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Abstract Recent electrochemical studies have reported
aqueous CO, reduction to formic acid, formaldehyde and
methanol at potentials of ca. —600 mV versus SCE, when
using a Pt working electrode in acidic pyridine solutions. In
those experiments, pyridinium is thought to function as a
one-electron shuttle for the underlying multielectron
reduction of CO,. DFT studies proposed that the critical
step of the underlying reaction mechanism is the one-
electron reduction of pyridinium at the Pt surface through
proton coupled electron transfer. Such reaction forms a H
adsorbate that is subsequently transferred to CO, as a
hydride, through a proton coupled hydride transfer mech-
anism where pyridinium functions as a Brgnsted acid.
Here, we find that imidazolium exhibits an electrochemical
behavior analogous to pyridinium, as characterized by the
experimental and theoretical analysis of the initial reduc-
tion on Pt. A cathodic wave, with a cyclic voltammetric
half wave potential of ca. —680 mV versus SCE, is con-
sistent with the theoretical prediction based on the recently
proposed reaction mechanism suggesting that positively
charged Brgnsted acids could serve as electrocatalytic one-
electron shuttle species for multielectron CO, reduction.
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1 Introduction

The electrocatalytic reduction of carbon dioxide (CO,) at low
overpotentials is a process of great current interest since it
could provide a viable solution to the generation of fuels with
a carbon neutral atmospheric footprint [1-3]. Recent studies
have reported CO, reduction to formic acid, formaldehyde
and methanol at low overpotentials of ca. —600 mV versus
SCE, when using a Pt disk electrode and a 10 mM aqueous
solutions of pyridine (Pyr) at pH 5.3 (Fig. 1) [4].

The underlying reaction mechanism has yet to be
established, however, several mechanisms have been pro-
posed. The first mechanistic proposal suggested a globally
homogeneous process based on inner-sphere-type electron
transfer from the pyridinium radical (PyrH®) to the sub-
strate (Fig. 2) [4]. Such a mechanism requires the genera-
tion of the PyrH® intermediate according to the one-
electron reduction of the pyridinium cation (PyrH™)
(Fig. 2, ii) and formation of a carbamate intermediate
(Fig. 2, iii) [5]. Reduction of the carbamate by reaction
with another PyrH® produces formic acid (Fig. 2, iv).
Formic acid could react analogously to form formaldehyde,
and then formaldehyde could get reduced analogously to
form methanol. This proposal was supported by simula-
tions of the cyclic voltammetric scan rate dependence on a
Pt electrode, by the first order dependence of current on
concentrations of both PyrH* and CO,, and by some
density functional theory (DFT) calculations [4-6]. In
addition, the carbamate C-N stretching mode was probed
by gas-phase vibrational spectroscopy of Pyr embedded in
CO, clusters [7]. Reduction of CO, to methanol in the
presence of PyrH' has also been observed photochemi-
cally, suggesting that reduction of PyrH* may be possible
in the homogeneous phase when using a photocatalyst with
sufficiently negative redox potential [8], as indicated by
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Fig. 1 Cyclic voltammograms of PyrH™ reduction in the presence of
Ar (gray) and CO, (black) at pH = 5.3, obtained with a Pt disk
electrode [1]. Figure reproduced from reference 1 with permission.
Copyright American Chemical Society 2010
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Fig. 2 Proposed CO, reduction mechanism based on homogeneous
reduction of PyrH' to PyrH® (ii), followed by formation of the
carbamate intermediate (iii) and inner-sphere-type electron transfer
from the pyridinium radical to the substrate (iv)

quenching measurements [9]. However, to date, there has
been no direct observation of the pyridinium radical or
carbamate intermediates under working electrochemical
conditions. In addition, DFT studies have ruled out the
possibility of homogeneous reduction of PyrH" to PyrH® at
low overpotentials [10, 11], since the calculations sug-
gested that a significantly more negative reduction poten-
tial than —600 mV versus SCE is necessary to reduce
PyrH" to PyrH® in solutions. Some of these DFT studies
suggested other mechanistic pathways for the initial
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Fig. 3 Proposed mechanism of electrochemical reduction of CO, on
Pt(111), in aqueous acidic pyridine solution, based on DFT calcula-
tions at PBE level of theory

reduction of PyrH* including two electron reduction of
PyrH" to dihydropyridine [11], assisted deprotonation of
pyridinyl via a hydrogen bound intermediate [12], and
specific adsorption of PyrH™ or pyridinyl [10, 12]. How-
ever, these proposals were not supported by experimental
studies of CO, reduction on Pt electrodes [9].

An alternative mechanism proposed by another DFT
study [13] involves reduction of PyrH" to hydrogen
(Fig. 3, ii) by proton coupled electron transfer (PCET), as
the electrochemical step responsible for the cathodic wave
of ca. —600 mV versus SCE, when using a Pt disk elec-
trode in a 10 mM aqueous solution of Pyr at pH 5.3. The
hydrogen adsorbates are susceptible to electrophilic attack
by CO, when activated by hydrogen bonding with PyrH*
(Fig. 3, iii), and are transferred as hydrides to CO,
according to an effective proton-coupled-hydride-transfer
(PCHT) reaction. The mechanism involves a one-electron
rate limiting step on the electrode surface (step ii, Fig. 3)
and therefore accounts for the observation of a quasire-
versible one-electron cathodic wave (Fig. 1, black line). It
also accounts for the sensitivity of the reaction to the nature
of the working electrode, with significant activity for metal
surfaces that adsorb hydrogen (such as Pt) but no catalytic
current for glassy carbon electrodes at low overpotentials.
According to such a mechanism, PyrH™ is an electrocata-
lytic Brgnsted acid, with pKLY™ " = 5.17 that establishes
an effective concentration of positively charged acid
[PyrtH"] = 426 mM in contact with the negatively
charged Pt surface, much higher than the concentration of
protons in solution ((H™] = 5 x 107> mM). Therefore, it
is natural to expect that other positively charged Brgnsted
acids, such as imidazolium, would interact with the nega-
tively charged Pt surface analogously and exhibit a similar
electrocatalytic behavior.
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The proposed reduction of the Brgnsted acid PyrH" on a
metallic (Pt) electrode that adsorbs hydrogen is consistent
with earlier studies [14]. Such a mechanism is also sup-
ported by the observed dependence on pK, of the redox
potentials of various acids reduced on Pt [9, 15], and with
several studies of reductive adsorption of hydrogen on Pt
electrodes investigated by cyclic voltammetry (CV) [16],
sum frequency generation IR spectroscopy [17], and surface
enhanced Raman spectroscopy [18]. Furthermore, several
papers have reported under potential deposition of a
monolayer of adsorbed hydrogen on Pt surfaces [19-24],
including adsorption to the three fold fcc sites of Pt(111)
[25, 26], and submonolayer deposition of more weakly
adsorbed hydrogen atoms on-top of Pt at the hydrogen redox
potential [27].

In a recent electrochemical study that will be published
elsewhere we have found further evidence supporting
PyrH" reduction to hydrogen, including both equilibrium
and kinetic isotopic effects on the underlying reduction
upon substitution of the acidic hydrogen of PyrH' by
deuterium. These observations included a shift in the
potential of the cathodic wave by —25 mV when com-
paring PyrD" in D,O to PyrH" in H,0, and a KIE of ~ 1.4
for PyrH" reduction. Deuteration changes the zero point
energy (ZPE) of the NH bond and therefore the molecular
entropy of the Brgnsted acid [28], stabilizing the deuterated
spices from reductive deprotonation. The observed equi-
librium isotope effect (EIE) is therefore consistent with N—
H bond breaking during PyrH™ reduction by PCET.

Considering the current level of support of the proposed
reaction mechanism based on reduction of the positively
charged Brgnsted acid PyrH" to hydrogen adsorbed on the
metal electrode and Pyr in solution, it is important to
analyze whether other Brgnsted acids (e.g., imidazolium)
exhibit analogous electrochemical behavior under similar
experimental conditions of concentration, pH and working
electrode as explored in this paper. Our analysis suggests
that positively charged Brgnsted acids, such as imidazoli-
um and pyridinium, can be reduced at low overpotentials.
These results also support the mechanistic hypothesis that
formation of surface hydride might allow for electro-
chemical reduction of CO, on metallic electrodes at low
overpotentials as shown in Fig. 2 through the PCHT
reaction pathway that avoids formation of high energy
intermediates as in homogeneous catalysis [2, 29, 30].

2 Methods
2.1 DFT Calculations

DFT calculations were performed at the gradient-corrected
PBE level [31] within the plane-wave pseudopotential

Fig. 4 DFT model structures of imidazolium (left) and pyrdinium
(right) on a Pt(111) surface covered with hydrogen adsorbates built by
periodically repeating a 3 x 3 supercell (8.49 x 8.49 A?) in a four-
layer slab

scheme implemented in Quantum ESPRESSO [32]. Ultra-
soft pseudopotentials for Pt, C, H and N atoms were
employed with cut off plane wave kinetic energies of 40
Ry for the wavefunctions and 480 Ry for the charge
densities. The Pt(111) surface was modeled by a periodi-
cally repeating 3 x 3 supercell (8.49 x 8.49 A% in a
four-layer slab (Fig. 4). The two bottom layers were fixed
at the bulk lattice geometry. The Pt(111) surface is cov-
ered with a monolayer of hydrogen ad-atoms, adsorbed to
the fcc sites. The Monkhorst—Pack type of k-point sam-
pling with a 2 x 2 x 1 grid was chosen for the slab
calculations.

Thermodynamic data for free energy computations were
obtained from structural model clusters fully optimized at
the PBE level of DFT [31], using the Stuttgart RSC 1997
ECP basis set (SDD) [33] for Pt, and the 6-31G(d) basis set
[34] for C, H and N, as implemented in Gaussian 09 [35].
The reduction potential of ImH" to H, and imidazole was
calculated using a larger 6-311 + G(2df,p) basis set.
Thermal contributions to molecular free energies included
the ideal-gas, rigid-rotator, and harmonic oscillator
approximations [36]. Solvation effects were accounted for
by using the SMD aqueous continuum solvation model
[37]. The solvation contribution to the plane-wave-based
periodic DFT optimized structures were estimated by using
model clusters with 14 Pt atoms and performing calcula-
tions at the PBE/DFT level, using the SDD basis set for Pt
and the 6-31G(d) basis set for all other atoms while
restricting the spin state of model structures to open-shell
singlet, or doublet states.

Free energy changes due to reduction of ImH" on
Pt(111) were computed by using the thermodynamic cycle
shown in Fig. 5 (bottom panel). The cycle includes surface
desorption of ImH* (ii.1), reduction of ImH" to H, and
imidazole, in the aqueous solution (ii.2), and dissociative
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adsorption of H, to the Pt surface (ii.3). The reduction
potential of ImH™" to H, and imidazole (ii.2) was predicted
to be —0.60 V, in good agreement with the reduction
potential observed by CV experiments, while the free
energy changes for reactions (ii.1) and (ii.3) approximately
cancel each other.

The free energy change associated with the dissociative
adsorption of H; to the Pt surface (ii.3) was —6.5 kcal/mol,
consisting of the sum of AE = —8.2 kcal/mol (via plane-
wave-based periodic DFT calculations), plus ZPE (—3.1
kcal/mol) and entropy (3.9 kcal/mol) contributions and sol-
vation contributions of +0.8 kcal/mol (via cluster calcula-
tions). The free energy change for desorption of ImH™ (ii.1)
was AGY°P = 6.5 kcal/mol which consisted of AE =
76.1 kcal/mol, AZPE = + 6.5, entropic contribution of
—TAS = —6.0 kcal/mol and solvation AG*" = —70.1 kcal/
mol. The free energy sum of (ii.1)—(ii.3) yields a calculated
reduction potential for (ii) of —0.60 V. For comparison,
Fig. 6 shows that the reduction of imidazolium and pyridi-
nium in aqueous solutions to the corresponding imidazolium
and pyridinium radicals occur at much more negative
potentials than observed in the cyclic voltammogram
measurements.
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2.2 Electrochemical Experiments

The electrochemical experiments were carried out using a
three-electrode cell, with a mesh Pt counter electrode, and a
saturated calomel electrode (SCE) as reference (with a
potential of 40.241 V versus the standard hydrogen elec-
trode (SHE) at 25 °C). The working electrodes were BASi
Pt disk electrodes 0.16 cm in diameter. The electrolyte
solution was 0.5 M KCl,q (Sigma-Aldrich). Cyclic voltam-
mograms were recorded on either CHI 760 or CHI 1140
potentiostats. Between each scan, the working electrode was
polished with 1 pm alumina (Fisher) supported on a cloth
pad. Argon was used to purge the solution and electro-
chemical cell ensuring an inert gas atmosphere. The solution
pH was adjusted by using hydrochloric acid and potassium
hydroxide solutions, and monitored by using a pH meter
(Denver Instrument). Aqueous cyclic amine solutions were
prepared at 10 mM concentrations.

2.3 Results and Discussion

Figure 7 compares the cyclic voltammograms of imidazo-
lium ImH™ (black) and pyridinium PyH" (red) reduction
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Fig. 7 Cyclic voltammograms at 10 mV/s scan rate at a Pt electrode
with an electrolyte containing 10 mM imidazolium (black) and
pyridinium (red) individually. Solutions were pre-purged with Ar and
the pH was adjusted to 5.2. The supporting electrolyte was 0.5 M KCl

on a Pt electrode, as recorded at a scan rate of 10 mV/s.
The detailed readings for the peak current potentials, half-
wave potentials (E ;) and onset potentials, from Fig. 7, are
reported in Table 1. These results show that the reduction
of aqueous imidazolium is very similar to the reduction of
pyridinium with E;,(ImH") = —0.68 V versus SCE
which is shifted by only 100 mV when compared to py-
ridinium with a cathodic wave at E;»(PyH") = —0.58 V
versus SCE. The onset and peak current potentials are also
very similar, as shown in Table 1, consistent with a com-
mon reduction mechanism.

The values of Ey, are found to be independent of the
concentration of the redox species, with average values for

E vs SCE=-0.60V

E vs SCE =-0.68 V
(experimental)

Table 1 Potentials (in Volts vs.

Peak E;p Onset
SCE) for the peak current, half-
wave potentials and onset ImHT =072 —-0.68 —0.56
potentials from the cyclic vol- PyH' —0.62 —058 —051

tammograms shown in Fig. 7

ImH" and PyrH+ of —0.68 and —0.58 V versus SCE,
respectively. These half-wave potentials are related to the
formal redox potentials (E”') by ln(%) where Dg and Dy

are the diffusion coefficients for the reduced and oxidized
species [38]. As shown in the Fig. 8§, the E,,, values are
independent of the scan rate over the explored range of
10-5,000 mV/s, indicating that the diffusion logarithmic
term is well approximated as zero for both amines.
Therefore, the approximation E;,, = E is valid.

The proposed reduction mechanism is an inner-sphere
acid-bound proton reduction to surface hydride that implies
a linear relationship between the formal redox potentials

EIO_I A/Hpy A~ and the pK, of the Brgnsted acid (HA), with a

slope of —59 mV per unit of pK, as predicted from the
Nernst equation (see Appendix): Eif{ AHpgA~ = % JHo
—59mV pK,mua), where EH+ JH

potential of H' on Pt. The predlcted linear relationship is
consistent with the observed redox potentials since the
pK,s of ImH" and PyrH" are 7.1 and 5.17, respectively,
predicting formal redox potentials —663 and —549 mV
versus SCE for reduction of ImH" and PyrH*, respec-
tively, in very good agreement with the observed mid-point
potentials of —680 and —580 mV versus SCE (Table 1),

and the corresponding shift of —100 mV when comparing

is the formal redox
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Fig. 8 E,, potentials versus log scale of scan rates for pyridinium (/eft) and imidazolium (right) reductions on Pt electrode. Both Brgnsted acids
show good linearity with average mid-point potentials of —0.58 and —0.68 V versus SCE for pyridinium and imidazolium, respectively

the reduction of ImH™" to that of PyrH™. These results thus
show that imidazolium exhibits an electrochemical
behavior analogous to pyridinium, ascribed to a reduction
mechanism that forms a surface hydride on the Pt
electrode.

3 Conclusions

We have found that imidazolium exhibits an electro-
chemical behavior analogous to pyridinium, with a mid-
wave potential of —680 mV versus SCE for the one-elec-
tron reductive cathodic wave of cyclic voltammogram
measurements. The theoretical analysis suggests that imi-
dazolium must share a common reduction mechanism with
pyridinium and form H adsorbates on the electrode surface
through a one-electron PCET reaction. In contrast, the one-
electron reduction to the imidazolium radical is predicted
to occur at a much more negative potential (—2.63 V vs.
SCE). These results are particularly valuable since they
suggest that H adsorbates could be generated at low
overpotentials by either of the two electrocatalysts. The H
adsorbates might react as Pt-hydrides and reduce CO,
through a proton coupled hydride transfer (PCHT) mech-
anism, as recently proposed for the electrocatalytic reduc-
tion of CO; to formic acid in the presence of pyridinum
where the electrophilic attack of CO, onto the surface
hydride is activated by the Brgnsted acid in solution.

4 Supporting Information
Supporting Information includes coordinates and thermo-

dynamic data for the structural models reported in this
paper as well as details on calculating pK, values for
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weak acids in deuterated electrolyte. This material is
available free of charge via the internet at http://pubs.acs.
org.
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Appendix

The reduction potential of the Brgnsted acid
(HA = PyrH*, ImH™") relative to the SHE, is obtained as
the cell potential for the equilibrium:

AH — A~ + HT, (1)
which can be expressed as two half reactions:

AH + e— - A"+ 1L H (2)
and

1hH, — H" + e— (3)

The Gibbs free energy change AG for the overall reac-
tion of Eq. (1) is given by

AG = AG° + RT In [A7][H"]/[AH] 4)
Which is essentially the Nernst equation upon substitu-

tion of AG® = —F E° and AG = —F E:

E = E°- (RT/F)ln[A"][H']/[AH] (5)

At equilibrium, AG =0 and [AT][H"J/[AH] = K,.
Therefore,
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EO

= (RT/F) In Kyan) = —(RT/ F log €) pKy(an)

(6)

When T = 298.15 K. Considering that E® = Epym/

0 ‘o
H(PyPyr—EH+/H(PY, WE obtain:

EOAH/H(P[)A— = Eﬁu/H(p[) — 59 mV pKa<AH)

(7)
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