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The material innovation is prerequisite to accelerating sluggish oxygen evolution reaction (OER) kinetics, thus promoting the
realization of hydrogen energy community. Herein, we develop an oxygen-vacancy-rich TiO, supported RuO, catalyst
(RuO,@r-TiO,) towards improved OER activity and stability. The oxygen vacancy on TiO, not only supplies electrons to
produce lower valence Ru, but also provides sufficient anchoring site for the deposition of RuO, nanocrystal. Beyond that, it can
generate strong electronic interaction between TiO, and supported RuO,, and thereby tailors the intermediates’ adsorption energy
on the RuO, surface. As a result, the derived RuO,@r-TiO, catalyst exhibits superior OER activity and stability with the
overpotential of 211 mV at a current density of 10 mA cm ” and negligible activity degradation after 6 h operation, out-
performing the non-oxygen-vacancy counterpart (223.3 mV, 12.75% activity loss) and RuO, catalyst (234.6 mV, 42.86% activity

loss).
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1 Introduction

Being a prospective and highly desirable energy storage
option, the electricity driven water splitting technique (H,O
— H, + 1/20,) based on proton exchange membrane is
largely limited by the oxygen evolution reaction (OER) due
to its sluggish kinetics. This multi-step process, featured with
O-H* bond cleavage, O—O bond formation, the electron
coupling, and the adsorption/desorption, imposes a con-
siderable overpotential requirement even when using IrO,
and RuO, based noble metal catalysts [1]. This is especially
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true for the ruthenium oxide materials, which lie on the apex
of the parabola of the volcano curve and possess the highest
OER activity due to its appropriate adsorption free energies
to the oxygen related intermediates [2,3]. However, the poor
stability of RuO, originated from soluble high valence Ru
generated at high working voltage strongly hinders its further
application. Therefore, most of the studies on RuO, elec-
trocatalyst recently not only focus on improving its intrinsic
activity, but most important also aim at enhancing its stabi-
lity.

Employing carrier to support RuO, is an effective strategy
because the electronic coupling between the carrier and
supported RuO, could prevent Ru from deep oxidation, en-
dowing its excellent stability. Suffering from critical working
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condition, like acidic environment and high overpotential,
the proper carrier strongly demands high chemical and
electrochemical stability. Although carbon is used as carrier
in some reports due to its high conductivity and surface area,
as well as easy preparation in situ derived from various or-
ganic precursors, one serious drawback of being corrosion in
high working voltage prohibits its extensive application.
Some metallic oxides, which are chemical and electro-
chemical stable, further gain more and more attention.
However, it is interesting that most reports involved these
stable metallic oxide supports, such as TiO,, NbO, as well as
MnO,, were about improving the activity of IrO,. The studies
on enhancing stability of RuO, employing these stable me-
tallic oxide supports are rare.

Recently, Vignolo-Gonzalez et al. [4] reported a novel
RuO,@TiO, photocatalyst with excellent catalytic capability
towards photocatalytic OER, which implies that interactions
including epitaxial growth of lattice and electron transfer
between RuO, and TiO, indeed exist. Inspired by this report,
we speculate that well designed RuO, encapsulated TiO,
system could have huge potential ability towards electro-
catalytic OER due to the interaction mentioned above as well
as high conductivity. Therefore, in this work, a rational de-
signed RuO,/r(a)-TiO, (rutile titanium dioxide and anatase
titanium dioxide) electrocatalyst was prepared, whose phy-
sical and electrochemical properties, as well as the influence
of the structure and the electronic properties of the catalyst
on the OER activity and durability were also carefully
characterized and investigated.

2 Experimental section

(1) Preparation of titanium dioxide carrier. Anatase titanium
dioxide (99.9%, Aladdin, named a-TiO,) was calcined in
H,/Ar mixed gas (JuYang, Changchun, 10%) at 1000°C for
5 h given the more stable rutile titanium dioxide with oxygen
vacancy, which was denoted as r-TiO, [5-7].

(2) Preparation of electrocatalysts. RuO,/r-TiO, was fab-
ricated with a molar ratio of n(RuO,):n(TiO,) = 1:1 via wet
chemical method (Scheme 1). Synthesis detail is illustrated
as follows. First step, the precursor of 0.2 mmol RuCl; was
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infused into 4 mmol NaBH, aqueous solution containing
0.2 mmol r-TiO, under stirring. The resulted hybrid was
washed with the mixture of ethanol and deionized water, and
then dried in a constant temperature drying oven at 50°C for
6 h. Second step, the hybrid was then calcined in air am-
bience at 400°C for 1 h to obtain the urchin-like structure
products, noted as RuO,@r-TiO,.

(3) Materials characterization. The crystal structure type
and the related features of catalysts were investigated by X-
ray diffraction (XRD) using a Cu Ko (4 = 1.5405 A) radia-
tion source (Philips Co.) [8]. Scanning electron microscopy
(SEM) measurement was taken on an XL 30 ESEM FEG
field emission SEM [9]. The morphology and element dis-
tribution of catalysts were viewed by transmission electron
microscopy (TEM), high resolution transmission electron
microscopy (HRTEM), high-annular dark-field scanning
transmission electron microscopy (STEM), and element
mapping analysis with a Philips TECNAI G2 electron mi-
croscope operating at 200 kV [10]. The elementary compo-
sition and binding energy were discriminated by X-ray
photoelectron spectroscopy (XPS) on a Kratos XSAM-800
spectrometer with a Mg Ko radiation source [11].

Besides the mentioned tests, some more intuitive data also
certificate the character of a catalyst. Electrochemical details
were evaluated by a standard three-electrode test system with
an EG&G mode 273 potentiostat/galvanostat [12]. The
electrolyte is 0.5 M H,SO,, the working electrode, counter
electrode, and the reference electrode are @, glassy carbon
electrode (4 mm diameter), Pt foil, and saturated calomel
electrode (SCE), respectively. The ink applied to the working
electrode was prepared as follows. 3 mg of the catalyst was
first dispersed in 315 pL of ethanol/Nafion (5 wt%, Aldrich
Chemical Company) solution (20:1), and ultrasonic for
30 min to ensure uniform dispersion [13]. Then 5 pL of the
above ink was dropped on the clean glassy carbon electrode
(4 mm diameter) and dried naturally for about 10 min, with
the loading 0.237 mg cm ~ on the working electrode.

(4) Electrochemical measurements. Electrochemical
characterization was performed in N,-saturated 0.5 M H,SO,
solution. Five cycles of the cyclic voltammetry (CV) from a
voltage range of 0.3 to 1.5 V (vs. RHE) were recorded with a
sweep rate of 50 mV s, Electrochemical activity of the
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Scheme 1 (Color online) Schematic presentation of the synthesis of the RuO,@r-TiO, catalyst.
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catalyst on the electrode was subjected to linear sweep vol-
tammetry (LSV, including area activity and mass activity)
from a voltage range of 1.1 to 1.7 V (vs. RHE) with a sweep
rate of SmVs ' [13]. The electrochemically active surface
area (ECSA) was measured by CV from double layer in a
potential range of 0.867-0.967 V vs. RHE with scan rate
from 10 to S0mV s . Nyquist plots of electrochemical im-
pedance spectroscopy (EIS) reveal three components in-
cluding solution resistance, charge-transfer resistance, and
double-layer capacitance well fitted the semicircles [14,15].
The measurement was collected in the frequency range of
10 mHz-1000 kHz at 1.5V vs. RHE [16]. The turnover
frequency (TOF) was calculated as TOF = (jxA)/(4xFxn)
[17-19], where j (mA cmfz) refers to the current density at a
specific overpotential, 4 refers to the area of the working
electrode, F refers to the Faraday constant (96500 C molfl),
and 7 refers to the number of moles of the materials [19]. It is
hard to calculate the precise TOF value because not all ele-
ments can act as active sites for the electrocatalysts [19].
Chronopotentiometry test, which was conducted on 1 cm x
2 cm glassy carbon electrode with electrocatalyst loading of
0.237 mg cm °, was performed at a current density of
10 mA cm ~ for 6 h to assess the stability of the prepared
electrocatalysts [20].

3 Results and discussion

The a-TiO, and resulted r-TiO, were first characterized by
XRD, as shown in Figure 1(a). It shows obvious diffraction
peaks at 26 values of 25.3°, 37.8°, 48°, 53.9°, 55°, and 62.7°
correspond to the (101), (004), (200), (105), (211), and (204)
plans of a-TiO,, respectively, which means that a-TiO, is in
141/amd (141) space group (PDF card 21-1272, JCPDS).
However, the sharp peaks at 27.4°, 36.1°, 41.2°, 54.3°, 56.6,
and 69° can be attributed to the (110), (101), (111), (211),
(220), and (301) planes of r-TiO, respectively [5,21], con-
firming that high temperature treatment induced the crys-
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talline phase transition of yielded r-TiO, to P42/mnm (136)
(PDF card 21-1276, JCPDS).

The given XPS spectra (Figure 1(b)) are used to confirm
the electronic structure of O 1s in a-TiO, and r-TiO,. The
binding energy of the O 1s peak of r-TiO,, which located at
527.5 eV is negatively shifted by 2.1 eV in comparison with
a-TiO, (529.6 eV), implying formation of the oxygen va-
cancy during annealing under reducing atmosphere [22].

The XRD pattern (Figure 2(a)) of the electrocatalysts
shows the crystal structure of the RuO, both in RuO,@r-
TiO, and RuO,@a-TiO, is the same as that of homemade
RuO, catalyst [PDF card 43-1027, JCPDS, space group: P42/
mnm (136)]. The SEM image of RuO,/r-TiO, (Figure 2(b)
and (c)) shows an urchin-like structure with the surrounded
needle crystal of 2 to 4 nm diameter and 10 to 70 nm length.
The 0.318 nm inner-planar space suggests that this needle-
like structure is corresponding to the (111) plane of RuO,,
which is also confirmed by the corresponding elemental
colors mapping (Figure 2(f) and (g)). While the SEM and
TEM images confirm that the RuO,@a-TiO, often comes in
small grains-like RuO, uniformly dispersed on the surface of
a-TiO,, as shown in Figure S1(a)—(f), which reveals that the
crystalline phase of the support does not have any effect on
the structure, but only the morphology of the supported RuO,
nanocrystal. Notably, a small XRD peak at 44° and the
binding energy at 462.2 eV in Ru 3p;, of RuO,@r-TiO,
reveal the existence of metallic Ru. According to the pre-
vious report [23], that is probably because electrons transfer
from electron-enriched TiO, to supported Ru nanoparticles
(which generated by reducing RuCl; in the first step of
preparation of electrocatalyst) and help stabilize partial Ru
cluster remaining its metallic state during heat treatment.

The electronic structure of catalysts is explored by XPS
spectra. From Ru 3p and Ti 2p XPS spectra shown in
Figure 3(a) we found that the binding energies at 462.2 and
464.3 eV detected in the Ru 3ps), are corresponding to me-
tallic Ru (0) and Ru (IV), respectively. The peak area per-
centage of Ru (0) species in the RuO,@r-TiO, (44.3%) is
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Figure 1 (Color online) (a) XRD patterns and (b) O 1s XPS spectra of the a-TiO, and r-TiO, carriers.
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Ru mapping

Figure 2 (Color online) (a) XRD patterns of RuO,, RuO,@a-TiO,, and RuO,@r-TiO,; (b) SEM, (c) TEM, (d) HR-TEM, (e) STEM, (f) Ti mapping and

(g) Ru mapping images of RuO,@r-TiO, catalyst.

higher than RuO, (39.6%) and RuO,@a-TiO, (41.4%) be-
cause of the presence of oxygen vacancies, which is con-
sistent with Figure 2(a). Meanwhile, there is an extra peak
that coincides with Ru 3ps),, which is the Ti 2p peak at 459
and 464.7 eV corresponded to Ti 2p;, and Ti 2p;,, [24]. As
shown in Figure 3(b), the O 1s spectra can be divided into
three peaks with binding energies located at around 529.5,
531, and 532.4 eV that correspond to the lattice oxygen (O1),
hydroxyl group (0O2), and water molecules and/or carbon-
oxygen bond (03) [25,26]. The ratio of 02/(01+02+03) in
Ru0O,, RuO,@a-TiO,, and RuO,@r-TiO, are 21.1%, 30.7%,
and 35.3% (Table S3), respectively. While in RuO,@r-TiO,,
02 content is higher than that of other catalysts. The XPS
spectra of oxygen species in metal oxides reflect their in-
teraction with metal cations.

According to the results above, the formation process of
RuO,@r-TiO, and RuO,@a-TiO, could be imaged as fol-
lows. On the one hand, partial Ru located on the interface
between Ru nanoparticle and r-TiO, was confined within the
defects of TiO, lattice with O-vacancy and remained its
metallic state. On the other hand, outside Ru was oxidized by
air yielded RuO,, and the matching lattice constants of RuO,
and TiO, allowed the RuO, to grow along the lattice plane on
the surface of r-TiO, firstly, until blocked by the defect.
Then, the RuO, grew along the direction perpendicular to the
r-TiO, surface given the final sea urchin-like structure.
Therefore, the structure of RuO,@r-TiO, exactly is r-TiO,
supported needle-like RuO, encapsulating metallic Ru
(RuO,@Ru/t-TiO,). For clarity, we keep using RuO,@r-
TiO, below. While for RuO,@a-TiO,, mismatching lattice
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Figure 3 (Color online) (a) Ru 3p and Ti 2p, and (b) O 1s XPS spectra regions of the RuO,, RuO,@a-TiO,, and RuO,@r-TiO, catalysts.

constants and the less defective surface of a-TiO, supply no
space for extended growth of RuO,, leading to the generation
of its small nanoparticle structure, which then uniformly
disperses on a-TiO, surface.

The OER performance of the three catalysts is estimated
with an array of electrochemical tests in acidic electrolyte. In
Figure S2, the carriers of a-TiO, and r-TiO, have poor OER
activity from LSV test under the same condition, noting that
the intrinsic activity of the prepared catalysts is attributed to
the active substance of RuO, in coupled with Figure 3(a)
[27,28].

As shown in Figure 4(a), RuO,@r-TiO, provided quite a
rapid speed of water oxidation, and it shows 211 mV over-
potential (Table S2) at the current density of 10 mA cm
which apparently suggests that the excellent property over
the other electrocatalysts aims at less overpotential and
greater current density. Otherwise, the RuO,@r-TiO, cata-
lyst property is superior to commercial RuO, (289 mV)
greatly [29]. RuO,@r-TiO, generates a mass specific activity
of 239 mA mg{1 (Table S2), which is 2.23 times larger than
that of RuO, (107 mA mg ') (Figure 4(b)). As shown in
Figure 4(c), RuO,@r-TiO, has minimum Tafel slope as low
as 47.53 mV dec ' in contrast to RuO, (54.49 mV dec”') and
RuO,@a-TiO, (49.97 mV dec '), proving the RuO,@r-TiO,

catalyst has faster kinetic reaction than RuO, catalysts
[30,31]. The excellent oxygen revolution of RuO,@r-TiO, is
attributed to the sea urchin structure with large specific area.
The large double-layer capacitance (Cy) reflected the ECSA
(Figure S3), which showed intrinsic OER activity of the
electrocatalysts. As shown in Figure 4(d), RuO,@r-TiO, has
a larger Cy than RuO,/a-TiO, and RuO,, indicating that the
higher ECSA comes from the 3D morphology. And
RuO,@r-TiO, exhibits the smallest semicircle radius
(Figure 4(e)) than RuO,@a-TiO, and RuO,, indicating a
smaller charge resistance and faster OER kinetics [32,33].

In this regard, the intrinsic activity of the optimal RuO,@r-
TiO, catalyst is evaluated by calculating TOF, which sup-
plies the high TOF value of 0.132s ' (Table S2) at the
overpotential of 300 mV [34,35]. The prepared RuO,@r-
TiO, catalyst possesses the best OER performance with a
higher OER activity, lower Tafel slope, and a better TOF
value, which exceeds the majority Ru-based electrocatalysts
in acidic solution reported in refs. [14,16,36-58]
(Figure 4(g), Table S4).

The stability of the electrocatalysts was examined by
chronopotentiometry technique at the current density of
10 mA cm  for 6 h as revealed in Figure 4(f), and the se-
quence of stability is RuO,@r-TiO, > RuO,@a-TiO, >
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Figure 4 (Color online) (a) LSV curves at a scan rate of 5 mV s'in N,-saturated 0.5 M H,SO,; (b) comparision of overpotential (1) at a current density of
10 mA cm * and ruthenium dioxide mass activity (j,,) at 1.53 V (vs. RHE); (c) Tafel slope, (d) ECSA, (e) EIS, and (f) chronopotentiometric curves at a
constant current density of 10 mA cm” of RuO,, RuO,@r-TiO,, and RuO,@a-TiO, catalysts; (g) comparison of #(@10 mA cmfz) of RuO,@r-TiO, and

rencently reported Ru-based catalysts at 10 mA cm” in acidic media.

RuO,. Different from RuO,@r-TiO,, RuO, catalyst is un-
stable in the same condition with the elevated potential from
1.65 to 1.8 V, which is corroded with a steep velocity to up to
2.17 V at 2.2 h [20,53]. This result reflects that the r-TiO,
can effectively inhibit the oxidation of Ru to high valence
state and improve the stability of RuO,. On the other aspect,
the TEM image (Figure S4) shows that the RuO,@r-TiO, has
no obvious shape change after the stability test, which con-
firms the function of the defective r-TiO, on the improve-
ment of RuO, stability.

4 Conclusion

Synthesis and characterization of the TiO, support RuO,
anode OER electrocatalyst were demonstrated in this work.
TiO, with different structures endows the electrocatalysts
with obviously different morphology and activity. The

matching lattice ensures the strong interaction between RuO,
and r-TiO,, which adjusts the electronic structure of Ru and
allows RuO, to directly grow on r-TiO, surface, leading to
the formation of urchin-like structure with higher ECSA.
Meanwhile, abundant oxygen vacancy of r-TiO, could sup-
press the oxidation of Ru to high valence state by providing/
sharing electrons with Ru. Therefore, the RuO,@r-TiO,
exhibits remarkable OER activity, especially high TOF on
active site and long-term stability compared with pure RuO,
in an acidic aqueous solution. This study points out a path for
further rational design and synthesis for high-efficiency
precious metal of production.
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