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ABSTRACT

Development of electrochemical synthesis routes for high-value chemicals could pave the way
for a sustainable chemical industry based on electricity. Herein, the electrochemical synthesis
of the industrially relevant and environmentally benign reagent, dimethyl carbonate is
investigated. By utilizing a combination of electrochemical techniques, in sifu infrared
spectroscopy and headspace-gas chromatography-mass spectrometry we show production and
spectroelectrochemical evidence for the synthesis of DMC via an electrochemically generated
copper carbonyl species. The formation of the copper carbonyl has close to 100% current

efficiency, in the applied potential range of 0.1 — 0.4 V vs SCE. Subsequent formation of DMC
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occurs with a slow reaction time on the order of 30-40 days. Relative to potential co-products,
the reaction is highly selective for DMC. Optimization of the reaction may lead to a viable

method of DMC production.

INTRODUCTION.

Organic electrosynthesis has the potential to replace current environmentally harmful synthesis
methods of the chemical industry!'=. Electrosynthesis uses inherently clean electrons as the
redox reagent, rather than aggressive chemicals. Electrosynthesis also generally generates less
waste from spent reagents than stoichiometric or catalytic processes. Traditional chemical
synthesis methods rely on fossil fuels as the energy source, whereas the energy input to drive
the electrochemical reaction can be sourced from renewables, such as wind or solar.

Dimethyl carbonate (DMC) is a versatile chemical; it is environmentally benign and an
industrially relevant chemical reagent and solvent*. Moreover, DMC is a value-added product
of methanol and has potential to replace toxic phosgene and methyl halides for carbonylation
and methylation, respectively. Replacement with DMC would transform such processes into
Green Chemistry synthesis reactions®®. DMC is also used as an electrolyte component in
lithium ion batteries!®. Since the demand for energy storage by the use of batteries is
increasing!!, the production of DMC is likely to concomitantly increase!'?.

The current industrial methods for producing DMC are energy intensive and hazardous,
requiring high temperature and pressure to drive the reaction!>!4, They also use dangerous
combinations of reactants (CO and O, or NO,)?3. From a Green Chemistry perspective, these
conditions and reactant combinations should be avoided and there has been increasing
investigation into alternative and electrochemical methods for DMC synthesis!'s.
Electrochemical synthesis of DMC uses the electrochemical potential as the driving force,

rather than high temperature and high pressure!®!7. The synthesis reactions of DMC performed
2
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by electrochemical and chemical oxidation methods are shown in Equation 1 and Equation 2

respectively's.

Equation 1
2CH30H + CO—(CH30),CO + 2H* +2e~

Equation 2
2CH30H + CO + §02—>(CH30)2CO + H,0

Possible co-products of the reaction are dimethyl oxalate (DMO), dimethyl ether (DME),
dimethoxymethane (DMM), and methyl formate (MF)!'19-22, Direct oxidation of methanol to
CO, as a competing reaction is also often observed!®!°22, The by-product for the chemical
synthesis (Equation 2Equation 1) is water, which is waste and requires treatment. The by-
products for the electrochemical synthesis on the other hand are “clean” protons and electrons?
(Equation 1Equation 2Equation 2). These by-products could be used to make hydrogen, a
valuable fuel. Reducing the amount of waste products is a step towards a more environmentally
friendly chemical industry.

Electrosynthesis of DMC has been performed by a variety of techniques and with a wide
range of materials. Metallic gold and palladium have both been shown to be active for
electrocatalytic synthesis of DMC!6.1920.22-24 and the surface reactions of these metals have
been well studied by in-situ spectroscopy?*. Various metal compounds have also shown to be
promising as electrode materials, such as PdCl, and CuCl,2'?5 as well as indirect
electrochemical systems based on solution phase redox mediators such as the Br,/Br
system?*26, However, as far as the authors are aware, there has been no commercial application

of electrochemical synthesis of DMC as of yet.
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Herein, we continue the search for alternative and electrochemical methods of DMC
synthesis by using a combination of theory and experiment. Guided by theoretical calculations
on potentially suitable electrode materials, experimental investigations are performed on

copper electrodes.

RESULTS AND DISCUSSION.

Thermodynamic analysis.

To investigate suitable electrode materials for electrocatalytic synthesis of DMC,
thermodynamic analysis of the reaction was performed using density functional theory (DFT).
Electrocatalytic synthesis of DMC requires adsorption of the reactants to the electrode surface.
Adsorption energies of methoxy and carbon monoxide were selected as descriptors for the
synthesis reaction of DMC on an electrode surface. The analysis focused on the energy
efficiency of the reaction so that a better catalyst, in energy terms, than Au and Pd could be
found. Energy efficiency is indicated by the ability to run the synthesis at a low potential. The
applied potential is used for activation of methanol by the electrode to methoxy (CH;0"), which
leads to production of DMC (Equation 3) (* indicates a surface adsorbed species or vacant
surface site). From the DFT analysis it is concluded that the potential (in V vs RHE) which
needs to be applied to activate methanol corresponds to the adsorption energy of methoxy (in
eV). Details of the DFT calculations can be found in the Supplementary Information.

Equation 3
2CH30* + CO* & CH30CO0CH3 + 3 *

A good catalyst candidate should bind methoxy strongly to lower the overpotential for
methanol oxidation and bind CO to obtain a coverage of CO*. However, the catalyst should on
the other hand bind CO* and methoxy weak enough that the intermediates to not block the

surface and reaction 3 is fast. A promising metal balancing both requirements is Cu (adsorption
4
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energy of methanol is 0.3 eV) as it activates methanol at a potential much lower than both Au
(1.3 eV) and Pd (0.8 eV). This lower required potential indicates that copper should be more
energy efficient than both Au and Pd. Following this analysis, copper was chosen as an

electrode material to be investigated experimentally for electrochemical DMC synthesis.

Electrochemical activity.
The electrochemical activity of an electrode can be investigated by use of cyclic voltammetry.
In cyclic voltammetry, a set potential range is scanned from one end to the other and back with
a defined scan rate. Oxidation and reduction reactions can be observed by changes in the current
response, by positive and negative signals respectively. In Figure 1 the cyclic voltammograms
(CV) for a copper wire electrode recorded in an argon-saturated and CO-saturated electrolyte
solution of 0.1 M NaClO, in methanol are presented. The potential range was scanned between
-0.8 and 0.8 V vs. SCE at a rate of 100 mV/s. In the CV recorded with an argon-saturated
electrolyte, peaks are observed for both oxidation and reduction reactions labelled as Ox1, Ox2
and Redl, Red?2 respectively. The oxidation peaks are due to the formation of various copper
oxides and hydroxides in the form of Cu(I), Cu(II), whereas the reduction peaks can be assigned
to the reduction of these oxide species to form Cu(I) and Cu(0)?7?8. Additionally, oxidation of
the solvent, methanol, likely occurs from Ox1 onwards as well as copper dissolution. The
reaction peaks indicate a degree of reversibility for some of the oxidation processes recorded,
however, as the oxidation peak area is visibly larger than the reduction peak area, irreversible
reactions are likely occurring, such as the oxidation of the solvent. The CV is comparable to
that recorded in a similar electrolyte solution, where a broad oxidation peak is shown in the
forward scan and a smaller reduction peak observed in the reverse scan®.

On the addition of carbon monoxide (CO) gas to the electrolyte solution, a large

oxidation peak Ox3 appears (Figure 1). The onset of this peak is before the onset of copper
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oxidation observed without CO present in the argon saturated electrolyte solution. This peak
covers the range of copper oxides/hydroxides formation. The continued presence of the two
reduction peaks Redl and Red2, indicates that the oxidation of copper still occurs and is
unaffected by the new CO induced oxidation reaction. There is no corresponding reduction
peak for the oxidation peak Ox3, indicating that it is an irreversible reaction. The Ox3 reaction
is highly active in the methanol electrolyte solution and a comparable response is not observed
for an aqueous electrolyte solution on the addition of CO (see Supplementary Information for
CVsin 0.1 M NaClOy(aq)).

The CO initiated oxidation process shows passivation from about 0.4 V on the
forward scan and hysteresis between the two scan directions. This is suggestive of a surface
deactivation at post peak potentials on the forward scan which is reactivated on the reverse
scan at a lower potential. This is not an uncommon observation for the oxidation of alcohols or
small organic molecules over metal surfaces. Oxidation products can cover the surface,
passivating it towards further reactions. On the reverse scan, the products desorb or get reduced,

so that the surface becomes available for reaction again®.
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Figure 1. Cyclic voltammograms recorded with a wire copper electrode in an argon (black)
and carbon monoxide (blue) saturated electrolyte solution of 0.1 M NaClO, in methanol. The

potentials were scanned at a rate of 100 mV/s, in the directions indicated by the arrows. The

6
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counter electrode was copper mesh and the reference potential was a saturated calomel

electrode (SCE). Geometrical current densities are presented.

Spectroelectrochemistry.

Spectroelectrochemistry was performed using Fourier-transform infrared spectroscopy (FTIR)
coupled with electrochemistry. An electrode of polycrystalline copper was used to study
surface reactions, including formation of intermediates and products. Spectra were
recorded at different electrode potentials in the electrochemically active range of copper
in a CO environment (0.0 to 0.5 V vs. SCE), as determined to be the potential range of
interest from the CV in Figure 1. Figure 2 shows the FTIR spectra in both argon-saturated
(A) and CO-saturated (B) electrolyte solutions.

In an argon-saturated atmosphere (Figure 2A) five main bands are observed, at 2341,
2053, 2025-2019, 1372 and 1145 cm™!. The positive band at 1145 cm™ is due to C1O4 ions
from the supporting electrolyte. As the electrode potential is made more positive, the
negatively charged ClO,4 ions concentrate in the vicinity of the electrode and
consequently, the thin layer, leading to the observed increase in the band intensity. The
band at 2053 cm! can be assigned to an overtone from methanol?*. The fact that it appears
as a negative feature at potentials higher than 0.2 V vs. SCE suggests that methanol
decomposition starts in this potential range. In fact, concomitant with this negative band,
two positive bands are observed in the spectra at 2025-2019 and 1372 cm"! corresponding
to (adsorbed) CO and HCOjs-, respectively. Both CO and bicarbonate (CO,) can be
suggested as products from methanol direct oxidation oxidation3' and are observed at

potentials higher than 0.2 V vs. SCE.
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The CO related band around 2020 cm! is potential dependent as expected from adsorbed
CO species and shifts 20 cm™' V-'. This band has been reported in the literature, for
aqueous solutions and negative applied potentials (bellow the potential of zero charge) as
CO adsorbed on metallic copper atoms32-33,

The band at 2341 cm™! is due to O-C-O stretching from CO,. Unfortunately, as our
specular compartment is not under vacuum, fluctuation of the CO, and water vapor content
in the chamber can exist and affect the intensity of this band (positive or negative), making
the interpretation of the potential formation of this possible product difficult. However,
when CO; is dissolved in liquid a single band is observed instead of a double band. In
Figure 2B the single band is therefore indicative of CO, in solution produced from
methanol oxidation. The double band observed in Figure 2A is attributed to gas phase CO,
in the specular compartment which may be obscuring a single positive band. Additionally,
the presence of the bicarbonate band indicates that CO, is formed from methanol oxidation
at the Cu electrode when the applied potential is higher than 0.2 V vs. SCE in both Figure
2A and B.

When the spectroelectrochemical cell is saturated with CO, the spectra (Figure 2B)
change. The most prominent difference is the observation of a positive vibrational feature
at 2106 cm™!' and a negative one at 1646 cm-!. The latter is due to water oxidation in the
thin layer, while the former band at 2106 cm™!' should be related with a CO species as it
falls in the vibrational region where carbonyl bands are expected. In fact, such a band has
been ascribed in literature to the formation of a Cu(I)CO complex in solution?®-3433,
Furthermore, the band does not change with the applied potential, suggesting that it is

indeed related with a solution species.
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Figure 2. Infrared spectroelectrochemistry. Thin-film spectra for a copper electrode in (A)
argon and (B) CO saturated electrolyte solutions of 0.1 M NaClO4/methanol. Spectra were
acquired from -0.2 in steps of 0.1 up to 0.5 V vs SCE, at 100 interferograms per spectrum and
8 cm! resolution. The backgrounds were recorded at -0.2 VSCE in the respective saturated

solution.

In Figure 3, the integrated band area of the peak at 2106 cm™! as a function of electrode
potential is presented. Integration of the Cu(I)CO band area provides a qualitative measure of
the quantity of the species present at a given potential. The Cu(I)CO band can be observed in
the spectra at potentials as low as 0 V vs. SCE, increasing in intensity up to 0.2 V vs. SCE and
then decreasing. Most likely, copper dissolution is initiated at 0 V vs. SCE forming Cu(I) in
solution, that in the presence of CO produces a cuprous CuCO species. This electrochemical

activity correlates with the CO-induced oxidation peak Ox3, in the CV of Figure 1
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From 0.3 V vs. SCE onwards, both Cu(I) oxidation to Cu(II) and CO oxidation to CO, begin,
decreasing the amount of Cu(I)CO species in solution, as observed from the lower intensity of
the FTIR band at potentials higher than 0.3 V. When the electrode potential is higher than 0.2
V vs. SCE, bands similar to those observed in the absence of CO, are observed (band observed
at 2341 cm! and bicarbonate band at 1372 cm!). These bands are probably due to methanol
and CO oxidation to CO,.

There is no evidence of DMC formation on the surface of the copper electrode, as neither

vibrational features for DMC nor the methoxy surface intermedate are observed?*3.
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Figure 3. The [CuCO]* 2106 cm-1 integrated carbonyl band area at each applied potential from
FTIR measurements provides a qualitative measure of the quantity of CuCO present at the

different potentials. The potentials were applied from low to high potential.

Constant-potential electrolysis.
Constant-potential electrolysis was used to investigate potential dependent synthesis reactions.
In these experiments, a selected potential was held for a set duration, after which, product
analysis was performed. The electrolysis potential is held long enough to generate appreciable
quantities of product for detection.

Based on the cyclic voltammograms of the copper electrode in Figure 1, a region of

electrochemical activity is observed between 0 and 0.4 Vgcg for the CO/methanol system. In

10
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addition to that, the recorded spectra in Figure 2 show that an interesting copper complex is
being formed in this same potential range. In order to investigate the activity of the copper
electrode and therewith, the CuCO species, for DMC synthesis, we performed electrolysis in
this potential region. We focused our subsequent investigation on selectivity towards DMC
production, Faradaic efficiency (FE) and potential dependence. The FE is determined by
quantifying the charge generated for the DMC reaction and relating that to the total charge
generated during the electrolysis.

Figure 4A shows the generated current densities, normalized to the geometric surface
area (geo) of the electrode, for each electrolysis-potential. Good stability is obtained over the
course of the experiment, after an initial induction period of approximately 5 minutes. The
stabilized current densities were in the range of 0.1 to 4.5 mA cm?,,. The trend in current
densities follows that of the CV, where the peak in current density is between 0.2 and 0.4 V. It
can also be seen that the CuCO band area (Figure 3) shows a similar trend as well, where the
current density is highest, the reaction rate of formation is highest and so is the band intensity.

Analysis of the electrolyte solution immediately after the experiment revealed that DMC had
not been produced, which is in agreement with the FTIR measurements (Figure 2). However,
the samples were monitored over the course of 70 days and shortly after the experiment (1-2
days), DMC was present in the solution and its concentration slowly increased with time. In
Figure 4B, the DMC concentration on day 3 and day 70 after the electrolysis is shown, where
less than SuM was detected on day 3 for each potential and by day 70, up to 24 uM DMC was
detected. The DMC synthesis was initiated by the electrolysis and completed in solution until
a maximum DMC concentration was reached. The insert in Figure 4B shows that the reaction
starts to plateau at approximately day 40. The stability of the intermediate and slowness of the
synthesis reaction, may be related to the stabilizing effect of the CO ligand, which is known to

impart stability to copper perchlorate in solution®’.

11
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There is synthesis activity for DMC in the same applied potential range as seen for the CO-
induced CV oxidation peak and for CuCO formation, that is between 0 and 0.4 Vgcg. The
highest concentrations were at 0.1 and 0.2 V. This potential-dependent and post-electrolysis
formation of DMC indicates that an indirect electrochemical synthesis is taking place, through
an electrochemically generated CuCO species. The reaction is selective for DMC as no other

possible products were detected, as defined earlier.
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Figure 4. Electrochemical synthesis. (A) constant potential electrolysis geometric current
densities for a copper disk electrode. Experiments were performed in CO saturated 0.1 M
NaClOg4/methanol electrolyte solution each for 30 minutes, the counter electrode was copper
mesh and the reference potential was the SCE. (B) concentration of DMC at 3 and 70 days after
electrolysis. (B, insert) change of DMC concentration with time since the day of electrolysis,
shown for 0.1 V vs. SCE. Duplicate or triplicate measurements at all potentials were performed,

except 0.4 V vs. SCE and error bars show one standard deviation from the mean value.

Selectivity analysis.

The efficiency of charge passed, the Faraday efficiency (FE), for DMC formation is shown for
day 3 and day 70 after electrolysis Figure SA. The FE is in the range of 1-6% for the applied
potentials tested. Therefore, even though there is a high selectivity for DMC, the majority of

the CuCO species formed is utilized for another reaction or is deactivated.
12
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The electrochemically-generated CuCO species is observed in the same potential region
where DMC is formed, it is therefore hypothesized herein, that this Cu(I) species is the initiator
for DMC synthesis from CO and methanol. The selectivity observed for DMC versus other
possible products, indicates that the CuCO species is highly selective for DMC and Cu(]) is
indeed well known for having a high selectivity for DMC synthesis in heterogeneous
catalysis!?.

The production and FE of DMC is therefore directly related and limited to the FE of Cu(I),
since the Cu(I) species is the precursor to DMC. Additionally, the yield of DMC will be related
to, and limited by, the efficiency of the post-electrolysis homogeneous reaction. Therefore, the
degree of Cu(I) dissolution into the electrolyte solution may elucidate the efficiency of the
homogeneous reaction. Chemical analysis was performed on the electrolyte solutions to
investigate the copper content. In Figure 5, the Cu concentration in the electrolysis solutions
are presented. The concentration increases from 0.0 to 0.2 V vs. SCE and then stays relatively
constant up until 0.4 V vs. SCE. Due to the low current generated at 0.5 V vs. SCE the quantity
of copper in solution could not be determined as the signal was below the detection limit.
Relating the observed Cu concentrations from 0 to 0.4 V vs. SCE to the charge passed during
electrolysis shows close to 100% FE for the one electron oxidation reaction of Cu to Cu(l)
Figure 5, suggesting a significant loss of the bulk electrode. However, a proportion of the
current is likely to be due to the oxidation of Cu and Cu(I) to Cu(Il), especially at more positive
potentials. The chemical analysis performed only provides the concentration of copper and not
the oxidation state. Therefore, the current density generated may be partly due to a combination
of different Cu oxidation reactions as well as solvent oxidation reactions which were indicated

by the spectroelectrochemistry results.

13
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Figure 5. (A) Faraday efficiency (FE) for DMC and total charge passed during electrolysis at
each applied potential of 30 minutes. FE is shown for both 3 and 70 days after electrolysis.
(B) Concentration of copper in the electrolyte solution after electrolysis and resulting FE based
on one electron oxidation of Cu to Cu(I). Copper determination at 0.5 V vs. SCE was below
the detection limit and is therefore not shown. The resulting error in concentration of 1-2
replicate measurements at all potentials except 0.4 V vs. SCE are shown as one standard

deviation from the mean value. At 0.4 the error of calibration is presented.

As the FE is close to 100% for Cu(I) formation between 0.1 and 0.4 V vs. SCE and features
in the CV and spectroelectrochemical data show that the Cu(]) is formed from 0 up until 0.5 V,
we identify the Cu(I)CO as the electrochemically generated, active and selective, species for
DMC synthesis. Since the formation of Cu(I)CO appears to be highly efficient, it is likely that
it is the homogenous step that is the limiting factor for DMC formation. It is observed that the
CuCO reacts slowly, peaking around day 40 (Figure 4B insert) with a low FE. Oxidation of
methanol to methoxy must occur in order to form DMC with the CuCO* intermediate.
Therefore, based on Equation 2, where molecular oxygen is the oxidant, a tentative
homogeneous reaction mechanism is presented by Equation 4, Equation 5 with the

electrochemical step shown by Equation 6.

14
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Equation 4
[CuCO] * + 2CH30H + %0,—[Cu(0CH3),C0] * + H,0
Equation 5
[Cu(OCH3),C0] T - Cut + (CH30),CO

Where the [CuCO]" intermediate is generated electrochemically by:

Equation 6

Cu + COM[CuCO] t+oe”

The homogeneous reactions occur in a sealed environment with CO and air. The CO
originating from saturation of the electrolyte solution during electrolysis and the air (i.e.
oxygen) from inevitable introduction during sample collection. The slow homogenous process
may then be due to poor kinetics, low oxygen exposure or a combination of the two. Additional
tests with increased oxygen exposure however, did not result in the immediate formation of
DMC, therefore, slow kinetics may be the underlying problem for this reaction and further

studies are required.

Due to the complexity of the electrochemical synthesis of DMC under these conditions,
the technique is not a viable one for production before significant optimization is performed.
However, these initial synthesis results also highlight the complexities and difficulties of
investigating electrochemical reactions. In the instance that a homogenous step is quick for
chemical formation, an indirect electrochemical synthesis may be mistaken for an
electrocatalytic synthesis. This will impact analysis and optimization strategies and may be

relevant for other investigations of electrocatalytic reactions, such as CO, reduction3®3°.

15
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CONCLUSIONS

The combination of the experimental techniques of FTIR, constant potential electrolysis and
HS-GS-MS has allowed us to study and understand the electrochemical synthesis of DMC on
copper in detail. Our results show that copper does not act as a direct electrocatalyst for
methanol carbonylation to DMC, rather, it acts as an indirect electrochemical catalyst. The
spectroelectrochemical measurements do not show adsorbed methoxy, a known intermediate
for direct electrochemical synthesis of DMC. The electrolysis tests, show that DMC is not
immediately formed during synthesis. Interestingly, DMC was subsequently formed in the
electrolyte solution. By using FTIR we observed a copper carbonyl (CuCO) formed by
oxidative dissolution of the electrode in a CO saturated electrolyte solution. Dissolution to
CuCO was found to be highly active and efficient with almost 100% FE and high and stable
current densities for its generation. Formation of CuCO occurred over a wide potential range,
from 0-0.5 V vs SCE. By using HS-GC-MS, we determined that DMC was formed in the
electrolyte in the same potential range as the CuCO species was formed. The resulting current
efficiency for DMC suffers from an inefficient chemical step and is on the order of 5% and is
therefore not yet a viable method of DMC production. However, as yet, no optimization of the
chemical step has been attempted. We concluded that the electrochemically generated CuCO
species is active and selective for DMC synthesis in solution, by an indirect electrochemical
mechanism.

DFT analysis initiated our experimental investigation of copper as an electrocatalyst and lead
to the discovery of an indirect electrochemical synthesis route for DMC. The simulation is
limited in the absence of known competing reactions, such as that of copper dissolution to from
CuCO. We therefore emphasize the necessity of feed-back loops from theory and experiment

to further develop the predictive technique, as one approach advances the other.

16
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EXPERIMENTAL SECTION

Chemicals.

The electrolyte was NaClO4H,O (VWR, AnalaR NORMAPUR, >99.0%) dissolved in
methanol (ultrapure, spectrophotometric grade 99.8 + % Alfa Aesar) to form a 0.1 M
solution of NaClO4/methanol. This electrolyte was used for all electrochemical measurements.
Gasses used were argon (Air Liquide, Alphagaz 1.0, 99.999%) and carbon monoxide (Air

Liquide, >99.95). All chemicals were used as received from the supplier.

Electrochemical measurements.
The cyclic voltammetry and electrolysis tests were performed in a three electrode divided H-
cell connected to a potentiostat (Nordic EC ECi-200). The reference potential was a saturated
calomel electrode (SCE) and the counter electrode was copper mesh. The working electrode
for CV experiments consisted of a copper wire. The working electrode for electrolysis
measurements consisted of a copper disk of 6.35 mm diameter x 3 mm height placed in a Teflon
holder (Figure S3). The disk was flush with the end of the holder to produce a geometric surface
area of 0.32 cm? which used to calculate the current density, J in mA cm?,,. Before each
experiment, the electrode was polished until a smooth mirror like surface was visible by 1uM
then 0.3uM aluminum oxide suspension. The electrode was rinsed and solicited with ultrapure
water between polishes. Finally, the electrode was sonicated in methanol and left to dry before
electrochemical measurements were performed.

All compartments of the cell contained the same electrolyte solution with the working
electrode compartment containing a measured 20 mL. The solution in the working electrode
compartment was bubbled with either argon or carbon monoxide. To insure complete saturation

of the electrolyte solution during electrolysis, CO at atmospheric pressure was continuously
17
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bubbled. Each electrolysis test was performed for 30 minutes, after which, the electrolyte
solution was collected for analysis in crimp sealed vials and were kept in these vials for
HSGCMS analysis. During the experiment there is an over pressure of CO which results in the
purging of air out of the cell, however, when the samples are collected, the lid of the H-cell
must be opened and the bubbling of CO stopped, therefore, air is also contained within the
vials. Between each electrolysis text, the cell was thoroughly rinsed with ultrapure water and
methanol, and then dried. All experiments were performed at room temperature. A diagram of
the cell used for electrochemical measurements can be found in the Supplementary

Information.

Chemical analysis.

Quantitative chemical analysis was performed by an Agilent headspace sampler connected to
a gas chromatograph with a mass spectrometry detector (HS-GC-MS). Chemical separation
was achieved with an Agilent VF-624 column. The carrier gas was helium. The analysis
method allowed for the observation of dimethyl carbonate, dimethyl oxalate, methyl formate,
dimethoxy methane and dimethyl ether, tested by analyzing prepared reference solutions for
mass spectra and retention time matches.

Determination of the copper concentration was performed using an inductively coupled
plasma-mass spectrometer (ICP-MS). External calibration was performed with standards of
known concentration. Samples were diluted in 2%,, HNO; prior to analysis. Further details on
calibration and analysis can be found in the Supplementary Information.

The Faradaic efficiency (FE) is calculated by,

eFn;

FEiz Q
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where e is the number of electrons transferred per mole of product, F is the Faraday constant
in C mol!, n; is the quantity of product i in mol and Q is the amount of charge passed during

the electrolysis in C.

Spectroelectrochemistry.

For the spectroelectrochemistry measurements, a Thermo Fisher Nicolet 6700 spectrometer,
equipped with a specular reflectance unit (VeeMAX II, PIKE Technologies) and a MCT
detector was used. The experiments were performed in external reflection mode with a thin-
layer configuration, using a glass three electrode spectroelectrochemical cell as described
elsewhere®. The reference electrode potential as the SCE and counter electrode was platinum
foil. The copper electrode was pressed against a CaF, prism at a controlled potential (-0.2 V
vs. SCE) where a reference spectrum was obtained. Then, the electrode potential was stepped,
successively to the sample potential where the sample spectra were recorded. The final spectra
are presented as (R-Ry)/R,, where R and R is the reflectance at the sample and reference
potential, respectively. Therefore, for the results presented in this work mean that positive
bands in the spectra correspond to species with increased concentration and negative band to
species with lower concentration in the sample potential, compared to the reference. Each
spectrum corresponds to the collection of 100 scans with a resolution of 8 cm™! which takes

approximately 1 minute to complete. All measurements were recorded at room temperature.
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