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Electrochemical reduction of CO, to CO on polycrystalline silver
(Ag) was greatly improved by a simple anodization treatment. A
CO Faradaic efficiency of 92.8% was achieved at 0.50 V of
overpotential in an aqueous electrolyte. This study suggests that
the enhanced performance is due to a preferred (220) orientation
and a thin silver oxide layer formed by the anodization.

The atmospheric carbon dioxide concentration has been rising at
an accelerating rate since the age of industrialization, which may
lead to global warming and unpredictable climate changes that
endanger the sustainability of human society.1 One remedy to this
grand challenge is to promote renewable carbon cycles known
“artificial photosynthesis”, which uses solar energy to convert CO,
to fuels or other chemicals.”® Electrochemical catalysis represents
an effective approach to CO, conversion. However, further advance
on the development of electrode catalysts is necessary to minimize
energy loss due to the high activation energy barrier of CO,
reduction reaction. In addition, as practical implementation of such
type of processes prefers to operate in an aqueous electrolyte,
electrocatalytic CO, reduction must compete with hydrogen
evolution, which typically has fast kinetics and occurs at a lower
electrode potential.“‘5 Several potential catalysts have been
identified previously for selectively reducing CO, in aqueous
electrolytes.s"7 Among these catalysts, Ag is a promising material
because it selectively catalyses the reduction of CO, to CO at room
temperature.s'7 However, a large overpotential is usually necessary
for CO, reduction on typical polycrystalline silver electrode, and the
CO selectivity decreases substantially at low overpotentials.8 Hence
many researchers have recently tried to develop new methods to
enhance the performance of Ag electrodes at low overpotentials.
Rosen et al. reported using Ag nanoparticles as an electrocatalyst in
an ionic liquid electrolyte (EMIM-BF4).9'11 An electrocatalytic
reduction of CO, to CO at a low overpotential of 170 mV was
observed. Lu et al. reported a nanoporous Ag electrocatalyst with
92% selectivity under a moderate overpotential of 0.40-0.50 v.2
The nanoporous Ag was fabricated by arc melting of Ag and Al into
an alloy, followed by a two-step de-alloying process. Here we report
a simple and low-cost anodization approach to modify Ag electrode,
through which CO selectivity can be significantly improved at low
overpotentials 0.3-0.5 V.

The anodized Ag electrodes were prepared using commercially
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available Ag foil which was mechanically polished and sonicated
with DI water prior to anodization. Anodization was conducted in
0.1 M aqueous NaNO; (neutral or pH3) with various potentials
against Ag/AgCl (0.45, 0.50, 0.55, 0.60, 0.65, 0.70, and 0.90 V) and
charges (3, 5, 5.5, 6, 7, and 10 coulombs). The electrolysis was
conducted in 0.1 M aqueous KHCOj; electrolyte and was terminated
after the transfer of 10 coulombs of total charge. Gas phase
products were analysed using gas chromatography. The
experimental details for the electrode preparation, electrochemical
tests and the structural analysis are described in the experimental
procedures in the ESI.t

Fig. 1(a) shows the CO Faradaic efficiency (FE¢o) vs. overpotential
for unanodized polycrystalline Ag electrode (denoted as poly-Ag)
and electrode anodized at different potentials against Ag/AgCl. The
poly-Ag electrode exhibited poor CO selectivity as evidenced by low
FEco especially at low overpotentials. The majority of the activity
was due to H, evolution, which was in consistent with previous
reports.g’12 The anodized electrode, on the other hand, showed
significantly improved FEcq. Taking the FE at the overpotential of
0.5 V as an example, the CO selectivity continued to increase with
the anodization potential up to 0.6 V, beyond which it started to
drop for electrodes anodized at larger potentials. Fig. 1(b) displays
the FE¢o for electrodes anodized at 0.6 V with different amount of
charges. The CO selectivity increased with the total amount of
anodization charge up to 5.5 C, followed by a decrease of FE¢q for
further increase in the amount of charges.

In order to provide a direct comparison of the electrocatalytic
performances for different electrodes, Fig. 1(c) plots the FEcg vs.
current density measured at the overpotential of 0.5 V. It is clear
that the anodized electrodes showed great improvement in terms
of both activity (current density) and CO selectivity (FE¢o). The best
FEco of 92.8% was achieved for Ag electrode anodized at 0.6 V
potential with the total charge of 5.5 C (denoted as an-Ag
hereafter). Coincidentally, this same electrode also exhibited the
largest current density of 3.70 mA/cmz. Compared to poly-Ag
electrode (0.18 mA/cmz) , the current density was 21 times higher
and the FEg (4.8% for poly-Ag and 92.8% for an-Ag) was 19 times
higher at this moderate overpotential.

We also examined the effects of pH of the anodization
electrolytes. Fig. S1 shows the electrocatalytic performance of the
electrode anodized at pH3 electrolyte at the optimized potential of
0.6 V and charge of 5.5 C. The CO Faradaic efficiency at 0.5 V
overpotential was ~50%, suggesting that the neutral pH was
essential to achieve the best performance for the anodized Ag
electrode.

Based on these results, the electrodes anodized at 0.6 V with
charge of 5.5 C in neutral NaNO; were selected for further
characterization and CO, reduction studies.
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Fig.1 Electrocatalytic performance of anodized Ag electrodes. (a) CO Faradaic efficiency for Ag electrodes anodized at different potentials against
Ag/AgCl. The anodization charge was fixed at 5 coulombs in a neutral (pH7) 0.1 M NaNOs electrolyte. (b) CO Faradaic efficiency for Ag electrodes
anodized at different charges. The anodization potential was fixed at 6.0 V against Ag/AgCl in a neutral 0.1 M NaNO; electrolyte. (c) CO Faradaic
efficiency (at 0.5 V overpotential) and current density (when 10 coulombs of total charge passed through) for Ag electrodes anodized under
various conditions in a neutral 0.1 M NaNO; electrolyte. The anodization conditions are labeled as “anodization potential, charge”.

Fig. 2 presents the current density and Faradaic efficiency under a
prolonged operation of two hours for the an-Ag and poly-Ag. For
the poly-Ag electrode, the current density slightly increased in the
first 15 minutes and stabilized afterwards. In contrast, the an-Ag
electrode recorded very stable current density without any
appreciable change in the entire range of operation. Furthermore,
the CO Faradiac efficiency for the an-Ag electrode was maintained
above 92% throughout 2 hours of electrocatalytic process,
confirming the excellent sustainability of the anodized Ag electrode.
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Fig. 2 Current density during a 2-hour electrocatalysis for an-Ag electrode in
comparison with poly-Ag (solid lines, left axis) and CO Faradaic efficiency
versus time for an-Ag electrode (dots, right axis).

A typical scanning electron microscopy (SEM) picture of the an-Ag
electrode is shown in Fig. S2, in comparison with the poly-Ag. A
porous surface structure was observed after anodization and the
anodized layer extended to about 2 um in thickness. The electrodes
anodized with different conditions did not exhibit appreciable
difference in surface morphology. Therefore we anticipated that
the anodization process improved the surface area of the electrode,
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which was certainly beneficial to promote the electrocatalytic
activity.

The electrochemically active surface area of the an-Ag was
measured (the experimental details are described in the ESI). The
an-Ag showed an electrochemical surface area 5 times higher than
that of the poly-Ag (Fig. S3), way less increase than the current
density (21 times at 0.5 V overpotential) and CO selectivity (19
times at 0.5 V overpotential). These results indicated that more
intrinsic changes to the surface structure were involved, in addition
to the increase in the surface area created by the anodization.

To obtain insight into the mechanistic pathway(s) for CO,
reduction on the surface of the anodized electrodes, Tafel analysis
was performed to compare the an-Ag with the poly-Ag. The results
are shown in Fig. 3. The anodized Ag has a Tafel slope of 66 mV dec
! compared with 140 mV dec for the unanodized counterpart. It is
widely accepted that reduction of CO, to CO is a two-electron
process.4 In the first step, one electron is transferred to a CO,
molecule and forms a CO, intermediate specie that is absorbed on
the metal surface. In the subsequent steps, the CO, anion takes
two protons and another electron to form one CO and one H,0
molecule. According to previous studies,7’12 the first electron
transfer is the rate-determining step on unanodized polycrystalline
Ag electrode, as supported by the Tafel slope of 140 mV dec?,
which is close to the calculated value of 120 mV dec™.” However,
for the anodized Ag, the significantly lower Tafel slope of 66 mV
dec™ indicates faster electron transfer and a possible change of the
rate-determining step to the migration of HCO3 on the surface.”?
Tafel results further indicated that the surface structures of the
anodized Ag are distinct from the unanodized Ag.

Fig.4 (a) presents the grazing incidence X-ray diffraction (GIXRD)
patterns of Ag electrodes anodized at 0.6 V for 5.5 C in pH7 and
pH3. The GIXRD patterns of other samples are presented in Fig. S4.
While both the unanodized and anodized electrodes show
polycrystalline structures, their crystal orientations are quite
different. After the anodization, the (220) peak intensity became
significantly stronger. Ag (220) surface is argued to exhibit higher
activity towards CO, reduction than (111) surface.”** We calculated
the intensity ratios of (220) to (111) as an indicator of (220)
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preferability for all electrodes and plotted them with respect to CO
Faradaic efficiency measured at 0.5 V overpotential (Fig. 4 (b)). With
the increase of (220)/(111) peak intensity ratio CO Faradaic
efficiency substantially increased for the electrodes anodized in
neutral electrolyte. Therefore, the improved performance of the
anodized Ag electrodes was attributed to the created porous
structures that selectively preserved (220) surface in the
anodization process, which enhanced the activity of CO, reduction
to CO. Mechanism for forming the preferred Ag (220) orientation
by anodization is unclear and needs further study. One possible
mechanism is the anisotropic electrochemical etching of different
crystalline planes. In addition, a previous report on the successful
fabrication of various crystallographically oriented TiO2 nanotube
arrays via anodization of Ti films on indium tin oxide glass15
supports the notion that anodization process could alter the
structural orientations. We are conducting further study on this
subject.
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Fig.3 Tafel plots of Ag electrode anodized at potential of 0.6 V for 5.5
coulombs of charge in neutral 0.1 M NaNOj; electrolyte, and unanodized
poly-Ag.

It is noticed that the Ag electrode anodized in pH3 electrolyte
exhibits similar structural orientation with those in neutral
electrolyte (Fig. 4(a)), but significantly lower selectivity (e.g., 50%
vs. 92.8% at 0.5 V overpotential). This observation implied that the
electrocatalytic performance is also affected by factors other than
the surface orientation. X-ray photoelectron spectroscopy (XPS)
analysis was conducted to provide insights on the mechanism. High
resolution O 1s and Ag 3d scans for the poly-Ag and anodized
samples are shown in Fig. 5. The O 1s spectrum for the poly-Ag
revealed a peak with two main components, one at 531.5 eV and
the other at 533.2 eV, which are usually assigned to absorbed
oxygen molecules.”®® The spectrum for the pH7 anodized (at 0.6 V
for 5.5 C charge) sample contained, in addition to the components
at 531.5 and 533.2 eV that were observed in unanodized Ag, two
lower binding energy components at 530.8 and 529.3 eV, which are
related to lattice oxygen being assigned to Ag-O-Ag and Ag-O
bonds, respectively.l“’le’17 These low binding energies were not
observed in the pH3 anodized (at 0.6 V for 5.5 C charge) sample.
The formation of silver oxide in the pH7 anodized sample surface
was also confirmed by the Ag 3d spectrum, where a shift in both
the Ag 3d3;, and Ag 3ds;, peaks to a lower binding energy was
clearly observed.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 (a) Grazing incidence XRD patterns of anodized (in neutral and pH3
electrolyte at potential of 0.6 V against Ag/AgCl and 5.5 coulombs of charge)
and unanodized poly-Ag. The intensity was normalized to the (111) peak. (b)
Correlation between CO selectivity and (220) preferability for electrodes
anodized in neutral electrolyte. The XRD peak intensity ratio of (220) to
(111) was used as an indicator of the preferred (220) orientation. The
anodization conditions are denoted in the figure as “anodization potential,
charge”.

As shown in Fig. S5, no Ag oxidation was observed after
anodization at potentials lower than 0.45 V. When the anodization
potential was higher than 0.7 V, Ag was further oxidized to state
higher than Ag,0, as indicated by the increase of O 1s peak at 529.3
eV and the further shift of Ag 3d;/, and Ag 3ds,, peaks to lower
binding energies (Fig. S5(a)). On the other hand, the oxidation of Ag
was not appreciably dependent on the amount of anodization
charge, as shown in Fig. S5(b). These results are in fully agreement
with the Pourbaix’s potential-pH equilibrium diagram for the silver-
water system.19 For anodization in neutral solution, Ag started to
get oxidized to Ag,0 when the potential was raised to 0.6 V, and
was further oxidized to AgO with higher potential. As for low pH3
anodization, no Ag oxide formed.

It is important to point out that before the electrochemical tests
of each electrode, 5 cycles of cyclic voltammetry (over an applied
potential range of -0.5 to -1.5 V vs. Ag/AgCl) were run to condition
the electrodes (see ESI for experimental details). The XPS of the
conditioned samples are shown in Fig. S6. No silver oxide was found
on the surface of any of the samples, indicating a complete
reduction of the silver oxide layer after the conditioning
electrocatalysis.

These results suggested that the formation of a thin silver oxide
layer on the surface of Ag electrode and subsequent reduction of
this oxide layer plays a critical role in promoting CO, reduction.
Previous studies demonstrated that the oxidation and subsequent
electrochemical reduction of metals such as Cu, Au and Sn greatly
improved their catalytic performance.zo'25 This work indicated that
silver oxide formed in anodized Ag likely played a similar role as the
Cu, Au and Sn metallic catalysts.
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Fig. 5 O 1s (a) and Ag 3d (b) XPS spectra of anodized Ag in neutral and pH3
electrolytes (at 0.6 V for 5.5 C charge) in comparison with poly-Ag. The
deconvolution of the O 1s spectrum is also illustrated. In (b), the intensity
was normalized to Ag 3ds, peak.
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In this communication, we demonstrated a simple and effective
approach via anodization to improve CO, reduction activity and CO
selectivity on polycrystalline Ag electrode. Under a moderate
overpotential of 0.5 V, 92.8% Faradaic efficiency was achieved using
the anodized Ag electrodes. Microstructural and electronic
structure analyses revealed that the high activity and selectivity
were closely related to the preferred Ag (220) orientation and the
formation of silver oxide by anodization.
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