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Abstract: Efficient, stable catalysts with high selectivity for
a single product are essential if electroreduction of CO2 is to
become a viable route to the synthesis of industrial feedstocks
and fuels. A plasma oxidation pre-treatment of silver foil
enhances the number of low-coordinated catalytically active
sites, which dramatically lowers the overpotential and increases
the activity of CO2 electroreduction to CO. At @0.6 V versus
RHE more than 90 % Faradaic efficiency towards CO was
achieved on a pre-oxidized silver foil. While transmission
electron microscopy (TEM) and operando X-ray absorption
spectroscopy showed that oxygen species can survive in the
bulk of the catalyst during the reaction, quasi in situ X-ray
photoelectron spectroscopy showed that the surface is metallic
under reaction conditions. DFT calculations reveal that the
defect-rich surface of the plasma-oxidized silver foils in the
presence of local electric fields drastically decrease the over-
potential of CO2 electroreduction.

The electroreduction of CO2 is a promising technology that
could provide a means to synthesize alternative hydrocarbon
fuels by consuming waste emissions.[1] However, efficient,
stable, and inexpensive catalysts are still needed to electro-
chemically reduce CO2 while suppressing the H2 evolution

(HER) side reaction. While gold catalysts show high activity
and selectivity to CO at moderate overpotentials,[2] silver
(Ag) is considerably cheaper, and it can also achieve near to
100 % selectivity towards CO at higher overpotential.[3]

Nanostructuring the surface is one method which may
improve the reactivity of Ag-based catalysts for CO2 electro-
reduction.[4] For example, nanoporous Ag has been shown to
have improved performance in comparison to flat Ag,[4a,5]

possibly because of the enhanced binding of intermediates at
low-coordinated atomic sites[6] or to mesoscale transport
effects.[5b] Ag nanoparticles have also shown increased activity
for CO2 reduction to CO with decreasing particle size down to
5 nm.[4b,c] Recent attention has also been paid to metal
catalysts (including Ag[7]) that are pre-oxidized and then
reduced in situ under CO2 electroreduction conditions; vastly
improved reactivity was observed in comparison to unoxi-
dized catalysts.[8] However, the mechanism causing their
improved behavior is under debate. A consistent picture is
still required that describes the role of subsurface oxygen and
cationic metal species versus morphological surface modifi-
cations (roughening and nanostructuring) for Ag catalysts.

Herein, we used plasma treatments to synthesize oxidized
and highly defective nanostructured Ag catalysts for selective
CO2 electroreduction to CO at low overpotential. Advanced
in situ and operando X-ray spectroscopy measurements
showed that while oxygen could survive in the bulk of the
catalyst during the reaction, the near-surface region of the
catalyst is metallic. Using density functional theory (DFT)
calculations, the enhanced activity could be assigned to the
highly under-coordinated surface of the pre-oxidized cata-
lysts, which can lower the overpotential for CO2 reduction in
the presence of local electric fields.

Nanostructured Ag catalysts were synthesized by treating
Ag foils in low-pressure plasmas of H2, Ar, or O2 gas. Figure 1
and Figure S1 (Supporting Information) show scanning
electron microscopy (SEM) images of Ag catalysts after
surface structuring with the plasma treatments. Ar or H2

plasma introduces small, pore-like defects 50–100 nm in size
onto the surface, while O2 plasma causes significant rough-
ening and dense, approximately 50 nm large pores on the Ag
foil. O2 plasma followed by a further H2 plasma treatment
(O2 + H2 sample) results in further nanostructuring of the Ag
surface. The bottom row of Figure 1 shows the samples after
1 h of CO2 electroreduction at @0.6 V versus RHE. While
only mild changes are apparent in the Ar-treated sample, the
O2-treated samples show a drastic increase in surface rough-
ness after the reaction, particularly for the O2 + H2 sample.
These changes may be related to the rapid growth of Ag
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oxides during O2 plasma and their subsequent reduction
under reaction conditions. SEM measurements of the pre-
oxidized catalysts measured after longer reaction times (3 h)
show that the surface structure continues to change over time
(Supporting Information, Figure S2).

Cross-sections of several of the samples were prepared,
and scanning transmission electron microscopy—energy dis-
persive X-ray spectroscopy (STEM-EDS) was measured
before and after the reaction to gain further insight into the
nanostructuring and the changes in oxidation state of the
catalysts caused by the plasma treatments. Figures 2a and 2b
show the Ar plasma-treated sample before reaction. Ar
plasma causes pore formation not only on the surface but also
below. This pore formation is a result of the plasma treatment,
and not an artifact from the sample preparation, as proved by
comparison with an untreated Ag sample that shows no pore
formation (Supporting Information, Figure S3). For the Ar
plasma-treated sample, the EDS results also indicate only
1 atomic weight % of O in the top 500 nm of the surface. After
the reaction, Figure 2c shows that no major changes occurred

to the structure and oxide content of the Ar plasma sample. In
comparison, the O2 plasma-treated Ag foil before reaction is
very rough and porous and has a high oxygen content
(compare to Figures 2d—f). A 35–50 nm thick layer of AgO
exists on the surface, while below the surface Ag grains and
regions with about 20 % O atom content are present. After
1 h of reaction, the porosity increases, the surface oxide layer
has lower oxygen content, and oxygen remains in the bulk of
the sample (ca. 6% O). The SEM and STEM images before
and after reaction were not measured at identical locations,
and so it must be considered that heterogeneities in the
sample may in part explain some of the differences before and
after reaction. However, we measured several regions within
each sample under the different conditions by SEM and we
observed similar structures. Our results indicate that plasma
treatment with atomic oxygen can heavily oxidize, roughen,
and create defects on an Ag surface, and oxygen can remain in
the bulk of these catalysts under the reducing conditions of
CO2 electroreduction.

To resolve changes in the structure and oxidation state of
these catalysts under reaction conditions, we measured
extended X-ray absorption fine structure (EXAFS) on the
plasma-treated Ag catalysts during CO2 electroreduction. The
measurements were performed at a small incidence angle to
increase the surface sensitivity. In their initial state, the Ar
and H2 plasma-treated foils appear similar in EXAFS to an
untreated Ag foil (that is, in their metallic state; Supporting
Information, Figure S4 and Table S1), while the O2 and
O2 + H2-treated samples showed Ag@Ag coordination num-
bers below 7 and the presence of Ag@O bonds (Figure 3;
Supporting Information, Table S2). The O2 and the O2 + H2

plasma samples were measured in operando during CO2

electroreduction for 1 h at @0.6 V versus RHE in 0.1m
KHCO3 (Figure 3). Impedance measurements were per-
formed to ensure similar electrochemical conditions during
operando measurements as during the lab-based measure-
ments in the standard H-type cell (Supporting Information,

Figures S5, S6, and Table S3). During the reaction,
the EXAFS results show the reduction of the
samples over time. For the O2 plasma sample,
oxides can be detected up to 30 min, and the
Ag@Ag coordination number increases to 11 after
65 min of reaction. A coordination number lower
than 12 may stem from the extreme roughness and
porosity of the sample, or from traces of cationic
Ag remaining in the sample that could not be fitted
in the bulk-sensitive EXAFS data. In comparison,
the O2 + H2 sample has a lower initial oxygen
content because of the partial reduction of the
sample surface with H2 plasma. Additionally, the
oxides in this sample reduce more quickly, and the
Ag@Ag coordination number increased to 11 after
the first 15 min. EXAFS of the Ar plasma-treated
sample was also measured under operando CO2

reduction conditions; however, Figure S7 and
Table S3 (Supporting Information) show that the
sample appeared similar in structure to an
untreated metallic Ag foil and no changes could
be detected over 30 min of reaction.

Figure 1. SEM images of plasma-treated Ag foils a–c) as prepared and
d–f) after 1 h of CO2 electroreduction at @0.6 V vs. RHE.

Figure 2. a,d) SEM and b,c,e,f) STEM-EDS images of cross-sections of Ag foils
treated with (a–c) Ar plasma and (d–f) O2 plasma, before and after CO2 electro-
reduction at @0.6 V vs. RHE.
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While the EXAFS and STEM results show the oxidation
and structure of the bulk of the samples, characterizing the
sample surface under reaction conditions is critical for
understanding its reactivity. To probe the chemical state of
the surface of the Ag catalysts during the reaction, quasi
in situ X-ray photoelectron spectroscopy (XPS) measure-
ments were performed using an electrochemical cell inter-
faced to an XPS system (Supporting Information, Figure S8).
The O2, O2 + H2, and H2 plasma-treated samples were
measured with XPS as prepared and after 1 h of CO2

electroreduction at @0.6 V versus RHE (Figures 4 a and
4b). Initially, the H2 sample contains metallic Ag, with an
Ag 3d3/2 binding energy of 368.3 eV, while the oxidized
samples are shifted to a lower binding energy of 367.5 eV,
which is characteristic of Ag oxide. After reaction, the Ag 3d
spectra for all three samples shows only metallic Ag. The
Auger regions shown in Figure S9 (Supporting Information)

support these findings. Therefore, despite the
survival of oxygen species within the bulk of the
sample (EXAFS), the top approximately 5 nm of
the surface probed by XPS is reduced to metallic
Ag after 1 h of reaction.

In addition to these measurements, XPS data
(Auger MNN electron region) after short CO2

electroreduction reaction times (30 s, 1 min, and
3 min at @0.6 V vs. RHE) were measured for the
O2 plasma-oxidized sample to gain insight into
how fast the reduction of oxides occurs at the
surface (Figure 4c). The Auger spectra were fitted
with the line shape of Ag oxide and metallic Ag
reference spectra (Ag foil oxidized for 15 min and
a Ag(111) single crystal cleaned in situ, respec-
tively). After 1 min of reaction, oxides can still be
detected at the surface (ca. 9%), but not after
3 min of reaction. This is consistent with the sharp
decrease in current observed when starting the
reaction (Figure 5a), which corresponds to the

initial reduction of Ag oxides. Therefore, it is expected that
the active site of these catalysts is metallic Ag under long term
operation conditions.

Figures 5a and 5b show the current density and Faradaic
efficiency towards CO of the plasma-treated Ag foils during
CO2 electroreduction at @0.6 V versus RHE over the course
of 3 h. At this potential, no CO2 reduction is observed on the
H2 and Ar-treated foils, similar to an untreated Ag foil
(Supporting Information, Figure S10). In contrast, the O2 and
O2 + H2 plasma-treated samples show exceptional activity
and more than 90% selectivity towards CO at this potential.
Compared to an untreated Ag foil, the overpotential for CO2

reduction on plasma-oxidized Ag has been shifted positively
by about @0.5 V. Faradaic efficiency towards H2 is shown in
Figure S11 (Supporting Information).

The efficiency towards CO degrades slightly after 3 h of
reaction on the oxidized samples because of a slight decrease
in current towards CO and a growth in the HER current
(Figures 5 c and 5d). These time-dependent changes are likely
related to the change in surface structure over the course of
the reaction, as seen in the SEM images (Supporting
Information, Figure S2). Electrochemical surface roughness
measurements also indicate that the roughness of the surface
decreases by approximately half between 1–3 h of reaction
(Supporting Information, Figure S12 and Table S4). A
decrease in the population of defects over time can therefore
be correlated to the slow deactivation of the sample, indicat-
ing that sharp nanostructured features present earlier in the
reaction may be the key surface sites that enhance CO2

reduction. Notably, the Ar and H2 plasma samples show
higher surface roughness compared to untreated Ag (Sup-
porting Information, Table S4), but are still unable to reduce
CO2 at this potential. This means that the improved reactivity
of the O2 plasma-treated samples is not simply due to a surface
area increase, but also to the intrinsic ability of the defect sites
generated on these samples to reduce CO2 to CO.

To understand the effect of the oxygen plasma on the Ag
samples, the reaction was studied by DFT. The reactivity is
estimated by calculating the free energy differences for the

Figure 3. Ag K-edge k2-weighted EXAFS of a) O2 plasma-treated and b) O2 + H2

plasma-treated Ag foils measured in air and in operando during CO2 electroreduc-
tion at @0.6 V vs. RHE; an untreated Ag foil is also plotted for comparison.
Key: data (cc), fitting (aa).

Figure 4. XPS measurements of the Ag 3d region of O2, H2, and
O2 +H2 plasma-treated Ag catalysts a) as prepared and b) after 1 h of
CO2 electroreduction at @0.6 V vs. RHE and ultra-high vacuum (UHV)
transfer to XPS. c) The Ag MNN Auger region of the O2 plasma-treated
sample as prepared and after short reaction times (30 s to 3 min).
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reduction of CO2 to CO in Figure 6 as a function of the CO
binding energy. The volcano-like plot is constructed from
multiple models of possible Ag active sites: a 111 facet,
211 step, 111 kink, 211 and 111 adatoms, together with
the Au and Cu 111 facet and 211 step. To construct the
volcano-like plot, the overpotential (@DG) was determined
as the CO2 + H+ + e@!COOH* potential-dependent step on

the weak-binding side, while on the strong-binding
side
CO*!CO (a potential-independent step) is the
reaction-limiting factor. This enabled us to create
the CO2 reduction volcano, where the weak- and
strong-binding sides of the volcano behave differ-
ently with applied potential since they are poten-
tial dependent and independent, respectively.
Thus, we display the volcano with @0.6 V (red)
and with 0 V versus RHE (blue) potential applied.
The potential dependence of the two sides of the
volcano is also seen in the top of the volcano,
which moves to the right when@0.6 V versus RHE
potential is applied.

The 111 adatom Ag defect has the lowest
overpotential to reduce CO2, at around @0.8 V
versus RHE (for the free energy diagram see the
Supporting Information, Figure S13). However,
the oxygen plasma-treated Ag samples can
reduce CO2 at @0.6 V versus RHE. To determine
if subsurface oxygen could further lower the
overpotential, two structures with subsurface
oxygen were investigated, labeled in Figure 6 as
“Ag Subsurface Oxygen” (red squares at @0.6 V
vs. RHE) and also shown in Figures S14 and S15

(for the free energy diagram see the Supporting Information)
for the HER. However, as described in more detail in the
Supporting Information, the results obtained from these
structures deviated strongly from experimental results (for
example, further reduction beyond CO or an increase in the
HER was predicted but not experimentally observed),
making subsurface oxygen an unlikely explanation for the
low-overpotential CO2 reduction.

Further investigation of the Ag defect sites shows an
increased negative dipole moment for the COOH* adsorbate
(Supporting Information, Figure S16), while the CO* adsor-
bate dipole moment is almost constant. Notably, the dipole
moment for the adsorbate has been isolated by subtracting
the structure dipole moment. The difference in dipole
moment of these two adsorbates can be utilized to tune the
binding of one while keeping the other constant under the
electric field. This is shown in Figure S17 (Supporting
Information), where the presence of a negative electric field
enhances the COOH* binding while keeping the CO* binding
constant for the Ag 111 adatom and the Ag 111 facet sites.
Consistent with the magnitude of the dipole moment, the
electric field effect on the Ag 111 adatom is larger than for the
Ag 111 facet. Adding the electric field calculations to the
volcano plot in Figure 6 (yellow points) shows that the Ag
defects allow reduction of CO2 to CO without further
reduction of CO. Because the electric double layer thickness
is around 3 c, the electric field effect from just the electrode
is in the order of @0.2 V c@1.[9] However, pH and solvated
ions can enhance the electric field effect up to @1.0 Vc@1,[10]

and for the Ag 111 adatom defect only an electric field of
about @0.4 V c@1 is required to enable CO2 reduction. The
oxygen plasma-treated samples give a highly defective Ag
surface, which allows reduction of CO2 at very low over-
potentials. Over time, the decrease in surface roughness

Figure 5. CO2 electroreduction over plasma-treated Ag foil catalysts at @0.6 V vs.
RHE in 0.1m KHCO3. a) Current density, b) Faradaic efficiency towards CO, b) CO
partial current, and d) H2 partial current.

Figure 6. DFT-calculated volcano plot of CO2 reduction to CO; the
volcano at 0 V (cc) and @0.6 V (cc) vs. RHE. The free energy on
the weak-binding side is defined as the CO2 + H+ +e@!COOH*
potential-dependent step, which is given as a function of the CO
binding energy for 111 and 211 Cu and Au surfaces (*) and for
multiple defective Ag surfaces (&). On the strong-binding side the
potential-independent CO*!CO step is the limiting factor. Two Ag
subsurface oxygen structures have been included at @0.6 V vs. RHE
potential (&&). The Ag defect sites with applied negative electric field
are shown in yellow.
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means that there will be a decrease in the number of defect
sites and an increase in terrace-like sites, which will decrease
the rate of CO2 reduction and increase the HER.

In summary, we have demonstrated the highly enhanced
activity and CO selectivity of Ag catalysts synthesized
through facile plasma treatments. Oxygen plasma-treated
Ag showed more than 90% Faradaic efficiency towards CO at
@0.6 V versus RHE, a significant improvement over metallic
Ag which requires more than @0.9 V versus RHE to reduce
CO2. TEM and operando EXAFS showed that although
reduction of the oxides occurred during the first 30 min of
reaction, oxygen remained in the bulk of the catalyst even
after 1 h of reaction. However, quasi in situ XPS measure-
ments revealed that the near-surface region of the catalyst is
reduced to metallic Ag under reaction conditions within the
first 3 min. The mechanism behind the improved reactivity
was unraveled by DFT calculations, which indicated that the
highly defective surface created by plasma oxidation in the
presence of local electric fields can lower the thermodynamic
barriers, allowing CO2 reduction to CO at low overpotential.
Therefore, our results reveal that a high population of stable
defects is critical in creating improved and efficient Ag-based
catalysts for CO2 electroreduction.
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