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Abstract—In this paper, we study  the electrocatalytic  activity and stability of materials in the
Pt/Ti1 – xRuxO2 – δ system, in oxygen electroreduction reactions, including under operating conditions in a
fuel cell (FC). All the obtained electrocatalytic materials are shown to be stable in the electrode potential
range of operation of a hydrogen-air FC, while the electroreduction of oxygen proceeds mainly by a four-
electron mechanism. The power characteristics of the FC with the obtained electrocatalyst are comparable to
those of a FC with a commercial electrocatalyst, while the stability of the obtained electrocatalysts is 5–
6 times higher than that of Pt/C catalysts.
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Fig. 1. Diagram of the mechanism of oxygen reduction on
Pt catalysts [2].

k1 (+4e�)

k2 (+2e�)

k�2 (�2e�)
O2(ads)

dif.
O2

k4 H2O2

H2O2
H2O2(ads)

k6 k5

k3 (+2e�)
INTRODUCTION
Electroreduction of oxygen at the cathode of a fuel

cell (FC) is usually a slower process than most anodic
reactions. For example, the apparent exchange current
density for the oxygen reduction reaction (ORR) is
icathode ~ 6 μA/cm2 [1], which is several orders of mag-
nitude less than that for the hydrogen oxidation reac-
tion, which is ianode ~ 0.1 A/cm2. Besides, intermediate
products, which activate corrosion processes on elec-
trode materials, are formed at the cathode. In this
regard, the service life and operating characteristics of
FCs are largely determined by the electrochemical
parameters of the cathode catalytic layer [2]. The main
cathodic process in a hydrogen-air fuel cell is the
ORR:

(1)

The efficiency of energy conversion in fuel cells is
mostly determined by the kinetic hindrances of this
process [3]. In accordance with [3] (Fig. 1), the ORR
mechanisms on Pt include several separate reactions.
First, oxygen can be directly reduced to H2O in an
acidic electrolyte with the addition of four electrons
(direct ORR). Another way of О2 reduction includes
the intermediate H2O2 formation without breaking the
О–О bond (by the two-electron mechanism) and the
subsequent conversion of hydrogen peroxide. For an
application in fuel cells, the most effective ORR
catalysis is the oxygen reduction to water molecules via
the four-electron path.

Incomplete reduction of О2 to Н2О2 not only leads
to low efficiency of energy conversion, but can also

+ −+ + =2 )2 l(2Н 2 0.5О Н О .е
70
produce free radicals that activate the oxidation pro-
cesses of electrode materials, primarily carbon sup-
port, and membrane [4].

An increase in catalytic activity in ORR can be
achieved by using platinum alloys, since the OHads for-
mation on Pt atoms can be inhibited on their surface
due to the combined effect of the surface geometry
and electronic structure [5]. According to [6], the
potential of the onset of OHads adsorption on alloys
can shift to more positive potentials (for Pt/C, this
value is usually higher than 0.8 V) [7].

To increase the catalytic activity of cathode cata-
lysts, it is important to focus on the creation of mate-
rials that activate the ORR proceeding along the four-
electron pathway and that are stable to oxidation. The
support of the electrocatalyst must meet the following
requirements: be uniform throughout the volume
(with a narrow particle size distribution) and have high
electrical conductivity [8].
1
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Fig. 2. (Color online) X-ray diffraction patterns of catalyst support samples. Symbol a marks reflexes of anatase, symbol r marks
reflexes of anatase rutile, and symbol Ru marks reflexes of metallic ruthenium.
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To increase the stability to oxidative degradation,
many researchers modify the carbon supports of cata-
lysts or replace them with other types of supports, in
particular, various metal oxides, for example, SnO2
[9], TiO2 [10], and MoOx [11]. At present, there are
publications in which titanium oxide is used as a sup-
port material for electrocatalysts [8, 12–14]. This
choice is due to the high chemical and electrochemical
stability in an acidic medium, the low cost of titanium
oxide, and the possibility of its use in the form of a
highly dispersed powder. As was noted in [15, 16],
when titanium oxide is doped with ruthenium oxide or
niobium oxide, a significant increase in the oxide sup-
port conductivity up to about 1 × 10–4 S/cm at a dop-
ant content of 7–8 mol % is observed.

EXPERIMENTAL

Oxide supports with a composition Ti1 – xRuxO2 – δ,
where x = 0–0.3 (0 mol % ≤ Ru ≤ 30 mol %) were syn-
thesized by precipitation from an alcohol solution of
Ti(OBu)4 (Acros Organics 99%) and RuCl3 (chemi-
cally pure) with an aqueous solution of nitric acid
(chemically pure). The resulting gel was left to mature
at room temperature for a week, then the solvent resi-
due was removed using a porous glass filter, and the
precipitate was washed [17, 18]. The resulting dry pre-
cipitate was annealed in air at 300°С, then in hydrogen
at 550°С to obtain samples with anatase structure, and
at 800°С to obtain samples with rutile structure [19].
After annealing the samples containing 0–3 mol % Ru
in hydrogen at 800°C, the X-ray diffraction pattern
obtained with a DRON-UM2 powder diffractometer
(Russia) contains only peaks of the rutile phase while
the X-ray diffraction pattern of samples with a Ru
content of ≥4 mol % shows also peaks related to the
metallic ruthenium phase (Fig. 2). After annealing the
samples containing 0–15 mol % Ru in hydrogen at
NANOTECH
550°С, the X-ray diffraction pattern contains peaks of
the anatase phase while the X-ray diffraction pattern
of samples with a Ru content of 30 mol % also shows
peaks related to the metallic ruthenium phase (Fig. 2).
All the obtained samples were used for further studies.

The specific surface area of   oxide supports was
determined by the BET method by nitrogen desorp-
tion using a NOVA 3200 instrument (Quantachrome
Instruments, USA). The conductivity of oxide sup-
ports was measured in a four-zone cell.

Platinum was deposited on an oxide substrate by
reduction of H2PtCl6 with ethylene glycol (Sigma
Aldrich), which acted as a solvent and reducing agent
[17]. The platinum content in the obtained samples
was determined by X-ray f luorescence analysis (X-Art
M, KOMITA, Russia) and energy dispersive X-ray
microanalysis (LEO SUPRA 25, Carl Zeiss, Ger-
many). Micrographs (Fig. 3a) obtained with a LEO
SUPRA 25 scanning field emission electron micro-
scope (Carl Zeiss, Germany) showed that platinum is
uniformly distributed over the oxide surface, and the
average particle size is 4–6 nm.

The electrochemically active surface area of   plati-
num deposited on oxide substrates was determined by
the desorption of hydrogen (Ssp_H Pt), carbon monox-
ide (Ssp_CO Pt), and copper adatoms (Ssp_Cu Pt)
[17, 20] (Fig. 4). To increase the conductivity (up to
σ = 3 × 10–2 S/cm), carbon nanotubes (CNTs) [21] of
~ 5 wt % (a diameter is 1–5 nm, S = 280 m2/g) were
added to the samples, the conductivity of the compos-
ites is described in [22]. We used a disk electrode made
of glassy carbon and isotropic pyrocarbon (Se =
0.196 cm2). The catalyst in the form of an extremely
thin layer of “catalytic ink,” which was prepared as fol-
lows, was applied to the electrode: 10 mg of the studied
catalyst with 20 μL of a 10% Nafion solution in 1 mL
of isopropyl alcohol was sonicated for 30 min at t =
NOLOGIES IN RUSSIA  Vol. 15  Nos. 11–12  2020
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Fig. 3. (Color online) (a) Micrograph of a 10% Pt/TiO2
sample and (b) the size distribution of platinum particles
obtained from the analysis of micrographs.
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100 nm Fig. 4. (Color online) CVA of the background of the 20%
Pt/TiO2 anatase sample (Ssp = 216 m2/g) (Ar atmo-
sphere), carbon monoxide desorption curve. 0.5 M
H2SO4, three-electrode liquid cell, glassy carbon elec-
trode, 20 mV/s.
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30–40°C. An aliquot of 6 μL of the solution (60 μg of
catalyst) was taken from the resulting suspension and
applied to the electrode. The electrode was dried in air
for 30 min. After complete drying of the prepared
layer, the electrode was placed in a three-electrode
electrochemical cell. Before measurements, the back-
ground electrolyte (0.5 M H2SO4) was saturated with
oxygen for 2 h. The polarization curves of the ORR
were recorded in the range of 1–0.2 V at a potential
application rate of 5 mV/s in the cathode and anodic
directions at an electrode rotation rate in the range of
600–3500 rpm.

The desorption of hydrogen, carbon monoxide,
and copper adatoms were electrochemically studied in
a standard three-electrode cell using a PI-50 Pro
potentiostat (Elins, Russia). A glassy carbon disk was
used as an operating electrode, a normal hydrogen
electrode (NHE) was used as a reference electrode,
relative to which all potentials were given, and a plati-
NANOTECHNOLOGIES IN RUSSIA  Vol. 15  Nos. 11–
num foil was used as an auxiliary electrode. An elec-
trolyte was 0.5 M H2SO4. All measurements were per-
formed at room temperature.

Studies in a FC were performed in an ElectroChem
cell with a size of 2.2 × 2.2 cm. When assembling the
membrane-electrode units, a Nafion® 212 membrane
and a Freudenberg C8 gas-diffusion layer were used.
The catalyst bed composition was 30% of Nafion®,
70% of an electrocatalyst for Pt/C materials and 5% of
CNT, 17% of Nafion®, and 78% of an electrocatalyst
for Pt/TiO2 materials; in both cases, the platinum
loading on the electrodes was about 0.5 mg/cm2. The
pressing was carried out at 130°C and a pressure of
80 kg/cm2 for 3 min. A FC was tested at station G40
(Greenlight Innovation, USA). The current-voltage
characteristics of FCs were measured using a P-400LX
electronic load (Elins, Russia). Accelerated degrada-
tion tests were performed using cyclic voltammetry:
0.6–1.1 V, 0.1 V/s, 30000 H2/Ar cycles, and RH =
100%. To control the degradation degree after 0, 1000,
5000, 10000, 20000, and 30000, the electrochemically
active area of   the platinum surface was measured using
cyclic voltammetry: 0–1.2 V, 0.05 V/s, H2/Ar, and
RH = 100%. In addition, the power characteristics of
the FC were measured at these points by measuring
stationary curves in the potentiostatic mode [23].

To compare the obtained electrochemical charac-
teristics of the materials, we used a 20% Pt/C com-
mercial catalyst (Etek, USA).

RESULTS AND DISCUSSION
The stability of platinized oxide systems was stud-

ied by cyclic voltammetry (CVA) in the range 0.05–
1.2 V. The obtained background curves (Fig. 5) have a
12  2020
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Fig. 5. (Color online) Background curves of 10%
Pt/Ti0.92Ru0.08O2 – δ (rutile) + 10% CNT and
Ti0.92Ru0.08O2 – δ (rutile) + 10% CNT. 0.5 M H2SO4, Ar,
three-electrode liquid cell, glassy carbon electrode,
20 mV/s. 
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characteristic form for CVA of platinum in the back-
ground electrolyte: peaks on the anode branch are
hydrogen desorption at 50–350 mV and oxygen
adsorption at 800–1200 mV while peaks on the cath-
ode branch are oxygen desorption at 600–1200 mV
and hydrogen adsorption at 50–350 mV. The absence
of obvious differences in CVA of pure platinum indi-
cates resistance to electrooxidation and electroreduc-
tion of the resulting system in the studied potential
range.

The most interesting from the viewpoint of use in
fuel cells are electrocatalysts, on which the ORR pro-
ceeds according to a four-electron mechanism. In this
case, hydrogen peroxide that is a strong oxidizing
agent for the materials of the catalytic layer is not
formed on the cathode. The rotating electrode method
was used to study the ORR mechanism.
NANOTECH

Fig. 6. (Color online) Polarization curves of the ORR on the (a) 2
25°C, ν = 5 mV/s, oxygen atmosphere, three-electrode liquid c
147, 190, 210, and 263 rad/s.
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Studies in a cell with a rotating disk electrode
(RDE) showed that the value of the limiting current
depends on the rotation speed of the electrode. The
effect of concentration polarization was taken into
account using the Koutecky–Levich ratio, and the
experimental data were compared with a commercially
produced electrocatalyst 20% Pt/C Vulcan XC72:

(2)
where i is the current at the disk electrode; ik is the
kinetic current; iD is the diffusion current, mA/cm2;
and ω is the electrode rotation speed, rad/s;

(3)
where n is the number of electrons participating in the
electrochemical reaction; F is the Faraday number,
C/mol; is the kinematic viscosity of the liquid, cm2/s;
c is the oxygen concentration in solution, mol/cm3;
and D is the diffusion coefficient, cm2/s.

The ORR on platinum in an acidic medium is
known to proceed predominantly according to the
four-electron mechanism. Since the tangents of the
slope of the straight lines equal to 1/Z in Fig. 7 at 0.3 V
are close, this indicates that the ORR mechanism on
Pt/TiO2 is similar to that on Pt/C.

The catalytic activity of 20% Pt/TiO2 is 1.1,
1.8 mA/cm2 (35 ± 4.58 ± 6 μA/cm2 Pt) at a potential
of 0.9, 0.88 V, respectively; for 20% Pt/C Etek, the
catalytic activity is 1.2, 2.1 mA/cm2 (36 ± 4, 63 ±
6 μA/cm2 Pt) at a potential of 0.9 and 0.88 V, respec-
tively. The area of   electrochemically active Pt on the
studied electrodes was 31 ± 3 cm2 Pt/cm2 of the elec-
trode for 20% Pt/TiO2 and 33 ± 3 cm2Pt/cm2 of the
electrode for 20% Pt/C Etek. Thus, 20% Pt/TiO2 has
an activity in the ORR that is within the experimental
error close to that of 20% Pt/C Etek; similar data were
obtained in [12].

Studies and comparison of the electrocatalytic
activity of 20% Pt/C Etek and 20% Pt/TiO2 + 5%

= + ω = +0.51/ 1/ 1/ 1/ 1/ ,k k Di i Z i i

−ν= 2/3 1/60.62 ,Z nFD c
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0% Pt/TiO2 + 5% CNT and (b) 20% Pt/C Vulcan XC72 catalyst,
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Fig. 7. (Color online) Dependences 1/i – 1/ω–1/2 obtained at Е = 0.9–0.3 V for (a) the 20% Pt/C Etek catalyst and (b) 20%
Pt/TiO2 + 5% CNT catalyst based on measured polarization curves.
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Fig. 8. (Color online) Data on the study of (1) 10% Pt/TiO2
rutile, (2) 10% Pt/Ti0.98Ru0.02O2, (3) Etek 20% Pt/C,
(4) 10% Pt/Ti0.97Ru0.03O2, and (5) 20% Pt/TiO2 anatase
electrocatalysts in a three-electrode gas-liquid half-cell.

800700600500400

0

1

2

3
4 5

E, V
300

�10

�20

I,
 A

/c
m

2  P
t

�30

Fig. 9. (Color online) Current-voltage and power charac-
teristics of fuel cells using 20%   Pt/C Etek and 20%
Pt/TiO2 + 5% CNTs as catalysts.
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CNT in a liquid half-cell showed that the structure of
the oxide support affects the electrocatalytic activity of
platinum in the ORR. For example, when using a
TiO2-based support with an anatase structure, the
ORR rate is close to the rate of this reaction on 20%
Pt/C Etek catalysts. At the same time, the ORR rate
on catalysts using a TiO2-based support with a rutile
structure is significantly lower and increases with an
increase in the degree of doping with ruthenium
(Fig. 8). The reasons for the change in the electrocat-
alytic activity with a change in the structure and com-
position of the oxide support are most likely associated
with a change in the rate of individual stages of oxygen
electroreduction [24]. However, additional studies are
required to confirm this. Due to the higher electrocat-
alytic activity of the material with a TiO2-based sup-
port with an anatase structure, further studies of the
efficiency of operation in FC and studies of the stabil-
ity were performed only with this material.

Studies of electrocatalysts in model single fuel cells
showed that the use of an electrocatalytic material
based on 20% Pt/TiO2 (anatase) + 5% CNTs allows
providing a fuel cell operating efficiency comparable
to that of the 20% Pt/C Etek commercial catalyst.
However, in the case of catalysts based on 20%
Pt/TiO2 (anatase), the losses associated with diffusion
hindrances in the catalytic layer begin to appear earlier
than those for catalysts based on 20% Pt/C Etek
(Fig. 9). Most likely, this is a consequence of insuffi-
cient optimization of the composition of the catalytic
layer when using catalysts based on 20% Pt/TiO2 (ana-
tase). The density of TiO2-based supports is signifi-
cantly higher, and the hydrophobicity is significantly
lower than that of supports based on carbon materials.
This leads to the formation of denser catalytic layers,
which are more prone to f looding with water formed
during the fuel cell operation.

The stability of the 20% Pt/C Etek and 20%
Pt/TiO2 + 5% CNT catalysts was compared using the
NANOTECHNOLOGIES IN RUSSIA  Vol. 15  Nos. 11–12  2020
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Fig. 10. (Color online) (a) CVA and (b) power characteris-
tics of a fuel cell using a 20% Pt/TiO2 + 5% CNT catalyst
after a various number of degradation cycles.
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accelerated FC degradation method [23, 25]. We used
the accelerated degradation routine similar to that
applied in [25], in which tests of the commercial cata-
lyst HiSPEC 13100 (70Pt/C) in the potential range of
0.6–1.1 V 10000 cycles at a rate of 100 mV/s showed
that the TE only has 20% of the initial power after
accelerated aging.
NANOTECH

Table 1. Comparison of residual currents in a fuel cell
after different numbers of degradation cycles for 70%
Pt/C HiSPEC 13100 and 20% Pt/TiO2 (anatase) + 5%
CNT catalysts

Number of deg-
radation cycles

 
20%Pt/TiO2

 70%Pt/C 
HiSPEC 13100 [25]

0 1 1
1000 0.96 0.89
5000 0.88 0.56

10000 0.68 0.41
20000 0.62
30000 0.52

2 2H N H OS /S
2 2H N H OS /S
Degradation studies of catalysts 20% Pt/TiO2 (ana-
tase) + 5% CNTs showed that the developed catalyst is
highly stable to oxidative degradation (Fig. 10) and is
significantly (5–6 times) more stable than the com-
mercial 70% Pt/C HiSPEC catalyst 13100 (data of
[25]) (Table 1).

CONCLUSIONS

Catalysts with oxide supports in the Ti1 – xRuxO2 – δ
system were studied. The mechanism of oxygen elect-
roreduction on Pt/Ti1 – xRuxO2 – δ catalysts was shown
to be similar to that on Pt/C catalysts: oxygen reduc-
tion proceeds mainly by the four-electron mechanism.
However, the composition and structure of the oxide
support affect the rates of individual stages of oxygen
electroreduction, which leads to a change in the over-
all rate of the ORR. However, additional studies are
required to confirm this.

The use of an electrocatalytic material based on
20% Pt/TiO2 (anatase) + 5% CNT allows to provide a
fuel cell efficiency comparable to that of the commer-
cial 20% Pt/C Etek catalyst. However, in the case of
catalysts based on 20% Pt/TiO2 (anatase), losses asso-
ciated with diffusion hindrances of oxygen transfer in
the catalytic layer begin to manifest themselves earlier
than for catalysts based on 20% Pt/C “Etek.” This is
due to a higher density and hydrophilicity of TiO2-based
supports than those of carbon-based supports. This
leads to the formation of denser catalytic layers, which
are more prone to f looding with water formed during
the FC operation.

Research of the degradation processes of the 20%
Pt/TiO2 (anatase) + 5% CNT catalysts showed that
the developed catalyst is highly stable to oxidative deg-
radation and is 5–6 times more stable than the com-
mercial 70% Pt/C HiSPEC 13100 catalyst.
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