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RuO2-TiO2 has been used as benchmark anode cata-
lysts over the past four decades in the energy-intensive
chlor-alkali process,1 which is one of the largest industrial
technological applications of electrocatalysis. It is criti-
cally needed to boost the energy efficiency in industrial
processes by using electrocatalysts with improved activ-
ity. Employed as electrode materials, RuO2-based oxide
coatings on a metal substrate are routinely prepared by
oxidative pyrolysis2 or sol-gel techniques.3 The growth
and aggregation of active particles is accompanied by the
combustion of organics during thermal treatment, which
is used to obtain higher crystallinity and mechanical
stability for practical applications.4 Nanoscale control
in particle size (a few nanometers) and dispersion is
promising in optimizing the properties of the catalysts.5

Atomic scale surface analysis6 and density functional
theory calculations7 of the RuO2 revealed that the co-
ordinatively unsaturated sites (cus) of ruthenium and
bridging oxygen atoms determine the catalytic reactivity.
Stabilizing the nanophase against growth and aggrega-
tion becomes one of the most important concerns and
challenges in the design of materials to explore the size-
dependent properties.
So far, the advances in fabrication of oxide nanomater-

ials are primarily based on the colloid chemistry route
due to its low-cost and versatile character, wherein the
crystal growth or aggregation of nanoparticles can be

retarded by using surface ligands or stabilizers.8 However,
the decomposition of organic ligands is often strongly
temperature dependent, thus a conflict exists between the
optimized thermal treatment conditions to achieve func-
tions described above and simultaneous preservation of
the character of thepristineparticles.Besides, the embedded
impurities in the final products may be unfavorable for
catalytic applications.9 It is highly desirable to develop
innovative, ligand-independent routes to fabricate high-
temperature stable nanoscale oxide materials.
Herein, we report a facile preparation strategy to obtain a

novel coating structure with in situ supported active nano-
scale RuxTi1-xO2 (3 nm) on inert anatase TiO2 (20 nm)
by using a combined sol-gel/solvothermal route (see the
Supporting Information). As illustrated in Figure 1, the
controlled preparation is starting from the amorphous
Ru-O-Ti xerogel coatings containing nanoparticles of
rutile structure (Figure 1b). The anatase TiO2 supports are
obtained in situ by solvothermal crystallization of the
amorphous xerogel coating. Subsequent sintering treatment
results in crystallization of the solid solution of active rutile
RuxTi1-xO2 nanocrystals, the grain growth of which is inhi-
bited because of the isolation effects of the precrystallized
anataseTiO2 supportparticles.The coatingswith thisunique
supported structure of RuxTi1-xO2/TiO2 have been proven
to be highly active for the electrochemical evolution of
chlorine (EEC), compared to the coatings prepared via the
conventional route and a commercial Ru0.3Ti0.7O2 coating.

Figure 1. Schematic illustration of the coating structure formation of
in situ supported rutile nanocrystals RuxTi1-xO2 onto anatase TiO2 with
the route (afbfcfd): (a) wet coating applied to the substrate; (b) Ru-
O-Ti xerogel coating with rutile-type local order structure; (c) coating
containinganataseTiO2precrystallizedby solvothermal processing of (b);
and (d) coating with supported structure of RuxTi1-xO2/TiO2 after
postsintering treatment of (c). For comparison, coating was prepared
via the conventional route (afbfe).
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For the sol-gel derived mixed oxide materials, the
M-O-M0 bonds are formed in the early stage of
sol formation via the condensation reactions among the
hydroxyl groups. After the deposition of the sols onto
the Ti-substrate followed by partial removal of the
solvents, the Ru-O-Ti xerogel networks are formed.
X-ray diffraction (XRD) shows the initial Ru-O-Ti
xerogel coatings were amorphous, and only the diffrac-
tion peaks of the Ti-substrate were observed (Figure 2a).
Raman spectra, applied as a sensitive local probe, show
the vibration bands at 610 and 114 cm-1, assigned to the
A1g and B1u mode of the rutile lattice (Figure 3a),10

suggesting the formation of rutile particles within the
xerogel coatings (Figure 1b). Further phase transforma-
tions of the deposited Ru-O-Ti xerogel coatings on Ti-
substrate with and without solvothermal processing
were studied by XRD and Raman spectroscopy.
Onlyanatase formationwas detected after the solvother-

mal (SVT) crystallization of the amorphous Ru-O-Ti
xerogels at 150 �C for 24 h (SVT coating, Figure 2b).
Consistent with the XRD results, a new sharp Raman
band at 153 cm-1 along with weak bands at 204, 399 cm-1

can be assigned to the anatase characteristic bands of Eg(1),
Eg(2), B1g, respectively

11 (Figure 3b). A rutile phase with a
weak and broad (110) peak appears after the postsintering

(PST) of the SVT coatings (SVT-PST coating, Figure 2c).
The crystal growth of the rutile structure in the SVT-PST
coating is retarded significantly (3 nm) (Table 1). The rutile
phase detected in SVT-PST coating probably originates
from growth of the initial rutile nanoparticles within the
xerogel coatings on the local scale surrounding the anatase
phase (20nm) (Table 1). In contrast, rutilewith a crystallite
size of 17 nm was formed exclusively by direct thermal
sintering of the Ru-O-Ti xerogel coatings at 450 �C for
1 h (PST coating, Figure 2d).
The lattice parameters obtained byRietveld refinement

(as summarized in Table 1) confirmed the formation of

rutile RuxTi1-xO2 solid solution in the SVT-PST coat-

ing, where x=0.7 was calculated using Vegard’s rule.12

The Raman bands at 496 cm-1 (Figure 3a-c) show the

evident shift from the Eg mode positions of rutile TiO2

nanocrystals (447 cm-1)13 and rutile RuO2 nanocrystals

(511 cm-1),14 which is caused by the lattice distortion

arising from the incorporation of Ti into the RuO2. There

is no evidence for Ru incorporation into the anatase TiO2

lattice for the SVT-PST coating. These results reveal that

the SVT-PST coating consists of rutile-type Ru0.7Ti0.3O2

solid solution and undoped anatase TiO2. Along with the

quantitative Rietveld phase analysis (Table 1), the calcu-

lated Ru:Ti molar ratio in the SVT-PST coating is 41:59,

which agrees well with the nominal composition (40:60).

However, for the PST coating, the existence of a ruthe-

nium-containing amorphous structure in the oxide matrix

was confirmedby theRamanbandat 514 cm-1 (Figure 3d)

attributed to RuO2 Eg mode,14 since no separated RuO2

phase has been detected in the XRD. Prior studies showed

the complete crystallization of the Ru-O-Ti xerogel at

higher temperatures (>500 �C).15 It can be concluded that
solvothermal processing effectively assists crystallization.
Unlike the O2-rich thermal sintering, the solvothermal

processing creates a particular crystallization environ-
ment, wherein atomic short-range diffusion, organics re-
moval, and restricted grain growth occur within the
xerogel networks at mild temperature under elevated
pressure conditions.16 Transmission electron microscopy
(TEM) images of the powders scratched from the SVT-
PST coatings (see Figure S2 in the Supporting Infor-
mation) show the 20 nm sized, well-crystallized anatase
TiO2 particles, and the neighboring rutile RuxTi1-xO2

domains of a few nanometers in size with orientational
disorder and lattice distortions. The phase stabilization
of the nanostructural TiO2 exhibits a strong dependence
on particle size and surface chemistry.17 The as-obtained
anatase TiO2 particles are thermally stable during the

Figure 2. XRD patterns of electrodes with coatings a-d corresponding
to b-e inFigure 1. (#) anatase TiO2 (JCPDS 78-2486), (*) rutile (JCPDS
40-1290 (RuO2), 21-1276 (TiO2)), (þ) Ti -substrate (JCPDS 44-1294).

Figure 3. Raman spectra of electrodes with coatings a-d corresponding
to b-e in Figure 1.
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postsintering treatment and thus act as an ideal support
for the subsequent dispersion of the active rutile phase.18

Because of the steric barrier effects of support and the
restrained thermal motion of rutile particles, the growth of
rutile particle during the postsintering is inhibited, which
is beneficial for the practical applications. Although the
undoped anatase TiO2 is insulating, the electronic conduc-
tion path could be assured by interconnected particles of
rutile Ru0.7Ti0.3O2 or rutile particles separated with very
small gaps (tunneling effect).19

The capacitive behavior of the obtained oxide coatings
was examined by cyclic voltammetry in acidified NaCl
electrolyte (Figure 4a). The number of electrochemically
active sites of the coatings,20 estimated in terms of the
integrated area of the anodic branches in the cyclovoltam-
mograms, shows a 4-fold increase in the SVT-PST coating
compared to those in the PST coating with larger crystal
dimension. This is roughly close to the increase in geo-
metric surface area calculated by decreasing the crystal size
from 17 to 3 nm, assuming spherical particle morphology.
This suggests that active rutile nanocrystals in the SVT-
PST coating are highly dispersed and electrochemically
accessible.
To examine the catalytic performance for the EEC,

galvanostatic polarization measurements were performed
for theSVT-PST,PSTanda commercialRu0.3Ti0.7O2 coat-
ing (Figure 4b). The SVT-PST coating (10.3 g of Ru m-2)
is extraordinarily more active, it can catalyze the EEC
reactions at a significantly reduced electrode potential of

1.16 V at the applied current density of 100 mA cm-2,
corresponding to a decrease of 120 and 60mV in compar-
ison with the PST coating and the commercial coating,
respectively. Electrochemical impedance spectroscopy
was employed to further investigate the activity of the
electrode coatings (Figure 4c). The semicircles can be
attributed to the EEC reactions at the interface between
the catalytic coating and the electrolyte.21 The charge-
transfer resistance for the SVT-PST, PST, and commer-
cial coating are 0.12, 0.36, and 0.25Ω, respectively, which
indicates the better activity of the SVT-PST coating. The
SVT-PST coating is electrochemically stable under our
experimental conditions. Several aspects could be respon-
sible for the enhancement in electrocatalytic activity
of the in situ supported rutile nanocrystals: (i) the in-
creased fraction of cus sites due to the reduced particle
dimension;6 (ii) the complete crystallization and organic
impurities-free catalyst surface assured by the solvother-
mal processing;16 (iii) the possible epitaxy-induced lattice
strain22 of rutile nanophase sitting on the anatase TiO2

support particles. The investigation of the effect of sup-
port materials on the catalytic reactions is in progress in
our laboratory.
In summary, a novel structure of electrocatalytic coating

with in situ supported activenanocrystalsRu0.7Ti0.3O2onto
anatase TiO2 has been presented. Solvothermal crystal-
lization plays a critical role in the formation of anatase
particles, which stabilize the high dispersion and inhibit the
growth and agglomeration of active rutile particles. This
structural and crystal size-controlled preparation strat-
egy of mixed oxide catalyst coatings can be broadly
applied to the design of multicomponent heterocatalysts
and has promise as electrocatalyst fabrication route for
current industrial applications.
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Table 1. Results of Rietveld Refinement of XRD Data

coating phase space group phase wt % a (Å) c (Å) crystallite sizea (nm)

SVT-PST rutile P42/mnm 66.3 4.526(4) 3.066(5) 3.4(2)
anatase I41/amd 33.7 3.788(1) 9.497(4) 20.3(7)

PST rutile P42/mnm 100 4.575(1) 2.997(1) 17.2(4)

aThe crystallite sizes are quoted in terms of volume averaged column heights.

Figure 4. (a)Cyclovoltammograms recordedwitha scan rateof 20mVs-1

at room temperature. (b) Polarization curves recorded at 50 �C. (c)Nyquist
plots measured under galvanostatic mode (56.6 mA cm-2), real part is
corrected by removing the electrolyte ohmic resistance (Re). Electrolyte: 3.5
MNaCl, pH 3. Commercial Ru0.3Ti0.7O2 coating with a Rumetal loading
of 12.1 g m-2.
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