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ABSTRACT

The conversion of CO; on tin catalysts via electrolysis leads to valuable chemicals — like CO and
formate- and can help to close the carbon cycle. In the current literature catalysts for
electrochemical CO, reduction reaction (CO,RR) are amongst other methods characterized via
electrochemical impedance spectroscopy (EIS) in terms of charge transfer resistances neglecting
the parallel occurring hydrogen evolution reaction (HER). This may lead to an inapt assignment
of the catalyst properties to the CO,RR whereas the impedance spectrum displays features of the
parasitic HER or mixed information of both reactions. This circumstance is tackled
systematically within this work by analyzing linear-sweep voltammograms and impedance
spectra under various experimental conditions in order to get more insights into the processes
displayed in the respective impedance spectra. The main finding is that the observed high
frequency process displays a charge transfer reaction which contains contributions of the HER
and CO,RR and is not appropriate to evaluate catalysts for the CO,RR. This ambiguity was
observed for experimental conditions where HER or CO,RR prevailed. Additionally, equivalent
circuit model simulations confirmed the occurrence of just one arc in the EIS spectrum for

parallel occurring charge transfer reactions on the same electrode.

Introduction

In order to achieve reduction of CO; emissions on the order of what is necessary to comply with
the goals defined in the Paris agreement, all countries and sectors have to substantially increase
their efforts. Beyond other measures, particularly for the carbon-footprint of the industry it is
mandatory to develop technologies that can substitute processes that are based on fossil

feedstock and which emit CO, and other green-house gases as a consequence. " * In that respect,



the electrochemical conversion of CO;, off-gas from industrial plants, bio refineries or, in the
long-term, even from the atmosphere to useful chemicals using renewable energy can help to
change the role of CO, from harmful waste to a valuable feedstock for the production of a
variety of carbon-based chemicals which are nowadays mainly derived from fossil resources. '™
The electrochemical CO,RR can lead to several reaction products such as CO, formate / formic
acid, methane, ethylene or methanol. At the same time, the most important parasitic reaction in
aqueous electrolytes is the HER.” ® The significance of the HER and the distribution between the
COzRR products highly depends on the catalyst, electrolyte, reactions conditions and electrode
potential.” ® In this work we focus on the conversion of CO, on tin foil electrodes to formate
which is used in a variety of different applications, e.g. as de-icing agent, drilling fluid or for
silage and tanning if subsequently protonated to formic acid.” '® Most of the CO,RR research
papers focus on the conversion of CO, to CO or formate since only two electrons are needed for
this conversions making the reaction mechanisms less complex and achieving better
performance. * ' Accordingly, it was shown that the electrochemical conversion of CO, to
formic acid and CO are already close to being competitive with the traditional fossil-based
production process.” ' However, there is still a lack of knowledge for the conversion of CO; to
formate on tin electrodes especially regarding the reaction mechanism and degradation
phenomena.® ® Electrochemical impedance spectroscopy can approach this lack of information
with its ability for operando quantifying the resistances of the microscopic processes (e.g. charge
transfer, mass transport of educts, adsorption of species) displayed in the impedance spectrum."
The challenge is to identify the respective processes which are displayed in the impedance

spectrum and assigning these features to the correct physical phenomena.



Several authors used EIS as an additional tool among other methods to compare catalysts
presented in their papers and substantiate their arguments. However, there is no study focusing
on detailed analysis of the impedance spectrum itself to clearly elucidate the different
contributions observable in the spectra and assigning them to specific physico-chemical
processes.'* Specifically for Sn-based electrodes, various authors have performed EIS with
different appearance of the spectra suggesting a significant influence of the exact composition of
the electrocatalyst, reaction conditions and the chemical environment. Choi et al. performed EIS
measurements for Sn and Sn — Pb alloys in CO, saturated 0.5 M aqueous KHCOj solution. They
observed two arcs in the frequency range of 1IMHz — 100 mHz. The presented interpretation
focused on the high frequency process which was dependent on the alloy composition without
further specifying the underlying chemical process.'”” Two arcs were also observed in the
impedance spectrum by Lv et al. who conducted EIS measurements in CO, saturated 0.1 M
KHCO; in the frequency range of 40 kHz — 10 mHz for Sn deposited on Cu foil and Sn. '® On
the other hand Daiyan et al. who analyzed SnO, based electrodes in CO; saturated 0.1 M aqueous
KHCOs; solution observed only one semi-circle in the —Nyquist plot which was used for the
comparison of the investigated catalysts with regard to their reaction kinetics.'” Comprehensibly
all the above mentioned authors did not investigate the origin of the observed processes
displayed in the impedance spectrum in detail since their papers focused on the investigation of
catalyst materials and EIS was merely employed to compare the kinetics of the reaction on the
specific catalyst. Zeng et al. conducted a slightly more detailed investigation on their EIS
measurements for Cu and Cu-Sn foams. The electrolyte was N, or CO, saturated 0.1 M KHCO;3
and the frequency was varied in the range of 10 kHz down to 100 mHz. For both types of foam

and purging gas the spectra showed two arcs while one of the arcs was highly dependent on the



applied potential indicating that this arc represents a charge transfer process. An important result
is that in contrast to bare Cu foam the Cu-Sn foam exhibits lower charge transfer resistance
values in CO; saturated 0.1 M KHCOj; solution compared to the N, saturated electrolyte which
was then interpreted that the Cu-Sn foam is more active for CO,RR compared to HER.'®

Since the HER and CO,RR occur in a competing way parallel on the same electrode we want to
emphasize how important it is to be sure about which reaction dominates the processes displayed
in the impedance spectrum before taking the results of EIS to evaluate catalysts. To the best of
our knowledge no elaborated EIS study exists for the CO,RR on tin foil in aqueous KHCO;
solution, or for the CO,RR in general. Therefore a detailed investigation, as described in this
contribution, is necessary to get more insights into the processes displayed in the impedance
spectrum.

Experimental Section

All experiments were performed in a classic three-electrode setup. The working electrode was tin
foil (99.998 %, Alfa Aesar, 0.1 mm thickness) with a diameter of 2 cm and a geometrical surface
area of m cm”. Before assembling the cell the tin foil electrode was immersed for 30 s in 1.0 M
HNO; (Pan Reac AppliChem IN) to remove surface impurities followed by rinsing with de-
ionized water. In all experiments the reversible hydrogen electrode (RHE) was used as reference
electrode whereas platinum foil served as counter electrode. If not stated otherwise the
temperature of the electrolyte was 303 K. KHCOs; solutions were obtained by mixing solid
KHCO3 (= 99%, Roth) with pure water (Resistivity > 18 MQ). For some of the experiments
deuterium oxide (99.9 atom% D, Sigma-Aldrich) was used as solvent for KHCOs. Before
starting the experiments, the electrolytes were purged in-situ at a flow rate of 0.05 slm for at least

1 h with nitrogen (5.0, Linde) or carbon dioxide (4.5, Linde) depending on the desired



experimental parameters. During the tests the bubbling of the desired gas into the electrolyte
continued at the above-mentioned flowrate. If mentioned the pH value was measured by using a
pH electrode (InLab® Flex-Micro, Mettler Toledo) in combination with an evaluation unit (S7
Seven2GoTM Pro, Mettler Toledo). For all electrochemical tests a ZAHNER-elektrik GmbH &
Co. KG Zennium electrochemical workstation and the corresponding evaluation software

Thales® was used.

Electrochemical characterization

Electrochemical impedance spectra for tin foil were recorded in the range of 10 mHz to 300 kHz
in galvanostatic operation mode. The excitation current for every experiment was 5 mA. The
benchmark conditions were 303 K, a load of - 4.77 mA cm? for a measurement in 1 M KHCO;
aqueous solution saturated with CO,. By conducting experiments at - 3.18 mA ¢cm™, - 4.77 mA
cm?, - 6.37 mA cm™ and - 7.96 mA cm™ the current dependency of the impedance spectra of tin
could be observed. To investigate the thermal behavior of the impedance spectra of tin a
temperature series was carried out for 303 K, 313 K, 323 K and 333 K. The effect of different
electrolytes was tested by using 0.1 M, 0.2 M, 0.5 M and 1.0 M aqueous KHCOs solutions. All
solutions were purged with N, or CO, before starting impedance measurements. To identify
processes involving hydrogen containing species deuterium oxide was used as solvent to
generate KHCO; solutions. For all experiments the cell was polarized for 10 minutes at the
desired experimental conditions as pre-conditioning procedure before immediately - no current
interruption - recording the impedance spectra. At least three consecutive spectra (approx. 7 min
relaxation time under load between each run) were recorded for each experimental parameter set

whereby the second spectrum was used for evaluation. In contrast to the first spectrum the



second spectrum has reached a steady-state and the observed changes during the following
consecutive spectra were marginal. Experiments were repeated for at least one more time to
guarantee reproducible results. For an easier comparison the -Nyquist Data were shifted to the
same origin by subtracting the ohmic resistance.

Linear-sweep voltammetry (LSV) was performed to compare the activity of tin foil in different
electrolytes. The potential was shifted from + 50 mV to — 1300 mV vs. RHE with a sweep-rate of
1 mV s™. The electrolytes were 1.0 M and 0.1 M KHCOj3 solution purged with CO; or Na. For iR
compensation an impedance measurement was conducted after recording the LSV to determine
the Ohmic resistance.

The Faraday efficiencies (FE) were measured during galvanostatic EIS measurements applying a
constant current of - 4.77 mA cm™ at 303 K. The concentration of the gaseous products H, and
CO in the purging gas stream were quantified by a micro gas chromatograph and averaged over
time for at least 60 min with a measurement resolution of 5 min. The averaged concentrations
were then multiplied with the volume flow of the purging gas stream to obtain the gas flow of the
reaction products. By calculating the ratio of the experimental and theoretical product flows
(applying faradays law) the FE was determined. The FE for formate was calculated as difference
from 100% and the FEs of H, and CO since tin is known to exclusively produce H,, CO and
formate in aqueous alkaline media.'"” % Nevertheless, to proof this assumption exemplarily
formate was determined to close the mass balance. This was done via UV spectroscopy after
converting formate to formic acid and expelling dissolved CO, and bicarbonate from the liquid

sample (interference on detection peak at ca. 220 nm) using H,SO; (cf. Figure S1). *!



Results and Discussion

Electrochemical impedance spectroscopy is a powerful tool to elucidate rate-determining
processes in a specific time domain during electrochemical reactions. However, the analysis of
impedance spectra is not trivial and one needs to have detailed knowledge on the contributions
that can be observed in the spectra. However, performing a literature survey on this topic it
becomes clear that the origins of the processes displayed in impedance spectra obtained for tin
foil during CO, electrolysis are not well understood as — to the best of our knowledge — no
detailed analysis has been conducted so far. Combining linear-sweep voltammetry (LSV),
faraday efficiency and impedance measurements we want to give insights about the nature of the

processes during CO, reduction on tin foil in KHCO3 aqueous solution.

Linear-sweep voltammetry and apparent Tafel analysis

As a starting point to introduce the system that is being studied, LSV measurements were
collected in CO; and N, saturated 0.1 M and 1.0 M KHCOj electrolyte with a sweep rate of 1 mV
s” and are depicted in Figure 1 a). For both concentrations, tin foil shows a higher activity in
CO,; saturated environment at lower potentials whereas the activity in the high overpotential
region is superior in N, saturated electrolyte. This might be explained due to mass transportation
effects of CO, and a hindrance of the HER reaction at higher current densities. The LSVs were
used to perform apparent (not taking partial current densities into account) Tafel analysis which
can be seen in Figure 1 b). For each combination of purging gas and electrolyte concentration
one can distinguish two regions in the diagram. The increase of the Tafel slopes observed at
higher potentials indicate that mass transport effects or other processes contribute to the slope

and determine the shape of the plot in this region.”? The slopes in both N; saturated electrolytes



and in CO, saturated 1.0 M KHCOj in the low potential region are close to -118 mV dec™ which
is expected for the HER where the Volmer step is rate limiting.® A rate-limiting electron transfer
in CO,RR (cf. Eq (5)) would result in a Tafel slope of -118 mV dec” as well.** * When
analyzing the faraday efficiency for HER (cf. Figure 1 b)), which was determined at a constant
potential of -550 mV vs. RHE (Region I in Tafel plot), one can see that hydrogen evolution
prevails in CO, saturated 0.1 M and 1.0 M KHCOs solution at this potential. This fact indicates
that the apparent Tafel slope in CO, saturated electrolyte might be mainly determined by the
HER in region I. On the other hand in CO, saturated 0.1 M KHCOj solution the Tafel slope is -
160 mV dec” which significantly deviates from -118 mV dec” expected for HER and a rate
limiting electron transfer during CO,RR. This higher Tafel slope indicates a change in the
reaction mechanism for the HER (de-activation of active sites induced by CO,) or an increasing
contribution of the CO,RR (assuming a mechanism with a Tafel slope greater than 118 mV dec

for this reaction with uncertain mechanism) to the apparent Tafel slope.
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Figure 1 a) Linear-sweep voltammetry at 1 mV s™ for tin foil in N, and CO, saturated 0.1 M and
1.0 M KHCOj aqueous solution b) corresponding Tafel analysis based on total current (Icoorr +

IhER).

Electrochemical impedance spectroscopy
FE for H, and CO were determined during galvanostatic impedance measurements using gas
chromatography. The received results and additional information regarding potential and pH

values after 1h of bubbling with N, and CO,, respectively, are shown in Table 1.
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Table 1 FE for tin foil in N, and CO, saturated 0.1 M and 1.0M KHCO; at

-4 77 mA cm™
Purging | Electrolyte Potential FE H, | FE CO FE HCOO pH after
Gas Eir 1 h Bubbling
vs. RHE /
mV
CO, 1.OM -682 87% | 3% 10% 8.0
KHCO;3
CO, 0.1 M -879 43% | 5% 52% 7.1
KHCO;3
N, 1.OM =722 8.9
KHCO; Only H; detected
N, 0.1 M -821 9.2
KHCO; Only H; detected

* Calculated using FEn, and FEco and mass balance closing condition.

As described above impedance measurement were conducted at a current density of -4.77 mA
cm™ (15 mA) in galvanostatic operation mode with an excitation signal of 5 mA. After saturating
the electrolyte for 1 h with N, or CO; the pre-conditioning phase was 10 minutes at the desired
experimental parameter set. Figure 2 shows the -Nyquist and imaginary part vs. frequency plot.
In general the spectra reveal at least two processes during electrolysis with a low frequency
process occurring at a characteristic frequency around 0.1 Hz and a high frequency process at
around 500 Hz. The spectra recorded in N, saturated electrolytes are dominated by the HER, as
no CO,RR products were detected via u-GC. In general changing the purging gas to CO; results
in bigger diameters for both semi-circles and as a consequence to an increased total faradaic
impedance. When bubbling CO, into the electrolyte additionally to HER the CO,RR must now

be taken into account. Accordingly, the increased impedance values might be a result of the
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sluggish CO,RR becoming more accented or that the CO, saturated environment slows down the

HER. In order to reveal the origin of the processes we introduce the investigation regarding

thermal- and potential activation of the two processes.
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Figure 2 a) —Nyquist plot for tin foil obtained in CO, and N, saturated 0.1 M and 1.0 M KHCO3
at galvanostatic operation, - 4.77 mA cm-2, with an amplitude of 5 mA, ohmic resistance

subtracted b) corresponding imaginary part vs. frequency plot.

Temperature and current dependent behavior

To identify thermal and current activated processes impedance spectra for the temperature series
were recorded at 303 K, 313 K, 323 K and 333 K in CO, saturated 1.0 M and 0.1 M KHCO;
solution at a current density of - 4.77 mA cm™ while for the current series spectra were recorded

at —3.18 mA cm™, —4.77 mA cm?, —6.37 mA cm™” and — 7.96 mA cm™ at 303K (Figure S2 for

1.0 M KHCOs, Figure S3 for 0.1 M KHCO:s).
Taking the obtained results of the current density and temperature variation into account it is

very likely that the high frequency process which is activated by increasing temperatures and
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current densities displays a charge transfer.'* ** Consequently a plot of the Re; values versus the
reciprocal current should result in a straight line whereas the slope represents the Tafel slope (cf.

Eq (1) and insets in Figure S2 and Figure S3).”

Ra=b* 335507 .

It is important to mention that the plotted reciprocal current is the total current and not a partial
current for HER or CO,RR. The slopes of these plots for 0.1 M and 1.0 M KHCOs are -163 mV
dec”! and -132 mV dec” which are in agreement with the Tafel slopes obtained via LSV. In
consequence the shape of the curve for CO; saturated electrolytes in Region 1 in Figure 1 a) is
determined by an electron transfer. The fact that plotting the reciprocal total current vs. R¢¢ leads
to the expected straight line and comparable Tafel slopes to the values found via LSV evaluation
suggests that the R¢; arc in the EIS spectrum is a mixed quantity consisting of contributions of
the HER and CO,RR. Because of the contribution of both reactions to the Tafel slope in the
kinetic region two different explanations exist for an increased Tafel slope in CO, saturated
compared to N saturated electrolyte. On the one hand the presence of CO; could slow down the
HER, increasing its magnitude and resulting in an increased mixed Tafel slope whereas on the
other hand, the presence of CO, obviously results in CO,RR taking place at the electrode which
might have a significantly higher Tafel slope than the HER and by that pushing the mixed Tafel
slope to a higher value.

The low frequency process cannot be attributed to a charge transfer process since it is not
activated with increasing temperature and current density in the probed current density range (cf.

Figure S2, Figure S3). To gain further insights into the high and low frequency processes
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additional experiments with varying KHCO; concentrations and isotope labeled water were
conducted.

Kinetic Isotope effect

Impedance spectra were recorded in CO; saturated 0.1 M and 1.0 M KHCOs solutions using
ultra-pure water or deuterium oxide (D,0) as solvent (303 K, — 4.77 mA cm™). This should give
insight into the mechanism of the processes, as slower kinetics of proton involved processes are
expected due to the additional neutron in the deuterium core. A simplified reaction mechanism
for HER in alkaline media including the Volmer-, Heyrovsky- and Tafel reaction is given in

equation (2) — (4) which point out the involvement of hydrogen in the charge transfer reactions

(2) and (3).”
M+ H,0 + e~ = MHyy, + OH™ )
MHg4s+H,0+e” 2 M +OH™ + H, (3)
2MHgys = 2M+ H, 4)

Regarding the reaction mechanism of the conversion of CO, to formate or CO there is no
unequivocal and concluding consensus in the scientific community yet. Typically, the first step is
considered to be the activation of CO, through a direct electron transfer followed by a
protonation with a simultaneous electron transfer (cf. Eq (5) — (6)).* ** The fact that the CO,
radical formation is often referred to be the rate determining step suggests that a possible
displayed charge transfer in the impedance spectrum which is attributed to the CO,RR must then

represent a non-concerted proton and electron transfer to CO,.> %
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CO, +e = CO;’ (%)

CO; + H,0+e~ = HCOO™ + OH™ (6)

As a result of the above made considerations we expect, in contrast to the HER, that a CO,RR
attributed charge transfer process shown in the spectrum will not be decelerated, resulting in a
higher resistance and lower characteristic frequency, when substituting hydrogen with

3931 We would expect quite the contrary, an acceleration of the CO,RR because the

deuterium.
solubility of CO; increases from 33.8 mmol L!'in H,0 to 38.1 mmol L'in D20.32

However, the high and low frequency processes are both slowed down when using D,O as
solvent in 1.0 M KHCOs and in 0.1 M KHCO3; where CO,RR prevails (cf. Figure 3 and Figure
S4 for 1.0M KHCOs). This fact can be seen in larger diameters of the arcs in the high and low
frequency region and a reduction of the characteristic frequencies. Since the high frequency
process displays a charge transfer reaction affected by CO, one can now be a bit more specific
that this charge transfer process involves hydrogen or a hydrogen containing species. This
observation rules out that the observed charge transfer is dominated by the conversion of CO; to
the CO, " radical (cf. Eq (5)) leading to the suggestion that this process might be ascribed to the
HER. On the other hand, since the mechanism of CO,RR to HCOO™ and CO is not fully
understood yet, it might be that (in contrast to Eq (5)) a hydrogen containing species is involved
in the rate limiting CO,RR charge transfer reaction. For example, Baruch et al. suggested the
involvement of hydrogen containing tin carbonate species in the rate limiting CO,RR charge
transfer. Analogous to the involvement of hydrogen during HER the unlikely, but not completely

excluded, participation of a bicarbonate species during CO,RR would result in an increase of the
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high frequency resistance as well when substituting H,O with D,0.”* As it will be shown later
the low frequency arc correlates with the HCO; concentration so that a slowed down low

frequency process in D,O based electrolytes might be explained by a impeded movement of

HCO;3; and DCO3  ions in D,O.
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Figure 3 a) Impedance spectra and b) imaginary part vs. frequency plot for tin foil obtained in
CO; saturated 0.1 M KHCO; solution comparing H,O and D,O as solvent. Galvanostatic

operation at —4.77 mA cm™ with an amplitude of 5 mA, ohmic resistance subtracted.

KHCOj concentration series in N, and CO, saturated electrolyte

To investigate the influence of the electrolytes concentration impedance measurement were
conducted in N, and CO, saturated 0.1 M, 0.2 M, 0.5 M and 1.0 M KHCOj solutions. It can be
seen that in N, saturated electrolyte the high frequency process, the charge transfer, seems to be
independent from the KHCOj; concentration while the low frequency process becomes slower at

lower KHCOj; concentrations (cf. Figure 4 a) & b)). In N, saturated electrolyte only hydrogen is
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detected which means that all displayed features might be linked with the HER. However, a
slight increase in the charge transfer resistance with decreasing KHCO; concentration might be a
result of an increasing pH value and slowing down the HER kinetics. The observed deceleration
of the low frequency process with decreasing HCO; concentration may be explained by the fact
that HCOj3™ can be reduced to hydrogen at the applied potentials as it was shown by Wuttig et al.
for Au catalysts and contribute to the total polarization resistance so that the low frequency arc
may displays the diffusion of HCOs™ ions.** Recording impedance spectra for CO, saturated
solutions with different KHCO; concentrations reveals that now both process are accelerated
when increasing the KHCO; concentration as it is shown in Figure 4 ¢) & d). The increased
charge transfer resistance can be explained taking Eq (1) and Figure 1b) into account: The Tafel
slope (calculated with total current) increases with reduced KHCO; concentrations and
consequently resulting in higher R values. As it was shown above the R values of the KHCO;
concentration series in N, saturated electrolytes remain more or less constant which was also
observed in the LSV evaluation. However, the change of the nearly independent charge transfer
in N saturated electrolyte regarding the HCO;3™ concentration to a distinct HCO3™ concentration
dependent charge transfer in CO; saturated electrolyte indicates a contribution of the CO,RR as a
reaction itself (higher Tafel slope compared to HER) or a decelerated HER in CO, saturated
electrolyte to the charge transfer arc in the impedance spectrum. The increase of the charge
transfer arc in lower concentrated CO, saturated electrolytes is not a pH effect regarding the
HER since this reaction should be favored at more acidic conditions (cf. pH values Figure 4
¢)).”> The increasing low frequency arc in low concentrated CO, saturated electrolytes can also

be explained via a possible HCOj™ diffusion process.

17



20 6
O 0.1MKHCO;N, pH:9.2 O 0.1 MKHCO, N,
0.2MKHCO, N, pH: 9.1 a) 0.2 MKHCO, N, . b)
0.5MKHCO,N, pH:9.0 0.5 MKHCO; N, 2
O 1.0MKHCO,N, pH:8.9 O 1.0MKHCO; N, k)
0
15 5 o
o
4 o Fe)
0
NE NE o o
~ 10 S
] ] o ©
5 5 o
o b ®oq ‘; fe)
24 o o S ©
® 6 g 0 o & g
5 0.0 e i ° . o p
02 o9, TKHCO, concentration o o 2 5
o 2N OOo of o
§ b 8 %o (s
4 ) 094905
0 2 0 o 000 ° Ooooojjpo
T T T T T T T T T T T
0 5 10 15 20 0% 102 10" 10° 100 102 100 10*  10°
Z2'/IQ cm2 Frequency f/ Hz
30
<> 0.1 MKHCO; CO, pH:7.1 Faraday efficiency HER: <> 0.1 MKHCO, CO, 1 KHC03 concentration d
02MKHCO,CO, PH:73 01 MKHCO 43% c) 0.2 MKHCO, CO, A )
0.5 M KHCO, CO, pH:7.7 84<> 0.5MKHCO, CO, 408 Hz
- 69% (S
254 ¢> 1.0MKHCO,CO, pH:80 02 MKHCO569% <& 1.0MKHCO, CO, o
0.5M KHCOa: 79% [od
1.0 MKHCO: 87% <
20 6 1013 Hz
S
~ (o)
N
: 15 5 & © o <§>
9 ] 9 <><> o <
: T4l o o
N N &0
\ o © o
10 T KHCO, concentration o2° 0
© o
o . o0 ®
2 o &0 o
XS A PR Yo
¢ oS % & <§> S %
o0 0 X% %qyg)o O S
OW 5
0
v v 4 v v T T T T T T T
20 25 30 100 102 107 10° 10 102 10° 10 10°

Z'/Qom?

Frequency f/ Hz

Figure 4 Impedance spectra obtained for tin foil in aqueous solutions with varying KHCO;

concentrations saturated with a) N, or ¢) CO, and their corresponding imaginary part vs.

frequency plots b), d). Galvanostatic operation at -4.77 mA cm? with an amplitude of 5 mA,

ohmic resistance subtracted.



Simulating independent parallel occurring charge transfer reactions

The showed results indicate that the high frequency process displays a charge transfer which is
the sum of contributions traced back to the HER and the CO,RR. The reactions occur parallel on
the same electrode. Figure S a) shows an equivalent circuit model (EQCM) simulation for the
high frequency process generated with Thales® from ZAHNER-elektrik GmbH & Co. KG
assuming one RC element for each reaction (inserted parameters are listed in Table S6).
Consequently, the RC elements were combined in parallel since the reactions occur parallel.’® A
parameter study regarding the corresponding time constants tupr and tcoprr (regardless which
reaction is slowed down) illustrates that for parallel reactions only one arc will be observed in the
impedance spectrum no matter how dissimilar the time constants are. When applying the rules of
electrical engineering by converting the two resistors and capacitors to one mixed RC element
one can see that the simulated —Nyquist plot is identical no matter if the EQCM contains two
separate RC elements or one combined RC element (cf. Figure 5 b)). This finding supports our
theory that the observed charge transfer cannot be exclusively ascribed to the HER or the CO,RR

since the parallel occurring reactions will result in one mixed arc during EIS.
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Figure 5 a) Simulated EIS spectra for two parallel connected RC elements, representing HER
and CO,RR charge transfers on the same electrode surface, with varying time constants showing
only one semi-circle no matter how distinct the time constants are b) —Nyquist plot of one
combined RC element, displaying one mixed time constant for HER and CO;RR, calculated

from the parameters of the two RC elements shown in a).

Conclusion

Impedance spectroscopy reveals at least two observable processes during electrolysis on tin foil
in CO; saturated aqueous KHCOj solutions. In 1.0 M KHCOs solution the HER prevailed while
in 0.1 M KHCOj; solution CO,RR products dominated the product distribution. A parameter
study was carried out to identify the origin of the observed processes for these two cases. Our
results indicate that the high frequency process around 500 Hz displays a charge transfer reaction
which is determined by the HER and CO,RR no matter if the faraday efficiency for the HER is

about 87% (1.0 M KHCO:s3) or 43% (0.1 M KHCOs). The reactions occur in parallel which we
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showed in an EQCM simulation will result in one mixed time constant (RC element) in the EIS
spectrum no matter how distinct the difference of the corresponding time constants of the two
reactions are. The second process in the low frequency region around 0.1 Hz cannot be reliably
identified. Our results suggest that this process may describe the ionic movement in the
electrolyte since the resistance of this process scales with the KHCO; concentration (higher
concentration, lower resistance). With our study we wanted to help to identify the observed
processes in the EIS spectrum during CO; electrolysis on tin foil in aqueous KHCOs3 solution.
Since the HER and CO,RR occur in parallel on the same electrode we showed that the charge
transfer resistance measured via EIS is affected by both reactions and cannot easily be used to
evaluate catalyst materials. The widely used chronopotentio- or chronoamperometry in
combination with the determination of the FEs for CO,RR products are suitable and sufficient

methods to evaluate catalysts for CO,RR.
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SYNOPSIS

CO; electrolysis utilizes CO; as feedstock; we employed electrochemical impedance

spectroscopy to understand the microscopic processes at the CO, converting electrode.
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