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e electrocatalytic oxidation of
propionic acid for the sustainable production of
ethylene†

Andrea Angulo, Carolina Elizarraras, Ju Hee Shin, Alexandra van Riel,
Toshihiro Akashige and Miguel Modestino *

The need for the chemical industry to transition to renewable energy sources to achieve industrial

decarbonization has propelled the study of alternative production pathways for important chemicals.

Thermochemical ethylene production is one of the most significant contributors to greenhouse gas

emissions. In this paper, we explore the electrochemical oxidation of propionic acid, a component of

aqueous waste from a hydrothermal liquefaction process, as an alternative pathway for ethylene

production. We investigate the effect of initial substrate concentration, operating current density, and

electrolyte pH on faradaic efficiency towards ethylene and other reaction products. Our results show

that a faradaic efficiency of >50% towards ethylene production can be achieved for initial substrate

concentrations above 2 M, with an increase in initial concentration leading to an increase in faradaic

efficiency towards ethylene. We also demonstrate how the distribution of organic products remained

unaffected within the range of current density evaluated (20–95 mA cm−2). Finally, our results show how

operating at electrolyte pH above the pKa of propionic acid favors the oxidation of propionic acid over

the parasitic oxygen evolution reaction. This study provides valuable insights into the effect of electrolyte

composition and electrochemical conditions on the electrocatalytic oxidation of propionic acid and its

competition with oxygen evolution in aqueous electrolytes.
Sustainability spotlight

Ethylene, one of the most important building blocks of the chemical industry, is currently manufactured from fossil feedstocks, and its production accounts for
approximately 10% of the industry's total energy consumption, contributing to over 150 million metric tons of CO2 emissions. In this study, we explore an
alternative electrochemical production method for ethylene, which sources its feedstock, propionic acid, from sustainable biomass waste streams. Furthermore,
powering this process directly with renewable electricity would result in substantial emission reductions in one of the most carbon-intensive processes in the
chemical industry. The results presented in this work provide fundamental design guidelines for electrolytes and electrochemical reactor operation strategies
that lead to high ethylene selectivity and production rates, approaching performance metrics relevant to practical implementation. The deployment of this
electrochemical process in the chemical industry would help support the UN Sustainable Development Goals number 12 by promoting sustainable production
of chemicals, and number 13 by reducing the carbon intensity of ethylene manufacturing and helping to combat climate change.
Introduction

The chemical industry contributes to 7% of the world's green-
house gas (GHG) emissions arising primarily from the use of
fossil fuel combustion to power chemical processes.1,2 To ach-
ieve industrial decarbonization, the industry needs to transition
to renewable energy sources and integrate them with chemical
manufacturing processes. Amongst the chemicals with the
highest decarbonization potential, ethylene stands out as the
ular Engineering, Tandon School of

trotech Ct, Brooklyn, NY 11201, USA.

tion (ESI) available. See DOI:

70–2276
product with the highest global annual production volume
(>150 MMT per year).3 Nearly all of it is produced via steam
cracking, which is an energy-intensive process that involves
injecting ethane or naphtha with hot steam into a reactor and
heating it to 850–950 °C to cleave and transform C–H and C–C
bonds.4–6 Conversion yields are limited to 40–50% since
multiple competing reactions produce a wide range of products,
which must be separated via cryogenic distillation.7,8 Ethylene
production alone is responsible for 126 MMT of CO2 emissions
per year.8,9

Several alternative production pathways for ethylene
production have been studied, including plasma catalytic
conversion of methane to ethylene,10,11 low temperature elec-
trolysis of carbon dioxide to ethylene,12,13 solid oxide electrol-
ysis,14 ethanol dehydration,15,16 and more recently, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Possible reaction pathways during the electrooxidation of
PA.
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electrochemical oxidation of aqueous waste from a hydro-
thermal liquefaction (HTL) process aer stream via non-Kolbe
electrolysis.17–21

HTL processes can transform biomass waste into biogas,
hydrochar and an aqueous waste stream rich in carboxylic
acids.22–24 Approximately ∼5–25% of the carbon content in
biomass waste remains in the carboxylic acid-rich aqueous
waste stream which can be upgraded into high value chemical
products upon pre-treatment.25,26 An illustration of this process
is shown in Fig. 1. Lopez-Ruiz and coauthors studied the elec-
trochemical valorization of a HTL waste stream into H2 and
hydrocarbons. They studied the electrocatalytic oxidation of
individual carboxylic acids into alcohols, olens and paraffins
via (non-)Kolbe electrolysis, and demonstrated conversion of
propionic acid (PA) into ethylene with a faradaic efficiency (FE)
of ∼24%. In another study, Pichler et al. investigated the elec-
trochemical oxidation of succinic acid derived from food waste
to generate ethylene, utilizing a range of carbon-based catalysts.
They achieved faradaic efficiencies of up to 27.5% using
a graphite catalyst. Furthermore, the authors conducted
a comparative analysis with the electrochemical oxidation of
propionic acid to produce ethylene, yielding results of compa-
rable magnitude.27

A proposed reaction mechanism for the electrocatalytic
conversion of PA to ethylene is presented in Scheme 1. The
reaction starts by the electrochemical oxidation of deprotonated
PA molecules, leading to a single electron transfer event
(Scheme 1, step 1) and the formation of a carboxyl radical. This
radical then undergoes decarboxylation, yielding a CO2 mole-
cule and an alkyl radical (Scheme 1, step 2). The alkyl radical
can react with another alkyl radical through a disproportion-
ation reaction, forming one molecule of ethylene and one
molecule of ethane (Scheme 1, step 3), or through a radical
coupling reaction forming butane, oen referred as the Kolbe
product (Scheme 1, step 4). Alternatively, the alkyl radical can
suffer a second single electron transfer forming an ethyl cation
(Scheme 1, step 5). The cation can lose a proton via b-H-
elimination, forming the non-Kolbe product, ethylene
Fig. 1 Schematic representation of the process through which
ethylene can be produced from biomass waste. When biomass is
subjected to HTL to produce biofuels along with a waste stream rich in
carboxylic acids, including PA, which under the presence of an
oxidative potential can be transformed into ethylene via non-Kolbe
electrolysis.

© 2023 The Author(s). Published by the Royal Society of Chemistry
(Scheme 1, step 6) or it can react with a water molecule forming
ethanol, the Hoefer–Moest product (Scheme 1, step 7). Ethanol
can further oxidize at the anode into acetaldehyde and subse-
quently into acetic acid (Scheme 1, steps 8 and 9). Finally, the
ethyl cation can also react with the deprotonated form of PA,
yielding ethyl propanoate (Scheme 1, step 10).17,19,28 The ester
can also be obtained via the esterication reaction of ethanol
and PA.28,29 Additionally, if using aqueous electrolytes, oxygen
evolution also takes place at the anode as a parasitic reac-
tion.17,19 The reaction mechanism of the electrocatalytic oxida-
tion of PA as well as its competition with oxygen evolution in
aqueous electrolyte have found to be strongly inuenced by the
concentration of the reactant and intermediates in the micro-
environment near the electrode surface.19,28 This local environ-
ment is inuenced by initial substrate concentration, electrolyte
pH, current density and potential, the nature of the catalyst and
additional electrolyte components. Building in the previous
demonstration of the production of ethylene from biomass HTL
waste,17 here we developed a systematic study where we further
explored the effects of electrolyte composition and electro-
chemical environment on the electrocatalytic oxidation of PA
for ethylene production. Our study was performed using a batch
reactor with an anodic and cathodic chamber divided by
a Naon® membrane to avoid organic reactions at the cathode,
Fig. 2 Faradaic efficiency (FE) and partial current density (ji) for (a)
major and (b) minor propionic acid oxidation products as a function of
initial substrate concentration [PA]0. All experiments were performed
at a constant overall current density of j = 45 mA cm−2, and the
electrolyte pH0 was kept at 7± 0.2. The total reaction timewas 52min.
The reaction volume was 14 mL, and the initial electrolyte mixture was
kept at room temperature.
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Fig. 3 Faradaic efficiency (FE) for the different propionic acid oxida-
tion (a) major and (b) minor products, as well as oxygen as a function
current density j, for [PA]0 = 2 M. Production rate for the different
propionic acid oxidation (c) major and (d) minor products, as well as
oxygen as a function current density j. Electrolyte pH0 was 7± 0.2. The
reaction volume was 14 mL. Experiments performed in a divided H-
cell, using Nafion® as a proton exchange. Electrolyte was Na3PO4

0.5 M and the initial electrolyte mixture was kept at room temperature.
The reaction time of each experiment was selected to maintain the
total charge transferred constant for the different current densities,
and they were 116, 52, 34 and 25 min for j = 20, 45, 70, 95 mA cm−2

respectively. A cold trap was implemented downstream of the gas
effluent to condense any liquid products evaporated during the
reaction.

Fig. 4 Faradaic efficiency (FE) for the different propionic acid oxida-
tion (a) major and (b) minor products, as well as oxygen as a function
current density j, for [PA]0 = 6 M. Production rate for the different
propionic acid oxidation (c) major and (d) minor products, as well as
oxygen as a function current density j. Electrolyte pH0 was 7± 0.2. The
reaction volume was 14 mL. Experiments performed in a divided H-
cell, using Nafion® as a proton exchange. Electrolyte was Na3PO4

0.5 M and the initial electrolyte mixture was kept at room temperature.
The reaction time of each experiment was selected to maintain the
total charge transferred constant for the different current densities,
and they were 116, 52, 34 and 25 min for j = 20, 45, 70, 95 mA cm−2

respectively. A cold trap was implemented downstream of the gas
effluent to condense any liquid products evaporated during the
reaction.

Fig. 5 Faradaic efficiency (FE) and partial current density (ji) for the
different PA oxidation (a) major and (b) minor products, as well as
oxygen as a function of initial electrolyte pH. j= 45mA cm−2, [PA]0 was
2 M. Experiments performed in a divided H-cell, using Nafion® as
a proton exchange. Electrolyte was Na3PO4 0.5 M and the initial
electrolyte mixture was kept at room temperature. The total reaction
time was 52 min. The reaction volume was 14 mL.
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and used Pt electrodes as they have been proven to be suitable
for ethylene production from PA.17 We investigated the effects of
initial substrate concentration, operational current density, and
initial electrolyte pH on the ethylene production, and identied
a set of conditions that yielded faradaic efficiency towards
ethylene of >50%.

Results and discussions
Effect of initial substrate concentration

To study the effect of initial PA concentration on FE towards
ethylene, we prepared solution of different PA concentrations,
ranging from 0.3 M up to 6.0 M and in each case adjusting the
initial pH to 7.0 ± 0.2 and maintaining the operating current
density at 45 mA cm−2. All these solutions were prepared
maintaining a 0.5 M concentration of Na3PO4 as buffering
supporting electrolyte. It is important to point out that under
the present operation conditions, the half-cell potential is
maintained above the oxidation potential of Pt, which is 1.5 V
vs. RHE, and several stable oxide layers are expected to form on
the electrode.30 Fig. 2 shows the distribution of the products
detected, as well as their production rates in terms of partial
current density. Among the major products, we nd ethylene,
oxygen, and ethanol (Fig. 2a), and acetic acid, acetaldehyde and
ethane are detected in smaller quantities (Fig. 2b). As the initial
2272 | RSC Sustainability, 2023, 1, 2270–2276
substrate concentration [PA]0 increases, the oxygen evolution
reaction (OER) becomes inhibited while the faradaic efficiency
for the organic products increases, which can be attributed to
an increase in concentration of the deprotonated acid [PA−]
near the electrode surface and a local decrease in the concen-
tration of water, which favors the production of organic prod-
ucts. Our results also show that within the organic products, the
FE towards ethylene, increases when [PA]0 is increased from
0.3 M to 2.0 M, reaching values of up to 51% which plateau at
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 H-cell reactor design.

Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/4
/2

02
6 

2:
58

:2
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
higher concentrations. For this reason, the experiments in the
following sections were carried out with [PA]0 of 2.0 M. Beyond
ethylene, the most abundant organic product is ethanol, which
is produced through the Hofer–Moest reaction (Scheme 1, step
7), when [PA]0 increases from 0.3 M to 1.1 M, ethanol formation
is promoted at the same rate than ethylene and other organic
products, from 10% to 23%, due to the higher concentration of
organic molecules near the electrode. Beyond 1.1 M, the FE
towards ethanol starts to decrease again, from 23% to 12%, as
the [PA]0 is further increased to up to 6 M which, which can be
attributed to a decrease in water molecules near the electrode
surface (the bulk water concentration decreasing from 51 M at
[PA]0 of 1.1 to 31 M at a [PA]0 of 6 M), reducing the electrode
coverage by hydroxyl ions inhibiting the Hofer–Moest reaction.
Additionally, the negatively charged propionate ions are likely
to increase their concentration in the electrical double layer
(EDL) and displace water at the electrode/electrolyte interface.

When [PA]0 is increased to 6 M the FE of ethane increases
from 1.1% to 5.6% (Fig. 2b), which means that at higher initial
substrate concentrations, the single-electron reaction of
disproportionation is being favored. A higher bulk concentra-
tion of the substrate will occupy a larger amount of adsorption
sites on the electrode surface over the hydroxyl ions, and it will
proportionally increase reaction rates of the disproportionation
reaction.31 This result suggests that although the total amount
of ethylene produced at [PA]0 6 M is approximately the same as
for 2 and 3 M, about 5% of ethylene can be attributed to the
disproportionation reaction mechanism and not to the non-
Kolbe reaction alone. Under the highest substrate concentra-
tions evaluated, 6 M, the ester product, ethyl propionate, was
detected for the rst time, with a FE of around 5%. This can also
be attributed to an increase in [PA−] in the electrolyte which also
increases the probability of this molecule to combine with an
ethyl cation in the bulk, favoring the formation of the ester
product.

Notably, the Kolbe product, butane, was not detected under
the conditions evaluated so far. This can be attributed to two
factors. First, the Kolbe dimerization has been reported to be
© 2023 The Author(s). Published by the Royal Society of Chemistry
favored at much higher current densities, within a range of 250
to 1000mA cm−2.18,19,31,32 A higher current density and therefore,
electrode potential, will increase the electrode surface coverage
of the organic radicals, and the rate of dimerization is propor-
tional to the concentration of the alkyl radical per unit area of
the electrode surface. Secondly, it has also been demonstrated
that the shorter the chain of the carboxylic acid, the higher the
yield towards the two electron reactions (non-Kolbe and Hoe-
fer–Moest product) over the single-electron reaction (Kolbe
dimerization and disproportionation) which might be due to
the relatively lower stabilities of the alkyl radical in shorter
chains.32,33 Even at high concentrations of the substrate, these
two factors prevent the formation of butane. It remains unclear
why the disproportionation reaction is observed and the
dimerization reaction is not. This could be explained by
differences in the reaction kinetics of both pathways or the
nature of the reactions (whether they are either of heteroge-
neous or homogeneous nature).
Effect of operating current density

In this section, we explore the effects of operating current
density in the distribution of products. Current density was
varied from j = 20 to 95 mA cm−2. Current density affects
surface potential and the rate at which reactants are consumed
electrochemically, and depending on the reaction kinetics, can
affect the product distribution. Previous studies have shown
that current densities below 100 mA cm−2 favor the formation
of non-Kolbe products vs. Kolbe products, as higher currents
increase the electrode surface coverage by the alkyl radical
promoting the single-electron reactions.17 For the experiments
presented in this section, the electrolyte pH was kept at 7.0 ±

0.2 and [PA]0 at 2 M. Fig. 3a and b show the FE for all of the
major and minor products detected. In Fig. 3a, it can be
observed that as current density increases beyond 20 mA cm−2,
the ethylene FE is maintained at ∼50% and the ethanol FE at
∼21%. In contrast, the oxygen FE increases with current density
for values >45 mA cm−2, which is likely due to the depletion of
PA− molecules near the electrode surface at higher reaction
rates which enhances the local water concentration leading to
higher OER rates. As for the rest of the organic products
(Fig. 2b), FE of acetic acid, acetaldehyde, ethyl propionate and
acetaldehyde does not change signicantly with current density
(<1%) which implies that the organic reaction is not sensitive to
the operating current density within the range evaluated. It can
also be noted that by keeping [PA]0 at 2 M, butane production
remained inhibited and ethane production remained negli-
gible, for the same reasons discussed in the previous section.
For all the current densities studied, the anode potentials were
measured to be within 2.6 and 4.4 V vs. RHE, which is consistent
with the literature17,31–33 (see ESI†). Interestingly, within the
range of current densities evaluated, the half-cell potential
appeared to slightly decrease with increasing current between
20 and 45 mA cm−2, which can be attributed to an increase in
the electrolyte temperature at higher current density due to the
increased ohmic losses and leading to a reduction of reaction
overpotentials.
RSC Sustainability, 2023, 1, 2270–2276 | 2273
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Overall operating current density affects not only the distri-
bution of products but also the net production rates of each
species, which is an important measure of reactor performance.
Fig. 3c and d show production rates for each species. An
increase in current density, while not affecting the FE of
ethylene signicantly, linearly increases its production rate.
Notably, the production rate for ethylene increases at a higher
rate than the production rate for oxygen. These results suggest
that it might be benecial to operate at higher current densities
to maximize ethylene production, even if the distribution of
products is not affected signicantly. Under the conditions
evaluated in this study, we demonstrated that it is possible to
achieve ethylene production rates of up to 8.8 × 10−4 mol h−1

cm−2 or 0.59 kg per day per cm2.
Given the results shown on Fig. 2 where we observed

important changes in product distribution at [PA]0 6 M, we were
interested in exploring the effect of operating at a higher current
density with this initial substrate concentration. These results
are presented in Fig. 4, where we found that for values of j > 45
mA cm−2 the Kolbe reaction starts to take place, resulting in
a FE for butane of∼5%. Under these conditions, both the initial
substrate concentration and the increase in current density
improve the electrode surface coverage of the alkyl radical, and
this coverage has been found to be proportional to the reaction
rate of the dimerization. These observations are consistent with
those observed in previous studies,17 and suggest that the faster
production rates for ethyl radical production can promote their
coupling and increase the production rate of butane. In
contrast, the ethane FE, which is produced via a radical–radical
disproportionation reaction, does not vary signicantly which
again has to do with the difference in the reaction kinetics of
each pathway. It is also notable that the FE for ethylene
decreases by 5% when the current is increased from 45 to 90 mA
cm−2, which is roughly the same amount in which the FE for
butane is increasing, and since two electrons are required to
form one molecule of ethylene and one molecule of butane, it
can be concluded that the Kolbe reaction is now capturing those
electrons that were previously destined for the non-Kolbe
reaction. Nonetheless, while FE for ethylene decreases by 5%
when current density is increased from 45 to 95 mA cm−2, its
production rate increased from 4.4 × 10−4 mol h−1 cm−2 to
8.5 mol h−1 cm−2.
Effect of electrolyte pH

The pH of the electrolyte determines the equilibrium between
PA and PA− at the electrode interfaces which affects the relative
rates towards each reaction pathway.19 Operating with a pH
above the pKa of the acid is expected to favor the organic reac-
tion, which for PA has a value of 4.87.34 Moreover, slightly basic
pH values have been observed to favor the formation of the
carbocation through the second electron transfer in (non-)Kolbe
reactions.19 Fig. 5 shows product distribution in terms of FE for
different electrolyte pHs. Starting with an initial pH of 4 (where
most of the PA molecules are protonated), it is noticeable that
the OER is favored over the organic reactions, but once the pH is
increased to 7 and 10, the distribution toward the organic
2274 | RSC Sustainability, 2023, 1, 2270–2276
products, and to ethylene in particular, greatly improves. It is
important to consider that since we were using a batch reactor,
the pH decreased over time due to the increase in H+ given by
the proposed b-H elimination of the ethyl cation (Scheme 1,
step 6), the oxidation of ethanol and acetaldehyde (Scheme 1,
steps 8 and 9) and/or the OER. At the end of the 50 min
experimental runs, pH values were 2.9, 6.0 and 6.5 for initial pH
values of 4, 7 and 10 respectively. This decrease of pH in time
will shi the equilibrium of [PA] vs. [PA−] towards the non-
deprotonated acid promoting oxygen evolution causing for the
production rates of the organic products to decrease over time.
Using ow reactors where the electrolyte is constantly being
replenished can provide an opportunity to operate at steady pH
values and potentially improve ethylene production rates.

Conclusions

This study investigated the effect PA concentration, operating
current density and electrolyte pH on FE towards ethylene and
other organic byproducts. Our results show that as the initial
substrate concentration increased from 0.3 M to 2 M, the
ethylene FE increased from 20% to 51%, while FE towards
oxygen decreases from 48.9% to 8.0%. However, when the
initial substrate concentration was increased to 6 M, the
distribution of organic products changed signicantly with an
increase in ethane, butane and ethyl propionate FEs. The
overall operating current density was found to have no signi-
cant effect in ethylene FE, resulting in a monotonic increase in
ethylene production rates with current density. At a higher
current density of 95 mA cm−2 with a 6 M initial PA concen-
tration, our results demonstrated that the product distribution
changed substantially, resulting in an increased FE towards
ethane and butane, and an inhibited production of ethyl
propionate. The pH of the electrolyte was proven to have
a signicant impact on the product distribution, favoring the
organic reaction over OER when initial pH was higher than the
pKa of PA. In summary, this study provides general guidelines
for electrolyte formulation and electrochemical conditions that
control the electrocatalytic oxidation of PA to ethylene,
improving the performance of this alternative production route
for one of the most important building blocks of the chemical
industry. The insights presented in our study can help to ach-
ieve green chemistry advances in the production of ethylene by
providing a path for bio-derived plastic precursors that valorizes
a waste stream from HTL of biomass, and by potentially inte-
grating renewable electricity into chemical production.
Achieving these advances would require future research aimed
at overcoming technological barriers to achieve high ethylene
selectivity and production rates at lower overpotentials and
identifying alternative earth-abundant catalysts that are stable
under PA electrocatalytic oxidation conditions.

Experimental methods
Materials

All chemicals were purchased from Sigma Aldrich, including
propionic acid ($99.5%), sodium phosphate, sodium hydroxide
© 2023 The Author(s). Published by the Royal Society of Chemistry
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($97%), formic acid (98–100%), ethanol ($99.5%), ethyl
propionate (99%), acetic acid (99.7%) and sulfuric acid (95–
97%). A standard gas hydrocarbon mixture containing 1%
butane (99.99%), 1% ethylene (99.99%), 1% ethane (99.99%),
1% propane (99.99%), 1% propylene (99.95%), 1% CO2
(99.999%) and 1% CO (99.99%) in nitrogen (99.999%) was
purchased from Advance Specialty Gases for gas chromatog-
raphy calibration. Platinum foil (99.95% metal basis) of thick-
ness 0.125–0.135 mm used for the anode was also purchased
from Sigma Aldrich, and Platinum gauze (99.95% metal basis)
used as the cathode was purchased from VWR.

The anolyte consisted of 0.5 M electrolyte solution with
propionic acid added before every experiment in sufficient
quantities to achieve the desired concentration (0.3–6 M), aer
which sodium hydroxide or phosphoric acid was added for pH
adjustment to a desired value (4, 7 or 10). A total concentration
of phosphate ions (including PO4

3−, HPO4
2−, H2PO4

−) at 0.5 M.
The catholyte consisted of a 1M solution of sulfuric acid. Naon
117 purchased from the Fuel Cell Store was used to separate the
cathodic and anodic chambers.

Electrochemical characterization

A three-electrode setup was used to study the effect of initial
substrate concentration [PA]0, current density j and initial pH.
The electrodes consisted of a piece of Pt foil of dimensions
1.5 cm × 1.5 cm for the anode, Pt mesh of dimensions 2 cm ×

2 cm as the cathode and a Ag/AgCl reference electrode. Elec-
trochemical Impedance Spectroscopy (EIS) and Chro-
nopotentiometry (CP) experiments were performed using
a BioLogic VSP-300 potentiostat equipped with a ±1 A/±48 V
booster. CP were carried out by setting the desired current and
the time duration was set as to maintain the total charge
transferred constant along the different current densities eval-
uated. The durations were 116, 52, 34 and 25 min for j = 20, 45,
70, 95 mA cm−2 respectively. EIS was used to characterize the
resistance of the cell and correct the electrode potential for iR
losses.

Reactor setup

All experiments were performed in an H-cell fabricated using
a Stratasys® Objet30 3D printer, and with VeroClear resin as
printing material (Fig. 6). The cathode and anode sides were
separated by a Naon 117 membrane. The anode side was
sealed to the atmosphere and equipped with a nitrogen purge to
aid in the collection of gas products. Nitrogen was owed at
a rate of 10 sccm into the reactor. For the experiments in the
Effect of Current Density section, since operating at higher
current densities caused the temperature in the electrolyte to
increase as a cause of ohmic heating, a cold trap was incorpo-
rated downstream the nitrogen and gas products to condense
any evaporated products. Gas products were collected using
a Tedlar sample bag.

Product analysis

The gas products were identied and quantied by gas chro-
matography using an Agilent 990 Micro GC equipped with
© 2023 The Author(s). Published by the Royal Society of Chemistry
a MolSieve 5A column (channel 1) and a PoraPLOT Q column
(channel 2). Acquisition parameters for channel 1 were: injec-
tion temperature 110 °C, injection time 80 ms, column
temperature 80 °C, carrier gas He, run time 300 s. Acquisition
parameters for channel 2 were injection temperature 110 °C,
injection time 200 ms, column temperature 70 °C, carrier gas
He, run time 300 s. A standard gas mixture containing CO2,
ethylene, ethane, butane and other hydrocarbons was used as
a reference. The liquid products were analyzed via H1NMR
using a Bruker AV4-500 nuclear magnetic resonance (NMR)
spectrometer with a delay time of 10 s, 16 scans per measure-
ment and without solvent suppression. The samples consisted
of 90% anolyte and 10% D2O. Sodium formate was added to all
NMR samples as a standard reference at a nal concentration of
0.3 M for product quantication. For the case of acetic acid
quantication, an adjustment was made to the peak area
measured during H-NMR due to the presence of what appeared
to be acetic acid contamination of the PA purchased. Details on
this adjustment is included in the ESI.†

Faradaic efficiency calculations

Once the nal amount of each product was determined, the FE
was calculated for each j species as:

FEi ¼ niFzi

Q

were nj is the number of moles of species i, F is Faraday's
constant, zi is the number of electrons transferred in the
formation of a molecule of the species i, and Q is the total
charge transferred.
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