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ABSTRACT: The total activity of a catalyst electrode depends on specific activity of 

individual active site, density of active site, and the electronic coupling between catalyst 

and its support. A core-shell nanowire array with conductive metal core and active 

catalyst shell holds great promise for a catalyst electrode with high total activity. 

Indeed, core-shell nanowire arrays have been demonstrated in various electrocatalytic 

reactions; yet they are underexplored for carbon dioxide (CO2) electroreduction. 

Herein, we report silver@silver chloride (Ag@AgClx) core-shell nanowire array 

directly imprinted on Ag foil for electrocatalytic CO2 reduction reaction (CO2RR). 



2 

 

Vertical Ag nanowire (Ag NW) array was formed directly on Ag foil surface by 

nanoimprinting process, leading to excellent contact between Ag substrate and Ag 

NWs. A facile chlorination process was employed to form a AgClx shell on Ag NW 

surface. The resulting catalyst shows both high total electrode activity and high specific 

catalyst activity. Without iR-correction, the Ag@AgClx core-shell electrode shows low 

onset potential, and high current density. The strong electronic coupling between AgClx 

shell and Ag core results in the record-high specific CO2RR activity to date. Our work 

paves the way towards manufacturing highly efficient and cost-effective electrodes for 

electrocatalytic CO2 reduction. 
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The total activity of a catalyst electrode is more crucial than the specific activity of 

a catalyst material for practical applications.1 Besides the specific activity of the catalyst 

material (i.e., the intrinsic activity of individual active sites), the total activity of a 

catalyst electrode also depends on the active site density (in unit geometric area) and 

electronic coupling between catalyst and its support. Recent study shows that superior 

catalyst support can maximize the catalyst’s performances by strong coupling between 

catalyst and its support, which facilitates electron transport to the active site.2 Thus, 

ideal catalyst electrode geometry should efficiently conduct electricity to all active sites 

on electrode by forming strong electronic coupling between support and active sites. 

To this end, metal@catalyst core-shell nanowire (CSNW) electrode is very promising 

for achieving both high total electrode activity and high specific catalyst activity.3 The 

NW array increases the active site density in unit geometry area of electrode; the 

catalyst shell offers highly active catalytic sites for electrochemical reaction; and the 

metallic core offers efficient charge transport with strong electronic coupling with 

active sites. Indeed, CSNW arrays have been widely employed in various 

electrochemical reactions, including battery and supercapacitors,4 owing to their high 

total activity arising from high-surface area and efficient charge transport. Particularly, 

vertical CSNW arrays are widely used for photoelectrochemical water splitting due to 

the additional benefit of light trapping in this unique geometry.5 However, core-shell 

nanowire array has not been employed for carbon dioxide electroreduction.  

Carbon dioxide reduction to energy fuels holds great promise to mitigate global 

warming by reducing carbon emission.6 Improving the energy efficiency of carbon 

dioxide reduction reaction (CO2RR) is the key for an industrially viable CO2 reduction 

process. According to the very recent techno-economic analysis, the electrochemical 
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CO2RR cost is comparable to those of traditional fossil fuel-derived process only when 

the energy conversion efficiencies reach 60%.7 This requirement could only be fulfilled 

by CO2RR to carbon monoxide (CO) that shows energy conversion efficiency close to 

60%.8 Various metals such as gold (Au),8a Ag8b and palladium (Pd) have been reported 

as efficient catalysts for the electrochemical reduction of CO2 to CO. Compared to Au 

and Pd, Ag is > 90 times cheaper, and >20 times more abundant; yet Ag shows 

comparable CO2RR performances to that of Au and Pd. Ag surface shows favorable 

CO binding, but poor hydrogen binding for the competing hydrogen evolution reaction 

(HER), leading to active and selective CO2RR to CO.9 Ag is thus the most promising 

electrocatalyst for wide implementation of CO2RR thanks to its high energy-conversion 

efficiency, high selectivity, and competitive cost-effectiveness.  

Nanostructured Ag has been extensively studied for electrocatalytic CO2RR owing 

to its high surface area.10 Ag nanoparticle surfaces are active, however, the total 

electrode activity is inferior owing to the significant Ohmic loss arising from the 

inefficient charge transport inside the nanoparticle film.10c Nanocoral Ag film formed 

by chlorination also shows high activity with CO current density up to 6.6 mA/cm2 at -

0.6 V vs. RHE (with iR-correction), however, the thick catalyst layer results in non-

optimized specific activity (162 μA/cm2 at -0.6 V vs. RHE), i.e., CO current density 

normalized to electrochemical surface area (ECSA).10b Long Ag nanowire array made 

by high-temperature nanoimprinting has extraordinary surface area, leading to high 

activity (CO current density ~ 4.5 mA/cm2 at -0.6 V vs. RHE without iR-correction). 

Nevertheless, the specific activity of Ag NW is low for CO2RR (18.8 μA/cm2 at -0.6 V 

vs. RHE).10e Nanoporous Ag film via dealloying shows the state-of-the-art total 

electrode activity (CO current density of 16.3 mA/cm2 at -0.6 V vs. RHE without iR-
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correction), but the fabrication process is time consuming and costly.10a Putting 

together, it is challenging to achieve both high total electrode activity and specific 

catalyst activity using a facile and cost-effective fabrication process.  

Herein, we report a cost-effective and scalable process to fabricate Ag@AgClx 

CSNW array for electrocatalytic CO2RR that could optimize both total electrode 

activity and specific catalyst activity. The catalyst electrode is made via a low-

temperature nanoimprinting technique to form vertical Ag NW array directly on Ag foil 

followed by a quick chlorination process to convert the surface of Ag NW to thin AgClx 

shell as the catalyst. The resulting Ag@AgClx CSNW array has unique features 

including (1) excellent contact between Ag foil substrate and Ag NWs, (2) strong 

electronic coupling between AgClx shell and Ag core, (3) superior catalytic activity 

from AgClx shell. As a result, the catalyst shows supervisor total activity without iR-

correction, including low overpotential (onset potential of -0.3 V vs. RHE), and high 

CO current density (5.27 mA/cm2 at -0.6 V vs. RHE). Moreover, the catalyst also shows 

the highest specific activity to date for electrocatalytic CO2RR (413 μA/cm2 at -0.6 V 

vs. RHE).  

The schematic of our vertical Ag@AgClx CSNW array electrode is illustrated in 

Figure 1. The AgClx shell is rich of active sites for CO2RR, and the highly conductive 

Ag core facilitates efficient electron transport from electrode to nanowire. The strongly 

coupled AgClx shell and Ag core leads to excellent electron transfer at the catalyst-

electrolyte interface. As such, the total activity of the electrode is improved by high 

surface area, active catalyst surface, and strong coupling between catalyst and its 

support. The fabrication process of vertical Ag nanowire array is based on a direct 

superplastic nanoimprinting method,11 as shown in Supporting Figure S1. A stack of 
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anodic aluminum oxide (AAO) mold on Ag foil was hot pressed, and the surface Ag 

flew into AAO mold via superplastic deformation.12 The nanowires fabricated were 

thus directly rooted in the Ag foil substrate, and thus greatly facilitated the electron 

transport. After removal of template, the Ag NWs were chlorinated in sodium chloride 

solution by a simple electrochemical anodic process to covert the surface of Ag 

nanowires to AgClx shell (see Experimental Section for details).10b The Ag foil was also 

chlorinated with the same process to form Ag@AgClx foil (see Supporting Figure S2 

for the morphology of Ag foil before and after chlorination). The morphology of Ag 

NWs and Ag@AgClx CSNWs were characterized by scanning electron microscopy 

(SEM), as shown in Figure 2a,b.  

 

Figure 1. Schematic of Ag@AgClx nanowire array for CO2 reduction. Vertical Ag 

nanowire array is made on Ag foil by nanoimprinting. The surface of Ag nanowire array 

is converted to AgClx to form a vertical Ag@AgClx core-shell nanowire array. The 

AgClx shell is active for CO2 reduction, and the Ag core shows superior electrical 

conductivity. As such, the total activity of the electrode is improved by high surface 

area, active catalyst surface, and strong catalyst-support coupling. 
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The as-fabricated Ag NWs have smooth surface (Figure 2a) and high crystallinity, as 

confirmed by transmission electron microscopy (TEM) (Supporting Figure S3). The 

profile of Ag and Cl element distribution across a single Ag@AgClx CSNW is obtained 

by energy-dispersive X-ray spectroscopy (EDS) line scan, as shown in Figure 2c. The 

higher Cl element intensity at the edges of the nanowire suggests the core-shell 

structure.13 Interestingly, the AgClx shell has small sub-10-nm nanograins (see Figure 

2d), which offer rich grain boundaries for high catalytic activity.14 Interplanar spacing 

of 0.277 nm and 0.320 nm correspond to (200) and (111) facets of AgCl, respectively, 

which are consistent with the X-ray powder diffraction (XRD) spectrum (Supporting 

Figure S4).15 

 

 

Figure 2. Characterizations of Ag NWs and Ag@AgClx core-shell nanowires. SEM 

image of vertical (a) Ag and (b) Ag@AgClx core-shell nanowires array. Scale bars of 

(a) and (b) are 1 μm. c) EDS line scan of a Ag@AgClx core-shell nanowire. Inset: the 

intensity profiles of Ag and Cl element along the arrow. Scale bar is 300 nm. (d) 
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HRTEM of a Ag@AgClx nanowire. The dashed line labels the boundary between Ag 

and AgClx layer. The dashed curves indicate AgClx particles, where the interplanar 

spacing of 0.277 and 0.320 nm for (200) and (111) facets of AgCl lattice are labelled. 

Scale bar is 10 nm. The XPS spectra of (e) Ag 3d state, and (f) Cl 2p state of Ag@AgClx 

core-shell nanowire. The fitted curves are labelled with corresponding states. 

 

The X-ray photoelectron spectroscopy (XPS) measurement was performed to further 

study the surface composition and the chemical state of Ag@AgClx CSNWs. Figure 2e 

shows the Ag 3d state, where two peaks appear around 374 and 368 eV, respectively, 

and each of them can be further deconvolved into two peaks, at around 368.1/369.5 eV 

and 373.8 /374.5 eV. The 374.5 and 369.5 eV peaks correspond to the metallic Ag0, 

and the 368.1 and 373.8 eV peaks are ascribed to ionic Ag+.10b Figure 2f shows the Cl 

2p state consists of two peaks at 199.7 and 198.1 eV. The derived atom ratio of Ag and 

Cl is about 3:1.10b,15 A pre-electrolysis reduction of Ag@AgClx CSNWs was conducted 

till a stable current level was obtained before CO2RR to exclude the current contribution 

of AgClx reduction. After electrochemical CO2 reduction, both Ag and Cl peaks have 

slight shifts and atom ratio of Ag and Cl atom reduces to 10:1, as depicted in Supporting 

Figure S5. The reduced Ag is rich of grain boundaries and defects that are active for 

CO2RR. The remaining Cl also contributes to the CO2RR activity, which will be 

detailed later. 
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Figure 3. Electrocatalytic CO2 reduction performance comparison among Ag@AgClx 

CSNWs, Ag@AgClx foil, Ag NWs, and Ag foil. Total electrode activity including (a) 

linear sweep voltammetry curves, (b) Faradaic efficiencies for CO evolution (FECO), 

and (c) CO partial current densities jCO. (d) Specific activity of ECSA-normalized CO 

partial current densities jCO_ECSA.  

 

 The linear sweep voltammetry (LSV) curves of Ag@AgClx CSNWs and Ag@AgClx 

foil before (dotted) and after (solid) iR-correction are presented in Figure 3a, along with 

those of pure Ag NW and Ag foil as the control samples. Ag@AgCl 

x CSNWs electrode shows the highest current density with the lowest onset potential 

around -0.3 V vs. RHE. The faradic efficiency of CO product (FECO) is displayed in 

Figure 3b. FECO of Ag@AgClx CSNWs electrode increases with applied potential and 
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peaks at 91% (-0.46 V vs. RHE), when the faradic efficiency of H2 product (FEH2) is 

only 5% (Supporting Figure S6a). In contrast, the starting material Ag foil shows FECO 

below 5%, and the control sample Ag NW has a FECO below 20%. It is noted that 

Ag@AgClx foil has a similar FE as that of Ag@AgClx CSNWs, suggesting that AgClx 

shell dominates FECO, instead of the nanowire geometry. The high total current density 

(Figure 3a) and high FECO (Figure 3b) of Ag@AgClx CSNWs lead to the high CO 

partial current density jCO, as shown in Figure 3c. Ag@AgClx CSNWs electrode has a 

jCO of 6.54 (5.27) mA/cm2 at -0.6 V vs. RHE with (without) iR-correction, which is 182 

times higher than that of the starting Ag foil. The Ag@AgClx foil also shows a 

drastically increased CO2RR activity compared to the Ag foil (103 times higher). In 

obvious contrast, the Ag NW shows a poor activity with jCO < 1 mA/cm2 at -0.6 V vs. 

RHE. These comparisons suggest that AgClx shell is rich of active sites and plays the 

major role of catalyst.  It is worth noting that this high total electrode activity is 

comparable to that of Ag nanocoral (with iR-correction) and only less than that of 

nanoporous Ag (without iR-correction) fabricated by dealloying process (Supporting 

Tables S1 and S2). 

To access the intrinsic/specific catalyst activity, we normalize the CO partial current 

density by ECSA (see Supporting Figure S7).16 Interestingly, the ECSA-normalized 

CO current density jCO_ECSA of Ag@AgClx foil and CSNWs are comparable, further 

confirming that AgClx dominates the catalytic activity. The total (jH2) and specific H2 

current density (jH2_ECSA) of Ag@AgClx foil and Ag@AgClx CSNWs are much smaller 

than that of the Ag foil and Ag NWs (Supporting Figure S6c), suggesting the intrinsic 

HER activity was greatly suppressed by the chlorination process. These observations 

suggest that our CSNW array significantly increases the active site density without 
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compromising the intrinsic activity of the individual active sites. It also suggests that 

the catalytic activity of AgClx is maximized thanks to the strong electronic coupling 

between AgClx shell and conductive Ag core. It’s worth noting that jCO_ECSA of 

Ag@AgClx CSNWs reaches unprecedented value of 511 (413) μA/cm2 at -0.6 V/cm2 

with (without) iR-correction. These values are 3 (70) times higher than Ag nanocoral10b 

with iR-correction (nanoporous Ag10a without iR-correction) at the -0.6 V vs. RHE (see 

Supporting Tables S1 and S2). Moreover, jCO_ECSA of our Ag@AgClx CSNWs is 20 

times higher than that of long vertical Ag NW.10e  

DFT calculations were performed in order to identify the active sites in Ag@AgClx 

CSNW and foil. First, we determined the catalytic activity of AgClx shell by testing the 

CO adsorption on different possible models, including (100) and (111) surfaces of 

crystalline silver chloride, and Cl modified Ag (111) [Ag(111)_Cl] and (211) surfaces 

[Ag(211)_Cl]. The adsorption free energy (Gad_CO) on each possible model was then 

compared with that on Ag (111) or (211) surface. As suggested in previous report,17 the 

CO2RR activity increases with the enhancement of CO adsorption in the right side of 

activity volcano, whereas decreases in the left. Hence, the structures with a medium CO 

adsorption (namely, stronger than pure Ag surfaces but not too strong) are the potential 

active sites. For AgCl (100) surface (Supporting Figure S8), Gad_CO was found to be -

1.24 eV, which is too strong and hard for CO desorption, while it is  too weak for CO 

adsorption on AgCl (111) surface (0.79eV) relative to that on pure Ag [0.64 eV on (111) 

surface]. Hence, crystalline AgCl structure is not likely the active site of electrode 

AgClx shell.  In addition, a few of metallic Ag surface modification by Cl have been 

modelled, included Ag substitution at the surface or subsurface by Cl, interstitial Cl 

atom into the Ag lattice. For Ag(111)_Cl (Supporting Figure S9), as the Cl is inserted 
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into the fcc site of Ag layers (I-fcc), CO adsorption (Gad_CO = 0.21 eV) is enhanced 

relative to Ag(111). For Ag(211)_Cl (Supporting Figure S10), CO adsorption is only 

enhanced on “I-adatom”, with Gad_CO stronger by about 0.2 eV. Therefore, “I-fcc” of 

Ag (111) and “I-adatom” of Ag (211) are the potential active sties for experimental 

electrodes in CO2RR, which contribute to the superior activity of AgClx shell. The two 

representative structures were then studied in details, and denoted as Ag(111)_Cl and 

Ag(211)_Cl, respectively. 

The reaction free energies (ΔG) of four elementary steps for CO2RR to CO were 

analyzed and shown in Figure 4a,b. The CO2RR activity shows a volcano trend with 

respect to Gad_CO for both (111) and (211) surfaces. On the left side of volcano, CO 

desorption is the ΔG -limiting step. On the right side, however, the overall reaction is 

limited by CO2 protonation, which is consistent with the previous study.17 The ΔG-

limiting step reduces on Ag(111)_Cl [Ag(211)_Cl] by 0.32 eV (0.16 eV) relative to 

Ag(111) [Ag(211)], indicating Ag(111)_Cl and Ag(211)_Cl are more active than pure 

Ag(111) and Ag(211), respectively. It is in agreement with the experimental results that 

the CO partial current densities on Ag@AgClx CSNWs and Ag@AgClx foil are much 

higher than the corresponding pure Ag electrodes (Figure 3d). The superior activities 

of Ag(111)_Cl and Ag(211)_Cl can be attributed to the more favorable adsorption of 

*COOH. The *COOH is adsorbed on the low-coordinated Ag atom on Ag(111)_Cl and 

Ag(211)_Cl, which are more reactive than the high-coordinated Ag in Ag(111) and 

(211) surfaces and can bind COOH stronger (Insets of Figure 4c,d). In addition, we also 

studied the HER performance of Cl modified Ag, which is the major competing reaction 

of CO2RR. The adsorption free energy of H (Gad_H) on transition metals is shown as the 

green line in Figure 4a,b. As shown, the H adsorption on Ag(111)_Cl and Ag(211)_Cl 
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deviates greatly from the unmodified transition metals with a much weaker adsorption 

energy. In addition, the stronger CO adsorption energies can lower the H* coverage, 

which suggests the HER can be suppressed significantly on Cl modified Ag shell. 

 

 

 

Figure 4. Reaction free energy of involved elementary step plotted as Gad_CO for (a) 

Ag(111) and (b) Ag(211) surfaces. Blue lines represent the elementary steps in CO2 

reduction into CO. Green and lines represent the adsorption of H. Free energy profiles 

for CO2RR into CO on (c) Ag(111) and Ag(111)_Cl, (d) Ag(211) and Ag(211)_Cl. 

Inserts are the geometric structures of *COOH and *CO. Blue and green atoms are Ag 

and Cl, respectively. 
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In conclusion, we demonstrated both high total electrode activity and high specific 

catalyst activity for CO2 electroreduction using Ag@AgClx core-shell nanowire array 

electrode. The nanowire array directly imprinted on Ag foil substrate shows excellent 

nanowire-substrate contact facilitating electron transport, and the chlorinated Ag 

nanowire surface exhibits high activity arising from the strong electronic coupling 

between catalyst and support. These features lead to efficient electron transfer to 

abundant active sites. Prior to iR-correction, the catalyst electrode shows low onset 

potential of -0.3 V vs. RHE, high CO current density (5.27 mA/cm2 at -0.6 V vs. RHE), 

as well as record-high specific CO2RR activity (413 μA/cm2 normalized to ECSA at -

0.6 V vs. RHE) to date. The complementary theoretical study suggests that the inserted 

Cl subsurface atoms in Ag lattice are responsible for the high activity, as well as the 

high selectivity (by suppressing the competing HER). Our work offers an efficient and 

cost-effective electrode for electrocatalytic CO2 reduction.  
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EXPERIMENTAL SECTION 

Materials preparation.  

Ag NWs: Ag foil with the purity of 99.999% was washed by immersion and sonication 

for 15 mins in acetone, Isopropyl alcohol, ethanol, and DI water, sequentially. For 

fabrication of Ag NWs, firstly, an anodic aluminum oxide (AAO) template was placed 

on Ag foil between two press plates and heated to 300 °C. Second, a pressure of 7,800 

psi was applied on the press plates which extruded Ag into the nanopores of the AAO 

template. After the sample was cooled to room temperature, the AAO template was 

removed using 1 M KOH solution to expose the nanowires.  

Ag@AgClx core-shell NWs:  The Ag@AgClx CSNWs were prepared by oxidizing Ag 

NWs in 0.5 M Ar-saturated NaCl solution at 10 mA/cm2 for 30 seconds and followed 

by pre-reducing at -20 mA/cm2 for 10 seconds before CO2 reduction. 

Materials Characterization: SEM images and corresponding element mapping were 

obtained using JEOL 7600F. XRD patterns were used for phase characterization by 

Panalytical X'Pert Pro. TEM images and corresponding element mapping were 

obtained by FEI, America and JEOL-2010HR, Japan. 

Electrochemical measurements.  Electrochemical experiments were conducted in a 

customized H-cell, separated by an ion exchange membrane (AMV from AGS, Japan).                                                                                                                                                      

Certain amounts of KHCO3 (99.7%, Sigma-Aldrich) was dissolved in Millipore water 

(18.2 MΩ·cm) to prepare the 0.5 M electrolyte. A pre-electrocatalysis process was 

conducted for 24 hours to remove contaminants in the electrolyte. Before reaction, the 

electrolyte was purged continuously with CO2 for 30 minutes. A Pt wire (Sigma-

Aldrich, 99.99%) was used as counter electrode and Ag/AgCl as reference electrode. 
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Product analysis: CO2 reduction experiments were started by a chronoamperometric 

step applied by a BioLogic VMP3 workstation. After 30 minutes of electrocatalysis at 

constant potential, a sample of gas was analyzed by gas chromatography (Agilent 

9860B) to detect the products.  

Computational details. DFT calculations were conducted using the Vienna Ab initio 

Simulation Package (VASP),18 and the revised Perdew-Burke-Ernzerhof (rPBE)19 

functional was used to perform all the total energy calculations. Flat (111) and step 

(211) surfaces of Ag were selected to study the thermodynamics of CO2RR to CO, with 

the periodicity of 3×3 and 3×4, respectively. In addition, the Cl modified Ag(111) and 

Ag(211) was also considered to model the AgClx shell. The adsorption of COOH, CO, 

OH and H were optimized on those surfaces with the Monkhorst-Pack k-point 3×3×1. 

4-layers surfaces were used with two layers fixed at the bottom. All the total energy 

optimizations were conducted with the Plane-wave cut-off energy 400 eV and the 

convergence of force 0.03 eV·Å-1. 
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