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Abstract

The recently proposed highly efficient route of pyridine-catalysed CO> reduction to methanol was explored
on platinum electrodes at high CO- pressure.

At 55 bars of CO», the bulk electrolysis in both potentiostatic and galvanostatic regimes resulted in
methanol production with Faradaic yield up to 10% for the first 5-10 C/cm? of charge passed. For longer
electrolysis, the methanol concentration failed to increase proportionally, being limited to sub-ppm levels
irrespective of biasing conditions and pyridine concentration. This limitation cannot be removed by
electrode reactivation and/or pre-electrolysis and appears to be an inherent feature of the reduction process.

In agreement with bulk electrolysis findings, the CV analysis supported by simulation indicated that
hydrogen evolution is still the dominant electrode reaction in pyridine-containing electrolyte, even at
excess CO2 concentration in the electrolyte. No prominent contribution from either a direct or coupled
CO2 reduction was found.

The results obtained suggest that the CO, to methanol reduction is a transient process that is largely
decoupled from the electrode charge transfer.
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Introduction

Recently, significant research effort has been directed towards the option of reducing captured CO2to fuels
and high value chemicals, as an alternative approach to carbon capture and sequestration, which is costly
both financially and in energy terms, requiring 10-40% of the energy produced by a coal power station.’.
Among the most promising routes is the catalytic electrochemical and photo-electrochemical reduction of
CO2 to products such as methanol or formic acid. Electrochemical routes to both molecules are already
being exploited commercially>* using wind or geothermal energy. However, as the reduction of CO3 is
thermodynamically expensive, any reduction in the over-potential required or increase in Faradaic
efficiency would be valuable. Similarly, increasing product selectivity to minimise the energy needed for
separation and purification would also be a key improvement to the reduction process. Hence, recent
reports of highly efficient and selective reduction of CO> to methanol in pyridine-containing aqueous
electrolytes were very encouraging. Faradaic efficiencies of 100% were reported on p-GaP® and of ca.
20% on Pt® cathodes at very low overpotentials. Methanol production was suggested to proceed through a
6-electron multi-step reduction process mediated by pyridine (Py). The mechanism initially proposed®’
involved pyridine protonation in acidic media to pyridinium (PyH"), followed by charge transfer on the
electrode creating a pyridinium radical. It was suggested that this pyridinium radical then interacts with
CO- to generate an intermediate carbamate radical complex, via a multistep inner-sphere mechanism
leading to the alcohol formation. The cyclic voltammetry (CV) wave representing the single-electron
charge transfer in pyridine-containing electrolyte has been observed on some other electrodes such as Pd®,
p-GaP®, Pt/C-TiO2® and iron pyrites.'? These reports stimulated several theoretical calculations related to
the proposed mechanism based on the pyridinium radical. In particular, the pyridinium reduction potential
has been calculated by two independent groups. Although there were discrepancies between the exact
values reported by these groups, there was general agreement that the reduction of the pyridinium occurs
at a potential at least 0.6V more negative than is experimentally observed in the CV of the pyridine
system.!¥ This fact has made the mechanism initially proposed improbable and stimulated further
investigations.

Scheme 1. Proposed mechanism of the electrochemical reduction in
aqueous acidic pyridine solution on Pt electrode.

(i) PyH* = H* + Py

(ii) CO, + H,0 = H,CO;
(iii) H,CO; = H* + HCO4~
(ivyH* + e~ = 1/2H,

Further voltammetric studies of pyridinium ions on a Pt electrode revealed some features in common with
the behaviour of weak acids.'>® Costentin et al. proposed that the pyridinium behaves as any weak acid
undergoing reduction on a Pt electrode, leading exclusively to hydrogen generation.® According to these
authors, the peak current observed under inert atmosphere is merely the reduction of hydrated protons
diffused to the electrode surface (Scheme 1, reaction iv). The protons are released by the pyridinium acting
as a weak acid via a fast deprotonation equilibrium (Scheme 1, reaction i). This group argues that the
mechanism leading to the catalytic current observed under CO, does not differ much from the current
resulting under an inert gas; the enhancement of the former being due to increased proton concentration
resulting from carbonic acid dissociation (Scheme 1, reaction iii). This interpretation together with their
NMR analysis of the electrolysis products, which showed no sign of methanol, allowed them to explicitly
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rule out the catalytic role of pyridinium in methanol production. In subsequent/more recent papers by the
Bocarsly group another mechanism of pyridine-assisted methanol synthesis was brought forward. In
agreement with [13], it was suggested'’-1® that the Pt electrode surface plays a key role in the multistep
CO:2 reduction to methanol. The first CO2 reduction step is detailed in Scheme 2.

Scheme 2. Proposed mechanism of pyridine-assisted electrochemical
reduction of CO2 on Pt electrodes in aqueous acidic solution.

() PyH* = H* + Py

(i) PyH" + e~ = Hp; + Py

(iii) PyH* + Hp; + CO, + e~ = HCO,H + Py
(iv) PyH* + Hp; + e~ = H, + Py

In contrast to Scheme 1, in this scheme 5-25% of the reduction current was estimated to be responsible for
the methanol synthesis (CO:z reduction) ((iii) in Scheme 2) and the remaining 75-95% for the competing
hydrogen evolution reaction ((iv) in Scheme 2).%°

To our knowledge, the reports from the above two groups,>®1%17-20 which reached very different
conclusions, are among the very few experimental studies attempting to elucidate the CO»-pyridnium
mechanism. Other investigators focussed largely on extending the methanol production to different
electrode materials?:?2 or on the electrochemistry of pyridine solutions.?*-2 The one closely-related study?’
examined the effect of pyridine on the homogeneous photochemical reduction of CO. to methanol using
a Ru complex. The main conclusion of this work was the confirmation of methanol synthesis and the
important role of pyridine in it, although no specific mechanism was suggested?’.

In view of apparently contradictory reports regarding the catalytic role of pyridine in CO> reduction, we
have conducted an electrochemical study of the CO2-pyridinium system under high CO pressures. Using
high pressure allows the issue of low solubility of CO> in aqueous electrolyte to be overcome, which
according to Scheme 2, should help to maximise the proportion of the current going into CO> reduction
and hence increase the methanol Faradaic yield (FY).

This paper reports the results of bulk electrolysis and cyclic voltammetry studies at high CO2 pressure for
a wide range of pyridine concentrations and a variety of biasing/polarisation conditions, supported by
numerical simulations.

Experimental section

High pressure experiments were carried out in a Pyrex container placed inside a water-jacketed stainless
steel cell (Parr®) rated to operate up to 350 bars. The pressures were maintained (+0.5 bar) by employing
a JASCO BP-2080-81 back pressure regulator. The pressure was applied 1 hour prior to CV measurements
or bulk electrolysis to allow CO; to saturate the electrolyte. The temperature was stabilised at 20 + 0.1 °C
using a thermostatic water circulator.

Water-based (2-30 ml per charge) electrolyte containing of 0.5 M KCI (Aldrich, >99.9%) with added
pyridine (Aldrich, >99.9%) were used. All experiments were performed using a Metrohm Autolab-101
potentiostat. A standard three-electrode arrangement was used with either a Pt wire (areas 0.06 or 0.6 cm?)
or foil (3.6 or 10 cm?) as the working electrode, for cyclic voltammetry and bulk electrolysis respectively.
Pt mesh (>20 cm?, Aldrich, 99.9%) was used as the counter electrode and AgCl-coated Ag wire (Aldrich,
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>09.99%) as the (pseudo) reference electrode. Both of these electrodes were placed in separate
compartments isolated from the working electrode compartment by fine glass frits and filled with
electrolyte identical to that in the working electrode chamber. For experiments under ambient pressure, a
standard Ag/AgCI reference electrode (3M KCI) was used. All data in this paper are presented in respect
to this reference electrode potential. Prior to experiments, the working Pt electrodes were activated by
flaming with a natural gas torch, then soaked in hydrogen peroxide (Fisher Scientific, >30% wi/v) followed
by concentrated HCI (Aldrich, >99.9%) for 1.5-2 hours each and finally rinsed with deionised water
(18 Qcm'Y). Prior to the CO2 (99.95%) admission, electrolyte solutions were purged for 15-20 min with
N2 (99.94%). In experiments under nitrogen atmosphere, the pH of the solution was adjusted using HCI
(Aldrich, >99.9%). All cyclic voltammetry data are presented without the series resistance compensation.

The electrolysis experiments were conducted in a batch manner. After a desired charge (1 - 300 C) had
been passed, the high pressure cell was slowly depressurised and the alcohols content of the electrolyte
was analysed by GCMS.

The electrolysis products were analysed on an HP6890 gas chromatograph connected to a mass
spectrometer (GCMS). Two methods were employed to ensure consistent results. In one method, 1-3 pl
of electrolyte solution was injected directly and analysed using an Rt-Q Bond column. In the second
method, a headspace analysis was performed using a PLOT-U column. For the latter, the headspace gas
was sampled from a vial containing the analysed electrolyte pre-heated to 60°C. In addition to methanol,
the levels of isopropanol, ethanol and butanol were monitored. No other products were analysed.

Simulations were conducted with commercial DigiElch software using realistic electrode geometry.



Results and Discussion

COz2 pressure effect

The CV waves in Py-containing electrolyte taken at different CO> pressure indicate a steady increase
of the reduction current with CO> pressure, as shown in Fig. 1. This is in qualitative agreement with the
results reported by the Bocarsly group for the 1-6 bars CO; pressure range’ for similar Py concentrations.
The rate of the current increase drops above ~10 bars and approaches saturation above ~50 bars (as can be
seen from the experimental data on the inset into Figure 1). Saturation behaviour of this type might be
expected in view of the known pressure dependence of CO> solubility in water electrolytes. However, if it
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Figure 2. CV waveforms with varying CO; pressure: scan speed 10 mV/s, 10 mM of pyridine. Insert: CV reduction
peak/limiting current versus CO; pressure; symbols — experiment, solid line — simulation.

is due solely to changing solubility, the observed pressure dependence would imply strong deviation from
Henry’s law and indicate that the dissolved CO2 concentration increases from 33 mM at 1 bar to 1.27 M
at 57 bars (at 20°C), and changes by less than 5% on the subsequent pressure increase up to 100 bars
(Figure S2). On the other hand, in the case of a mechanism involving direct CO; participation in the
electrode reaction (Scheme 2), the approach to saturation might imply that excess of CO2 had already been
reached. For either scenario, the maximum effect of CO- pressure can be expected to be observed already
at ~50-60 bars. Hence, the remainder of our experiments were conducted at this pressure range.
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Figure 1. Final methanol concentration and Faradaic yield as function of the passed charge
for galvanostatic electrolysis in 50 mM pyridine solution at 55 bars of CO, . Current
density: circles — 0.05 mA/cm?, squares — 0.5 mA/cm?. Broken lines added to aid the 5
visual connection between two sets of data only. Error bars reflects the methanol
detection accuracy
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Figure 3. Faradaic yield (closed symbols) and final concentration of methanol (open symbols) obtained in
potentiostatic bulk electrolysis at 55 bars of CO, and 10 mM of pyridine.
(a) As function of the passed charge for the reduction potential of -0.7 V. Error bars reflects the methanol
detection accuracy. Solid line are only a guide to the eye.
(b) As function of the reduction potential for the passed charge of 14-19 C. Error bars indicate data

scatter over three experiments at -0.7 V. Other data points represent single experimental runs.

In accordance with the CV data, the cathodic potential for bulk electrolysis experiments was chosen
to be between -0.5 and -0.8 VV (for potentiostatic accumulations). For galvanostatic electrolysis, the
cathodic current was fixed at values in the 50 pA/cm? to 1.5 mA/cm? range.

Bulk electrolysis

Fig. 2 shows typical variation of the methanol concentration in the electrolyte with passed charge for
galvanostatic electrolysis at two different current density values. Methanol was detected after ~1 hour of
electrolysis or ~10 C of passed charge, whichever represented the shortest period. At the same time, we
were not able to clearly detect the gradual build-up of the methanol concentration with the passed charge.
This can be an indication of some latent period in the reduction process. The methanol concentration tends
to reach maximal values after 10-20 C of passed charge and remains largely constant thereafter. The latter
results in a dynamic character of the apparent Faradaic yield (for methanol production), which starts from
~7% and decays steadily with the accumulated charge (Fig. 2).

An example of the potentiostatic electrolysis (at -0.7 V) can be seen in Fig. 3(a). It shows a similar
trend of saturation of the final methanol concentration at sub-ppm level after few tens of coulombs of
charge has been passed. Experiments at less negative potentials show no obvious improvement in terms
of either the methanol concentration or Faradaic yield. On the other hand, despite all possible measures
being taken to ensure consistency, the repeatability of the bulk electrolysis experiments was poor; hence,
this could obscure some weak correlations.

A common feature in all electrolysis experiments with these typical Py concentrations is that the final
methanol concentration was limited to sub-ppm level irrespective of the charge passed or polarisation
mode.

Figure 4 represents the cumulative results of electrolysis performed across a wider range of pyridine
concentrations. Each data point shown in Figure 4 corresponds to a passed charge larger than ~10 C so the
methanol accumulation has reached or is approaching its limiting value. It can be seen that the final
methanol concentration is still no more than ~1 ppm for the entire pyridine concentration range. It should
be noted that different pyridine concentration in these experiments results in different equilibrium pH
value of the electrolyte, spanning from pH = 3.5 at 1 mM of Py to pH = 5.8 for 1 M of Py. This implies
that the hypothetical competition between the hydrogen evolution reaction and CO: electro-reduction is
shifting with Py concentration. Nevertheless, the data shown in Fig. 4 leads to the conclusion that pyridine
concentration is not a critical factor as no clear optimal pyridine concentration or concentration trend is
revealed. The apparent FY corresponding to the methanol accumulation shown in Figure 4 is presented
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in Figure 5. It displays the same dynamics as shown in Figures 2 and 3, starting at ~10% for ~10 C of
passed charge and drops steadily with increasing the charge passed. This dynamic behaviour is clearly
related to the apparent limit in absolute value of final methanol concentration, which was observed in all
our experiments. To the best of our knowledge, a limitation of this nature was not reported by the Bocarsly
group or other authors. Neither are we aware of any results contradicting this limited methanol yield and/or
the dynamic character of the FY. The observed limit of the methanol yield can explain the failure to detect
methanol in the experiments of Costentin et al [15], who were using a less sensitive analytical technique
than was employed in the present work.

Interestingly, methanol was obtained at concentrations of pyridine as small as 0.5 uM. The real Py
limit could be even lower. Indeed, we have observed the characteristic pyridinium CV waveform in
electrolytes with pyridine content below the GCMS detection limit. The latter observation is in agreement
with the known high surface activity of pyridine on metals.?®?® At the same time, the electrolysis (in
different polarisation modes) in the high pressure cell, which has been thoroughly cleaned of pyridine,
did not result in methanol production. Hence we can conclude that it was necessary to have pyridine in the
electrolyte in order to obtain methanol in our experiments.

In addition to methanol, comparable concentrations of higher alcohols (ethanol, isopropanol and
butanol) were often detected at higher pyridine concentrations (Figure S3). These products have not been
reported previously for pyridine-assisted reduction of CO- at a Pt (or Pd) electrode. However, the same
alcohols were among the products reported®19-21-243031 for CO, reduction on several semiconductor or
composite electrodes in the presence of pyridine or its derivatives (similar nitrogen containing
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heteroaromatic molecules). Inclusion of these alcohols leads to somewhat larger values of the FY but does
not change its dynamic character as shown in Figure 5b. The maximal values of this total FY ( ~10%) are
comparable to, but still less than, the 15-20% methanol FY reported for reduction at 1 bar of CO> for
similar electrodes.®1% Hence, using a higher concentration of CO, does not lead to a higher FY for CO;
to alcohol reduction. The simultaneous appearance of methanol and higher alcohols is in agreement with
the mechanism of multistep reduction of CO2.° In this framework, it would indicate that up-conversion to
higher alcohols proceeds more efficiently than further increase of the methanol concentration. This can be
interpreted as evidence that the methanol concentration is not limited by the lack of available hydrogen.

Electrode reactivation

The limit to the methanol yield revealed in our experiments casts serious doubt on both the practical
applicability of this system for CO, reduction and the proposed mechanism® for pyridine-assisted CO; to
methanol reduction. On the other hand, a product limitation is often observed in bulk electrolysis
experiments and is usually related to electrode blockage (poisoning) either by products/intermediates or
by impurities.®? A pre-electrolysis step (see experimental details section) designed to remove the cationic
impurities from the electrolyte was introduced into preparative electrolysis experiments but failed to
increase the methanol yield. Moreover, experiments on repeating the electrolysis (in the same electrolyte)
with the re-activated working electrode did not result in increased methanol concentration in the electrolyte
either. Both of these experiments imply that blocking of the electrode with impurities is unlikely to be
responsible for the limited methanol production.
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Figure 6. (a) Electrolysis at different fixed potentials, showing current variation with time; (b) CVs before the
electrolysis (black curve), after electrolysis at -0.5 V (red curve) and -0.7 V (blue curve); (c) CO
desorption wave in the first CV (red curve) taken after the electrolysis at -0.7 V. The first CV taken at the
same potential range before the electrolysis is shown (black curve) for comparison; (d) Current variation
in bulk electrolysis at electrode potential alternated between -0.7 V and +0.5 V. Scan rate 100 mV/s;

10 mM of Py; 55 bars of CO.. 8



Analysis of the time dependence of the electrolysis current nevertheless reveals clear signs of an
electrode blockage. Figure 6a shows a typical current variation with time, which displays a quick drop to
less than half-value in the first few minutes, eventually stabilising at ~10% of the starting value. The
current drop is slower and smaller at less negative polarisation potentials. However, this current drop
happens to some extent at all the cathode potentials (in the 0.5-0.8 V range) and it is not sensitive to the
introduction of the pre-electrolysis step. Similar electrode blocking was observed (Figure S4) in
galvanostatic electrolysis experiments, where it is manifested as a significant negative shift of the cathode
potential. The CV wave taken at the blocked electrode displays a distorted shape with a cathodic shift, as
demonstrated by Figure 6b, which becomes more severe after electrolysis at more negative potentials
(higher current density). In addition, the CV of the blocked electrode also reveals an anodic peak at +0.3 V,
as shown in Figure 6c¢. Electrode polarisation at +0.5 V for a few minutes or several cycles of voltammetry
results in disappearance of the anodic peak and restoration of the original CV waveform (Figure 6b) and
the electrolysis current. We noted that the revealed anodic wave and its features are very similar to the
characteristics®34 of the oxidative desorption wave of adsorbed CO molecules (or so-called ‘reduced-
CO2’ species®*) on Pt. Considering CO is one of the expected® products/intermediates of any CO- electro-
reduction, and the efficient blocking of Pt electrode by adsorbed CO is a well-known phenomenon, the
observed current drop during the electrolysis is most likely happening due to the adsorption of CO
molecules on the working electrode. Continued electrolysis after the anodic stripping results in recurrence
of the electrode blockage in a somewhat shorter time, which can be explained by quicker poisoning due
to CO accumulated in the electrolyte from the preceding electrolysis.

In order to verify the possible connection between the electrode blockage and limited methanol yield,
a periodic anodic biasing of the working electrode was incorporated into the preparative electrolysis
procedure. Figure 6d displays the current variation with time for potentiostatic electrolysis at -0.7 V with
added biasing at +0.5V for 2 min at every 20 min. The current displayed periodically drops with
subsequent recovery resulting in ~5 times increase of the average current. Despite the higher average
current value, no statistically significant increase of the methanol yield was observed in these experiments.

Additionally, two other procedures were tested in order to unblock the electrode and improve the
methanol yield. One was a contrast electrode polarisation, when the potential of working electrode is
switched from -0.9 V to -0 V for 2 min every 30 minutes (see Figure 7a). At the relatively high bias of -
0.9 V, gas bubbles (presumably hydrogen) were intensively generated; these are expected to be efficient
in replacing the adsorbed CO or preventing the CO adsorption. As a result, a higher average current density
was indeed achieved in these experiments, but no improvement of the methanol yield was observed. This
result can be explained by the overwhelming competition from the hydrogen generation route due to the
high negative potential (-0.9 V) used. Hence, a second activation procedure, suitable for electrolysis at
low current density, has been devised.
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The second procedure was based on periodic variation of the CO, pressure inside the reactor. The
pressure was first stabilised at 63 bar, then it was quickly dropped to 20 bar and left at this level for 20
minutes. After that, the pressure was raised back to 63 bar and preserved for another 20 minutes. This
pressure cycling was repeated for ca. 10 hours with the cathode current held at 150 pA/cm?. The idea for
the pressure cycling was to produce massive adsorption of excess CO2 molecules on the electrode surface,
after this excess has been induced in the electrolyte by the sudden pressure drop. The adsorbed CO-
molecules are expected to be gathered in micro-bubbles and subsequently in macro-bubbles (confirmed
visually), presumably replacing the adsorbed CO molecules. This procedure also failed to increase the
methanol yield, although it helped to keep the electrode potential positive of -0.8 V (see Figure 7b).

The overall outcome of all three series of experiments with different techniques for reactivation of the
working electrode implies that the observed blocking of the electrode is unlikely be directly responsible
for the observed limit for methanol production. Hence, the reason for the latter remains unclear. At the
same time, the apparent insensitivity of methanol production to the electrode current density and
polarisation potential can be interpreted as evidence of decoupling of methanol production from charge
transfer on the electrode. This idea is further supported by the observation of methanol production during
electrolysis at under-potential conditions, which was reported in galvanostatic experiments at low current
density and high Py concentration. The variation of the electrode potential for one such experiment is
shown in Figure 8. For the entire duration of electrolysis, the potential did not exceed -0.3 V, which is
significantly less negative than equilibrium potentials of HER (-0.57 V) and CO> to MeOH reduction (-
0.54 V) at similar acidity (pH = 5.46). On the other hand, the -0.3 V potential is sitting well into the region
of the hydrogen adsorption pre-peak normally observed on CVs of pyridinium at high scan rates (Figure
9, discussed later). This implies that adsorbed hydrogen was the only electrode reduction product and the
CO:- reduction follows afterwards via reaction with this hydrogen.

The degree of coupling of the CO> reduction to the electrode processes can be further judged from the
CV analysis via Nicholson criteria and numerical simulation, which are described below.

Cyclic voltammetry
As a first step in the simulation, a set of apparent reaction parameters was obtained from fitting of the
experimental CV waveforms obtained in pyridinium acidic solution under an inert atmosphere. Initially,
the reaction Scheme 1 was tested. It was found that the simulated reduction peak current significantly
underestimated the experimental values (by ~30%) for higher scan speeds and Py concentrations. This
peak current limit is set by the fundamental upper limit of the deprotonation rate constant of pyridinium.
The latter is defined by the product of the well-known Ka value and the fastest possible protonation rate
(estimated at ~10'°sM™). Hence, an alternative or parallel electrode reduction process has to be
considered in order to reproduce the experimental values. Accordingly, reduction of PyH ions through
10



proton coupled electron transfer (PCET) was added to the simulation as a second electrode reaction
(reaction (ii) in Scheme 2). The redox potentials for these two electrode reactions are not independent.
Assuming fast PyH* <=> Py + H* equilibrium, E° ®Ppysmpr = E° 2Phimpy - RT/F pKa . The individual
contribution of each of the two reduction routes depends on Py content and pH. Our simulations indicate
that for not very acidic conditions the PCET route dominates the current. This is in agreement with detailed
polarographic studies of pyridine.® The final reaction system used for the simulation is shown in Scheme
3. In this scheme, the dimerization (reaction (iv)) has been taken as main conversion route of adsorbed
hydrogen into molecules. In reality, the dimerization is a surface reaction, whereas all present simulations
were conducted with freely diffusing atomic hydrogen. Hence all simulation parameters for the freely
diffusing hydrogen atoms are totally fictitious but serve the purpose of imitating the process of hydrogen
accumulation and transport away from the electrode [*]. For the present discussion it is important that the
fictitious bulk dimerization reaction has a negligible effect on the simulated cathodic peak current, while
affecting the overall CV shape via the anodic peak.

Reaction Scheme 3 (first four reactions) has been used to fit the experimental CV data for 10 mM Py
in 0.5 M KClI electrolyte, obtained at pH =5.5 (HCI adjusted) in nitrogen-purged solution at atmospheric
pressure. The fitting results are presented in Fig. 9, which demonstrates good agreement between the
simulated and experimental waveforms for a wide range of scan speeds. A significant deviation is observed
only for the enhanced current background in the potential range of 0.25-0.45 V. This enhanced background
(or foot current) has been observed before in cyclic voltammograms of weak acids on Pt and was associated
with the hydrogen adsorption pre-wave.*° This interpretation is in agreement with our reaction scheme and
further supported by the observed variations of this pre-wave current with the scan speed and Py
concentration (Figure S5).

The set of fitting parameters (E® ®Py.m, ks, a, Kaim®P , Kdim) Obtained from this fitting was directly
applied to simulate the CV waveforms for other Py concentrations (from 5-200 mM range) in similar pH-
adjusted nitrogen-purged solutions. Reasonably good agreement between the simulated and experimental
waveforms was obtained. For the cathodic peak current in particular, the simulated values do not deviate
from the experimental ones by more than 15% (compared to ~10% experimental reproducibility) for a
wide range of the scan speed, as shown in Fig. 10a. It was also found from the simulation that the current
contribution from the direct proton reduction route (reaction (ii) in Scheme 3) is negligible compared to
the pyridinium PCET (reaction (iii) in Scheme 3) for the entire range of pyridine concentrations at
pH =5.5.

Finally, the same set of model parameters was applied to simulate the CV data obtained at high CO-
pressure. It was found that the main features of the experimental CV waves were reasonably well
reproduced as demonstrated in Figure 11. Here again, the agreement between the simulated and

Scheme 3. Set of reactions used in the simulation of experimental data at 20°C. Fitting parameters are
in bold.

(i) Py + H* = PyH* pKa=5.45, kp, = 101 M1s? [36, 37]

(iH* +e = H E0apP,h = -0.18 V (vs. SHE), ks = 0.3 cm/s, o =0.5.
(iii) PyH* + e~ = H + Py EO%Ppyin = E®Pryppt - RT/F pKa , ks1 = Ks, a1 = o
(iVYH+H=H, Kdim®P = 1000 M, kdim =5 M5t

(v) CO, + H,0 = H,C04 Knyar =0.0015, kny =0.023 s [38, 39]

(vi) H,CO3; = HY + HCO3~ pKa1 = 3.6, kp1 = 10*° M1s1 [38, 39]

Summary catalytic reaction: Py + CO, + H,0 = PyH" + HCO3~

Diffusion coefficients (10° cm? s): D+ = 10, Dy = Dz = 5, Dpy = 0.6, Dpyri+ = 1, Dcoz = 1.5,
Dh2cos = Dhcos- = 1.2 [15].
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Figure 10. CV of 10 mM Py at pH = 5.5 for 10, 100 and 1000 mV/s scan speed. Black solid lines - experiment, red
dashed lines — simulation.

experimental values of the cathodic peak current is better than 10-15% for the scan speed in 10-5000 mV/s
range, as shown in Fig. 10b.

In accordance with Scheme 3, the effect of CO, on the electrode reactions can be classified as a
preceding chemical reaction (CE type) supplying protons for the first electrode reaction (ii), and as a
subsequent catalytic re-protonation of pyridine (EC' process) for the second electrode reaction (iii).
Considering the negligible contribution of the first electrode reaction for the Py concentration range under
consideration (10-200 mM), the CV shapes in presence of CO2 should reflect the EC' process [**].
Analysis of Fig. 11 indicates that the CV voltammograms under high CO2 pressure display features
characteristic of the coupled catalytic chemical reaction (EC'). This can be further illustrated using
established Nicholson diagnostic criteria. First we note that taking into account a significant excess of
dissolved CO>, the summary catalytic reaction can be treated as a pseudo-first order one. Hence, the
Nicholson diagnostic is indeed applicable at least on a qualitative level. Next, from the comparison of Fig.
10a and 10b, one can immediately notice a significant (several times) increase of the reduction peak current
under CO2. This demonstrates that the kinetic current component is much larger than the diffusion one,
i.e. this EC' case is well-pronounced. In addition, from the analysis of Fig. 10b, one can see that the
reduction peak current becomes insensitive to the scan speed at lower scan speeds, approaching a limiting
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Figure 9. (a) CV cathodic peak current at different Py concentrations at pH = 5.5 in inert atmosphere at 1 bar:
symbols - experiment, lines - simulation. (b) Cathodic peak current as a function of pyridine total
concentration for CVs at 55 bars CO,: symbols - experiment, lines - simulation.
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Figure 11. CV for 10 mM Py (top row) and 100 mM Py (bottom row) for different scan rates at 55 bars of CO..
Left images - experiment, right - simulation.

value. This effect is most pronounced for the lower pyridine concentration, when the re-protonation is
more efficient for a given CO2 concentration. The same limiting current behaviour is also responsible for
the S-shape of the CV waveform at low scan speed (see Fig. 11). In agreement with Nicholson and Shain
[41], these characteristic features indicate that the current is dominated by a kinetic component which is
proportional to the re-protonation rate of pyridine via the coupled chemical reaction in EC' scheme.

The simulation can also reproduce the variation of the CV peak current with CO; pressure, shown in
the insert to Fig. 1. According to the simulation data, the initial sharp rise of the current reflects the joint
effect of increasing PyH™ concentration and growing kinetic current component. At ~30 bar pressure, 99%
of 10 mM pyridine is already protonated and also the concentration of aqueous CO; has started to deviate
from Henry’s law (Figure S2). Hence, the total reduction current begins to approach saturation at > 30 bars.
The reasonable agreement between the simulation and experiment allows us to conclude that the rise of
the reduction current in the presence of CO. cannot be taken as evidence of CO- reduction.

To summarise, the CV analysis suggests that the experimental data can be well explained within reaction
Scheme 3, without any extra (rate-affecting) reaction path needing to be invoked. In other words, within
the accuracy of this analysis, there is no evidence for any CO: electro- or chemical reduction process in
our experimental CV data. The consequences for mechanism Scheme 2 are that reaction (iii) is not
prominent, with any contribution being below our simulation accuracy (~10%). Moreover, this conclusion
contradicts the expectations of Scheme 2, which predicts that the contribution from reaction (iii) will
increase significantly above the stated 5-20% at elevated CO> pressure. On the other hand, this conclusion
from the CV analysis is compatible with the bulk electrolysis results discussed earlier, which revealed
some sort of threshold-like transient CO> reduction consuming a maximum of ~10% of the passed charge.
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Conclusions

Our electrolysis experiments have confirmed the possibility of CO, reduction into methanol on a
platinum electrode in the presence of pyridine, as well as the necessity of pyridine for this process.
Although the higher CO> pressure results in higher cathodic current (for fixed Py concentration), it does
not lead to the higher FY for CO> to methanol reduction. In addition to methanol, we have also observed
the appearance of higher alcohols among the electrolysis products for large concentrations of pyridine in
the electrolyte. At the same time, our results revealed the limitation of the reduction process, which was
not reported before. Specifically, we found that the final methanol concentration obtained by preparative
electrolysis is limited to the ~1 ppm level irrespective of the amount of passed charge or of the pyridine
concentration. Importantly, the methanol concentration failed to increase with electrode reactivation.

The CV analysis of pyridine-containing electrolytes indicated that hydrogen evolution is still the
dominating electrode reaction even at high CO2 pressure. Within the analysis accuracy, there is no
observable contribution from either a direct or coupled CO> reduction.

Altogether, these results suggest that the observed methanol is the result of a chemical reaction between
pre-generated hydrogen and CO2, mediated by pyridine/pyridinium molecules. The underpotential
reduction points to the important role of adsorbed hydrogen and platinum surface in this methanol
production, which is in agreement with the proposed mechanism [13, 17 and 18]. But in contrast to the
predictions of the latter, the methanol production has limited character that can be explained as being a
result of very narrow favourable ‘window’ of experimental parameters which realised only as a relatively
short-living transient state during the preparative electrolysis. One of these parameters is likely to be a
composition of species (H, Py, CO) adsorbing on platinum surface in a competitive manner. An example
of such ‘transient’ reduction process was reported for the case of copper ion-assisted CO reduction to
methanol on platinum.*

In terms of the prospective practical value of CO: reduction in a pyridine-containing electrolyte, the
observed limitation of the methanol accumulation level appears as the most significant obstacle. Further
mechanistic studies are needed to understand this effect.
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Footnotes

* Here it should be noted that even conducting a true surface simulation still does not provide an adequate
model for the real process. Indeed, for the Py concentrations and pH values involved in these experiments, the
electrode reduction result in near-electrode accumulation of molecular hydrogen exceeding the hydrogen
solubility limit by orders of magnitude. In reality, this excess is taken away via generation of gas bubbles.
This nontrivial process would also have to be included in any realistic simulation.

** At low Py concentration, when the proton concentration becomes larger or comparable to that of the
pyridinium ions, the experimental CVs indeed display CE features (Figure S5), as expected from the
Scheme 3.
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SUPPORTING INFORMATION

Table S1. Calculated concentrations of species in 10 mM pyridine 0.5 M KCL solution saturated with
CO; at different pressure (1-55bars) and 20°C.

Pressure CO:2 HCOs PyH" Py

(bars) (M) pH (mM) (mM) (mM)
1 0.0339 5.50 4.73 4.73 5.27
6 0.2016 4.93 7.68 7.67 2.32
10 0.3286 4.75 8.33 8.32 1.68
45 1.145 4.27 9.44 9.38 0.62
50 1.218 4.24 9.47 9.42 0.58
55 1.281 4.22 9.50 9.44 0.56
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Figure S1. Calculated concentrations of species as a function of analytical concentration of pyridine at 55
bars of CO2 and 20°C.
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Figure S5. CVs at (a) 1 mM and (b) 10 umole of pyridine under CO- (55 bars) showing the pre-wave at

0.25-0.45V. Insert shows the pre-wave amplitude vs scan rate. The pre-wave grows faster
than the main peak, displaying a linear increase with the scan rate. The pre-wave is more
pronounced at low pyridine concentration in agreement with earlier observations [S. E.
Treimer, D. H. Evans. Electrochemical reduction of acids in dimethyl sulfoxide. CE

mechanisms and beyond. J. Electroanal. Chem., 1998, 449, 39-48].
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