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ABSTRACT
The electrocatalytic CO2 reduction reaction (CO2RR) is regarded as a promising route for renewable energy conversion and storage, but
its development is limited by the high overpotential, low stability and selectivity of electrocatalysts. Moreover, it is complicated to
accurately adjust the nanostructure of electrocatalysts, which impacts repeatability. Herein, we propose the rational design and
controlled preparation of ultrafine Ag nanodots decorated fish-scale-like Zn nanoleaves (Ag-NDs/Zn-NLs) for highly selective
electrocatalytic CO2 reduction. The Ag-NDs/Zn-NLs can be in-situ grown on copper foil with simple electrodeposition and replacement
reactions. Benefiting from the coordination and synergistic effect of Zn and Ag species, the reconstruction of Zn surface and the
agglomeration of Ag-NDs are efficiently prevented, bringing high activity and durable electrocatalytic stability for CO2-to-CO conversion.
The Faradaic efficiency for CO production reaches 85.2% at a moderate applied potential of -1.0 V vs. reversible hydrogen electrode
(RHE). This study provides a promising approach for controlling the catalytic activity and selectivity of CO2RR through the structural
adjustment and decoration of transition metal based nanocatalysts.

KEYWORDS
Electrochemical CO2 reduction; Electrodeposited nanoleaf structure; Silver nanodot; Transition metal heterostructure; Electrocatalytic selectivity and
durability.

1 Introduction
Exploiting renewable energies and solving environmental issues
are serious challenges faced by humanity over the past few decades
[1]. Worldwide efforts have been made to recycle various
industrial wastes by catalytic methods [2-4]. Among these attempts,
the electrochemical CO2 reduction reaction (CO2RR) has been
recognized as a feasible way to promote the carbon neutrality by
reducing CO2 emissions and producing carbonous fuels [5-7].
However, the activation of CO2 molecules is difficult due to the
thermodynamically stable C=O bonds [8-10]. The high
overpotential, low stability and competing hydrogen evolution
reaction (HER) of electrocatalysts restrict further applications
[11-13]. Nanostructured metals, such as Zn, Pd, Ag, Au, and their
alloys [14-20], have been reported as promising electrocatalysts for
selectively converting CO2 to CO. Morphology and lattice
regulated Pd, Ag, and Au nanostructures show great catalytic
activity for CO2 reduction, but their preparation processes are
usually complicated and costly. Zn can be used as an inexpensive
substitution, but the relatively low current density and selectivity
are in need of breakthrough. To date, hexagonal Zn nanoplates [21],
porous Zn [22, 23], Zn dendrites [24], Zn nanoparticles [25],

ZnO/Zn heterostructures [26] and Zn-Ag composites [27, 28] have
been proposed to improve the performance of Zn-based
electrocatalysts. It follows that morphologic adjustment and
composite combination are capable of enhancing catalytic activity
[29, 30]. However, the fabrication of Zn nanostructures usually
requires complicated vapor deposition or solvothermal procedures,
which impacts repeatability.
Herein, we propose the controllable preparation of Ag nanodots

decorated fish-scale-like Zn nanoleaves (Ag-NDs/Zn-NLs) by a
convenient electrodeposition and replacement method for highly
selective CO2-to-CO conversion. At first, uniform-sized Zn
nanoplates were electrodeposited on Cu foil and then piled up
topologically, growing to fish-scale-like self-assembly structures
and finally forming a leaf-shaped 3D hierarchical nanostructure.
Then, ultrafine Ag-NDs with diameter of 2-4 nm were grown on
Zn-NLs by a replacement reaction. The 3D structure of Zn-NLs
efficiently prevented the agglomeration of Ag-NDs and supplied
abundant reaction centres for the CO2RR. The Ag-NDs provided a
large electrochemical active surface area (ECSA) and inhibited
electrochemical corrosion of Zn-NLs to a great extent. As a result,
benefited from the synergistic effects of Ag-NDs and Zn-NLs, the
Ag-NDs/Zn-NLs could effectively convert CO2 to CO with a
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Faradaic efficiency of 85.2% and also exhibit favourable
performance stability.

2 Experimental
2.1 Preparation of Zn-NLs andAg-NDs/Zn-NLs
The Zn-NLs were in-situ grown on clean copper foil by
electro-deposition. Typically, 30 mmol (3.96 g) of (NH4)2SO4 and 2
mmol (575 mg) of ZnSO4·7H2O were dissolved in 20 mL of
deionized water in a water bath at 60 °C under stirring. The
solution was naturally cooled at room temperature for 30 min.
Meanwhile, a piece of Cu foil (1×1.5 cm2) was immersed in 5
mol/L hydrochloric acid for 30 min at the same time to fully
remove the surface oxide layer and then washed with deionized
water three times. The electrodeposition was performed through a
double-electrode system with the pre-cleaned Cu foil as the
working electrode, and a Pt foil (1×1 cm2) as the counter electrode.
A constant current of -20 mA·cm-2 was applied for 5 min to deposit
a layer of scale-like Zn-NLs on the Cu foil. The Zn-NLs were
washed with deionized water 3 times and then immersed into a 3
mM AgNO3 solution for 20 s to form Ag-NDs/Zn-NLs. The
electrode was washed with deionized water and ethanol and then
dried at 40 °C in a vacuum oven.
2.2 Preparation of Zn nanoparticles
Zn nanoparticles (Zn-NPs) were in-situ prepared on a Zn foil
through a reported thermal method [31]. Typically, a piece of Zn
foil (1×1.5 cm2) was immersed in 5 mol/L hydrochloric acid for 10
min to fully remove the surface oxide layer and then washed with
deionized water three times. The Zn foil was weathered under a N2

flow and then annealed at 300 °C in air for 30 min to form ZnO
nanoparticles. Subsequently, the Zn foil was electroreduced at -1.2
V (vs. RHE) in 0.1 M KHCO3 solution for 20 min to convert the
ZnO to Zn. The Zn foil was finally washed with deionized water
and ethanol and dried under a N2 flow at room temperature.
2.3 Preparation of Zn nanorods
Zn nanorods (Zn-NRs) were in-situ grown on a Cu foil through a
reported hydrothermal method [32]. Typically, a piece of
pre-cleaned Cu foil (1×1.5 cm2) was immersed into an aqueous
solution containing 0.05 M Zn(NO3)2 and 0.05 M
hexamethylenetetramine, then the solution was kept at 85 °C for 6
h. Subsequently, the Cu foil was washed with water and
electroreduced at -1.2 V (vs. RHE) in 0.1 M KHCO3 solution for
20 min to convert the ZnO to Zn. The Cu foil was finally washed
with deionized water and ethanol and dried under a N2 flow at
room temperature.
2.4 Preparation of Ag nanoparticles decorated control samples
For comparison, Ag nanoparticles (Ag-NPs) were also in-situ
grown on pre-cleaned Zn foil, Zn-NPs and Zn-NRs through the
same replacement reaction used for Ag-NDs/Zn-NLs. Typically,
these Zn substrates were rapidly immersed into a 3 mM AgNO3

solution for 20 s just after their preparation. The electrodes were
washed with deionized water and ethanol and then dried at 40 °C
in a vacuum oven.
2.5 Material Characterizations
The morphology and structure of the samples were analysed by
SEM (Hitachi S-4800) and HRTEM (JEM-2100F). The
crystallinity and components of the samples were identified by
powder XRD (Bruker D8 Advance) with Cu Kα (λ = 1.5406 Å)
irradiation in the range between 10° and 80° at a scanning speed of
10°·min-1. The chemical states of the samples were analysed by

XPS through a PHI-5000 Versa Probe Spectrometer with Al Kα
X-ray radiation. The contact angle measurements were performed
with an OCA-30 instrument (DataPhysics Instruments GmbH) at
room temperature.
2.6 Electrochemical measurements
All the electrochemical experiments were performed with a
standard three-electrode system by an electrochemical workstation
(CHI-760E, ChenHua Instruments, Shanghai). The CV method was
adopted to determine the relative ECSA. In detail, the CV
experiments were performed in 0.1 M Ar-saturated KHCO3

electrolyte within a potential range from -0.95 to -0.85 V (vs.
Ag/AgCl) to ensure the non-occurrence of Faradaic processes. The
scan rates were selected to be 10, 20, 30, 40, 50 and 60 mV·s-1. The
slope of the linear regression was calculated from the CV curves,
which was a plot of capacitive current density (Δj = ja - jc) at -0.90
V (vs. Ag/AgCl) against the scan rates, where ja and jc are the
cathodic and anodic current densities, respectively. The value of
ECSA is in proportion to that of the slope. LSV measurements
were performed in Ar- or CO2-saturated 0.1 M KHCO3 electrolyte
at a scan rate of 50 mV·s-1 in the voltage range from -0.4 to -1.8 V
(vs. RHE). EIS measurements were carried out by applying an AC
voltage with a 5 mV amplitude in a frequency range from 100 kHz
to 100 mHz. All the applied potentials shown as (vs. RHE) were
calculated by the Nernst function as follows:

E (vs. RHE) = E (vs. Ag/AgCl) + 0.1989 V + 0.059×pH (1)
All the potentials in the electrochemical measurements were not IR
compensated.
2.7 Electrochemical CO2RR measurements
The CO2RR tests were performed in a standard H-type
electrochemical cell (Ida Technology Co., Ltd., Tianjin) at
atmospheric pressure and constant temperature (25 °C) equipped
with a water-cooled condenser. The sealed cell was separated into
two compartments with a pre-treated Nafion-117 proton exchange
membrane. Each compartment contained 55 mL of 0.1 M KHCO3

aqueous solution with 60 mL of gas headspace. After being purged
with CO2 gas in the cathodic compartment for at least 40 min, the
pH value of the electrolyte was determined to be approximately 6.8.
The electrolytes in both compartments were stirred at 500 rpm with
stirring bars during the CO2RR process. A Pt foil (1×1 cm2)
electrode and Ag/AgCl (saturated KCl) electrode were used as the
counter electrode and reference electrode, respectively. The
CO2RR process was sustained for 2 h in a single cycle. The
performance stability tests of electrocatalysts were carried out at
-1.0 V (vs. RHE) for 16 h. All the applied potentials in CO2RR
were IR-compensated using the resistance tested by EIS
measurements:

E (IR corrected vs. RHE) = E (vs. RHE) – Rs×I (2)
where Rs is the resistance of the solution (measured to be 20.0 Ω). I
(in amperes) is the average current at an applied voltage.
2.8 Quantitative analyses of gaseous and liquid products
After the CO2RR process, a small quantity of generated gases (1
mL) was collected from the headspace by an injector and rapidly
injected into the air intake of a gas chromatograph (GC7900,
Shanghai Techcomp) to quantify the amount of gas products (n in
moles). Different components in the gaseous products were
separated and detected by a flame ionization detector (FID, for CO
and hydrocarbons) and a thermal conductivity detector (TCD, for
H2) with high-purity Ar as a carrier gas. The yield of gas products
was calculated from the standard curves using different amounts of
highly purified gas mixtures containing H2, CO, CH4, C2H2, C2H4,
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C2H6 and CO2 gases. The remaining electrolyte was stored to
quantitatively analyse the liquid products (n in moles) by NMR
(Bruker AV-600). Typically, 0.6 mL of electrolyte was uniformly
mixed with 0.1 mL of deuterated water (D2O) and 0.1 mL of
anhydrous dimethyl sulfoxide (DMSO, 99.5%, diluted to 10 ppm
(v/v) by water prior to use) as an internal standard. The
one-dimensional 1H NMR spectrum was obtained with necessary
water peak suppression by a water pre-saturation method. The
concentration of formate was determined by the standard curve
using various concentrations (0.5, 1.0, 2.0, 5.0 and 10 mM) of
sodium formate and the internal standard (10 ppm DMSO) aqueous
solution. The linear relationship between the known formate
concentrations and relative areas (vs. 10 ppm DMSO) was made
into a standard curve. The Faradaic efficiency of specific products
can be calculated via the following equation:

Faradaic efficiency = mF × n/Q (3)
where F is the Faraday constant, n (in mole) is the amount of the
specific product and m (in number) indicates the required electrons
for the generation of the specific molecule (2 for H2, CO, and
HCOOH, 8 for CH4, etc.). The total amount of transferred charges
(Q in coulombs) was calculated by the integral area of the I-t curve.
I (in amperes) is the average current at an applied voltage, and t (in
seconds) is the time consumed at the corresponding current during
the electrolysis process.

3 Results and discussion

Figure 1. (a) Schematic synthetic process of Zn-NLs and
Ag-NDs/Zn-NLs on Cu foil. (b) XRD patterns of Zn foil, Zn-NLs
and Ag-NDs/Zn-NLs. (c) Zn 2p XPS spectra of Zn foil, Zn-NLs
and Ag-NDs/Zn-NLs. (d) Ag 3d XPS spectra of Ag-NDs/Zn-NLs.
All the XPS results have been corrected according to the standard
C 1s peak at 284.6 eV. Contact angles of (e) Zn foil, (f) Zn-NLs
and (g) Ag-NDs/Zn-NLs with deionized water.

As illustrated in Figure 1a, the Zn-NLs were synthesized by
electrodeposition in a mixed ZnSO4 and (NH4)2SO4 solution
through a double-electrode system. After 5 min of
electrodeposition, the Zn-NLs were grown as 3D fish-scale-like
structures. Then, the Zn-NLs were immersed in a dilute AgNO3

solution so that Ag-NDs would grow slowly on the Zn-NLs
through a displacement reaction. The composition, morphology

and structure of Zn-NLs and Ag-NDs/Zn-NLs were characterized
in detail. The X-ray diffraction (XRD) patterns of commercial Zn
foil, Zn-NLs and Ag-NDs/Zn-NLs show well-defined diffraction
peaks at 2θ values of 36.3°, 39.0°, and 43.2°, corresponding to the
(002), (100) and (101) planes of Zn (JCPDS card # 04-0831). The
peak at 50.8° is attributed to Cu foil used as the substrate for
electrodeposition. The X-ray photoelectron spectroscopy (XPS)
spectra of these three Zn-based materials exhibit two main peaks at
1021.8 eV and 1044.8 eV, corresponding to Zn 2p1/2 and Zn 2p3/2,
respectively (Figure 1c). The deconvoluted Zn 2p peaks indicate
two components with binding energies of 1021.7 eV (Zn 2p3/2),
1044.7 eV (Zn 2p1/2) and 1022.3 eV (Zn 2p3/2), 1045.3 eV (Zn
2p1/2), which are ascribed to the presence of metallic zinc (Zn0) and
oxidized zinc (Zn2+), respectively [33]. The presence of oxidized
zinc (Zn2+) is attributed to the surface oxidation of Zn-based
catalysts in air. The integrated area of the Zn0 peak is obviously
larger than that of the Zn2+ peak for all three materials, indicating
that metallic zinc is the main component. Additionally, the Ag 3d
spectrum of Ag-NDs/Zn-NLs exhibits Ag 3d5/2 and Ag 3d3/2 peaks
at 368.4 and 374.4 eV (Figure 1c), respectively. Both of these
peaks have higher binding energies than our previously reported
results for Ag [34]. These shifts are ascribed to the electron transfer
effect within the Zn-ZnO-Ag heterointerface [28], which could
benefit the synergistic effect between Zn and Ag [33]. The
presence of ZnO and Ag could be proven by XPS, but there was no
ZnO or Ag signal in the XRD patterns, indicating that ZnO and Ag
only existed in small amounts on the surface. The atomic ratio of
Ag:Zn on the surface is about 1:20 according to the XPS results,
also proving that the content of Ag is not too high. To discriminate
the surface characteristics of these samples, the contact angles of
Zn foil, Zn-NLs and Ag-NDs/Zn-NLs with deionized water are
shown in Figures 1e-1g. Apparently, the Zn-NLs and
Ag-NDs/Zn-NLs show good hydrophilicity but Zn foil is relatively
hydrophobic.

Figure 2. SEM images of (a, b) Zn-NLs and (c) Ag-NDs/Zn-NLs.
(d) HRTEM image of Zn-NLs. (e) HRTEM image and
corresponding SAED pattern of Ag-NDs/Zn-NLs. (f) Moiré pattern
of Ag-NDs/Zn-NLs. (g-i) HAADF-STEM image and the
corresponding EDS elemental mapping images of
Ag-NDs/Zn-NLs.

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) revealed the microstructure features of Zn-NLs
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and Ag-NDs/Zn-NLs. As shown in Figure 2a, the 3D branched
structure of Zn-NLs was successfully grown on Cu foil by
electrodeposition. The fish-scale-like nanostructure of Zn-NLs was
composed of many regularly assembled Zn nanoplates with a side
length between 0.5 to 1 μm (Figure 2b). The single Zn nanoplate
tended to form a hexagonal morphology or several hexagons
merged with each other (Figure S1a). After being immersed into a
dilute AgNO3 solution, ultrafine Ag-NDs with a diameter range of
2-4 nm were dispersively grown on the Zn nanoplates (Figure 2c
and S1b-S1d). Through high-resolution TEM (HRTEM)
characterization, the lattice spacing of Zn-NLs was measured to be
0.247 nm, corresponding to the Zn (002) planes (Figure 2d). For
the Ag-NDs/Zn-NLs, another lattice spacing of 0.231 nm was also
measured from Zn nanoplates, corresponding to the Zn (100)
planes. Additionally, the lattice spacing of Ag-NDs was measured
to be 0.204 nm, corresponding to the Ag (200) planes (Figure 2e).
The SAED pattern (the insert of Figure 2e) exhibits the presence of
Zn (100) planes, which is consistent with the XRD pattern (Figure
1b), suggesting the good crystallinity of Zn-NLs. The Moiré
pattern of Ag-NDs/Zn-NLs could be clearly identified in Figure 2f.
These Moiré fringes were resulted from the overlap between a thin
layer of ZnO and Zn. The ZnO layer was formed from the
self-oxidation of Zn in air, which prevented the Zn from further
oxidation, so the thickness of ZnO layer was only several
nanometers [35]. This result is identical to the XPS evidences for
the crucial Zn-ZnO-Ag heterointerface. The high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) image (Figure 2g) and energy dispersive X-ray
spectroscopy (EDS) elemental mappings (Figures 2h and 2i) of
Ag-NDs/Zn-NLs further confirmed the 3D branched nanostructure
of Zn-NLs and the uniformly dispersed Ag-NDs, which verifies the
successful decoration of ultrafine Ag-NDs on the Zn-NLs.

Figure 3. SEM images of Zn nanostructures electrodeposited
under different conditions. (a-c) Zn nanostructures electrodeposited
at (a) 5 mA·cm-2, (b) 10 mA·cm-2, (c) 30 mA·cm-2 for 5 min in 0.1
M ZnSO4 and 1.5 M (NH4)2SO4 solution on Cu foil. (d) Zn
nanostructures electrodeposited at 20 mA·cm-2 for 5 min in 0.1 M
ZnSO4 and 1.5 M (NH4)2SO4 solution on Zn foil. (e) Zn
nanostructures electrodeposited at 20 mA·cm-2 for 5 min in 0.1 M
Zn(NO3)2 solution on Cu foil. (f) Zn nanostructures
electrodeposited at 20 mA·cm-2 for 5 min in 0.1 M ZnSO4 solution
on Cu foil. (g-i) SEM images of Ag decorated on Zn-NLs under
different conditions: (g) immersed in 1 mM AgNO3 for 20 s, (h)
immersed in 10 mM AgNO3 for 20 s, and (i) immersed in 3 mM
AgNO3 for 60 s.

Additionally, different electrodeposition conditions were
explored to investigated the formation mechanism of Zn-NLs, as
shown in Figure 3. For comparison, the SEM images of the Cu foil
and Zn foil substrates are also shown in Figure S2. Both the Cu foil
and Zn foil exhibit a relatively smooth surface without any notable
nanostructures. As shown in Figures 3a and 3b, low current
densities of 5 mA·cm-2 and 10 mA·cm-2 were not enough to form
the integrated 3D leaf-like structure composed of Zn nanoplates
because the growth rate of Zn nanoplates is too slow. The Zn
nanoplates appeared at 30 mA·cm-2 (Figure 3c), but the nanoplates
were piled together. The Zn nanoplates could not form on Zn foil
(Figure 3d) or in the Zn(NO3)2 solution (Figure 3e), indicating that
Cu foil substrate and SO42- anions are required for the growth of Zn
nanoplates. Without the aid of NH4+, only large and stacked Zn
nanoplates could form in the ZnSO4 solution (Figure 3f). This
might be because NH4+ could expedite the HER process so that H2

bubbles could suppress the growth of a single nanostructure and
result in forming a dendrite structure [36]. As a result, only at the
proper current density of 20 mA·cm-2 and with the help of NH4+,
the fish-scale-like Zn-NLs with 3D branched nanostructure could
grow on Cu foil. The immersion conditions of AgNO3 solution for
the deposition of Ag-NDs were also carefully adjusted. According
to Figures 2c and 3g, it was hard for the Ag-NDs grown in 1 mM
AgNO3 solution to adequately cover the surface of Zn-NLs,
because the concentration of Ag+ was too low. However, according
to Figures 2c, 3h and 3i, both the amount and diameter of Ag-NDs
would increase by raising the concentration of AgNO3 solution or
the immersion time. After a series of control experiments, we
confirmed that the best condition to grow Ag-NDs should be
immersing into 3 mMAgNO3 solution for 20 s.

Figure 4. (a) LSV curves of Zn-NLs and Ag-NDs/Zn-NLs
measured in CO2- or Ar-purged 0.1 M KHCO3 electrolyte. (b)
Nyquist plots of Zn-NLs and Ag-NDs/Zn-NLs. (c) Partial current
densities for CO production of Zn foil, Zn-NLs and
Ag-NDs/Zn-NLs at different applied potentials in CO2-saturated
0.1 M KHCO3 aqueous solution within an operation period of 2 h.
(d-e) CV curves of (d) Ag-NDs/Zn-NLs and (e) Zn-NLs measured
in Ar-purged 0.1 M KHCO3 aqueous electrolyte. (f) Charging
current density differences (Δj) vs. scan rates of Zn-NLs and
Ag-NDs/Zn-NLs. (g-i) Time-dependent current densities of (g) Zn
foil, (h) Zn-NLs, (i) Ag-NDs/Zn-NLs at different applied potentials
(vs. RHE, with IR compensated) in CO2-saturated 0.1 M KHCO3
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aqueous electrolyte within an operation period of 2 h.

The electrocatalytic CO2RR activities of Zn-NLs and
Ag-NDs/Zn-NLs were examined in 0.1 M KHCO3 electrolyte by
linear sweep voltammetry (LSV). Figure 4a shows the LSV curves
of the samples measured in CO2- or Ar-saturated electrolytes. The
Zn-NLs exhibit higher current densities in CO2-saturated
electrolyte (pH = 6.8) than in Ar-saturated electrolyte after
reaching -1.4 V (vs. RHE), indicating that the Zn-NLs are
propitious to CO2RR rather than the HER; However, before
reaching -1.4 V, the current densities of Zn-NLs are close to each
other. This might be because the charge-transfer resistance is too
high for Zn-NLs, so the electrochemical reaction is difficult to
carry out under relatively positive potentials. For Ag-NDs/Zn-NLs,
the current densities in CO2-saturated electrolyte are always higher
than in Ar-saturated electrolyte, indicating that the CO2RR can
occur more easily than the HER. Moreover, the Ag-NDs/Zn-NLs
show a much higher current density than Zn-NLs at the same
potentials, indicating that the charge-transfer resistance is much
lower for Ag-NDs/Zn-NLs. As additional evidence, the equivalent
circuit diagram in Figure 4b shows that the Ag-NDs/Zn-NLs had a
charge-transfer resistance of 17.2 Ω, much lower than the 34.8 Ω
of the Zn-NLs. Identical to the LSV results, the electrochemical
impedance spectroscopy (EIS) measurements also prove that
Ag-NDs can provide sufficient interfacial contact and smooth
electron transfer capability for the formation of reaction
intermediates in the CO2RR. The differences between the
electrocatalytic activities of Zn-NLs and Ag-NDs/Zn-NLs are also
compared by the ECSA measured from cyclic voltammetry (CV)
tests (Figures 4d and 4e) and the corresponding curves of charging
current density differences (Δ j) vs. scan rates (Figure 4f). The
double layer capacitance of Ag-NDs/Zn-NLs (3.80 mF·cm-2) is
approximately 3-fold higher than that of Zn-NLs (1.38 mF·cm-2),
indicating an increased active surface area after Ag decoration,
since the ECSA is proportionate to the double layer capacitance.
These results verify that the decoration of Ag-NDs on Zn-NLs is
beneficial to improving the electrocatalytic performance. The
current densities of Zn foil, Zn-NLs and Ag-NDs/Zn-NLs for
CO2RR at different potentials were measured and compared, as
shown in Figures 4g-4i. The current densities are expected to
increase when the applied potential becomes more negative.
Compared with those of Zn-NLs and Ag-NDs/Zn-NLs, the current
densities of Zn foil are obviously lower, indicating that the
overpotential of Zn foil is much higher for the CO2RR. In other
words, the fish-scale-like nanostructure composed of Zn nanoplates
can effectively decrease the charge-transfer resistance.

Figure 5. (a-c) Faradaic efficiencies for different reduction
products of (a) Zn foil, (b) Zn-NLs and (c) Ag-NDs/Zn-NLs in
CO2-saturated 0.1 M KHCO3 aqueous electrolyte at different
applied potentials (with IR compensated) within 2 h. (d) Current
density of Zn-NLs during long-term CO2RR test for 16 h at an
applied potential of -1.0 V (vs. RHE, with IR compensation). (e)
SEM image of Zn-NLs after 16 h of the CO2RR testing. (f) Current
density of Ag-NDs/Zn-NLs during long-term CO2RR test for 16 h
at an applied potential of -1.0 V (vs. RHE with IR compensation).
(g) SEM image of Ag-NDs/Zn-NLs after 16 h of the CO2RR
testing.

To distinguish the contributions from the CO2RR and HER to
the overall current density, the types and amounts of different
reduction products (carbonaceous compounds and H2) at the
selected potentials were quantificationally evaluated. Through gas
chromatography (GC) and nuclear magnetic resonance (NMR)
analyses, the reduction products generated by the above samples
were determined to be formate, CO and H2. The standard curves
for calculating the quantities of formate, CO and H2 are shown in
Figure S3. As shown in Figure 5a, the total Faradaic efficiency of
Zn foil remains far below 100% at -0.8 V. This is because at low
current densities, substantial electrons are required for double-layer
charging, which is a non-faradaic process [37]. These phenomena
are greatly attenuated at higher current densities and in the tests of
Zn-NLs (Figure 5b) and Ag-NDs/Zn-NLs (Figure 5c). For Zn-NLs
and Ag-NDs/Zn-NLs, more electricity is utilized for the CO2RR
and HER than for the double-layer charging, because their
charge-transfer resistances are much lower than that of Zn foil. On
the other hand, Zn foil tends to yield formate as the main CO2RR
product. The Faradaic efficiency for formate formation (FEformate)
of Zn foil increases as the potential becomes more negative and
finally reaches 94.1% at -1.2 V (vs. RHE). These results are
consistent with the tendency of Zn to reduce CO2 to HCOOH at
more negative potentials [38]. Additionally, Zn-NLs and
Ag-NDs/Zn-NLs also show the restrained formate selectivity at
-1.2 V (vs. RHE) with the maximum FEformate of 43.7% and 31.0%.
The largest partial current densities of formate, which are
calculated by multiplying the average current densities and FEformate,
are determined to be 8.54 mA·cm-2 for Zn foil, 5.26 mA·cm-2 for
Zn-NLs, and 3.01 mA·cm-2 for Ag-NDs/Zn-NLs at -1.2 V (vs.
RHE). According to these results, Zn foil perform great selectivity
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towards formate, but its high overpotential restricts the further
application for CO2RR. On the other hand, different from the Zn
foil, the FEformate of Zn-NLs and Ag-NDs/Zn-NLs undergo a decline
when the potential becomes more negative. The FEformate drops
from 11.8% at -0.8 V (vs. RHE) to 7.0% at -0.9 V (vs. RHE) for
Zn-NLs and drops from 6.4% at -0.9 V (vs. RHE) to 4.6% at -1.0 V
(vs. RHE) for Ag-NDs/Zn-NLs. The decline of FEformate is caused
by the competition of CO2-to-CO transformation. As for Zn foil,
the maximum Faradaic efficiency for CO formation (FECO) only
reaches 17.1% at -1.0 V (vs. RHE). In contrast, CO turns to be a
main product for Zn-NLs and Ag-NDs/Zn-NLs. As shown in
Figures 5b and 5c, the maximum FECO values are measured to be
74.8% for Zn-NLs and 85.2% for Ag-NDs/Zn-NLs at -1.0 V (vs.
RHE). The largest partial current densities of CO, which are
calculated by multiplying the average current densities and FECO,
are determined to be 0.56 mA·cm-2 for Zn foil, 5.62 mA·cm-2 for
Zn-NLs, and 8.12 mA·cm-2 for Ag-NDs/Zn-NLs at -1.0 V (vs.
RHE), further proving that the Ag-NDs/Zn-NLs sample is the best
for converting CO2 to CO (Figure 4c). As the main competing
reaction of CO2RR, the Faradic efficiencies for the HER (FEH2) of
all these samples are lower than 25% at all of the applied potentials,
and the lowest FEH2 are suppressed to under 10%, proving the
restraint HER process by Zn. Comparing these three
electrocatalysts, it can be concluded that the introduction of a
fish-scale-like Zn nanostructure and ultrafine Ag-NDs can
substantially promote the selectivity of CO. The 3D branched
nanostructure supplies a rough surface for the electrode, which
greatly improve the wettability. Because the CO2 molecules are
dissolved in the electrolyte, the CO2RR process is highly affected
by the mass transfer under a relatively negative potential [39]. The
cations (K+ for this system) in the solution would gather at the
surface of the double-layer, hampering the adsorption of CO2 [40].
That means a more hydrophilic surface is more possible to better
adsorb solute CO2, which can decrease the mass transfer resistance
and thus reduce the activation energy for electrochemical reactions.
This 3D structure also offers a larger contact area between the
electrode and active species [24], lowering the overpotential and
charge-transfer resistance. It is widely accepted that the
electrochemical CO2-to-CO conversion process can be divided into
three elementary steps in aqueous electrolytes [41, 42]:

CO2(g) + * + H+(aq) + e- → *COOH (4)
*COOH + H+(aq) + e- → *CO + H2O(l) (5)

*CO → CO(g) + * (6)
where * refers to the active centre of the catalyst. The stabilization
of *COOH intermediate can lead to the selective formation of CO.
Because the edge sites of Zn nanostructure have been proved to
perform stronger binding energy of *COOH [21], the
fish-scale-like Zn-NLs made of abundant edges and steps can
indeed stabilize the *COOH towards a preferable CO2-to-CO
conversion pathway. Furthermore, the decorated Ag-NDs also act
as the substitute reaction centres in Ag-NDs/Zn-NLs, which are
proven to possess good CO selectivity [33]. As the decoration of
Ag nanoparticles has been commonly used to adjust the
hydrophilic surface due to the increased roughness [43-45], the
widely dispersed Ag-NDs also greatly improved the wettability of
the catalyst surface (Figure 1g), so that the CO2RR can occur more
easily. This could be concluded from the total Faradaic efficiencies
of Ag-NDs/Zn-NLs between -0.8 and -1.0 V are much closer to
100% than those of Zn-NLs. Furthermore, the Zn-NLs act as the
3D hierarchical support material for the loading of Ag-NDs, which

can effectively prevent the aggregation of Ag-NDs. As a result, the
synergetic effect of Zn-NLs and Ag-NDs greatly promoted the
activity and selectivity of CO2-to-CO conversion.
To evaluate the catalytic performance stability of Zn-NLs and

Ag-NDs/Zn-NLs, long-term CO2RR tests were conducted in
CO2-saturated 0.1 M KHCO3 aqueous electrolyte (Figs. 5d and 5e).
During the entire test process, CO2 gas flow was continuously
purged into 0.1 M KHCO3 electrolyte to reduce the fluctuation of
CO2 concentration. After electrolysis for 8 h, the electrolyte was
refreshed, and the electrode was washed with deionized water and
then directly used for the next cycle. During the electrolysis for 16
h at a potential of -1.0 V vs. RHE, the activity of Ag-NDs/Zn-NLs
shows no obvious change over the entire process. However, the
current density of Zn-NLs was slowly decreased during the test,
which should be ascribed to the catalytic activity affected by
surface reconstruction [17]. As shown in Figure 5e, the lattice
edges of the Zn-NLs were reconstructed to nanoballs, and some
branch-like structures collapsed after 16 h of testing. After the
introduction of Ag-NDs, the surface reconstruction was suppressed,
and Ag-NDs acted as additional reaction centres for the CO2RR.
Compared to Zn-NLs, the topography of the Ag-NDs/Zn-NLs was
well maintained after 16 h of testing (Figure 5g). As a result, the
Ag-NDs/Zn-NLs also show a much higher catalytic stability than
the Zn-NLs. For further comparison, we have summarized the
CO2-to-CO conversion performances of Ag-NDs/Zn-NLs and other
Zn-Ag-based electrocatalysts reported in previous literature (Table
S1). It suggests that the Ag-NDs/Zn-NLs in this work exhibit
competitive activity and selectivity for the CO2RR toward CO
production.
To compare the influence of preparing conditions for Zn and Ag,

the CO2RR experiments were also performed on Zn- and Ag-based
electrocatalysts prepared under different conditions at -1.0 V (vs.
RHE), as summarized in Table S2. When the electro-deposition of
Zn was performed at a low current density (5 mA·cm-2 or 10
mA·cm-2), only Zn nanoplates were formed (Figure 3a and 3b).
This resulted in an inferior catalytic activity and exhibited the FECO

at only approximately 55%. For a higher current density of 30
mA·cm-2, the FECO is still slightly lower than that obtained at 20
mA·cm-2 for 5 min. This is because the Zn nanoplates grew in a
larger size and piled together (Figure 3c), decreasing the contact
area between the CO2 molecules and Zn electrocatalyst.
Interestingly, the FECO of Zn nanoplates obtained in Zn(NO3)2
electrolyte reached 71.6% (Figure 3e), which is slightly lower than
that of Zn-NLs. However, the Zn nanoplates electro-deposited in
pristine ZnSO4 electrolyte without (NH4)2SO4 only yield a
relatively low FECO of 63.7%. According to Figure 3f, without the
aid of NH4+, larger Zn nanoplates lack of fish-scale-like
hierarchical structure are formed, which is the reason for the
relatively low electrocatalytic activity. The concentration and
immersion time of AgNO3 for the deposition of Ag-NDs were also
investigated. The FECO values of Ag-NDs/Zn-NLs (1 mM, 20 s),
Ag-NDs/Zn-NLs (10 mM, 20 s) and Ag-NDs/Zn-NLs (3 mM, 60 s)
are measured to be 75.0%, 57.1%, and 61.1% respectively, which
are all lower than of the Ag-NDs/Zn-NLs (3 mM, 20 s) sample
(85.2%). These results suggest that the size and dispersion degree
of Ag-NDs can significantly affect the catalytic activity of
Ag-NDs/Zn-NLs. When the amount of Ag-NDs is low, the catalytic
activity is restricted. However, when the concentration of AgNO3

solution is too high or the immersion time is too long, the size of
Ag-NDs will become large and the aggregation may occur. The
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agglomerated Ag-NDs could not supply additional active centres
for CO2RR and cause the decrease in activity. Commercially
available Ag-NPs decorated Zn-NLs show a similar decrease in
activity with the FECO of 61.9% due to the agglomeration of
Ag-NPs, as shown in Figure S4a. To explore the influence of Zn
substrates for the dispersion of Ag, Ag-NPs were in-situ grown on
Zn foil, Zn-NPs and Zn-NRs through the same displacement
reaction used for Ag-NDs/Zn-NLs, as shown in Figure S4b and S5.
The Ag-NPs largely raise the FECO from 17.1% of for Zn foil to
38.8%, proving that Ag could benefit the CO production. The FECO

is further promoted to 50.4% when Zn-NPs is decorated by
Ag-NPs. However, the FECO of Ag-NPs/Zn-NRs is only 27.6%.
This may be because that Ag species were grown separately from
the Zn species when Zn-NRs were used as the substrate (Figure
S5d-S5f), causing the lack of synergetic effect between Zn and Ag.
Notably, the FECO of all these Ag-NPs decorated Zn substrates are
lower than that of Ag-NDs/Zn-NLs and Zn-NLs, further certifying
the advantages of Ag-NDs/Zn-NLs for selective CO production.
Conclusively, the morphology control and structure engineering of
Ag-NDs/Zn-NLs, especially the formation of fish-scale-like
Zn-NLs and well-dispersed ultrafine Ag-NDs, are the key factors to
achieve the improved electrocatalytic performance for the
electrocatalytic CO2-to-CO conversion.

4 Conclusions
In summary, we developed an in-situ deposition strategy for the
preparation of 3D hierarchical Ag-NDs/Zn-NLs electrocatalyst
with high activity and selectivity for the CO2RR. The Zn-NLs
exhibited a fish-scale-like nanostructure composed of tightly
assembled Zn nanoplates. After the uniform decoration of ultrafine
Ag-NDs on the surface of Zn-NLs, the designed catalyst exhibits
greatly increased ECSA and decreased charge transfer impedance,
which are clearly beneficial to the CO2RR due to the enhanced
adsorption and stabilization of *COOH intermediates. The
homogeneously deposited Ag-NDs could efficiently inhibit the
surface reconstruction of Zn-NLs and act as extra active centres for
the CO2RR. On the other hand, the 3D hierarchical Zn-NLs could
prevent the agglomeration of ultrafine Ag-NDs. As a result, the
synergistic effect of Zn-NLs and Ag-NDs significantly promoted
the electrochemical CO2-to-CO conversion. This work provides a
promising route for the in-situ preparation of nanostructural
electrocatalysts with improved activity, selectivity and durability
towards CO2 reduction and reutilization.
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Figure S1. (a) SEM image of Zn-NLs. (b, c) HRTEM images of Ag-NDs/Zn-NLs. (d) Size distribution of ultrafine Ag-NDs in
Figure S1c.
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Figure S2. SEM images of (a) Cu foil and (b) Zn foil.
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Figure S3. Linear relationships between (a) the volumes of H2 and (b) the contents of CO in the gas products with the corresponding
signal areas of GC measurements. (c) Linear relationship between the concentrations of HCOO- and the relative signal areas (vs.
DMSO) measured by 1H-NMR analysis. (d) Typical 1H-NMR spectrum for determination of HCOO- product in CO2RR.
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Figure S4. SEM images of (a) commercially available Ag-NPs decorated Zn-NLs and (b) Ag-NPs/Zn foil.
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Figure S5. SEM images of as-prepared (a) Zn-NPs, (b) Ag-NPs/Zn-NPs, (c) Zn-NRs and (d) Ag-NPs/Zn-NRs. (e, f) The
corresponding EDS elemental mapping images of Ag-NPs/Zn-NRs.
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Table S1. Comparison of the catalytic performances of Ag-NDs/Zn-NLs with previously reported Zn-Ag-based electrocatalysts for
CO2-to-CO conversion in an H-cell.

Reference Electrocatalyst Potential
(V vs.RHE)

Stability
(h) FECO (%) jCO (mA·cm-2)

This work Ag-NDs/Zn-NLs -1.0 16 85.2 8.1

[S1] PD-Zn/Ag -1.2 8 73.3 9.5

[S2] AgZn alloy -1.2 N/A 63.0 2.0

[S3] AZ/C/Ag -1.0 5 86.0 7.3

[S4] Ag layer/Zn -1.0 9 84.2 3.0

[S5] Ag NPs/
Zn nanoplates -0.8 2 84.0 1.9

[S6] bimetallic
Ag-Zn -1.0 N/A 70 8.6

[S7] Ag-Zn alloy -1.1 N/A 60 10.5

[S8] Ag@ZnO@rGO -1.0 0.5 70 2.5
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Table S2. Comparison of the FECO values of different electrocatalysts prepared with different conditions at -1.0 V vs. RHE.

Electrocatalyst Zn2+ solution NH4+
Electrodeposition

condition
AgNO3

solution
Immersion

time
FECO

(%)

Ag-NDs/Zn-NLs 10 mM
ZnSO4

w 20 mA·cm-2

for 5 min 3 mM 20 s 85.2

Zn-NLs 10 mM
ZnSO4

w 20 mA·cm-2

for 5 min w/o w/o 74.8

Zn nanoplates 10 mM
ZnSO4

w 5 mA·cm-2

for 5 min w/o w/o 55.4

Zn nanoplates 10 mM
ZnSO4

w 10 mA·cm-2

for 5 min w/o w/o 53.5

Zn nanoplates 10 mM
ZnSO4

w 30 mA·cm-2

for 5 min w/o w/o 71.2

Zn nanoplates (in NO3-)
10 mM
Zn(NO3)2

w/o 20 mA·cm-2

for 5 min w/o w/o 71.6

Zn nanoplates
(without NH4+)

10 mM
ZnSO4

w/o 20 mA·cm-2

for 5 min w/o w/o 63.7

Ag-NDs/Zn-NLs (in NO3-)
10 mM
Zn(NO3)2

w/o 20 mA·cm-2

for 5 min 3 mM 20 s 52.8

Ag-NDs/Zn-NLs
(1 mM, 20 s)

10 mM
ZnSO4

w 20 mA·cm-2

for 5 min 1 mM 20 s 75.0

Ag-NDs/Zn-NLs
(10 mM, 20 s)

10 mM
ZnSO4

w 20 mA·cm-2

for 5 min 10 mM 20 s 57.1

Ag-NDs/Zn-NLs
(3 mM, 60 s)

10 mM
ZnSO4

w 20 mA·cm-2

for 5 min 3 mM 60 s 61.1

Commercially available Ag-NPs
decorated Zn-NLs

10 mM
ZnSO4

w 20 mA·cm-2

for 5 min w/o w/o 61.9

Ag-NPs/Zn foil w/o w/o w/o 3 mM 20 s 38.8

Ag-NPs/Zn-NPs w/o w/o w/o 3 mM 20 s 50.4

Ag-NPs/Zn-NRs w/o w/o w/o 3 mM 20 s 27.6
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