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ABSTRACT: Electrocarboxylation of organic halides represents a CO2 utilization strategy and a green alternative for the
synthesis of many industrially relevant carboxylic acids.
However, current electrocarboxylation methods rely on the
utilization of sacriﬁcial metal anodes, which are not sustainable,
require high voltages, and complicate the understanding of the
reaction mechanism. Here, we demonstrate the feasibility of
performing electrocarboxylation reactions in divided cells with
aqueous anolytes and nonsacriﬁcial anodes, thereby eliminating the reliance on sacriﬁcial anodes and opening the door for
coupling of this important reduction process with various
electrooxidation reactions requiring aqueous electrolytes.
Speciﬁcally, we report a detailed study of electrocarboxylation
of (1-bromoethyl)benzene at a silver cathode coupled with an oxygen evolution reaction at a platinum anode in a divided cell
with organic and aqueous compartments separated by ion-exchange membranes of diﬀerent types. We examine how operating
parameters, including membrane type, applied potential, substrate concentration, electrolyte, and temperature aﬀect the overall
process and the reaction product distribution. Based on the extensive experimental results, we propose a detailed mechanism for
major electrochemical product formation accounting for both aprotic and protic environments. Systematic analysis and
mechanistic insights presented in this study are expected to enable a rational catalyst, electrolyte, and system design tailored to
electroorganic CO2 ﬁxation with diﬀerent organic substrates to obtain industrially relevant carboxylic acids at practical
potentials and currents.
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INTRODUCTION
As climate change continues to accelerate, novel technologies
that reduce or use excess greenhouse gas emission will play a
vital role in mitigating the negative impact of human activity
on our environment. One approach is to develop catalytic
technologies that convert CO2 into value-added chemicals
using renewable electricity.1 Besides direct CO2 electroreduction to single- and multicarbon small molecules, CO2
can be electrochemically coupled to various precursors to
produce a plethora of carboxylic acids.2−5
Speciﬁcally, electrocarboxylation (EC) of organic halides
(R−X) has attracted attention as a green alternative for the
synthesis of nonsteroidal anti-inﬂammatory drugs, such as
ibuprofen,6 and important precursors in industrial processes,
such as cyanoacetic acid, an,7,8 and many others.3,4 It has been
shown that EC of organohalides with diﬀerent cathodes (e.g.,
Ag, Cu, and Ni)2−5 in undivided cells with sacriﬁcial Mg or Al
anodes generally results in the formation of corresponding
carboxylic acids with moderate to high yields in the form of
magnesium (or aluminum) salts.9−14 Although the formation
of these salts simpliﬁes the work-up procedure, it negatively
aﬀects the reaction atom economy due to the anode
consumption in the course of reaction. Formation of insoluble
© 2019 American Chemical Society

products in EC reactions also causes electrode passivation,
resulting in large current ﬂuctuations (potentiostatic electrolysis)15 or increase in the cell voltage (constant current
electrolysis).16 In addition, cathode passivation hinders the
completion of the reaction.15 Replacing sacriﬁcial anodes with
alternative anodic reactions at nonsacriﬁcial anodes could oﬀer
a potential solution to overcome these limitations. While
divided cells with nonsacriﬁcial anodes have been reported for
EC of several organic substrates,17−20 for halides any mentions
are limited to unsuccessful attempts.21,22
Despite EC reactions of organic halides with Mg or Al
anodes giving high yields of carboxylation products, their exact
formation mechanism remains unclear. Electrochemical
reduction of R−X in the presence of CO2 is a three-step
process: (1) halide reduction to a radical R•, (2) R• reduction
to the corresponding anion R−, and (3) nucleophilic addition
of R− to CO2 with a formation of carboxylate anion.23
Mechanistic interpretations in previous works9−14 operated on
the assumption that electrochemically produced Mg2+ ions
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anodes, we contemplated performing this reaction in a divided
electrochemical cell with a well-established process at the
anodic side. Direct CO2 electrolyzers typically rely on the
oxygen evolution reaction (OER) as an anodic process,35−37
although other oxidation reactions are now considered as well
to minimize the cell voltage for their commercial implementation.35,38 The mechanism of OER and catalysts for this
reaction are well-established due to their importance in water
splitting for electrochemical hydrogen production.39,40 The
diﬃculty of adopting OER for EC lies in poor solubility of
organic substrates in aqueous electrolytes and the need of an
aprotic environment for the organic substrate to avoid
intermediate protonation.23,41 We hypothesized that this
complication can be overcome by introducing an appropriate
membrane that can render the aprotic and aqueous compartment segregation. Cation-exchange membranes (CEMs) have
been previously used in EC reactions in fully organic
electrolytes to provide counterions for the carboxylate anions
generated at the cathode.3,17,20 However, released halide ions
(Hal−) accumulate in the catholyte, causing unwanted side
reactions (alkene formation due to the Hal−-catalyzed
elimination reaction).3,42,43 In addition, in the case of an
aqueous anolyte and an aprotic catholyte, CEM may enable
competing the hydrogen evolution reaction (HER) at the
cathode by allowing the passage of protons. An anion-exchange
membrane (AEM), whose performance has never been studied
in EC reactions, could address these issues; however, with this
membrane, counterions for the carboxylate anions can only be
provided by the catholyte, resulting in its consumption. A
bipolar membrane (BPM), which consists of anion and cationexchange layers, combines the properties of both and
potentially may either solve or exacerbate the problems
associated with CEM and AEM.
Here, we report a detailed study of EC of organic halides in
a divided cell with organic and aqueous compartments
separated by various ion-exchange membranes using (1bromoethyl)benzene (R−Br) as a model substrate molecule.
This new strategy for EC of organic halides does not require
sacriﬁcial anodes, instead relaying on a stable Pt anode and
OER as an anodic process. We investigate how operating
parameters (membrane type, applied potential, substrate
concentration, electrolyte, and temperature) aﬀect the overall
process and the reaction product distribution. Based on the
extensive experimental results, we propose a detailed
mechanism for major electrochemical products formation
supported by density functional theory (DFT) calculations.

participated in the reaction only by interacting with the
carboxylate anion to form a corresponding salt24 (Scheme 1,
pathway I).
Scheme 1. Possible Pathways of Organic Halide
Carboxylation in Undivided Electrochemical Cells with Mg
Sacriﬁcial Anodes

However, R− can also uptake Mg2+ ion to form a Grignard
reagent25,26 that selectively reacts with CO2, producing a
corresponding carboxylate with quantitative yields27 (Scheme
1, pathway II). In fact, the formation of Grignard reagents from
organic halides in electrochemical cells with Mg anodes has
been observed in the absence of CO2.25,26 Moreover, the
majority of reported EC of R−X was performed at constant
current conditions,2−5,9−14 resulting in inevitable large
potential ﬂuctuations.16 Consequently, at high negative
potentials, the reduction of Mg2+ to Mg0 [E° = −2.38 V vs
standard hydrogen electrode (SHE)] at the cathode could also
facilitate the Grignard reagent formation28 (Scheme 1, pathway
III), in addition to enabling competing CO2 electroreduction.29 Other sacriﬁcial anodes (e.g., Al and Zn) have similar
reactivity: generated Zn2+ or Al3+ can be cathodically reduced
to their metal forms, which, in addition to causing cathode
passivation,16 produce organometallic compounds by reacting
with organic halides.30,31 These organometallic compounds
can react with CO2, producing corresponding carboxylic
acids.32−34
Thus, the chemistry of R−X reduction in the presence of
CO2 in undivided cells with sacriﬁcial anodes is rather complex
and convoluted, with carboxylate anions potentially originating
from the electrochemically assisted Grignard reagent, rather
than the direct EC process.
Aiming to assess the potential of purely electrochemical
ﬁxation of organohalides to CO2 decoupled from sacriﬁcial

Figure 1. Cell view and ion transport in EC/OER reactions performed in a divided cell with the Ag cathode, R−X/TBAI/ACN catholyte, Pt anode,
KHCO3/H2O anolyte, and CEM (a), BPM (b), or AEM (c).
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at ∼−1.2 V), while they overlapped in the Ar-saturated
electrolyte. The separation of these peaks in the presence of
CO2 can be explained by faster kinetics of the second
reduction step in the presence of CO2.48 Thus, we identiﬁed
three potential ranges (Figure 2): (a) E1 > −1.0 V, where
reactions of R• are dominant; (b) −1.5 V < E2 < −1.0 V, which
is promising for chemical ﬁxation of CO2 by R−; and (c) E3 <
−1.5 V, where direct CO2 reduction can occur.
Consequently, we selected three potentials from these
ranges for testing the membranes performance: −0.8, −1.4,
and −1.7 V. Figure 3 shows the distribution of major

RESULTS AND DISCUSSION
Membrane Eﬀects. A divided electrochemical cell with
two compartments separated by an ion-exchange membrane
was used to segregate an organic catholyte for EC and an
aqueous anolyte for OER. Speciﬁcally, to study the eﬀect of a
membrane type on the outcome of EC reaction, we tested (1)
a CEM based on a chemically stabilized perﬂuorosulfonic acid/
poly(tetraﬂuoroethylene) copolymer in its protonated form,
(2) an AEM with high proton blocking capability based on
polyaromatic structure with quaternary ammonium bromide,
and (3) a BPM consisting of an anion exchange layer and a
cation-exchange layer (Figure 1).44 For all three types of
membranes, we performed electrolysis using a CO2-saturated
organic electrolyte (tetrabutylammonium iodide in acetonitrile,
TBAI/ACN) containing R−Br in the cathodic compartment
and aqueous sodium bicarbonate buﬀer in the anodic
compartment. A nanostructured Ag electrode45 [Figure S1,
Supporting Information (SI)] prepared by chemical vapor
deposition was selected as a cathode material due to its higher
activity in EC of R−Br compared to other metals,23 and a Pt
mesh was used as a standard OER anode.
The distributions of reaction products and current stability
(Figure S2, SI) were assessed at various ﬁxed potentials. First,
to select meaningful potentials for the potentiostatic tests, we
performed cyclic voltammetry (CV) of a pure electrolyte (Arsaturated), the electrolyte with R−Br and CO2, and the
electrolyte containing only one of these two components of EC
(Figures 2 and S2d). In agreement with previous reports,46,47

Figure 3. Initial assessment of the membranes at an arbitrary (50
mM) precursor concentration. Bar graph shows the distribution of
major liquid products in the electrolysis of 50 mM R−Br in CO2saturated ACN + 0.1 M TBAI in a divided cell with AEM, CEM, or
BPM at −0.8, −1.4, and −1.7 V. The product distribution is shown as
a molar fraction of their sum, i.e., [EC products] + [R−R] + [R−OR]
+ [R−H] + [R−OH].

electrochemical products in the liquid phase obtained at
these three potentials using diﬀerent membranes and an
arbitrary concentration of R−Br (50 mM). The reactions
occurred in the diﬀusion-controlled regime at this R−Br
concentration as conﬁrmed by a linear relationship between
the current and square root of scan rate (Figure S3, SI).49 The
product distribution was determined by 1H NMR analysis of
reaction mixtures using an internal standard (Table S1 and
Figure S4, SI). As a result of EC, carboxylate RCO2− or its
ester RCO2R [via second-order nucleophilic substitution
(SN2) reaction of RCO2− with R−Br] was formed. Combined
yields and Faradaic eﬃciencies (FEs) of RCO2− and RCO2R
(EC products) represent EC selectivity in the electrolysis.
Other products of electrochemical nature9−14,50 included
dimer R−R, alcohol R−OH, ether R−O−R, and alkylarene
R−H. Other side products, such as alkenes and their
oligomers,42,43,51 can be formed as a result of nonelectrochemical transformations of reactive intermediates produced during
electrolysis and are not included in Figure 3 (for detailed
analysis of the formation of minor products, see the Detailed
Reaction Mechanism below and Table S1 and Figure S4, SI).
At −0.8 V with AEM, the only electrochemical product was
R−R (86% yield). At a less negative potential (−0.6 V), R−R
was obtained in 95% yield and with 96% FE (Table S2, SI) due
to the suppression of undesirable side processes, such as
elimination reactions catalyzed by Br− generated during the
electrolysis.42,43 Thus, we demonstrated that a selective C−C
coupling of organic halides can be performed at low potentials
in divided cells with AEM. In contrast, at −0.8 V with BPM
and CEM, besides R−R, ester R−OR and ethylbenzene R−H

Figure 2. Determination of potential ranges: cathodic sweeps of CV
recorded at 50 mV s−1 scan rate at Ag in Ar-saturated ACN + 0.25 M
tetrabutylammonium bromide (TBABr); CO2-saturated ACN + 0.25
M TBABr; Ar-saturated ACN + 0.25 M TBABr + 25 mM (1bromoethyl)benzene; CO2-saturated ACN + 0.25 M TBABr + 25
mM (1-bromoethyl)benzene. (a) E1 > −1.0 V: reactions of R•; (b)
−1.5 V < E2 < −1.0 V: reactions of R−; and (c) E3 < −1.5 V: direct
CO2 reduction.

the onset potential of CO2 reduction was ∼−1.5 V and the
onset potential of R−Br reduction was ∼− 0.5 V (the latter
corresponds to one electron transfer to R−Br: E°RBr/R• = −0.49
V vs SCE in ACN,47 or ∼−0.34 V vs Ag/Ag+; for conversion,
see the SI, page S16), but when both CO2 and R−Br were
present in the electrolyte, a rapid chemical reaction between
CO2 and electrochemically generated R− (E°R/R−• ≈ −0.97 V
vs SCE; ∼−0.82 V vs Ag/Ag+)23 was evident from a
signiﬁcantly higher current at potentials below ∼−1 V
compared to the CV lines of single components.48 Two
reduction peaks were observed in CV scans of R−Br in the
CO2-saturated electrolyte (RBr → R• at ∼−0.85 V; R• → R−
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were formed, with [R−R]/[R−OR]/[R−H] ratios of 8:1:2
(CEM) and 7:1:2 (BPM).
At −1.4 V, the formation of EC products was observed with
all three membranes. However, AEM showed the best
selectivity with [EC products]/[R−R]/[R−OH] ratio of
1.6:1:0.2. In the case of CEM and BPM, [EC products]/
[R−R] ratio dropped to 0.7:1 and 0.3:1, respectively, in
addition to the formation of R−OH, R−H, and R−OR.
At −1.7 V, EC selectivity improved with all membranes and
[EC products]/[R−R] ratio increased to 2.8:1, 2.8:1, and 2:1
for AEM, CEM, and BMP, respectively. The formation of R−
H was observed only with CEM and BPM membranes, due to
proton transfer from the anodic compartment, which was
absent in the case of AEM.
While full conversion of R−Br was achieved with AEM at
−1.7 V, the use of CEM or BPM led to R−Br conversions
below 100%. Visual examination of the cathodes after CEM
and BPM electrolysis at −1.7 V (Figure S5d,e, SI) revealed the
formation of solid products on their surface (primarily KBr and
traces of K2CO3), that resulted in signiﬁcant passivation of the
cathodes and a subsequent reaction rate decay. In contrast,
electrolysis with AEM led to no (at −1.4 V) or minor (at −1.7
V) electrode passivation (Figure S5b,c, SI): due to the absence
of K+ ions in the cathodic compartment (see Figure 1),
possible insoluble by-products were limited to TBA2CO3, but
only at potentials above the onset for CO2 reduction leading to
the formation of CO and CO32−. We note that attempts to
minimize the passivation when using CEM or BPM by using
0.1 M sulfuric acid as anolyte led to the decrease in EC
selectivity and FE due to competing HER at the cathode
(Table S2, SI).
Trends in the reaction performance with diﬀerent
membranes can be illustrated by the dependence of passed
charge as a function of time, Q(t) (Figure 4). We note that the
electrochemical performance of the nanoporous Ag electrodes
in EC was the same after at least 10 sequential 5 h reactions;
therefore, we ascribe observed changes in current to the
reaction kinetics or electrode passivation with insoluble salts
(Figure S5). At −1.7 V in the case of AEM, the Q(t) plot was
close to the ideal scenario of 2e− reduction of R−Br,
considering the depletion of R−Br in the course of reaction
(for calculation details, see the SI, page S7). When electrode
passivation is negligible, the deviation from the calculated
trend at later stages of the electrolysis can also indicate a faster
than calculated depletion of R−Br, suggesting its participation
in nonelectrochemical transformations (e.g., SN2 reaction with
RCO2−; see the Detailed Reaction Mechanism below). In
CEM and BPM experiments at −1.7 V (Figure 4a), Q(t)
curves signiﬁcantly deviated from the calculated trend, in
agreement with the observed cathode passivation. As a result of
this drastic decrease in current before the completion of the
reaction, only 60−80% conversion of R−Br was achieved with
CEM and BPM. At less negative potentials (− 1.4 and −0.8
V), cathode passivation with BPM was noticeably lower and
full conversion of R−Br could be achieved. Poor performance
of CEM with respect to R−Br conversion was observed at all
tested potentials (Figure S6, SI). Importantly, electrolysis with
AEM at less negative potentials closely followed the calculated
trends of 2e− and 1e− reduction of R−Br at −1.4 and −0.8 V,
respectively (Figure 4b). This information is important for
further elucidation of the reaction mechanisms in diﬀerent
potential ranges (see the Detailed Reaction Mechanism
below).

Figure 4. Assessment of electrolysis stability and kinetics. (a)
Performance of diﬀerent membranes at −1.7 V: calculated (see the
SI, page S7) and measured reaction rate decays during the electrolysis
of 50 mM R−Br in ACN + 0.1 M TBAI in a divided cell at −1.7 V
with AEM, CEM, and BPM. Experimentally observed trends (solid
lines) at −1.4 V (b) and −0.8 V (c) during electrolysis of 50 mM R−
Br in ACN + 0.1 M TBAI with AEM, and calculated rate decays
considering 1e− (dotted lines) and 2e− (dashed lines) reduction of
R−Br (see the SI, page S7).

Another noteworthy diﬀerence in the performance of the
membranes is related to the oxidation process at the anode.
Since TBAI was used in the cathodic compartment, OER
observed at the anode in the beginning of electrolysis was
ultimately replaced by iodine formation when AEM and BPM
were used.
The ion transport and corresponding side reactions
responsible for the observed product distribution variation
with diﬀerent membranes are summarized in Figure 1. In the
beginning of electrolysis, only two processes are possible at the
cathode with all three membranes: R−X reduction and CO2
reduction, which generate anions RCO2−, R−, X−, and CO32−̅ .
Stabilization of these anions in the case of CEM is performed
by H+/K+ transferred from the anodic side (Figure 1a).
Carboxylate anions RCO2− combine with protons producing
the target acid, while the inorganic anions form insoluble
potassium salts KX (X = Br, I) and K2CO3, which passivate the
cathode. In the case of AEM (Figure 1c), stabilization of
anions can only be performed with TBA+ cations from the
electrolyte, while I− along with Br− from the starting organic
bromide passes through the membrane to the anodic
compartment. The initially negligible concentration of these
anions in the anolyte gradually increases in the course of
electrolysis. With enough I− in the anolyte, iodine formation
dominates over OER due to a lower oxidation potential of
iodide anions compared to that of water (0.54 and 1.23 V vs
SHE, respectively).52 To maintain OER at the anode,
electrolytes with less reactive anions such as Br− or ClO4−
can be used. In the case of BPM (Figure 1b), all of the
processes described above take place. Despite BPM combining
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Besides R−R and EC products, the formation of R−OH was
also observed at potentials more negative than −1.5 V with
maximum yield at −2 V (16%). The yield of the R−OH was
similar at both concentrations. Since R−OH formation
requires the presence of H2O in the reaction medium,55 this
observation suggests that at potentials below −1.6 V water
starts to pass through AEM; therefore, applicable potentials for
EC in ACN/AEM/water system lay above this potential value.
Eﬀect of the Starting Precursor Concentration. To
further elucidate the inﬂuence of the initial R−Br concentration on the product distribution, a series of electrolyses of
R−Br with diﬀerent initial concentrations (from 2.5 to 100
mM) were performed at −1.4 V. Figure 5b shows that the
lower the starting concentration of R−Br, the lower the yield
of R−R, with an almost linear trend. The formation of side
products (appearing as additional signals between 3.5 and 6.5
ppm in the NMR spectra of the reaction mixture; see Figure
S4, SI) was also noticeably suppressed at lower starting R−Br
concentrations. Consequently, the yield of EC products
increased nearly exponentially with the decreasing concentration of the precursor. These trends indicated that at low
concentrations of the R−Br radical coupling and nonelectrochemical side reactions were suppressed. The nature
of the eﬀect is closely related to the ratio between CO2 and R−
Br (or its reduction intermediates) in the reaction mixture: if
CO2 is readily available once R− is formed, the following
nucleophilic addition (AdN) proceeds selectively with the
formation of the corresponding carboxylic anion (RCO2−). In
addition, with the decrease in concentration, a maximum yield
of EC products was observed at less negative potentials, due to
a higher contribution of direct CO2 reduction to CO (Figure
S7a, SI).36,37 Overall, the maximum yields of EC products were
achieved with AEM at −1.4 V in dilute solutions (up to
quantitative at 2.5 mM). Although in dilute R−Br solutions
R−R formation could be completely suppressed, other side
reactions were still observed due to the increased ratio of water
traces (from the anolyte) and reactive anion R− generated in
EC in the reaction mixture, in addition to a higher contribution
of competing CO 2 reduction (see Detailed Reaction
Mechanism section).
Eﬀect of the Charge Passed. Considering the eﬀects
described above and gradual depletion of the starting material
in the course of the reaction, we examined how the reaction
selectivity was changing in time with the charge passed. The
contribution of direct CO2 electroreduction to CO and its
impact on the selectivity of EC with R−Br depletion were also
investigated. We note that only minimal contribution of direct
CO2 reduction is expected at −1.4 V, as it is above the
apparent onset potential for CO2 reduction, according to CV
sweeps (Figure 2). In addition, the membrane separating
aprotic organic and aqueous electrolytes could allow traces of
water to cross over, resulting in subsequent HER at the
cathode. The distribution of gas products (CO and H2) as a
function of reaction time was evaluated using in-line gas
chromatography (GC) analysis (Figure 6a) in a series of
electrolyses of 50 mM R−Br in the presence of CO2 at
diﬀerent potentials (−0.8, −1.4, −1.7, −2.2 V; Figure S8, SI).
With respect to gas products, at −1.4 V, FEs of CO and H2
were <1% until the depletion of R−Br, indicating the
dominance of the R−Br reduction over the direct CO2
reduction and HER. With the depletion of R−Br, FEs of gas
products started to grow and reached maxima (FECO = 78%
and FEH2 = 22%) after the full consumption of R−Br (note

the properties of both CEM and AEM, its eﬃciency and
selectivity were the lowest (Figure 3). High yields of
protonation product R−H were detected at all potentials,
along with low yields of EC products and low R−Br
conversion (Table S2, SI). This low performance of BPM
could be associated with enhanced water dissociation in the
membrane layers53 and membrane degradation due to
delamination of the layers in the organic−aqueous system.54
Since AEM showed the best overall performance, further
investigation of the eﬀect of reaction parameters on the course
of electrolysis was performed using this membrane. We note
that AEM also showed good stability for at least 50 h of
continuous or sequential electrolysis without any signiﬁcant
visual changes or decrease in reaction selectivity.
Eﬀect of the Applied Potential. A series of electrolyses
of R−Br at diﬀerent cathode potentials were performed to
assess the potential inﬂuence on the product distribution in
more detail (Figure 5a). The dimer R−R was the major

Figure 5. Trends in the major product distribution based on applied
potentials and starting R−Br concentrations. (a) Yields of the major
products in the electrolysis of 50 mM (empty markers) and 25 mM
(solid markers) R−Br (AEM) as a function of applied potential. (b)
Yields of the major products at −1.4 V (AEM) as a function of the
initial concentration of R−Br. Error bars correspond to standard
deviations. The lines are given for eye guidance.

product (yields up to 86%) at E > −1.4 V vs Ag/Ag+. The yield
of R−R signiﬁcantly decreased at more negative potentials
approaching 0 at −2 V (only trace amounts were detected by
NMR). EC products dominated at −1.8 V (35%) and −1.6 V
(45%) at 50 and 25 mM concentrations of R−Br, respectively.
A higher yield of EC products along with a lower yield of R−R
at a lower starting R−Br concentration (while CO 2
concentration was the same) at almost all potentials points
at the importance of optimizing the [R−Br]/[CO2] ratio to
maximize the EC yield (see Eﬀect of the Starting Precursor
Concentration and Detailed Reaction Mechanism sections).
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Figure 6. Evaluation of consistency of product distribution in the course of electrolysis. Product distribution during electrolysis of 50 mM R−Br
with AEM: (a) FEs of gas and liquid products (GC data) and charge passed in time at −1.4 V showing the eﬀect of R−Br depletion on the process
(the corresponding current density plot is shown in Figure S2b). (b, c) FEs of EC products (b) and R−R (c) as a function of charge passed for
electrolysis at diﬀerent potentials. Error bars correspond to standard deviations. The lines in (b) and (c) are given for eye guidance.

Scheme 2. Proposed Mechanism and Side Reactions of Electroreduction of Organic Halides and CO2 in Diﬀerent Potential
Rangesa

(a) E1 > −1.0 V, (b) −1.5 V < E2 < −1.0 V, and (c) E3 < −1.5 V. (*) CO2−• intermediate can react with CO2 followed by reductive
disproportionation to CO and CO32−.
a

increased at −1.4 V (consistent with the decrease in FEs of R−
R), in agreement with the concentration dependence trend,
but at −1.7 V, it slightly decreased (Figure 6b). This diﬀerent
behavior undeﬁned suggests a variation in the EC reaction
mechanism at these two potentials. Indeed, since at −1.7 V
CO2 reduction was more pronounced than at −1.4 V (Figure
2), the EC reaction could take place through CO2 reduction to
a radical anion CO2−• and its subsequent reaction with R−Br.
In this case, a competing process was CO2−• disproportionation56 to CO and CO32−̅ , which became more prominent with
the decreasing R−Br concentration, explaining the reduction in
EC product yields with electrolysis progression.
Eﬀect of the Temperature. Since the concentration of
CO2 increases with the decreasing temperature, the latter
aﬀects the ratio of R−Br (or R•/R−) and CO2 and
consequently the product distribution. Indeed, the electrolysis
of 50 mM R−Br at −1.2 V at a reduced temperature favored
EC products, with their yields increasing from 15% at room
temperature to 30% at 0 °C (Figure S7b, SI), while the yield of
R−R dropped from 35 to 27%. At the same time, the
combined yield of EC products and R−R was higher at a
reduced temperature, indicating that electroorganic side

signiﬁcantly lower currents compared to the average for the EC
duration; Figures 6a and S2b). At a less negative potential
(−0.8 V; Figure S8a, SI), the formation of gas products was
suppressed and R−Br reduction was the major process. At
more negative potentials (−1.7 and −2.2 V; Figure S8b,c, SI),
R−Br reduction was still the dominant process over CO and
H2 formation initially, although CO formation was observed
earlier and at higher partial current density values.
To understand the main changes in the distribution of major
liquid products in the course of electrolysis, the reaction
mixtures were analyzed by 1H NMR after passing every 0.3 F
mol−1 until the completion of the reaction (Figures 6b,c and
S9). At −0.8 V, the formation of EC products was not
observed and FE of R−R was constant until complete R−Br
consumption after passing 1.0 F mol−1. At more negative
potentials (−1.4 and −1.7 V), FEs of R−R were initially lower
and gradually dropped with the electrolysis time (Figure 6c).
This behavior was associated with the decrease in R−Br
concentration in the course of electrolysis, in agreement with
the suppression of the dimerization reaction observed in dilute
R−Br solutions (Figure 5b). With respect to EC product
distribution in time at more negative potentials, it gradually
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formation of R−R at high negative potentials represents an SN2
reaction of active anions with the starting R−Br. The [CO2]/
[RBr] ratio plays an important role in this process: if the
reaction is too fast, the concentration of CO2 at the cathode
surface is not suﬃcient for it to react with every generated R−
therefore, some of R− reacts with R−Br or participates in other
undesirable side reactions.
In dilute R−Br solutions, CO2 is present in excess, leading to
the suppression of side reactions and a selective formation of
the carboxylate anion. The formed RCO2− then reacts with
cations, i.e., H+ or K+ for BPM, CEM, or TBA+ for AEM. Since
TBA salt is more nucleophilic than the acid, the rate of its SN2
reaction with R−Br is higher and therefore higher yields of the
ester are observed for AEM.57,62
At more negative potentials (E3 < −1.5 V), a signiﬁcant
formation of CO starts only near a full conversion of R−Br.
With the increase in [CO2]/[RBr] ratio associated with the
depletion of R−Br, CO2 reduction to CO occurs through the
formation of CO2−• intermediate.63 The absence of CO in the
beginning of the reaction is likely due to a higher aﬃnity of the
Ag cathode to R−Br than CO2, or due to the reaction of
CO2−• with R−Br (or R•).61 Speciﬁcally, CO2−• reacting with
excess R−Br can form CO2R• intermediate (similarly to
CO2H• intermediate formation in CO2 electroreduction in
aqueous media).63 This intermediate can further be reduced
with the formation of either CO and RO̅ anion or CO2R−. The
latter is an active carbanion that can react with R−Br to form
the ester (Scheme 2c).
DFT calculations of energy barriers for the initial steps of
R−Br and CO2 reduction on the Ag surface show their
dependence on the applied potential (Figures 7 and S13).

reactions were suppressed (conﬁrmed by NMR). A similar
temperature eﬀect was also observed for more negative
potentials (Figure S7c, SI).
Detailed Reaction Mechanism. A general mechanism for
electroreduction of organic halides and CO2 in divided cells
with nonsacriﬁcial anodes that considers all possible pathways
consistent with our experimental data and earlier reports2−5,9−14,50 is summarized in Scheme 2. The pathways
are separated into blocks according to the following potential
ranges: E1 > −1.0 V, corresponding to R• formation and its
subsequent transformations (Scheme 2a); −1.5 V < E2 < −1.0
V, corresponding to R− formation and its reactions without
competing CO2 reduction (Scheme 2b); E3 < −1.5 V, showing
the inﬂuence of CO2 reduction on the course of EC of organic
halides (Scheme 2c).
The electrochemical R−Br activation starts with the cleavage
of the C−Hal bond with the formation of R•, followed by the
reduction of the radical to a corresponding carbanion R−,
which then reacts with CO2.57 The generation of R• either
occurs via the initial formation of anion radical intermediate
RBr•− followed by the elimination of Br−23,58 or via a
concerted mechanism.58 Besides the direct electrochemical
reduction of the starting bromide, the halogen exchange with
electrolyte (TBAI) can also occur.59 Indeed, the analysis of the
reaction mixture before a full conversion of the starting
material (after passing 0.3−1.2 F mol−1) showed the presence
of both R−Br and R−I in reaction mixtures (Figure S9, SI)
with bromide being dominant. Since the standard reduction
potential of (1-iodoethyl)benzene is more positive than that
for (1-bromoethyl)benzene (ΔE ≈ 0.15 V),47 the presence of
I− in the electrolyte can lower the energy requirement for R•
generation and thereby decrease the cell potential.
At potentials less negative than E(R•/R−), only radical
transformations are possible (E1, Scheme 2a). Indeed, the
majority of R• underwent the radical coupling reaction, giving
the dimer R−R as a main reaction product (up to 95% at −0.6
V). Based on DFT calculations, the dimerization likely occurs
in solution, as the energy barrier for the radical coupling in
solution is lower than on the electrode surface (Figures S10−
S12, SI). Besides dimerization, R• can be involved in
disproportionation, H-atom abstraction, nucleophilic SN1-like
reactions, rearrangements, and addition to unsaturated systems
(e.g., styrene) originating from the elimination reaction in the
starting bromide mediated by diﬀerent nucleophiles (e.g., Br−)
generated during electrolysis.42,43,51,59 The presence of R−H
and R−OR in the ratio 2:1 was observed when using BPM and
CEM. Typically, the formation of both products is attributed
to the R− transformations in the presence of water or H+.50
Alternatively, the formation of R−H can also be explained by
the abstraction of hydrogen atom from the solvent (or any
other H donors) by R•,56,60 or via disproportionation.60,61 Our
experimental results show that the presence of H+ in the
catholyte is critical for the formation of R−H and R−OR, since
they were not observed in the AEM experiments at −0.8 V. A
constant ratio between these two products indicated that they
originated from the initial disproportionation reaction,
catalyzed by H+ (Scheme 2c). Carbocations R+ generated
during disproportionation react with the traces of water to
form R−OH, which subsequently undergoes an alkylation
reaction to produce R−OR.
At potentials −1.5 V < E2 < −1.0 V, the reduction of radicals
R• to R− becomes a dominant process (Scheme 2b), which
leads to a dramatic decrease in the R−R yield (Figure 5a). The

Figure 7. Calculated energy barriers for the initial steps of reduction
of starting R−Br and CO2.

Speciﬁcally, at low potentials, the diﬀerence is large, with
signiﬁcantly higher barriers for CO2 reduction, leading to R−
Br reduction being the primary departure point for the
chemical transformations. At −1.5 V vs SHE (approximately
−1.59 V vs Ag/Ag+; Figure S14, SI), the trend switches, and at
more negative potentials, CO2 reduction is more favorable
than the reduction of R−Br (Scheme 2c). This result further
supports the mechanism diﬀerentiation described in Scheme 2.

■

CONCLUSIONS
In conclusion, we demonstrated the principal feasibility of
performing EC reactions in divided cells with aqueous analytes
and nonsacriﬁcial anodes. We laid out the critical role of the
membrane separator type and showed that AEM has a superior
performance with the highest EC selectivity and the lowest
cathode passivation, compared to those of CEM and BPM.
This approach opens up the possibility of tuning the overall
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cell potential by combining electroorganic CO2 ﬁxation with
various anodic reactions and performing the reaction
continuously using ﬂow electrolyzers. Importantly, we
elucidated the interplay of diﬀerent reaction pathways in this
system and proposed a complete reaction mechanism
accounting for all observed products. By optimizing the
reaction parameters, we were able to achieve quantitative yields
of EC at high [CO2]/[R−Br] ratios. With further system
optimization, potentially including a transition to a ﬂow
reactor, this approach holds promise for continuously carrying
out electroorganic CO2 ﬁxation to obtain industrially relevant
carboxylic acids at practical potentials and currents.
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