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Abstract

The electrochemical COs reduction offers a promising solution to convert
waste COy into valuable products like CO and formate. However, CO4 cap-
ture and purification remains an energy intensive process and therefore the
direct usage of industrially available waste CO, streams containing SOy, NO
and Oy impurities becomes more interesting. This work demonstrates an
efficient (Faradaic efficiency >90%) and stable performance over 20 hours
with 200 ppm SOs or NO in the feed gas stream. However, the addition of
1% Oy to the CO, feed causes a significant drop in Faradaic efficiency to
C-products due to the competitive oxygen reduction reaction. A potential
mitigation strategy is to operate at higher total current density to firstly
reduce most O, and achieve sufficient product output from CO, reduction.
These results aid in understanding the impact of flue gas impurities during
COs electrolysis which is crucial for potentially bypassing the CO, purifica-

tion step.
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1. Introduction

As CO4 emissions continue to increase globally, finding sustainable ways to
capture and utilize CO5 has become a pressing issue [1]. The electrochemical
CO4 reduction reaction (CO2RR) has emerged as a promising and sustainable
approach to convert CO, into value-added fuels and chemicals like carbon
monoxide, formic acid, ethylene, ethanol, acetic acid and n-propanol [2]. Es-
pecially the production of carbon monoxide and formic acid are of particular
interest because they only require a two electron transfer and benefit from
great revenue per mole of electron transfer [3]. Different pilot scale plants
producing formic acid or CO have been installed in the last years and the fo-
cus on industrial relevant conditions in literature is becoming the norm [4, 5].
However, almost all research in this field has been conducted using pure COq
which would come from captured and purified COy point sources. These
processes are considered as energy intensive [6]. For example, the energy
demand for carbon capture with monoethanolamine is ~3.7 GJ/ton CO, [7].
The estimated cost of CO5 capture from a biomass-based combustion power
plant are in the range of $150-400/tCO2. Additionally, the associated purifi-
cation costs are reported to be $70-275/tCO; [8]. Direct utilization of COq
from flue gas point sources can be immensely interesting from an economical
perspective as it allows to bypass the capture and purification steps. Un-
treated flue gas streams contain different gaseous impurities (Table 1) that
can affect the performance of COy electrolyzers. Thus, understanding the
influence of impurities during COs electrolysis is crucial for the practical ap-

plication of this technology.



The concentration of each impurity is highly dependent on the point source
and therefore also the type of industry. Table 1 summarizes the typical con-
centration of flue gases. On average, CO, is mostly present in diluted form
with > 70% N,. The steel and cement industry have the highest concentra-
tions of CO, in their flue gas stream, i.e. >25%. The impact of No-dilution
was studied in our previous work, which indicated that formate is preferred
over CO as target product in diluted CO, as it maintained a higher efficiency
even at low COy contents (i.e. down to 10% COy). It was discovered that
the main reason for this behavior, was the difference in hydroxide produc-
tion and subsequent COs neutralization as (bi)carbonate. Whereas CO is
accompanied by the formation of two hydroxide ions, only one hydroxide ion
is generated with formate production, hence less CO5 neutralization occurs

when formate is targeted and more CO, remains available for reaction [9].

Table 1: Typical flue gas compositions.

Source COy (%) Ny (%) 02 (%) HO (%) CO (ppm) SOy (ppm) NO4 (ppm) Comments
Rajinder et al. [10] 13-14 70-72 3-4 6-20 - 200 200 <10 ppm HCI/HF, 50-180 °C.
Xuezhong et al. [11]  13.74 72.88 3.65 9.73 - - - 1.016 bar, 50 °C.
Zhongde et al. [12] 11.5-14  72-76  12.5-14.5 - 160-200 0-1 135-150 0-1 ppm HCI/HF, dry flue gas reported.
Fabrizio et al. [13] 9-12 75-76 4-8 8-10 400-1000 150-420 100-200 15-50 ppm NHj.
Xiaochun et al. [14]  7.4-7.7  73-74  ~ 445 14.6 200-300 - 60-70

Secondly, while the Oy impurity has been investigated in a few reports, the
focus was solely on the use of Cu catalysts for producing Cy,-products and
was mostly performed in an H-type cell at low current densities [15-18].
Furthermore, only one or two fixed concentrations of oxygen were typically
investigated. The above clearly indicates that, especially for CO- or formate

producing catalysts, the impact of different O, concentrations on the CO;RR
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remains largely unexplored, even more so at industrially relevant conditions
in a continuous flow cell. This work is thus to the best of our knowledge
the first study thoroughly investigating the impact of Oy on the CO2RR to

formate and CO.

The impact of NOy (of wich NO is the most abundant) has been studied
on Cu, Ag and Sn catalysts by introducing 8300 ppm NO in a COs stream
at 100 mA/cm? for 30 minutes [19]. For Ag and Sn catalysts, the loss of
Faradaic efficiency (FE) was found to be ~35% due to NO reduction reac-
tions. Similarly, the introduction of 10 000 ppm SOy also caused a 25-40%
FE loss when targeting CO or formate [20]. In both cases, the original FEs
are restored again when a pure CO, stream is re-introduced in the reactor
[19, 20]. Even though these articles contain a very thorough analysis of these
effects, the question remains whether flue gas-like concentrations of SO, and
NO (~200 ppm, Table 1) affect the catalyst stability on the long term and

will be evaluated here.

This work focuses on the effects of SO; and NO impurities during 20 h
COy electrolysis in a flow cell and demonstrates that ~200 ppm of these
compounds are compatible with CO;RR. Furthermore, we investigate the
influence of Oy during CO,RR and suggest a strategy to boost partial cur-
rent densities to the target products CO (Ag catalyst) and formate (BiyOj
catalyst). Knowledge about the interference between gaseous impurities and
CO3RR is critical for the practical application of this technology, and could

allow industrial plants to omit or significantly decrease the number of neces-



sary purification steps to enhance economical viability.

2. Materials and methods

2.1. Chemicals and products

Potassium bicarbonate (> 99.5%) and potassium hydroxide (>85%) for elec-
trolyte preparation were purchased from Chem-lab. Ultrapure water (Milli-
Q, Millipore) with a resistivity of 18.2 MQ-cm was used to obtain the desired
concentration of reagents (0.5 M KHCOj3 and 1 M KOH). Commercial Bi;O3
nanoparticles (99.8%, 90-210 nm, batch MKCM4378) and Ag nanoparticles
(99.5%, < 100 nm, batch MKCP1973) were purchased from Sigma-Aldrich.
Iso-propanol for catalyst ink preparation was purchased from Chem-lab. A
perfluorinated nafion dispersion (D520, 5% w/w in water and 1-propanol)
was purchased from Thermo Fisher Scientific and used as binder in the cat-
alyst inks. Perchloric acid (70%) was purchased from Chem-lab and diluted
to a 1.2 M solution to be used during sample preparation for HPLC anal-
ysis. Sulfuric acid (98+% HPLC grade) was purchased from Chem-lab and
used to prepare the 10 mM HySO,4 mobile phase for HPLC analysis. Nafion
117 cation exchange membrane were purchased from Ion Power. Hydrogen
peroxide (30%) was purchased from VWR and diluted to 3% for use during

membrane activation.

2.2. Gases

Argon (99.999%) for spray coating, helium (99.999%) for gas chromatogra-
phy analysis and COs (99.998%) for experiments without impurities were

purchased from Air Liquide. For the SOy and NO experiments, a mixture of



213 ppm SO, in CO5 and 198 ppm NO in COy was purchased from Nippon
gases. A mixture of 19.96% Os in CO4 was purchased from Nippon gases for

the experiments with an oxygen impurity.

2.3. Gas diffusion electrodes

Catalyst inks were made by mixing 72 mg of either commercial Bi;O3 nanopar-
ticles or commercial Ag nanoparticles with 200 mg (5 w%) nafion dispersion,
iso-propanol (99.8 %, Chem-lab) and ultrapure water. The volumetric ratio
water : iso-propanol was 1:2 and 1:4 for Ag and BiyO3 respectively. After
preparation, the ink was sonicated (NexT-gen Lab120) for at least 30 minutes
with a 6 mm titanium probe (34 kHz, 84 pm amplitude). The substrate, a
Sigracet GDL 39BB (Ion Power), was fixed on a hot plate at 80 °C to improve
drying. The ink was spray coated with a Fengda BD-183 airbrush equiped
with 0.3 mm nozzle using argon as carrier gas. The GDE was weighed be-
fore and after to ensure a 2 mg/cm? catalyst loading on all samples. The

2. Light microscopic and scanning

geometrical active surface area is 10 cm
electron microscopic images of the as-perepared GDEs can be found in the
supplementary information (SI) Figure S.1 as well as TEM (Figures S.2-S.3)

and XRD (Figures S.4-S.5) measurements on the catalytic nanoparticles.

2.4. Reactor

A commercial reactor (ElectroCell Micro Flow Cell) was modified to ensure
compatibility with a GDE, membrane and insertion of a Ag/AgCl refer-
ence electrode (Innovative instruments) such as reported in previous work
[21]. Figure 1 shows this electrochemical reactor with all labeled parts. The
PMMA flow plates and gaskets were fabricated with a CNC mill (Euromod



MP45). A pretreated Nafion 117 cation exchange membranes separates the
catholyte and anolyte compartment. The pretreatment to increase its ionic
conductivity and to clear the membrane from organic contaminants consists
of subsequently boiling the membrane in 3% HyOy (1 h), distilled water
(1 h), 1 M HySOy4 (1 h) and distilled water (1 h) whereafter the membranes
are stored at 4 °C[22]. At the cathode side, 0.5 M KHCOj is supplied to the
cell at 5 mL/min and at the anode, 5 mL/min of 1 M KOH is supplied to fa-
cilitate the oxygen evolution reaction. Both electrolytes are pumped through
the cell with peristaltic pumps in single pass mode to ensure reliable and sta-
ble conditions during measurements. For the 20 h experiments with a SO,
or NO impurity, a gas mixture of 213 ppm SO; or 198 ppm NO in CO, was
controlled with an Analyt-MTC mass flow controller (50 mL/min) and fed
to the reactor as illustrated in Figure 1. For the experiments with an oxygen

impurity, different feed gas compositions were obtained by mixing a 19.96 %

@@@@@Q@ @@@

s

1 M KOH

Figure 1: Exploded view of the electrochemical reactor that was used in this study. 1)
metal backplate, 2) PTFE backplate 3) PMMA gas- and liquid flow plates, 4) Titanium
cathode frame, 5) gas diffusion electrode (GDE), 6) Viton gasket for GDE, 7) Ag/AgCl
reference electrode, 8) Nafion 117 cation exchange membrane, 9) Platinized titanium elec-

trode (anode). All parts are separated by rubber gaskets.



05 in CO4 with pure CO, with a T-connection and two mass flow controllers
up to a total flow rate of 100 mL/min. Chronopotentiometry experiments
were conducted with an Autolab PGSTAT302N potentiostat (Metrohm) and
a 10 A booster (Metrohm).

2.5. Product analysis

Liquid catholyte samples were acidified with 1.2 M HCIO4 in a 1:1 volu-
metric ratio, vortexed and filtered prior to analysis. An HPLC (Alliance
2695) equiped with a Shodex RSpak KC811 column and a PDA detector
(210 nm, Waters) was used for the detection of HCOO~. The acidified and
filtered (0.2 um) sample was injected in the column to quantify the amount

of HCOO™ produced during reactor operation.

The gas outlet of the reactor is directly connected to a gas chromatopgraph
(Shimadzu) with a Restek Shincarbon ST column (1 mm internal diameter,
2 m length, mesh 100/120) that uses helium as carrier gas. Product analysis
starts at 40 °C for 3 min, then temperature increases linearly at 40 °C/min
up to 250 °C. The thermal conductivity detector remains at 280 °C. A Restek
ProFlow 6000 flowmeter was used to measure the outgoing gas flow rate for

accurate product quantification.

2.6. Characterization

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS) were performed on the GDE samples with a Thermo Fischer Quanta
FEI 250 microscope operated at an accelerating voltage of 20 kV. High-

angle annular dark field scanning transmission electron microscopy (HAADF-



STEM) was performed using a Thermo Fischer Tecnai Osiris microscope op-
erated at 200 kV. EDS maps were acquired to determine the composition
of materials using a Super-X detector on the Tecnai Osiris microscope at a
beam current of 50 pA. X-ray powder diffraction (XRD) measurements were
performed using a Philips X'pert diffractometer with monochromated Cu-K,

(A = 1.5418 A) radiation.

3. Results and discussion

3.1. Long term stability with SOy and NO

The short-term effect of introducing great amounts of SOy (10 000 ppm)
and NO (8300 ppm) was studied elsewhere[19, 20] and results in a +20%
loss in FE at 100 mA/cm?. However, most flue gases contain only around
200 ppm of these gaseous impurities [10, 12, 13]. To asses the impact of
SOy and NO on the electrochemical reduction of CO, in a continuous flow
cell, stability measurements of 20 hours at 100 mA/cm? were carried out.
Figure 2 A and B illustrate the results with a feed stream of 198 ppm SO,
in CO, with a BisOs-coated or Ag-coated GDE, respectively. The FE of
Bi;O3-coated GDEs towards target product HCOO™ remains high with on
average 93.83 + 1.35% (average + standard deviation) during the run with-
out any significant loss in the total FE (FEco + FEgcoo- + FEp,), which
was 99.04 + 1.28%. This observation holds as well for the Ag-coated GDE
where on average 91.17 + 1.29% FE towards CO was observed. The elec-
trolyzer stability and product selectivity when 213 ppm NO in CO, was fed
to the reactor is presented in a similar manner in Figure 2 C and D. High

Faradaic efficiencies to the target products HCOO™ (95.06 £ 2.22%) and CO
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(92.35 + 0.92%) were achieved for the two catalysts while observing total FE
values of 99.66 + 2.34% and 100.26 £+ 1.00% respectively. Considering that
similar efficiencies were achieved when pure CO, was used (SI Figures S.6
and S.7), it is clear that ~200 ppm SOy or NO in CO, have a negligible
impact on product selectivity for 20 hours. However, to confirm that these
impurities did not affect the morphology or elemental composition of the
catalyst layer, SEM (SI Figures S.8, S.9) and EDS (SI Figures S.10, S.11)
measurements were carried out before and after electrolysis with pure COs,
198 ppm SO; and 213 ppm NO. Initial SEM-EDS results showed a random
distribution of sulphur atoms that contained little information about the
state of the particles themselves. Therefore HAADF-STEM-EDS (SI Figure
S.12, S.13) was carried out for both Bi;O3 and Ag coated GDEs. Figure 3
shows the elemental mapping of sulphur before (A) and after (B) reaction
with 198 ppm SO, on a BisOj3 coated and Ag coated GDE before (C) and
after (D) reaction. According to the analysis, the signal map for sulfur was
found to be evenly distributed, and it is therefore highly likely that this signal
arises from the Nafion binder used in the catalyst ink preparation. Alterna-
tively, the signal could also be influenced by other atoms, such as carbon,
oxygen, and nitrogen that have X-ray energies similar to that of sulfur, po-
tentially leading to interference [23]. Our results did not show a clear and
dense sulphur signal at the edges of the particles as seen in experiments with
10 000 ppm SO where small amounts of metal sulfides were observed [20].
In fact, there was never more than 0.3 wt% sulphur detected (after 20 h elec-
trolysis) such that the effect of impurity incorporation for ~200 ppm SOq
seems negligible. Further HAADF-STEM-EDS measurements (SI Figures
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S.14, S.15) also suggest no impurity incorporation from NO into the catalyst
layer, which aligns with the observation from Ko et al [19]. Besides this,
a color change from yellow to dark blue/black of the Bi,O3 catalyst layer
was examined after every experiment where a reducing potential was applied
to the GDE, which was attributed to the in-situ reduction of Bi;O3 to Bi.
Additionally, the SEM-analysis of this BipO3 catalyst layer before (Figure 3
E) and after (Figure 3 F) electrolysis reveals that the particles underwent
a serious morphology change that goes beyond commonly reported agglom-
eration of nanoparticles or other degradation mechanisms [24]. In contrast
to the negative effects associated with degradation mechanisms, this mor-
phology change to a flower-like structure is reported to be beneficial for CO,
reduction [25]. As a matter of fact, Liu et al. introduced the synthesis of
these structures through reactions with Bi, Oy and CO, to form flower-like
Bi; O, COg sites with excellent CO5 adsorption and conversion properties due
to the great catalytic surface area [25]. The structural change observed in
the experiments cannot be ascribed to the introduction of SO, or NO into
CO; feed streams, as it also occurs in experiments with pure CO5 and is a
result of applying current to the catalyst. Altogether, the consequences on
the performance of adding ~200 ppm NO or SO, at 100 mA /cm? seem min-
imal. To further increase the industrial viabilitiy, higher current densities
and thus higher product outputs were also considered here. Upon increasing

2 a similar product selectivity and sta-

the current density to 200 mA/cm
bility of the reactor is maintained (SI Figures S.16-S.21). Considering all
of the above (high FE (>90%), no sulphur incorporation and stable reactor

performance), it is clear that these impurity levels are compatible with CO,
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reduction. These findings suggest that the removal of ~200 ppm SO, or
NO is not necessary to maintain good electrolyzer performance which raises

economical viability of the technology.
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Figure 2: Stability experiments with flue gas stream impurities. A) 198 ppm SO in COq
with a BiyOgs catalyst. B) 198 ppm SO; in COy with a Ag catalyst. C) 213 ppm NO in
CO4 with a BisO3 catalyst. D) 213 ppm NO in COy with a Ag catalyst. Experiments

were conducted at 100 mA /ecm? for 20 h at ambient conditions.
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Figure 3: HAADF-STEM images with their respective EDS map of sulfur and SEM images.
A) HAADF-STEM-EDS of BisO3 from the GDE after spray-coating. B) HAADF-STEM-
EDS of BiyO3 after 20 h electrolysis with 198 ppm SO, in CO;. C) HAADF-STEM-
EDS of Ag from the GDE after spray-coating. D) HAADF-STEM-EDS of Ag after 20 h
electrolysis with 198 ppm SO5 in COs. E) SEM-image of Bi;O3 nanoparticles on the GDE
after spray-coating. F) SEM image of Bi;O3 nanoparticles on the GDE after electrolysis
with pure COs.
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3.2. Impact of different oxygen concentrations in the feed gas stream

Another important component that is present in one order of magnitude
higher than SOy or NO in flue gases, is oxygen. It is abundant in the air
and obviously necessary in any combustion process to generate COs. To
assess the influence of oxygen during COs electrolysis, chronopotentiometry
measurements were started at 100 mA /cm? with pure CO, for 30 minutes,
afterwards the oxygen content of the gas feed was increased by 1% for ap-
proximately 1 hour until three gas samples from the outflow could have been
analyzed by gas chromatography. This process was repeated up to 5% O,
while restoring a pure CO, feed in between different Oy contents to verify
whether or not the Oy impurity would permanently affect the catalyst layer
and consequently, the product selectivity of the CO;RR or if performance
can be restored upon its removal from the reactor. Figure 4 A shows the
results with a BiyO3 catalyst. The effects of oxygen in the feed stream are
already visible for Oy concentrations as low as 1% where 23% of the FE is lost
and clearly indicates that oxygen heavily affects the CO, reduction product
output. After re-introducing a pure COy gas feed to the reactor, original
Faradaic efficiencies are recovered. This observation indicates that there is
no impact on catalyst stability, and therefore suggests that the influence is
limited to the occurrence of competitive electrochemical reaction(s) and thus
O, instead of CO5 reduction. The addition of O, is also accompanied by a
change in potential to a less negative value (for example -1.62 V at 5% Os)
compared to pure COy (-2.33 V). Similar losses in FE were obtained for the
Ag catalyst (Figure 4 B) albeit at even less negative potentials (e.g. with 5%
Oy, -1.38 V was only needed) and this will be revisited and discussed later
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on. The reactor was again operated in galvanostatic mode (i.e. constant
current) and the oxygen concentration was altered every 30 minutes for 0-5,
10, 15 and 20% O, in CO, and the results are presented in Figure 4 C and D
for Bi;O3 and Ag respectively. A proportional relationship between total FE
and oxygen feed composition can be observed for the two catalysts at 0-5%
O,. More specifically, a linear trend can be derived from the results with a
slope of -19.39 %FE /%O, for Bi;O3 and -18.958 %FE /%O, for Ag (SI Figure
S.22). Figure 4 C and D both display an increasing trend in potential (less
negative) towards higher O, concentrations showing that the competitive re-
action is clearly more favorable than CO,RR to HCOO™ or CO. At 20% O,
the potential with BiyO3 reads -1.35 + 0.04 V (Figure 4 C) compared to
-0.99 + 0.01 V (Figure 4 D) with Ag. The original potentials with a pure
COg stream are very similar, more specifically, -2.33 + 0.03 V for Bi;O3 and
-2.32 £ 0.16 V for Ag. Based on the 0.36 V difference with 20% O, it can be
derived that the competitive reaction is catalytic in nature. This is because
the reaction appears to be facilitated more easily by Ag, thus demanding a
lower overpotential to achieve the desired current density. Indeed, the oxygen
reduction reaction (ORR) is a known catalytic reaction that can occur under
reducing potentials and is thermodynamically more favorable than CO;RR
to CO or HCOO™ [26]. Especially Ag-based catalysts are reported to be
interesting for ORR in alkaline environments [27], which reflects the condi-
tions in the vicinity of the electrode during COsRR due to the local OH™
generation by COoRR [9, 28]. In alkaline environments, Equations 1 and 2

represent the four- and two-electron pathway of ORR respectively.
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Oy + 2H,0 + 4e~ = 40H~ (1)

0, + H,0 + 2¢” = HO; + OH™ (2)

The two-electron pathway may be followed by a further reduction given

in Equation 3.

HO; + H,0 + 2~ = 30H™ (3)

On the other hand, the HO;™ can undergo a disproportionation reaction

towards OH™ and Oy (Equation 4).

The accurate quantification of ORR products during CO;RR remains dif-
ficult because OH™ ions are also formed as by-products from CO;RR and
participate in more equilibrium reactions [28]. However, to validate the con-
sumption of Oy and consequently the appearance of ORR at the cathode, gas
chromatograms of 3% O in CO, were compared and illustrated in Figure 5.
For both BisO3 and Ag, the oxygen peak height decreased significantly by
almost 70% when current was applied compared to the oxygen signal in the
3% Oy in COy mixture without any current. These results confirm that the
oxygen impurity is subjected to a reduction reaction whereby less electrons

can participate in any COsRR thus lowering the overall FE of the system.
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Figure 4: Faradaic efficiency and reference electrode potential for different Oy concentra-
tions in the CO4 feed gas stream. A) Single run for 1-5% Os in CO4 with a Bis O3 catalyst
and intermediate checks with pure CO5. B) Single run for 1-5% Oy in COs with a Ag
catalyst and intermediate checks with pure CO5. C) Faradaic efficiency for 0-20% O in
CO2 with BipOj3 catalyst. D) Faradaic efficiency for 0-20% Oz in CO2 with Ag catalyst.
Experiments were performed at 100 mA /cm? with a total gas flow rate of 100 mL/min.

Error bars represent standard deviation from three experiments.
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Figure 5: Comparison of gas chromatographs from a 3% O in COy gas stream that was
fed to the reactor. The graph shows the detector signal without any current applied and

with Ag or BiyO3 coated carbon paper at 100 mA /cm?.
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3.3. The effect of current density on the CO,RR with oxygen

The previous results show a clear influence of oxygen contaminants in the gas
feed stream during COsRR. An increment in oxygen concentration causes a
proportional loss in total FE. This raises the hypothesis that any COsRR
can only take place after all Oy near the electrode is reduced and oxygen
becomes mass transport limited. In order to test this hypothesis and explore
the impact of varying current densities on the electrolyzer, different feed gas
streams containing 0, 1, 3, or 6% Os in CO, were used in the reactor and
the current density was adjusted every 20 minutes within a range of 25-300

mA /cm?. Gas and liquid samples were acquired each time.

Figure 6 A-D represents the results for the Bi,O3 GDE. When a pure CO,
stream is supplied to the reactor, the catalyst remains extremely selective
to HCOO™ at 300 mA/cm? with FEyooo- = 93.70 £ 1.31%, FEqo =
6.13 + 2.11% and FEg, = 0.86 + 0.20%. At 25 mA/cm?, the addition of
only 1% Oy causes a tremendous decrease of FE to target product HCOO™
to merely 13.42 + 1.92% (Figure 6 B). Due to the low oxygen content,
CO2RR already becomes the dominant (> 50% FE) reaction starting from
50 mA /cm? and reaches a FEyooo- = 85.80 & 4.28% at 300 mA /cm?. A
complete breakdown of the FEs for all current densities and oxygen contents
can be found in the SI tables 1-4. The introduction of 3 and 6% Oy needs
at least an operating current density of respectively 50 and 100 mA /cm? to
detect any CORR products or respectively 150 and 250 mA /ecm? for it to
become the dominant electrochemical reaction. The required potential to

sustain the demanded total current density is also strongly related to the
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dominant reaction (Figure 6 D). For example, at 25 mA /cm?, the 3% and
6% O, result in a similar potential of -0.86 & 0.01 V and -0.88 4 0.05 V be-
cause ORR is the only reaction that occurs (no CO2RR products detected).
At the same current density, the potential with a pure COy stream reads
-1.67 £+ 0.05 V since the CO,RR to HCOO™ (FE=95.65 £+ 6.98%) acts as
the dominant reaction and typically requires more negative potentials un-
der the given operating conditions and reactor configuration. For a 1% O,
stream at 25 mA /cm?, the potential lies inbetween those two potentials (-
1.24 £ 0.06 V) due to the interplay between both reactions. This is a con-
sequence of Oy mass transport limitation that is already present at these
low currents and allows some COs to react to HCOO™. Consequently, the
required potentials should ultimately converge to the potential response for
pure COy with increasing current density, since COsRRs consume an ever
increasing share of the supplied electrons as the ORR becomes increasingly
mass transfer limited. This behaviour is indeed observed (see Figure 6 D)

2

since the potential at 300 mA/cm?* of Og-containing streams converges to

that without Oy in the feed.

The results with a Ag-coated GDE are presented in a similar manner by
Figure 6 E-H. The suppression of the hydrogen evolution is more difficult
than with BiyOj, especially at 300 mA/cm? where FEy,= 11.76 + 7.91%
(Figure 6 G) which is consistent with previous reports [9]. The FE to-
wards the target product CO at 25 mA /cm? is almost completely lost when
introducing only 1% Oy (FEco = 5.70 + 3.53%) compared to pure CO,
(FEco = 91.18 £ 2.69%). The FE rapidly restores with increasing current
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density up to a maximum of 86.08 4+ 4.53 % at 150 mA /cm? after which it
stays more or less constant. The more concentrated 3 and 6% O, in CO,
stream need a current density of 75 and 125 mA /cm? to detect any signif-
icant formation (>1% FE) of CO. The potential (Figure 6 H) follows the
same trends as the Bi;Os-coated GDE. Only the gaps between potential val-
ues of ORR-dominant operating conditions (i.e. low current densities where
O, mass transport is not limited) are considerably bigger. For example, op-
erating at 25 mA/cm? for the 6% O, stream requires a potential of only
-0.53 £+ 0.11 V compared to a potential of -1.73 £ 0.00 V with pure CO,
streams. The lower potential in this ORR dominant regime can be explained
via the higher catalytic activity of Ag for ORR [29]. Nevertheless, at high
current densities also for Ag the potential converges to the value in absence
of oxygen, which means that the CO;RR becomes dominant and the ORR
becomes increasingly mass transfer limited. More detailed information on

FE values and gap sizes can be found in the SI Tables 5-8.

In essence, the impact of oxygen in the feed stream appears to be minimal
when the feed contains low amounts of oxygen (e.g. 1% O,) and an indus-
trially relevant current density is applied (>100 mA /cm?) [30, 31]. However,
as the oxygen content increases, losses in FE become more apparent. Nev-
ertheless, the results shown here indicate that the impact of the ORR can
be decreased significantly by supplying high enough current densities as they
bring the ORR into the mass transfer limited region and allow the CO3RR

to CO and formate to take over and become the dominant reaction.
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experiments.
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3.4. A simple strategy to enhance performance in the presence of oxygen

The results mentioned above suggest that (i) the catalyst stability is not
affected by the Oy impurity and (ii) COsRR can take place once there is
an O deficiency at the electrode (Oy mass transport limitation). With this
in mind, the question arises whether CO;RR with Os-containing feeds can
still be more preferable than removing O, from the flue gas stream prior to
feeding it to the flow reactor. To investigate this further, the current density
to C-products and missing current density (due to electron consumption by
ORR) is compared (Figure 7). Especially for a high oxygen content of 6% O,
in CO,, all operating current densities up to 100 mA /cm? provide less than
8 mA/cm? towards C-products for both BiyO3 (Figure 7 A) and Ag (Fig-
ure 7 B). From here on, oxygen supply is becoming mass transport limited
and CO, reduction starts taking over as evidenced by the linear increase
of the current density to C-products at further increasing current densities.
Note that the ORR rate cannot increase further and consequently, a plateau
is observed in Figure 7 C and D where the missing current density is illus-
trated. The loss in current density in the region of the plateau for the BiyO3
catalyst is 18.66 + 3.66 mA/cm? (1% O,), 58.83 + 4.65 mA /cm? (3% O,)
and 108.23 + 7.98 mA /ecm? (6% Oz). Similarly, the missing current density
with Ag is 16.27 + 4.77 mA /em? (1% O,), 49.37 4+ 6.60 mA /cm? (3% Oy)
and 97.66 + 4.43 mA/cm? (6% O,). From these values, the average current
density loss per % Oy in the feed stream is fixed at 19 + 3 mA /cm?/% O, or
17 + 4 mA/em?/% O, with Bi;O3 or Ag respectively. Therefore, the share
of electricity cost to reduce O, should decrease significantly at high operat-

ing current densities. In order to estimate the impact on electricity cost per
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kg of product output, a voltammetric model from Shin et al. [32] was used
to calculate the electricity usage for electrolyzer operation at different cur-
rent densities (SI Figure S.23). Their adapted techno-economic assessment
from Jouny et al. [33] was then used to illustrate the electricity cost per
product output for different oxygen feed concentrations (Figure 8). At low
current densities, all Os-containing feed streams result in an unfeasible situ-
ation where most of the applied current is used for the ORR. This situation
changes drastically with increasing operating current density. For example,
at 300 mA /cm?, the extra electricity cost when allowing 3% O, in the feed
stream corresponds to only $0.03/kg HCOOH and $0.04/kg CO produced.
Knowing that the market value of these products are $0.74/kg and $0.6/kg
respectively [33], this extra cost accounts only for <7% of its market value.
Therefore, this analysis indicates that operating the electrolyzer at an in-
creased current density to firstly reduce all Oy can be a feasible solution.
Moreover, an additional benefit of electrochemical systems such as CO, elec-
trolyzers comprises the flexibility of the technology. These reactors can easily
be shut off and on, simply by applying or removing any current or potential.
For example, the reactors can thus be programmed to operate in situations
where excess electricity is available and costs are minimal. Finally, some flue
gas sources have a moderate to low oxygen content (<4% O) which makes
the complete reduction of Oy species before COsRR in electrolyzers a poten-
tial solution [10, 11]. In addition to the findings presented here, a further
investigation involving highly diluted COy with Oy as feed stream showed
that efficient operation remains challenging under these specific conditions

(SI Figure S.24, S.25). While the previous results significantly raise interest
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into the pathway of utilizing impure CO, feed streams, more hurdles need to
be overcome if highly diluted CO, streams that contain O, would be used a

resource for the production of CO and formate.
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Figure 7: Current density to carbon products for BioO3 (A) or Ag catalyst particles (B)
and missing current density for Bi»O3 (C) or Ag catalyst particles (D). The dashed line
indicates the theoretical maximum values that correspond to the total current density that

was applied in the experiment.
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4. Conclusion

The direct utilization of CO in flue gases omits the need for energy in-

tensive carbon capture steps and is an interesting pathway to explore the
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economical viability of the technology. Therefore, knowledge about the in-
fluence of impurities in CO, streams is crucial, as their presence may have
a significant impact on the performance of COy electrolyzers. First of all,
stability experiments with 198 ppm SO, in CO, and 213 ppm NO in CO,
were conducted using BisO3 and Ag as catalysts. The results demonstrate
a stable performance and high Faradaic efficiencies (> 90%) to the target
products over the course of 20 hours. Additionally, the influence of oxygen
impurities in the feed stream of a CO, electrolyzer was studied. The presence
of oxygen in flue gas streams at concentrations of several percent is common
and cause a decrease in FE to target product CO or HCOO™ during electrol-
ysis due to the oxygen reduction reaction which occurs more preferentially
than COsRR. Once oxygen supply becomes mass transport limited at the
cathode, COoRR can take over such that high partial current density to C-
products (>100 mA/cm?) can be reached by increasing the total operating
current density. A potential strategy to reduce the detrimental effects of
allowing O in the feed stream is to operate the electrolyzer at a sufficiently
high total current density to ensure all Oy at the electrode is reduced and
COsRR becomes the dominant reaction. Although this approach takes the
penalty of higher electricity usage, the associated costs seem negligible for
low Oy-containing feed streams (<3% O,) at 300 mA/cm?. These results
not only offer new insights into the impact of gaseous impurities during CO,
electrolysis, but also suggest a strategy to improve electrolyzer performance

with Os-containing feed streams.

Additionally, future work could focus on a dedicated techno-economic
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assessment for the direct utilization of Os-containing CO, feed streams in
comparison to the cost of installing and operating purification units to sep-
arate Oy from CO,. Besides this, investigating the effect of temperature on
the CO3RR with impure COq should be considered in further studies since
impurities (especially SO,) can potentially poison the catalyst at elevated
temperatures. Lastly, future work should focus on ways to inhibit the ORR
and enhance the Faradaic efficiency to C-products for Os-containing feed
streams. This reduces the extra electricity cost and make the technology

more economically viable.
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