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Electrochemical water splitting technology is considered to be the most reliable method for converting
renewable energy such as wind and solar energy into hydrogen. Here, a nanostructured RuO,/Coz04—
RuCo-EO electrode is designed via magnetron sputtering combined with electrochemical oxidation for
the oxygen evolution reaction (OER) in an alkaline medium. The optimized RuO,/Coz04—RuCo-EO
electrode with a Ru loading of 0.064 mg cm~2 exhibits excellent electrocatalytic performance with a low
overpotential of 220 mV at the current density of 10 mA cm~2 and a low Tafel slope of 59.9 mV dec™*
for the OER. Compared with RuO, prepared by thermal decomposition, its overpotential is reduced by
82 mV. Meanwhile, compared with RuO, prepared by magnetron sputtering, the overpotential is also
reduced by 74 mV. Furthermore, compared with the RuO,/Ru with core-shell structure (np = 244 mV),
the overpotential is still decreased by 24 mV. Therefore, the RuO,/Coz04—-RuCo-EO electrode has
excellent OER activity. There are two reasons for the improvement of the OER activity. On the one hand,
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Introduction

Hydrogen is an ideal green energy carrier to replace fossil fuels.
It has the characteristics of high energy density, storage, and no
carbon emissions. Electrochemical water splitting technology is
considered to be the most reliable method for converting
renewable energy such as wind and solar energy into hydrogen.
It is a very promising, sustainable, clean and efficient energy
application strategy.'® The electrolysis of water contains two
half reactions, the oxygen evolution reaction (OER) at the anode
and the hydrogen evolution reaction (HER) at the cathode. The
main challenge of this technique is to reduce the excessive
overpotential of HER and OER. The high overpotential of the
OER reaction is the most important factor affecting the effi-
ciency of water electrolysis."* Up to now, despite a lot of
research, RuQ, is still considered to be the most active elec-
trocatalyst for OER. However, its overpotential is still not low
enough, and it has disadvantages such as poor stability and
high price, which still needs to be further improved.***

The introduction of abundant transition metal elements can
improve the composition and structural of electrocatalysts,
thereby improving OER activity and reducing costs.>**° Early
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adjusts the electronic structure of Ru.

literature reports have proved that the doping/alloying of tran-
sition metals such as Fe, Co, Ni, and Cu can optimize the local
electronic and geometric structure of the original metal through
the strain/ligand effect.**** These changes will facilitate the
chemical adsorption of intermediate adsorbed species (OH*
and OOH¥) on the surface of the electrocatalyst, which can
increase the catalytic activity in an alkaline solution.*® At the
same time, all intermediate products interact with the metal
oxide surface through oxygen atoms, and the bonding interac-
tion (M-O) in the intermediate products (M-OH, M-O, and M-
OOH) is very important for the overall OER activity. At present,
more researches are focused on introducing metals into metal
oxides, which can generate oxygen vacancies, thus regulating
the adsorption of oxygen-containing intermediates at active
sites. At the same time, the integrated electrocatalyst of metal
and semiconductor can benefit the charge transfer process, that
is, Mott-Schottky effect.

Previous literatures have shown that by changing the elec-
tronic structure of Ru, RuCo alloy can exhibit better OER
activity.*****° At the same time, related literature has also
proven that the rich metal-insulator interface structure is
beneficial to improve the OER activity of Ru.*”** Therefore, it is
hoped that both the Mott-Schottky effect will improve the
charge transfer rate and the alloying will also optimize the
electronic structure of Ru. This paper pays more attention to the
preparation of the RuCo alloy base and the construction of the
special surface morphology in the research method. At present,
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for the preparation of this kind of catalyst, hydrothermal
method combined with high-temperature calcination method is
commonly used. But it has the disadvantages of long preparation
time, high loading capacity, and the morphology of the obtained
catalysts is mostly nanoparticles. Based on the above analysis,
a new preparation method, that is, magnetron sputtering
combined with electrochemical oxidation is investigated in this
article. The method has the characteristics of short preparation
time and low loading capacity. The prepared RuO,/Coz;0,-RuCo-
EO electrode has a nanosheet and nanorod structure with Ru
loading of 0.064 mg cm ™2, resulting in excellent OER activity with
a low overpotential of only 220 mV at the current density of 10 mA
cm ™ ? and Tafel slope of 59.9 mV dec™* for OER.

Experimental
Electrode preparation

The Ti plate processed above was placed on the sample stage of
the vacuum chamber. During the experiment, a Ru target with
a purity of 99.99% and a Co target with a purity of 99.99% were
used as sputtering targets. Evacuate the vacuum chamber to 4 x
10~* Pa before sputtering. Then high-purity Ar gas was intro-
duced, and the flow rate of argon gas was 30 mL min . Adjust
the pressure of the vacuum chamber to 1.0-1.2 Pa, and then the
Ru target and the Co target were connected to the DC power
supply for co-sputtering at the same time. The sputtering power
of the Ru target was 60 W and the sputtering power of the Co
target was 80 W. The co-sputtering was performed for 10 min.
After the sputtering was completed, the resulting sample was
recorded as the RuCo alloy catalyst. Next, it was calcined in
a muffle furnace at 400 °C for 2 h, and the resulting sample was
recorded as the RuO,/Co3;0,-RuCo catalyst.

The above RuO,/Co;O0,-RuCo catalyst was subjected to
electrochemical oxidation (EO) process in a three-electrode
system with the electrolyte 1.0 mol L™" KOH solution. Before
the EO process, adjust the temperature of the solution to 25 °C,
and then pour argon gas with a purity of 99.999% into the solution
for 15 minutes to remove dissolved oxygen from the solution.
Then, using the RuO,/Co;0,~RuCo catalyst as the working elec-
trode, a multi-segment cyclic voltammetry (CV) scan was per-
formed. The scanning range is 0-1.4 V (vs. RHE) and the scan rate
is 100 mV s~ '. After the EO process, the obtained sample is
recorded as RuO,/Co;0,~RuCo-EO electrode. Among them, the
samples with the number of CV scan of 200, 400, 600, 800 and 1000
segments are denoted as RuO,/Co;0,~RuCo-EO-x (x = 200, 400,
600, 800 and 1000) electrodes. The preparation process of RuO,/Ru
and RuO, electrodes is described in ESL

Material characterization

X-ray diffraction (XRD) patterns were acquired on an XRD-7000 X-ray
diffractometer. Scanning Electron Microscope (SEM) images were
taken with a Zeiss ZIGMA field-emission SEM. X-ray photoelectron
spectrometry (XPS: ESCALAB 250Xi, Thermo Scientific) with mon-
ochromatized Al Ka radiation was used to analyze the electronic
properties. Analysis of the composition of the electrode was carried
out by X-ray fluorescence (XRF: EDX-7000, Shimadzu, Japan).
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Electrochemical measurements

In the electrochemical experiment, a three-electrode system was
used for testing on the CHI660 instrument. Among them, the
working electrode are RuO,/Co;0,~RuCo-EO, RuO,/Co;0,~RuCo
RuO,/Ru and RuO, electrodes. In this paper, the Ru loading is
about 0.064 mg cm > for different types of catalysts. The counter
electrode is a carbon paper electrode. In order to avoid electrolyte
contamination, the reference electrode is HgO/Hg/KOH
(1.0 mol L™"). The electrochemical characteristics of electrode
materials were analyzed using cyclic voltammetry (CV) technology
in 1.0 mol L™ KOH solution. The OER activity was characterized
by linear voltammetry scanning (LSV) in 1.0 mol L™ KOH solution
at a scanning speed of 5 mV s~ " in range of 1.2-1.8 V.

Results and discussion

Fig. 1 shows the different surface morphologies of RuO,/C0;0,-
RuCo before and after EO treatment. Fig. 1a and b are the
scanning electron microscope (SEM) images of RuO,/C030,4-
RuCo without EO treatment. It can be seen that the surface of
the electrode is very smooth and the Ru and Co elements of
Ru0,/C030,-RuCo electrode are evenly distributed (Fig. S17).
This is because the nanoclusters prepared by magnetron sput-
tering are very small, neatly arranged, and have good film-
forming properties. However, after EO treatment, part of the
cobalt on the electrode surface was oxidized and stripped at
a high potential, resulting in a great change in the surface
morphology. As shown in Fig. 1c and d, after CV scanning of 200
segments, a large number of two-dimensional nanosheets with
a width of 200 nm and a thickness of 10 nm are formed on the
surface of the RuO,/C0;0,~RuCo-EO-200 electrode. After CV

Fig. 1 SEM images of RuO,/Coz04—RuCo (a and b), RuO,/Coz04—
RuCo-EO-200 (c and d) and RuO,/Co3z04-RuCo-EO-1000 elec-
trodes (e and f).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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scanning of 1000 segments, most of the two-dimensional
nanosheets were broken up, leaving a large number of small
one-dimensional nanorods with a length of 100 nm on the
surface of the RuO,/Co;0,-RuCo-EO-1000 electrode (Fig. 1e and
f). This can prove that the degree of oxidative exfoliation
becomes more obvious as the number of CV cycles increases. In
addition, the composition of Ru and Co of the electrodes before
and after EO treatment is listed in Table S1. Before EO treat-
ment, the molar ratio of Ru and Co is 56 : 44. After CV scanning
of 200, 400, 600, 800, and 1000 segments, the molar ratios of Ru
and Co are 61 : 39, 66 : 34, 67 : 33, 67 : 33 and 65 : 35 respec-
tively. This indicates that the EO treatment can reduce the Co
content to a certain extent, but the composition ratio of Ru-Co
under different CV cycles does not change much, but the
morphology changes greatly.

Fig. 2 are the X-ray diffraction patterns (XRD) of RuO,/
C0304-RuCo-EO, accompanied by the comparison of those of
Ru0,/Co3;0,-RuCo and RuO,/Ru. For RuO,/Ru electrode, the
diffraction peak at 44.0° is corresponding to the Ru(101) crystal
plane (Fig. 2d), and the diffraction peak at 28.1° corresponds to
the RuO,(110) crystal plane (Fig. 2b). For RuO,/Co3;0,-RuCo
electrode, the RuO,(110) crystal plane is still observed at 28.1°.
Meanwhile, due to the addition of Co, the (111) and (311) planes
of Co;0, are observed at 18.9° and 36.7° (Fig. 2a and c),
respectively. However, these diffraction peaks above cannot be
observed for RuCo electrode without thermal oxidation
(Fig. S27). Therefore, it can be confirmed that the RuCo alloy is
first formed on the substrate by magnetron sputtering, and then
the RuO,/Co;0,-RuCo with a core-shell structure is obtained
on the electrode surface with thermal oxidation of 400 °C. In
addition, Ru and Co have formed bulk alloy and the charac-
teristic crystal plane of RuCo alloy is located at 45.3° (Fig. S27).
After thermal oxidation and electrochemical oxidation, the peak
of RuCo alloy is negatively shifted to 44.6° (Fig. 2d), which is still
significantly positively shifted by 0.6° relative to the Ru(101)
crystal plane. After EO treatment, no diffraction peak of
C030,4(111) crystal plane was found in the XRD pattern of RuO,/
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Fig. 2 X-ray diffraction patterns of RuO,/Cos04—RuCo-EO, RuO,/
Co30,4_RuCo and RuO,/Ru electrodes. (a) Coz04(111), (b) RuO,(110),
(c) Co304(311), (d) RuCo or Ru(101).
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Fig. 3  X-ray diffraction patterns of RuO,/Coz04—RuCo-EO elec-

trodes after CV scan of 200, 400, 600, 800 and 1000 segments. (a)
Co0304(111), (b) RuO,(110), (c) Coz04(311), (d) RuCo.

C030,-RuCo-EO electrode, and the diffraction peak intensity of
C0304(311) crystal plane was also not obvious. This is because
Co3;0, on the surface of Ru0O,/Co;0,~RuCo-EO electrode was
oxidized and peeled off after EO treatment. At the same time, in
order to verify the effect of EO treatment on the dissolution of
Co on the surface, the XRD spectra of RuO,/Co3;0,-RuCo-EO
after 200, 400, 600, 800 and 1000 segments of CV scans were
also analyzed in Fig. 3. It is found that with the increase of the
number of CV scan, the diffraction peak of Co;0,(111) crystal
plane gradually weakens and disappears (Fig. 3a), which indi-
cates that the number of CV scan is related to the degree of Co
dissolution. Although the EO treatment has a significant effect
on the structure of Co, it has no significant effect on the stable
RuO, and RuCo alloy structure. The diffraction peaks of
Ru0,(110) and RuCo alloy in the RuO,/Co;0,~-RuCo-EO elec-
trode are still at 28.1° and 44.6° (Fig. 3b and d).

Fig. 4 are high-resolution X-ray photoelectron spectroscopy
(XPS) spectra of RuO,/Ru and Ru0,/Co;0,~RuCo-EO electrodes.
As for RuO,/Ru in Fig. 4a, the peaks at binding energies (BEs) of
484.5 and 462.2 eV are corresponding to the spin splitting peaks
of 3py), and 3p;, orbitals of Ru’. Meanwhile, the peaks at 486.8
and 464.6 eV belong to the Ru** 3p1 and 3ps, orbitals,
respectively. For RuO,/Co;0,-RuCo-EO, the peaks position of
Ru"* spin orbitals are the same as those of RuO,/Ru. However,
the content of Ru*" in RuO,/Co;0,~RuCo-EO electrode is
significantly higher than that of RuO,/Ru electrode, indicating
a higher degree of surface oxidation. In addition, the spin
splitting peaks of Ru’ 3p1, and 3ps, orbitals of RuO,/Co30,4-
RuCo-EO are located at 484.5 and 462.2 eV, respectively, which
are positively shifted by 0.3 eV from those of RuO,/Ru. In the
high-resolution XPS spectrum of Co 2p of RuO,/Co;04-RuCo-
EO (Fig. 4b), two peaks at binding energies (BEs) of 779.7
(781.1) and 794.6 (796.1) eV are corresponding to the spin
orbitals of Co®" (Co®") 2ps/, and Co 2p4,,, accompanied by two
weak satellite peaks at 789.1 and 804.7 eV. In Fig. 4c, the peak of
529.3 eV, 530.6 eV and 531.9 eV of RuO,/Ru is attributed to O 1s
orbital in 0>, OH™ and H,0, respectively. The peak of 529.8 eV,

RSC Adv, 2021, 11, 1779-11785 | 11781
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Fig. 4 High-resolution XPS spectra of Ru 3p (a), Co 2p (b) and O 1s (c)
in the RuO,/Coz04—RuCo-EO electrode compared with those in
RuO,/Ru electrode.
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Fig. 5 The cyclic voltammetry curves of RuO,/Coz04—RuCo-EO,
RuO,/Coz04—-RuCo and RuO,/Ru electrodes.

531.0 eV and 532.1 eV of RuO,/Co;0,~RuCo-EO is attributed to
O 1s orbital in 0*>~, OH™ and H,0, respectively.

Fig. 5 is the cyclic voltammetry (CV) curves of RuO,/Ru,
RuO,/Co304,-RuCo and RuO,/Co;04,-RuCo-EO electrodes. First
of all, it can be clearly seen that the double-layer current of the
Ru0,/Co;0,-RuCo electrode is obviously lower than that of
RuO,/Ru, indicating that the electrochemical surface area
(ECSA) of the RuO,/Co;04-RuCo electrode is small. The reason
is that the surface of RuO,/Co;0,-RuCo electrode obtained by
high vacuum magnetron co-sputtering technology is extremely
flat and smooth, as shown by SEM characterization in Fig. 1.
However, after the EO treatment, the double-layer current of the
RuO,/Co030,~RuCo-EO electrode has increased significantly,
which is significantly larger than those of the other two elec-
trodes. This indicates that the RuO,/Co;0,~RuCo-EO electrode
has a larger ECSA and can provide more electrochemically active
sites. In addition, it can be seen from the Fig. 5 that the elec-
trochemical characteristics of the RuO,/Co;0,-RuCo-EO elec-
trode are also obvious. Among them, the redox peaks at the
potentials of 0.50 and 0.54 V are corresponding to the transition
between Ru**-Ru**. And the redox process of Ru**-Ru®" occur at
0.82 and 0.90 V. In the potential of 1.30 and 1.31 V, the redox
reaction of Ru**~Ru®" undergoes in this potential range. For the
electrochemical characteristics of Co, the oxidation and reduc-
tion reactions of Co*-Co*" occur at 1.12 and 1.14 V,
respectively.

In order to investigate the oxygen evolution reaction (OER)
activity of three catalysts, a linear sweep voltammetry tests were
performed, as shown in Fig. 6. It can be seen from the figure
that the OER activity of RuO,/C0;0,-RuCo-EO electrode is
significantly higher than that of RuO,/Co;0,~RuCo electrode.
For example, the current density of RuO,/Co;0,~-RuCo electrode
at 1.8 V is 53.55 mA cm™?, while the current density of RuO,/
C050,-RuCo-EO electrode is increased to 124.20 mA cm 2,
which is 2.32 times that of RuO,/Co;0,-RuCo electrode. At the
same time, when the current density reaches 10 mA cm™ >, the
overpotential of RuO,/Co;0,-RuCo and RuO,/Co;0,~RuCo-EO

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The OER activities of RuO,/Coz04—RuCo-EO, RuO,/C0z04—
RuCo and RuO,/Ru electrodes.

electrodes are 394 and 220 mV, respectively. The latter is 174 mV
lower than the former, indicating a significant increase in OER
activity. This indicates that electrochemical oxidation can
improve the OER activity of the catalyst. Furthermore,
compared with the OER activity of RuO, prepared by thermal
decomposition (Fig. S3t), the overpotential of RuO,/C030,-
RuCo-EO electrode is reduced by 82 mV. Compared with the
OER activity of RuO, prepared by magnetron sputtering
(Fig. S47), the overpotential of RuO,/Co3;0,~RuCo-EO electrode
is reduced by 74 mV. Compared with the OER activity of RuO,/
Ru (the overpotential of 244 mvV), the overpotential of RuO,/
Co030,-RuCo-EO electrode is still decreased by 24 mV. There-
fore, it is proved once again that the OER activity of RuO,/
Co030,-RuCo-EO electrode is indeed excellent.

There are two reasons for the improvement of the electro-
chemical activity of RuO,/C0;0,~RuCo-EO electrode. On the
one hand, the special core-shell structure of the electrode itself
can facilitate the charge transfer process, and on the other
hand, the addition of Co can change the electronic structure of
Ru. For ordinary RuO,, whether it is prepared by magnetron
sputtering or thermal decomposition, there is only an oxide
phase in its structure, but no metal phase (Fig. S5 and S67).
Therefore, their activity is generally lower than that of catalysts
with a metal oxide/metal core-shell structure. Generally speaking,
due to the good electronic interaction and charge transfer between
metal and semiconductor at the metal-semiconductor interface,
that is, the Mott-Schottky effect, the combination of metal and
semiconductor in the electrocatalyst can facilitate the charge
transfer process. On the other hand, RuO,/Co;0,~RuCo-EO elec-
trode has a high content of Ru oxidation state. It can be seen from
the XPS spectrum (Fig. 4a) that the ratio of peak area of Ru**/Ru’ in
Ru0O,/C0;0,-RuCo-EO electrode is significantly greater than the
ratio of peak area in RuO,/Co;0,~RuCo electrode. The spin split-
ting peaks of Ru® 3py,, and 3p;, of RuO,/Co;0,~RuCo-EO are
positively shifted by 0.3 eV compared to those of RuO,/Ru, indi-
cating that Ru transfers electrons to Co. Therefore, the d-band
center of Ru will rise, and the adsorption of intermediate prod-
ucts will be enhanced, thereby increasing the OER activity. In

© 2021 The Author(s). Published by the Royal Society of Chemistry
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addition, the increase in ECSA is also conducive to improving OER
activity. As shown in Fig. S7,7 the increase of ECSA is mainly re-
flected in the double-layer capacitance of RuO,/Co;0,~-RuCo-EO
electrode, which is obviously larger than that of RuO,/Co;04—
RuCo and RuO,/Ru electrodes.

In order to further reveal the influence of the ECSA on the
OER activity of the catalyst, the OER activities of RuO,/C030,-
RuCo-EO electrodes with different number of CV scan were
studied. As shown in Fig. 7, when the CV scan is 200, 400, 600,
800, and 1000 segments, the OER current density of RuO,/
C030,-RuCo-EO electrode is 107.1, 114.5, 125.4, 128.8 and
124.2 mA cm™ 2, respectively, at the potential of 1.8 V (vs. RHE).
When the CV scan is between 200 and 800 segments, the current
density of OER increases by about 10 mA cm > for every addi-
tional 200 segments. At the same time, the corresponding
double-layer capacitance gradually increases, which means that
the ECSA also gradually increases (Fig. S8t). This indicates that
the OER activity increases continuously with the increase of the
ECSA. When the CV scan is 1000 segments, the surface of RuO,/
Co03;0,~RuCo-EO electrode tends to be stable, then the ECSA no
longer increases, and the OER activity no longer increases. In
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Fig. 7 The cyclic voltammetry curves (a) and OER activities (b) of
RuO,/Co304—-RuCo-EO with different segment of CV scan.
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Fig. 8 The Tafel slopes of RuO,/Cos04—RuCo-EO, RuO,/Coz04—
RuCo and RuO,/Ru electrodes.

addition, it can also be observed in Fig. S91 the oxidation
potential of Co gradually increases with the increase of CV scan,
which means that the oxidation stripping is more thorough. In
addition, the Co content also has an important influence on
OER activity (Fig. S101). When the Co content is low, it has little
effect on the structure and morphology of the RuO,/Co;0,4-
RuCo-EO electrode, and the OER activity is low. However, when
the Co content is high, the OER activity of RuO,/Co;0,-RuCo-
EO electrode is also poor, because the OER activity of Co itself
is poor. When the Co content is 35% after EO treatment of 1000
segments, the OER activity of the RuO,/Co3;0,-RuCo-EO elec-
trode is the best.

Finally, the surface morphology of the catalyst also has
a significant impact on the activity. Regarding the RuO, elec-
trode, whether it is prepared by magnetron sputtering or
thermal decomposition, the surface appears as a nanosphere
with a diameter of 50-100 nm (Fig. S11 and S127). The surface
morphology of RuO,/Ru electrode prepared by magnetron
sputtering also presents a smooth surface, with a particle size of
20-50 nm (Fig. S13f). However, the RuO,/C03;0,-RuCo-EO
electrode prepared above has exhibited a porous nanosheet
(Fig. 1c and d) or nanorod structure (Fig. 1e and f). The differ-
ence in morphology will bring about different OER activities.

In order to explore the reason for the increase in its intrinsic
activity, Tafel analysis was finally performed to determine the
reaction mechanism (Fig. 8). The Tafel slopes of RuO,/Co;0,-
RuCo and RuO,/Ru are 79.6 and 69.1 mV dec ', respectively.
However, the Tafel slope of RuO,/Co;0,~-RuCo-EO is only 59.9 mV
dec™ . The lower Tafel slope indicates that the RuO,/Co;0,~RuCo-
EO electrode has higher OER activity. The rate determination step
of the OER process should be determined as the formation of
OH,qs. The above discussion will be studied in detail in subse-
quent experiments. Finally, the stability of the RuO,/Co;0,-RuCo-
EO electrode was also investigated in Fig. S14.1 After 13 h of
chronopotentiometry measurement at current density of 10 mA
cm 2, the OER activity was basically stable.
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Conclusions

In this article, a new RuO,/Co;0,-RuCo-EO electrode is
designed via a magnetron sputtering combined with electro-
chemical oxidation for OER in an alkaline medium. The opti-
mized RuO,/Co;0,-RuCo-EO electrode has exhibited excellent
electrocatalytic performance with a low overpotential of 220 mV
and Tafel slope of 59.9 mV dec™ " for OER at the current density
of 10 mA ecm > Compared with RuO, prepared by thermal
decomposition, its overpotential is reduced by 82 mV. Mean-
while, compared with RuO, prepared by magnetron sputtering,
its overpotential is also reduced by 74 mV. Compared with
RuO,/Ru (the overpotential of 244 mV), the overpotential is still
decreased by 24 mV. There are two reasons for the improvement
of the electrochemical activity of RuO,/Co;0,~RuCo-EO elec-
trode. On the one hand, the metal oxide-metal with core-shell
structure is conducive to electron transport, and on the other
hand, the addition of Co changes the electronic structure of Ru.
The positive shift of the spin splitting peaks of Ru indicates that
Ru transfers electrons to Co. Therefore, the d-band center of Ru
will rise, and the adsorption of intermediate products will be
enhanced, thereby increasing the OER activity. In addition, the
increase in ECSA is also conducive to improving OER activity.
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