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Abstract

Utilising carbon dioxide by synthesising commodity chemicals via electrocatalysis
shows potential for long-term energy storage and industry decarbonisation. The lat-
est copper-based gas-diffusion electrodes can operate at high currents, enabling large
conversion rates. However, our incomplete understanding of active reaction paths
in this system hinders us from designing catalysts with improved selectivities and
reduced poisoning. Here, we identify and analyse ten previously unknown minor
products of electrochemical G@eduction. Using an ultra-sensitive GC-MS setup,

we report more than 20 products, including §pecies for the rst time. From the
trends in selectivity, we hypothesise two distinct reaction paths: while the coupling
of oxygenated intermediates begins at very small potentials and favours double bond
formation in the middle of carbon chains, coupling of highly-reduced methane pre-
cursors requires a large potential and leads to double bond formation at the chain end.
This contribution represents a signi cant step towards the holistic comprehension of
the mechanism for electrocatalytic @@duction and calls for further mechanistic
exploration via minor products and investigation of favourable reaction conditions.

Highlights
» Comprehensive GC-MS study of high-performance eCO2R GDE products

« Identi cation of over 20 different products, including four- and ve-carbon
species reported for the rst time

 Trends for different isotopes and isomers over applied potential analysed

* Mechanism analysis revealing reduction state before coupling as driving factor
for double bond locations and resulting selectivity trends
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1 Introduction

The development of true negative emission technologies is mission-critical for mitigating
climate change [1]. Electrochemical reduction of L@CO2R) to hydrocarbons is a
promising way to convert emissions into fuels and commodity chemicals. Copper-based
electrodes are particularly promising because they can producsp@écies, including a
variety of valuable products [2, 3]. Researchers in the eld have intensely studied these
electrodes [4—6], particularly to produce ethylene [7] as they can reach large Faradaic
Ef ciencies of up to 75% with some setups [8]. Recently, gas-diffusion electrodes (GDE)
operated under alkaline conditions have been in the spotlight [9-11] as they allow for
large current densities and could enable economically viable applications in the long term
[12]. As of now, the chemical industry is hard-to-decarbonise; eCO2R could not only
help to decarbonise this sector, but also ultimately make it a negative emissions sector.

However, a key issue remains. Increasing and maintaining selectivities toward one or
more speci ¢ products is still challenging because the products are formed in a multi-
step mechanism. Synthesising ethylene via electrocatalysis requires 12 reduction steps,
and G products require even more. These reduction steps are thought to appear as el-
ementary proton-coupled electron-transfer (PCET) reactions with similar energetics and
scaling relationships that depend on active surface facets of the metal catalyst [13-15].
Understanding the mechanism is crucial for two reasons: rst, it shows what products are
possible and whether they can be scaled up, and second it shows what reaction paths are
responsible for these products so we can engineer systems to favour or disfavour them.

Many research studies have investigated the mechanism computationadi umtio
studies [14, 16-18] and experimentally by identifying intermediates either via surface
spectroscopy [19, 20] or by injecting supposed common intermediates as reactants into
the system [21]. However, most major advancements in understanding have occurred
by detecting minor products because any complete reaction mechanism must account for
them [3, 4, 22]. Kuhl et al.'s study [2] from 2012 is exemplary in this respect. It introduced
NMR for sensitive detection of liquid products (detecting 16 different species) and derived
the in uential hypothesis of enol-like intermediates as main contributors in the mechanism
[4, 23].

Minor products can be indicative of common intermediates towards major products. Many
mechanism studies describe the desorption of an intermediate on the path towards a ma-
jor product [24, 25]. These “intermediates” have a lower reduction state than the major
product they relate to. Moreover, minor products, even in very small amounts, can lead
to catalyst poisoning in different ways. For example, they can accumulate on top of the
catalyst and inactivate parts of the surface, as Kovalev et al. observed for polymerising
acrolein [26]. But these minor products can also indicate a surface species that is a “dead
end” which will not react any further, so its coverage rises to the point where it hinders
eCO2R [27].

Therefore, analysing minor products can help derive practical information for the design
of future reactors and catalysts. Understanding the eCO2R mechanism can help steering
the reaction in the desired direction (e.g. by stabilising certain intermediates via sur-
face ligands [28]) and avoid catalyst poisoning. While analytical methods for eCO2R



products have improved, advances have mostly focused on time ef cienoypamndndo
capabilities [29, 30]. Introduced mass spectrometry methods are mostly based on “hard”
ionisation that leads to a wide range of fragments and therefore have limitations in identi-
fying unexpected products [31], but a few methods based on “soft” ionisation were used
[32].

In recent studies, Lofer et al. established proton-transfer reaction mass spectrometry
(PTR-MS) with a time-of- ight (TOF) analyser as a way to precisely analyse the liquid
products in real-time [32, 33]. In previous work, present authors applied PTR-TOF-MS
to the gas outlet of a state-of-the-art ow cell to achieve accuracies so high that natu-
rally occurring®*C isotopes could be measured con dently, and a Kinetic Isotope Effect
was described and quanti ed for the rst time in such a system [34]. For unambiguous
product identi cation before theperandomeasurements, a gas-chromatography mass-
spectrometry (GC-MS) setup was used. This experiment indicated the existencg of a C
species which warranted further investigation.

Applying GC-PTR-TOF-MS to a collected sample of eCO2R products allows product
identi cation at unprecedented sensitivity. Using the gas outlet ow of a high-current
GDE operating under high pH allows us to investigate the mechanism under commercially
relevant conditions, as prevalent reaction paths might substantially differ from those ac-
tive in previously studied systems [35]. This study aims to observe and identify as many
eCOZ2R products from the reduction of €@a electrolysis as possible. By analysing
selectivity trends across products' functional groups as well as the applied potential, we
derive implications for the respective reaction paths. Finally, we discuss existing hypothe-
ses regarding the eCO2R mechanism to con rm or reject them based on our observations
and formulate new ones.

2 Methods

2.1 GC-PTR-TOF-MS

PTR-MS is a well-established method for monitoring volatile organic compounds in at-
mospheric samples [36]. A PTR-MS instrument connects an ion source to a drift tube
in which the primary ion (e.g., $#D") reacts with an analyte based on its proton af n-

ity (PA). The analyser then detects the ions formed. This method achieves a high mass
resolution (particularly in combination with a TOF detector) [37], but a high concentra-
tion of analytes can deplete the primary ion resulting in clusters and fragments that lower
the sensitivity and complicate identi cation [38]. Hence, detecting low-concentration
species in eCO2R product mixtures is challenging, as using strong dilution to mitigate
depletion might lower concentrations under the detection limit. The combination with gas
chromatography solves this, as analytes are separated and eluted one at a time. This ef-
fectively creates an ultra-sensitive GC-MS with “soft” ionisation in contrast to the typical
“hard” electron impact ionisation with a less-accurate quadrupole sensor previously used
for eCO2R product analysis [39].



2.2 Electrochemical Flow-Cell

Our GDE is based on nanostructured copper deposited on carbon paper. Its preparation
as well as the anode and electrochemical ow-cell setup has been described in detail in
a previous article [26]. For the gas inlet, €0f 99% purity was used with the ow-

rate set to 50sccm. An additional experiment was done with an additional experiment
of 13CO, (99% isotope content) for con rmation purposes at the same inlet ow-rate.
For each experiment (except a run wiitO,), electrolysis was performed at a constant
potential applied vs a HgHgO reference electrode. Seven runs were carried out with a
controlled cell voltage with steps of®V from Uygngo= 2:0Vto 5:0V. Each time,

we ran the cell for 5min before collecting a gas sample at the outlet and directing it to the
measurement setup.

2.3 Experimental setup and measurements

Fig. 1 shows the experimental setup of this work. We directed the cell's outlet into a sam-
pling loop of 1 ml followed by a gas chromatograph Agilent 7890 equipped with Hayesep

D packed column (length of 6'). Nitrogen was used as a gas carrier. The outlet of the GC
was connected to the inlet line of the PTR-TOF-MS, and the analyte was diluted with an
additional 200 sccm of pure Noefore the drift chamber. The dilution prevented the MS
detector from becoming saturated as some species were produced at high concentrations.
We heated the MS inlet line at 80°C to decrease the memory effect that we observed in
our previous work [34].

Figure 1. Schematic of electrochemical cell and GC-MS setup.

We selected the GC conditions to maximise the potential for species to separate on the
selected column. We programmed the GC oven to separate light gases at a lower temper-
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ature of 80°C, medium gaseous products at 130°C, and the remaining species at 200°C.
The overall run was completedtat 45min after the injection of the sample. We utilising

a PTR-TOF-MS Qi8000 from IONICON Inc (Austria) with multiple supply reactive ions
tube, using HO" ions to ionise separated product species. We found the drift tube settings
were optimal at 114 Td to achieve a good sensitivity and resolution of 3500 to 4I®Om

2.4 Product identi cation and quanti cation

We identi ed eCO2R products based on retention times and ionisation spectra as shown in
Fig. 2. To con rm the electrolysis of carbon dioxide as the species' origin, we compared
the ion chromatograms to an additional experiment Wi®0,. We computed the peak
area for all resulting ions as a measure of signal strength. Further product con rmation and
especially discrimination between positional and stereoisomers was achieved by tracking
the ratios of these signals across cell voltages.

Figure 2: Extracted ion chromatogram forsa= 57:070Da(C4Hg" ion)

There is a lack of data on the precise reaction rate coef cients for proton transfer reactions
with small organic compounds. As such, absolute quanti cation is bound to be awed.
However, as our study is focused on the mechanistic implications of minor products and
their trends, and not cell performance assessments, we only need a relative measure for
selectivity. Therefore, we introduce the concept of a relative Faradaic Ef ciency as

R R
ilj(Uk): ilj(U) .
JUy K JU)

hee (Uk) = 1)

R . . g L . .
where . I; is the integrated peak area of ip@t the retention time of specieandJ is the
average current density measured during electrolysis at cell vdliage

Using the relative Faradaic Ef ciency (rfFE) has many advantages. First, the qualitative
trend across cell voltages is precise because we compare the rFE of all resulting ions to
verify a certain species. We can pick the species with the least uncertainty to represent
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that product. Second, we can more effectively compare the curve shapes of different
products as they all peak at 100%. This is especially helpful for these high-current cells
as all species production declines at a certain potential, making analysis of Tafel slopes
less effective.

3 Results and discussion

3.1 Identi ed products

Tab. 1 lists the 23 different products of electrocatalytic,G€duction we identi ed. At
least ten of the products have never been reported before to the best of our knowledge.

Table 1: Overview of all detected products, the ones shown in blue are reported for the
rst time. Information on species makeup is given as the number of electrons
transferred and the number of carbon and oxygen atoms.

species #e #C #O species #e #C #O species #e #C #O
carbon monoxide propylene 1-butene
2 1 1
formaldehyde 18 el 0 _ 24 4 0
propanol 2-cis-butene
4 1 1
methanol 18 3 1
6 1 1 butanedione 2 4 0
methane 2-trans-butene
8 1 0
acetaldehyde 24 4 0
10 2 1 18 4 2 2,3-pentanedione
ethylene ethyl acetate
12 2 0
ethanol
20 4 2 24 5 2
12 2 ! butadiene 2,4-pentanedione
propanal
16 3 1 22 4 0
acetone butanal
22 4 1
16 3 1 butanone 24 5 2
allyl alcohol 1-pentene
22 4 1 30 5 0
16 3 1

C; and G products have been measured and described at length for eCO2R on copper-
based catalysts. We detected no additional products of one or two carbon lengths in these
experiments. Interestingly, we did not expect to observe methane as its proton af nity is
much smaller than water's. However, the primary iogCH in the drift chamber is not
completely pure, and a small percentage of residyalins led to signi cant ionisation.

The proton af nities of carbon monoxide and ethylene are also smaller than water's, but
the large concentrations led to some detectable protonation.
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Despite Mandahl et al. previously identifying propylene as a minor product of eCO2R
[40], it has only recently been reported as a product with a potentially signi cant produc-
tion rate [10]. In this study, we detected a relatively large signal of propylene, indicating
absolute Faradaic Ef ciencies about one order of magnitude below ethylene. Propanol
has been extensively described before, as have the three detgklgd iSGomers: propi-
onaldehyde (propanal), acetone, and allyl alcohol.

Interestingly, we identi ed ¢ and G products. While Calvinho et al. have previously
formed a complex €product with catalysts based on transition metal phosphides [41],
the mechanism for copper-based catalysts is very different and heavily favparslG
products. Apart from a small signal indicating the existence of butene in a former work of
the present authors [34], none of these products have ever been reported to the best of our
knowledge. The distinction of stereoisomers for butene and pentanedione is particularly
novel.

Apart from butene isomers shown in Fig. 2, we identi ed several oxygenajegp€ries:

The signals indicating §HgO showed similar trends as thgHsO species mentioned
above. Partially based on analogy, we identi ed butanal and butanone. Interestingly, we
also observed two double-oxygenated species: butanedione and ethyl acetate, which is the
only ester found so far.

For the rst time, we report evidence of asGpecies as a product of electrocatalyticZCO
reduction. First, we identi ed pentene. In analogy to butene, we found a second peak,
most likely representing the isomer 2-pentene. However, no quanti able distinction of
(stereo-)isomers was possible due to low concentrations. Moreover, we identi ed pen-
tanedione with two well-separated and very distinct peaks differing only in intensity and
fragmentation. The two isomers are thought to be 2,3- and 2,4-pentanedione respectively.

As interesting as the products identi ed are the ones absent in this study. Apart from
methane, we detected no other hydrocarbons. This is easily explained by their very small
proton af nities, which makes them detectable only at substantial concentrations by PTR-
MS. In a previous study [34], Ren et al. detected ethane and propane by classic GC,
and we expect them to be present also here at small concentrations. We could not detect
carboxylic acids due to the large pH in the electrolyte, which causes them to be present
as their conjugate base without entering the vapour phase. Nonetheless, we expect the
presence of formate and acetate, as they have been detected in a previous study after
electrolyte neutralisation [34]. In contrast to the study by Kuhl et al. [2], we found

no double-oxygenated,Gand G species. One might attribute this to the small vapour
pressure of liquid products and the focus of this study on the gas phase, but two facts
speak against this: rst, they were neither detected by HPLC in the previous study [34];
and second, glyoxal has a suf cient vapour pressure (similar to well-observed propanal)
to be detected in the gas phase.

3.2 Functional groups and isomers

The minor products we observed are mostly analogous species to more common prod-
ucts but with a longer carbon chain. Tab. 2 shows products sorted according to functional
groups and thereby illustrates this for alkenes, ketones, and aldehydes. More interesting



are the products that defy this trend in some way. One example is the diones (butanedione
and pentanedione), which only exist for £ while most of the former studies have been
focused on Cs;. There seems to be a shift away from ketones and aldehydes towards
diones with growing carbon chains. This observation gives grounds for hypotheses re-
garding the reaction path: for example, the dimerisation of multi-carbon intermediates via
preferable coupling between oxygenated carbon atoms is a sensible explanation. Butadi-
ene falls into a similar category as the diones: it is the smallest conjugated diene possible.
Since it is also the only diene reported so far, no trend can be observed - only the absence
of a trend away from alkenes towards alkadienes with longer carbon chains.

Table 2: Possible CO2R products of most common functional groupSf@2s are listed.
The colour indicates whether it has been detected in eCO2R reactor€with
based electrodes. Green species were detected in this study, blue and purple
species were not detected here but by Kuhl et al. [2] or Ren et al. [34] respec-

tively.
#C| alkane | alkene | alcohol | ketone | aldehyde
1 | methane - methanol - formaldehyde
ethylene ethanol - acetaldehyde
2 ethane
- ethylene glycol - glyoxal
propylene propanol acetone propanal
3 | propane allyl alcohol hydroxyacetone
butylene butanol butanone butanal
4
butadiene butanedione
pentylene
5
| | pentanedione

The formation of alcohols also becomes less likely for longer carbon chains. This may
be because alcohols are usually produced towards larger applied potentials compared to
their ketone and aldehyde counterparts, while most products with longer carbon chains
are favoured at smaller applied potentials. It also should be noted that we observe fewer
species containing alcohol groups than in previous similar studies: we have not iden-
ti ed glycolaldehyde, hydroxyacetone, and butanol; we have not found glycols for any
carbon chain length. The latter is not surprising as neither postulated double-oxygenated
C, species (glyoxal, ethylene glycol [2]) could be reproduced in our work. Since these
products are the main reason to hypothesise enol-like intermediates as critical, this may
have mechanistic implications for high-current GDEs. If we assume the initial dimerisa-
tion takes place between two oxygenated intermediates, at least one of the carbon-oxygen
bonds seems to break very easily under these conditions - potentially, this is driven by the
alkaline environment as key steps have been shown to be pH-dependent [15, 42], causing
our unique product distribution.



We will not discuss the carboxylic acids in much detail as they are not quanti ably de-
tectable and seem to follow a different mechanistic logic that permits two oxygen atoms to
bind to the same carbon. The simplest explanation is that there is a dimerisation before the
breaking of the rst C-O bond, as suggested by Shah et al. [23]. Alternatively, Garza et
al. have proposed a ring closure mechanism that transfers oxygen between carbon atoms
[4], even though it seems energetically unlikely [27]. Any species where one carbon atom
is connected to two oxygen atoms faces a challenge of mechanistic explanation as ei-
ther coupling occurred before the rst dissociation of water (or related), external oxygen
was incorporated as suggested before [43], or oxygen moved between carbon atoms via
aforementioned ring closure mechanism.

The ethyl acetate detected in this study seems to also face this challenge but can be more
readily explained by a coupling step of two oxygenated intermediates. The possibility of
ethyl acetate production via secondary bulk reactions of eCO2R products still remains:
the esteri cation of acetic acid and ethanol seems unlikely since it is generally catalysed
by acids, but a disproportionation of acetaldehyde is possible since it is catalysed by
alkoxides and acetaldehyde is abundant. All these double-oxygenated functional groups
were left out of Tab. 2 for the sake of simplicity. Furthermore, glycolaldehyde, as reported
by Kuhl et al. [2], and acrolein, as reported by Kovalev et al. [26], are also missing.

3.3 Relative Faradaic Ef ciencies

Fig. 3 shows the relative Faradaic Ef ciencies of all products detected over the measured
current density. Each measured point is indicated by a cross. Its error bar shows the
empirical standard deviation based on the uncertainty of calculated peak areas used in
Eqg. (1). A piecewise cubic interpolation is shown as a solid line going through the points.
For data points with a signal-to-noise ratio so large, it cannot be considered a peak with
con dence, no measurement data is shown. Instead, the interpolation assumes zero.

Uncertainties for some of the data points are considerably larger than for others. There
are two reasons for this: Firstly, all integrated signals are shown relative to their maxi-
mum value of 100%, which ampli es the uncertainties of signals with smaller absolute
intensities. Secondly, to calculate a measure of relative Faradaic Ef ciency, all data were
normalized by current density, which pronounces uncertainties at smaller applied poten-
tials. These effects lead to speci cally large standard deviations for species detected with
small absolute signals at small applied potentials, as can be seen in Fig. 3(c).

Species were clustered into four different groups based on their functional groups. This

makes it easier to track the large number of species. It also serves as a starting point
for a mechanism discussion, as similar or complementary selectivity trends can indicate

common reaction paths, intermediates, and rate- or selectivity-determining steps.
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(a) Selectivity trends of all pure hydrocarbon products detected

(b) Selectivity trends of all detected products containing alcohol groups.

(c) Selectivity trends of all detected products containing carbonyl groups at the
end of the carbon chain (mostly aldehydes).
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(d) Selectivity trends of all detected products containing carbonyl groups in the
middle of the carbon chain (mostly ketones and diketones).

Figure 3: Relative Faradaic Ef ciencies and empirical standard deviations of selected
traces representing all detected products across the range of applied potential.

Some of the trends the products exhibit are unexpected: For example, the butene iso-
mers 1-butene and 2-butene show trends almost opposite of each other. The differences
in selectivity trends between alcohols, aldehydes, and ketones are also much larger than
expected, as current ef ciencies reported by Kuhl et al. [2] showed very similar trends
and peak ef ciencies across all products apart from propanal ansp€cies. Another
unexpected nding is the large rFE level of some products at high currents well beyond
1Acm 2, implying ongoing competition between G@duction and hydrogen evolution
(HER). Some products seem to have two local maxima of Faradaic Ef ciency for dif-
ferent applied potentials - this can be seen most prominently for ethanol. Moreover, a
general trend exhibited by many of the products is noteworthy: similar products with
different lengths of the carbon chain always show peak selectivities at smaller applied
potentials for the longer chains than the shorter chains. This is especially apparent com-
paring aldehydes, ketones, and diketones p&a G, type. It implies a larger coverage
of intermediates that are responsible for coupling at smaller applied potentials, suggesting
less-reduced intermediates for coupling steps. The widely accepted hypothesis of either
CO or CHO [16, 17, 44] intermediates as Coupling intermediates is in agreement
with this observation. This trend is consistently observed for@oducts.

In Fig. 3(a), it becomes apparent how different the behaviours of pure hydrocarbons
(mostly alkenes) are - even between positional isomers, as mentioned before. It further
indicates that alkenes can be put into one of two categories for the most part regarding
their trend curve of rFE. The stark differences between those two categories indicate a
fundamental difference in the governing reaction mechanism - most likely already on the
level of initial coupling. For the production of ethylene, the existence of two independent
reaction paths has been established before [18, 21] - one at lower applied potentials via the
coupling of an oxygenated intermediate and one at larger applied potentials sharing an in-
termediate with methane. The curve of ethylene’s rFE hints at this behaviour by exhibiting
a peak stretched from small to medium currents and still showing signi cant production
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(especially in absolute terms) for large currents. Propylene shows a qualitatively similar
behaviour with less pronounced selectivity for larger currents, indicating a smaller like-
lihood of production via the second pathway. Meanwhile, 2-butene does not show any
indication of a second high-potential pathway as its rFE curve is similar to that of carbon
monoxide in Fig. 3(c). In contrast, 1-butene and 1-pentene only show behaviour coin-
ciding with methane production, therefore indicating the high-potential pathway as the
exclusively governing mechanism.

Taking a closer look at Fig. 3(b) and Fig. 3(c), methanol behaves similarly to formalde-
hyde, indicating a common reaction path. This is expected, as Schouten et al. showed
feeding CHO produces CEDH [21]. This reaction path could also explain the small
amounts of methane produced for small to medium applied potentials which is supported
by formaldehyde production continuing at larger currents and methane showing a rst
local maximum at medium currents. Aldehydes have been suggested as precursors for
alcohol (sharing a reaction path) fog.Cas well, but in Fig. 3(c) acetaldehyde, propanal
and butanal behave quite differently than their alcohol counterparts, while the behaviour
of methanol does not indicate a large activation barrier for the reduction of a carbonyl
group. However, this does not disprove the aforementioned hypothesis, as this might
depend on neighbouring carbon atoms and functional groups present spé€cies.

3.4 Mechanistic implications

Based on the identi ed products and analysed selectivity trends, we can derive implica-
tions for the reaction paths. Combining these with the ndings regarding intermediates
and common pathways reported in other publications [3, 21, 23], we can postulate reaction
mechanisms based on experimental ndings alone. In this work, we limit our discussion
of the mechanism to a few very clear trends of products' rFE. General trends of maxi-
mum Faradaic Ef ciency reached at small or large applied potentials point towards major
differences on the level of coupling. The more intricate variations point towards splitting
pathways at a later stage.

When discussing mechanism implications, we must remember that while shared markers
(e.g. similar rFE curve) between two products can point towards a shared reaction path,
it is not imperative. It is also worth noting that the failure to detect a certain product
which is hypothesised to be a key intermediate in its adsorbed form does not necessarily
disprove the hypothesis. For example, we did not nd any glyoxal, but this does not
mean that CHOCHO is not an intermediate on the main reaction path, as the desorption
equilibrium might be fully on the side of the adsorbed state or the subsequent reduction
step is so fast that almost noCHOCHO exists on the surface.

Based on the general trends in functional groups and rFE stated previously, we derive
our rst hypothesis. As we do not observe any double-oxygenated species fand
generally no more than two oxygen atoms in a single species, we assume at least one
C-O bond is rapidly broken after the rst coupling, assuming the coupling happens be-
tween two single-oxygenated; Gntermediates. For G products, double-oxygenated
products are present, and we observe a trend from single- to double-oxygenated products
of which different isomers share the same selectivity trends. Therefore, we speculate that
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these are formed via the coupling of the same single-oxygenate@€{intermediates,
where position and direction determine the eventual isomer. The general trend of rFE
peaks for longer carbon chains moving towards smaller voltages strengthens this hypoth-
esis because we would expect these peaks to coincide if chain growth was driven by the
continuous addition of a single;Gntermediate. Following this logic, the coverages of

C, and G coupling intermediates seem to peak at smaller applied potentials than that of
the G coupling intermediate. After the coupling of these to double-oxygenated Cs
intermediates, the breaking of the C-O bond seems to be less promoted thaants G
counterparts.

Tab. 2 indicates the most common functional groups in the products are the double bonds
in alkenes, hydroxy groups in single primary alcohols, and carbonyl groups in ketones and
aldehydes. Therefore, understanding the commonalities and differences in the reaction
paths leading up to these products is particularly important.

As mentioned before, butene isomers seem to rely on different mechanisms. Fig. 4 eluci-
dates the selectivity behaviour of 1-butene as similar to methane and 1-pentene, whereas
2-butene behaves similarly to butadiene and carbon monoxide. This points to different
modes of achieving double bonds: via the coupling reaction of a highly-reduced inter-
mediate (1-butene, 1-pentene) and via water dissociation after coupling of oxygenated
intermediates (2-butene, butadiene). Moreover, the existence of diones and esters sug-
gests that at least some coupling reactions take place between two oxygenated monomers.
Purely based on their structure, ethylene and propylene could be produced via either of
these modes; this actually seems to be the case as their rFE curves exhibit a hybrid be-
haviour: peak selectivity is reached at small currents similar to the curves in Fig. 4(b), but
does not decline as rapidly. Instead, we can see a plateau atoudd Acm 2 coincid-

ing with the rst increase of methane and 1-butene, before decreasing to a constant value
even for large currents.

(a) rFE of all identi ed alk-1-enes and methane. (b) rFE of G species and carbon monoxide.

Figure 4. Comparing selectivity trends of different alkenes vithproducts that might
share common intermediates.
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This hypothesis corresponds with the two-pathway theory put forward by Luo et al. [18]
and recently assessed within a microkinetic model [27] for Cu(100) surfaces: towards
ethylene production, CHO- CHO coupling is dominant for smaller applied potentials
(leading to aldehydes as well as alk-2-enes), whilH,- CH, coupling is dominant

for larger applied potentials (leading to alk-1-enes). We extend this theory to include all
produced alkenes discriminate between positional isomers: while a low-potential pathway
of successive coupling of oxygenated intermediates leads to the formation of alk-2-enes, a
high-potential pathway leads to alk-1-enes by addition of a highly-reduced intermediate.

Within 2-butene, we can distinguish the cis and trans form, and the selectivity trends even
differ slightly, as shown in Fig. 4(b), yet not as fundamentally as the positional isomers.
This could be the result of very similar reaction paths that only branch at the very end, as
shown in Fig. 5. Based on the homogeneous coupling of at€rmediate that might be

an acetaldehyde or ethylene precursor, the two stereocisomers are produced based on the
order the carbon atoms are hydrogenated. Based on the respective selectivity trends, the
initial hydrogenation of a CkHgroup seems to be preferred over hydrogenation of less-
reduced mid-chain carbon atoms only at an increased voltage (leading to cis-2-butene).

Figure 5: Suggested mechanism from common intermediate towards butadiene and 2-
butene stereoisomers.

This 2-butene pathway relies on the prior hydrogenation of a carbonyl group to a hydroxy
group and nally dissociates water in such a fashion that the freed electron initiates a
double bond with the neighbouring carbon atom towards the middle. Even if this neigh-
bouring carbon atom is also oxygenated, its hydrogenation will most likely not lead to a
second double bond as allenes are unstable. This could also explain the relative Faradaic
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Ef ciency curve of butanedione, which is shifted to signi cantly higher currents as it
would require CH hydrogenation at both ends of the rst intermediate after the coupling
step shown in Fig. 4(b). Similar subsequent hydrogenation steps would be necessary to
form ethyl acetate if the coupling occurs between carbon and oxygen rather than car-
bon and carbon. This would explain the similar selectivity trends of ethyl acetate and
butanedione shown in Fig. 3(d) and is a much more likely mechanistic explanation than
the disproportionation of acetaldehyde as peak rFE would be expected at much smaller
currents.

Butadiene behaves similarly to 2-butene, seemingly contradicting the hypothesis around
the formation of mid-chain and end-chain double bonds. It can be explained along similar
lines: if the reduction of a double-oxygenategdl iGtermediate leads to the formation of

a double bond towards the end rather than the middle of the chain, the second oxygen
splitting is free to also lead to a double bond at the other end of the chain. This is not
possible if the rst oxygen splitting leads to double bond formation in the middle of the
chain, as allenes are sterically improbable. While the order of hydrogenation matters for
the 2-butene stereoisomers, the butadiene structure does not depend on it.

This analysis now provides further insights into the coupling mechanism for the pro-
duction of all alkenes - including ethylene and propylene. For smaller applied potentials,
symmetrical coupling of oxygenated intermediates leads to the formation of double bonds
in the middle of the carbon chain. The trends of aldehyde's Faradaic Ef ciencies largely
coincide with those of the formerly discussed alk-2-enes which supports this hypothe-
sis. For larger applied potentials, asymmetrical coupling of a highly-reduced intermediate
forms a double bond at the end of a carbon chain. Based on the experimental ndings of
Schouten et al. [7] on single-crystal electrodes, the coupling of oxygenated intermediates
takes place on (100) and (111) facets while the addition of a highly-reduced intermediate
is almost exclusive to (100). This means that catalyst nanomaterials could be engineered
to prefer either alk-1-enes or alk-2-enes based on the ratios of active facets.

According to the hypothesis for alk-2-ene production illustrated in Fig. 5, we suspect dou-
ble bonds in alk-2-enes form via mid-chain carbonyl groups. If the intermediate preceding
the splitting of reaction paths would be hydrogenated at one of theg@ips instead of

the carbonyl group rst, it would form a ketone. As mentioned before, we suspect these
hydrogenation steps to be preferred at more elevated voltages. Indeed, relative Faradaic
Ef ciencies of ketones (and diketones) appear generally shifted towards larger currents
in Fig. 6(a) and 6(b). Note that the selectivity trends shown are not just two different
curves with deviating peaks, they appear complimentary as a decrease of the alk-2-ene's
rFE coincides with an increase of ketone's rFE and a plateau coincides with a plateau.

A similar observation can be made for aldehydes and primary alcohols, which we suspect
share a common reaction path as well. This is a common hypothesis fac€aldehyde

and ethanol respectively), con rmed by multiple observations [21, 24, 33]. As relative
Faradaic Ef ciencies for alcohols appear generally more shifted towards larger currents,
we speculate it follows a pathway with a larger reaction barrier starting at the same in-
termediate. This makes logical sense as alcohols need additional reduction steps before
desorbing - mainly the hydrogenation of the end-chain carbonyl group.
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(8) G alk-2-enes and ketones. (b) C4 alk-2-enes and ketones.

(c) G aldehydes and alcohols. (d) Cz aldehydes and alcohols.

Figure 6: Relative Faradaic Ef ciencies of corresponding products in comparison. The
upper gures show selectivity trends of alk-2-enes and ketones while the lower
gures show those aldehydes and primary alcohols.

3.5 Full mechanism schema

We formulated different hypotheses to account for the identi ed products and synthesized
them to form a coherent reaction schema which is illustrated in Fig. 7. Products are or-
dered by their level of reduction because coupling must occur “before” the least-reduced
product of a common path. Furthermore, we expect coupling after the rst oxygen disso-
ciation [3] - for this, no incorporation of outside oxygen needs to be assumed, notwith-
standing recent challenges to that notion [43].
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Figure 7. Overview of identi ed electrocatalyti€O, reduction products, supplemented
by the reaction mechanism hypothesized in this study and likely key interme-
diates. The separation by number of carbon and oxygen as well as number of
electrons transferred makes this graph a useful template for further mechanism
discussion in the form established by Nitopi et al. [3].
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Most of the proposed eCO2R mechanisms rely on the assumption of coupling steps being
rate- and selectivity-determining [4, 17, 22, 45] as do the hypotheses formulated in this
study. We nd the degree of reduction of, Ghtermediates before coupling to be key.
While there is an ongoing discussion around ther@ermediate responsible for dimeri-
sation at small applied potentials [42, 46, 47], our proposed reaction paths are satis ed
by postulating any single-oxygenated iGtermediate. As a second main contributor for
larger applied potentials, we also postulate a non-oxygenated, highly-reduced@e-

diate (most likely CHy,) in agreement with recent studies [18, 27].

We hypothesise most products are formed by initial coupling via the low-potential path-
way. We believe the double-oxygenategd iGtermediate resulting from the coupling is
quickly reduced to break at least one of the C-O bonds as no double-oxygenated products
for C.4 are detected. The resulting single-oxygenatedntrmediate can couple again

with other single-oxygenated intermediates or be further reduced via respective paths with
different activation barriers. This way, a pattern emerges for ever-longer carbon chains.
For G formation, we speculate the coupling takes place between two of these single-
oxygenated multi-carbon intermediates followed by less immediate C-O bond breaking
and concurrent production of double-oxygenated species. We speculate the coupling re-
actions are driven by interactions between more oxidised carbon atoms, explaining the
higher prevalence of mid-chain oxygen foy &nd G.

According to our hypothesis, further reduction of single-oxygenated intermediates de-
pends mostly on the position of the oxygen: While mid-chain oxygen leads to the for-

mation of alk-2-enes or alkadienes as illustrated in Fig. 5, end-chain oxygen leads to
aldehydes if the electrochemical cell is operated at low currents. Increasing potentials
favour different reaction paths of these single-oxygenated intermediates, further reduc-
tion of end-chain oxygen leading to alcohols and a different sequence of hydrogenating
mid-chain oxygen leading to ketones.

Chain-end oxygen generally seems to lead to a wider variety of less-reduced products. For
example, the double-oxygenated iGtermediate with oxygen on both chain ends can be
assumed a precursor also to acrolein, following the established framework. Polymerizing
acrolein has been demonstrated as a failure mechanism of copper-based GDEs [26] so
stabilizing mid-chain oxygen over end-chain oxygen could be a way to increase longevity
of GDEs. This might be achieved by topological engineering as selectivities and overall
activity of eCO2R are signi cantly determined by surface facets and respective binding
energies [39, 48].

If the applied potential is increased beyond a certain point, the coverage of oxygenated
intermediates declines as highly-reduced intermediates begin to dominate. The coupling
of abundant highly-reduced,@ntermediates with another multi-carbon intermediate ex-
plains the increased production of alk-1-enes. At this point, HER is expected to start
dominating eCO2R.
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4 Conclusions

In summary, we analysed the hydrocarbons produced via electrocatalytice@@ction

within a gas-diffusion electrode using a GC-MS with a high-resolution PTR-TOF-MS. We
identi ed more than 20 distinct products - con rming 10 hitherto unknown ones, includ-
ing multiple G species. The product separation in the GC column allowed us to identify
minor products and closely related isomers that are hard to distinguish with conventional
mass spectrometry. Meanwhile, the proton-transfer reactions led to a large number of dif-
ferent secondary ions and fragments that could be analysed by the high-resolution time-
of- ight sensor with high accuracy. This helped us to identify and quantify products

By carefully post-processing and integrating the measured intensities, we were able to
compare signals across different experiments within the same ion and species. We estab-
lished a relative measure for Faradaic Ef ciency and veri ed the trends between different
secondary ions of the same species. Developing these relative Faradaic Ef ciencies across
different applied potentials revealed selectivity trends of the different species that can be
grouped by the shape of their curves. This helped investigate the complex eCO2R mech-
anism that accounts for the map of identi ed products, considering reduction levels and
the number of carbon as well as oxygen atoms.

We derived three key hypotheses based on careful observations and a few largely accepted
assumptions. These extend our partial understanding of the eCO2R mechanism for high-
current GDEs at high pH as constructed in Fig. 7. In addition, Fig. 8 summarises and
illustrates the main hypotheses in a more abstract manner.

Figure 8: General hypotheses regarding the eCO2R mechanism.
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The rst and most important hypothesis details the mechanism of the two distinct path-
ways towards ethylene which have been acknowledged in many previous studies. We
postulate reaction steps for forming double bonds either on the ends or the middle of
the carbon chain depending on applied potentials. The low-potential pathway is based
on the coupling reaction between oxygenated intermediates (EHQ) and the subse-
guent formation of double bonds towards the centre of the molecule via the dissociation
of water. The high-potential pathway is based on the addition of a highly-reduced, non-
oxygenated intermediate (e.gGCH,) to the end of a molecule, immediately forming a
double bond. This hypothesis is rstly supported by selectivity trends of 1-butene and 1-
pentene coinciding with that of methane, as the highly-reduced intermediate would be its
precursor, and only £ species develop pure alk-1-enes. Secondly, the selectivity trend
of trans-2-butene coincides with that of carbon monoxide and formaldehyde, as the initial
oxygenated intermediate would be its precursor. The selectivity trends of the well-known
products ethylene and propylene exhibit a mixture of both trends as they can form by ei-
ther of the two mechanisms - reaching peak Faradaic Ef ciency at small applied potentials
that are not decreasing sharply with larger potentials but rather converging to a constant
production level even for large currents.

The second hypothesis states that all other oxygen-containing products likely form by a
similar mechanism of initial coupling via an oxygenatedi@ermediate but are not fully
reduced to pure hydrocarbons. The dissociation of the rst oxygen is rapid for,thadC

C; intermediate, which is thought to be formed by iterative coupling with the same oxy-
genated ¢intermediate. These single-oxygenated intermediates can now couple again,
forming G, and G products. The orientation of coupling intermediates and the sequence
of subsequent reduction steps are critical as they decide the position of oxygen. Based on
mid- or end-chain oxygen intermediates, ketones, aldehydes, and alcohols are produced.
The third hypothesis concerns the potential-dependence of different product types with
a common oxygenated multi-carbon intermediate. While mid-chain oxygen leads to the
formation of mostly alk-2-enes at very small voltages, as stated in the rst hypothesis,
elevated potentials lead to increased ketone production. This is most likely caused by a
different sequence of hydrogenation steps. Intermediates with end-chain oxygen mostly
form aldehydes at small voltages, but the further reduction to primary alcohols becomes
more prevalent with elevated potentials. It is unclear if further-reduced multi-carbon in-
termediates similar to the methane precursor play a role in forming these (especially un-
saturated) alcohols.

In conclusion, we monitored minors€ s products to reveal signi cant and generalisable
insights into the eCO2R mechanism. We found that positional isomerism in intermediates
is particularly important for product selectivity. This is most apparent for alkenes but also
for aldehydes and ketones. As most of consequential product isomerisms only start to
exist for G 4 species, longer-chain products play a critical role as mechanistic indicators.

The presented data is by no means exhausted with the discussion in this work. Further
utilisation of the results by other researchers is possible and encouraged. Especially the
mechanism discussion, which is an ongoing and disputable subject, can be complemented
by the comprehensive map provided in Fig. 7. Further studies investigating some of the
more obscure species and trends found in this work are needed. Understanding the un-
derlying mechanism of eCO2R on a rst-principle basis is critical for the design and
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optimisation of CQ utilisation processes. These processes are in turn essential to mit-
igate climate change as negative emission technologies will be necessary to achieve the
goals set out in the Paris climate agreement [1]. Moreover, they could convert the hard-to-
decarbonise sector of chemicals into a negative emissions sector, because@dbe
captured and effectively stored in a variety of products that are at present produced from
fossil resources.
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Nomenclature

Upper-case Roman

I
J

Signal intensity (counts per second)
Electric current

U Applied potential

Lower-case Greek

d

h

Abbreviations

eCO2R
GC-MS
ET

rFE
GDE
HER
P

MS

PA
PCET
Pl

PTR
RHE
RRC
SNR
SIFT
TOF

Shift of isotope ratio of a product in relation to expected natural
abundance

Ef ciency measure (for example Faradaic Ef ciency or relative
FE)

Electrocatalytic C{Reduction
Gas-chromatography mass-spectrometry
Elution time

Relative Faradaic Ef ciency
Gas-diffusion electrode

Hydrogen Evolution Reaction
Intermediate-indicating product
Mass Spectrometry

Proton Af nity

Proton-coupled Electron Transfer
Primary lon

Proton-transfer reaction
Reversible Hydrogen Electrode
Reaction rate constant
Signal-to-noise ratio

Selected lon Flow Tube

Time of ight
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A Electrochemistry measurements

During the experiments, the potential applied against theHd® the reference electrode

was controlled and current measured. For better comparison, we convert all voltages to
reference other standards: First we convert to Standard Hydrogen Electrode (SHE) and
then to the pH-independent Reversible Hydrogen Electrode (RHE) as follows:

Uspe = UngHgO+ 0:098V (Al)

Ugrne = Usye+ 0:828V (A2)
Before the GC-MS measurements were conducted, a Frequency Response Analysis (FRA)
was carried out to determine the internal resistance for iR compensation, see Fig. 9. At
high frequencies, the Faradaic resistance of the electrode-electrolyte interface drops to

zero because of the double-layer capacitance. At this point, the imaginary part of the
impedance is gone and we g&t= A (Zo) with A(Z,) 0.

Figure 9: Complex impedance measured in FRA.
It is best practice to multiply with a correction factor of 0.7 [49], so we get
R =A(Z) 0:7= 1:.981W (A.3)
The nal iR compensation is then applied via
corr — RT
URHE = Ugne et R+ ? |n(10) pH (A4)
with the assumption of p# 14. Relevant values are given in Tab. 3.
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Table 3: Conversion and compensation of applied potential during the measurements.

Applied potentialmV]
2000 2500 3000 3500 4000 4500 5000

5min 2000 2500 3001 3501 4000 4500 4999
Ung=Hgo 30min 2000 2501 3001 3500 4000 4500 4998
average, 2000 2501 3001 3500 4000 4500 4999
5min 188 405 523 762 922 1003 1624
Current  30min 190 417 554 786 901 1049 1702
average, 189 414 541 760 909 1054 1654
5min 1902 2402 2903 3403 3902 4402 4901
Ushe 30min 1902 2403 2903 3402 3902 4402 4900
average| 1902 2403 2903 3402 3902 4402 4901
5min 1073 1574 2075 2575 3074 3573 4073
Urne 30min 1074 1575 2075 2574 3074 3573 4072
average, 1074 1574 2075 2574 3074 3573 4073
5min 701 772 1038 1065 1247 1586 855
USPE 30min 697 749 979 1016 1289 1494 701
average, 700 755 1004 1069 1273 1486 797

time

As we can see in Fig. 10, the absolute compensated applied potential vs. RHE seems to
decrease while the uncorrected applied potential is increased. The reasons are probably
that internal surface area has increased by wetting/restructuring and/or decrease of iR.
This is supported stark by drop in G@nd H,CO; registered for the largest current which
indicates a high CO2R rate. There is probably also lots of hydrogen being produced.

Figure 10: Converted and compensated applied potential values.
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B Gas Chromatography

The exhaust of ow cell was directed into the sampling loop of an Agilent 7890 gas
chromatograph (GC). Packed column Hayesep D was used to separate products. In order
to extract also products that would take an impractical large amount of time to elute from
the column, it was heated up in two steps, see appendix B.1. For the species identi cation,
we rely on some well-known (relative) retention times for this speci ¢ column, see B.2.
These can be put into absolutes and compared to species found.

B.1 Heating procedure

The heating protocol of the column started offlat= 70°C which was held for 3min.
A rst heating ramped followed with a rate of 40°C mihuntil T, = 125°C was reached
and held again for 2min. A nal rate with the same rate of 40°Cmibrought the
temperature up to a nal; = 200°C which was held for 40 min until the end of the
experiment.

Fig. 11 shows the temperature curve. The rst heating ramp startstafter 180s=
3min and ends aftetig = 2625s= 4:375min. The second heating ramp starts after
ton = 3825s= 6:375min and ends aftésg = 495s= 8:25min. Heating ends aftés =
2895s= 48:25min.

Figure 11: Heating protocol of the GC column used in the experiment.

The heating causes some of the polymers that make up the stationary phase to disintegrate
so they are detected by the PTR-MS. This happens continuously it only leads to a shift
of the signals' baselines that needs to be accounted for. This is shown exemplary for the
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CsH,O" trace which exhibits a clear two-step-plateau. Start and end are marked with
vertical lines at; = 3:4min,t, = 6:8min, andz = 48 min. This shows that - as expected -

the heating leads to an increase in detected counts per second with a slight delay of a few
seconds.

Figure 12: Signals forCsH,QO" trace (mrz= 59:05D3.

B.2 Documented retention times

Estimated (relative) retention times for the Hayesep D column are based on manufacturer
information and published chromatograms listed below.

1. https://www.vici.com/columns/r-index-d.php [50]
2. https://www.vici.com/hayesep/rettimes.php [51]
3. https://www.vici.com/hayesep/hsd_c11.php [52]
4. https://www.vici.com/columns/d-mix.php [53]

The rst listed reference contains the most data and is used as a reference for all the oth-
ers. In order to compare retention times across different sources (therefore experimental
conditions like temperature and carrier gas), a calibration is necessary. Data from the
three other sources was adjusted by picking two respective species that are also part of
the rst (or another already adjusted) data set and making sure their values match without
violating relative retention times within a data set. Tab. 4 shows documented (i.e. value
read from table or diagram) and adjusted values.
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Table 4: Relative retention times of different hydrocarbons for Hayesep D column com-
piled and adjusted from different sources, all given in seconds for better distinc-
tion. Documented values (“doc.”) are taken from tables or read from diagrams
in respective sources listed above. For the adjusted values (“adj.”), two species
highlighted in yellow are chosen for which adjusted values from another source
are available and all values from this source are linearly adjusted ( rst species
used to x intersection, the second for the slope).

compound Source 1| Source 2 Source 3 Source 4 result
doc. doc. adj.| doc. adj.| doc. ad;.
hydrogen 95 89 89
methane 100 102 100 107 100 100
air 54 88 88
acetylene 180 101 154 154 to 180
ethylene 184 366 166| 113 166 166 to 184
carbon dioxide 186 121 132 122| 121to 122
acetylene 348 161 161
ethane 200 504 200 200
methanol 284 284
propylene 290 235 290 290
propane 300 300
propadiene
propyne 304 304
acetaldehyde 335 335
isobutane 381 381
1-butene 389 347 404 389 to 404
1,3-butadiene 390 390
butane 400 400
trans-2-butene 400 400
acetonitrile 403 403
cis-2-butene 404 404
acetone 441 441
methylene chloride 451 451
isopentane 485 485
carbon monoxide 99 93 93
pentane 500 500
water 516 203 203
1-pentene 518 578 578
1-hexene 836 901 901
chloroform 543 543
ethyl acetate 560 560
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B.3 Absolute retention times

To help with species identi cation, the relative retention times compiled in appendix B.2
need to be adjusted to t the experimental conditions at hand. This is done for the three
different temperatures of the heating protocol discussed in appendix B.1. For each, a ref-
erence species is chosen the existence of which is certain: methane, ethylene, propylene.
In Tab. 5 the adjusted values are shown for each regime and compared to the retention
times measured in our experiment - in reality of course these values have partially helped
to actually identify these species as discussed in appendix D.

Table 5: Documented, adjusted, and measured retention times of relevant hydrocarbons,
all given in seconds for better distinction. For each section of the heating proto-
col, a calibration was made to t a reference species highlighted in yellow.

compound documenteﬂ adjusted to temperature  experiment
seeTab.4| T, T, T3 | Ungego = 3V

air 88 152

hydrogen 89 155

carbon monoxide 93 160 132

methane 99 172 173

carbon dioxide 121 246 231

acetylene 154 314

acetylene 159 324

ethylene 166 304 338

ethane 200 407

water 203 384

methanol 284 536 425

propylene 290 548 548

propane 300 567

propyne 304 574

acetaldehyde 335 633 628

propadiene 354 668

isobutane 381 720

1-butene 389 735 720

1,3-butadiene 390 737 730

butane 400 756

trans-2-butene 400 756 744

cis-2-butene 404 764 761

acetone 441 833 918

isopentane 485 916

pentane 500 945

ethyl acetate 560 1059 1397

1-pentene 578 1092 1026

1-hexene 901 1703
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C Methodology

Large amounts of data are generated during the experiment by the PTR-MS: Every second

of the experiment, counts for speci ¢ masses are registered and saved. These need to
be assigned to traces that can be then used for species identi cation and analysis. In

total, three main steps are necessary to identify species, isolate data associated with them
and calculate indicative measures for these species that can be displayed for the different
applied potentials:

1. Separation and export of traces
2. Assignment of traces and identi cation of species

3. Deconvolution of species' traces and data analysis

The work ow is illustrated in Fig. 13: A 3-dimensional data set (for each measurement)

is rst broken down into a number of discrete 2-dimensional data sets, see appendix C.1.
These are then split into smaller 2-dimensional data sets (along the time dimension) and
assigned to groups (species), see appendix C.3. Some post-processing is done to each
data set of each group to produce some measure of concentration or isotope fraction that
can be compared to the same measure from other experiments (or even other groups), see
appendix C.3.

Figure 13: General work ow of data analysis for GC-MS experiments conducted.
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C.1 Separation and Export

Original PTR-TOF-MS data was collected in cycles of 1s where detector signal was aver-
aged for each cycle period and recorded into a le. Consecutive collection of cycles was
further evaluated with the PTRMS Viewer software [54] in order to extract intensities of
each trace over time. Peaks were tted with Pseudo-Vougt function as it found to be most
accurate in simulating its areas. For the 7 main measurements conducted, 75 traces were
exported for further analysis. They are listed in Tab. 6 with their masses and the ion the
trace was based on. Each of them was selected for at least one of the following reasons:

» Clear peak was detected

» Known ionization product of common hydrocarbon
* |sotope of trace with large signal

» Keeping track of primary ions and water clusters

Table 6: List of all exported traces with their mass-to-charge ratio and the composition
of the ion this export was based on. Formulas refer to the most common isotopes
if not speci ed otherwise - then the exception applies to one of the atoms. All
traces with signal plateaus due to GC heating are highlighted, minor baseline
shifts in green and major ones in yellow.

m=z[Da] trace | m=z[Dal trace | mez[Da] trace
21:022 H;O" (O1s) 46037 GHsO" (Cyg) 73028 GHs0,"
26:016 GHy* 47.013 CHO,* 73.066 GHoO*
27.023 GHs* 47:049 GH;0" 77:060 GHyO,"
28.032 CzH4+ 48.052 CzH7O+ (013) 78.063 Q,H902+ (C13)
29:039 GHs* 53.040 GHs* _ GH;03"
31018 GHs" 550888  H/Os" 79:056 GH7*
31019 GH30" 55055 GH7* 79:075 GH110,"
33033 GHsO" 57.070 GHg* 83:049 GH;O"
33994 Q" (O1g) 58041 GHgO" 83.086 GH11"
34037 CHO" (C13) 59:050 GH;0O" 85:028 GHs0,"
37.028 HO,* 60:052 GH70" (Cya) 86:036 CGHeO2"
39:025 GH3s* 61029 GHs0," 87:045 GH70,"
40:.031 GH4* 61:065 GHgO* 89.058 CGHyO"
41:039 GHs* 63044 GH;0," 91:083 GH110,°
42:042 GHe" 63:008 CHOs"* 93.070 GHg*
43018 GH30" 64047 GH70," (Ci3) 97:101 GHis"
43.055 C3H7+ 64.011 Cl'b03+ (013) 101:060 C5H902+
cQ* 65.061 GHgO,* 103075 GH110,"
GH30" (C13) | 66:063 GHgoO," (Ci3) || 105091 GH130,"
44058 GH7" (Cia) 67:054 CGH30" 107:.070 CGH1,03"
44:998 CQH* 69:069 GHg* 107.088 GH11"
45.033 GHsO" 71:049 GH,0* 119086 GH11*
46.000 CQH"' (Cya) 71086 GH1,.*
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It is important to keep in mind that the traces will inevitably also include signals of other
ions with very similar masses. For example, the difference in mass between an an addi-
tional hydrogen atom and an additional neutron in one of the carbon atom@ @02 Da

and therefore beyond the resolution of our PTR-MS. Furthermore, shifting baseline sig-
nals due to GC heating (see appendix B.1) were observed for a majority of traces.

This is related to the reason why we did not use an available software tool such as AMDIS
for signal deconvolution and product identi cation. First of all, there is no extensive PTR-
TOF-MS database available. Furthermore, deconvolution needs to be done differently as
overlaps are observed on the mass as well as the time axis and while the TOF sensor can
actually discriminate between ions of very similar atomic mass units. Deconvolution of
different traces at similar times is not the main issue here but rather that of the same or
similar (overlapping) traces at similar times. Lastly, the subtraction of complex rising and
falling baselines due to GC heating other systemic effects needed to be done manually.

C.2 Species ldenti cation

After exporting the traces, their signals were analysed and peaks detected in an automated
fashion. For this, the signal data was smoothed by a moving average with a window
length of Dt = 10s. The derivative of the smoothed signal was then approximated by the
difference quotient. Based on detected baseline noise levels (via median signal values and
derivatives), different thresholds for smoothed signal and derivative were set as shown in
Fig. 14. When certain conditions were met, a peak was identi ed. For peak location the
time with the maximum smoothed signal value was chosen, peak boundaries were set at
the times signal and derivative fell below de ned thresholds again.

The example trace in Fig. 14 exhibits two plateaus due to GC heating as described in B.1.
For the peaks on different baselines, the signals can be separated into different temperature
regimes and re-processed separately if peak detection is unclear - which is not the case
here. Location of peaks and plateaus can be double-checked manually by looking at
cumulated signal counts - jumps constitute peaks and constant slopes constitute plateaus.

All detected peaks of all recorded traces were then clustered according to the time of peak
signal. A few notable time ranges emerged where for many traces peaks were recorded
for all applied potentials. For some other time ranges, only few peaks were recorded at
only some of the applied potentials. After elimination of some measurement artifacts, all
these time ranges correspond with one or more detected species.
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Figure 14: Exemplary peak detection f@;Hs" trace at Ujgngo = 3500mV, all gures
show experimental time in seconds on the x-axis. The top gure shows the
smoothed signal data in pink and its derivative in blue. The left y-axis refers
to the signal data and the green horizontal indicates the detected baseline
signal. The right y-axis refers to the derivative and the red horizontal lines
indicate expected noise boundaries. The detected peaks are numbered from
1-4 and their detected boundaries are indicated by black vertical lines. The
bottom left gure shows raw signals and their values from integration over the
detected boundaries. The bottom right gure shows the cumulated signal sum
compared to individual peak contributions.

These species are most likely products of the electrocatalytic reduction of carbon dioxide
and were identi ed (see appendix D) via one or multiple of these three benchmarks:

1. Comparison of the time at which a peak was detected to GC retention times given
by the manufacturer (compiled and adjusted, see appendix B.3) or veri ed by us
with pure substances

2. Comparison of traces peaking at the same time and their signal ratios with expected
ions and fragments according to SIFT studies (see appendix E.1.2) or from analogy
to similar species

3. Relative intensities of traces across applied potentials (compared to known species
in existing literature, e.g. [2])
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C.3 Species Analysis

After assigning all peaks of all traces to certain species (or times), the signals are inte-
grated within the determined boundaries of their peak. This integration is partially done
already as part of the species identi cation process described in C.2 but re-done for the
guantitative analysis. For a better separation of peaks as well as precise determination of
peak time, signals are rst smoothed via moving average as described before. The de-
tected baseline is subtracted from the signal subsequently, which not only helps remove
systematic errors (e.g. polymer disintegration from GC heating) but also separation of
overlapping signals of species with similar elution times. For this reason, the underlying
baseline was assumed to be a quadratic function from the boundary with the smaller sig-
nal value to the boundary with the larger signal value which results in the subtraction of

2=3min 1(t);1(t,) + 1=83max I(t);1(t;) from the signal within the de ned bound-

ariest; andt,. This is a suitable assumption since it removes a plateau ef ciently (sub-

tracted value will be close to linear average) as well as it deconvolutes overlapping peaks
as the arm of a Gaussian function close to the peak is approximated well by a quadratic
function. In a next step the signal |s integrated within these boundaries by summing up

the counts recorded for every secongd! (t) = é’j((ztzx)(tl) 1(X).

For the absolute values (counts) listed in D, we use a moving average of window length
Dt = 8s for the initial smoothing of the signal and an additional lemgth5 s for the lower

and upper boundaries to compute the baseline from mean \étues 1=tbé’1tjl= Xt 1) [(X)

andl(tp) = 1=tbétjz:+ ;b(tz) I(X). For anin-depth analysis of the data, additional post-processing
is necessary to satisfy the following requirements: First of all, some measure of accuracy
is needed (like standard deviation) which requires data sampling. Furthermore we need
relative values so data points can be compared with one another - for this, two slightly dif-
ferent work ows have been established: the rstin C.3.1 to calculate a relative Faradaic
Ef ciency for “internal” comparison (same trace or at least species across different applied
potentials) and the second in C.3.2 to calculate trace fractions for “external” comparison
(same applied potential across different traces or even species) and nally to compute a
measure of the Kinetic Isotope Effect.

C.3.1 Measure for Faradaic ef ciency

For FE we want to capture the full signal also in its width because for large concentrations
peaks do not only get more intense but also broader due to the GC column. The tabulated
signal integration values in D depend on the chosen parameters for post-processing, so
these need to be sampled calculating a measure of accuracy. As is shown in Fig. 15, the
post-processing of the signal is done many times for all possible combinations of window
length for moving average, exact boundary location in relation to the detected ranges, and
window length for baseline calculation at the boundaries. With over 1,000 data points
generated, statistical operations can be carried out with con dence on the distribution at
hand - speci cally, mean and standard deviations are calculated.
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Figure 15: Data analysis work ow for obtaining relative intensities across applied po-
tentials and speci cally a (relative) measure for Faradaic Ef ciencies.

Since exact rate constants for the PTR reactions are unavailable (see appendix E), we
cannot calculate species concentrations and therefore Faradaic Ef ciencies. A few steps
can be taken though to come up with at least a relative measure for Faradaic Ef cien-
cies fel FE): First, the integrated intensities are divided by the average current density
measured at the corresponding applied potential. This way, the effect of larger currents
leading to larger concentrations despite sinking (or stagnant) Faradaic Ef ciencies is re-
moved and we have a measure for CO2R sglectivity. In a second step, all these values
are normalized by dividing through the largedt=J as shown in Fig. 15. The resulting
relative Faradaic Ef ciencies now range from 0% to 100% (which is always the maxi-
mum) can now be compared between ions originating from the same species where they
should exhibit similar values. The curves of different species (CO2R products) can also
be compared to one another in a qualitative fashion.

C.3.2 Measure for trace ratios

In order to quantify KIE but also the product ratios of proton transfer reactions in the PTR-
MS (see appendix E), fractions of trace signals need to be calculated. In this case, using
the full integrated signal between the detected boundaries would introduce a larger error
due to the small signal of some minor traces and related higher noise levels further away
from the peak. Since the calculation of fractions within the same experiment does not
depend on the full range of the signal, we can use smaller ranges by sampling boundaries
close to the actual peak location as shown in Fig. 16. While the window length for moving
average smoothing is set constabit£ 8s, the baseline values at the boundaries used for
deconvolution and noise subtraction are mean values from sampling close to the detected
signal boundaries. With 1,000 integration ranges close to the peak location then being
sampled and fractions of integrated signal calculated, statistical operations can be carried
out with con dence on the distribution at hand - speci cally, mean and standard deviations
are calculated.
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