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A B S T R A C T   

Electrochemical reduction of carbon dioxide (CO2RR) into fuels and chemicals is a significant step to balance the 
carbon cycle. For CO2 reduction to CO, the binding energy of intermediates *COOH and *CO is crucial for the 
electrocatalytic activity and selectivity. Herein, we prepare a series of ultrathin and tunable PdCu alloy nano-
sheets by a one-pot wet chemistry process and demonstrate that the bimetallic nanosheets can improve the 
electronic configurations and break the inherent scaling relationship of intermediate binding energy, which leads 
to a high performance of CO2RR. Specifically, Pd1Cu1 exhibits the best CO2RR performance among the series, 
with a faraday efficiency (FE) of 97% CO at − 0.80 V vs reversible hydrogen electrode (RHE) in 0.1 M KHCO3 and 
96% at − 0.88 V in 1 M KOH with a current density of 521 mA cm− 2. This is ascribed to moderate *COOH 
binding and weak binding of *CO on Pd1Cu1, as manifested in both experimental and theoretical studies. Results 
from this work highlight the unique potentials of bimetallic alloy nanosheets as high-performance catalysts for 
electrochemical reduction of CO2.   

1. Introduction 

The combustion of fossil fuels leads to the increase of carbon dioxide 
(CO2) in the atmosphere, breaking the carbon cycle and causing envi-
ronmental problems, such as greenhouse effect, acid rain, etc. [1,2]. 
Electrochemical CO2 reduction reaction (CO2RR) to value-added 
chemicals and fuels is an effective strategy to alleviate the greenhouse 
issues and promote a circular economy [3–7]. Among the products of 
CO2RR, CO is considered as the most promising one, since it is a critical 
feedstock for the production of renewable fuels and chemicals, including 
acids, esters, and alcohols, which can replace conventional fossil-based 
fuels and chemicals [8–10]. However, owing to the chemical inertness of 
CO2, the wide range of reduction products and competitive hydrogen 
evolution reaction (HER) [11,12], effective catalysts are needed to 
reduce the high energy barrier and improve CO selectivity for CO2RR, 
which depend on the binding energy and chemisorption configuration of 
reaction intermediates [13]. An inherent challenge is that the interme-
diate bindings follow the conventional scaling relationships due to the 

similar surface − adsorbate bonds [14,15]. For example, the C-binding 
energy of the intermediates, such as *COOH and *CO, shows the same 
trend when the center of the d band is shifted [13], resulting in a reduced 
activity. For pure Pd electrodes, the strong binding energy of Pd-C bond 
is beneficial to reduce the Gibbs free energy of the *COOH intermediate, 
while the strong binding energy of *CO is not conducive to the formation 
of CO, resulting in a low Faraday efficiency of CO (FECO) [16–18]. This 
scaling relationship can be broken by the rational design and engi-
neering of ideal catalysts that feature a moderate *COOH binding energy 
and weak *CO binding energy [19–21]. 

In recent years, bimetallic Pd-based alloy nanostructures have 
attracted great attention due to their tunable electronic/surface con-
figurations, which can impact the binding energy of key reaction in-
termediates by manipulation of the atomic ratio in the alloy [22–25]. 
For instance, Pd–Au alloy catalysts have been found to exhibit a 
weakened Pd–C bond and balanced bindings of *COOH and *CO, 
leading to a high efficiency and mass activity toward CO2RR to CO [26]. 
Pd0.75Ag0.25 catalysts have also been observed to display a significant 
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decrease in the binding of *CO and *H, while retain a strong binding of 
*COOH, which facilitates the electron-transfer kinetics toward CO pro-
duction (FECO = 95.3%) [27]. With a low d-orbital vacancy, Cu has also 
been used to engineer Pd-based alloys and modulate the electronic effect 
toward well-coordinated *COOH and *CO. For instance, Cu-Pd alloys 
with a 1:1 atomic ratio show a high FECO of 87% at − 0.90 V due to the 
increase of the energy barrier of the *CO protonation step, as compared 
to the monometallic Pd [28]. 

In addition, the catalytic performance can also be enhanced by 
structural engineering of the metallic catalysts at the nanoscale. To-
wards this end, two-dimensional (2D) nanostructures have been draw-
ing extensive attention due to the relatively high surface area-to-volume 
ratio and high density of exposed atoms on their surface [29]. Herein, 
PdCu alloy nanosheets are prepared by a one-pot wet chemistry process 
at various Pd:Cu atomic ratios. Alloying Cu to Pd is beneficial for 
breaking the scaling relation between the binding energy of specific 
intermediates, and thus facilitates the formation of CO. Electrochemi-
cally, the PdCu alloy nanosheets exhibits an FECO over 95% with a 
current density of 521 mA cm− 2 in 1 M KOH at − 0.88 V. Density 
functional theory (DFT) calculations show that Pd1Cu1 exhibits the best 
selective production of CO among the series, due to a reduced energy 
barrier of CO formation. 

2. Experimental 

2.1. Materials 

Palladium(II) acetylacetonate (Pd(acac)2), copper(II) acetylaceto-
nate (Cu(acac)2), molybdenum carbonyl (Mo(CO)6), trioctylphosphine 
oxide (TOPO), oleic acid (OA), isopropyl alcohol, N, N-dimethylforma-
mide (DMF) and Nafion (5%) were purchased from Sigma-Aldrich. 
Ethanol (99.9%) was purchased from Damao. CO2 (purity 99.995%), 
Ar (purity 99.99%), N2 (purity 99.99%) and H2 (purity 99.999%) were 
obtained from Zibo Baiyan Gases. DI water was obtained from a Barn-
stead Nanopure water purification system (18.3 MΩ cm). All materials 
were used without further purification. 

2.2. Synthesis of PdCu alloy nanosheets 

PdCu alloy nanosheets was synthesized via a modified one-pot wet 
chemistry process. Firstly, 5 mg (16.4 mmol) of Pd(acac)2, 4.3 mg (16.4 
mmol) of Cu(acac)2, 6 mg (22.7 mmol) of Mo(CO)6 and 63 mg (162.9 
mmol) of TOPO were added into 4 mL of OA in a 50 mL round-bottom 
flask under sonication for 10 min, before the addition of 0.75 mL of 
DMF under vigorous stirring in an Ar atmosphere for 30 min. The flask 

Fig. 1. (a) Schematic illustration of the preparation of PdCu alloy nanosheets, (b and c) XRD patterns of Pd1Cu1, (d and e) TEM and HRTEM images, (f-i) EDS 
elemental maps of Pd1Cu1 and (j) interplanar spacing. 
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was then heated into an oil bath at 58 ℃ for 18 h. The resulting solution 
was centrifuged at 8,000 rpm for 5 min, and the precipitate was 
collected and rinsed 3 times with DI water and ethanol. Finally, the 
product was desiccated in a vacuum oven (40 ℃), which denoted as 
Pd1Cu1. PdCu alloy nanosheets at other Pd/Cu atomic ratios were pre-
pared by using the same synthetic method but with a different amount of 
Cu(acac)2 and denoted as PdxCuy. Monometallic Pd and Cu were also 
prepared by following the same procedure by using only Pd(acac)2 or Cu 
(acac)2 precursors. 

3. Results and discussion 

3.1. Characterization of the samples 

The PdCu alloy nanosheets at different Pd:Cu atomic ratios were 
prepared by a one-pot wet chemistry process, where palladium(II) ace-
tylacetonate (Pd(acac)2) and copper(II) acetylacetonate (Cu(acac)2) 
were reduced thermally in oleic acid and N,N-dimethylformamide, as 
illustrated in Fig. 1a (details in the Supporting Information). Five sam-
ples were prepared, Pd, Pd3Cu1, Pd1Cu1, Pd1Cu3 and Cu, and the crys-
talline structure was first examined by X-ray diffraction (XRD) 
measurements. As shown in Fig. 1b-c, one can see that the monometallic 
Pd sample exhibited four major diffraction peaks at 2θ = 40.1◦, 46.6◦, 
68.1◦, and 82.1◦ that can be assigned to the (111), (200), (220) and 
(311) crystalline planes of fcc Pd (PDF No. 46–1043). For the PdCu 
bimetallic samples, these diffraction peaks can be seen to shift to a 
higher angle with an increasing Cu content, suggesting the formation of 
Pd-Cu alloys, due to a reduced lattice spacing with Pd being replaced 
with smaller Cu atoms[30,31]. For instance, the four diffraction peaks of 
Pd1Cu3 appeared at 40.8◦, 47.4◦, 69.6◦, and 83.9◦, and the diffraction 
profile was markedly different from that of the monometallic Cu sample, 
which featured three diffraction peaks at 2θ = 43.3◦, 50.4◦, and 74.1◦, 
consistent with fcc Cu (PDF No. 04–0836). 

The surface morphology of the samples was characterized by trans-
mission electron microscopy (TEM) measurements. As shown in Fig. 1d 
and Fig. S1, the samples all exhibited an ultrathin nanosheet structure. 
In high-resolution TEM (HRTEM) measurements (Fig. 1e), Pd1Cu1 can 
be seen to display well-defined lattice fringes with an interplanar 
spacing of 0.224 nm (Fig. 1j), which is in line with the (111) facets of 
PdCu alloy. The selected area electron diffraction (SAED) patterns of 
Pd1Cu1 were shown in the inset to Fig. 1e, which can be ascribed to the 
(111) crystal planes of PdCu alloys, in good agreement with results from 
the XRD measurements (Fig. 1b-c). This is further confirmed in 
elemental mapping analysis based on energy dispersive spectroscopy 
(EDS) where the Pd and Cu elements were evenly distributed over the 

entire nanosheets (Fig. 1f-i). 
The elemental composition and valence states of the sample series 

were then examined by X-ray photoelectron spectroscopy (XPS) mea-
surements. From the survey spectra in Fig. 2, all samples can be seen to 
exhibit the Pd 3d peak and Cu 2p peaks. In addition, from the integrated 
peak areas, the atomic contents of Pd and Cu were estimated to be 3.2 for 
Pd3Cu1, 1.2 for Pd1Cu1, and 0.4 for Pd1Cu3, consistent with the initial 
feed ratios (Table S1). The corresponding high-resolution Pd 3d scans 
are shown in Fig. 2a, which can be deconvolved into two doublets. For 
the monometallic Pd sample, the two doublets can be identified at 
335.7/341.0 eV and 336.9/342.2 eV, due to the 3d3/2 and 3d5/2 elec-
trons of metallic Pd0 and Pd2+ species, respectively [32]. Yet, for the 
PdCu alloy samples, the binding energy of these two doublets can be 
seen to exhibit a marked red-shift with increasing Cu loading, from 
335.3/340.5 eV and 336.4/341.5 eV for Pd3Cu1 to 335.0/340.2 eV and 
336.1/341.3 eV for Pd1Cu1 and 334.8/340.0 eV and 335.9/341.1 eV for 
Pd1Cu3. The high-resolution Cu 2p spectra are depicted in Fig. 2b, which 
can also be deconvoluted into two doublets. For the monometallic Cu 
samples, the two doublets appeared at 931.5/951.4 eV and 933.2/953.4 
eV, due to 2p1/2 and 2p3/2 electrons of metallic Cu and Cu2+ species, 
respectively [33,34]. The oxidation state of metals was probably caused 
by the surface partial oxidation upon exposure to air. Notably, the 
binding energies of these doublets were markedly higher in the PdCu 
samples, and increased with increasing Pd contents, 931.9/951.7 eV and 
934.2/954.0 eV for Pd1Cu3 to 932.4/952.2 eV and 934.6/954.4 eV for 
Pd1Cu1 and 932.9/952.7 eV and 935.1/955.0 eV for Pd3Cu1. Taken 
together, these results suggest effective electron transfer from Cu to Pd, 
due to the formation of PdCu alloys and a lower electron negativity of Cu 
than that of Pd [29]. 

3.2. Electrocatalytic performance for CO2RR 

The electrocatalytic activity of the PdCu alloy nanosheets towards 
CO2RR was then investigated in an H-type cell in a typical three- 
electrode setup by linear sweep voltammetry (LSV) in Ar- or CO2– 
saturated 0.1 M KHCO3. From Fig. 3a it can be seen that Pd1Cu1 dis-
played a markedly higher current density in CO2-saturated 0.1 M KHCO3 
than in Ar-saturated 0.1 M KHCO3, indicating an apparent CO2RR ac-
tivity. The corresponding product selectivity is depicted in Fig. 3b, 
where CO can be identified as the major product whereas H2 and CH4 are 
the minor ones. Specifically, the FECO on Pd1Cu1 was over 80% within a 
wide potential range of − 0.6 to − 1 V, reaching a maximum of 97% at 
− 0.9 V. The performance was markedly lower with other samples in the 
series, where the maximum FECO was only about 80%, 78% and 62% for 
Pd1Cu3, Pd3Cu1 and Pd, respectively (Fig. S2a,b and Fig. S3a), whereas 

Fig. 2. High-resolution XPS profiles of the (a) Pd 3d and (b) Cu 2p electrons of PdCu alloy nanosheets. Symbols are experimental data and colored peaks are 
deconvolution fits. 
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for the monometallic Cu sample, the maximum FECO was only 27% at 
− 0.8 V and H2 became the major product, along with others like CH4, 
C2H4 and HCOOH (Fig. S3d). The total current density and partial 
geometric current density of the products at varied applied potentials 
are shown in Fig. S2c-d, Fig. S3b-c and S3e-f. It can be clearly seen that 
Pd1Cu1 possessed the highest geometric current density of CO (jco), 
reaching a maximum of 33 mA cm− 2 at − 1.1 V (Fig. 3c). This suggests 
that Pd1Cu1 stood out as the best catalyst for CO2RR to CO among the 
sample series within the context of FE and current density. 

The intrinsic activity of the PdCu alloy nanosheets was evaluated by 
normalizing the current density to the electrochemical surface area 
(ECSA), which was determined by double layer capacitance (Fig. S4). 
Pd1Cu1 can be seen to possess a better activity than other samples in the 
series, and the trend of the current density normalized to ECSA is the 

same as that of the geometric current density (Fig. S5). Furthermore, the 
Pd1Cu1 also shows the highest turnover frequency (TOF) value (Fig. 3d, 
2064.7 h− 1) and the highest formation rate of CO (Fig. S6), among the 
catalysts. Notably, the cathodic energy efficiency (EE) of the Pd1Cu1 
sample for CO formation was also better than results of relevant catalysts 
reported previously in the literature (Fig. 3e and Table S2). 

The corresponding Tafel plots are shown in Fig. S7a, from which 
Pd1Cu1 can be seen to exhibit a Tafel slope (183 mV dec− 1) lower than 
those of Pd1Cu3 (243 mV dec− 1) and Pd3Cu1 (196 mV dec− 1), suggesting 
that the rate determining step (RDS) of CO2RR was the generation of 
CO2

*− and the electron-transfer kinetics was much faster on Pd1Cu1 than 
on other samples [2,35]. Indeed, in electrochemical impedance spec-
troscopy (EIS, Fig. S7b) measurements, Pd1Cu1 possesses a lower charge- 
transfer resistance (RCT) than others. Furthermore, the current density 

Fig. 3. (a) LSV curves of Pd1Cu1 in N2– and CO2-saturated 0.1 M NaHCO3 at a scan rate of 10 mV s− 1, (b) FE of CH4, CO and H2 on Pd1Cu1, (c) Partial current 
densities and (d) TOF of CO on the PdCu alloy nanosheets, (e) Energy efficiency of CO2 to CO of the catalysts reported in the literature, (f) Stability test of Pd1Cu1 at 
− 0.8 V for 42 h. Inset shows the corresponding LSV profiles before and after the stability test. 
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and Faraday efficiency of the Pd1Cu1 catalyst remained virtually 
invariant at − 0.8 V for 42 h in 0.1 M KHCO3 (Fig. 3f), and there was no 
significant change of the LSV profiles (insert Fig. 3f) and TEM image 
(Fig. S8), indicating excellent stability of the Pd1Cu1 nanosheets. 

Due to the low solubility of CO2 in aqueous solution, only a relatively 
low current density can be produced in an H-type cell, which limits their 
practical application that requires a CO partial current density of at least 
100 mA cm− 2 [36]. Thus, the catalytic activity of the Pd1Cu1 catalyst 
was also examined in a flow cell reactor in 1 M KOH electrolyte (Fig. 4a), 
where a small onset potential and the high current density were ob-
tained (Fig. 4b), due to hydroxide ions can suppress the competing HER 
and lower the CO2 activation energy barrier [11]. Fig. 4c shows the 
partial current densities and FECO at various electrode potentials, where 
jco can be seen to increase to 521 mA cm− 2 with an FECO of 96% at 
− 0.88 V. The Pd1Cu1 catalysts also exhibited excellent stability at high 
current density, which remained almost unchanged at 230 mA cm− 2, 
with FECO of 97% at − 0.68 V, in 1 M KOH for 17 h (Fig. 4d). 

3.3. DFT theoretical calculation 

Density functional theory (DFT) calculations were then performed to 
unravel the correlation between the catalyst structure and adsorption 
energetics of key reaction intermediates. The structural models are 
shown in Fig. S9-S10. The different electronic structures of the alloys at 
different compositions are related to the change of the d-band center, 
which impacts the adsorption strength of reaction intermediates [37]. 
As shown in Fig. 5a, with the increase of the Cu content, the PdCu alloys 
exhibit a down-shift of the d-band center from the Fermi level (EF), 
suggesting a weakened binding of intermediates on the catalyst surface 
[38]. From Fig. 5b, it can be found that Pd exhibits strong adsorption 
with the intermediates of *COOH and *CO, which is not conducive to the 
desorption of the reaction products [35]. With the alloying of Cu to Pd, 
the binding energy of *COOH and *CO first decreased with the 

increasing content of Cu, reaching the valley at Pd1Cu1; yet with a 
further increase of the Cu content (i.e., Pd1Cu3 and Cu), the binding of 
*COOH was slightly enhanced, while the binding of *CO stayed virtually 
unchanged. In a conventional scaling relationship, the variation of the 
adsorption energy of *CO and *COOH is correlated to each other, and 
*COOH binding cannot be optimized without affecting the *CO 
adsorption [21]. Yet, the results presented above suggest that manipu-
lation of the elemental composition of the PdCu alloys can retain the 
moderate binding of *COOH and concurrently weakened binding of *CO 
at appropriate Cu contents, thus breaking the scaling relationship. The 
weakened adsorption of *CO is conducive to the desorption of CO, and 
moderate adsorption of *COOH is beneficial to the subsequent reaction. 
This coordination between *CO and *COOH is of great importance to 
boost the kinetics toward CO production. In addition, the binding of *H 
is gradually weakened with the increase of the Cu content, thus sup-
pressing the competition of HER with the appropriate Cu contents, 
another feature that is conducive to CO2RR electrocatalysis (Fig. S11a). 

Analysis of the molecular orbital overlap can be used to further 
explain the interaction between reaction intermediates and catalytic 
active sites. Fig. 5d-e depicts the projected density of states (PDOS) of 
the C in chemisorbed *COOH and *CO and metal atoms on catalysts, and 
Fig. S11b shows that of *H. As shown in Fig. 5d, there is a large overlap 
between the C 2p and Pd d orbitals, indicating a strong interaction be-
tween C and Pd [39,40]. With the introduction of Cu, the overlap 
decreased significantly, indicating weakened binding of *COOH; yet 
with an excessive Cu content, the overlap actually became slightly 
enhanced, indicating that the binding of *COOH was somewhat 
strengthened. In the case of *CO, the overlap area decreased first and 
then remained basically unchanged with the increase of Cu content, 
indicating that the binding of *CO decayed first and then stayed virtu-
ally unchanged. These different variations further illustrate the breaking 
of the conventional scaling relationship in PdCu alloys. In addition, as 
the Cu content increased, a decreasing overlap can be observed between 

Fig. 4. (a) Schematic illustration and (b) polarization curves of Pd1Cu1 in 1 M KOH, (c) FE and partial current density of CO2RR on Pd1Cu1 in 1 M KOH solution, (d) 
Long-term i-t profiles in 1 M KOH electrolyte. 
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the H s and Pd d orbitals over the PdCu surface (Fig. S11b). 
To unravel the energetics and reaction pathways of CO2RR to CO and 

formate, the free energy diagrams on Pd1Cu1 are constructed and shown 
in Fig. 5c. It can be seen that the entire reaction pathway of CO gener-
ation is spontaneous and exothermic on Pd1Cu1, indicating that CO 
formation is energetically preferred. For other catalysts, certain energy 
barriers need to be overcome in the process of CO generation (Fig. S12a). 
The free energy of HER on PdCu is shown in Fig. S12b. Too strong 
adsorption of hydrogen may lead to occupation of the active site, 
whereas too weak adsorption will be conducive to HER and compromise 
the CO2RR activity [35]. However, the Pd1Cu1 shows only a moderate 
adsorption of hydrogen (− 0.18 eV), which not only suppresses the HER 
process, but also provides sufficient adsorbed hydrogen needed for the 
reduction of CO2. In summary, results from the DFT calculations suggest 
that the Pd1Cu1 exhibits the optimal electronic structure for the selective 
reduction of CO2 to CO, among the present sample series. 

4. Conclusion 

In summary, a series of ultrathin and tunable PdCu alloy nanosheets 
were prepare by a one-pot wet-chemistry process. Results from spec-
troscopic and theoretical studies demonstrated that the resulting nano-
sheets improved the electronic configurations and broke the inherent 
scaling relationship of the binding energy of key reaction intermediates. 
Specifically, the Pd1Cu1 sample exhibited a high FECO of 97% at − 0.8 V 
and a current density of 33 mA cm− 2 at − 1.1 V. In a flow cell and 1 M 
KOH electrolyte, a current density of 521 mA cm− 2 and an FECO of 96% 
were obtained at − 0.88 V. Furthermore, results from DFT calculations 
showed that the conventional scaling relationship of intermediates was 
broken at high Cu contents in the PdCu alloys, where a moderate *COOH 
binding and negligible *CO binding led to a high performance in the 
selective production of CO. Such fundamental insights may be exploited 
for the rational design and engineering of high-performance catalysts for 
electrochemical energy conversion. 
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Fig. 5. (a) Projected density of states (PDOS) of different catalysts. Gray dashed line indicates EF; black bar indicates the d band center, (b) Binding energies of 
*COOH and *CO on PdCu alloy nanosheets, (c) Free energy profiles of CO2RR on Pd1Cu1, PDOS plots of (d) C atom in *COOH, (e) C atom in *CO with Pd atom in 
monometallic Pd, PdCu alloys and Cu atom in monometallic Cu surfaces. 
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