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Highly defective CeO; as a promoter for efficient and stable water oxidation

Fengli Liang, Ying Yu, Wei Zhou, * Xiaoyong Xu, Zhonghua Zhu, *

A highly defective CeO, supported RuO; as electrocatalyst shows improved OER activity and stability
in alkaline media. This improvement is likely originating from the highly oxidative oxygen species
022'/0' formed in the defective CeO, can easily migrate from CeO, and “spillover” to the surface of
RuO; during OER process.
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as the precursor. High resolution transmission electron microscopy and Raman spectroscopy
reveal the obtained CeO, particles possess a large number of oxygen defects. We decorated the
defective CeO, with nano-sized RuO, (3-5 nm) through wet impregnation. The OER activity of
RuO, is improved by ~150% on the defective CeO, as compared to the pristine RuO,
electrocatalyst. Moreover, the RuO, supported on defective CeO, shows better stability in 0.1
M KOH electrolyte. The improved activity and stability are likely originating from the highly
oxidative oxygen species O,%/O formed in the defective CeO,, which can easily migrate from

CeO,; and “spillover” to the surface of RuO, during OER process.

1. Introduction

The electrolysis of water is an effective route for the large volumes
of hydrogen gas production, which is the basis of long term
renewable energy conversion and storage option. However, the
efficiency of water electrolysis is limited by the large anodic
overpotential of the oxygen evolution reaction (OER) [1, 2]. Great
efforts have been devoted to the development of anode materials,
such as precious metals, perovskite oxides and metal oxides, over the
last decades to obtain practically useful OER rates at a lower
overpotential with the aim of optimizing the overall electrolysis
process [3-7].

Ruthenium oxide (RuO,) is among the most active electrocatalysts
reported to date for OER in water oxidation due to its wide potential
window, reversible redox reaction and high electrical conductivity
(300 S/cm) [2, 8-10]. Since their high cost and scarcity, synthesis of
RuO, nanoparticles (NPs) with high specific surface area has been
studied to minimize the usage [11-13]. However, it is still a
challenge to use RuO, NPs because of its poor cycling ability and
deteriorated performance caused by the higher-valent ruthenium
oxides formed during OER [9, 14].

Cerium oxide (CeO,) is a technologically important material due
to its wide utilization in the field of environment catalysis, in three-
way catalysts, low-temperature water-gas shift reaction, oxygen
sensors, oxygen permeation membrane systems, and as catalyst
supports. Traditional nanostructured design of cerium oxide catalysts
typically focuses on their shape, size, and elemental composition
[15-20]. As a matter of fact, the inherent defects (vacancy clusters)
in CeO, are responsible for the enhancement of heterogeneous
catalytic activity of CeO, supported catalysts, because the formation
of more desired oxygen vacancy clusters will enhance cerium redox
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ability [20-24]. Here, for the first time, we report an alternative way
to improve the OER activity and stability of RuO, by supporting
RuO, on highly defective CeO,, although the CeO, itself (with or
without oxygen vacancy clusters) is a poor oxide for OER.

2. Experimental Section

2.1 Synthesis of Materials

The Ag@CeO, core-shell spheres were prepared as the precursor of
the highly defective CeO, by a co-precipitation method. The
synthesis process of nano-structured highly defective CeO, is shown
in Figure 1. 0.05 mol cerium (II) nitrate, 0.1 mol silver (I) nitrate
and aqueous ammonia (0.25 mol NH**) were mixed into aqueous
solution. The mixture was stirred and heated at 120 °C for 4 h, and
then reddish brown powders were obtained after filtration, washing
and drying. The powders were calcined to form Ag@CeO, core-
shell spheres at 600 °C for 2 h. Excess concentrated HNO; (6 mol L
") was added to the Ag@CeO, core-shell spheres to form AgNOs,
NO, H,0 and CeO,, followed by repeated washing and infiltration to
obtain the defective CeO,. The CeO, shell was decomposed into
nanoparticles through an explosion process due to the dramatic
emission of NO gas. The AgNO; solution can be recycled in large
scale synthesis.

J. Mater. Chem. A| 1
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Figure 1. The synthesis process of highly defective CeO, nano-particles.

For comparison, we used a process similar to the preparation of
Ag@CeO, to synthesize regular CeO, nano-particles without using
AgNO;. The synthesized CeO, particles possess no special
morphology due to the absence of AgNO;. The CeO, was also
treated in 6M HNO; to rule out the possible effect from HNO3. Even
though tiny number of defects may form in these CeO,, we call them
non-defective CeO, in this study to make a contrast to the highly
defective ones.

The deposition of nano-sized RuO, on CeO, was carried out
through wet impregnation and pyrolysis. RuCl; was dissolved in
acetone to obtain a solution of 2 mg mL™"'. A 450 mg mass of CeO,
was added to the 39-mL RuCl; solution followed by sonication for
100 min. After the ultrasonic treatment the mixture was stirred at
room temperature until the acetone evaporated. Acetone was
selected as the solvent because acetone has a low surface tension (26
mN/m) [25]. The RuCl;/CeO, samples were heated at 330°C with
heating rate of 1°C min™' in air to get fully oxidized RuO,/CeO,.

2.2 Materials Characterization

Powder X-ray diffraction (XRD) analysis was utilized to identify the
crystallite structures of synthesized powders at room temperature
and was performed on a Bruker D§ Advance instrument using
monochromator-filtered Cu-Ka radiation at 40 kV. The data were
collected in a step-scan mode in the range of 20-90° with intervals of
0.01° at a scanning rate of 1° min”'. Le Bail refinements of the XRD
patterns were performed using DIFFRACplus Topas 4.2 software.
During the refinements, general parameters, such as the scale factor,
background parameters, and the zero point of the counter, were
optimized. Transmission electron microscopy (TEM) was performed
at 200 kV on a field-emission instrument of type JEOL JEM-2100F.
The morphology of the material was studied by FESEM (JEOL
7001) with an embedded energy dispersive X-ray spectroscopy
(EDS) system. The surface composition and chemical state of Ru
and O was analyzed by XPS (Kratos Axis ULTRA). Raman spectra
were recorded in the backscattering mode at room temperature on a
Renishaw inVia micro-Raman system equipped with an optical
microscope comprising a 50x objective lens. N, physisorption was
performed at 77 K on Micromeritics TriStar II 3020, after degassing
the samples for 12 h at 120 °C before test. Total specific surface
areas were determined according to Brunauer-Emmett-Teller (BET)
method.

2.3 Electrochemical Characterization

CeO,, RuO, and RuO,/CeO, electrocataysts were mixed with as-
received carbon (Super C65) from TIMCAL C’NERGY at a 1:1
mass to remove any electronic conductivity limitations within the
thin film electrodes. The electrocatalyst suspension was prepared by
sonication of electrocatayst (10 mg), carbon (10 mg), ethanol (1 mL)
and Nafion solution (5 wt %, 100 nL) for 30 min. An aliquot of 5 uL
of suspension was drop-casted onto a glassy carbon disk electrode (4
mm diameter, 0.126 cm? area) and left to dry under a glass jar. The
loading of the CeO,, RuO, or RuO,/CeO, electrocatalyst onto glassy
carbon surface was about 360 pg cm™.
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Voltammetric experiments were performed with a Biologic
VMP2/Z multichannel potentiostat. Linear sweep voltammograms
(LSV) was performed on a rotating disk electrode (RDE) and
obtained in an O, (99.999%) saturated 0.1 M KOH solution with a
scan rate of 10 mV s™ at room temperature using a platinum wire
counter electrode and a AglAgCl (3M NaCl) reference electrode,
which was calibrated with respect to reversible hydrogen electrode
(RHE). All the potentials in this study are iR-corrected potentials to
compensate for the effect of solution resistance, which were
calculated by the following equation:

E (iR-corrected) = E-iR

Where i is the current and R is the uncompensated ohmic
electrolyte resistance measured via high frequency ac impedance in
O,-saturated 0.1 M KOH.

3. Results and Discussion

In our previous study, we found that large number of defects can be
formed in CeO, in the Ag@CeO, core-shell nanoparticles prepared
by a one-pot surfactant-free redox method [26]. In order to remove
Ag and obtain CeO, nano-particles, concentrated HNO; was added
to Ag@CeO, to trigger an “explosion” reaction, during which the
CeO, shell was decomposed into smaller grains and the Ag was
removed. We tried HNO; with different concentration to react with
Ag@CeO, for 10 minutes to confirm the formation mechanism of
CeO, nanopaticles. As can be seen from TEM images, the sphere
structure of CeO, shell was only partially destroyed by 0.1 mol L™ of
HNO; (Figure 2a), while it was decomposed into CeO, hemispheres
when 1 mol L' of HNO; was used (Figure 2b). The even smaller
CeO, nano-particles were obtained by increasing the concentration
of HNO; to 6 mol L™ (Figure 2c). In order to rule out the possible
corrosive impact of HNO; on the connection between CeO, grains,
the CeO, hemispheres were treated in 6 mol L' of HNO;. After the
treatment, the CeO, hemispheres retained their morphology. Based
on these results, we confirm the CeO, nanoparticles formed through
the explosion process due to the dramatic emission of NO gas as
schematically shown in Figure 2d. The absence of Ag in defective
CeO, catalyst was confirmed by XPS survey scan as shown in
Figure S1.

a)

Figure 2. TEM images of Ag@CeQ, after treatment in different concentrated
HNOs: (a) 0.1 mol L™, (b) 1 mol L™, and (c) 6 mol L', The schematic of the
formation mechanism of CeO, nano-paticles (d).

Figure 3 shows the Raman spectra of defective and non-defective
Ce0,. The non-defective CeO, powders were also treated in 6M
HNO; to rule out the possible effect from HNO;. The defective CeO,
shows additional peak at around 560 cm™', which is an indicative of
the creation of massive number of oxygen vacancies clusters in CeO,

This journal is © The Royal Society of Chemistry 2014
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[15, 21]. It has been reported that the oxygen vacancy clusters can
promote the catalytic activity of ceria due to the improved redox
properties of Ce**/Ce®* [20, 27-29).

Figure 4 shows the comparison of high-resolution TEM images of
the defective and non-defective CeO,. The perfect lattice is observed
in non-defective CeO,, while many “dark pits” are observed in the
defective CeO,. This revealed the surface of the defective CeO, was
rougher than that of non-defective ones. Appearance of these dark
pits is likely due to the formation of oxygen vacancies clusters in
CCOZ [27] .

Defective CeO2
n Non-defective CeO2
g
‘@
c
é [\ Oxygen vacancies
B e e o]
200 400 600 800 1000

Raman shift (cm'1)

Figure 3. Raman spectra of defective and non-defective CeOs.

Figure 4. The TEM images of (a) defective and (b) non-defective CeO,.

The oxygen species on the two CeO, samples are probed by XPS.
The XPS spectra of the Ols levels are shown in Figure 5. The Ols

This journal is © The Royal Society of Chemistry 2014
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XPS spectra for both samples present two features at about 529 and
531 eV. The lower binding energy peak can be ascribed to the lattice
oxygen species (O%) and the higher one can be assigned to less
electron-rich oxygen species. By deconvoluting the broad peak at
higher binding energy, both samples can be deconvoluted in three
peaks: the one with lower BE (530.5 eV) is assigned to oxygen in
the form of 0,%/0" on the surface; the next (531.6 eV) is ascribed to
the hydroxyl groups (-OH) or the surface-adsorbed oxygen (O,); and
the third peak (533 eV) is due to molecular water or carbonates
adsorbed on the surface [30]. The possibility of appearance of
carbonates on the surface of CeO, can be ruled out because no
vibrational peaks belong to -CO5> was detected by Raman and FT-
IR. Table 1 lists the relative concentrations of the different kinds of
oxygen species which are estimated from the relative area of these
subpeaks. As can be seen, the relative concentration of 022‘/0‘ is
much higher in defective CeO,.

Table 1. Ols XPS Peak Deconvolution Results

Samples o* 0,%/0° -OH/0, H,0
Defective CeO, 73.71 12.68 8.79 4.83
Non-defective 84.62 1.34 10.42 3.63
C802

a) Lattice oxygen (O%)

532 530 528

Binding Energy (eV)

534 526

Lattice oxygen (O%)

532 530 528

Binding Energy (eV)

534 526

Figure 5. XPS spectrum of the Ols levels of (a) defective and (b) non-
defective CeQ,.
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Figure 6. X-ray diffraction profile of the defective CeO, supported RuO,
composite. Observed (blue circles), calculated by the Rietveld method (red
line), difference (grey line) and calculated Bragg positions (vertical bars) for
RuO; and CeO; phases are presented.

XRD analysis was conducted after the RuO, catalysts were
deposited onto the surface of the defective CeQ,. Figure 6 shows the
XRD pattern of defective CeO, supported RuO, composite. The Le
Bail refinement reveals the formation of well crystalized fluorite-
type CeO, and rutile-type RuO, with Fm-3m (a=5.415997(5) A) and
P4,/mnm space group (a=b=4.511724(4) A; ¢=3.103031(1) A)
respectively. Table S1 listed the detailed structure parameters for the
two phases The reliability of the refinement is R,=3.75 %, Ry,=4.74
%, and y’=1.08. The binding energy of Ru3p was measured with
XPS and compared in Figure 7. The two CeO, supported RuO,
samples show lower intensity due to the lower Ru loading content
relative to the pristine RuO, sample. The peak position for Ru 3ps,
is around 462.5 eV for the supported RuO, samples and pristine
RuO,, indicating the formation of Ru'V [14] in the composite (Figure
7).

defective CeO, supported RuO,

non-defective CeO, supported RuO,

unsupported RuO,

T T T
480 470 460 450

Binding Energy (eV)

T
500 490

Figure 7. XPS of Ru3p in the defective CeO, supported RuO catalysts, non-
defective CeO, supported and pristine RuO,.
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Figure 8. The SEM image of the defective CeO, supported RuO, together
with the elemental line analysis by EDS.

Figure 8 shows the SEM image of the defective CeO, supported
RuO, together with the elemental line analysis by EDS. The RuO,
particles are too small to be identified by SEM, but the EDS result
presents that Ru and Ce elements distribute homogenously along the
scanning line indicating the uniformly distribution of RuO, on CeO,.
To gain the morphology of the RuO,, the sample was studied by
TEM. Compared with the TEM image of the pure defective CeO,
(Figure 2c¢), additional tiny grains were found wrapped on the CeO,
(Figure 9a). Figure 9b is the corresponding HRTEM image of RuO,
nano-grains (5~8 nm) and shows the d[110] spacing of 0.319 nm,
which matches well with the XRD results (Table S1). Combining the
XRD with XPS analysis we can conclude these smaller particles are
RUOZ.

This journal is © The Royal Society of Chemistry 2014
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a)

Figure 9. TEM image of the defective CeO, supported RuO, composite and
different magnifications.

The OER activity of the prepared electrocatalysts is evaluated on a
glass carbon electrode, where a thin-film of CeO, supported RuO,
mixed with carbon and Nafion was deposited. Figure 10a compares
the cyclic voltammograms (CV) measurement of the defective CeO,
supported RuO, catalysts, non-defective CeO, supported and pristine
RuO, in Op-saturated 0.1 M KOH. The current density of the OER is
normalized to the mass of the RuO, loading. The redox couple peaks
of Ru¥"™ at 1.35 V vs RHE [31] can be observed for the pristine
RuO,, while the oxidation peak of Ru""! is broaden for non-
defective CeO, supported RuO,. It is interesting that the oxidation
peak of Ru" ! is absent for defective CeO, supported RuO,.
Instead, additional anodic and cathodic peaks appear in the CV curve
of defective CeO, supported RuO,, which are not observed for the
non-defective CeO, supported and pristine RuO, These additional
peaks are related to the high redox nature of the highly defective
CeO, (Supporting information, Figure S2). It is noteworthy that
CeO, itself is a poor OER electrocatalyst even with high defects
(Supporting information, Figure S2). Linear sweep voltammograms
of three samples are shown in Figure 10b. The non-defective CeO,
supported and pristine RuO, show very similar activity indicating
non-defective CeO, has negligible effect on the OER activity of

This journal is © The Royal Society of Chemistry 2014

ARTICLE

RuO,; while the OER activities of the defective CeO, supported
RuO, were improved by a factor of 2.38~2.45 at overpotential (1) of
0.3 and 0.4V (Figure 10c). The specific surface areas for the
defective CeO, and non-defective CeO, powders are 16.4 and 31.5
m’ g, respectively. Despite a larger surface area, the non-defective
CeO, supported RuO, shows lower activity than the defective CeO,
supported one. This clearly demonstrates that the defects in CeO,
play a dominant role in controlling the OER activity.

a) 1.5 Non-defective CeO,/RuO,
1.0 o
g 05
<
£
2
%
&
©
<
o
5
o
05 Ru"lRUa’
1t0 111 112 1j3 1:4 115
Potential (V vs RHE)
b 80
) — Defective CeO,/RuO,
o —— Non-defective CeO,/RuO,
bl 4
g’ 60+ RuO,
<
3
2z 40
%)
c
[}
©
<
o 204
5
o
0
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70
C) I RuO,/Defective CeO,
~60+ I RuO,/Non-defective CeO,
ol I RuO
£ 504 :
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n=0.4V n=0.4V

Figure 10. Cyclic voltammograms (CV) measurement (a), linear sweep
voltammograms (b), the mass activity and stability at overpotential (1) of 0.3
and 0.4V (c) of the defective CeO, supported RuO, catalysts, non-defective
CeO, supported and pristine RuO, in O,-saturated 0.1 M KOH.
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The Ru3p lines show negligible difference for all the samples
(Figure 7), indicating the different OER activity is not originating
from the RuQ; itself. It has been reported that the clusters of more
than two vacancies, such as linear surface oxygen vacancies, are
favorable for migration of oxygen [27, 28]; and the oxygen species
can migrate fast on the surface of RuO, under the polarization
through spillover effect [32]. Therefore, it is likely that the highly
oxidative oxygen species O,>/O" formed in the defective CeO, can
easily migrate from CeO, and “spillover” to the surface of RuO,
during OER process to promote the oxidation of water.

It has been reported that RuO, is unstable in alkaline solution
during the OER process [10], which was also the case for all the
three samples in our study. However, the degradation of activity of
the defective CeO, supported RuO, is alleviated relative to the non-
defective CeO, supported RuO, and pristine RuO, (Figure 10c).
After 20 cycles measurement the activity degradation rate is 16% for
the defective CeO, supported RuO, at n=0.4V, which is less than the
degradation of 38% and 41% for the non-defective CeO, supported
RuO, and the pristine RuO, respectively. This suggests that the
CeO, support can improve the stability of the RuO, and this
improvement is more remarkable at the presence of large number of
defects in CeO,. It is possible that the O,>/0O species can suppress
the oxidization of Ru to very high valence during the OER process.
This view can be supported by the absence of Ru""*" oxidation peak
during the anodic scan on defective CeO, supported RuO, (Figure
10a). The effect of oxygen vacancy concentration of support on the
stability of RuO, is ongoing in our group.

4. Conclusions

In summary, we synthesized nano-sized highly defective CeO,
through an “explosion” reaction using Ag@CeO, core-shell nano-
spheres as precursors. CeO, supported RuO, composite
electrocatalysts were fabricated by wet impregnation. OER activities
of the defective CeO, supported RuO, were improved by a factor of
2.38~2.45 at overpotential (1) of 0.3 and 0.4V relative to the pristine
RuO,. Moreover, the defective CeO, support also improved the
stability of the RuO,. It is likely that the highly oxidative oxygen
species 0,”/0 formed in the defective CeO, can easily migrate from
CeO, and “spillover” to the surface of RuO, during OER process to
facilitate the water oxidation.
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