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Electrochemical conversion of CO2 into liquid fuels provides an efficient way to store the renewable energy in the production of
fuels and chemicals. However, effectively converting CO2 to ethanol remains extremely challenging due to the low activity and
selectivity. Herein, we achieve a high ethanol Faradaic efficiency (FE) as high as 85% on Ag nanowires (NWs) for CO2

electroreduction at −0.95 V. X-ray photoelectron spectroscopy and electrochemical experiments prove that such Ag NWs are
partially oxidized. Operando Raman spectroscopy finds the important CO intermediate adsorbed on partially oxidized Ag NWs,
facilitating the ethanol formation. Density functional theory calculations prove that the reaction energy of CO coupling with the
*CHO to *COCHO intermediate on the partially oxidized Ag NWs is smaller than that on the surface of Cu, which explains why
the ethanol FE of such partially oxidized Ag NWs can exceed that of Cu, and therefore is the most favorable pathway for the
formation of C2 products on partially oxidized Ag NWs. This study provides a new insight to design efficient catalysts and
investigate the mechanisms to improve the selectivity.
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1 Introduction

CO2 electroreduction to valuable fuels and chemicals pro-
vides a promising avenue towards the storage of renewable
electricity [1,2]. Researchers have focused on developing
efficient catalysts to convert CO2 into various useful pro-
ducts, which can not only convert intermittent renewable
electricity into energy-dense fuels but also decrease the level

of atmospheric CO2 [3–5]. Among the various products, C2

liquid products are a kind of promising fuels for the energy
storage because they have high energy density and are easy
to store [6]. However, electrochemical conversion of CO2 to
ethanol need high energy barrier because of the C–C cou-
pling, as well as multiple proton and electron transfers that
involve multiple intermediates [7,8]. Therefore, converting
CO2 to C2 products, especially ethanol, is still difficult,
making the development of efficient electrocatalysts and
mechanism studies a great challenge.
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In order to obtain efficient electrocatalysts for CO2 elec-
troreduction, various nanostructures and techniques have
been developed. Thus far, copper-based catalysts are the
leading materials to produce multi-carbon products toward
CO2 electroreduction, especially for making C2 products [9].
However, the copper-based electrocatalysts for making such
C2 products are still lack of selectivity, especially for ethanol
[10,11]. Ag-based catalysts have exhibited high selectivity
for CO2 electroreduction to CO at low overpotentials with
depressed H2 evolution [12,13], but has been rarely reported
to convert CO2 to ethanol. CO is an important intermediate
for C–C coupling [14]. Therefore, Ag has the potential to
exhibit the high selectivity for C2 products by tuning the
adsorption energy of CO. Recently, our group have made
great progress in obtaining ethanol with high Faradaic effi-
ciency (FE) of 55% by sulfurized Ag through the inter-
mediate of CO [15]. However, it is difficult for Ag alone to
obtain high ethanol selectivity. Interestingly, partially oxi-
dized Cu can greatly alter the adsorption and reaction energy
of CO to improve the selectivity for CO2 electroreduction
[16–19], which gives clues for designing partially oxidized
Ag systems.
Furthermore, the mechanism studies are still lack of effi-

cient techniques. Surface-enhanced Raman spectroscopy
(SERS) is a powerful and non-destructive fingerprint spec-
troscopy, which can give the information in the low-fre-
quency region without the influence of water [20]. SERS is
also a perfect technique for detecting trace surface reaction
intermediate species during CO2 electroreduction in situ
[7,8]. Ag has high SERS activity, and therefore Ag-based
catalysts have the potential to provide SERS substrates to
investigate the mechanisms of CO2 electroreduction.
Herein, we used freshly prepared one-dimensional Ag

nanowires (NWs) to improve the ethanol FE to as high as
85% for CO2 electroreduction and further explained the
mechanisms by operando Raman spectroscopy combined
with density functional theory (DFT) calculations. X-ray
photoelectron spectroscopy (XPS) and cyclic voltammo-
grams (CVs) studies found that such freshly prepared Ag
NWs were partially oxidized. Such Ag NWs achieved an
extremely high ethanol FE of 85% at −0.95 V vs. reversible
hydrogen electrode (RHE). Operando electrochemical SERS
(EC-SERS) found that the CO intermediate with the high
coverage can steer the pathway towards ethanol during CO2

electroreduction, which explained why such Ag NWs ex-
hibited high ethanol selectivity. DFT calculations found that
the C–C coupling reaction of *CHO and CO to *CHOCO
intermediates were the most favorable pathway for the for-
mation of C2 products on the partially oxidized Ag NWs,
which facilitated the ethanol formation. Experimental re-
sults, operando EC-SERS combined with DFT calculations,
found the partially oxidized Ag NWs can greatly improve the
ethanol selectivity for CO2 electroreduction.

2 Experimental

Well-defined Ag NWs were synthesized by a one-pot aqu-
eous-phase hydrothermal strategy. Firstly, in a standard
synthesis, 334 mg PVP was dissolved in 25 mL ethylene
glycol and subsequently heated in an oil bath at 180 °C for
5 min under the continuous stirring at 320 rpm to remove
water. Secondly, 50 μL ethylene glycol solution containing
0.43 mol L−1 NaCl and 50 μL ethylene glycol solution con-
taining 0.43 mol L−1 AgNO3 were synchronously injected
into the container. 25 min later, 10 mL ethylene glycol so-
lution containing 0.12 mol L−1 AgNO3 was added to the
mixture at a rate of 100 μL per 15 s. After 20 min, the milky
white product appeared in the solution. And then, the rest of
ethylene glycol solution was put into the mixture within
1 min. After the full injection of AgNO3, the mixture was
stirred for 15 min again. Finally, the cooled Ag NWs were
centrifuged at 8,000 rpm for 10 min to remove the upper
solution. The sediment was washed at 4,000 rpm for 10 min
with ultrapure water and anhydrous ethanol 3 times for fur-
ther electrochemistry and spectroscopy studies. The synth-
esis of Ag nanoparticles (NPs) and other experimental details
were shown in the supporting information.

3 Results and discussion

3.1 Characterizations

X-ray diffraction (XRD), the transmission electron micro-
scope (TEM) and scanning electron microscope (SEM) were
used to characterize the Ag NWs. SEM images show that
such Ag NWs are about 80 nm wide and more than 10 mi-
crometers long (Figure 1a, b), while Ag NPs are about 80 nm
(Figure S1). The TEM image of Ag NWs clearly shows the
width of around 80 nm (Figure 1c) and high-resolution TEM
image clearly shows a lattice fringe of around 0.236 nm
corresponded to (111) plane of Ag (Figure 1d). XRD found
that (111), (200), (222) and (311) facets exist in Ag NWs,
while the Ag NWs and Ag NPs have the same PDF number
of 04-0783 (Figure S2).

3.2 The catalytic activity and selectivity of CO2 elec-
troreduction

We then systematically investigated the electrocatalytic be-
havior of the Ag NWs and Ag NPs for CO2 electroreduction.
We relied on cyclic voltammetry (CV) to investigate the
catalytic activity of CO2 electroreduction. The current den-
sities are normalized by the electrochemical surface area
(Figure S3). The current density of Ag NWs and Ag NPs in
the CO2-saturated 0.5 mol L−1 KHCO3 solution exhibited
higher catalytic activity than that in the Ar-saturated one,
indicating enhanced CO2 electroreduction in the CO2-satu-
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rated KHCO3 solution because the carbonate concentration
changes (Figure 2a, b and S1.6). The reversible peak at about
−0.3–0 V was due to oxygen adsorption/desorption on the
Ag surface of the Ag NWs and Ag NPs (Figure 2a, b) [21].
More detailed studies about the Ag electrooxidation were in
Figure S5. Linear sweep voltammetry (LSV) curves were
used to confirm the enhanced catalytic activity of Ag NWs
and Ag NPs in the CO2-saturated 0.5 mol L

−1 KHCO3 solu-
tion (Figure 2c, d). Therefore, the CO2 electroreduction
happened on both the Ag NWs and Ag NPs, and the Ag NWs
exhibited higher CO2 electroreduction activity than the Ag
NPs (Figure 2c, d). By using a gas diffusion electrode
(GDE), the current density can be greatly improved (Figure
S6).
Besides the high catalytic activity, the selectivity of CO2

electroreduction was more interesting and systematically
investigated. Among all the products from CO2 electro-
reduction, the liquid products were of most interest and
quantified in the liquid phase using 1H nuclear magnetic
resonance (NMR) according to the literature [22]. The liquid
products were quantified using dimethyl sulfoxide (DMSO)
as a 1H NMR internal standard according to the method
described elsewhere (Figure S7) [22]. Based on the 1H NMR
and the current density, the FEs for different products were
calculated for Ag NWs and Ag NPs at different potentials
(Figure 3a, b). The main liquid CO2 electroreduction pro-
ducts were ethanol for Ag NWs and formic acid for Ag NPs
as detected by the 1H NMR (Figures S8, S9). The ethanol FE
and formic acid FE for Ag NWs and Ag NPs at different
potentials are shown in Figure 3a, b, respectively. With the

decrease of the potential, the ethanol selectivity first in-
creases and then decreases, reaching the highest ethanol FE
of around 85% for CO2 electroreduction on Ag NWs at
−0.95 V vs. RHE (Figure 3a). The Ag NWs also exhibited
the high stability (Figure S10). However, the products for
CO2 electroreduction on Ag NPs is mainly HCOOH with a
low FE in the aqueous solution (Figure 3b, Figure S9), while
the main product is CO in the gas phase as detected by gas
chromatograph (S1.10). What should be noted is that the
ethanol selectivity for CO2 electroreduction on Ag NWs is
extremely high compared with the catalysts reported pre-
viously [7,23,24].
The question is why Ag NWs can efficiently convert CO2

to ethanol while the Ag NPs cannot, and further studies are
needed to make it clear. What interested us is the ethanol FE
of such fresh Ag NWs decreases dramatically from 85% to
0% with the increase of the exposing time in the air on the
first day to the 20th day (Figure 3c). In order to explain it, we
detected the Ag/O atomic ratios of Ag NWs exposing dif-
ferent time in the air, and found that they decreased with the
exposing time (Figure 3d). The XRD studies also found that
the intensity of diffraction peaks decreased with the exposing
time in the air, indicating the crystal structure changed with
the oxidation in the air (Figure S2). The structures can
greatly influence the catalytic properties. Ag NWs are cov-
ered mostly by (100) facets while Ag NPs covered mostly by
(111) facets [25], which makes the Ag NPs easier to be
oxidized than the Ag NWs [26]. Such different facets make
the Ag–O and Ag–C bond adsorbed differently on Ag NWs
and Ag NPs, which may finally change the ethanol se-
lectivity [27].
XPS found that the Ag/O atomic ratios were 4.4 for Ag

NWs and gradually decreased with the exposing time in the
air, indicating that they were partially oxidized (Figure S11
and Table S2). Hereafter, we denoted such Ag NWs as par-
tially oxidized Ag NWs. The Ag/O atomic ratios were about
1.9 for Ag NPs exposing for different time in the air (Figure
3d), indicating Ag NPs formed the equilibrium of oxygen-
related layers immediately after exposing in the air. The
oxidation of the Ag NPs’ surface reached maximum im-
mediately after exposing in the air. Therefore, the different
facet structure can greatly influence the oxidation of Ag
NWs and Ag NPs, which finally caused different ethanol
selectivity. The CO2 electroreduction on the Ag electrode
before and after polishing was used to study the influence of
the oxidation. The ethanol can be formed only after the Ag
electrode is polished to remove the oxidized Ag (Figure
S12).

3.3 Operando EC-SERS probing the intermediates

In order to make the mechanisms clear, operando EC-SERS
was further used to investigate why such partially oxidized

Figure 1 (a, b) SEM images of Ag NWs in different scales; (c) TEM
image of Ag NWs; (d) high-resolution TEM image of Ag NWs (color
online).
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Ag NWs were so efficient to convert CO2 to ethanol. With
the decrease of the potential, the observed strong peak at

2,101 cm−1 corresponded to the atop-adsorbed CO, while the
peak at about 1,755 cm−1 was assigned to HCOOH adsorbed

Figure 2 CV curves of Ag NWs (a) and Ag NPs (b) in a CO2- or Ar-saturated 0.5 mol L
−1 KHCO3 solution; LSV curves of Ag NWs (c) and Ag NPs (d) in a

CO2- or Ar-saturated 0.5 mol L
−1 KHCO3 solution (color online).

Figure 3 FE for ethanol and HCOOH products on (a) Ag NWs and (b) Ag NPs in 0.5 mol L−1 KHCO3 at various applied potentials after reacting for 2 h;
the dependence of ethanol FE (c) and Ag/O atomic ratios (d) for Ag NWs and Ag NPs on the exposing time in the air (color online).
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on the partially oxidized Ag NWs at different potentials, and
the corresponding Ag–C frequencies were also detected at
310 and 360 cm−1 (Figure 4) [7,15,28]. The strong CO SERS
signal indicated a high surface coverage of *CO adsorbed on
the partially oxidized Ag NWs, enhancing the C–C coupling
and the formation of C2 products [29,30]. Here, we achieved
strong SERS signals of CO on the partially oxidized Ag NWs
surface (Figure 4). However, no CO was detected on the Ag
NPs, while only signals from carbonates (695 and
1,060 cm−1), formic acid (1,755 cm−1) [31], and the Ag–C
(300 cm−1) from the adsorption of carbonates were detected
on Ag NPs during CO2 electroreduction at different poten-
tials (Figure S13). The carbonate was not detected on the Ag
NWs because of the strong adsorption of CO. Therefore, the
operando SERS has efficiently found the most important CO
intermediate for forming ethanol, which explained why
partially oxidized Ag NWs exhibited high ethanol selectivity.
Operando EC-SERS can also find the information of the

oxygen adsorption/desorption on partially oxidized Ag NWs.
In the low-frequency region, the reversible oxygen adsorbed
on Ag NWs can be detected by SERS with a peak around
245 cm−1 (Figure 4). At the beginning, strong Ag–O peaks
were observed at 0.45 V. Then, the Ag–O peak decreased
gradually with the decrease of the potential and disappeared
at −0.35 V, which was consistent with the CV curves in
Figure 2a. It was more interesting that the CO peak can be
detected together with the Ag–O peak, which meant that CO
can be produced on the Ag surfaces with oxygen species
adsorbed on. The CO peak increased gradually and reached
the maximum at 0.05 V, at which the potential Ag–O peak
still existed. When the Ag–O peaks disappeared, the CO-
related SERS signal began to decrease, which indicated that
the partially oxidized Ag surface can facilitate the CO ad-
sorption. For the Ag NPs, no CO was detected, which made

the adsorption of carbonates possible. Therefore, the high
carbonate-related SERS signal was detected on the Ag NPs
while no carbonate-related one was detected on the Ag NWs
because of the strong adsorption of CO (Figure S13).
Therefore, the partially oxidized Ag NWs can facilitate the
formation and the adsorption of the CO, which greatly im-
proves the ethanol selectivity.

3.4 DFT calculations to explain the mechanism

In order to further confirm the results from the EC-SERS, we
performed DFT calculations for CO2 reduction on Ag NWs
and partially oxidized Ag NWs to gain insights into the re-
action mechanisms. Recent mechanism studies have reached
the consensus that the first process for the reduction of CO2

to C1 or C2 products is the reduction of CO2 to CO on Ag
surfaces. Based on the previous studies [32–36], the fol-
lowing reaction mechanism of CO2 reduction CO is con-
sidered as:
*CO2+2H

++2e−→*COOH+H++e−→*CO+H2O
The calculated free energy diagrams of CO2 reduction on

Ag NWs are shown in Figure 5a while the adsorption con-
figurations of intermediates are shown in Figure S14–16.
The formation of carboxyl (*COOH) intermediates via
proton coupling electron transfer process is the rate-de-
termining step. Generally, CO is the final product for CO2

electroreduction on Ag nanostructures due to the weak ad-
sorption ability of CO on the Ag surface, and the adsorption
energy of CO on Ag NWs is calculated to be −0.30 eV. The
adsorption energy of CO on the surface of different Ag single
crystals is shown in Table S3. Therefore, CO is the final
product for CO2 electroreduction on Ag through the *COOH
pathway in the most cases [37].
However, in our case, Ag has already been partially oxi-

dized on the Ag NWs (Figure 3d), which are totally different
from the ordinary Ag structures. The adsorption energy of
CO on the partially oxidized Ag NWs is calculated to be
about −0.89 eV, which are close to the adsorption energy of
CO adsorption on the Cu(111) surface (−0.98 eV), making
the reaction activity of partially oxidized Ag NWs be similar
with CO2 reduction on the Cu(111) surface to C2 product.
Moreover, as shown in Figure 5a, the desorption of *CO is an
endothermic reaction on the partially oxidized Ag NWs,
which further suggests that the *CO can be further reduced
on the partially oxidized Ag NWs. Furthermore, the high CO
SERS signal detected in the operando Raman experiments in
Figure 4 proved much higher CO coverage. When the CO
coverage was further increased in the DFT calculation, the
adsorption energy of CO on the partially oxidized Ag NWs
was calculated to be −1.11 eV. The strong adsorption energy
of the high coverage of CO greatly facilitates the formation
of ethanol.
Figure 5 shows the detailed reaction mechanisms of CO2

Figure 4 Operando EC-SERS spectra of CO2 electroreduction on the
surfaces of partially oxidized Ag NWs at different potentials in 0.5 mol L−1

KHCO3 (color online).
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reduction to ethanol on the Ag NWs and the partially oxi-
dized Ag NWs. The CO2 reduction to *COOH intermediate
is the rate-determinate step of the reaction, and the *CHOCO
intermediate is the key step of CO reduction to C2 produc-
tion. Our calculation results show that the reduction energy
of CO2 to *COOH, and *COOH to CO on the partially
oxidized Ag NWs is about 0.16 and 0.10 eV smaller than that
on the Ag NWs, respectively. This suggests that the partially
oxidized Ag NWs exhibit a higher reaction activity. Com-
pared with the previous calculation results, the reaction en-
ergy of CO coupling with *CHO to *COCHO intermediate
on the partially oxidized Ag NWs is smaller than that on the
Cu surface [32]. The reaction intermediate of *CHOCO can
be further reduced to ethanol through a series of exothermic
elementary reaction (Figure 5b). Therefore, the DFT calcu-
lation explained our experimental results why such partially
oxidized Ag NWs exhibit high ethanol selectivity for CO2

electroreduction very well.

4 Conclusions

In conclusion, high ethanol FE was obtained on partially
oxidized Ag NWs for CO2 electroreduction, and operando
EC-SERS combined with DFT calculations explained the
mechanisms why partially oxidized Ag NWs exhibited so
high ethanol selectivity. The ethanol FE can reach as high as
85% on the partially oxidized Ag NWs at −0.95 V vs. RHE.
Operando EC-SERS found that the high coverage of CO can
greatly facilitate the ethanol formation on the partially oxi-
dized Ag NWs during CO2 electroreduction. The DFT cal-
culations result show that the adsorption energy of CO on the
partially oxidized Ag NWs is higher than that on Cu, and the
reaction free energy of CO coupling with *CHO to *COCHO
intermediate on the partially oxidized Ag NWs is smaller
than that on Cu surface, which explains the high ethanol
selectivity very well. Therefore, experiment results, oper-
ando EC-SERS and DFT calculations together prove that
such partially oxidized Ag NWs can provide high ethanol

selectivity for CO2 electroreduction. These results provide
new ways for designing Ag-based electrocatalysts to im-
prove the ethanol selectivity and mechanism studies.
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