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Structure Dependent Product Selectivity for CO,
Electroreduction on ZnO Derived Catalysts

Kai Han,”” Peter Ngene,” and Petra de Jongh*®

Electrochemical conversion of CO, is an attractive alternative to
releasing it to the atmosphere. Catalysts derived from electro-
reduction of metal oxides are often more active than when
starting with metallic phase catalyst. The origin of this effect is
not yet clear. Using ZnO nanorods, we show that the initial
structure of the oxide as well as the electrolyte medium have a
profound impact on the structure of the catalytic active Zn
phase, and thereby the selectivity of the catalysts. ZnO nano-
rods with various aspect ratios were electrochemically reduced

Introduction

Electroreduction of CO, and protons to fuels and chemicals is a
potential pathway to alleviate our dependence on fossil
fuels."* However, CO, reduction has a high activation barrier,
and thus requires a large overpotential.” Furthermore, the
proton reduction reaction strongly competes and often limits
the Faradaic efficiency to carbon-containing products.” There-
fore, an efficient catalyst is essential. Commonly, CO is believed
to be an important intermediate for hydrocarbon production.’®”
In fact, materials that weakly bind CO mainly release CO, while
the ones with medium CO binding strength can generate a
mixture of hydrocarbon products, and the ones with strong CO
binding hardly catalyze CO, reduction. Among the reported
catalysts, Au,®? Ag,'*"" Pd"*™* and Cu"™'™ are most frequently
studied. Au and Ag preferentially produce CO with relatively
low overpotential. Cu is the only catalyst able to produce C1-C3
hydrocarbon products with appreciable Faradaic efficiency,
while Pd based catalysts can be used to produce syngas. As an
alternative to noble metals, the earth-abundant Zn possesses a
quite low CO binding energy (0.12 eV), and several studies have
demonstrated that Zn is an interesting candidate for electro-
chemical reduction of CO, to CO or formate.'s>”

In 1985, Hori et al reported the efficiency of CO, reduction
on various metal catalysts, and demonstrated that Zn produced
CO with 63.3% Faradaic efficiency at current density of 5.5 mA/
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in different electrolytes leading to metallic Zn with different
structures; a sponge-like structure, nanorods and nanoplates.
The sponge-like Zn produced syngas with H,:CO=2, and some
formate, the nanorods produced only syngas with H,:CO=1,
while Zn nanoplates exhibited 85% selectivity towards CO.
These results open a pathway to design new electrocatalysts
with optimized properties by modifying the structure of the
starting material and the electroreduction medium.

cm? in CO, saturated 0.5M KHCO,"" Since then, various
treatments were reported to tune the structure of Zn-based
electrocatalysts and their performance."®'” Recently, a metallic
Zn catalyst with a hierarchical hexagonal shape was shown to
achieve a high CO, to CO conversion efficiency (FE=95% at
—1.05Vin 0.5 M KCl), as well as a high stability (5% activity loss
in 30 h)."” According to DFT calculations, the Zn (101) facet can
more effectively stabilize the *COOH intermediate than the Zn
(002) facet during CO, reduction, leading to a lower reduction
potential for CO, to CO. Zn-based catalysts with other structures
have been prepared and their catalytic properties tested.?*?"
Electrochemically deposited Zn on a Cu foam catalysts with
various ratios of Zn (101) and Zn (002) facets led to different
H,:CO ratios under the same conditions.””

In addition to metallic Zn catalysts, also ZnO catalysts with
different morphologies were reported in literature.'**? For
instance, hydrothermally prepared ZnO nanosheets were shown
to exhibit a high CO Faradaic efficiency (90% at —1.0 V vs RHE
in 0.1 M KHCO,)." The reduction of metal oxide into a metallic
phase under operational conditions is common.”>* For ZnO
around —0.7 V vs RHE is the potential below which thermody-
namically metallic Zn is the most stable state.”” In other words,
most of the catalysts designated as ZnO catalysts are in fact
fully or partially reduced to metallic Zn under CO, reduction
conditions.

Although it is known that the structure of the reduced
phase can have a strong influence on the selectivity of the
catalysts,"” the influence of the initial structure of the metal
oxide phase and the reducing environment on the structure,
and hence performance of the metallic phase, has not been yet
reported in detail. We prepared ZnO nanorod catalysts of
different aspect ratios. During CO, reduction, the ZnO nanorods
were converted to different morphologies depending on the
experimental conditions and the initial size of the nanorods,
leading also to distinctly different catalytic performance.
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Results and Discussion
Morphology of the ZnO catalysts

ZnO nanorods were grown on carbon paper via a low-temper-
ature hydrothermal method® (see experimental section for
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Figure 1. XRD patterns of the freshly prepared ZnO catalysts on carbon fiber
paper.

details). To control the aspect ratios of the ZnO, the synthesis
time was varied from 2 hrs, 4 hrs or 6 hrs, and the obtained ZnO
catalysts were named ZnO (2 hrs), ZnO (4 hrs) and ZnO (6 hrs),
respectively. Figure 1 shows the XRD patterns of ZnO (2 hrs),
ZnO (4 hrs) and ZnO (6 hrs) catalysts on carbon fiber paper. All
diffraction peaks match either those of carbon, or those of the
wurzite ZnO structure (PDF card 00-036-1451)."® This shows
that the synthesis method was successful in preparing crystal-
line ZnO. To further investigate the structure of the catalysts,
scanning electron microscopy (SEM) images were acquired. As
can be seen in Figure 2, all three catalysts; ZnO (2 hrs), ZnO
(4 hrs) and ZnO (6 hrs), show a structure consisting of nanorods
with a hexagonal shape and uniform size, which are well-
distributed over the carbon paper. SEM images show that the
length of the nanorods increased from about 5 um to about
8 um as the synthesis time was increased from 2 hrs to 4 hrs,
but a further increase of the synthesis time to 6 hrs did not lead
to further increase in size (Figure S2). However, a careful
inspection revealed that the aspect ratio (ratio between the
length and the width) for the nanorods increased with
increasing synthesis time (Table S1).

Figure 2. SEM images of freshly prepared ZnO catalysts: a, b, ¢) ZnO (2 hrs); d, e, f) ZnO (4 hrs); g, h, i) ZnO (6 hrs).
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Reduction of ZnO to Zn

Zn catalysts were prepared by reducing the above ZnO nano-
rods at —1.0 V vs RHE for 10 mins in CO, saturated electrolytes
(Table 1). Afterwards, the morphology and crystallinity of the
reduced catalysts were analyzed using SEM and XRD, respec-
tively. As shown in Figure 3, the initial ZnO nanorods
morphologies were drastically changed after reduction. Specifi-
cally, the ZnO (2 hrs) became sponge-like (Figure 3a) after
reduction in CO, saturated 0.5 M KHCO;. However, both ZnO
(4 hrs) and ZnO (6 hrs) catalysts maintained their nanorod
structure (Figure 3b) after the reduction treatment in CO,
saturated 0.5 M KHCO,, except that the length was shortened
from 8 um to 5 um (see Figure S3). Interestingly, when the ZnO
nanorods (4 hrs and 6 hrs) were reduced in CO, saturated 0.1 M
KCIO, solution, they were transformed into metallic Zn nano-
plates (Figure 3c).

In addition to the variation in the morphology, XRD showed
pronounced differences in crystallinity after reduction of ZnO.
For ZnO (2 hrs), apart from the carbon diffraction, no other
diffraction peaks were observed after reduction (Figure 3d),
confirming the amorphous nature of this reduced phase. XRD
(Figure 3d) of the ZnO (4 hrs and 6 hrs) nanorods shows
reduction to metallic Zn with a crystallite size of 46.5+2 nm..”
Furthermore, when the ZnO nanorod (4 hrs and 6 hrs) were
reduced in CO, saturated 0.1 M KCIO, solution, they were also
transformed into metallic Zn. For the nanoplates in particular,
the Zn (101) reflection was more intense than both the Zn (002)
and Zn (100) reflections, suggesting a preferential oriented Zn
(101) facet. The Zn nanorods also show a slightly preferred Zn
(101) orientation, but slightly less pronounced than for nano-
plates (the ratio of (101)/(002) is 1.3 for the nanoplates, and 1.1
for the nanorods).

Intensity (a.u.)

Figure 3. SEM images of the obtained a) sponge Zn, (b) nanorod Zn, (c)
nanoplate Zn catalysts and the corresponding XRD patterns (d).
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Furthermore, high resolution transmission electron micro-
scopy (HRTEM) and the corresponding energy-dispersive X-ray
spectroscopy (EDX) were performed to better understand the
structure of the catalysts (Figure S4-7). As clear from the TEM-
EDX results, the morphology of the as-prepared ZnO and
reduced Zn catalysts are similar to the morphology observed by
SEM. Specifically, ZnO catalyst shows homogeneously distrib-
uted Zn and O (Figure S4c and 4d). Regarding the reduced
catalysts (Zn), the TEM/EDX shows that Zn is well-distributed
over the carbon paper, but we still observed O in the Zn
catalysts. This is expected as the Zn will be partially oxidized
after the electrocatalytic reaction and during transfer to the
TEM.

The difference in the structure of the catalysts reduced in
the different electrolytes is intriguing. A first factor that plays a
role is the pH of the solution, which influences the solubility
and stability of the different phases. However, the pH of the
bulk solution (0.5M KHCO;, pH=7.2) was the same when
obtaining either the sponge Zn or the nanorod Zn, suggesting
that the pH effect is not the determining factor for the
difference in structure. For the nanoplate Zn formed in 0.1 M
KClO,, the bulk pH was more acidic (pH=4.3) than 0.1 M KHCO,
(pH=6.8), therefore in this case differences in pH might have
contributed to the different structure of the resulting Zn phase.

Another possible factor to explain the difference in structure
(e.g. nanorod versus amorphous sponge Zn) of the Zn obtained
by reduction in KHCO; is the difference in the initial size of the
nanorods. It seems that the larger thickness of the ZnO (4 hr)
and ZnO (6 hr) compared to the ZnO (2 hr) led to the
preservation of the original rod-like structure. Perhaps, there is
a certain thickness size below which crystalline Zn or the
nanorod structure cannot be maintained during reduction. In
fact, it is even surprising that the nanorod structure is
maintained after electroreduction because ZnO and Zn have
different crystalline structures.

A last factor that could be important is that the structural
transformation during the reduction to the metal phase is the
interaction between ZnO and specific anions. For instance, it
has been reported that CIO,” ions can be adsorbed on the
surface of ZnO, and one Cl would substitute an oxygen atom
during the insitu electroreduction of the ZnO.”% This might
explain why this anion substitution effect has not been
observed for KHCO; as a strong interaction between ZnO and
the HCO, is not envisaged.®"”

Electrochemical syngas and CO production

The oxide-derived Zn catalysts were tested for the CO,
reduction in 0.5 M KHCO; electrolyte. The performance was first
evaluated by linear sweep voltammetry (Figure 4 and S8). The
bare glassy carbon electrode with and without carbon fiber
paper was tested as a reference. If Zn was present, the current
density was always higher than for the bare glassy carbon
electrodes with or without carbon paper, and onset potentials
for the H, evolution and CO, reduction were lower (Figure S8).
Furthermore, the electrodes showed a higher current density in
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Figure 4. Linear sweep voltammetry of sponge-like Zn (a) and Zn nanorods (b) in both Ar and CO, atmosphere. Conditions: 0.5 M KHCO,, 50 mV/s scan rate.

The current density was normalized to the geometric area of 3.2 cm?.

CO, than in Ar. We can hence conclude that these catalysts are
active for electrochemical reduction of CO,.

The selectivity was evaluated chronoamperometrically Zn in
0.5 M KHCO; at potentials between —0.7 V and —1.1V vs RHE.
The total experimental Faradaic efficiency (FE) as determined
from the detected products was between 90% and 100%. In
fact, the only at the start of the experiment some electrons
were not used to create liquid or gaseous products, as they
were used for the electroreduction of the remaining oxide
species in the catalyst. The sponge-like Zn and nanorod showed
syngas (a combination of H, and CO) as the main gas product,
but with different H,:CO ratios under the same experimental
conditions (Figure 5a and 5b). Specifically, the sponge-like Zn
showed a constant H,:CO ratio of 2. Also, formate was

produced at all potentials between —0.8V and —1.1V (Fig-
ure 5a). The highest syngas Faradaic efficiency (FE,,q,) was
77 % (50% H, and 27 % CO) obtained at —0.8 V vs RHE, together
with 8% formate production at a current density of 2.8 mA/cm?,
Applying the potential from —0.7V to —1.1V led to slightly
higher formate selectivity (18% at —1.0 V vs RHE).

In contrast, the nanorod Zn catalyst produced only syngas;
no formate was detected. As shown in Figure 5b, varying the
potential from —0.7V to —1.1V (vs RHE), the FE of H,
production decreased from 60% to 45%, while the FE of CO
production increased from 30 to 45%. Surprisingly, the ratio
between H, and CO remained 1 from —0.8V to —1.0V, and
then decreased a bit at a higher overpotential. The actual
syngas production rates were also calculated (Figure S10), and a
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Figure 5. Faradaic efficiency of CO, H, and H,:CO ratios for sponge Zn (a), nanorod Zn (b) and nanoplate Zn (c) in 0.5 M KHCO; at different potentials. (The

error bar was obtained by repeating the experiments for at least three times).
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rate of 0.48 mol/h/g was achieved at —1.1V for the nanorod Zn
catalyst. A longer test was conducted on the nanorod Zn
catalyst (Figure S12), and the results reveal a slightly increased
current density from 13 mA/cm?® to 18 mA/cm?® over 7 hours
(the H,:CO ratio remained at 1+0.2), hence a reasonable
stability of the catalyst. The ZnO (6 hrs) catalysts also produced
syngas with a H,:CO ratio around 1 (Figure S9), as it has a
similar morphology,

Furthermore, we discuss the performance of the nanoplate
Zn catalysts. Although they were formed in an KCIO,, electro-
lyte, for fair comparison they were thoroughly rinsed and their
CO,RR selectivity was measured in 0.5 M KHCO; as was done for
the nanorods and sponge Zn catalysts (Figure 5c¢). Similar to the
performance of nanorod Zn, the nanoplate Zn leads to syngas
production, but with a CO:H, ratio ranging from 0.5 to 1.1 by
changing the potential. Interestingly, the nanoplate Zn produ-
ces more CO (FE=55%) than H, (FE=40%) at —0.9 V, which
can be attributed to the preferred Zn (101) orientation of the
nanoplate structure.

These results show that the structural properties are a key
factor for the performance of these Zn-based catalysts for
electroreduction of CO, in water. In literature, it has been
reported earlier that Zn catalysts consisting of small nano-
particles or amorphous Zn are more likely to produce
formate.”>*? Thus, the production of formate and syngas from
our sponge-like Zn can be explained by its amorphous nature,
while our Zn nanorods with a higher crystallinity generate CO
and H,.

The effects of the electrolyte concentration on the perform-
ance of the catalysts was also investigated by using 0.1 M
KHCO; instead of 0.5 M. Figure 6 gives an overview of the FE of
the different catalysts using a 0.1 M KHCO; electrolyte at —1.0 V
vs RHE with similar current density of 5.3 mA/cm” The results
clearly demonstrate that the nanoplate Zn which exhibits
dominant (101) facets, produces mostly CO (FE=85%) at
—1.0V vs RHE with a current density of 5.3 mA/cm? corre-
sponding to 0.20 mol/h/g CO production. On the other hand,
the nanorod Zn with mixed facets and the amorphous Zn

Nanorod Zn Nanoplate Zn

Sponge Zn

Figure 6. Faradaic efficiency for CO and H, obtained at —1.0 V obtaining
5.340.3 mA/cm? in CO, saturated 0.1 M KHCO, for different types of Zn
catalysts.
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produce syngas (a mixture of H, and CO) under the same
conditions. Furthermore, the lower HCO;~ concentration appa-
rently benefits the CO production for both nanorod Zn and
nanoplate Zn. By comparing the three catalysts, the high CO
production of the nanoplate Zn can be attributed to abundance
of Zn (101) facets and higher crystallinity of this catalyst
compared to the Zn nanorods and the Zn sponge. Differences
in the local pH are not expected to significantly contribute to
the difference in the catalysts’ performance; as the currents
drawn are small, for all catalysts we do not expect a significant
difference between the local pH and the bulk pH during the
reaction.®

What determines the performance?

It is clear from the CO, reduction results presented above that
the three different structures of the Zn catalysts exhibit differ-
ent selectivities in CO, reduction. It is generally known that
current densities, and hence active site densities, can influence
selectivity e.g. via local pH variations or concentration gra-
dients. In order to verify whether the observation is related to
local current densities, the electrochemically active surface
areas of the catalysts were determined, based on the double-
layer capacitance (Cg).?**

Figure 7 shows the charging current densities at different
scanning rates for the three different catalysts in 0.1 M KHCO,,
since we normalized and compared the three catalysts at this
condition. Firstly, it is observed that the nanorod Zn has a Cy
about two times higher than the Zn sponge. The Cy derived
from the data shown in Figure 7a is larger for the Zn nanorod
catalyst than for the sponge Zn catalyst, indicative of a higher
electrochemical surface area for the nanorods. One would
expect a higher bulk surface area for sponge Zn (Figure 3), but
this is not the case. The ECSA-normalized CO partial current
density versus the applied potentials (j,) (Figure 7b) gives a
similar jeogcsa for the two catalysts at low overpotentials. This
suggests that they have similar intrinsic activity, but the
different selectivity is probably due to differences in the
densities of the active sites in the Zn catalysts.

Secondly, Figure 7a shows that the obtained Cy for Zn
nanoplates is higher than sponge Zn, but lower than nanorod
Zn. The ECSA-normalized CO partial current density shows that
the nanoplate Zn exhibits the highest CO partial current density
(Figure 7b), suggesting that the improved CO production by the
nanoplate Zn is essentially due to higher intrinsic activity of
nanoplate Zn. Besides, the SEM and XRD results indicate that
the Zn nanoplates have more exposed (101) facets than the Zn
nanorods (the intensity ratio of (101)/(002) is 1.3 for nanoplates,
and 1.1 for nanorods), and it is reported that the Zn (101) facet
is beneficial for CO, activation due to a lower energy barrier."
Therefore, we attribute the difference in selectivity for Zn
nanoplate to the difference in the exposed facets (leading to
different intrinsic activity), rather than a different densities of
active sites.

Additional information about the mechanism can be
obtained from the Tafel plot. A Tafel slope of 118 mV/dec

© 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 7. Charging current densities against scan rates (a) and electrochemical surface area normalized CO partial current density (b) for sponge Zn, nanorod
Zn and nanoplate Zn catalysts in 0.1 M KHCO;. (The cyclic voltammetry measurements at different scan rates for different catalysts are shown in Figure S13

and S14).

supports the formation of CO,*~ intermediate, showing that the
initial electron transfer is the rate-determining step, while a
slope of 59 mV/dec means that protonation of CO,*" is the rate-
determining step.?® As shown in Figure S16, the Zn sponges
and Zn nanorod catalysts show a Tafel slope close to 118 mV/
dec, implying that initial electron transfer is the rate-determin-
ing step for both catalysts, but the Zn sponge has a slightly
lower slope (110 mV/dec) than the nanorods (129 mV/dec).
Interestingly, a similar comparison between the nanorods and
nanoplates in 0.1 M KHCO; (Figure S16b) shows a lower slope
for the Zn nanoplates than for the nanorods and sponge Zn
(128 mV/dec versus 159 mV/dec). These results are indicative of
slightly faster kinetics for CO, interaction with Zn nanoplates
than with the nanorods. Thus, the results of the Tafel plots
support our interpretation of the observed differences in
selectivity of these catalysts.

Conclusion

In summary, ZnO nanorod electrocatalysts with different aspect
ratios were synthesized by hydrothermal techniques. We
showed that the initial morphology of the ZnO nanorod and
the type of electrolyte medium had a huge impact on the final
structure of the active Zn catalysts and determined the activity
and product selectivity during electrochemical CO, reduction.
Zn nanoplates achieved the highest CO selectivity; up to 85%
at —1.0 V. This study demonstrates how the initial morphology
of metal oxide catalysts changes during the CO,RR, and how
the resulting structure determines the active phases and the
performance of the catalysts.

Experimental Section

ZnO nanorod preparation. ZnO was grown on carbon paper
(TGP—H-060) using a low-temperature hydrothermal method.”®
Typically, a piece of carbon paper disc (r=1 cm) was immersed into
an aqueous solution containing 0.05M Zn(NO;), and 0.05M
hexamethylenetetramine, then the solution was kept at 85°C for

ChemCatChem 2021, 13, 1998-2004 www.chemcatchem.org

2 hrs, 4 hrs or 6 hrs. Subsequently, the carbon paper was washed
with water and dried at room temperature. The obtained ZnO
catalysts were named ZnO (2 hrs), ZnO (4 hrs) and ZnO (6 hrs),
respectively. The final loading of the catalysts was verified by ICP
measurements, and the loadings were 0.18 mg/cm?, 0.36 mg/cm?,
042 mg/cm? for ZnO (2hrs), ZnO (4 hrs) and ZnO (6 hrs),
respectively.

Zn preparation. Zn catalysts were prepared by reducing the above
ZnO at —1.0V vs RHE for 10 mins in different CO, saturated
electrolytes, and the specific conditions are in the below Table 1.

Structural characterization. XRD measurements were performed
with a Bruker D2 Phaser, with a Co Ko, X-ray source (A=1.79026 A.
The XRD measurements were conducted at a 26 range from 35° to
80°, using 1 s as the integration time. Scanning electron microscopy
analysis was performed on a Phenom ProX scanning electron
microscope (operating at 10 keV). Bright field transmission electron
microscopy (TEM) and dark field scanning transmission electron
microscopy (STEMEDX) images were acquired at a FEI Talos F200X
microscope operated at 200 kV equipped with 4 energy dispersive
X-ray (EDX) detectors, a high-angle annular dark-field (HAADF) and
a bright field detector. The ICP analysis was carried out using a
Perkin-Elmer AAS Model Analyst 200, and the measurement was
conducted at MIKROLAB (Mikroanalytisches Labor Kolbe, c/o
Fraunhofer Institut UMSICHT, Germany).

Electrochemical measurements. The electrochemical experiments
were performed in an H-type cell (Figure S1) with an Autolab
potentiostat (PGSTAT AT204). In the cell, the cathode part and
anode part were separated by a Nafion membrane (Nafion™
Membrane XL, lon Power, GmbH), and both were filled with an
aqueous 11 mL KHCO; solution as the electrolyte. In the cell
configuration, the carbon paper supported ZnO catalyst was
attached onto a piece of glassy carbon electrode, because of the
fragility of the carbon fiber paper. Ag/AgCl (3 M KCI) was used as a
reference electrode, and a Pt disk was used as the counter
electrode. The exposed geometric area of both working electrode
and Pt counter electrode is 3.2 cm

Table 1. The specific experimental conditions for different Zn catalysts.

Zn structure ZnO precursor Electrolyte

(CO, saturated)

Current density

Sponge Zn ZnO (2 h) 0.5 M KHCO;, 11.5 mA/cm?
Nanorod Zn ZnO (4 h/6 h) 0.5 M KHCO, 13.3 mA/cm?
Nanoplate Zn ZnO (4 h) 0.1 M KCIO, 5.3 mA/cm?

2003
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Before testing, the cathodic and anodic parts were flushed with CO,
and Ar respectively (both 10 mL/min) for 30 mins, and both gas
flow were maintained during the CO, electroreduction measure-
ments. All the potential values with respect to Ag/AgCl were
converted to potentials with respect to the reversible hydrogen
electrode potential. IR corrections were applied, based on the
measured impedance of both 0.5M KHCO; and 0.1 M KHCO,
solutions. Impedance measurements were performed using a
Princeton Applied Research Parstat 2273, a 20 mV rms modulated
AC potential with frequencies from 1 MHz to 1 Hz was used. The
uncompensated resistances were 5 Q/cm for 0.5 M KHCO; and
26 Q/cm for 0.1 M KHCO;.

Gaseous products were analyzed by connecting the outlet of the
cathode compartment to a Global Analysis Solutions Microcompact
GC 4.0. The GC system was equipped with 3 detector channels (2
FID and 1 TCD): The first channel has a Rt—Q Bond (10 m*0.32 mm,
Agilent) packed column and a FID detector for the detection of
CH,, GH, and CH,, the second channel has Molecular Sieve 5 A
(10 m* 0.53 mm, Restek) packed column that separates small
gaseous molecules such as CO, and CH,. This channel has a FID
detector with a methanizer to increase the detection sensitivity of
CO. The third channel has a Carboxen 1010 (8 m*0.32 mm, Agilent)
packed column which separates H, and CO, with a TCD. High purity
nitrogen (N,, 99.999 %) was used as a carrier gas.

Liquid phase products in the catholyte were verified using a Varian
HPLC equipped with a refractive index detector and a Bio-Rad
Aminex HPX-87H column at 65°C. 1 mM H,SO, was used as the
eluent with a flow rate of 0.55 mL/min. The retention time of formic
acid was 15 min and the total analysis time was 20 minutes.
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