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The decarboxylation (of mixtures) of short-chain carboxylic acids (C, and Cs) on oxidized platinum anodes
was investigated using constant current and galvanic square-wave pulse electrolysis. At constant current,
a high ethylene to ethane product ratio indicates that propionate is the substrate of preferential
decarboxylation in propionate/acetate mixtures, depending on the feed ratio. The specificity of (oxidized)
Pt electrodes towards Cs decarboxylation can be further enhanced by the application of cathodic and
anodic pulses. The application of relatively long cathodic pulses and very short anodic pulses has been
demonstrated to facilitate the formation of high ethylene to ethane ratio product mixtures, which are
higher than those obtained under constant current conditions. In particular, extended cathodic pulses
have been observed to enhance the faradaic efficiency towards oxygen and to reduce carboxylate
conversion. Based on isotherm and RRDE data, we propose that the selectivity for propionate is
attributable to a higher affinity for the oxidized Pt electrode, which is further enhanced by cathodic and
anodic pulses. The use of galvanic square wave-pulse electrolysis thus offers a promising pathway for
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Introduction

Replacement of fossil resources by biomass for the synthesis of
fuels and chemicals can significantly contribute to reaching the
climate targets set by the European Commission by 2050."
Industrial efforts to optimize the use of biomass-derived carbon
are rapidly maturing, resulting in an increased availability of
bio-based liquids.** Although research and development have
led to advancement in biomass liquefaction technologies,* the
quality of these liquids is still fairly poor and requires upgrad-
ing before processing in a refinery is feasible. As large scale
traditional upgrading of bio-based liquids is energy intensive,
alternatively electrochemical processes are developed to
improve bioliquid quality and hence establish a circular and
bio-based economy.® In particular Kolbe electrolysis using Pt
electrodes receives increased attention to convert bio-derived
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acids and to upgrade pyrolysis oil and make it suitable for the
production of fuels and chemicals.®

The effect of reaction conditions on performance of (Pt)
electrodes has been frequently studied and a broad substrate
scope has been evaluated. Nevertheless, a vast majority of
studies examines electrolyte solutions containing single
(complex) carboxylic acids in often non-aqueous solvents such
as acetonitrile, dimethylformamide or methanol, containing
supporting electrolytes like sodium sulphate to increase elec-
trical conductivity.”™* Utilization of bio-based liquids - such as
the water-soluble fraction of pyrolysis oil - in refineries likely
requires treatment of concentrated aqueous solutions of
mixtures with a high content of short-chain carboxylic acids,
with acetic acid (C, acid) and propionic acid (C; acid) repre-
senting up to 30% of the acid content."*

Recent work from Angulo et al. studied the effect of elec-
trolyte composition and operating current density on the
product distribution during the electrochemical oxidation of
propionic acid in aqueous media using Pt electrodes.™ They
showed that high faradaic efficiency (>50%) towards ethylene
was obtained, while butane (the Kolbe product) was not detec-
ted being in agreement with earlier work of Levy and Sanderson
investigating the electrochemical oxidation of (mixtures of)
short-chain n-alkanoic acids (C3-C¢) in aqueous media.*>*
Interestingly, the earlier work of Levy and Sanderson indicated
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that the decarboxylation of C; acid results in butane formation
exclusively in the presence of hexanoic acid (Cs acid).**® Klocke
et al.,” studied the influence of carboxylic acid chain length
during anodic decarboxylation of 3-oxanonanoic acid and 3-
oxapentadecanoic acid in methanol confirming favourable
formation of (cross-) coupling products in the presence of
a carboxylic acid with a longer chain length. They attributed this
phenomenon to enhanced interaction of longer chain acids
with the electrode surface. A recent work by Neubert et al.*®
investigated the (hetero-) coupling (of mixtures) of C,, C¢ and Cg
acids for bio-fuel production purposes. Overall, the results of
the extensive analysis of product distributions and acid
conversion suggest a high substrate specificity for Cs acid when
non-equimolar mixtures of C4, Cs and Cg are present in the feed
(approximately 60% of the total conversion is assigned to Ce
acid decarboxylation). These three studies mainly discuss the
product selectivity in mixtures of long chain carboxylic acids,
while decarboxylation of mixtures of small molecules (C, or Cs;)
was not examined in detail. Moreover, constant-current or
constant potential conditions were used to evaluate acid
decarboxylation.

Recently pulsed electrolysis emerged as an interesting
alternative to improve reactivity and selectivity for many
synthetic organic electrochemical reactions.”** In fact, pulsed
electrolysis was already used by Hickling and Wilkins to inves-
tigate dimer formation during anodic decarboxylation of C,
acid.” Negative current pulses were found to interfere with
dimer production, and instead permit oxygen evolution to the
expense of an overall lower reactant conversion.” Hioki et al.*®
used rapid alternating polarity instead of classical direct current
measurements highlighting that both product selectivity and
reactant conversion for a wide range of carboxylic acids,
including biomass-derived acids, are positively affected. The
favourable performance was explained by a lower local acidifi-
cation at the electrode surface resulting in a higher concentra-
tion of deprotonated acids (required for the decarboxylation
process). Clearly pulsed electrolysis has recently been revealed
to provide means to enable electrolysis with unprecedented
conversion and selectivity.

In this study, we discuss decarboxylation of mixtures of
short-chain carboxylic acids (C, and C;) using constant current
and galvanic square-wave pulse electrolysis. It is shown that C;
is the preferred substrate for conversion using (oxidized) Pt
electrodes, and that using galvanic square-wave pulsed elec-
trolysis is a means to enhance this substrate specificity of C;
over C,. We will explain the observations by considering
adsorption isotherms of (deprotonated) acids on Pt (oxide)
surfaces and rotating-ring disk measurements. Methods to
enhance the efficient and selective conversion of bio-derived
acids via mixed Kolbe electrolysis are discussed in relation to
its economic viability for the production of fuels and chemicals.

Experimental
Materials and chemicals

Platinum foil (0.025 mm thick, 99.9% pure, Alfa Aesar), plati-
nized titanium mesh (Magneto Special Anodes B.V.), and a Pt
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ring-disk electrode (Metrohm) were used. Nitric acid (ACS
reagent, 70%), acetic acid (glacial, ReagentPlus®, >99%),
sodium acetate (ACS reagent, >99.0%), propionic acid (ACS
reagent, =99.5%), sodium propionate (=99.0%), hexanoic acid
(=99%) and sodium hydroxide (reagent grade, >97%) were used
as purchased from Sigma Aldrich without purification. Ethanol
(technical grade, BOOM BV) was used for cleaning purposes.
Ultrapure water (18.2 MQ cm™ ', from a Millipore, Milli-Q
Advantage A10) was used as solvent.

Electrochemical measurements and product analysis

All measurements were performed in a single compartment
three electrode glass cell (100 mL) equipped with a platinum foil
working electrode (0.8 cm” geometric area), a platinized tita-
nium mesh counter electrode (6 cm> geometric area) and a Ag/
AgCl (3 M NacCl, ProSense) reference electrode connected to
a Biologic VMP3 Potentiostat. A custom-made Teflon electrode
holder was used to cover the backside of the working electrode
and to establish a defined exposed electrode area. Two needle
ports used as gas inlet and outlet, respectively enabled contin-
uous purging of the glass cell and were used for the detection of
gaseous products by gas chromatography. Prior to each exper-
iment the glass cell, working-, and counter electrode were
cleaned with 10% nitric acid and Milli-Q water to remove
organic residues. The electrolyte in mixed Kolbe electrolysis
experiments always consisted of a total acid concentration of
1 M. The pH of the electrolyte was adjusted to pH 5. The acid
ratio of acetic and propionic acid was varied by adjusting the
concentrations of the acids. The freshly prepared electrolyte (70
mL) was deoxygenated using 30 mL min~' Helium (>5.0).
Electrochemical cleaning of the Pt working electrode was per-
formed using cyclic voltammetry at a scan rate of 200 mV s '
after which cyclic voltammograms at 100 and 50 mV s~ were
recorded. Unless mentioned otherwise, potentials were not
corrected for ohmic drop, preventing artefacts caused by over-
compensation. If not stated otherwise, results are presented
against the RHE scale, calculated according to the following
equation:

Erug = Eagagar +0.059 pH + E%g/AgCl 1)

where Eng/agcr is the measured potential and EAg/Agclo is the Ag/
AgCl (3 M NaCl) reference electrode potential (+0.210 V). The
stability of the RE was frequently determined using a calibrated
master reference electrode (Ag/AgCl; 3 M NaCl, BASi) and a vol-
tameter. All experiments were carried out at room temperature.

Faradaic efficiencies were determined using galvanostatic
conditions at a current density of 250 mA cm > to ensure Kolbe
electrolysis occurs.” Throughout the measurements the solu-
tion was continuously stirred by a magnetic stirring bar at
a stirring rate of 900 rpm. Liquid analysis to determine the
amount of liquid products and the C,/C; conversion was per-
formed after a constant charge of 5000 C had passed.

Pulsed electrolysis experiments using fast galvanic square-
wave pulses were performed in the three-electrode electro-
chemical cell described above using a VersaSTAT 3 potentiostat
(Princeton Applied Research). Anodic pulses were performed

This journal is © The Royal Society of Chemistry 2025
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similarly to the constant current experiments at 250 mA cm 2,

while negative galvanic pulses were performed at —1 mA cm™>,
Experiments were performed with an anodic pulse length of 10
or 200 ms, while the duration of the cathodic pulse was varied
from 50 to 500 ms. Galvanic square-wave pulses were performed
for a total duration of 2 hours irrespectively of the anodic and
cathodic pulse duration.

Product analysis was performed by gas chromatography (GC,
Interscience CompactGC, the Netherlands) and high-
performance liquid chromatography (HPLC, Agilent tech-
nology 1200 series, Agilent). Online detection of gaseous prod-
ucts by GC was performed at 10 minutes intervals with a He
(>5.0) purge at a constant flow rate of 30 mL min~". Light gases
(Hp, O,, CO,) were detected with a ShinCarbon micropacked
column (ST 80/100 2 m, 0.53 mm at 90 °C) connected to
a thermal conductivity detector (TCD) operating at 110 °C.
Hydrocarbons (C1-C4) were detected using a Rt Q BOND PLOT
(0.32 mm ID, 10 pum, 15 m, at 60 °C) column connected to
a flame ionization detector (FID) operating at 150 °C. Liquid
products were measured by injecting liquid aliquots of the
electrolyte into a HPLC equipped with a refractive index
detector. Acetic acid, propionic acid and ethanol were detected
on a Hi-Plex H column which was heated to 65 °C. The mobile
phase consists of 5 mM H,SO, (flow rate of 0.6 mL min ).
H,SO, converted the acetate or propionate present in the
sample to acetic or propionic acid, which was also detected as
such.

Temkin isotherms were constructed from the underpotential
deposition of hydrogen (H,pq) determined by cyclic voltamme-
try measurements performed at a scan rate of 100 mV s~ unless
mentioned otherwise. As supporting electrolyte, a 100 mM
acetic acid/sodium acetate buffer with a pH of 5 was used and
different concentrations of propionic acid (or hexanoic acid for
comparison) were added to the electrolyte, while maintaining
a pH of 5. The charge (the integral of current over time) related
to Hypq was determined form both adsorption and desorption
after subtracting the capacitance current. The plotted values
represent the charge associated with H,,q desorption, which
generally matches the H,,q charge from adsorption. The
adsorption isotherms were determined by fitting the coverages
at various concentrations in OriginPro using the Temkin
adsorption model, as this model resulted in the best fit.”®

Rotating ring disc electrode (RRDE) experiments were per-
formed using a Metrohm Autolab RRDE with a Pt disk used as
working electrode and a Pt ring electrode for in situ detection of
products. The counter electrode (CE) was a 2 cm” Pt flag elec-
trode. The collection efficiency of the Pt ring electrodes was
determined to be 24%.

Results and discussion
Chronopotentiometry for faradaic efficiency analysis

Product selectivity and substrate specificity in (mixtures of) C,
and C; acid were determined using chronopotentiometry,
online-GC measurements to detect gaseous products, and
analysis of liquid products at the end of the experiments using
HPLC. Using electrolyte mixtures with different C, to C; acid

This journal is © The Royal Society of Chemistry 2025
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ratios, the faradaic efficiency (%) towards the different reaction
products and the conversion (mmoles) of C, and C; acid were
determined during electrolysis at 250 mA cm > on a Pt electrode
after a charge of 5000 C passed the cell. Electrolysis of pure C,
acid electrolyte exclusively yields carbon dioxide and ethane
(the Kolbe product), in agreement with earlier work.?”>*3°
Carbon dioxide is not included in the product distribution in
Fig. 1 as it is considered a byproduct resulting from the decar-
boxylation of carboxylic acid. The electron transfer that occurs
prior to decarboxylation is already accounted for in the calcu-
lation of the faradaic efficiency of the final products (Kolbe,
Hofer-Moest, non-Kolbe, disproportionation, and ester prod-
ucts, see Fig. S1t in ESI for the reaction mechanism). A
conversion of approximately 47 mmoles of C, acid was deter-
mined which results in a selectivity of 92% for C, acid decar-
boxylation (the maximum possible conversion considering the
charged passed was 51 mmoles, calculated by dividing the
transferred charge by the Faraday constant and number of
electrons required for acid decarboxylation). This is also in
agreement with previous literature on Kolbe electrolysis of C,
acid.27,29—31

Electrolysis of the C; acid resulted in ethylene and ethanol
formation with a FEchyiene Of ~60% and a FEcthanol ~27%,
respectively. These values are in excellent agreement with data
of earlier work on the electrochemical decarboxylation of C;
acid, which reported product yields of 61% and 31% towards
ethylene and ethanol, respectively, in a 2 M C; acid electrolyte
with similar pH."”® We also identified formation of ethane,
butane and ethyl propionate, in minor quantities. In total, the
sum of the individual FE remains short of 100%, which is likely
explained by alternative oxidation processes such as the oxida-
tion of ethanol to carbon dioxide, the formation of hydrogen
peroxide via water oxidation, or Pt dissolution during electrol-
ysis.*” Interestingly, the conversion of only 28 mmoles of C; in

50
[JcH, [cH, [cH, M Cjacid
1004 ? [ICyH [T C,H50H O C;acid /(/?
;1402
804 T
£
X 60+ . 130 £
L 'l 120 ‘%
40 - 7
s g
201 . 110 5
s O
< = . . i
1:0 0:1 1:1 2:1 1:2

Ratio C,:C; acid (-)

Fig.1 Kolbe electrolysis of mixtures of acetic acid (C,) and propionic
acid (Cz) with different ratios (left y-axis). Faradaic efficiency (%) to
ethylene, ethane, propane, butane and ethanol (right y-axis).
Conversion (in mmoles) of C, acid (circle) and Cz acid (square).
Conversion was determined after a charge of 5000 C passed through
the cell. The electrolyte pH was approximately the pK, of both acids
(pH ~5), the total acid concentration was 1 M and measurements were
performed with an applied current density of 250 mA cm™2. The error
margins are based on N = 2.
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comparison to 47 mmoles of C, acid, suggests significant
differences in reaction mechanism of decarboxylation of Cs;
acids compared to C, acid. C; acids yield primarily products
generated via a two-electron pathway, whereas for C, acid
oxidation, product formation usually requires only one electron
transfer step.

Electrolysis of mixtures of C, and C; acids was performed
either using equimolar amounts of the acids or excess of either
C,or Czina 1: 2 ratio. Electrolysis of a 1 : 1 mixture of C, and C;
acid revealed a clear substrate specificity towards conversion of
the C; acid with the main products being ethylene and ethanol
(with a summed FE of ~64%), while ethane formation only
accounted for a FE of 16%. Additionally, the conversion of C;
acid of 21 mmoles closely resembled the conversion of a pure C;
acid electrolyte. Decarboxylation of the C, acid amounted to 11
mmoles, in agreement with the lower electron demand for the
Kolbe dimer formation, ethane. Even for electrolytes containing
an excess of C, acid (ratio C,:C3; = 2:1), C; acid was still
favourably oxidized. This is evident from a high contribution of
ethylene and ethanol (total FE: 56%) in the product composi-
tion and a slightly higher conversion of C; compared to C, acid
(17 mmoles vs. 15 mmoles). The preferred conversion of C; acid
is likely associated with preferred (stronger) adsorption
characteristics.

To verify this hypothesis, mixtures of C; and C, acid (having
an even higher adsorption strength than C; acid) were electro-
lysed (Fig. S2t). Contrasting electrolyte mixtures of C, and Cj
with a ratio of 2:1, the presence of Cs acid significantly
decreased the conversion of C; acid by a factor of four from
28 mmol to 7 mmoles, most likely at the expense of C¢ acid
conversion as oxygen (formed via competitive water oxidation)
was not detected. Even in a 6 : 1 excess of C; acid, the conversion
of C; acid appeared to be significantly reduced (18 mmoles) in
comparison to electrolytes containing only C; acid. Further-
more in the presence of Cg acid, the product distribution of C;
acid oxidation products was altered and a significant contri-
bution of butane of 29% (2:1) and 13% (6: 1) was observed in
agreement with the work of Levy and Sanderson.” Though
a quantitative analysis of the different (cross coupled) oxidation
products of Ce acid was not feasible,"*** these results support
the conclusion that substrate specificity of oxidized Pt elec-
trodes is determined by differences in surface affinity of
adsorbates.

Pulsed electrolysis

Galvanic square-wave pulsed electrolysis was performed ina1:
1 mixture of acetic acid and propionic acid using positive
current pulses (J, = 250 mA cm ™) with a fixed duration (¢, of 10
or 200 ms), while negative current pulses (J. = —1 mA cm™?)
with varying durations (. = 50-500) (see Fig. S3t in the ESI} for
a schematic representation) were used. In the following
primarily the ratio of the major products C,H, and C,Hg (the
major products of Kolbe oxidation of C; and C, acid respec-
tively) is considered to analyse the impact of the perturbation
profile (see Fig. 2).
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Fig. 2 Kolbe electrolysis performed with a 1:1 mixture of C, and C3
acid (1 M, pH 5) using pulsed electrolysis. The ratio of ethylene and
ethane, the Cs acid conversion and the faradaic efficiency towards
oxygen were determined during alternating anodic (pulse length of 10
ms and 200 ms at 250 mA cm™~2) and cathodic (at —1 mA cm?; pulse
length indicated by the x-axis). Experiments performed at an anodic
pulse length of 10 ms are shown using star symbols and anodic pulse
was fixed with a duration of 200 ms are shown by squares.

Under constant current conditions (¢, = 0), a C,H,: C,Hsg
ratio of 2.5 was obtained (compare also Fig. 1). Using alter-
nating pulses (using ¢, = 200 ms) the ratio is clearly increasing,
with the duration of the cathodic pulse. At the longest cathodic
pulse duration ¢, = 500 ms, a maximum ratio of C,H, : C,H, of
~3.5 is obtained. The favourable formation of ethylene, i.e. the
product of C; acid decarboxylation is accompanied by a signifi-
cant decrease in the total conversion of C; acid and a significant
increase in oxygen evolution as revealed by a FEygen Of
approximately 22% at the longest cathodic pulse durations. It is
noteworthy that the use of shorter anodic pulses (¢, = 10 ms atJ.
= —1 mA cm?, as indicated by star symbols in Fig. 2) enables
the decarboxylation process to be conducted at a favourable
C,H, : C,Hg ratio. The ratio of the products was approximately
3.4, while the oxygen evolution reaction (OER) was suppressed.
However, variations in the cathodic current density (J. = —5 mA
em 2 or J. = 0.1 mA cm™?) did not result in any favourable
product composition.

Voltammetry and adsorption isotherms

Rotating-ring disk measurements (Pt disc and Pt ring electrode)
were used to further evaluate the electrochemical behaviour of
C, and C; carboxylic acids (Fig. 3). While linear sweep voltam-
metry (LSV) was performed at the Pt disk (solid lines, Jaisc),
chronoamperometry was performed at the Pt ring at 0.1 V vs.
RHE allowing for oxygen detection by the oxygen reduction
reaction (dashed lines, Jying)-

Independent of the carboxylic acid used, below an applied
disk potential of 1.7 V vs. RHE, no significant disc or ring
current was detected and only from ~1.7 V vs. RHE an anodic
current was observed at the disk independent of the acid used.

Considering that Jine is simultaneously increasing, oxygen
evolution occurs at the disk.?”*° In acetic acid (black traces in
Fig. 3), Jaisc reaches a plateau in current density of 17 mA cm ™2
at 2.4-2.5 Vvs. RHE, which is commonly known as the inflection

This journal is © The Royal Society of Chemistry 2025
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Fig.3 Rotating-ring disk measurements (3000 rpm) of 0.5 M C,, (black
curves) acid and 0.5 M Cs (red curve) acid (both at pH 5) using a Pt disk
(solid lines) and Pt ring (dashed lines) electrode. Linear sweep vol-
tammetry (10 mV s™) was performed at the disk while the ring
potential was Eng = +0.1 V vs. RHE. The ring currents have been
corrected for the collection efficiency and inverted to allow for
comparison to the Jgjsc.

zone, and according to literature coincides with a transition
between OER at lower potentials to hydrocarbon production
(Kolbe reaction) at higher potentials.*® Although less
pronounced, an inflection zone is also visible at approximately
2.5 Vwhen using C; acids as electrolyte. In line with J4;s. also the
Jring increases from ~1.7 V to more positive potentials, con-
firming the formation of oxygen. At potentials above the
inflection zone, Jiiny drops to (almost) zero, indicating that
oxygen evolution was (largely) suppressed at these high anodic
potentials. In addition to the slight shift in applied Pt disk
potential, a clear difference in J;,; between C, (black traces in
Fig. 3) and C; (red traces in Fig. 3) acid was observed. Despite
similar disk currents obtained in the plateau region,
amaximum Jying co of ~3.2 mA cm 2 at 2.4 Vwas obtained for C,
acids, while for Jijng c3 only a maximum current density of ~1.6
mA cm 2 was obtained. The difference in Jring 1s assigned to
suppression of the OER with increasing carbon chain length of
the carboxylic acid used.

The interaction and adsorption strength of the different
acids with the Pt surface were obtained from measurements of
the underpotential deposition of hydrogen (H,pq) in the pres-
ence of different concentrations of the acids using cyclic vol-
tammetry (CV)*® (Fig. S4f) and adsorption isotherms
constructed (Fig. S5T) thereof. A buffer of C, acid was used to
exclude the introduction of foreign anions and to maintain
a stable concentration of deprotonated carboxylic acid. Exam-
ples of the cyclic voltammetry (CV) measurements performed
with a Pt electrode in a C, acid buffer (100 mM) with 50 mM of
C; or Cg acid are shown in Fig. S4.F

In the C, acid buffer, hydrogen adsorption and desorption
on the different facets of Pt is observed at ~0.25 and ~0.1 V and
~0.05 and 0.2 V when sweeping towards negative and positive
potentials, respectively.’**> The current associated with
hydrogen underpotential deposition (Hypq) is proportional to
the amount of hydrogen ad- or desorbed from the Pt surface and

This journal is © The Royal Society of Chemistry 2025
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can therefore be used to reveal the fraction of H sites that are
occupied by adsorbed (foreign) molecules.? Thus, the decrease
in H,pq peak current density upon addition of C; acid to the C,
acid buffer (red trace in Fig. S4at), is directly related to the
adsorption of C; acid with the Pt surface and agrees well with
reports on adsorption of other organic molecules such as
phenol in acidic media.”®*® Integrating the H,,q current ob-
tained for different concentrations of C; allows to determine the
total charge, ie., the concentration of adsorbed hydrogen.
Comparison to the Hyq charge determined for the Pt surface in
the C, acid buffer only allows to estimate the fraction of Hpq
that was inhibited by the presence of the C; acid. The fraction of
Hypq inhibited vs. the logarithmic concentration of C;, reflect-
ing the Temkin isotherm, results in a linear correlation
(Fig. S5bt) that allows to estimate the heat of adsorption or
Temkin constant of the C; carboxylic acid from the slope of
a linear fit to be « = 0.365.%”

The Temkin constant for the adsorption of hexanoic acid was
determined for comparison. As shown in Fig. S5b,T a higher
o (e = 0.403) for Cg acid, and hence a higher heat of adsorption
indicates a stronger interaction of Cgs acid with the platinum
electrode surface compared to C; acid. The adsorption data of
C, acid on a Pt electrode surface suggest an « value of only
0.08.*® Overall the RRDE measurements and adsorption
isotherms support the hypothesis of a stronger adsorption with
increasing carboxylic acid chain length and thus the product
distribution of Kolbe electrolysis of mixtures of carboxylic acids
will likely depend on the adsorption strength of the individual
components and their concentrations.

Discussion

To explain the effect of a longer cathodic duration in square-
wave pulse experiments (Fig. 2), we assume the following:
during a negative current pulse, the established carboxylate
layer will likely desorb and the double layer structure will thus
rearrange as a function of the cathodic pulse duration (¢.) and
hence on the amount of passed cathodic charge (Q.). With
increasing Q., adsorbed carboxylate anions will desorb from the
Pt surface, yet it is reasonable to assume that desorption of C,
occurs preferentially due to the significantly lower adsorption
strength, as demonstrated by the Temkin isotherms. During the
positive pulse, the stronger adsorption of C; acid will lead to
a successive change in the ratio of adsorbed C; to C, anions at
the Pt surface and thus to a preferred conversion of C; acid
compared to C, acid, consequently increasing the share of C,H,
in the product distribution.

At a high Q., the anodic pulse charge (Q,) is likely not
sufficient to fully restore Kolbe conditions. As a result, oxygen
evolution is no longer suppressed by the formation of a (dense)
carboxylate layer resulting in the exponential increase in O,
formation at t. > 150 ms (see Fig. 3). Despite variations in
electrolyte composition and pulse conditions, an exponential
increase in oxygen evolution was also observed in the work of
Hickling et al. when cathodic pulses were applied.*® They
investigated the effect of cathodic pulses using aqueous acetic
acid solutions and found that when Q, was roughly 75 times
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higher than Q., oxygen was formed with a CE of ~20%, which
closely resembles the OER FE obtained here. It is important to
note that a shift in product selectivity and substrate specificity
as a result of the galvanic pulses as well as the implications of
changes in pulse duration were not revealed previously.*

Based on the presented results it is expected that by applying
galvanic square-wave pulses in mixtures with other carboxylic
acids, substrate specificity will also shift to the stronger
adsorbing acid. Thus, utilization of galvanic square-wave pulses
to influence product selectivity and substrate selectivity in
mixed Kolbe electrolysis poses opportunities in the field of
electrosynthesis using bio-based liquids and potentially allows
for the formation of high-value products. For example, selective
production of ethylene from propionic acid can contribute to
the production of bio-based fuels or plastics. Furthermore,
besides manipulation of acid specificity of the oxidized Pt
surface, using galvanic square-wave pulses might also prevent
undesired oxidation of other compounds naturally present in
bio-based liquids, e.g. alcohols. Nevertheless, further research is
necessary to gain a deeper understanding of these potential
opportunities and likely additional means to suppress the
undesired occurrence of the OER might be essential. Examples
of additives which have been used previously to suppress the
OER, include sodium dodecyl sulphate, which forms a hydro-
phobic layer on the Pt anode and improves selectivity to
conversion of hydrocarbons.*® Alternatively, the platinum anode
could be modified by a PTFE-layer to increase the hydrophobic
nature of the electrode to similarly suppress OER.*

Despite the opportunities that pulsed electrolysis in mixed
Kolbe electrolysis can offer, it is important that the results ob-
tained in this work are approached with caution. Firstly, the
results do not account for the differences in diffusion constants
of the carboxylic acids. Changes in the thickness of the diffu-
sion layer can lead to variations in acid conversion and product
selectivity. To provide more insight in this regard, measure-
ments using forced transport such as rotating disk electrode
(RDE) measurements or measurements in flow cell configura-
tions could be employed. Secondly, the precise composition of
the adsorbed layer on the platinum surface is still not known
and detailed understanding of the structure of the adsorbed
layer during pulsed electrolysis is required. In situ techniques
such as surface-enhanced infrared spectroscopy (SEIRAS) or
surface-enhanced Raman spectroscopy (SERS) could reveal the
composition of the adsorbed layer in (mixed) Kolbe electrolysis.
Nevertheless, this work clearly emphasizes the potential of
pulsed electrolysis as a strategic tool to modulate product
distributions and substrate specificities beyond mixed Kolbe
electrolysis of C, and C; acid, i.e., for electrolysis of more
complex technical feeds.

Conclusions

Kolbe electrolysis of C, and Cj; acid as well as mixtures thereof
was investigated using Pt electrodes. The reactant specificity
and product selectivity were analyzed and it is highlighted that
C; acid is preferably oxidized over C, acid. Conversion of C; was

further improved wusing a galvanic square-wave pulse
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electrolysis, but at the expense of lower conversion and forma-
tion of oxygen at extended cathodic pulse durations which was
efficiently suppressed by modulation of the anodic pulse
duration. The preferential conversion of C; acids is explained by
adsorption properties of the acids on the (oxidized) Pt surfaces,
confirmed by Temkin adsorption isotherms measurements of
C; and Cg acid. Galvanic square-wave electrolysis is a means to
manipulate the substrate specificity towards the acid with the
strongest affinity for the electrode surface and can be used to
advance the production of fuels and chemicals from bio-based
resources.
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