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Abstract—A study is performed of the electrocatalytic properties of 2,2'-bipyridine in the presence of acids of
different natures (HBF4, HClO4, TsOH, CF3COOH) and the nature of the synergistic effect. It is shown that
the pKa of the acids greatly affect the mechanism of the reactions that occur. Based on electrochemical and
electrocatalytic data obtained via cyclic voltammetry and preparative potentiostatic electrolysis, main mech-
anisms of the electrocatalytic production of molecular hydrogen are proposed that depend on the nature of
the acids. The thermodynamic and kinetic parameters of the considered systems are calculated.
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INTRODUCTION
In recent decades, hydrogen has been actively con-

sidered as an alternative fuel with a number of advan-
tages over traditional energy sources [1–3]. Develop-
ments in the field of creating highly efficient and rela-
tively inexpensive large-scale catalytic systems for the
production of molecular hydrogen can rightly be con-
sidered a cornerstone of modern energy [4]. A great
many transition metal complexes with fairly high cat-
alytic activity have now been developed, but is of
greater interest to create unique systems that do not
use expensive metals [5–7]. An example is polyfluori-
nated porphyrin complexes, with which the potential
of reduction is comparable to that of metal complex
analogs [8]. The number of such systems is neverthe-
less small, and the question of creating and studying
them in detail remains open.

It is known that introducing a basic atom into the
composition of a catalyst considerably raises the elec-
trocatalytic activity in reactions of molecular hydro-
gen generation [9]. A great many studies of the electro-
catalytic properties of pyridine and other organic sys-
tems were therefore performed [10]. The promising
results from these works show that organic systems of
this type have huge potential in electrocatalytic pro-
cesses for the production of molecular hydrogen.

The authors of [11–13] proposed metalless electro-
catalysts that differed in a number of characteristics (sta-
bility, availability, environmental friendliness) from all
known catalysts based on transition metals. In a contin-

uation of the ideas described above, this work considers
the electrocatalytic properties of 2,2'-bipyridine:

It is assumed that the combination of two pyridine
fragments connected to each other in the ortho-posi-
tion contribute to the emergence of a synergistic effect
that radically changes the mechanism of hydrogen
generation from bimolecular elimination to a mono-
molecular reaction. This lifts the kinetic limitation
imposed on the bimolecular stage, which is the limit
stage in the reaction of obtaining molecular hydrogen
in the presence of pyridine derivatives.

EXPERIMENTAL
All electrochemical measurements were made in a

special three-electrode cell (20 mL) using a GAMRY
REFERENCE 3000 digital potentiostat–galvanostat
(Canada) connected to a personal computer. A glassy
carbon electrode was used as the working electrode
(S = 0.0314 cm2). The auxiliary electrode was platinum,
and the reference electrode was standard silver chloride
(E0 = 0.33 V (CH3CN) vs. Fc/Fc+). The background
electrolyte was A 0.1 M solution of (n-C4H9)4N)BF4.
Cyclic voltammetry (CV) was used to study the mech-
anism and kinetics of the electrocatalytic reaction for
the production of molecular hydrogen in the presence
of bipyridines. The efficiency of the catalytic process
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Fig. 1. Voltamperogram of 2,2'-bipyridine (C = 1 × 10−3 M,
GC, 0.1 V/s, CH3CN, 0.1 M Bu4NBF4, Ag/AgCl/KClaq).
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and the stability of the catalytic systems were esti-
mated via precursory potentiostatic electrolysis.

The concentration of catalyst was in all cases 1 ×
10−3 mol/L. A ×100 excess of acid during electrolysis
was selected.

The working electrode was cleaned with acetone
after each measurement, and the three-electrode cell
was washed with distilled water and acetone. The mea-
surements were made at room temperature. All solu-
tions were preliminarily deaerated with argon.
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RESULTS AND DISCUSSION

Cyclic voltammetry (CV) was used to study the elec-
trochemical characteristics of 2,2'-bipyridine. As can be
seen from the voltammogram (Fig. 1), the compound
was redox active in the cathodic region, and no electro-
chemical activity was observed in the anodic region.
Note the formation of two single-electron irreversible
waves at potentials of −1.65 and −1.95 V. This indicates
the successive reduction of each pyridine ring with the
formation of temporally unstable anion radicals.

The properties of 2,2'-bipyridine were studied
using acids of different natures (HBF4, HClO4, TsOH,
CF3COOH) as sources of H+. Note that adding solu-
tions of strong acids (pKa(CH3CN) HBF4) = 1.8;
pKa(CH3CN) HClO4) = 2.1) greatly altered the initial
CVA curve (Fig. 2).

In both cases, the initial waves shifted to the anode

region  = −0.56 and −0.58 V, respectively. In addition,
stepwise additions of acid produced a linear increase in
current until the second peak was completely smoothed.

The identical potential values of the resulting peaks
show that the considered processes were the same.
The below mechanism of the electrocatalytic reaction
for the production of molecular hydrogen may there-
fore be considered possible:
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Protonation of the radicals formed during the (рK (CH CN) = 10.6), so a different path of the pro-

reduction of one of the pyridine rings of the radical
probably occurs because of its nitrogen atom, resulting
in the formation of radical cations. The subsequent
reduction of the intermediate promotes the electrocat-
alytic reaction. The presented mechanism fully reflects
the possibility of a synergistic effect–in this case, the
proposed substitution of bimolecular elimination for
monomolecular stepwise reduction of hydrogen. This
is possible when there are no steric hindrances in rota-
tion around the C–C bond between pyridine frag-
ments, side processes and chemical transformation of
the intermediate are impossible, and the energy barrier
of the process is apparently lowered.

A completely different form of the CVA curve is
observed when using such weak acids as P-toluenesul-
fonic (pKa (CH3CN) = 8.5) and trif luoroacetic
a 3
cess is assumed (Fig. 3).

The initial peaks shift to the anodic region upon
adding P-toluenesulfonic acid (  = −0.70 and
‒0.82 V, respectively). Note that raising the concen-
tration of acid in the solution increases the current in
the first peak and transforms the second one consider-
ably. The peak current reaches a plateau at a 2 mM
concentration of acid. Later, however, we can see a
rise in the current at a potential of −1.1 V. As expected,
we can also see a shift of the initial waves to the anode
region when using trif luoroacetic acid. At first glance,
we cannot immediately judge the uniformity of the
ongoing processes, but (as noted in the voltammo-
gram) the values of the peak potentials coincide with
those obtained using TsOH (  = −0.71 and −1.1 V,
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Fig. 3. Voltamperograms of (а) 2,2'-bipyridine (1) without and with (2) 1, (3) 2, (4) 3, (5) 4 mM TsOH; and (b) CF3COOH
(GC, 0.1 V/s, CH3CN, 0.1 M Bu4NBF4, Ag/AgCl/KClaq).
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Fig. 4. Dependences of current strength I on the concen-
tration of added acids C(H+), 2,2'-bipyridine, GC,
CH3CN, 0.1 M Bu4NBF4, and Ag/AgCl/KClaq.
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Fig. 2. Voltamperograms of (a) 2,2'-bipyridine (1) without and with (2) 1, (3) 2, (4) 3, (5) 4 mM HBF4 and HClO4; and
(b) GC, 0.1 V/s, CH3CN, 0.1 M Bu4NBF4, Ag/AgCl/KClaq.

�40

�30

�20

�10

0 1

2

3 4

5

10

I,
 �

A

�50
�2.0 �1.5 �1.0 �0.5 0

(a)

E, V

�80

�100

�60

�40

�20

0

20

I,
 �

A

�120
�2.0 �1.5 �1.0 �0.5 0

(b)

E, V
respectively). The accumulation of an intermediate
compound (the formation of another intermediate) is
most likely observed during the electrocatalytic reac-
tion when using P-toluenesulfonic acid instead of tri-
f luoroacetic acid.

The proposed mechanism is in this case described
by the disproportionation of the cation formed as a
result of the stepwise reduction to a biradical with sub-
sequent elimination of molecular hydrogen. The higher
energy barrier of the process shifts the waves to a more
cathodic region than when strong acids are used.

Adding acids to an acetonitrile solution of 2,2'-
bipyridine thus results in an electrocatalytic reaction
of hydrogen production. However, the mechanism of
the processes varies, depending on the nature of the
acid that is used. It is quite surprising that the pKa of
the acid does not seriously affect the strength of the
current (Fig. 4).

Precursory potentiostatic electrolysis was per-
formed at the potentials of the first half-waves [14].
Our results are shown in Table 1. This allowed us to
understand whether the considered systems were sta-
ble and determine the efficiency of the ongoing elec-
RUSSIAN JOURNAL O
trocatalytic processes. The data in Table 1 confirm the
electrocatalytic activity of 2,2'-bipyridine in the pres-
ence of all of our acids, since reduction was not
F PHYSICAL CHEMISTRY A  Vol. 96  No. 5  2022
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Table 1. Values of TON, TOF, and the amounts of hydro-
gen generated during the catalytic reaction using 2.2'-bipyr-
idine and different acids, according to the results from ten
minutes of precursory electrolysis

Acid E1/2, V [H2], mol TON TOF, s−1

HBF4 0.55 6.17 × 10–3 6.17 1.03 × 10–2

HClO4 0.55 5.84 × 10–3 5.84 9.73 × 10–3

TsOH 0.71 1.87 × 10–5 1.87 × 10–3 3.12 × 10–5

CF3COOH 0.71 1.23 × 10–5 1.23 × 10–3 2.05 × 10–5
observed when there was no catalyst. The greatest
activity was seen for HBF4 and gradually fell in the
order HClO4–TsOH–CF3COOH. Nevertheless,
these experimental data are by no means satisfactory.
The rapid loss of catalytic activity is most likely associ-
ated with side chemical processes. One way of solving
this problem could be to introduce bulky acceptor sub-
stituents in the ortho- and para-positions of 2,2'-
bipyridine to shield reactive intermediates.

CONCLUSIONS

Metal-free electrocatalytic systems based on 2,2'-
bipyridine and acids of different natures (HBF4,
HClO4, TsOH, CF3COOH) were studied and charac-
terized. The main parameters of the ongoing processes
were considered; possible intermediate compounds,
thermodynamic and kinetic characteristics of the
studied systems were determined; and the effect acids
have on catalytic activity was examined. Main mecha-
nisms of electrocatalytic reduction of molecular
hydrogen were proposed on the basis of our data, and
the possibility of a synergistic effect was confirmed.
The results from this work could be useful in further
studies of electrocatalytic systems based on organic
heterocyclic compounds (especially bipyridines,
which can be modified to increase the efficiency of the
process).
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