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ABSTRACT: The electrochemical carbon dioxide reduction reaction (CO,RR) is gaining bigh . BEy  m/zMonitor
significant attention as a promising solution to convert carbon emissions and intermittent solar I *’ @

and wind electricity into value-added building block chemicals and fuels. While advanced |GDE RTms | [ pataly “2::;::'“
approaches such as gas diffusion electrodes (GDE) have achieved economically relevant %*E T
reaction rates (>500 mA/cm?), they unfortunately exhibit poor long-term stability, which is @j - i

preventing industrial-scale CO,RR implementation. We report a novel analytical setup that - H% e

utilizes a parallel configuration of mass spectrometry and gas chromatography to enable Caliration

accurate detection and quantification of major CO,RR gaseous products at industrially relevant

partial current densities (>200 mA/cm?®). The achieved sub-second resolution allows us to fully evaluate catalytic materials in
extremely short time frames (<10 min) as well as reliably monitor product distribution shifts under intrinsic and induced dynamic
conditions. Ultimately, this work presents a powerful tool that can help understand the intrinsic limitations of the GDE approach as
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well as drive the development of more efficient and stable electrolysis systems for the CO,RR and similar processes.
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B INTRODUCTION

As concerns over the greenhouse effect and its contribution to
climate change continue to escalate, it is becoming increasingly
clear that mitigating further carbon dioxide (CO,) discharge is
key to achieving long-term sustainability.' ™ Since CO,
emissions are unavoidable in many essential industries,*°
developing effective technologies for their capture and
utilization has become imperative.” " Among such techni-
ques, the electrochemical CO, reduction reaction (CO,RR)
has garnered significant attention.''™'* It can harness renew-
able, but intermittent, solar and wind electricityH_m
repurpose the unwanted greenhouse gas as feedstock for
producing value-added building block chemicals and
fuels,'” ™" which are traditionally derived through energy-
intensive, fossil-based petrochemical cracking.”’

The product distribution of the CO,RR can vary
significantly depending on the electrocatalytic material used,
as it is directly influenced by the binding energy of the
absorbed reaction intermediates (CO* and H*) to the catalyst
active sites.”" If the CO* intermediate binds too strongly (e.g.,
Pt, Ni, Fe), the catalytic surface can become poisoned,
resulting in the exclusive hydrogen evolution reaction
(HER).” Conversely, weak interactions can cause premature
detachment, resulting in the evolution of suboptimal CO (Ag,
Au)>*"** and HCOOH (Cd, Pb).*® In this context, copper-
based (Cu) catalysts have attracted the most attention, due to
their unique combination of intermediate binding strengths,
which enable the production of energy-dense multi-carbon
(C,,) products.””*

to
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The CO,RR production rates, typically characterized by
partial current densities, are highly dependent on reactant
concentration””*” and are therefore heavily limited by the low
solubility of CO, in aqueous electrolytes.”’ To increase the flux
of CO, towards the catalytic surface and circumvent these
mass transport limitations, a gas diffusion electrode (GDE)
approach has been developed and widely adopted by the
community.”” Copper-based GDE configurations (Cu-GDE)
can achieve a competitive partial current density (jc, > 200

mA/cm?),>® which provides the basis for the process’s
economic viability.>* The latter is, however, yet to be fully
achieved in large-scale industrial operations, as such electro-
lyzers remain limited by their poor long-term stability. To the
best of our knowledge, even the most impressive CO,-to-
ethylene electrolyzers exhibit operation times under 300
h,*>™" which is far from the required 35,000 h*® that would
ensure profitability, broad applicability, and consequently a real
impact on CO, emission mitigation. The limitation is typically
attributed to two primary deactivation mechanisms: intrinsic
catalyst degradation and GDE electrowetting. While the former
is well-researched’ and can be mitigated through efficient

catalyst design,*”*' the latter remains unresolved.*”
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Since transformation of CO, into hydrocarbons includes a
protonation step, a hydrogen source is required.*’ In the case
of aqueous electrolytes, this condition is met by consumption
of water molecules, which inevitably leads to an increase in
local pH.** Although this benefits the selectivity,” it also
enhances the concentration of carbonate ions (CO;>”) that
form in the presence of continuously supplied CO,.*® Since the
Helmholtz double layer consists predominantly of positively
charged alkali cations (e.g,, K*), both ions combine to form
carbonates, the concentration of which eventually reaches
saturation values."” As a result, salt precipitation on the
catalytic surface reduces the hydrophobicity of GDE, pushing
the triple-phase boundary deeper in the GDE"* and blocking
its pores with aqueous electrolyte. Consequently, the reactant
CO, must diffuse through the electrolyte to reach the active
sites, which makes the CO,RR mass transport limited and
compromises the benefits of the GDE approach.*®

Electrowetting-based deactivation of GDE can be further
accelerated by activity-enhancing factors, such as high bulk pH
and cation concentration and increased applied current
density. Under extreme conditions it can occur in less than
one h of operation. It can also be identified visually; however,
this often requires a laborious and disruptive disassembly of
the flow cell since the CO,-supplying flow-field compartment
is typically fabricated out of graphite to double as a current
collector. A more practical approach is to monitor this
deactivation phenomenon through a shift in product
distribution from the CO,RR toward the parasitic HER.**
Therefore, developing and employing a reliable analytical
system capable of accurately quantifying major CO,RR
products is essential. Although “in-line” gas chromatography
(GC) configurations are a well-established solution for product
analysis in long-term operations,” fast GDE deactivation can
render them non-informative due to the limited time
resolution imposed by the duration of the separation method.
Therefore, to gain valuable insights into the rapid electro-
wetting mechanism, a much faster analytical method is
required. The challenge has been previously addressed by
coupling model catalytic systems with various real-time mass
spectrometry (RT-MS) analyzers, which successfully enables
the observation of time-dependent CO,RR product evolution
with sub-second resolution.”~*" More recently, real-time
product monitoring was also achieved in GDE-based electro-
lyzers, by installing capillary inlets near the electrode surface
further advancing the state of the art.”’ ™ These combined
efforts have generated valuable insights into CO,RR
dynamics,”* elucidating reaction pathways,®"%* enabling rapid
screening of catalytic materials,”’ and even identified products
that are only produced in trace amounts.”> However, despite
the impressive advancements in the field, quantifying the m/z
ratio signals and reliably detecting products at high current
densities (>100 mA/cm?) remain difficult, due to the
differential sampling®® approach and harsh local conditions
such as bubble formation. This underscores the need for an
optimized analytical system capable of detecting and accurately
quantifying the main gaseous CO,RR products at industrially
relevant production rates while maintaining high temporal
resolution.

In this work, we present an analytical setup that combines
direct mass spectrometry and gas chromatography in a parallel
configuration. This system enables real-time qualitative
monitoring of the selected m/z ratios, while also allowing for
their quantification against the pre-calibrated GC. By
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introducing the product stream from our custom Cu-GDE-
based CO, electrolyzer into this analytical setup, we are able to
1) detect main descriptive CO,RR (C,H, and CH,) and HER
(H,) products with sub-second resolution; 2) accurately
quantify the production rates of observed products across
various reaction conditions and over extended time frames; 3)
cover an industrially relevant range of production rates (>100
mA/cm?); 4) fully evaluate catalytic materials with key
performance factors such as onset potentials, activity
descriptors, and product distribution shifts under dynamic
electrochemical conditions in a previously unachieved time
range (<10 min). More importantly, we also gain valuable
insights into these factors during the GDE’s intrinsic
electrowetting and subsequent deactivation phenomenon,
providing a useful tool for knowledge-driven development of
novel designs and configurations for long-term operating
GDE:s in the CO,RR and beyond.

B EXPERIMENTAL METHODS

Cell Preparation. The electrochemical measurements
demonstrated in this study are performed in a custom-
designed three electrode PTFE flow (Figure 1) cell controlled

O-ring O-ring
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compartment
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membrane

N

Figure 1. An exploded view of the in-house developed three-electrode
GDE flow cell®® used in this study.

Insulator

N\

Cu-GDE

Carbon flow field
Cathodic
compartment

by a Biologic SP 240 potentiostat, additionally equipped with a
4 A (-3, 10 V) booster channel. The cell is fitted with a 6 mm
Hg/HgO reference electrode (BASi), Ir-MMO counter
electrode mesh (Metakem), and a bipolar membrane
(FUMASEP), which separates the cathodic and anodic
compartments and prevents product crossover.”” The cathodic
compartment holds 12 mL of the electrolyte that is recirculated
by a peristaltic pump (Reglo ICC ISMATEC) with a constant
flow of S mL min~". It is designed to limit the working GDE’s
active area to 1 cm?, with a tilt above the electrode that allows
efficient transport of formed bubbles to the integrated
compartment’s headspace. The latter serves as a volume for
the recombination of gaseous products from both sides of the
GDE and their subsequent analysis and quantification. The
carbon flow-field that contacts the GDE is purged with a
constant flow of CO, (20 mL/min). To prevent damaging the
catalyst layer due to excessive gas flow through the GDE, a
tube connects the flow-field to the cathodic compartment’s
headspace, recombining the excess CO, (and gases produced
at the GDE’s backside) with the main gaseous products.

To prepare the copper gas diffusion electrodes (Cu-GDE),
50 mg of a Nafion solution (20 wt %, Sigma-Aldrich) and 90
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Figure 2. Schematic representation of the analytical setup with MS and GC in a parallel configuration, connected to a custom developed GDE flow

cell.

mg of CuNP (25 nm, Sigma-Aldrich) are mixed in 2500 mg of
2-propanol. The solution is then treated with an ultra-
sonification horn (SFX 150, Branson) at 30% intensity for a
total time of 15 min, consisting of sequential 3 s pulses and 2 s
pauses. The obtained ink is spray-coated on a PTFE treated
carbon gas diffusion layer (33 mm-30 mm, Freudenberg
H23C8) until a catalyst loading of 1 mg/cm? is achieved. A
circular area with a diameter of 26 mm is punched out and
utilized as the Cu-GDE.

The electrolytes for this work are prepared in ultrapure
water (Milli-Q IQ 7000, Merck). The pH value of 14 is
achieved by preparing a 1 M KOH (pellets, 99.99%, Sigma-
Aldrich) solution. For pH 9, we prepare 1 L of a buffered
solution by combining 50.06 g of KHCO; (99.95%, Sigma-
Aldrich) and 34.55 g of K,CO4 (99.99%, Sigma-Aldrich). For
the last electrolyte, we prepare a 1 M KOH solution and acidify
it with H;PO,, until a pH value of 3 is reached. All three
electrolytes are designed to minimize the influence of anions
and focus solely on the pH effect. The electrolytes with pH 9
and 14 were chosen based on the fact that in contact with CO,,
KOH forms CO,>"/HCO;™ anions. For pH 3, H;PO, was
chosen as the acidifying agent, due to the fact that among all
the inorganic acids, the PO,*” anion exhibits the smallest
influence on the CO,RR performance.

Gas Analysis. We present the configuration of our gas
analysis setup in Figure 2. After recombination in the cathodic
compartment’s headspace, the product stream exits the cell
through tube, which has an inside diameter (ID) of 3 mm. The
volumetric flow of the product stream is quantified by an in-
line Coriolis mass flow meter (mini-CORI-FLOW M13,
Bronkhorst), while the temperature and pressure are
monitored by an in-line pressure gauge (DMO01, BDSolutions).
Throughout all of the experiments, the volumetric flow of the
product stream remained between 18 and 22 mL/min. In this
range, no pressure fluctuations within the product stream could
be detected, with the measured pressure relative to the
atmosphere remaining constant (p, = 13 mbar). An oversight
of these parameters throughout operation guarantees analytical
accuracy despite the changes induced by the shift in the
CO,RR product distribution.

The product stream is further directed into a GC (Clarus
580 with Arnel solution, Perkin Elmer), where the products are
quantified. We utilize a chromatography method that is 13 min
long and can accurately separate and quantify H,, CO,, C,H,,
CH,, and CO. Due to the nature of these gases, 2 columns are
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needed for efficient separation: a silica packed separation
column and a mole sieve. As the latter must not be exposed to
CO, to prevent poisoning, two different configuration modes
are utilized at pre-determined time intervals (Figure S1).
During sample injection and the following 6.5 min, Valve 1
operates in injection mode (Figure S1b) resulting in the
sample loop being diverted to the column. Valve 2 ensures that
no sample reaches the mole sieve column, and Valve 3
disconnects the methanizer-supported flame ionization detec-
tor (FID). In this mode, the CO,RR product stream also
bypasses the sample loop, which results in lower fluidic
resistance and base pressure in the system (p, = 13 mbar). At
6.5 min, the GC returns into collection mode (Figure S1a), in
which Valves 2 and 3 re-enable mole-sieve column and FID
respectively. During this mode, the CO,RR product stream
again passes through the sample loop, which increases the
fluidic resistance and consequently the pressure in the system
by ~45 mbar. The effect of these pressure shifts and their
eventual removal are discussed further at the beginning of the
Results and Discussion section. The evolved products are
monitored with an FID and thermal conductivity detector
(TCD), which are pre-calibrated with calibration mixtures of
various analyte concentrations. The calibration mixes were
prepared by diluting a commercially-supplied gas mixture that
exhibits a high concentration of all four analytes (H,, C,H,,
CH,, and CO) in the CO, matrix, with additional pure CO,
gas, using a T-piece and mass flow controllers. Such a
calibration procedure ensures reliable quantification of the GC
signal over a broad concentration range, resulting in the ability
to accurately assess the concentration, partial volumetric flow,
and ultimately the partial current density of each analyte at the
time of a GC injection.

To achieve sub-second time resolution of our analytical
setup, we additionally connect the product stream exiting the
cell to an electron impact quadrupole mass spectrometer (EI-
QMS) (QMA 410 equipped with 90°-off-axis SEM 217 and
crossbeam ion source, Pfeiffer Vacuum) in parallel. The
connection is realized by an installed T-piece that introduces a
120 cm long PEK capillary with an ID of 150 pm. The
capillary’s dimensions ensure a low but very stable pressure of
3.63-107 in the EI-QMS pre-chamber, which results in
drawing a representative amount of sample without disrupting
the main product stream flow. The pre-chamber is further
connected to the main chamber with another capillary,
resulting in the main chamber pressure stabilizing at 1.57-
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Figure 3. Polynomial (quartic) regression of the EI-QMS signals related to GC-derived partial current densities for (a) ethylene, (b) hydrogen, and

(c) methane respectively, at the main-chamber pressure of 1.57-1077

bar.

1077 bar. The described combination of low-volume
connections and capillary sizes, coupled with an above-
mentioned relatively high flow of supplied CO, (20 mL/
min), ensures that the gases produced at the GDE’s surface are
promptly isolated and reproducibly transported to the MS.
This was confirmed by conducting multiple start-of-electrolysis
experiments, which resulted in a fixed MS response delay time
of 8 s for Hydrogen and 12 s for Ethylene and Methane. All of
the MS signals discussed in this work were therefore shifted by
their respective delay time.

Inside the main chamber, the Iridium filament operates at
the emission current of 0.5 A, a protective current of 4.2 A, and
cathode voltage of —70 V. The signal is amplified by a
secondary electron multiplier (SEM) operating at a constant
voltage of 1550 V. The detector operates in the 107> A range
with the resolution set to 98 and a dwell time of 200 ms for
each observed m/z ratio. To observe hydrogen production, an
m/z ratio of 2 was chosen. For ethylene and methane, we
monitored the m/z values of 27 and 15 respectively. Those two
values are associated with their first fragmentation cations and
were chosen to prevent unwanted influence that would arrive
at their main spectroscopic peaks (m/z 28 and 16) due to
nitrogen and oxygen present in air. It is worth mentioning that
we do not monitor the produced carbon monoxide, as the
selected harsh ionization conditions cause fragmentation of the
abundant CO, and consequential overlap of CO and CO,
peaks. Despite the shared fragmentation pathways, the system
could also enable quantification of CO’s production rate of
COs, however only by weakening the ionization strength,
which would result in reduced accuracy at the upper detection
limit for other, economically more significant products.

EI-QMS Quantification. With the goal of enabling real
time quantification in our EI-QMS-GC setup, we define
calibration curves for the main gaseous products, correlating
the dimensionless m/z signals to their corresponding partial
current densities (Figure 3). To ensure the reliability of such
quantification across several reaction parameters, we conduct
both static (CP) and dynamic (LSV) CO,RR experiments in
electrolytes with bulk pH values of 9 and 14.

The quantity of sample introduced to the EI-QMS
ionization source, which is closely correlated with the pressure
within the main chamber, directly affects the detector response
and, consequently, the m/z signal. Since sample introduction is
driven by a pressure differential between the product stream
and the main EI-QMS chamber, it is inherently governed by
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the fluidic resistance of the capillary. Consequently, reliable
quantification is possible only whenever the latter remains
constant, which can be observed through a stable pressure
reading for the EI-QMS main chamber. For this reason, we
conduct the above-mentioned experiments over several
working weeks, ensuring no time-dependent drift of the
calibration factors, which could arise from capillary blockages.
To quantify each data point, the exact time of GC injection is
noted, and the GC-calculated value of partial current density is
correlated to the corresponding m/z signal data point.

The calibration curves for all three products presented in
Figure 3 can be well-defined with a quartic polynomial
equation (y = Ax* + Bx’ + Cx* + Dx + E, where y is jpartial and X
is the m/z signal), with A, B, C, D, and R? factors presented in
Table SI. It is important to note the nonlinearity of the
calibration curves, known as polynomial (quartic) regression,
which is a well understood phenomenon in mass spectrom-
etry.”””"" At higher sample concentrations, the MS response
can be inhibited due to various factors such as saturation of
detector,”” ion su%pression,74 decreased ionization efliciency,
and matrix effects.”” The latter two phenomena are particularly
relevant for analytes with higher mass-to-charge ratios, as a
larger molecular size increases the susceptibility to such
interactions. This is also the case for our calibration curves, as
the ethylene signal (m/z = 27) in Figure 3a exhibits the highest
degree of regression, followed by methane (m/z = 15) (Figure
3c) and eventually the hydrogen signal (m/z = 2) (Figure 3b).
Although nonlinear, the quartic calibration curves exhibit an
impressive R? factor of >0.999 for all three products,
supporting the reliability of our calibration and therefore the
accuracy of our quantification method.”*”° It is important to
note that, while the partial current density ranges displayed in
Figure 3 are directly relevant to our experimental requirements,
the system’s design also allows for the accurate detection of
much higher partial current densities. This can be achieved by
simply increasing the fluid resistance of the connecting
capillary, either by extending its length or reducing its inner
diameter, as described by Poiseuille’s law. While such a change
would necessitate a recalibration of the system, our integral
method of sample collection allows our system to accurately
quantify production in a >1 A partial current density range.

B RESULTS AND DISCUSSION

To test the long-term stability of Cu-GDE samples at
industrially relevant conditions, we perform the CO,RR
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through chrono potentiometric (CP) measurements at —400
mA/cm?® (Figure 4). If we describe the reaction performance
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Figure 4. Long-term CO,RR chronopotentiometry at —400 mA/cm?
was monitored with EI-QMS and GC. (a) Relative pressure
fluctuations induced by the GC switching between the collection
mode (CM) and injection mode (IM) and their effect on jc 4, (b)

Comparison of GC-monitored long-term performance with and
without the installed “bleeding line”.

solely through GC supported product analysis (Figure 4a), an
unprecedented rapid GDE deactivation is observed. Monitor-

ing the reaction with our real-time analytics unveils dire
inconsistencies in the ethylene production signal. The
positions of these unexpected features on the time axis reveal
their connection to the moderate (~45 mbar) pressure
fluctuations,”” which are inadvertently caused by GC switching
operational modes, as explained in the Gas Analysis section. To
remove these features, we install another T-piece just before
the sample loop of the GC, where we connect a “bleeding line”
capillary (ID = 80 um), which was kept throughout all
presented studies. The capillary length is designed to result in
the exact fluid resistance that maintains a seal under constant
operating conditions at pressure relative to atmosphere p, = 13
mbar but releases any excess pressure over that value that
would otherwise be present during the sample collection mode.
Conducting the CO,RR via CP at —400 mA/cm?® in the
updated GC configuration proves the effectivity of the installed
“bleeding line” by establishing isobaric conditions, which
drastically prolong the Cu-GDE performance (Figure 4b),
extending the time of high partial current density ethylene
production (>100 mA/cm?) from 1600 s to >6 h. The
measured potential responses for this experiment are presented
in Figure S3, further proving the early deactivation of the GDE
is influenced by the pressure fluctuations.

To further test the versatility of our newly developed
analytical setup, we perform the CO,RR on Cu-GDE in three
different electrolytes with pH values of 3, 9, and 14. This
approach is not only useful to determine the accuracy of our
setup across the pH spectra but also provides some insightful
information about how the bulk electrolyte pH influences the
CO,RR dynamics. We focus solely on the effect of bulk pH
and prevent any possible discrepancies due to the acknowl-
edged cation effect,’””” by fixing the cation concentration to
[K'] = 1 M across all electrolytes and experiments, as
described in the Cell Preparation section.

We first study how the bulk electrolyte pH affects the onset
potentials of major gaseous products by conducting linear
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with the RHE scale potential responses. (b-d) Corresponding EI-QMS signals of main gaseous CO,RR products along with their derived partial
current densities for (b) ethylene, (c) hydrogen, and (d) methane, respectively.

sweep voltammetry (LSV). To maximize the accuracy of
acquired values, a moderate scan rate of 10 mV/s is applied,
while the sample is pre-conditioned by conducting a CP at —1
mA/cm?® for 150 seconds, which reduces any copper oxides
that could have formed during exposure to air. As is evident in
Figure 5, the onset potentials are determined by correlating
each product’s EI-QMS signal to the LSV graph. Since the
beginning of production is characterized by an increase in the
respective m/z signal, we determine the initial point of such an
increase to be the first value that deviates from the pre-
determined average baseline value by >2% and stays above this
threshold for the duration of the scan.

Utilizing this approach, we successfully determine the on-set
potential values of C,H, for this Cu-GDE to be —0.98 V,
—0.61V, and —0.52 V (V vs. RHE) in the bulk electrolyte pH
of 3, 9, and 14 respectively (Figure Sb). The same procedure is
also applied to hydrogen- and methane-related signals to
observe the corresponding on-set potentials (Table S2). The
obtained values fall well in line with the consensus in the
literature,””*" showcasing the precision of our setup.

To prove additional use cases, we continue experimentation
in the same electrolyte conditions and observe the resulting

CO,RR product distribution trends. We deploy a dynamic
electrochemical procedure, which focuses on obtaining
performance descriptors in various operating conditions, in a
short period of time — a feat unachievable with standard GC
configurations. The procedure, showcased in Figure 6a, relies
on 2 min steps of galvanostatic electrochemical impedance
spectroscopy (gEIS), complete with intermediate “resting”
periods. The gEIS steps were performed at —25, —50, —100,
—200, and —400 mA/cm?, with a 1% amplitude in current
densities. Such a technique is favored over standardly applied
CP steps due to the half-cell resistance depending heavily on
the formation of liquid products®* and protrusion of the
electrolyte inside the GDE’s pores. Such a gEIS approach
allows us to track the development of half-cell resistance over
the course of the experiment (Figure S2) and therefore
accurately translate the measured potential to the RHE scale.
During the resting periods, CP holds of —1 mA/cm® are
applied, which not only prevents any copper oxidation
associated with exposure to the OCP but also postpones
possible deactivation of the Cu-GDE.

Comparing the RHE corrected potential response (Figure
6a) to the EI-QMS signal corresponding to evolution of
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gaseous products from Figure 6(b-d), we gain interesting
insights into the CO,RR behavior. We also successfully utilize
the calibration equations from Figure 3 to quantify the EI-
QMS signal toward time resolved partial current densities of
the observed products, proving the applicability of our
quantification technique. It is important to note that the
duration of gEIS steps is fine-tuned through trial and error to
the minimal time that still enables the m/z signal to reach the
characteristic value. By doing that, we minimize the amount of
charge passed through the Cu-GDE and prevent the unwanted
negative impact on performance descriptors due to electro-
wetting-propagated electrode deactivation.

As displayed in Figure 6b, we confirm the field’s consensus
that the production of ethylene is greatly enhanced in the
highly alkaline environment, not only in terms of the
production rate but also with regards to the required potential
vs. RHE. A comparison with onset potential values from Table
S2 shows that in high pH conditions, industrially relevant
partial current densities of ethylene production (jcy, > SO

83

mA/cm?) are already possible when the applied potential is
only 60 mV more negative than the on-set potential (—0.58 V
compared to —0.52 V vs. RHE). For comparison, to obtain
similar ethylene production in pH 9 and 3, this value must be
increased to 190 and 220 mV respectively, which would
drastically increase the operational costs of non-alkaline
electrolyzers. The trend is also present within methane
production, where a rather insignificant potential difference
of 90 mV for pH 14 produces significantly more methane than
the 130 and 240 mV potential differences for pH 9 and 3
respectively (Figure 6d). Contrary to the CO,RR, the parasitic
hydrogen evolution tends to be much more pronounced in
acidic conditions (Figure 6¢), which is to be expected due to a
high concentration of available H" species. It is interesting to
note that while strong alkaline conditions observe higher C,H,
and CH, production, the slight alkalinity of pH 9 is sufficient
to prevent the presence of freely available H* species. This
results in both pH values of 9 and 14 exhibiting almost
identical HER performance. The missing part of partial current
density for pH 9 can be attributed to CO formation, which is
also well supported by the literature.** It is also interesting to
point out that while the CO,RR in acidic conditions can reach
industrially relevant current densities, the associated high half-
cell resistance drastically increases the required applied
potential, greatly inhibiting the economic viability of such
systems. Finally, we compare the overall production peaks to
the potential responses on the RHE scale, confirming that
whenever the onset potential for that product is not reached,
there will also be no corresponding EI-QMS signal, solidifying
the reliability and accuracy of our setup.

B CONCLUSION

In summary, we present a novel GC supported mass
spectrometry configuration that enables real time analysis
and quantification of gaseous electrolysis products at
industrially relevant current densities. To demonstrate its
accuracy, we choose a complex multi-product CO,RR, which
we couple with the advanced and until now non-quantifiable
GDE-based approach. Doing this, we highlight how our setup
can provide some key descriptive parameters across various
reaction conditions but, more importantly, is also able to track
the product distribution shifts during both intrinsic and
induced dynamic conditions. We are confident that the

2030

accessibility and reproducibility of our analytical setup will
facilitate a more comprehensive understanding of the intrinsic
GDE electrowetting phenomena as well as significantly
contribute to advancements in related scientific fields.
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