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Universite ́ Paris Diderot, Sorbonne Paris Cite,́ Laboratoire d’Electrochimie Molećulaire, Unite ́Mixte de Recherche Universite-́CNRS
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ABSTRACT: A detailed cyclic voltammetric investigation
of the reduction of moderately weak acids on platinum
reveals that they are reduced in two steps: one involving
the hydrated protons initially present at equilibrium and
the second the reduction of the acid through its prior
conversion into hydrated protons. The reduction of
pyridinium ions (protonated pyridine) follows this
reaction scheme as does any other acid of similar pK
(e.g., acetic acid). Rather than being catalytically reduced,
CO2 plays a similar role through its prior conversion to
carbonic acid. No trace of methanol or formate could be
detected upon preparative-scale electrolysis of CO2 on the
same electrode in the presence of pyridinium ions.

The electrochemical reduction of hydrated proton on
platinum electrodes has the reputation of being one of the

most studied electrode reactions.1,2 In spite of this, we have
found features of the reduction of moderately weak acids on
platinum in aqueous solutions that have not been uncovered so
far. Our interest in the matter was aroused by the report that
carbon dioxide can be reduced to methanol on a platinum
electrode in aqueous solutions containing pyridinium ions
(PyH+). Faradaic yields up to 20% were reported,3,4 a quite
interesting result in the framework of the contemporary efforts
to convert CO2 into fuels.5 The interpretation of this intriguing
result was that the pyridinium ion works as a homogeneous
catalyst through its reduction to the pyridinium radical, PyH•,
that would then react with CO2, ultimately leading to methanol
after a series of follow-up steps. A rate constant for the key step,
in which an adduct is formed by combination of PyH• with
CO2, was derived from the cyclic voltammetry (CV) of PyH+ in
the presence of CO2.

3,4 This report has triggered several
quantum computational contributions leading to divergent
conclusions as to the likelihood of the proposed mecha-
nism.4,6−10 In spite of the simple evidence provided by the fact
that no reduction wave is observed in the CV of PyH+ on an
inert electrode such as glassy carbon,11 only the last of these
computational contributions10 takes into account the partic-
ipation of platinum atoms to the catalytic reaction.
We were puzzled by several aspects of the proposed

mechanism: (i) How can a reaction pathway counting for
only 20% of the overall reduction process be responsible for
100% of the characteristics of the cyclic voltammetric
responses? (ii) The features of the cyclic voltammetric
reduction wave, deemed catalytic, are not actually what one

would expect for a typical catalytic wave where the replacement
of the peak by a plateau is accompanied by a large increase of
the current.12 Confusion arises in this connection by the fact
that the S-shape was reported to appear only at very low scan
rates (0.001 V/s). In these conditions, natural convection
heavily interferes, besides diffusion, giving rise also to S-shaped
cyclic voltammetric responses even in the absence of catalysis.13

We thus re-examined the question starting with the CV of
PyH+ alone on a polycrystalline platinum disk electrode.
Besides the chemical and electrochemical reversibility, or quasi-
reversibility, the most striking feature of the ensuing CV
responses is the appearance of two waves ∼2 pH units below
the PyH+ pK (Figure1). The first of these waves increases upon
decreasing the pH and vice versa. One expects such moderately
weak acids to give rise to a “CE” mechanism16 in which the
reduction goes through the reduction of the hydrated proton,
which is rapidly regenerated as soon as reduced from the
dissociation of the acid in view of the well-known rapidity of
proton transfer from nitrogen and oxygen acids in water. This is
indeed what has been observed at the occasion of an exhaustive
study with dimethylsulfoxide as the solvent.17 As the pH is
decreased below the PyH+ (or AcOH) pK, the concentration of
hydrated protons at equilibrium tends to become larger than
the PyH+ concentration, as represented in Figure 2
concomitantly with the splitting of the wave and the increase
of the newly appeared wave. One is thus led to assign this new
wave to the direct reduction of hydrated protons. That the
current corresponding to this reduction reaches a peak, being
then controlled by hydrated proton diffusion, may seem
surprising in view of the well-known rapidity of proton transfer
in nitrogen and oxygen acids evoked earlier. However as seen in
Figure 2, in the pH zone where the first wave develops, the
concentration of acid does not vary significantly. Significant
displacement of the acid dissociation equilibrium to regenerate
hydrated proton takes place once hydrated proton concen-
tration close to the electrode is small. Consequently, the second
wave corresponding to acid reduction through the reduction of
the hydrated proton develops once hydrated protons initially
present in solution have been reduced at the level of the first
wave. The above mechanism in which the first wave
corresponds to the direct reduction of hydrated protons and
the second to the reduction of the hydrated protons generated
by the rapid dissociation of the acid is confirmed by the
simulations shown in Figure 118 according to the mechanism
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sketched in Scheme 1 and taking into account the apparent
kinetics of hydrated proton reduction on platinum.

Indeed, although close to electrochemical reversibility,
simulation does require correctly taking into account the
reduction mechanism and its kinetic characteristics, as
summarized in the caption of Figure 1. For the sake of
simplicity, we assume here that the H+/H2 electrochemical
reaction can be described by an apparent Butler−Volmer
kinetics which characteristics are EH+/1/2H2

0,ap , kH+/1/2H2

S,ap , and αap

(apparent standard potential, standard rate constant, and
transfer coefficient, respectively) obtained from a fitting of
the cyclic voltammograms obtained with the direct reduction of
hydrated proton on the same platinum electrode (see
Supporting Information). Since a nitrogen or oxygen acid is
dealt with, proton transfer could be assumed to be fast enough
to remain at equilibrium. Besides this CE pathway involving a
fast deprotonation step prior to electron transfer to H+, we
cannot exclude the occurrence of another reaction path in
which these two events would be concerted. To the best of our
knowledge, this is the first observation and explanation of a
two-stage reduction on platinum of a weak acid in water, which
involves the reduction of hydrated proton at each stage.
Focusing on the reduction of PyH+ on platinum in the pH

range of interest, we are thus led to conclude that it does not
produce the PyH• radical but consists in the reduction of the
hydrated protons generated by the rapid dissociation of the
PyH+ ions. The situation is in fact quite similar to what happens
with another acid of closely similar pK, acetic acid (pK = 4.75)
as seen upon perusal of Figures 1 and 2.
We now turn to the reduction of CO2 on platinum in the

absence of PyH+ or of any other acid. Hydrated CO2 indeed
behaves as a Brönsted acid through its conversion into H2CO3

Figure 1. CV of a 2 mM solution of pyridine (a,a′) and 3 mM or 2
mM of acetic acid (b,b′) on a platinum electrode at 0.2 V/s in
presence of 0.1 M KNO3, T = 295 K, as a function of pH: a,a′: 2.5
(blue), 3 (green), 4 (red). b,b′: 3 (blue), 4 (green). a,b: experimental,
a′,b′: simulated with pKPyH

+ = 5.2 and pKAcOH = 4.75,14EH+/1/2H2

0,ap =

−0.15 V vs NHE, kH+/1/2H2

S,ap = 0.03 cm s−1, αap = 0.7. Diffusion

coefficients (10−5 cm2 s−1): DH
+ = 9.3, DH2

= 5, DPyH
+ = 1, DPyr = 0.6,

DAcO
− = 1.1, DAcOH = 1.3.15

Figure 2. Equilibrium concentrations of hydrated protons and acid (in
mM) in a 2 mM pyridine and acetic acid solutions as a function of pH.
pKs are respectively 5.2 and 4.75.

Scheme 1. AH Reduction Mechanism (AH = PyrH+ or
AcOH)

Scheme 2

Figure 3. CV of a CO2 saturated solution at pH = 3.9 on a platinum
electrode in presence of 0.1 M KNO3, T = 295 K, as a function of the
scan rate (V/s): 0.05 (blue), 0.1 (green), 0.2 (red), 0.5 (yellow).
Diffusion coefficients (10−5 cm2 s−1): DH

+ = 9.3, DH2
= 5, DCO2

= 1.5,

DH2CO3
≈ DHCO3

− = 1.2.15 EH+/1/2H2

0,ap = −0.15 V vs NHE, kH+/1/2H2

S,ap = 0.03

cm s−1, αap = 0.7. [CO2] = 0.0383 M. khydr/k−hydr = Khydr = 1.7 × 10−3;
khydr = 3 × 10−2 s−1. k−H

+/kH
+= 10−3.6 ; kH

+ = 1010 M−1 s−1.
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as sketched in Scheme 2. Figure 3 summarizes experiments
carried out with a CO2 saturated solution at pH 3.9, varying the
scan rate. As compared to the other acids, there is a clear
tendency to obtain a S-shaped wave, which plateau current is
much smaller than expected for complete CO2 reduction at the
electrode surface due to the large CO2 concentration in CO2
saturated water (0.0383 M).19

These particular features indicate that the generation of the
hydrated proton from CO2 is slower than it was with the
previous acids. This is not really surprising since CO2 has to be
hydrated before the resulting carbonic acid generates the
hydrated protons. The latter reaction is expected to be very fast
since it consists in a proton transfer from an oxygen acid as
opposed to the CO2 hydration step, which must overcome
severe reorganization barriers caused by important changes of
bond lengths and angles (see Scheme 2). Simulation of Scheme
2 reaction sequence, assuming that the proton transfer reaction

remains at equilibrium (pK = 3.6),19,20 with the same
characteristics of the hydrated proton reduction as above,
knowing that khydr/k−hydr = Khydr = 1.7 × 10−3,19 leads to khydr =
3 × 10−2 s−1, k−hydr = 17.65 s−1, in excellent agreement with
literature data.21

We may now examine the cyclic voltammetric of CO2 in the
presence of PyH+ and, for the sake of comparison, AcOH. It is
seen (Figure 4) that at a pH where the reduction of hydrated
proton does not occur directly but only through the “CE”
pathway, the cyclic voltammetric responses involve simply the
superposition of the contributions of the two acids present,
PyH+ or AcOH on the one hand and CO2 on the other. There
is again nothing special about PyH+ that could involve the
intermediary formation of PyH• as shown by the simulation of
the cyclic voltammetric responses and confirmed by the
observation that AcOH behaves in a strictly similar manner.
Upon scanning to more negative potentials, water itself is
reduced (see green line in Figure 4a) leading also to formation
of H2 which is reoxidized on the reverse scan. This feature can
be simulated (see green line in Figure 4a′) by considering an ad
hoc Butler−Volmer kinetics for H2O reduction.
In order to complement the cyclic voltammetric observa-

tions, we undertook detailed preparative-scale experiments
following the indications of ref 22. The results are summarized
in Table 1 (full details on the electrolysis instrumentation and
procedures as well as on analysis of the electrolyzed solution are
given in the SI). It is seen that, in spite of repeated efforts,
neither methanol nor formate could be detected, besides an
abundant production of dihydrogen (close to 100%), upon
electrolysis of pyridinium CO2 mixtures, with no detectable
production of CO (see SI).
In summary, analysis of the CV of pyridinium or acetic acid

solutions on platinum showed that the reduction solely involves
hydrated protons. At pHs ∼2 units below the pK, hydrated
protons are reduced directly with no participation of the acid
molecules. Upon raising the pH, a second wave appears at a
more negative potential, which progressively replaces the first
wave. It concerns again the reduction of hydrated protons, but
this time the hydrated protons are generated by the rapid
dissociation of the acid. The two acids behave quite similarly
thus confirming the conclusion that the reduction of PyH+ on
platinum in the pH range of interest does not involve the PyH•

radical. CO2 itself behaves in a similar manner through its
hydration to carbonic acid, with the difference that the
hydration reaction now interferes in the overall kinetics. The
responses of mixtures of CO2 with either pyridinium or acetic
acid are simply the superposition of the contributions of the
two components, showing again that the PyH• radical does not
transpire the reaction pathway. The results of repeated
preparative-scale electrolyses on platinum in the presence of

Figure 4. CV of a CO2-saturated solution of 3 mM pyridine (a,a′) and
3 mM acetic acid (b,b′) on a platinum electrode in presence of 0.1 M
KNO3, T = 295 K, at pH = 5.15 (a,a′) and 4 (b,b′). Scan rate: 0.1 V/s
(a,a′) and 0.2 V/s (b,b′). blue: acid alone; green: CO2 alone (pH = 4.5
in a,a′ and 4 in b,b′); red: acid + CO2. a,b: experimental; a′,b′:
simulations. Simulation parameters: Diffusion coefficients (10−5 cm2

s−1): DH
+ = 9.3, DH2

= 5, DPyH
+ = 1, DPyr = 0.6, DAcO

− =1.1, DAcOH = 1.3,

DCO2
= 1.5, DH2CO3

= DHCO3
− = 1.2. EH+/1/2H2

0,ap = −0.15 V vs NHE,

kH+/1/2H2

S,ap = 0.03 cm s−1, αap = 0.7. [CO2] = 0.0383 M. khydr/k−hydr =

Khydr = 1.7 × 10−3; khydr = 3 × 10−2 s−1. k−H
+/ kH

+= 10−3.6 ; kH
+ = 1010

M−1 s−1. Protonation rate constants for Pyr and AcO−: 1010 M−1 s−1.

Table 1. Preparative Scale Electrolysesa

regime current density (μA/cm2) potential (V vs NHE) [PyrH+](mM) charge passed (coulombs)

faradaic yields

methanolb formatec

galvanostatic 50 −0.55 10 243 ≤0.3% ≤0.04%
potentiostatic 10 −0.46 10 40 ≤2.2% ≤0.25%

70 −0.56 4 60 ≤1.5% ≤0.16%
350 −0.76 4 300 ≤0.3% ≤0.03%
590 −0.96 4 800 ≤0.1% ≤0.01%

aUnder 1 atm CO2; pH = 5.3; [KNO3] = 0.1 M; volume electrolyzed =50 mL. bEstimated from the ability to detect [MeOH] > 3 × 10−5 M by
NMR (see SI). cEstimated from the ability to detect [HCO2

−] > 10−5 M by ionic chromatography (see SI).
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PyH+ were surprisingly at variance with previously reported
data since neither methanol nor formate could be detected
besides an abundant production of dihydrogen.
Hydrogenated palladium electrodes seems to behave differ-

ently. The formation of substantial amounts of formate has
been demonstrated on an electrode where palladium particles
are dispersed within a polyviologen redox polymer under one
atmosphere H2.

23 More recently, the formation of methanol
and formate on a hydrogenated palladium electrode has been
reported.3,22 In such cases, the hydride transfer from an
electrogenerated palladium hydride to CO2 may be invoked. If
confirmed, the abundant formation of methanol upon
electrolysis under illumination on a gallium phosphide
electrode in the presence of PyH+ 24 would call for a careful
examination of actual role of this ingredient and of the chemical
role of GaP.
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