
https://chemistry-europe.onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3Af80b6240-3b1d-4763-ae3f-c76104165b56&url=https%3A%2F%2Fchemistry-europe.onlinelibrary.wiley.com%2Fjournal%2F27514765&pubDoi=10.1002/ejic.202200365&viewOrigin=offlinePdf


Ligand-Free Silver Nanoparticles for CO2 Electrocatalytic
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Silver-based catalysts are attractive for electroreduction of CO2

to CO. To understand the electrocatalyst properties, a good
control over the nanoparticle size is necessary. Herein, we
report a strategy to synthesize highly dispersed, ligand-free
silver Ag nanoparticles supported on carbon. We demonstrate
that the heat treatment atmosphere and carbon surface
chemistry are crucial to control the Ag particle size in the 10–
30 nm range. Even at low silver loadings (0.099 m2

Ag m� 2), Ag

nanoparticles outperforms the bulk silver at low overpotentials,
leading to a 23.5% CO Faradaic efficiency at � 1.2 V vs RHE. The
Ag weight-based activity of the catalysts scales with the inverse
particle size, while the Ag surface-specific activity is independ-
ent of the particle size in this range. The supported silver
nanoparticles can produce a H2 to CO ratio of 2.9 to 1,
interesting for further exploration of this type of catalysts for
syngas synthesis.

Introduction

Anthropogenic carbon dioxide (CO2) emissions are the major
cause of climate change. In the latest Intergovernmental Panel
on Climate Change report, it was estimated that greenhouse
gas emissions have already caused global warming of approx-
imately 1.0 °C above the pre-industrial levels.[1] To mitigate
climate change, renewable energy is given preference over
fossil resources, but large-scale implementation is still a
challenge. The main issues are the intermittent nature of wind
and solar, and the lack of efficient large-scale electricity
storage[2,3] .[4] Electrocatalysis can convert CO2 and H2O to a
range of value-added chemicals while using renewable elec-
tricity as the energy input.[5–7] Furthermore, CO2 reduction in an
aqueous environment can be carried out under relatively mild
conditions, and it is possible to control the reaction by
adjusting external parameters such as the applied potential, the
electrolyte composition, and CO2 partial pressure.[8] However,
when the reaction is performed in water media, the competitive
H2 evolution lowers the selectivity.[9] Therefore, the rational
design of cathodic materials is essential.[10]

In his pioneering work, Hori demonstrated that silver is one
of the most promising transition metals for CO2 reduction,

thanks to the high selectivity towards CO, a valuable chemical
building block, compared to zinc and other transition
metals.[11–13] Many groups focus on the development of nano-
structured silver catalysts supported on conductive substrates,
to maximize the activity of the costly metal.[14–16] Control over
the particle size is essential to study the relationship between
the structural properties of the catalyst and the electrochemical
performance. In literature, colloidal synthesis of silver nano-
particles is often reported, as it can give good control over the
nanoparticle size and morphology.[17–22] However, the presence
of ligands, which are difficult to remove, hampers studies of the
intrinsic catalytic properties of silver nanoparticles. On the other
hand the synthesis of ligand-free silver particles is
challenging.[23] To increase the stability of the metal catalyst, the
silver nanoparticles are often supported on high surface area
materials. Despite the high selectivity towards hydrogen
formation, carbon offers many advantages as a support material
for the silver nanoparticles for fundamental studies, such as
good electrical conductivity, and the possibility to tune the
silver particle size and the carbon support properties, which can
influence the catalytic performance.[24–26] Unfortunately, often a
high metal weight loading and high mobility of silver species
on carbon supports lead to sintering of the nanoparticles at
moderate temperatures, leading to large particle size and broad
particle distribution.[27–28]

In this work, we employ a novel approach to control the
particle size of ligand-free silver nanoparticles supported on
carbon by Incipient Wetness Impregnation (IWI). We investi-
gated the effect of different decomposition atmospheres and
densities of carbon surface groups. We achieved reasonable
control over the particle size, and we correlated specific
electrochemical parameters (the CO Faradaic efficiency, CO
partial current density and the H2 to CO ratio) to morphological
properties of the silver, such as particle size and surface
coverage.
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Results and Discussion

Control over the particle size

A first parameter that can be used to tune the silver particle
size, is the composition of the atmosphere during the silver
nitrate decomposition. We compared two samples: the first was
treated in inert atmosphere (pure nitrogen, electron micrograph
in Figure 1a) while the second was exposed to a reducing
atmosphere (10% H2 in nitrogen, electron micrograph in
Figure 1b). All other variables, such as the silver loading on 100-
P commercial carbon (10 wt%), the heat treatment temperature
(250 °C) and gas hourly space velocity (6000 mLgcat

� 1 h� 1), were
the same for both samples. Figure 1c and Figure 1d show the
corresponding particle size distributions. In reducing atmos-
phere silver nanoparticles of 21�15 nm were formed, while the
treatment in inert atmosphere produced 34�30 nm particles.
This effect has been reported before[23] and can be explained by
the direct decomposition of AgNO3 precursor to form Ag under
H2, while silver oxide intermediates are formed in inert
atmosphere. Oxidized silver species are known to be highly
mobile on the surface of the support, which can explain the
larger particles and broad particle size distribution. Other
reducing atmospheres with different gas composition (i. e. 30%
H2 in N2) has been tested, but no beneficial effects were
observed, rather larger particles and broad particle size
distribution (Figure S3, SI). This is likely related to the fast
kinetics of the decomposition reaction to form Ag nanoparticles
on the carbon surface. Hence, 10% H2/N2 was used for all the
samples.

After establishing the most promising gas composition to
control the particle size, we further investigated the tunability
of the particle size by using the same gas composition during
the heat treatment (10% H2 in N2) but varying the surface

properties of the carbon support. We compared the size of
silver nanoparticles supported on four carbon materials, with
different densities of acidic surface groups and surface areas
(Table S1, SI). The commercial GNP500 support (in this work,
500-P) has a 5-fold larger surface area than HSAG100 (100-P)
pristine carbon. Upon acidic functionalization, the surface areas
of both carbon supports decreased by 40 m2g� 1, although the
XRD patterns showed that the crystallinity of the carbon
materials was not significantly affected (Figure S4, SI). Interest-
ingly, after functionalization, both 100-O and 500-O showed a
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Figure 1. on the left, TEM images of (a) Ag34@100-P and (b) Ag21@100-P.
On the right, particle size distribution of (c) Ag34@100-P and (d) Ag21@100-
P.
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3-fold increase in the concentration of acid groups (Table S1,
SI). With 1.75 groups per nm2, 100-O showed a higher density
of surface groups per unit of surface than 500-O with only 0.71
groups per nm2 (Figure S5, SI).

Figure 2 (a–d) shows the TEM images of the Ag nano-
particles on the different supports and the corresponding
particle size distribution (Figure 2 e–h). By comparing the
images of the nanoparticles supported on the pristine (100-P
and 500-P) and functionalized (100-O and 500-O) carbons, it is
clear that a high number of surface groups led to small
nanoparticles and narrower size distribution. Ag11@100-O
presented an average particle size of 11�8 nm, while
Ag21@100-P showed a particle size of 21�15 nm. Ag19@500-O
showed a smaller particle size (19 nm) and less broad particle
size distribution (13 nm) than the catalyst based on the pristine
carbon (Ag28@500-P). In Figure 3, we related the particle size to
the density of acid groups per unit of surface area. This
correlation suggests that the surface groups act as nucleation
and/or anchoring sites for the silver nanoparticles during the

impregnation step. Since the pH of the precursor solution (6.0)
was higher than the PZC of the support (Table S1, SI), it is likely
that the silver cations interacted electrostatically with the
deprotonated acid groups at the carbon support. Therefore, a
higher number of surface groups per nm2 might lead to a
higher number of Ag nuclei, and, consequently, to a smaller Ag
nanoparticle size.

Electrocatalytic activity

As more than 90% of our catalyst’s exposed surface consisted
of carbon, and carbon is known to be active to form H2, we first
studied the electrochemical activity of the supports. Figure 4a
shows the total current densities of different carbon electrodes
as a function of the applied potential, measured using
chronoamperometry. The oxidized supports (i. e., 500-O and
100-O) produced a similar current density, with a maximum of
� 6.29 mAcm� 2 at � 1.4 V vs RHE, while the pristine support
(100-P) generated a slightly smaller current density, with
� 5.70 mAcm� 2 at the same potential. A similar trend is reported
for the cyclic voltammetry measurements performed on the
carbon support (Figure S6, SI). This observation can be
explained by considering the surface properties of the carbons
after the oxidation procedure. The high number of surface
groups on 100-O and 500-O are expected to facilitate the
electron transfer at the electrode-electrolyte interface.

Next, we consider the carbon supported Ag nanoparticles.
Note that the effect of the oxidation state of silver nanoparticles
is not discussed in this work. Although no silver oxide
diffraction peaks were detected in the XRD analyses (Figure S7,
SI) nor silver oxide reduction peaks during the cycle voltamme-
try scans of the supported catalysts (Figure S8, SI), we cannot
exclude the presence of silver oxide at the surface, as the

Figure 2. On the left, TEM images of Ag28@500-P (a), Ag19@500-O (b), Ag21@100-P (c) and Ag11@100-O (d). On the right, the corresponding particle size
distributions of Ag28@500-P (e), Ag19@500-O (f), Ag21@100-P (g) and Ag11@100-O (h).

Figure 3. Ag particle size as a function of the density of functional groups on
the surface of the carbon support. The blue line is added to guide the eye.
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catalysts were exposed to the atmosphere. Nevertheless, the
oxidation layer will affect all the catalysts in similar way, hence
the obtained results do not strictly depend on it. Figure 4b
shows the total current densities for the supported silver
nanoparticles, measured using chronoamperometry at different
applied potentials (Figure S9, SI). No significant differences were
observed between the electrodes. Furthermore, by overlaying
Figure 4a and Figure 4b, it is evident that the deposition of
silver nanoparticles did not significantly change the electro-
chemical current compared to the bare supports. This result is
perhaps not unexpected, given the low silver surface coverage,
equal to 5% (Ag11@100-O) of the total carbon area. Therefore,
we conclude that the current of the carbon-supported silver
catalysts is dominated by the high surface area carbon support.
However, by comparing our catalysts with the benchmark, we
found that all the silver on carbon electrodes drew larger
currents than the pure Ag foil. The smaller current density
produced by the bulk flat electrode is likely due to its low
electrochemical surface area (3.8 cm2). To unravel the effect of
the silver nanoparticles on CO2 reduction, we consider two
crucial parameters: the CO Faradaic efficiency and the CO
partial current density.

Effect of the silver coverage on the CO Faradaic efficiency

CO is the only product of CO2 electroreduction expected for Ag
catalysts, as no formate nor other liquid products was detected
in the electrolyte, while H2 evolution over carbon is the
competitive reaction.[29,30] Figure 5 shows the Faradaic efficiency
(FE) towards CO, which is the fraction of electrons transferred
contributing to the formation of CO, as a function of the silver
surface fractional coverage, calculated as the m2 of silver
divided by the total catalyst surface, assuming hemispherical
particles and using the average number particle size deter-
mined by TEM. The missing faradaic efficiency, up to 100%, is
attributed to hydrogen. We chose the silver surface coverage as
a key parameter to analyze the FE, since both silver and carbon
contributed to the CO2 electroreduction processes. The bare
carbon 100-O (0.00 Ag fraction) produced mostly H2 and only a

small amount of CO. On the contrary, Ag11@100-O (0.099 Ag
fraction) gave a 25.6% CO FE at � 1.4 V vs RHE. Although the
HER dominates the FE, due to the high carbon surface area
exposed to the electrolyte, a remarkably low concentration of
silver nanoparticles and a low Ag surface fraction can signifi-
cantly steer the selectivity of the electron transfer at the
electrode surface towards CO2 reduction. The evaluation of the
selectivity at a given Ag fraction showed an increase of the CO
FE with more negative potential. At constant potential, the CO
FE increases as the Ag fraction increases. For instance,
Ag11@100-O showed a 10.4% CO FE at very low overpotentials
(� 0.9 V vs RHE), while Ag21@100-P (0.032 Ag fraction) and
Ag19@500-O (0.007 Ag fraction) produced only 8.4% and 6.5%
CO FE at the same potential. The bulk silver electrode (1.00 Ag
fraction, on the right side of Figure 5) showed a low CO FE at
low overpotentials, with 6.0% CO FE at - 0.9 V, even lower than
Ag21@500-O. For higher overpotentials, the Faradaic efficiency
to CO at the pure Ag foil electrode was similar to that of the
supported Ag nanoparticles (5% surface coverage on
carbon).[31,32] Although catalytic data for intermediate silver
surface fraction are missing, this analysis confirms the selective
electron transfer via supported silver nanoparticles. A logical

Figure 4. a) Total current density for the bare carbon supports 100-P. 100-O and 500-O as a function of the applied potential. b) Total current density for the
supported silver catalysts Ag21@100-P. Ag11@100-O, Ag21@500-O and pure silver foil, as a function of the applied potential. In this figure, the current density
is normalized to the geometric surface area of the electrode.

Figure 5. CO Faradaic efficiency comparison as a function of the Ag
fractional coverage at the surface of the catalyst. Pure carbon=0 m2

Agm� 2;
Ag19@500-O=0.007 m2

Ag m� 2; Ag21@100-P=0.032 m2
Agm� 2; Ag11@100-

O=0.099 m2
Agm� 2; bulk Ag electrode=1 m2

Ag m� 2. The blue lines are added
to guide the eye.
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approach to increase the CO FE would be to increase the silver
weight loading. Unfortunately, by increasing the weight load-
ing, we observed an uncontrolled particle growth, leading to a
large particle size and broad particle size distribution (Fig-
ure S10, SI), hence the effects of the particle size cannot be
reliably investigated.

Effect of the particle size on the CO partial current density

Figure 6 shows the CO partial current density as a function of
the applied potential for both the carbon materials (Figure 6a)
and the carbon supported silver nanoparticles (Figure 6b). As
expected, the bare supports presented very low CO partial
current densities, confirming that carbon support is highly
selective towards the formation of H2. Nevertheless, it seems
that acidic surface groups slightly promote the CO2 reduction,
since 500-O produced a 1.6-fold and 10-fold higher CO partial
current than 100-O and 100-P, respectively.

Figure 6b shows the CO current densities, normalized to the
geometric surface area of the electrode of supported silver
nanoparticles and the pure silver foil. The absolute values of the
CO current density increased for all catalysts with the over-
potentials. This increase became close to linear at large
negative potentials, suggesting resistance-limited behavior,

probably due to diffusion limitations in the electrolyte solution.
Additionally, we observed that Ag11@100-O, the catalysts with
the smallest particle size, outperformed the other catalysts,
generating a 1.6- and 2.2-times higher CO current density than
Ag19@500-O and Ag21@100-P at � 1.4 V vs RHE, respectively.
Notably, Ag11@100-O gives a larger cathodic CO current
density compared to the pure silver foil at low overpotentials.
This might be explained by low-coordinated active sites at the
surface of the silver nanoparticles readily stabilizing the CO
intermediates, leading to an 0.4 mAcm� 2 larger cathodic current
than the silver foil, at � 1.2 V vs RHE.

In conclusion, the trend in CO current density demonstrates
that the addition of silver nanoparticles to the carbon support,
even at low weight loadings (10-4 gAg cm-2), increased remark-
ably the selectivity towards CO, while the high surface area
carbon defines the total current density of the catalysts.

To understand the influence of Ag particle size, we analyzed
the CO partial current density as a function of the average
particle size (Figure 7). Figure 7a shows the absolute value of
CO partial current density, normalized by the silver weight,
measured at different potentials. It is clear that over the whole
potential range, the CO partial current density is inversely
proportional to the particle size. Furthermore, the particle size
effect was enhanced at larger overpotentials. Ag11@100-O
produced 6.7 mA mgAg

� 1, while Ag19@500-O and Ag21@100-P

Figure 6. a) CO partial current density comparison for the bare carbon supports (empty markers) as a function of the applied potential. b) CO partial current
density comparison for Ag supported catalysts (full markers), as a function of the applied potential. In this figure, the current density was normalized to the
geometric surface area of the electrode.

Figure 7. a) CO partial current density normalized by Ag weight on the electrode, as a function of the particle size. b) CO partial current density normalized by
Ag surface area, as a function of the particle size. The interpolation lines are used to help understanding the figure.
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generated only 4.1 mA mgAg
-1 and 3.7 mA mgAg

� 1, respectively.
This implies that either the smaller particles were intrinsically
more active, or that it was simply an effect of specific surface
area. Figure 7b shows the CO current density normalized to the
silver surface area, calculated considering the particle size
distribution obtained by TEM images (SI). This analysis reveals
that the specific current density does not greatly depend on
the particle size, and a weak trend is only observed at high
overpotentials. Hence, there is no intrinsic difference between
Ag11@100-O and other catalysts. The difference in CO FE when
only the geometric surface areas are considered, is mainly due
to the higher dispersion of the Ag on the carbon. Therefore, the
remarkable catalytic performance (i. e. CO current density, CO
FE) of Ag11@100-O is due to a higher surface to volume ratio
for the smaller Ag nanoparticles.

H2 to CO ratio

Since the electrochemical production of syngas, a mixture of
hydrogen and carbon monoxide, might represent an opportu-
nity to use ‘green’ hydrogen and CO to produce sustainable
fuels, we evaluated the H2 to CO ratio for the different catalysts.
Figure 8 shows the H2 to CO ratio as a function of the total
current density. Ag11@100-O produced the lowest H2 to CO
ratio, compared to Ag19@500-O and Ag21@100-P, at all
currents. For all the catalysts, the H2 to CO ratio decreased at
larger current densities, considering, for instance, that
Ag11@100-O generated a minimum H2 to CO ratio of 2.9 at the
largest current density (� 5.9 mAcm� 2). This behavior is prob-
ably due to an effect of the local pH on the reaction selectivity.
Large current densities, generated at more cathodic potentials,
result in proton consumption at the electrode-electrolyte inter-
face. This phenomenon increases the local pH and steers the
selectivity towards CO2 reduction products by suppressing the
H2 evolution.[33] Ag11@100-O gave a 3 to 1 H2 to CO ratio at
� 1.2 V vs RHE (Figure S11, SI), a ratio that is close to be suitable
to produce linear-chain alkanes via Fischer-Tropsch reaction. On
the contrary, Ag19@500-O and Ag21@100-P exhibited an H2 to
CO ratio of only 6 to 1 at the same potential. This finding
demonstrates that by tuning the particle size and the support
surface properties, we can control the H2 to CO ratio even at

high current densities. Having said that, it has to be borne in
mind that the current densities in these experiments are still
much lower than required for industrial application.

Conclusion

We synthesized ligand-free silver nanoparticles supported on
high surface area carbon materials via incipient wetness
impregnation, achieving control over the particle size. We
demonstrated the importance of the atmosphere during the
heat treatment and the density of acidic surface groups to gain
control over the particle size in the range of 11 nm to 21 nm.
The total current density of the catalysts, during the CO2

reduction in 0.1 M KHCO3, was dominated by the high surface
area of the carbon support producing H2. Nevertheless, the
presence of only 0.1 mgAg cm2� of silver on the carbon paper
electrode effectively steered the selectivity to 25% CO at � 1.4 V
vs RHE. Small nanoparticles of 11 nm produced higher CO
currents than a bulk silver electrode. The mass activity of the
catalysts decreased with increasing particle size, while the
specific surface activity showed no dependence on the particle
size. Hence, the remarkable catalytic performance of the small
silver nanoparticles was achieved thanks to a good dispersion
of the silver nanoparticles. The H2 to CO ratio was as low as
2.9 :1 at � 5.9 mAcm� 2. This study contributes to the knowledge
required for electrode design for CO2 electrochemical reduction.

Experimental Section
XGnP500 graphene nanoplatelets were purchased from XG Science.
HSAG100 high surface area graphite was provided by TIMREX. Silver
nitrate (AgNO3, 99%), HNO3 (65% wt/wt), Nafion 117 solution,
isopropanol (99.5%) and potassium bicarbonate (KHCO3, >99%)
were purchased from Sigma Aldrich. Regarding the electrochemical
equipment, the proton selective Nafion N117 membrane was
obtained from Ion Power, the glassy carbon was produced by HTW-
Germany, the carbon paper substrate (TGP-H-060) by Toray, the
platinum disc (99.5%) by Goodfellow and the Ag/AgCl 3 M
reference electrode was purchased from Metrohm. The silver disc
(99.95%, temper: as rolled), used as benchmark, was purchased
from Goodfellow.

To study the influence of the support functional groups on the
silver particle size, the commercial carbon powders GNP500 and
HSAG100 were functionalized using nitric acid (65% wt/wt).[34]

Specifically, the carbon substrate (10 g) was dispersed in concen-
trated HNO3 (50 mLHNO3 gcarbon

� 1) in a 1 L round bottom flask
equipped with a cooler. To avoid NOx leaks during the procedure,
two slightly basic (pH=8) water traps were connected to the head
of the cooler. The reaction mixture was heated to 80 °C for 2 hours
under vigorous stirring. Subsequently, the reaction mixture was
quenched with cold water. The modified carbon was thoroughly
washed with deionized water until the solution reached neutral pH,
and then dried overnight at 90 °C in a round bottom flask. The
effect of the functionalization procedure was evaluated by point of
zero charge (PZC) analysis, potentiometric titration, N2 physisorp-
tion and X-ray powder diffraction (XRD). The graphitic carbon
supports were labelled with a number indicating the BET surface
area of the pristine support and a letter, referring to the pristine (P)
or oxidized (O).

Figure 8. H2 to CO ratio for the different catalysts, as a function of the total
current density.
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The silver nanoparticles were deposited by incipient wetness
impregnation.[35] The carbon support was dried under vacuum at
170 °C for 2 hours, to remove moisture and air from the pores.
Subsequently, the support was impregnated with an AgNO3

aqueous solution under static vacuum at room temperature. The
volume of the solution corresponded to 95% of the support pore
volume and the AgNO3 concentration varied between 2 M and 6 M,
in order to achieve a silver weight loading of 10% for all the
catalysts. After the impregnation step, the catalyst was dried under
dynamic vacuum at room temperature for 10 hours, to remove the
water and leave AgNO3 nanocrystals on the surface of the carbon
support. The dried catalyst was transferred to a fixed bed reactor
(internal diameter 1 cm) and placed in the oven under a flow
(6000 mLg� 1 h� 1) of 10% H2 in N2. The reactor was heated to 300 °C
with a ramp of 5 °Cmin� 1, to decompose the AgNO3 to Ag0. We
refer to the Ag catalysts using a Agx@y-z nomination, where x is
the mean particle size of the sample (i. e., Ag11, Ag19 and Ag21), y
is the pristine support surface area and z is either P (pristine
support) or O (oxidized support). For instance, Ag11@100-O refers
to a catalyst with 11 nm Ag nanoparticles, supported on the
oxidized (O) graphitic carbon support with 100 m2 g� 1 surface area
(100).

The working electrodes were prepared by spraying the supported
silver catalysts (Ag21@100-P, Ag19@500-O and Ag11@100-O) on a
carbon paper electrode (Toray TGP-H-060). The catalyst (11 mg) was
dispersed in a water (4470μL), isopropanol (1120μL) and Nafion
solution (44.4μL) and sonicated for 45 minutes. This ink was then
sprayed onto the carbon paper (4.9 cm2) and dried overnight at
room temperature.[36] A catalyst loading of 0.1 mgAg cm� 2 was
intended for all the catalysts. A uniform distribution of the catalyst
over the carbon paper support was demonstrated by SEM analysis
(Figure S1, SI)

The BET surface area and the pore volume of the carbon support
were probed via N2-physisorption performed with a Micromeritics
TriStar instrument at � 196 °C. The carbon powder was dried at
170 °C under vacuum. Transmission electron microscopy (TEM)
images of Ag19@500-O were acquired using Thermo Fischer
Scientific Tecnai20 microscope, operated at 200 kV, while the TEM
images of the other samples were acquired using TalosL120 C
microscope, operated at 120 kV. The holey carbon 200 mesh copper
grids were prepared by drop casting a mixture of ethanol and
supported Ag catalysts, previously sonicated for 45 minutes. The Ag
nanoparticle size was determined by measuring 300 particles at 5
different locations. The average particle size was calculated as

number average particle size: average particle size ¼
Pn

i
dn

N , where
dn is the diameter of particle n, and N is the total number of
particles counted. X-ray diffraction (XRD) measurements were
performed on a Bruker D2 Phaser, equipped with a Co Kα X-ray
source with a wavelength of 1.79026 Å. The PZC of the support was
measured by titration, using Milli-Q water as a solvent. This method
involves the gradual addition of carbon material to 3 mL Milli-Q
solution and continuous measurement of the pH. The pH of the
solution saturates at high carbon concentrations, with the pH
approaching the PZC of the support. The density of functional
surface groups was evaluated by potentiometric titration using the
TitraLab TIM880 Titration Manager apparatus. In particular, 20 mg
of the sample was dispersed in 35 mL 0.1 M KCl solution and
0.01 M NaOH was used as the titrant.

A custom-built, three-electrode H-type electrochemical cell was
used for the electrocatalytic experiments (Figure S2, SI). The
cathodic compartment (volume=11 mL) was separated from the
anodic compartment (volume=11 mL) by a Nafion membrane
(Nafion N117). The CO2 saturated catholyte was purged with
10 mLmin� 1 CO2 (Linde, purity 5.2), while the anolyte was stirred by

bubbling Ar. The working electrode was composed of a glassy
carbon disc, in contact with the external electrical circuit and a
carbon paper disc that was impregnated with the catalyst. The
carbon paper surface area exposed to the electrolyte was 3.8 cm2.
We used a Ag/AgCl (3 M KCl) reference electrode and a 3.8 cm2 Pt
disc as counter electrode. A 0.5 M KHCO3 solution (pH=7) was used
as electrolyte. All the electrochemical measurements were per-
formed using an Autolab PGSTAT204 potentiostat, and the applied
potential was converted to the reversible hydrogen electrode
potential (RHE) using the equation:
ERHE ¼ EAg=AgCl þ 0:209þ 0:059 pH.

The electrocatalytic performance was determined by chronoamper-
ometry measurements at different potentials for 45 minutes. The
gaseous products were analysed by connecting the cathodic
compartment outlet to a Global Analysis Solutions Microcompact
GC 4.0. The GC instrument was equipped with three channels. The
first channel, a Rt-QBond (10 m*0.32 mm, Agilent) packed column,
detects CH4, C2H4 and C2H6, using a FID detector; the second
channel, Molecular Sieve 5 A (10 m* 0.53 mm, Restek) packed
column, that separates small gaseous molecules such as CO, and
CH4,is equipped with a methanizer, in order to increase the
sensitivity for CO detection; the third channel, with a TCD detector,
has a Carboxen 1010 (8 m*0.32 mm, Agilent) packed column which
separates H2 and CO2. High purity nitrogen (N2; 99.999%) was used
as a carrier gas. The liquid products were analysed using a Varian
HPLC with a refractive index detector (RID) and a Bio-Rad Aminex
HPX-87H column at 60 °C. The Ag disc, used as benchmark, was
mechanically polished using an alumina slurry before the electro-
chemical test.

The total current density analysis is crucial to compare the rate of
the electron transfer across the electrode-solution interface, for
different catalysts. We defined the total current density as the
average current recorded at a specific potential, normalized by the
geometrical surface area of the electrode (3.8 cm2). The Faradaic
efficiency was calculated using the equation: FE ¼ n*F *molð Þ

itot* t , where n
were the moles of electrons per mole of product (molP mole-

� ), F
represents the Faraday constant (Cmole-

� ), mol are the moles of
products formed (molP), i is the total current (C s� 1) and t is the
analysis time (s). Since the total Faradaic efficiency is very close to
100% for all catalysts, we preferred to normalize the value by 100,
to fairly compare the samples. The partial current density defines
the contribution of the individual reaction products to the total
current density. This parameter was calculated as the product of
the total current density and the FE. The silver surface area was
calculated by using the particle size distribution (TEM images) and
assuming that the particles were hemispheres (SI).
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