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Abstract 

Alloying is an important strategy for the design of catalytic materials beyond pure metals. The 

conventional alloy catalysts however lack precise control over the local atomic structures of active 

sites. Here we report on aninvestigation of the active site ensemble effect in bimetallic Pd-Au 

electrocatalysts for CO2 reduction. A series of Pd@Au electrocatalysts are synthesized by 

decorating Au nanoparticles with Pd of controlled doses, giving rise to bimetallic surfaces 

containing Pd ensembles of various sizes. Their catalytic activity for reduction of CO2 to CO 

exhibits a nonlinear behavior in dependence of the Pd content, which is attributed to the variation 

of Pd ensemble sizes and the corresponding tuning of adsorption properties. Density functional 

theory calculations reveal that the Pd@Au electrocatalysts with atomically dispersed Pd sites 

possess lower energy barriers for activation of CO2 than pure Au and are also less poisoned by 

strongly binding *CO intermediates than pure Pd, with an intermediate ensemble size of active 

sites, such as Pd dimers, giving rise to the balance between these two rate-limiting factors and 

achieving the highest activity for CO2 reduction. 
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Electroreduction of CO2 powered by solar or wind electricity offers a sustainable approach toward 

valuable chemicals and fuels.1-3 Among the various products that can be generated from CO2 

reduction, CO is of particular interest considering the market scale and economic viability.3-6 It can 

either be directly applied as feedstock for the chemical industry7-8 or further electrochemically 

reduced to hydrocarbon fuels.9-11 Despite its promise, the energy conversion and chemical 

transformation efficiencies of CO2 reduction are still largely limited by the lack of active and 

selective electrocatalysts.  

The performance of CO2 reduction electrocatalysts is generally restricted by the volcano-

type dependence of catalytic activity on the binding energy of CO, which also scales with other 

reaction intermediates such as *COOH, *CHO or *COH.12-14 On weakly binding metals such as 

Cu, Au and Ag, where hydrogen evolution is also suppressed due to the weak binding of *H, the 

reaction rate is primarily limited by the large barrier for the activation of CO2, namely formation 

of *COOH (Scheme 1, case (a)). On the other side, metals such as Pt, Pd and Ni bind to CO 

strongly and can facilely activate CO2, but they are subject to CO poisoning, leaving only 

undesired hydrogen evolution through the interstitial sites (Scheme 1, case (c)). Alloying 

represents a common approach toward advanced catalysts beyond pure metals, in which 

heteroatomic interactions can induce geometric and/or electronic effects to modify the surface 

adsorption properties and reactivities.15-19 Bimetallic alloy catalysts such as Pd-Au have been 

studied for CO2 reduction. For example, Zhu et al. investigated twisted Pd-Au alloy nanowires 

with an Au-enriched core and Pd-enriched shell.20 Yuan et al. reported on thin Pd-Au alloy shells 

formed on Pd nanocubes by employing galvanic replacement reaction.19 Albeit the observed 

catalytic enhancements, these studies mostly focus on correlating the alloy composition to the 

electrocatalytic performance. In random face-centered cubic (fcc) alloys, the tuning of bulk 
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composition does not necessarily warrant precise control over the surface atomic structures. If the 

alloy surface still comprises continuous ensembles of individual elements, the aforementioned 

limiting factors of monometallic catalysts could still be present. Fundamental understanding of, 

and thereby meticulous control over, the atomic structures of active sites thus becomes important 

for the development of bimetallic electrocatalysts for CO2 reduction in order to achieve catalytic 

performances substantially superior to the monometallic ones.21-24 

We report here a new strategy to enhance the efficiency of CO2 reduction by engineering 

the ensemble size of active sites on bimetallic catalysts. We hypothesize that dispersion of strongly 

binding metal sites, such as Pd, on the surface of a weak binding metal, e.g., Au, can combine the 

advantages of the two metals, simultaneously lowering the energy barrier for CO2 activation and 

mitigating *CO poisoning (Scheme 1, case (b)), and aim to develop fundamental understanding of 

the ensemble effects of Pd sites on the electrocatalytic performance. For validation of this 

hypothesis, we have synthesized a series of Pd@Au catalysts of various Pd dispersions by low-

temperature reduction of a palladium salt with hydrogen, which has allowed for decorating Au 

nanoparticles with Pd atoms at precisely controlled doses and varying the average size of Pd 

ensembles on the bimetallic surfaces. These catalysts were subjected to systematic electrocatalytic 

studies to examine the ensemble effect in CO2 reduction electrocatalysis. We have employed a 

combination of aberration-corrected high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM), electron energy loss spectroscopy (EELS), X-ray absorption 

spectroscopy (XAS) and X-ray photoelectron spectroscopy (XPS) to characterize these catalysts, 

with the derived atomically resolved structure information further correlated to the surface 

properties determined by electrochemical sorption measurements. Density functional theory 

(DFT)25 calculations were then performed to simulate the bimetallic Pd-Au surfaces with various 
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Pd ensemble sizes and interpret the composition-dependent trends observed on the Pd@Au 

catalysts.  

Au nanoparticles of 4-5 nm in diameter were first grown by reduction of gold (Ⅲ) chloride 

hydrate (HAuCl4·xH2O) in an oleylamine solution by using borane tert-butylamine, which were 

then deposited on a carbon black support (Figure S1).26 To decorate the nanoparticles with Pd, the 

Au/C mixture was dispersed in an aqueous solution of palladium chloride (PdCl2), with hydrogen 

bubbled into this solution to reduce Pd (Ⅱ) and deposit Pd0 atoms (Figures S2 and S3). The 

employment of molecular hydrogen as a weak reducing agent and amine-based ligands that 

preferentially bind to Pd (as compared to Au)27-29 allows for precise control over the dose and 

atomic ratio of Pd from 2% (denoted as Pd2@Au98) to 20% (Pd20@Au80) (Figure 1a, with more 

details of the synthesis provided in the Supporting Information). Compositions of the Pd@Au 

nanoparticles were analyzed and confirmed by using inductively coupled plasma optical emission 

spectroscopy (ICP-OES) and Energy-Dispersive X-Ray Spectroscopy (EDS) (Table S1). X-ray 

diffraction patterns (XRD) exhibit the peaks corresponding to a single face-centered cubic (fcc) 

phase (Figure S4). We have used element mapping based on high-angle annular dark-field 

scanning transmission microscopy (HAADF-STEM) and electron energy loss spectroscopy (EELS) 

to follow the structural evolution at increasing Pd doses (Figure 1b-e; see Figure S5 for line-

scanning profiles and Figure S6 for post-reaction images). For Pd2@Au98 and Pd5@Au95, the map 

of Pd is dominated by scattered, discrete dots, corresponding to highly dispersed Pd sites decorated 

on the Au nanoparticle surface (Figures 1b and c). As the dose of Pd increases, continuous 

ensembles of Pd appear and form a semi-continuous layer (Figure 1d for Pd10@Au90). Ultimately, 

the Au nanoparticle becomes completely encapsulated with a Pd shell in the case of Pd20@Au80 

(Figure 1e). At all doses, the Pd atoms reside primarily on the surface of the Au seeds, suggesting 
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that elemental diffusion was insignificant under the present synthesis conditions (nearly ambient 

conditions, with temperature not higher than 60 oC).30-32 For comparison, monometallic Pd 

nanoparticles of similar particle sizes (~5 nm) were also prepared and deposited on similar carbon 

substrates, which was used as control in the electrocatalytic studies (Figure S7).  

Atomic structures of the Pd@Au nanoparticles were also characterized by using X-ray 

absorption spectroscopy (XAS). X-ray absorption near edge structure (XANES) regions of the 

Pd@Au nanoparticles resemble those of metallic Au (Au foil, 11.919 keV) and Pd (Pd foil, 24.349 

keV) at the Au L3- and Pd K-edge, respectively (Figures 2a and b). Structural information about 

local atomic coordination was inferred by fitting the extended X-ray adsorption fine structure 

(EXAFS) spectra (Figures 2c and d, with the fitted structural parameters summarized in Table S2).  

The total coordination number (CN, including Au-Au and Au-Pd) of Au is determined to be ~8 

for all the Pd@Au nanoparticles, which is also in line with the size for the Au seeds.33 The 

coordination for Au is dominated by Au-Au bonding, with CNAu-Au and CNAu-Pd being nearly 

consistent at ~7 and ~1, respectively, for the four types of Pd@Au nanoparticles (Figure 2e). The 

insensitivity of Au coordination to the composition indicates that Pd was mostly decorated on the 

surface of the Au nanoparticles, in line with the observation of insignificant element diffusion from 

the STEM-based element mapping analysis. The preferential exposure of Pd on the nanoparticle 

surface is also confirmed by the smaller total CN (Pd-Pd plus Pd-Au) for Pd than that for Au, 

which increases from 5.3 for Pd5@Au95 to 7.6 for Pd20@Au80 (Table S2). CNPd-Pd increases from 

1.5 to 4.2 while CNPd-Au remains in the range of 3.3 – 3.8 as the Pd loading increases from 5% to 

20%, reflecting the lateral growth of surface Pd ensembles at higher Pd doses (Figure 2f). In the 

particular instance of Pd5@Au95, CNPd-Au is ~2.5 times larger than CNPd-Pd. Such preferential 

bonding to Au is strongly indicative of the atomic dispersion of Pd sites on the surface.34 Based 
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on the observed trends, it is highly likely that the ratio CNPd-Au/CNPd-Pd can be even larger for 

Pd2@Au98, although we were not able to collect XAS spectra at the Pd K-edge in this case due to 

the very weak signals at such a low Pd dose. Combining the findings from XAS analyses and the 

observations from element mapping, we infer that the overgrown Pd is likely atomically dispersed 

on the surface of the Pd@Au nanoparticles, with the dispersion increasing at reduced Pd doses.35-

37 Notably, the atomic structures of Pd sites remains stable under the reaction conditions of CO2 

reduction (Table S3 and Figure S8). 

Electrocatalytic performance of the Pd@Au nanoparticles for CO2 reduction was evaluated 

in a gas-tight H-type electrolysis cell with 0.1 M of KHCO3 being used as the electrolyte (see the 

Methods and Figures S9-S13 in the Supporting Information). Gas- and liquid-phase products were 

analyzed by using gas chromatograph-mass spectroscopy (GC-MS) and nuclear magnetic 

resonance (NMR) spectroscopy, respectively. Figure 3a summarizes the measured total geometric 

current densities (Jtot) for the Pd@Au catalysts, in comparison to monometallic Au and Pd. At the 

same mass loading of metals (~10 µgAu+Pd/cm2
geo) and similar particle sizes (~5 nm), the Pd-

decorated Au nanoparticles deliver much larger Jtot. In the instance of -0.5 V (vs. the reversible 

hydrogen electrode, RHE; the same potential scale is used in the following discussion unless 

otherwise specified), Pd5@Au95 reaches ca. 2.0 mA/cm2
geo, which is followed by Pd10@Au90 and 

Pd2@Au98. Pd20@Au80 has much lower values of Jtot that fall between Au and Pd throughout the 

potential range (from -0.3 to -0.8 V) investigated here. Pd5@Au95 is also the most active catalyst 

for CO2 reduction, delivering an JCO2 (counting all the carbonaceous products) of up to 5.8 

mA/cm2
geo at -0.8 V, followed by 3.3 and 2.9 mA/cm2

geo for Pd10@Au90 and Pd2@Au98, 

respectively (Figure 3b). The value of JCO2 achieved by Pd5@Au95 at this potential represents an 

improvement factor of 3 compared to Au and 21 compared to Pd.  
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CO is the primary product for the CO2 reduction catalyzed by the Pd@Au electrocatalysts, 

albeit small amounts of formate also detected (Figures 3c and S6). Faradaic efficiencies (FEs) of 

the products vary with the electrode potential. For example, FECO of the Pd@Au electrocatalysts 

typically exhibits an increase from ca. -0.3 to -0.5 V, and then decrease at more negative potentials 

(Figure 3d). The former behavior can be attributed to the activation of CO2, whereas the latter may 

not be simply ascribed to the CO2 transport limitation, but probably owing to the kinetic 

competition between CO2 reduction and hydrogen evolution.38-40 As can be seen from Figure 3b, 

JCO2 (and correspondingly conversion of CO2) still increases monotonically at more negative 

potentials in this region, without presenting the plateau that is commonly seen at diffusion 

limitations.40-41 More intriguing trends uncovered for the CO2 reduction on the Pd@Au 

electrocatalysts are the dependences of CO and formate selectivities on the atomic ratio of Pd. 

Both the Faradaic efficiency (FECO) and partial current density (JCO) toward CO exhibit a nonlinear 

behavior as the atomic ratio of Pd increases (Figure 3e). Pd5@Au95 has the highest activity for the 

selective reduction of CO2 to CO, with FECO and JCO reaching ~80% and 1.6 mA/cm2
geo and at -

0.5 V. The corresponding mass activity (jCO) achieves 178 A/gmetal, representing an improvement 

factor of ~4 as compared to the Au nanoparticles, which is also substantially superior to most of 

the CO2 reduction electrocatalysts reported in the literature (Table S3). Furthermore, the 

electrocatalytic performance of Pd5@Au95 was found to be durable, with <15% loss in FECO or Jtot 

over 24 hours of continuous operation (see Figure S14, in contrast to the fast degradation in the 

case of Pd as shown in Figure S12). In comparison, pure Au (0% of Pd) has a JCO of only 0.49 

mA/cm2
geo and pure Pd (100% Pd) has a JCO of only 0.008 mA/cm2

geo at this potential. On the other 

side, the selectivity toward formate exhibits a monotonic increase with the content of Pd in the 

Pd@Au catalysts. At -0.3 V, FEHCOO
- increases from 9.8% for Pd5@Au95 to 56% for pure Pd, 
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corresponding to the rise of JHCOO
- from 0.019 to 0.059 mA/cm2

geo mA/cm2
geo (Figure 3f). The 

production of formate was negligible on pure Au and Pd2@Au98.  

From the above discussion, we can see that the decoration of Pd at low doses on the Au 

nanoparticles have made the activation of CO2 more facile, with the catalytic activity rising as the 

Pd content increases. On the other side, the bimetallic nanoparticles with high doses of Pd 

unsurprisingly behave more like the pure Pd catalyst, which loses catalytic activity for CO2 

reduction and produces more formate (Pd is known for selective reduction of CO2 to formate, but 

only at low overpotentials and small current densities42). We ascribe this dependence of 

electrocatalytic performance on the Pd dose to the tuning of Pd dispersion, which determines the 

adsorption properties and surface reactivity of the bimetallic catalysts. In the following discussion, 

we will elaborate this effect by performing electrochemical sorption measurements to probe the 

surface properties. 

Figure 4a presents the cyclic voltammograms (CVs) recorded on the Pd@Au 

electrocatalysts in 0.1 M of HClO4. Pd shows a broad peak at potentials below 0.4 V, which can 

be assigned to adsorption (and absorption) of hydrogen (Pd-H).43 This feature nearly diminishes 

in all Pd@Au catalysts, resembling the case of Au. Both Pd and Pd20@Au80 exhibit an explicit 

peak in the cathodic scan, corresponding to the reduction of surface palladium oxides (Pd-O) 

formed in the anodic scan. The peak position for Pd20@Au80 has a positive shift of ~120 mV as 

compared to Pd. For the other Pd@Au catalysts, the Pd-O peak is almost invisible, albeit being at 

potentials close to that for Pd20@Au80. Au does not exhibit any redox peaks in the same potential 

region. The observations from the CVs suggest that the surrounding Au weakens the binding of 

hydrogen and oxygen on the Pd sites, with the extent of alteration increasing with the dispersion 

of Pd.  
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Similar trends were more explicitly revealed for *CO from the CO stripping measurements 

(Figure 4b; see the Supporting Information for the protocols). All of the Pd-containing 

electrocatalysts exhibit a peak around 0.95 V, corresponding to the oxidation of pre-adsorbed CO 

on the Pd sites, while the pattern recorded for Au is featureless in the same potential region. This 

behavior is in line with the much stronger binding of *CO on Pd than on Au.29 It is observed that 

the Pd@Au catalysts with smaller ratios of Pd have lower peak intensities, suggesting the 

dependence of CO adsorption on the dispersion of Pd sites. Given the consistent catalyst loadings 

(~50 μgPd+Au/cm2
geo) and similar particle sizes in the CO stripping measurements, the calculated 

charge associated with CO stripping varies from 2.64 µC for Pd2@Au98 to 182 µC for Pd20@Au80, 

versus 298 µC for pure Pd (Figures 4c). This trend does not only correlate to the coverage of Pd 

on the catalyst surface, but also indicates the change of CO binding strength with the dispersion of 

Pd sites. To elucidate the latter effect, we have calculated the CO adsorption coefficient (ηCO) by 

dividing the number of adsorbed CO molecules (estimated from the charge of CO stripping) with 

the number of Pd atoms (derived from ICP analysis for the compositions) for a given Pd@Au 

catalyst (see the Supporting Information for the details of calculation). For comparison, ηCO was 

also calculated for Pd, for which only surface atoms are taken into account considering preferential 

exposure of Pd on the surface of the Pd@Au catalysts. As shown in Figure 4d (also see Table S4), 

the Pd@Au nanoparticles with lower Pd contents also possess smaller values of ηCO, ranging from 

0.23 for Pd20@Au80 to 0.02 for Pd2@Au98. These results thus suggest that the binding strength of 

CO decreases with the content of Pd in the bimetallic electrocatalysts, corresponding to the 

reduction of Pd ensemble size (Figures 1 and 2).  

The uncovered ensemble effect in the Pd@Au electrocatalysts was understood by 

performing DFT calculations for the adsorption of *CO and *COOH, the key intermediates 
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involved in the CO2 reduction reaction, on bimetallic (111) and (100) surfaces, which were 

identified as the exposed facets on the Wulff construction of fcc Au nanoparticles (details are 

provided in the Supporting Information). Figures 5a and S15 present the predicted configurations 

of *CO and *COOH adsorbed on the Pd@Au (111) and (100) surfaces with various Pd ensemble 

sizes, respectively. Such ensembles were found to be abundant on the Pd@Au nanoparticles at low 

Pd doses based on Wulff construction and Monte Carlo simulation (Figures S16 and S17; see the 

Supporting Information for more deetails of the computational method). The strongest binding 

sites for both *CO and *COOH were found to be on top of Pd in the case of the Pd monomer, 

resembling the situation on Au(111) and Au(100) where CO is adsorbed on top of Au atoms. In 

the case of Pd dimer, the most stable configuration on both facets becomes the bridge adsorption 

for *CO. For the Pd trimer, CO is adsorbed on the interstitial site on the (111) surface and bridge 

site on (100), similar to the corresponding Pd-skin and pure Pd surfaces. The calculated CO 

adsorption energies are located between the values on pure Au and Pd surfaces for all bimetallic 

surfaces except for the Pd-skin surfaces, on which the binding of CO is strengthened due to strain 

(Figure 5b and Tables S7-S8). The strength of CO binding decreases with reducing size of the Pd 

ensemble, which is consistent with the trend for the Pd@Au catalysts derived from the CO 

stripping measurements (Figure 4d). These findings indicate that the Pd ensembles at the atomic 

scale are less succeptible to CO poisoning than either a pure Pd surface or a Pd skin on pure Au 

surfaces. The stability of *COOH was also found to increase with Pd ensemble size, corresponding 

to lower overpotentials required for activation of CO2. The scaling relationship between the 

adsorption energies of *COOH and *CO on the different types of catalyst surfaces (Figure 5c) 

provides an explanation for the volano-like behavior of the catalytic activity for reduction of CO2 

to CO with respect to the Pd content (Figure 3e). An intermediate size of Pd ensemble (e.g., Pd-
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dimer) plausibly achieves a balance between the binding strengths of *CO and *COOH, giving 

rise to a relatively low energy barrier for activation of CO2 but without being substantially 

poisoned by *CO (namely the case illustrated in Scheme 1b). Thereby surface enrichment of such 

atomically dispersed Pd sites on the Pd@Au nanoparticles could account for the observed 

nonlinear behavior of composition-dependent electrocatalytic performance (Figures S16 and S17).  

In this work, we have synthesized a series of Pd@Au electrocatalysts by decorating Au 

nanoparticles with Pd of controlled doses. Their catalytic activity for reduction of CO2 to CO was 

found to exhibit a nonlinear behavior in dependence of the Pd content, which was attributed to the 

varying *CO and *COOH adsorption energies on the Pd sites of various ensemble sizes. The 

bimetallic Pd-Au surfaces with discrete, atomically dispersed Pd ensembles possess lower energy 

barriers for activation of CO2 than pure Au and are also less poisoned by strongly binding *CO 

intermediates than pure Pd, with Pd dimers likely achieving a balance of these two rate-limiting 

factors. Our work highlights fine tuning of the atomic structures of active sites for the development 

of advanced catalysts. 
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Scheme 1. Illustration of the concept using atomically dispersed Pd sites on Au surface to enhance 

CO2 reduction. The yellow and blue spheres represent Au and Pd atoms, respectively. For the 

molecular structures, red, gray and purple colors represent oxygen, carbon and hydrogen, 

respectively. The red (versus green) arrows represent the rate-limiting factors in the reaction 

kinetics. 
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Figure 1. Synthesis and HAADF-STEM images of the Pd@Au nanoparticles. (a) Illustration of 

the synthetic scheme for the Pd@Au nanoparticles with control over the dose of Pd. (b-d) STEM 

images and EELS-based element maps for (b) Pd2@Au98, (c) Pd5@Au95, (d) Pd10@Au90 and (e) 

Pd20@Au80, where Au and Pd atoms are represented by red and green pixels, respectively.  
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Figure 2. X-ray absorption spectroscopy (XAS) analysis for the Pd@Au nanoparticles. (a, b) 

XANES spectra at the Au L-edge (a) and the Pd K-edge (b). (c, d) k2-weighted Fourier transform 

spectra at the Au L-edge (c) and the Pd K-edge (d). (e, f) Summary of coordination numbers (CNs) 

derived from the EXAFS analysis for Au (e) and Pd (f) atoms.  
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Figure 3. Performance of the Pd@Au electrocatalysts for CO2 reduction. (a) Total electrode 

current density (Jtot). (b) CO2 reduction current density (JCO2) with all the carbonaceous products 

taken into account. (c) Faradaic efficiencies (FEs) of the different products determined for 

Pd5@Au95. (d) Comparison of FE toward CO (FECO) for the different electrocatalysts. (e) 

Dependences of FECO and partial current density toward CO (JCO) (at -0.5 V) on the Pd content 

within the Pd@Au nanoparticles.  (f) Dependences of Faradaic efficiency (FEHCOO
-) and partial 

current density (JHCOO
-) toward formate (at -0.3 V) on the Pd content within the Pd@Au 

nanoparticles. 
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Figure 4. Electrochemical sorption measurements for probing the surface properties of Pd@Au. 

(a) Cyclic voltammograms (CVs) and (b) CO stripping patterns recorded on the different 

electrocatalysts (in 0.1 M of HClO4, with a scanning rate of 50 mV/s). (c) Comparison of the 

calculated CO stripping charges. (d) Comparison of CO adsorption coefficient (ηCO) estimated for 

the Pd-based electrocatalysts.  
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Figure 5. DFT calculations for the adsorption properties of Pd@Au bimetallic (111) and (100) 

surfaces with various Pd ensemble sizes. (a) Configurations of *CO and *COOH at the strongest 

binding sites on (111) surfaces. (b) Histograms summarizing the adsorption energies of *CO and 

*COOH on the different types of (111) surfaces. (c) Linear scaling relationship between the 

binding strengths of *CO and *COOH for both (111) and (100) surfaces. In (c) the black (R2 = 

0.98) and red (R2 = 0.83) dashed lines are fitted for (111) and (100) surfaces, respectively. “Pd-

skin” represents a monolayer of Pd on a pure Au surface with the Au lattice parameter, and “Pd-

skin*” represents a monolayer of Pd on Au with the lattice parameter determined by the 

composition of Pd20@Au80 using Vegard’s law. 
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