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Abstract—The feasibility of obtaining ruthenium oxide nanoparticles on a carbon support by pyrolysis of
polymeric ruthenium complexes is shown. The performance efficiency of such a catalyst considerably sur-
passes the efficiency of catalysts synthesized using monomer ruthenium compounds and is comparable with
figure of merit values reported for the best samples of hydrogen evolution reaction catalysts in alkaline media,
while the specific consumption of the precious metal in this catalyst is much lower.
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INTRODUCTION

Due to growing concerns regarding an approaching
energy crisis and environmental pollution, huge
efforts are being put into the development of green
energy sources. As a clean, sustainable, and energy-
dense (120 MJ/kg) compound [1], molecular hydro-
gen is considered to be a next-generation energy
source and the basis of hydrogen power engineering
[1,2].

At present, hydrogen is mostly produced by steam
reforming of natural gas. That being so, a fossil fuel is
used and carbon dioxide, a culprit of greenhouse effect
[3], is released. Therefore, as a carbon-free process of
H, production, electrochemical water splitting,
attracts considerable interest [4, 5]. Developing effi-
cient electrocatalysts for water splitting is thought to be
one most serious problem in implementation of
hydrogen production on an industrial scale [1, 6].

Platinum is known to be the most efficient catalyst
for electrochemical hydrogen evolution reaction
(HER), especially in acidic solutions. In the mean-
time, the efficiency of a platinum catalyst in neutral
and alkaline solutions drops by 2—3 orders of magni-
tude because of slowness of the water dissociation step
[7], with a platinum load of 300—500 pg/cm? [2].

Ruthenium, which is fivefold cheaper than plati-
num [8], attracts attention of researches as a HER cat-
alyst in alkaline media: the energy of Ru—H bond
(272 kJ/mol) is nearly the same as that for platinum,
and the activation energy of water dissociation on
ruthenium is half as high as that on platinum [2]. The
factors indicated above considerably promote the Vol-
mer step of HER in alkaline media [9].

Thermolysis of organic ruthenium precursors is
one key method for preparing ruthenium-containing
catalysts [2]. Meanwhile, synthesis methods described
in the absolute majority of literature sources begin
with preparation of an organic matrix, and then Ru®*
ions are incorporated into it (typically, a solution of
ruthenium(I1I) chloride is used for this), followed by
pyrolysis of the resulting material [10—14].

Earlier, we patented [15] and then published [16] a
method for nanocatalyst synthesis, in which films of
polymer metal complexes are used as precursors to
catalytically active particles. Such films are deposited
onto an electrode by electropolymerization of corre-
sponding monomeric compounds and subjected to
pyrolysis. Catalyst syntheses using polymer—metal
films have a number of advantages over other methods
used:

—electrochemical polymerization and subsequent
thermal treatment of a polymer enable us to obtain
nanocatalysts containing a transition metal directly on
the electrode surface;

—due to strong adhesion of the polymer film to the
electrode surface, the catalyst resulting from this film
has good adhesion to the surface, which spares us the
use of a binder;

—the proposed method ensures uniform coverage
of the electrode surface with the catalyst, while the
surface concentration of catalytically active sites, as
well as their size, can be adjusted by varying the thick-
ness of polymeric film, i.e., by polymerization condi-
tions;
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—by copolymerization of complexes with different
metal sites, we can create complex catalytic systems,
e.g., bifunctional catalysts.

The aim of this work is to apply a method of pyrol-
ysis of ruthenium-containing polymer complexes to
synthesize nanoscale catalysts and investigate their
HER activity in alkaline solutions.

EXPERIMENTAL

Regardless of catalyst synthesis technique used,
nonactivated carbon cloth Kynol CC-509 (specific
surface area, 0.03 m?/g) was used an electrode support
material, the electrode area being 1.266 cm?.

The catalyst-modified electrodes for HER in alka-
line media were prepared using three catalyst precur-
sors:

—a polymer complex of Ru(Il) and 1,10-phenanth-
roline (poly-[Ru(Phen);]*") (1) (the key electrodes
used in our study);

—the monomer complex Ru(5—Cl—Phen);|*>* (2)
(for electrodes used for obtaining comparative param-
eters of catalysts based on polymeric and monomer
complexes);

—ruthenium(I1I) chloride (3) (for electrodes used
for obtaining comparative parameters of catalysts
based on the considered polymers and a commonly
used precursor [10—14]).

For synthesizing polymer 1, the initial complex
[Ru(5—Cl—Phen);](BF,), was prepared using data
[17]. The polymerization on working electrode was
carried out, using a three-electrode cell, in a 2 mM
solution of the initial complex in acetonitrile (AN)
that also contained 0.1 mol/L of Ef4,NBF, (Aldrich).
The reference electrode was a nonaqueous Ag'/Ag
(MW-1085, BASIi) electrode filled with a 5 mM
AgNO; solution, and a piece of carbon cloth (~5 cm?)
was used as the auxiliary electrode. Polymerization
parameters are described at greater length in the next
section.

After the polymerization was complete, the elec-
trodes were carefully washed in AN and dried under
argon. Thermal decomposition of polymers was car-
ried out in a PTK-1.2-40 tubular furnace (Teplopri-
bor, Russia) at 500°C in argon or at 350°C in air for 1 h
(the temperature was maintained with a precision of
+1°C).

When using precursors 2 and 3, we applied them on
the working electrode in a dissolved form: 200 UL of a
8.7 mM solution of [Ru(5—Cl—Phen);](BF,), in AN
or 50 puL of a 0.1 M aqueous RuClj; solution (Aldrich),

respectively.
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After the precursor was applied, the electrodes
were dried at 120°C for 1 h. The precursors were sub-
jected to pyrolysis similarly to case 1.

The mass of catalytic formations was determined
by weighing the initial working electrode and the
working electrode after being subjected to pyrolysis;
the accuracy of weighing was 0.1 mg. From control
experiments, we found out that the mass of carbon
cloth itself changed by no more than 1% as a result of
thermal treatment in argon.

The catalysts prepared were investigated by scan-
ning electron microscopy (SEM) using a Zeiss Merlin
microscope equipped with an INCA X-act attachment
(Oxford Instruments) for X-ray microanalysis.

HER studies with the catalyst-modified electrodes
were carried out at room temperature in a cell with
separate compartments for the working, auxiliary, and
reference electrodes. A deaerated aqueous 0.2 M KOH
solution was used as the electrolyte. An Ag/AgCl ref-
erence electrode filled with an aqueous 3 M NaCl
solution was brought in contact with the working elec-
trode space via a Luggin—Haber capillary. All poten-
tials in aqueous solutions are henceforth quoted with
respect to the indicated reference electrode; in partic-
ular, the potential of reversible hydrogen electrode in
this solution is —0.994 V. A 2 cm? piece of EQ-benf-
16m-2 porous nickel foam (MTI) was used as the aux-
iliary electrode. Polarization of the working electrode
was performed potentiodynamically in the range of
—0.9 to —1.1 V at a rate of 5 mV/s using a VSP poten-
tiostat (BioLogic Science Instruments).

RESULTS AND DISCUSSION

It is known that polymer films of poly-
[Ru(Phen);]*" can be obtained on the surface of a

glassy carbon electrode in a 2 mM solution of
[Ru(5—Cl—Phen);](BF,), in AN either by scanning

the potential cyclically from —1 to —2 V vs. Ag*/Ag
reference electrode [17] or under potentiostatic condi-
tions by poising the electrode (in the same solution) at
—1.8 £ 0.1 V[18]. To deposit a polymer onto the car-
bon cloth, we used pulsed potentiostatic deposition
[19] at —1.8 V, the pulse duration and the pulse-off
time being 1 and 10 s, respectively. During a short
period of electrode polarization, the polymer forms on
the surface of filaments in the carbon cloth, which
results in a decrease in the monomer concentration
near the electrode and, therefore, a lowering of the
rate of polymerization process, especially on internal
filaments of the carbon material. A long pause after
each polarization pulse enables partial or complete
recovery of the initial monomer concentration profile
inside the cloth, which ensures effective formation of
the polymer on the internal cloth filaments during the
next pulse of electrode polarization. A SEM image of
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(b)

Fig. 1. SEM images of a poly—[Ru(Phen)3]2+ film formed on the surface of working electrode (150 polymerization pulses): (a) as

deposited and (b) after pyrolysis at 500° in argon.

\\2(39j1n1

(b)

Fig. 2. SEM images of pyrolysis products of a poly—[Ru(Phen)3]2+ film (150 polymerization cycles) on the surface of working
electrode after pyrolysis at 350°C in air: (a) particles of a ruthenium-containing catalyst (average size of 70 = 10 nm) and (b) dis-
tribution of particles on the surface of an individual filament in carbon cloth.

a polymer deposited on the surface of working elec-
trode, after the electrode was washed and then dried in
vacuum, is shown in Fig. 1a. By varying the number of
polymerization pulses, we were able to change the
mass of polymer deposited on the electrode surface:
during 50 pulses, 0.9 mg was deposited; during
100 pulses, 1.1 mg; and during 150 pulses, 1.3 mg (or,
in terms of Ru load, we had 110, 135, and 160 pg of
Ru). Increasing the number of pulses further did not
result in a considerable increase in the mass of depos-
ited polymer, which is likely due to growing resistance
through the film [18].

Thermal treatment under inert atmosphere did not
lead to complete decomposition of the polymer even at
500°C: the film thickness decreased and the number
and depth of cracks grew, but the organic ligand envi-
ronment around the ruthenium was preserved, as can
be appreciated from Fig. 1b.

However, the organic component can be com-
pletely removed by pyrolysis in air at temperatures as
low as 350° (Fig. 2). The X-ray microanalysis of pyrol-
ysis products showed the presence of ruthenium and

NANOTECHNOLOGIES IN RUSSIA  Vol. 15

oxygen, and, by taking into account the shape of crys-
tals [20], this can be interpreted as the presence of a
stable form of ruthenium(IV) oxide on the surface.

For comparative testing of efficiency in HER, we
selected the following types of electrodes:

—electrode with a catalyst based on the polymer
ruthenium complex synthesized by running
150 polymerization cycles, which was subjected to
pyrolysis at 350° in air and contains 120 ug of Ru per
1 cm? of the surface area. This relatively high catalyst
load was chosen because the best catalytically active
electrodes developed so far contain 200—400 pg of Ru
per cm? [2];

—electrode with a catalyst based on the monomer
ruthenium complex, which was subjected to pyrolysis
at 350°C in air and contains 120 ug of Ru per 1 cm? of
the geometric surface area)

—electrode with a catalyst based on ruthenium(I1I)
chloride, which was subjected to pyrolysis at 350° in
air and contains 400 g of Ru per 1 cm? of the geomet-
ric surface area (similar to data [2]).
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Fig. 3. (Color online) Voltammograms for the HER regis-
tered at a potential sweep rate of 5 mV/s in an aqueous

0.2 M KOH solution on an electrode (area of 1.266 cmz)
modified with the ruthenium-containing catalyst obtained
by pyrolysis of (/) polymer, (2) monomer complex, and
(3) RuClj. The current is normalized to the ruthenium mass

in the catalyst.

Before registering voltammograms, all the elec-
trodes were subjected to an activation process, which
consisted in 30-min long polarization at a current of
—30 mA. Activation of the oxide layer is known to be a
key element to the electrocatalytic behavior of RuO, in
HER: it boosts the catalyst performance severalfold
[20]. Typically, activation is thought to be related to
incomplete reduction of ruthenium oxide to form an
oxyhydroxy complex [20].

HER voltammograms for the three types of elec-
trodes described above are shown in Fig. 3. The cata-
lyst performance efficiency was expressed in the units
of cathodic current per 1 mg of ruthenium at a poten-
tial of —1.1 V. All the voltammograms were fully repro-
ducible on the time scale of the experiment (i.e., a
few hours).

The best catalytic activity in HER was registered
for the electrodes for which the catalyst was obtained
by pyrolysis of the polymer. Preliminary activation of
such electrodes gives the most substantial result: the
current at a potential of —1.1 V increases by more than
2.5-fold. The performance efficiency of catalysts pre-
pared by pyrolysis of a monomer complex, all other
conditions being equal, was 30% lower, and for the
catalysts based on ruthenium(III) chloride it was
around fourfold lower. It is likely that the polymer
matrix hinders agglomeration of ruthenium oxide
nanoparticles during pyrolysis, whereas SEM images
of the electrodes prepared using monomer precursors
reveal the presence of nanoparticle agglomerates with
a size up to a few microns.
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The following key figures of merit used in literature
were determined from voltammetry measurements for
the catalyst prepared by pyrolysis of the polymer com-
plex: hydrogen overvoltage N at a current density of
10 mA/cm? is 55 mV, Tafel slope dn/d(lgi) is 60 mV,
and turnover frequency (TOF; the number of H,
moles per mole of catalyst per second) is 0.1 s~.. We
note that the results reported here are for a diluted
(0.2 M) alkali solution, whereas as the OH™ concen-
tration increases the HER overvoltage and Tafel slope
decrease, while TOF grows. Of course, for practical
application of the catalysts developed here, long-term
performance testing in concentrated alkali solutions at
high temperatures is required, and such experiments
are currently under way in the loffe institute.

CONCLUSIONS

We showed the feasibility of obtaining ruthenium
oxide nanoparticles on a carbon support by subjecting
a polymer complex of ruthenium to pyrolysis. The
performance efficiency of such a catalyst surpasses
considerably the efficiency of catalysts synthesized
using monomer ruthenium compounds and is compa-
rable with figures of merit reported for the best HER
catalysts in alkaline media [2], while the specific con-
sumption of the precious metal for this catalyst is
much lower.
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