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A Comparison of Pyridazine and Pyridine as
Electrocatalysts for the Reduction of Carbon Dioxide to

Methanol
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Stefanie Schlager,” Dogukan Apaydin,® Helmut Neugebauer,” Giinther Knér,”™ and

Niyazi S. Sariciftci®

The electrocatalytic reduction of CO, to methanol is explored
by the direct comparison of protonated pyridazine and pyri-
dine for their capabilities towards CO, reduction. The two ma-
terials inherit a significant difference in their pKa values adding
valuable information to the ongoing discussion on the nature
of CO, reduction catalyzed by pyridinium and similar nitrogen

1. Introduction

The World's appetite for limiting fossil-fuel resources and its
consequence in the increasing emission of carbon dioxide has
raised significant scientific interest in the capture and utiliza-
tion of carbon dioxide."® The development of efficient cata-
lysts for electro- and photochemical CO, reduction based on
Earth-abundant materials is one of the great challenges for the
use of renewable energy as sustainable energy sources.®

In 2010, Bocarsly et al. reported the reduction of carbon di-
oxide to methanol and formic acid on a platinum electrode in
aqueous solution containing pyridinium ions, with faradaic effi-
ciencies as high as 20%.” The study proposed a detailed
mechanism for the reduction proceeding through various co-
ordinative interactions between the pyridinium radical and
carbon dioxide, formaldehyde, and additional related species.
In the ongoing work, several studies have been reported
where pyridinium ions were successfully used as catalyst mate-
rials towards CO, reduction.®'® Additionally, a comparative
study between pyridine and imidazole was reported, which
further explored the chemistry of the electrocatalytic reduction
of CO, by using nitrogen-containing heteroaromatic systems.""
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containing heteroaromatic systems. Cyclic voltammetry studies
as well as bulk controlled-potential electrolysis experiments
were performed combined with product analysis using gas
chromatography. Methanol was detected as main CO, reduc-
tion product in all cases.

Following these reports, the proposed mechanism and the role
of pyridinium as an active catalyst material led to an ongoing
discussion. In particular, quantum-chemical calculations were
carried out to investigate the proposed mechanism. The calcu-
lated acidities and redox potentials indicate that pyridinium
cations behave differently than previously reported.'? There-
after, in a recent experimental study, Bocarsly et al. concluded
that pyridinium is reduced on a Pt electrode by an inner-
sphere reduction mechanism, including a pyridinium-bound
proton to form a surface hydride.” These findings are in
agreement with additional theoretical predictions by the
group of Batista et al."”

Different to these findings, Savéant et al. reported shortly
after that no trace of methanol or formate could be detected
upon preparative-scale electrolysis of CO, on the same system
when using pyridinium ions as putative catalyst materials.'”
Savéant concluded that the reduction of pyridinium follows
a reduction of the hydrated protons generated by rapid disso-
ciation of the pyridinium ions, which does not lead to the for-
mation of pyridinium radicals and catalytic CO, reduction.
However, in cases where pyridinium radical intermediates
could indeed be photochemically generated,"® the detection
of significant amounts of CO, reduction products failed.

Following the discussion, our group carried out electro-
chemical studies, using the initially reported system with pyri-
dine (and protonated pyridinium ions) as a catalyst material in
a homogeneous aqueous solution and platinum as the work-
ing-electrode material. The obtained results from cyclic voltam-
metry studies were compared to a similar heteroaromatic
system, pyridazine, containing two nitrogen atoms in the aro-
matic ring. Although apparently similar in structure, the two
systems inherit a strong difference in their pKa values, with
5.14 for pyridine and 2.10 for pyridazine.'”! The different pKa
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Scheme 1. Chemical structures of the two different catalyst materials, pyri-
dine (1) and pyridazine (2), in pristine and protonated form, as pyridinium
and pyridazinium cations.

values should result in a significant shift of the acid dissocia-
tion equilibrium, which is established to regenerate the hydrat-
ed protons for the two systems under investigation.

Scheme 1 shows the chemical structures of the two different
catalyst materials, pyridine (1) and pyridazine (2), in pristine
and protonated form, as pyridinium and pyridazinium. Addi-
tionally, bulk CO, electrolysis experiments and product analy-
ses were carried out for both substances.

We report the comparative study of the electrochemical
characterization of pyridine and pyridazine and their applica-
tion towards the reduction of CO, to methanol by using bulk
electrolysis experiments and product analysis through gas
chromatography.

2. Results and Discussion

Figure 1 shows a comparison of the cyclic voltammograms of
50 mM pyridinium at pH 5.3 (Figure 1a) and cyclic voltammo-
grams of 50 mM pyridazinium at pH 4.7 (Figure 1b), recorded
under a N, atmosphere at a Pt working electrode. The experi-
ments within the potential range 0-850 mV versus a saturated
calomel electrode (SCE) revealed one reversible reduction
wave centered at —600 mV versus SCE, in the case of pyridini-
um, and one centered at —500 mV vs. SCE for pyridazinium.

The linear dependence of the cathodic and anodic peak cur-
rents on the square root of the scan rate from 5-100 mVs™' (R?
cathodic: 0.995, R? anodic: 0.993 for pyridinium; R? cathodic:
0.998, R? anodic: 0.9991 for pyridazinium) can be seen in the
inset of Figure 1, indicating a diffusion-limited electrochemical
reaction following the Randles-Sevcik equation.®

Although both experiments were carried out with identical
catalyst concentrations, the electrochemical current response
for pyridinium was found to be 75 times higher compared to
pyridazinium. This is interesting, because, for a substance with
a pKa value of 2.10 at pH 4.7, only about 0.25% of the pyridia-
zine molecules are protonated. This would be in agreement
with the mechanism suggested by Savéant et al., where the re-
duction of pyridinium is not present at all and the observed re-
ductive wave is only a reduction of the hydrated protons gen-
erated by the rapid dissociation of the pyridinium ions. As the
pKa value of pyridazine is 2.10, the amount of protons avail-
able due to the acid dissociation remain at equilibrium and, for
the regeneration of the hydrated protons, is lower compared
to pyridine, with a pKa of 5.14.

© 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Cyclic voltammograms of 50 mM pyridinium in aqueous 0.5 M KCl
solution at pH 5.3 (a) and 50 mM pyridazinium in aqueous 0.5 M KCl solution
at pH 4.7 (b), recorded under a N, atmosphere at a Pt working electrode.

The scan rates were 5, 10, 25, 50, and 100 mVs™". Inset: Linear dependence

of the cathodic and anodic peak current density versus the square root of
-1

the scan rate from 5-100 mVs™'.

Figure 2 shows the cyclic voltammograms of 50 mM pyridini-
um at pH 5.3 (Figure 2a) and cyclic voltammograms of 50 mM
pyridazinium at pH 4.7 (Figure 2b) measured in nitrogen- and
CO,-saturated solutions on a Pt working electrode, respectively.
When the solution is saturated with nitrogen (black curve), the
behavior is similar to the measurements already depicted in
Figure 1; namely, a reversible reduction wave centered at
—600 mV versus SCE in the case of pyridinium and centered at
—500 mV versus SCE for pyridazinium.

In CO,-saturated solution (Figure 2, red curve), a clear cur-
rent enhancement for the one-electron reduction wave, com-
pared to the situation under N,, is observed for both systems,
which is more prominent for pyridazinium. As a control experi-
ment, as a blank measurement, cyclic voltammograms were re-
corded in an aqueous solution of 0.5M KCl at pH 5.3 under
CO, saturation with no pyridinium or pyridazinium present
(blue dashed curve). For this measurement, little to no reduc-
tive current is observed within the recorded potential range.

Similar experiments to those shown in Figure 2 are present-
ed in Figure 3, showing cyclic voltammograms of 50 mM pyri-
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Figure 2. Cyclic voltammograms of 50 mM pyridinium in aqueous 0.5 M KCl
solution at pH 5.3 (a) and 50 mM pyridazinium in aqueous 0.5 M KCI solution
at pH 4.7 (b), recorded in N,- (black line) and CO,-saturated (red line) electro-
lyte solutions at a Pt working electrode with a scan rate of 25 mVs™". Scans
under CO, saturation with no catalyst material present are shown as the
blank measurements (blue dashed line).

dinium at pH 5.3 (Figure 3a) and cyclic voltammograms of
50 mM pyridazinium at pH 4.7 (Figure 3b) at two different scan
rates. The voltammograms were recorded under a CO, atmos-
phere for scan rates of 10 and 25 mVs™', respectively. Com-
pared to the situation under N, saturation, a clear current en-
hancement in the presence of CO, is observed for both scan
rates. As can be seen in Figure 3, however, for the case of pyri-
dazinium, the current density does not scale with the square
root of the scan rate, as would be expected for a diffusion-lim-
ited process.

For the experiment with pyridinium, the current density in-
creased by a factor of 1.3, from —3.8 mAcm™2 under N, to
—5mAcm™ under CO, saturation. For the experiment with
pyridazinium, the current density increased by a factor of 5,
from —0.05 mAcm™ under N, to —0.25 mAcm™ under CO,
saturation.

Furthermore, for the study of pyridazinium, several cyclic
voltammetry experiments at different pH values were per-

© 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Cyclic voltammograms of 50 mM pyridinium in aqueous 0.5 M KCI
solution at pH 5.3 (a) and 50 mM pyridazinium in aqueous 0.5 M KCI solution
at pH 4.7 (b), recorded under a CO, atmosphere at a Pt working electrode
and a scan rate of 10 and 25 mVs™".

formed; however, at lower pH values, no electrochemical cur-
rent enhancement upon CO, saturation was observed. This
current enhancement may then either be attributed to the re-
duction of CO, to methanol through a chain mechanism over
several pyridinum radicals, as proposed by Bocarsly et al.,”’ or,
as Savéant et al.™ concluded, to the superposition of the con-
tributions of the two acids present; namely, the reduction of
dissociated protons from pyridinium and CO, in water.

Similar experiments were carried out with different working-
electrode materials, changing from platinum to glassy carbon,
gold, and copper; however, none of the later materials showed
any noticeable electrochemical response in the applied poten-
tial range from 0 to —800 mV versus SCE. This characteristic is
in agreement with previously reported results, showing the im-
portant role of platinum in the overall reaction mecha-
nism.”'>'¥ These results then further support the idea of a re-
duction mechanism including a pyridinium-activated proton
on the Pt surface to form a surface hydride intermediate.” In
recent work, Musgrave et al."”” employed quantum-chemical
calculations to investigate the role and mechanism of pyridini-
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um-based CO, reduction. Results indicate a strong binding in-
teraction of pyridinium with the electrode surface of platinum,
resulting in an adsorption energy of 1.0 eV per molecule on
Pt(111). It was further concluded that this strong binding inter-
action of pyridinium with Pt(111) significantly lowers its hetero-
geneous reduction potential.

Figure 4 shows the dependence of the catalytic peak current
under CO, saturation for different pyridinium and pyridazinium
concentrations of 5, 10, 25, 50, 70, and 100 mM. For both cata-
lyst materials, the peak current increases with increasing cata-
lyst concentration. For the pyridinium catalyst, however, the
peak current increases more strongly; namely, by a factor of
9.2 between a concentration of 5 and 100 mM. For the same
concentration increase, under otherwise identical conditions,
the peak current of the pyridazinium catalyst increases only 1.6
fold, showing that the material is less active towards catalytic
CO, reduction. When the peak current of pyridazinium under
CO, saturation is normalized to the peak current under N,, the
peak current ratio decreases with increasing pyridazinium con-
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Figure 4. Dependence of the catalytic peak current on different pyridinium
and pyridazinium concentrations (5, 10, 25, 50, 70, and 100 mM) under CO,
saturation. All measurements were taken at a scan rate of 100 mVs™ ' in
aqueous 0.5 M KCl solution at pH 5.3 for the measurements with pyridinium
(a) and pH 4.7 for the measurements with pyridazinium (b).
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centration, reaching a quasi-constant current ratio of about 3.4
at about 50 mM (cf. Figure S2 in the Supporting Information).
This is different to the reported behavior of the concentration
dependence measured for pyridinium and imidazole, where
the current ratio increased, with increasing concentration until
the current ratio plateaus. In the literature, it has been con-
cluded that the plateau in current is caused by saturation of
active surface sites.”™ In the case of pyridazinium, this charac-
teristic decrease in the current ratio is more indicative of
a CO,-independent increase in the base current, owing to pyri-
dazinium reduction.

A critical experiment to decide on the catalytic reduction of
CO, is bulk electrolysis followed by product analysis. Several
electrolysis experiments for a 50 mM pyridinium and pyridazi-
nium solution were carried out with initial saturation of the so-
lution by bubbling with CO, with 33 mM (1.45 gL™").%” In both
cases, controlled-potential electrolysis was carried out over an
extended period of 30 h.

Figure 5 shows the gas chromatograph (GC) analysis of the
electrolyte solution during constant-potential electrolysis. The
figure shows measurements of a 50 and 10 mM pyridinium so-
lution in aqueous 0.5M KCl at pH 5.3 (Figure 5a). For both
concentrations, samples were taken after 30 h of electrolysis
time at —750 mV verus SCE. The measurements show that, for
increasing pyridinium concentrations, the production of meth-
anol increases from 1.7 ppm CH;OH for the 10 mM concentra-
tion to 1.9 ppm for the 50 mM concentration. The correspond-
ing faradaic efficiencies are 9(£1) and 14(+£1.5) %, respectively,
and are, therefore, lower than the originally reported faradaic
efficiencies for this system of about 22%.” A standard for
12.5 ppm CH;OH in 0.5 M KClI is also shown in Figure 5a (black
solid line).

In comparison in Figure 5b, GC analysis of a 50 mM pyridazi-
nium solution in aqueous 0.5 M KCl at pH 4.7 is shown for 19
and 30 h electrolysis at —650 mV versus SCE. The correspond-
ing methanol concentrations are 0.2 and 0.3 ppm, correspond-
ing to faradaic efficiencies of about 2(+0.5) and 3.6(+0.5) %, re-
spectively. For comparison, a 1 ppm methanol standard in
water is also shown (Figure 5b, black solid line). The retention
time for the methanol peak maximum was, in all measure-
ments, typically 2.07 min. If this low faradaic efficiency is com-
pared with the strong current enhancement in the cyclic vol-
tammetry studies between N,- and CO,-saturated systems, it is
clear that CO, reduction to methanol is only partly responsible
for the observed current increase, as proposed by Bocarsly
etal” The additional current increase is expected to come
from a superposition of the contributions of the two acids
present; namely, pyridinium and CO, in water or, more domi-
nantly, pyridazinium and CO, in water, as concluded by Sa-
véant et al™ The difference in current densities can then be
understood by the different pKa values of the two materials,
with 5.14 for pyridine and 2.10 for pyridazine.

Additionally, experiments with acetic acid, a weak acid with
a similar pKa value (4.76) to pyridine, were performed. Con-
stant-potential CO, electrolysis in aqueous 0.5 M KCl solution
at pH 5.0 for 30 h, at pH 3.9 for 22 h, and otherwise identical
conditions, did not yield any methanol signal in the GC analy-
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Figure 5. GC analysis of the electrolyte solution during constant-potential
electrolysis for pyridinium and pyridazinium. a) GC analysis after 30 h CO,
electrolysis at —750 mV versus SCE in aqueous 0.5 M KCl solution, with pyri-
dinium concentration of 50 (red solid line) and 10 mM (red dashed line) at
pH 5.3. b) GC analysis of 50 mM pyridazinium in aqueous 0.5 M KCI solution
at pH 4.7 for 19 (orange dashed line) and 30 h (red solid line) electrolysis
time at —650 mV versus SCE.

sis. This result suggests that nitrogen-containing heteroaromat-
ic systems are essential for CO, reduction to methanol. In addi-
tion, samples that were taken before the electrolysis experi-
ment, started and held under otherwise identical conditions,
did not yield any methanol signal in the GC analysis. A detailed
analysis of these measurements and the corresponding calcula-
tion of the faradaic efficiencies for methanol formation can be
found in Table S1 in the Supporting Information. The calibra-
tion measurement for low methanol concentrations shows ex-
cellent linearity from 1 to 50 ppm (cf. Figure S1 in the Support-
ing Information).

Current-time measurements under CO, and N, saturation
reveal that there are only minute differences between the cur-
rent under CO, and N, saturation for both catalyst materials.
This leads to the conclusion that a substantial amount of cur-
rent is attributed to side reactions, despite CO, reduction. Such
a system is expected to demonstrate only low faradaic efficien-
cies. This experiment has been repeated for both compounds,
showing similar results several times. Observed noise in the

© 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

current-time characteristics was attributed to the formation of
hydrogen bubbles on the working electrode. If hydrogen is
formed as a side product, one would expect an increase in the
solution pH over the electrolysis time, owing to the reduction
of protons for hydrogen evolution.

Figure 6 shows the dependence of the electrolyte solution
pH under CO, saturation over the course of CO, electrolysis for
a period of 20 h. The measurements were taken at an initial
pH of 5.3 for the system with pyridinium (Figure 6a) and
pH 4.7 for the measurements with pyridazinium (Figure 6b).
For both systems, the solution pH increases during electrolysis
as expected, owing to the reduction of protons and conse-
quent formation of H,. However, the increase for the system
with pyridazinium from initially pH4.7(£0.6) to about
pH 6.45(+0.6) is far more significant than for the pyridinium
system, where the pH increases from initially pH 5.3(£0.1) to
about 5.4(10.1) after 20 h of electrolysis and then stabilizes.
These results are in agreement with the presented measure-
ments regarding faradaic efficiencies for methanol formation,
which are lower for the pyridazinium system compared to the
system of pyridinium, as, in the first case, electrons are mainly
used for proton reduction.
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Figure 6. Dependence of the electrolyte solution pH under CO, saturation
over the course of CO, electrolysis. Measurements were taken in aqueous
0.5 M KClI solution and at an initial pH of 5.3 for the system with pyridinium
(a) and pH 4.7 for the measurements with pyridazinium (b). Error bars are
calculated from a standard deviation of 1.3 and 1.2, respectively.
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3. Conclusions

In this work, the electrocatalytic reduction of CO, to methanol
is explored by the direct comparison of protonated pyridazine
and pyridine and their capabilities for catalytic CO, reduction.
Cyclic voltammetric studies for both materials revealed
a strong current increase upon CO, saturation. The formation
of CH,OH through bulk controlled-potential electrolysis experi-
ments could be verified by GC analysis. Faradaic efficiencies
were measured as 14(£1.5)% for the pyridinium and
3.6(+0.5) % for the pyridazinium system. The fact that only low
faradaic efficiencies were measured, although strong current
enhancement in cyclic voltammetry studies from N,- to CO,-sa-
turated systems were observed, leads to the conclusion that
CO, reduction to methanol is only partly responsible for the
observed current increase, as proposed by Bocarsly et al.” The
additional current increase, which is dominant, is expected to
come from a superposition of the contributions of the two
acids present, namely the pyridinium and CO, in water or,
more dominantly, the pyridazinium and CO, in water, as Sa-
véant etal” concluded. CO, electrolysis experiments with
acetic acid for 30 h did not yield any methanol formation.

Experimental Section
General Experimental Procedures

Unless otherwise stated, all chemicals and solvents were purchased
from commercial suppliers at reagent- or technical-grade quality
and used directly, as-received, without further purification.

Electrochemistry

Electrochemical experiments were performed by using a JAISSLE
Potentiostat-Galvanostat IMP 88 PC. A two-compartment cell was
used for cyclic voltammetry and controlled-potential electrolysis
experiments, with a Pt working electrode, a Pt counter electrode,
and a SCE reference. The electrolyte solution was, in all experi-
ments, 40(+0.3) mL. The working electrode, as well as the counter
electrode, consisted of a Pt foil (of a known surface area) connect-
ed to a Pt wire. The area of the working electrode was about
2(£0.3) cm? and that of the counter electrode was also 2 cm? In
both cyclic voltammetry and controlled-potential electrolysis ex-
periments, the electrolyte solution was prepared with a 0.5 M KCl
solution in high purity 18 MQ water, containing 50 mM pyridine or
pyridazine. By using 0.1 M sulfuric acid, the resulting pH of the so-
lution was maintained at pH5.3(+0.1) for pyridine and
pH 4.7(£0.1) for pyridazine with a pH 211 microprocessor pH
meter. For gas saturation, the solution was purged and stirred (400
revolutions per minute) for 15 min with N, or CO,. Before each
cyclic voltammetry experiment, the electrolyte was purged and
stirred with the values mentioned above.

Controlled-Potential Electrolysis

During the potential electrolysis experiment, CO, was continuously
purged through the gas phase of the electrochemical cell to main-
tain stable CO, concentrations over the duration of electrolysis. Ad-
ditionally, the electrolyte was stirred at 300 revolutions per minute.

© 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

GC Measurements

GC measurements were conducted by using a Thermo Trace 1300
GC, equipped with a flame ionization detector (FID) and a Trace-
Wax GC column (30 m, 0.32 mm internal diameter, 25 um film). The
carrier gas was He (1.5 mLmin~'"). The GC measurement time was,
in total, 21 min from 50 °C (1 min) to 250°C (10 min), with a heating
rate of 20°Cmin~". The injector was operated at constant 260°C
with a carrier gas pressure of 30 kPa, column flow (1.5 mLmin™"),
split flow (20 mLmin™"), and a temperature of 260°C. The detector
was also operated at 260°C. The flow of makeup gas was
40 mLmin~", hydrogen 35 mLmin~', and air 350 mLmin~". Samples
with a volume of 1 pL were injected using a 10 uL syringe (SGE).
The spectra were corrected for their baseline offset. For the meas-
urements depicted in Figure 5, the time offset between the pyridini-
um and pyridazinium measurements is 1 min and 29 s, respectively.
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