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ABSTRACT: In this work, we report a spectro-electrochemical study of the synthesis of organic carbonates from CO, and
methanol. The obtained spectra reveal the presence of a species with vibrational features at 1673 and 1281 cm™" that originate
from the reaction of methanol with CO from CO, electrochemical reduction. Both methanol activation and the formation of
CO from CO, (rather than CO,*” as considered in previous literature) were necessary conditions for the formation of this
product. This species was identified as an alkyl ammonium methyl carbonate and was found on three different electrode
materials. Although dimethyl carbonate was not directly identified under the studied conditions, it was observed that it
decomposes under an effect of the applied potential to the same alkyl ammonium methyl carbonate. Therefore, although it
appears to be possible to synthesize dimethyl carbonate electrochemically from CO, and methanol, dimethyl carbonate is not
stable under the reductive conditions considered.
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B INTRODUCTION

CO, amounts in the atmosphere are increasing continuously,
generating an issue of global concern as CO, is one of the

hydrocarbons, to alcohols and organic carbonates.'® However,
the development of any of these processes to an industrially
applicable technology is still far from reality. Concerning the

major contributors to the greenhouse effect.” Hence, the study
of CO, conversion has attracted the interest of the scientific
community in the last decades, and the development of new
technologies for CO, utilization has become a topic of high
societal interest.”

Other than being a greenhouse gas, CO, can also be seen as
a cheap source of carbon. It is safe, abundant, renewable, and
the technologgies for its sequestration are already well
established.” > 1Its conversion into useful and commodity
chemicals, as for example organic carbonates,”* will not only
contribute to carbon-neutral processes, but it may also have
economical and industrial advantages. In the particular case of
the use of electrochemical methods for CO, conversion; the
range of advantages is potentially even wider as with
electrochemistry; the usage of toxic reactants is reduced; the
selectivity of the processes can be tuned; and more
importantly, renewable energy sources can be used.’

The use of CO, as a source of carbon for synthesis has a
wide range of applicability and can go from the synthesis of
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synthesis of organic carbonates, recent studies® have shown
that novel electrochemical routes for, for example, dimethyl
carbonate (DMC) from CO, still require significant efforts
focused on increasing yields and reducing energy consumption
of the process.

The synthesis of DMC from CO, and methanol has been
reported in different nonaqueous solvents such as organic
solvents'' ~"* and ionic liquids.'*"® The use of these solvents is
related with the solubility of CO, in nonaqueous systems being
higher than in aqueous systems.'® Moreover, nonaqueous
solvents are known for stabilizing CO, reduction intermediates
such as CO,*”, which is often considered as an important
intermediate in organic synthesis. In fact, the anion radical has
been assumed to be the most important species in the
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carboxylation of methanol to produce DMC. However, none of
the aforementioned studies report about the electrochemical
stability of DMC.

As mentioned, a major issue in the electrochemical synthesis
of DMC is the low yield® For example, in the existing
publications for this reaction in organic solvents,"'™"® the
maximum reported yield is around 30% of methanol
conversion.'> However, this yield is obtained not directly
from the electrochemical conversion but only after methylation
with methyl iodide.

Another issue is that in the majority of cases, the mechanism
reported for the electrosynthesis of DMC (or other
carbonates) from CO, and methanol (or other alcohols) is
presented without clear evidence for the intermediates
involved. On the other hand, in heterogeneous catalysis,
there are papers in which reaction intermediates such as
methoxy and methoxycarbonyl species were identified by the
use of in situ infrared spectroscopy.'”~"" The lack of similar
fundamental information about the electrochemical reaction is
clearly a drawback for the development of more efficient,
selective, and sustainable synthesis processes.

In this work, we report for the first time the use of spectro-
electrochemical methods to shed light onto the reaction
mechanism and the corresponding intermediates involved in
the synthesis of DMC from methanol and CO,. Our results
show the formation of an intermediate containing C=0 and
C—O groups from the reaction between methoxy groups from
methanol with electrochemically generated CO from CO,
electroreduction. The formation of this alkyl carbonyl
intermediate is observed on different electrode materials
(Cu, Pt, and Pb) as well as for other alcohol substrates
(ethanol). In gas-phase reactions, this species has been
identified as a methoxycarbonyl intermediate, but our results
demonstrate that under electrochemical conditions, it corre-
sponds to an alkyl ammonium monomethyl carbonate. DMC
was not directly observed by FTIR because it was shown to
suffer from decomposition due to the negative potential into
the monomethyl carbonate (the only detectable product from
reaction between CO, and methanol). The fundamental
understanding of the reaction mechanism provided by this
study is a step further in the achievement of electrochemical
methodologies for the synthesis of organic carbonates from
CO,.

B EXPERIMENTAL DETAILS

The voltammetric experiments were performed in a three-
electrode cell at room temperature using a Pt coil as counter
electrode and an Ag/Ag" reference electrode. This reference
electrode was prepared with an Ag wire in a solution of 0.1 M
AgCIlO, This reference electrode was prepared with an Ag wire
in a solution of 0.1 M AgClO, (97% from Aldrich) in
acetonitrile (MeCN, 99.8% anhydrous from Sigma-Aldrich) as
described previously.”” The working electrodes (Cu, Pt, and
Pb discs) were polished with alumina suspension, rinsed with
Milli-Q water (18.4 MQ) and sonicated for S min before each
experiment. The electrode potential was controlled with a
Potentiostat 466 System (Model ER466) from E-DAQ. The
acetonitrile solutions containing 0.1 M of supporting electro-
lyte (tetraethylammonium tetrafluoroborate >99% from Fluka
— TEABF,,) were purged with Ar (6.0, Linde) during 10 min
prior to the experiments to remove oxygen. Before the
measurements, the solution was saturated with CO, (4.5,
Linde) by bubbling the gas for 20 min in the solution and

methanol (or ethanol, both anhydrous 99.8%, Sigma-Aldrich)
was added in a concentration of 10 or 100 mM. During the
electrochemical/spectroelectrochemical measurements, the gas
flow was kept in the cell atmosphere. All the chemicals were
used without further purification, and for this reason, it should
be kept in mind that solutions contain residual amounts of
water (~40 ppm).*

In situ Fourier transform infrared (FTIR) spectroscopy
(Bruker Vertex 80 V IR spectrophotometer) was used to
characterize the products and intermediates of the reaction. A
CaF, prism bevelled at 60° was used and the spectra
correspond to an average of 100 interferograms with 8 cm™
resolution and p-polarized light.

The spectra were obtained in a thin layer configuration
where the electrode is pressed against the prismatic window at
controlled potential of —1.0 V (vs the Ag reference). At this
potential (where no Faradaic process was detected), a
spectrum was obtained which was used as background. Next,
the electrode potential is changed, and the sample spectrum is
obtained. After normalization with the background spectrum
(to remove solvent and other spectral interferences), the final
spectra are presented as absorbance spectra, according to A =
—log (R/R,) where R and Ry are the reflectance corresponding
to the single beam spectra obtained at the sample and
reference potentials, respectively. In these difference spectra,
negative bands (pointing down) correspond to species that
were present on the electrode at the reference potential and
that have been “consumed” at the sample potential, and
positive bands (pointing up) correspond to the formation of
species at the sample potential. All the spectro-electrochemical
experiments were performed at room temperature, with an Ag/
AgClO, and a platinum coil used as reference and counter
electrodes, respectively.

The transmission spectra from the solution species spectra
were collected using a SeZn window with an incident angle of
60° and obtained by averaging 100 scans with a resolution of 8
cm™, It is important to mention that FTIR experiments in the
thin-layer configuration used here are not suitable for a
quantitative evaluation of product yields or Faradaic
efficiencies. Our experiments focused on identifying inter-
mediates and gaining mechanistic insights.

B RESULTS AND DISCUSSION

Electroreduction of CO, and MeOH. The voltammetric
curve for the combined electroreduction of CO, and MeOH
on a Cu disc electrode in 0.1 M TEABF4 in MeCN is
compared with the CVs for the separate compounds in Figure
1.

The blank CV shows a wide potential window for Cu in
acetonitrile, limited at negative potentials by the reduction of
residual water in the electrolyte and at positive potentials by
the decomposition of MeCN.2® As previously reported,20 in
the presence of CO,, reductive currents start to be observed at
—1.6 V, corresponding to its reduction to CO and conversion
to (bi)carbonates, respectively. When 10 mM of MeOH is
added to the solution, two new features can be observed in the
cathodic sweep (at —1.63 and —1.88 V), most likely
corresponding to the formation of adsorbed species (methoxy
groups as confirmed below with the FTIR results). Moreover,
at more negative potentials, an increase in the reduction
current around —2.3 V is also observed. This reduction current
can be due to MeOH reduction to CH, or to water reduction,
the content of which will be higher when MeOH is added to
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Figure 1. CVs obtained at 100 mV/s in 0.1 M TEABF, in MeCN
with a Cu electrode under Ar atmosphere (black line), under CO,
atmosphere (red line), with 10 mM MeOH (green line) and with 10
mM MeOH with CO, atmosphere (blue line).

the electrochemical cell, even though anhydrous MeOH
(~0.01% water content) was used in the experiments.

Interestingly, in the presence of CO, (blue line, Figure 1),
the first two peaks observed for MeOH are absent, and
significant reduction currents are observed at potentials more
negative than —1.6 V, as also observed for CO, electrochemical
reduction at Cu electrodes in this solvent in the absence of
methanol.”

The infrared spectra presented in Figure 2 were obtained at
different electrode potentials for 0.1 M MeOH in 0.1 M

2803
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Figure 2. FTIR spectra for 0.1 M TEABF, in MeCN with 10 mM of
MeOH at a Cu electrode at different electrode potentials between
—1.2 and —2.4 V with reference spectrum at —1.0 V.

TEABF, in MeCN. The results show vibrational bands related
not only with MeOH but also with MeCN and the supporting
electrolyte. At 3542 and 1626 cm™', the OH stretching and
OH bending, respectively, from both MeOH and residual
water are observed. In the region of 2300 cm™', the
characteristic bands for the CN groups from MeCN are
observed. These bands are due to CN involved in solvation
shells (interacting with BF, groups) and CN free from
solvation.”” In the lower frequency region, between 1700 and

1250 cm™, the spectra present several bands, mostly related
with the presence of TEA" cations near the electrode surface
and also with decomposition products from MeCN (ie.,
acetamides). In the wavenumber region from 2880 to 2700
cm™, bands due to the CHj stretching groups from MeOH are
observed."” These bands are not observed in the absence of
MeOH, and they are observed in the spectra for potentials
more negative than —1.2 V, at the same potentials for which in
the CV for solutions with 0.1 M MeOH the first voltammetric
feature appears. It is worthwhile to mention that molecular
methanol C—H vibration modes are observed at 2940 and
2825 cm™" according with the transmission spectra (results not
shown), and for this reason, we attribute the C—H modes at
2873, 2803, and 2739 cm™ to methoxy, as also reported
previously in gas-phase experiments.'” These observations
suggest that methoxy groups are formed at or near the
electrode surface by dehydrogenation/deprotonation of
MeOH, when negative potentials are applied. However, it is
important to notice that the deprotonation may also take place
by the increasing amount of OH™ formed at these potentials
because of the reduction of residual amounts of water. The
methoxy groups are considered to be important precursors for
the formation of DMC."

In order to identify the species involved in the simultaneous
reduction of methanol and CO,, FTIR experiments in MeCN
with 10 mM of MeOH and CO, atmosphere were performed.
Figure 3 shows the spectra at different electrode potentials
between —1.2 and —2.4 V (A), the transmission spectra for the
species in solution (B), and an inset for a smaller potential
range (C) under the same conditions as in (A).

In the presence of MeOH and CO,, the results show that
when the electrode potential is made more negative, two
positive bands at 1674 (due to a C=0 group) and 1283 cm™"
(due to a C—O vibration) can be observed (Figure 3A). When
the electrode potential reaches —1.8 V, CO, conversion to
(bi)carbonates takes place as observed from the positive bands
at 1608 cm™' corresponding to the C=O stretching from
HCO,;~.*° A closer look at the results at lower potentials
(Figure 3 C) shows that the formation of the product/
adsorbate occurs already at —1.2 V and, contrary to what is
observed without MeOH,*® the CO, consumption (negative
band at 2300 cm™') also starts at these potentials (~—1.2 V).
These observations suggests that the two positive bands at
1673 and 1281 cm™" are related with the reduction of CO, in
the presence of methanol. However, they cannot be attributed
to the formation of DMC, as indicated by the transmission
spectra in Figure 3B which shows that DMC presents clear IR
bands at 1756, 1455, and 1283 cm™". As (bi)carbonates have
been previously identified as products of CO, conversion on
Cu electrodes in MeCN,” their transmission spectra are also
presented in Figure 3B, showing that also (bi)carbonates can
be clearly distinguished by FTIR. The bands at 1673 and 1281
cm™ do not correspond with those expected from DMC as
shown in Figure 3C, but the results suggest that they are
related with the presence of both CO, and MeOH. These
bands have been previously observed in the gas-phase reaction
of CO, and methanol and were attributed to the C=0O and
C—OCH,; stretching vibrations, respectively.”"

To clarify if the formation of these intermediates/products is
related with the electrochemical conditions or can be formed
just by chemical interaction of the species in solution, a series
of transmission spectra for solutions with different composition
were obtained (Figure S1 in the Supporting Information). The
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Figure 3. FTIR spectra for 0.1 M TEABF4 in MeCN with 10 mM of MeOH and CO, at a Cu electrode: (A) at different electrode potentials
between —1.2 and —2.4 V with reference spectrum at —1.0 V; (B) the transmission spectra for the species in solution of 0.1 M TEABF4 in MeCN
(with the electrolyte spectrum subtracted as background) and (C) detailed spectra from —1.2 to —1.8.

results show that independent of the presence of methanol,
carbonates, or CO, in the MeCN solution, the DMC
vibrational spectra are not affected, and the bands observed
in Figure 3 are due to an electrochemical reaction between
MeOH and CO, or their electrochemical products.

Isotopically Labeled Compounds. To provide more
details on the nature of the species responsible for the
vibrational bands observed in the spectra at 1673 and 1281
cm™!, experiments with isotopically labeled compounds were
performed. Both CD;0D and *CO, were used to ensure the
contribution of the two compounds in the formation of the
intermediate/product. The obtained results are presented in
Figure 4.

For the labeled CO,, the spectra in Figure 4A show a blue
shift of the bands related to C=0 (from 1673 to 1624 cm™")
and C—O (from 1281 to 1266 cm™'), as expected from the
replacement of the '>C by "*C, suggesting that CO, or one of
CO, reduction products is responsible for the carboxylation of
the methoxy groups from MeOH. In the presence of
deuterated methanol, the bands corresponding to intermedi-
ate/product are also observed to shift (Figure 4B). For the
band at higher wavenumbers (1671 cm™), only a small
influence of the deuterium atoms is observed because this band
corresponds to a C=O bond that is not directly bonded to
any C—D group. However, the C—OCH]; band shifts to higher
wavenumbers upon deuteration.

Effect of the Electrode Material. The formation of the
intermediate/product was tested on other electrode materials,
Pt and Pb. These materials were chosen because of their
significantly different properties for CO, electrochemical
reduction in organic solvents.””* The spectra obtained for
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Figure 4. FTIR spectra for negative potentials of the Cu electrode in
0.1 M TEABF, in MeCN with (A) 10 mM MeOH with *CO,
atmosphere and (B) 10 mM CD;OD saturated with CO,.
Background obtained at —1.0 V.

these two electrode materials at different electrode potentials
are shown in Figure 5.

Similarly to what is observed for Cu electrodes, the spectra
for both Pt and Pb show two well-defined FTIR bands at ca.
1673—1675 and 1281 cm™' from not too negative potentials
(=1.2 V). Because of the very similar wavenumbers, these
bands can be attributed to the formation of the same
intermediate/product as observed for Cu electrodes (Figure
3). Also for Pt and Pb, bands for DMC could not be observed
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Figure S. Spectra obtained at different electrode potentials for CO,
reduction in 0.1 M TEABF, in MeCN with 10 mM of MeOH at Pt
and Pb electrodes. Background spectra obtained at —0.5 and —1.0 V
for Pt and Pb, respectively.

in the spectra. The results show that the product of the
electrochemical reaction that is taking place is not dependent
on the electrode material and that the carbonylation of the
methoxy groups from methanol must be performed by a
common reduced form of CO, (CO or CO,*”) on all three
materials studied.

Formation of Methoxycarbonyl Species from CO and
MeOH. The formation of the methoxycarbonyl intermediate
from MeOH and CO, has been observed previously in
heterogeneous catalysts processes (gas phase reactions) for the
synthesis of DMC."”*"** However, in some of these reports,
this intermediate is obtained under oxidative conditions'” and
in the presence of CO, not CO,. Also, in previous reports, it
was shown that CO is a product from CO, reduction at
metallic electrodes in organic solvents.”****>*% In order to
understand which reduced form of CO, (CO or CO,*”) is the
responsible species for the electrocarbonylation reaction,
experiments using CO were performed. The spectra were
obtained with the electrode at —1.4 V for different times, while
CO was bubbled into the solution, and are presented in Figure
6.

In Figure 6, it is possible to observe that the first spectrum (¢
=0s) only presents bands for CH bending (1600—1300 cm™")
groups of TEA" and MeCN. This positive band reflects the
attraction of the positive charges into the thin layer at negative
electrode potential (—1.4 V). At 50 s, some CO has reached
the surface, and bands at 1674 and at ~1280 cm™' are
observed, similarly to the results obtained with CO, in
solution. These results suggest that reaction of the methoxy
groups, originated from MeOH, with the CO formed from
CO, reduction is taking place. We emphasize that the
application of a potential is still required to provide methoxy
groups for carbonylation.

Identification of the Reaction Intermediate. The FTIR
bands at 1673 and 1281 cm™' as observed for the reaction
between MeOH and CO, have previously been described in
the heterogeneous catalysis literature for the CC bond scission
of methyl pyruvate over Ni(111) surfaces at 1677 and 1253
cm™!, and for MeOH carbonylation with CO on Au(111) at
1655 cm™".** In both reports, the authors assign these bands to

T
E=-14V
1675 1283

0.005 a.u.

absorbance (a.u.)

2100 1800 1500 1200
wavenumber (cm™)

Figure 6. Spectra obtained at —1.4 V for the Cu electrode in 0.1 m
TEABF, in MeCN with 10 mM of MeOH at every 50 s during a 300 s
period, while purging CO. Background spectrum was taken before
starting to purge CO into the spectroelectrochemical cell.

the formation of a methoxycarbonyl species (Figure 7A), an
intermediate in the formation of DMC. As mentioned above,

CH; CH,

o o
° (l) )k CH; k+/\ CHs CH,
by N Ve
QPO H o e) o
ceoeel an~/ ju,
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Figure 7. (A) Methoxycarbonyl group, (B) methyl formate, and (C)
tetraethylammonium methyl carbonate.

MeOH decomposes by the action of the applied potential on
the electrode generating methoxy groups. In the presence of
CO, carbonylation of the methoxy groups can take place, and a
methoxycarbonyl species (or a compound containing a
methoxycarbonyl groups) can be formed.

However, the results obtained from FTIR described here
show no evidence for an adsorbed intermediate. The stretching
frequencies for both the C=0 and C—O bands do not show
any Stark effect (i.e., a shift of the vibration frequency with the
applied potential which is normally considered as a character-
istic of adsorbed species) and are the same (within
experimental error) for the different electrode materials (the
vibration frequency of an adsorbed species should be
dependent on the metal onto which it adsorbs).

The methoxycarbonyl structure is very similar to a
deprotonated methyl formate (MF) (see Figure 7). MF can
be obtained from MeOH carbonylation with CO, in a base-
catalyzed reaction according to the reactions:”’

CH,OH + OH™ = CH,0" + H,0 (1)
CH,0” + CO = CH,0CO" @)
CH,0CO™ + H,0 = CH,0COH + OH™ 3)

As the experiments were performed under non dry
conditions and water reduction takes place, forming OH",
these reactions could also take place in the vicinity of the
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electrode. To evaluate the possibility of the intermediate being
deprotonated MF, transmission spectra of this compound with
different concentrations of TEAOH (increased pH) were
obtained (Figure S3, Supporting Information).

The results show that in pure MeCN, MF presents three
bands at 1730, 1213, and 1159 cm™'. When increasing the
quantities of TEAOH added to the solution, other bands
appear in the spectra at approximately 1600, 1380, and 1349
cm™'. Simultaneously, the bands observed in pure MeCN
decrease in intensity. These results show that the vibrational
frequencies for MF and its deprotonated form are different, but
none of them matches the vibrational frequencies for the
species observed during CO, electroreduction in the presence
of methanol.

It should be mentioned that, in order to rule out any other
possible reaction product/intermediate containing C=0 and
C—O bonds, transmission spectra were measured of formic
acid and acetic acid in MeCN and in highly alkaline solutions,
MeCN with TEAOH (Figure S2, Supporting Information).
The results showed that none of the forms of acetic or formic
acid (protonated and deprotonated by strong alkaline media)
have FTIR bands corresponding with those observed in the
presence of methanol and CO, (1670/1283 cm™).

Electrochemical Reduction of DMC in MeCN. Although
the formation of DMC from MeOH and CO, has been
reported previously,' ™" it could not be confirmed by FTIR
under the experimental conditions used in this work. In order
to evaluate the electrochemical behavior of DMC under
reductive conditions, 10 mM solutions of DMC in 0.1 M
TEABF, in MeCN were studied at Cu electrodes by both
cyclic voltammetry and FTIR (Figure 8).
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Figure 8. Electrochemical behavior of DMC at Cu electrodes in 10
mM DMC solutions in 0.1 M TEABF, in MeCN: (A) cyclic
voltammetry at 100 mV/s; (B) Spectra at different electrode
potentials, background spectrum obtained at —1.0 V.

The results show that the cyclic voltammogram remains
essentially unchanged in the presence of DMC, suggesting the
absence of faradaic processes taking place in this potential
window (Figure 8A). However, the FTIR spectra show some
interesting features (Figure 8B). The initial bands for DMC (at
1756 and 1287 cm™') become negative at potentials below
—1.6 V, where a peak can be observed in the voltammetry
(Figure 8A). At this same potential, a new band at 1680 cm™'
can be observed (Figure 8B). This result suggests that the

10721

negative electrode potential induces the decomposition of
DMC.

It is important to mention that the decomposition of DMC
due to changes on the local pH (increasing of OH™ amounts
due to water reduction) was also evaluated by taking
transmission spectra of DMC at high solution pH, and
decomposition was not observed (results not shown).

It has been reported,”® that DMC decomposition at negative
potential can take place. DMC is frequently used as a solvent
for lithium ion batteries, and it was observed that its
irreversible reduction to lithium methyl carbonate and
methane can occur under operating conditions. In order to
evaluate the possible reduction of DMC to methyl carbonate
(in the present case tetraethylammonium methyl carbonate,
Figure 7C), its transmission spectra in acetonitrile was
obtained, and the results are plotted in Figure 9.
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Figure 9. Transmission spectra for tetraethylammonium methyl
carbonate in 0.1 M TEABF, in MeCN; background spectrum was
obtained with 0.1 M TEABF, in MeCN. Also presented are the
spectra under controlled potential for CO, reduction with 0.1 M
MeOH and DMC decomposition, both at —1.4 V.

The results show that the tetraethylammonium methyl
carbonate presents two intense FTIR bands at 1667 and 1287
cm™! corresponding to a C=0 and a C—O bond, respectively.
These bands are at the same wavenumbers as those observed
for both DMC decomposition and electrochemical reduction
of CO, in the presence of MeOH. Small differences in the
precise wavenumbers can be due to either experimental error
(8 cm™) or to the fact that the cation is slightly different for
the transmission spectra and for the electrochemical experi-
ments.

With these results, it can be suggested that the species giving
rise to the FTIR bands at ~1670 cm™ and at ~1280 cm™
(C—0) is a methyl carbonate. As shown above, DMC
decomposition occurs at negative potentials (below —1.4 V)
leading to the methyl carbonate of the respective alkylammo-
nium salt (from supporting electrolyte). These results also
explain why DMC could not be found in our experiments on
the carboxylation of methanol with CO,. It cannot be
confirmed if DMC is also obtained as a product (also because
the methane that is the coproduct of the reaction cannot be
identified by FTIR), but it is reduced in the same potential
range into the mono-methyl compound.
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From these results, we suggest that the reaction mechanism
(Figure 10) involves the electrochemical reduction of CO, to

+
N(Et), ©

)l\ s
-0 0

And/or +e-

Figure 10. Scheme of the proposed reaction cycle.

CO (that was observed for all materials, Figure SS, Supporting
Information, though with different rates). At the same time,
methanol activation takes places by dehydrogenation/depro-
tonation by OH™ species coming from the oxidation of residual
water, forming methoxy groups on or near the electrode
surface. When CO and methoxy are both available, they react
to form DMC and/or mono methyl carbonate. If DMC is
formed, it is quickly decomposed to the monomethylcarbonate
at the relevant electrode potential.

B CONCLUSIONS

In this manuscript, the electrochemical conversion of CO, with
methanol to dimethyl carbonate was studied by using in situ
FTIR. For the first time, FTIR was applied unravel the details
of this electrosynthesis reaction.

The results show that under the electrochemical conditions
used in this study, the product of the simultaneous reduction
of CO, and MeOH is the monomethyl carbonate complexed
with the cation of the electrolyte (tetraethylammonium). This
product forms from the reaction between CO, and MeOH as
revealed by the experiments with the isotopically labeled
compounds. Moreover, in contrast to what has been reported
previously'>"? for the electrosynthesis of organic carbonates
from CO,, we observed that the reduced form of CO,
responsible for the carboxylation step is CO and not the
anion radical. Moreover, the reaction was shown to occur on
three very different electrode materials, suggesting that the
most important requirements are the formation of methoxy
groups from MeOH and the ability of the electrode to reduce
CO, into CO. Similar results have been obtained when another
alcoholic substrate, such as EtOH, is used for electro-
carbonylation.

Although the direct identification of DMC could not be
proven with the FTIR, the results suggest that this product can
be formed under the conditions used. However, because of the
reducing conditions, DMC decomposes into the correspond-
ing alkylammonium methyl carbonate. Therefore, tetraethy-
lammonium methyl carbonate is considered as the main
reaction product of the reaction under the experimental
conditions used.

These results represent an important fundamental insight for
the understanding of the reaction of CO, with alcohols under
electrochemical conditions aiming at the development of new
synthetic processes for organic carbonates.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acssusche-
meng.9b01390.

Transmission spectra for species in solution (PDF)

B AUTHOR INFORMATION

Corresponding Authors
*E-mail: m.c.costa.figueiredo@tue.nl.
*E-mail: m.koper@lic.leidenuniv.nl.

ORCID
Marc T. M. Koper: 0000-0001-6777-4594

Present Address

SM.C.F.: Chemical Engineering and Chemistry Department,
Eindhoven University of Technology, P.O. Box 513, 5600 MB
Eindhoven, The Netherlands

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors acknowledge Covestro for the financial support of
this project.

B REFERENCES

(1) Pacala, S.; Socolow, R. Stabilization Wedges: Solving the Climate
Problem for the next SO Years with Current Technologies. Science
2004, 305, 968—972.

(2) Jones, C. R. Understanding and Assessing Public Perceptions of
Carbon Dioxide Utilisation (CDU) Technologies. In Carbon Dioxide
Utilisation: Closing the Carbon Cycle, 1st ed.; Styring, P., Quadrelli, E.
A., Armstrong, K., Eds.; Elsevier, 2014; pp 273—283. DOI: 10.1016/
B978-0-444-62746-9.00015-3.

(3) Xiaoding, X.; Moulijn, J. A. Mitigation of CO2 by Chemical
Conversion: Plausible Chemical Reactions and Promising Products.
Energy Fuels 1996, 10, 305—325.

(4) Yang, H,; Xu, Z.; Fan, M.; Gupta, R.; Slimane, R. B; Bland, A.
E.; Wright, I. Progress in Carbon Dioxide Separation and Capture: A
Review. J. Environ. Sci. 2008, 20 (1), 14—27.

(5) Hunt, A. J; Sin, E. H. K; Marriott, R.; Clark, J. H. Generation,
Capture, and Utilization of Industrial Carbon Dioxide. ChemSusChem
2010, 3 (3), 306—322.

(6) Leino, E.; Maki-Arvela, P.; Eta, V.; Murzin, D. Y.; Salmi, T.;
Mikkola, J. P. Conventional Synthesis Methods of Short-Chain
Dialkylcarbonates and Novel Production Technology via Direct
Route from Alcohol and Waste CO2. Appl. Catal,, A 2010, 383, 1-13.

(7) Aresta, M.; Dibenedetto, A. Carbon Dioxide as Building Block
for the Synthesis of Organic Carbonates. J. Mol. Catal. A: Chem. 2002,
182—183, 399—409.

(8) Garcia-Herrero, I; Cuéllar-Franca, R. M,; Enriquez-Gutiérrez, V.
M.,; Alvarez-Guerra, M.; Irabien, A.; Azapagic, A. Environmental
Assessment of Dimethyl Carbonate Production: Comparison of a
Novel Electrosynthesis Route Utilizing CO2 with a Commercial
Oxidative Carbonylation Process. ACS Sustainable Chem. Eng. 2016, 4
(4), 2088—2097.

(9) Blanco, D. E.; Modestino, M. A. Organic Electrosynthesis for
Sustainable Chemical Manufacturing. Trends Chem. 2019, 1 (1), 8—
10.

(10) Wang, W.,; Wang, S.;; Ma, X;; Gong, J. Recent Advances in
Catalytic Hydrogenation of Carbon Dioxide. Chem. Soc. Rev. 2011,
40, 3703—-3727.

(11) Zhou, Y.; Fu, Z; Wang, S.; Xiao, M;; Han, D.; Meng, Y.
Electrochemical Synthesis of Dimethyl Carbonate from CO2 and
Methanol over Carbonaceous Material Supported DBU in a
Capacitor-like Cell Reactor. RSC Adv. 2016, 6 (46), 40010—40016.

DOI: 10.1021/acssuschemeng.9b01390
ACS Sustainable Chem. Eng. 2019, 7, 10716—10723


http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b01390/suppl_file/sc9b01390_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acssuschemeng.9b01390
http://pubs.acs.org/doi/abs/10.1021/acssuschemeng.9b01390
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b01390/suppl_file/sc9b01390_si_001.pdf
mailto:m.c.costa.figueiredo@tue.nl
mailto:m.koper@lic.leidenuniv.nl
http://orcid.org/0000-0001-6777-4594
http://dx.doi.org/10.1016/B978-0-444-62746-9.00015-3
http://dx.doi.org/10.1016/B978-0-444-62746-9.00015-3
http://dx.doi.org/10.1021/acssuschemeng.9b01390

ACS Sustainable Chemistry & Engineering

Research Article

(12) Jia, G,; Zhang, W,; Jin, Z.; An, W.; Gao, Y.; Zhang, X; Liu, J.
Electrocatalytically Active MOF/Graphite Oxide Hybrid for Electro-
synthesis of Dimethyl Carbonate. Electrochim. Acta 2014, 144, 1—6.

(13) Wy, L. X; Wang, H.; Tu, Z. Y,; Ding, B. B.; Xiao, Y.; Ly, J. X.
Synthesis of Cyclic Carbonates from CO, and Diols via Electro-
generated N-Heterocyclic Carbenes. Int. J. Electrochem. Sci. 2012, 7
(11), 11540—11549.

(14) Yuan, D; Yan, C; Lu, B; Wang, H; Zhong, C.; Cai, Q.
Electrochemical Activation of Carbon Dioxide for Synthesis of
Dimethyl Carbonate in an Ionic Liquid. Electrochim. Acta 2009, 54
(10), 2912—2915.

(15) Yan, C; Lu, B; Wang, X,; Zhao, J.; Cai, Q. Electrochemical
Synthesis of Dimethyl Carbonate from Methanol, CO2 and Propylene
Oxide in an Ionic Liquid. J. Chem. Technol. Biotechnol. 2011, 86 (11),
1413—1417.

(16) Tomita, Y.; Teruya, S.; Koga, O.; Hori, Y. Electrochemical
Reduction of Carbon Dioxide at a Platinum Electrode in Acetonitrile-
Water Mixtures. J. Electrochem. Soc. 2000, 147 (11), 4164.

(17) Chen, L; Wang, S.; Zhou, J; Shen, Y.; Zhao, Y,; Ma, X.
Dimethyl Carbonate Synthesis from Carbon Dioxide and Methanol
over CeO2versus over ZrO2: Comparison of Mechanisms. RSC Adb.
2014, 4 (59), 30968—30975.

(18) Zhao, S. Y.; Wang, S. P,; Zhao, Y. J.; Ma, X. B. An in Situ
Infrared Study of Dimethyl Carbonate Synthesis from Carbon
Dioxide and Methanol over Well-Shaped CeO2. Chin. Chem. Lett.
2017, 28 (1), 65—69.

(19) Zhang, Y.; Bell, A. T. The Mechanism of Dimethyl Carbonate
Synthesis on Cu-Exchanged Zeolite Y. J. Catal. 2008, 255 (2), 153—
161.

(20) Figueiredo, M. C.; Ledezma-Yanez, 1.; Koper, M. T. M. In Situ
Spectroscopic Study of CO2 Electroreduction at Copper Electrodes
in Acetonitrile. ACS Catal. 2016, 6 (4), 2382—2392.

(21) Castonguay, M,; Roy, J. R.; Lavoie, S.; Adnot, A.; McBreen, P.
H. Selective C-C Bond Activation of Methyl Pyruvate on Ni(111) to
Yield Surface Methoxycarbonyl. J. Am. Chem. Soc. 2001, 123, 6429—
6430.

(22) Amatore, C.; Savéant, J. M. Mechanism and Kinetic
Characteristics of the Electrochemical Reduction of Carbon Dioxide
in Media of Low Proton Availability. J. Am. Chem. Soc. 1981, 103
(17), 5021-5023.

(23) Hori, Y. Electrochemical CO, Reduction on Metal Electrodes.
In Modern Aspects of Electrochemistry; Vayenas, C. G., White, R. E,,
Gamboa-Aldeco, M. E., Eds.; Springer Science+Business Media, LLC,
2008; pp 89—189. DOIL: 10.1007/978-0-387-49489-0_3.

(24) Xu, B,; Madix, R. J.; Friend, C. M. Activated Metallic Gold as
an Agent for Direct Methoxycarbonylation. J. Am. Chem. Soc. 2011,
133 (50), 20378—20383.

(25) Ito, K; Ikeda, S; Yamauchi, N.; lida, T.; Takagi, T.
Electrochemical Reduction Products of Carbon Dioxide at Some
Metallic Electrodes in Nonaqueous Electrolytes. Bull. Chem. Soc. Jpn.
1985, 58 (10), 3027—3028.

(26) Gennaro, A; Isse, A. A; Severin, M. G.; Vianello, E.; Bhugun,
L; Savéant, J. M. Mechanism of the Electrochemical Reduction of
Carbon Dioxide at Inert Electrodes in Media of Low Proton
Availability. J. Chem. Soc., Faraday Trans. 1996, 92 (20), 3963—3968.

(27) Gérard, E.; Gotz, H.; Pellegrini, S.; Castanet, Y.; Mortreux, A.
Epoxide-Tertiary Amine Combinations as Efficient Catalysts for
Methanol Carbonylation into Methyl Formate in the Presence of
Carbon Dioxide. Appl. Catal, A 1998, 170 (2), 297—306.

(28) Seo, D. M.; Chalasani, D.; Parimalam, B. S.; Kadam, R.; Nie,
M.; Lucht, B. L. Reduction Reactions of Carbonate Solvents for
Lithium Ion Batteries. ECS Electrochem. Lett. 2014, 3 (9), A91—A93.

10723

DOI: 10.1021/acssuschemeng.9b01390
ACS Sustainable Chem. Eng. 2019, 7, 10716—10723


http://dx.doi.org/10.1007/978-0-387-49489-0_3
http://dx.doi.org/10.1021/acssuschemeng.9b01390

