTEM image of a typical branch of 

the PdCu-AS. The inset is the corresponding HRTEM image. (E, F) The approximate PdCu-

AS/v-PdCuCo-AS crystal structure from [100] with Pd in grayness, Cu in blue and Co in soft 

blue and (G, H) the hollow defect sites of the v-PdCuCo-AS from [232] and [100] 

perspectives view of the crystal structure. (I) The surface charge density of the Co embedded 

PdCu-AS and (J) the vacancy in v-PdCuCo-AS. 
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Figure 3. Electrocatalytic properties of commercial Pd/C, PdCu-AS and v-PdCuCo-AS 

catalysts. (A) The CVs of the catalysts tested in 0.1 M HClO4 solution at room temperature 

with the sweep rate of 50 mV/s. The ORR polarization curves (B) were recorded in O2-

saturated 0.1 M HClO4 and the inset was the corresponding mass activity Tafel plots for the 

three catalysts, respectively. Comparison of specific activities and mass activities of the Pd/C, 

PdCu-AS and v-PdCuCo-AS catalysts at 0.8 V vs. RHE (C) and 0.9 V vs. RHE (D), showing 

that the v-PdCuCo-AS deliver the enhanced ORR performance of the Pd/C and PdCu-AS 

catalysts. 
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Figure 4. The deformation charge density of (A) t h e  vacancy in v-PdCuCo-AS and (B) 

O2 adsorbed v-PdCuCo-AS, (C) the adsorption energies of O2 on strained v- PdCuCo-AS 

species. (green ring: vacancy, light blue ball: Cu atom, black ball: Pd atom) (blue area: 

charge accumulation, red area: charge depletion). 
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TOC 
 
Structure-engineered Pd-based catalysts at atomic level can effectively improve its 
catalytic performance. Here we synthesize PdCuCo electrocatalysts with abundant vacancy 
defects on the exterior surface, which is verified by aberration-corrected transmission electron 
microscopy. The synergistic effect of the correlated defects and compressive strain effectively 
improves electro-catalysis activity for the oxygen reduction reaction. 
 
Keywords: PdCuCo alloys, exterior atomic vacancy, compressive strain, oxygen reduction 
reaction, enhanced electrochemical performance 
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