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friendly approach for the production of 
clean hydrogen fuel.[1–4] However, the 
oxygen evolution reaction (OER) as the key 
and bottleneck-type reaction largely hin-
ders the overall efficiency due to its slug-
gish reaction kinetics,[5–7] in which RuO2 
is considered as the state-of-the-art OER 
electrocatalyst in acidic media.[8–11] How-
ever, the accompanying over-oxidation of 
RuO2 to dissolvable RuO4 at applied OER 
potentials together with the acidic envi-
ronment make RuO2 suffer from strong 
corrosion and therefore unable to sus-
tain the OER, which seriously prevents 
its application in acidic electrolyte.[12–17] 
Although much efforts have been devoted 
to enhancing the OER performance in 
acidic electrolyte by the doping of RuO2 
with transition metals or stabilizing RuO2 
with IrO2,[18–26] it is still a great challenge 
to concurrently achieve highly active and 
long-term stable catalysts up to date.

In this study, we report the robust interface Ru centers 
between RuO2 and graphene via a controllable oxidation of gra-
phene encapsulating Ru nanoparticles, exhibiting prominently 
enhanced activity and stability for the acidic OER. Through 
precisely controlling the reaction interface, we achieve a much 
lower OER overpotential of only 227 mV at 10 mA cm−2 without 
iR-correction in acidic electrolyte, significantly better than the 
commercial RuO2 benchmark (290  mV) and outperforming 
most of the documented electrocatalysts including RuO2-based 
and IrO2-based materials. More importantly, this catalyst offers 
far better durability than the commercial RuO2 in 0.5 m H2SO4 
electrolyte. Density functional theory calculations reveal that 
the interface Ru centers between RuO2 and graphene can break 
the classic scaling relationships between the free energies of 
HOO* and HO* to reduce the limiting potential. The electron-
rich interface could also act as an electron reservoir to donate 
electrons to the RuO2 surface and thus help prevent the over-
oxidation and corrosion for RuO2.

The robust interface Ru centers between RuO2 and gra-
phene was constructed via a controllable oxidation of graphene 
encapsulating Ru nanoparticles. Considering the graphene 
shell formed on the Ru nanoparticles is difficult due to its poor 
carbon deposition ability, we introduced Ni precursors to form 
the RuNi alloy to facilitate in-situ growing graphene shells 
encapsulating the Ru nanoparticles. As shown in  Figure  1a, 
the precursors of Ru and Ni were first filled into the channel of 

RuO2 is considered as the state-of-the-art electrocatalyst for the oxygen evolu-
tion reaction (OER) in acidic media. However, its practical application is largely 
hindered by both the high reaction overpotential and severe electrochemical 
corrosion of the active centers. To overcome these limitations, innovative 
design strategies are necessary, which remains a great challenge. Herein, 
robust interface Ru centers between RuO2 and graphene, via a controllable oxi-
dation of graphene encapsulating Ru nanoparticles, are presented to efficiently 
enhance both the activity and stability of the acidic OER. Through precisely 
controlling the reaction interface, a much lower OER overpotential of only 
227 mV at 10 mA cm−2 in acidic electrolyte, compared with that of 290 mV for 
commercial RuO2, but a significantly higher durability than the commercial 
RuO2, are achieved. Density functional theory (DFT) calculations reveal that 
the interface Ru centers between the RuO2 and the graphene can break the 
classic scaling relationships between the free energies of HOO* and HO* to 
reduce the limiting potential, rendering an enhancement in the intrinsic OER 
activity and the resistance to over-oxidation and corrosion for RuO2.

Electrochemical water splitting in acidic electrolyte has been 
widely considered as a sustainable and environmentally 

Adv. Mater. 2020, 32, 1908126

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.201908126&domain=pdf&date_stamp=2020-05-17


© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1908126 (2 of 7)

www.advmat.dewww.advancedsciencenews.com

Adv. Mater. 2020, 32, 1908126

Figure 1. Schematic synthesis process, morphology, and structural characterizations of RuNi2©G-250 and RuNi2@G. a) Schematic illustration of the 
preparation process for RuNi2©G-250 with interface between RuO2 and graphene, The symbol “T” represents the different oxidation temperatures, and the 
symbol “X” represents the molar ratio of Ru and Ni precursors. b) HRTEM image of RuNi2@G. c) HRTEM image of RuNi2©G-250 with unique interface 
between RuO2 and graphene. d–g) HAADF-STEM image and the corresponding energy-dispersive spectroscopy maps of RuNi2©G-250 for Ru, Ni, and 
the combined image.
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SBA-15 by an impregnation method. Subsequently, the sample 
was heated under H2 atmosphere to form the RuNi alloy nano-
particles, followed by a chemical vapor deposition process to 
produce graphene shells coating on the RuNi nanoparticles. 
Then, etching of SBA-15 and bare metals by hydrofluoric acid 
solution to obtain graphene encapsulating RuNi nanoparticles 
(RuNiX@G). Further, a controllable oxidation of graphene 
encapsulating RuNi nanoparticles under different temperatures 
was adopted to construct highly active interface Ru centers 
between RuO2 and graphene, and the catalysts were denoted 
as RuNiX©G-T (The symbol “T” represents the different oxida-
tion temperatures ranging from 200 to 500 °C, and the symbol 
“X” represents the molar ratio of Ru and Ni precursors ranging 
from 1/44 to 2).

The structure of interface between RuO2 and graphene 
(RuNi2©G-T) via a controllable oxidation of RuNi2@G under dif-
ferent temperatures was characterized by high-resolution trans-
mission electron microscopy (HRTEM) image, X-ray absorption 
near-edge structure (XANES), X-ray diffraction (XRD), X-ray pho-
toelectron spectroscopy (XPS), and Raman spectrum. As shown 
in Figure 1b and Figure S1 (Supporting Information), the synthe-
sized graphene encapsulating RuNi nanoparticles (RuNi2@G) 
with an average diameter of 5–10  nm was composed of a few 
layers of graphene shell and the RuNi alloy, which was evidenced 
by the XRD patterns in Figure S2 (Supporting Information).  

After a controllable oxidation treatment on RuNi2@G at 200 °C 
for 1 h, the structure of Ru almost has no change and the chem-
ical state is similar to Ru foil (Figure 2a). Once elevating the oxi-
dation temperature to 225 °C, the inner core nanoparticles were 
gradually oxidized to RuO2, which implies that graphene shell 
has been broken and unable to protect the inner nanoparticles 
from oxidation. Interestingly, the efficient interface between 
RuO2 and graphene (RuNi2©G-250) for OER reaction can be 
achieved by precisely controlling the oxidation temperature at 
250 °C as shown in Figure 1c and Figure S3 (Supporting Infor-
mation), which is identified by high-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) 
image with the corresponding elemental mappings (Figure 1d–
g). The images illustrate that the interface between RuO2 and 
graphene were formed by the over spilling of RuO2 nanoparti-
cles through ruptured graphene shells. Further increase of the 
oxidation temperature to 500 °C, the graphene shells gradually 
disappeared and the corresponding nanoparticles were com-
pletely oxidized to RuO2 finally (Figure  2a–c). This is further 
confirmed by the in-situ XRD characterization showing that 
the increase of RuO2 intensity is along with the decrease of 
graphene and RuNi alloy intensity with the increase of oxida-
tion temperature (Figure 2b). In addition, the CO2 signal from 
the temperature programmed oxidation test in Figure S4 (Sup-
porting Information) indicates that the graphene shell can be 
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Figure 2. Structural and electronic characterizations of RuNi2@G sample with treatment at different oxidation temperatures. a) XANES of Ru K-edge 
spectra of RuNi2@G sample treated by different oxidation temperatures. b) In situ high-temperature XRD patterns of RuNi2@G through a temperature-
programmed oxidation process by air with a heating rate of 2 °C min−1 from 30 to 700 °C and a collecting spectrum rate of 10° min−1 from 20° to 70o. 
c) XPS of Ru 3d spectra of RuNi2@G sample treated by different oxidation temperatures in comparison with commercial RuO2, the peaks located at 
the binding energies of 280.3 and 280.9 eV were corresponding to Ru and RuO2 species.[24,32,33] d) Raman spectra and the corresponding intensity ratio 
of D peak and G peak (ID/IG) for RuNi2@G sample treated by different oxidation temperatures.
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destroyed only when the oxidation temperature exceeds 200 °C. 
The Raman spectra show two characteristic peaks of D band 
(1350 cm−1) and G band (1600 cm−1) in Figure  2d. The corre-
sponding intensity ratio (ID/IG) to characterize the concentration 
of defects show that with the increase of oxidation temperature, 
the magnitude of ID/IG also increased, indicating an increase of 
the concentration of defects in the graphene layer. These char-
acterizations indicate the formation of interface between RuO2 
and graphene through a controllable oxidation of RuNi2@G at 
250 °C, suggesting that the lower or higher oxidation tempera-
tures go against the formation of efficient interface. Hence, via 
changing the oxidation temperature, we can effectively control 
the interface between RuO2 and graphene.

A typical three-electrode electrochemical cell was adopted to 
evaluate the OER performance of these RuNiX©G-T catalysts in 
0.5 m H2SO4 solution. As shown in Figure 3a, linear sweep vol-
tammograms (LSV) were carried out to evaluate the OER activity 
of these catalysts compared with the commercial RuO2 refer-
ence. The polarization curves show that RuNi2©G-250 catalyst 
exhibits the best activity with a lower overpotential of 227  mV 
at 10  mA cm−2, significantly better than the commercial RuO2 
of 290 mV (Figure 3a and Figure S5, Supporting Information). 
Besides, RuNi2©G-250 delivers a mass activity of 57.6 mA mg−1 
and a specific activity of 1688.8 mA cm−2 mgRu

−1 at an overpo-
tential of 250 mV, which are 5.7 and 25 times larger than that 
of commercial RuO2 (Figure S6a,b, Supporting Information). 
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Figure 3. Electrocatalytic OER performance test in O2-saturated 0.5 m H2SO4 solution at 25  °C without iR correction and characterizations of 
RuNi2©G-250 before and after durability testing. a) LSV curves of RuNi2©G-250 in comparison with samples treated at different oxidation tempera-
tures and commercial RuO2 at the same mass loading of 0.32 mg cm−2. b) The current densities at 1.7 V versus RHE of RuNi2©G-250 in comparison 
with the RuNi2@G sample treated by different oxidation temperatures; the insert is the schematic diagram of RuNi2@G sample treated by different oxi-
dation temperatures. c) Chronopotentiometric curves for the RuNi2©G-250 and commercial RuO2 at a current density of 10 mA cm−2 at the same mass 
loading of 0.32 mg cm−2 supported on glassy carbon. d) Chronopotentiometric curve obtained with RuNi2©G-250 supported on carbon fiber at a mass 
loading of 3 mg cm−2. e–f) XANES of Ru K-edge and XPS spectra for RuNi2©G-250 supported on carbon fiber before and after 24 h stability testing.
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The Tafel plots in Figure S6c (Supporting Information) present  
a much smaller slope of 65  mV dec−1 for RuNi2©G-250 com-
pared with the slope of 95  mV dec−1 for commercial RuO2. 
Compared to the different catalysts with similar mass loadings, 
RuNi2©G-250 catalyst exhibited high activity at the current 
density of 10  mA cmgeo

−2 (Table S1, Supporting Information), 
making it a promising material for acidic oxygen evolution.

In addition, the oxidation temperature and feed molar ratio 
of Ru and Ni precursors have a significant effect on the OER 
activity. As shown in Figure 3b, the OER activity increases first 
and then decreases with the rise of oxidation temperature, in 
which RuNi2©G-250 possesses the best activity. The reason 
may be that lower oxidation temperature can not destroy the 
graphene shell and thus unable to oxidize the inner core to form 
RuO2. While the higher oxidation temperature over 250 °C leads 
to graphene shell decreased and even disappeared, which can 
not afford to form the unique interface between RuO2 and gra-
phene (insert in Figure 3b). To further prove the beneficial effect 
of interface between RuO2 and graphene for RuNi2©G-250 
catalyst, we prepared a RuNi2Ox sample without graphene shell 
(Figure S7, Supporting Information) and RuO2 physically mixed 
with graphene, and evaluated their OER activity. As shown in 
Figures S8 and S9 (Supporting Information), RuNi2©G-250 
delivers a better activity than the RuNi2Ox sample and RuO2 
physically mixed with graphene, which further reveals the sig-
nificant role of interface Ru centers between RuO2 and gra-
phene. Besides, the feed molar ratio of Ru and Ni precursors 
greatly affects the OER activity (Figure S10, Supporting Infor-
mation), in which the molar ratio of 1:2 delivers the best OER 
activity. It may because that the introduced Ni precursors facili-
tate the growth of graphene, affecting the construction of inter-
face between RuO2 and graphene. These results further validate 
the interface between RuO2 and graphene is a key factor to pro-
mote the oxygen evolution activity in acidic electrolyte.

Besides the activity, the constant current chronopotenti-
ometry was adopted to assess the durability of RuNi2©G-250. 
In the case of commercial RuO2 supported on glassy carbon, 
we found that it deactivated rapidly to a similar activity of the 
glassy carbon reference after around 0.3 h at a current den-
sity of 10 mA cm−2, much inferior to the RuNi2©G-250 at the 
same mass loading (Figure  3c). Further, RuNi2©G-250 was 
supported on carbon fiber to increase the catalyst loading and 
decrease the effect of bubbles on the catalyst surface to assess 
its lifetime. It was found that the RuNi2©G-250 catalyst can cat-
alyze the acidic OER stably for more than 24 h at 10 mA cm−2 
(Figure 3d). The post chronopotentiometry electrolyte analyzed 
by inductively coupled plasma optical emission spectroscopy 
(Table S3, Supporting Information) indicated the Ru dissolution 
percentage relative to the initial mass loading was almost 1.5%, 
indicating a low Ru loss during the acidic OER process. This 
further demonstrates the interface between RuO2 and graphene 
benefits for the stabilization of RuO2 during the acidic OER 
process. Furthermore, Ru K-edge, XPS spectra and XRD anal-
ysis indicate that the electronic structure and valence state of 
Ru in RuNi2©G-250 sample after 24 h stability test almost has 
no change compared with the fresh catalyst (Figure  3e–f, and 
Figures S11,S12, Supporting Information). The unique interface 
between RuO2 and graphene preserved well characterized by 
the HRTEM images in Figure S12 (Supporting Information). 

These results indicate that the unique interface between RuO2 
and graphene of the RuNi2©G-250 efficiently promotes both 
activity and durability of OER in acidic electrolyte.

In order to gain further insights into the nature of 
RuNi2©G-250 towards acidic OER, DFT calculations were 
employed to reveal the active sites and reaction mechanism. 
The graphene nanoflake coating on RuO2 surface structure 
was constructed for modeling the catalyst with different sites 
toward OER (Figure  4a and Figure S13, Supporting Informa-
tion). It is generally agreed that the adsorption energies of 
three intermediates HO*, O*, and HOO* involved in OER 
steps significantly influence the overpotential.[27–31] As shown 
in Figure  4b and Table S4 (Supporting Information), the free 
energies of HO* and O* are slightly stabilized at the interface 
Ru centers due to the non-covalent interaction such as van 
de Waals or electrostatic interaction. More importantly, how-
ever, the free energy of HOO* can be altered in a quite broad 
range. And the free energy of HOO* species can be stabilized 
more significantly than that of O* species after constructing 
the interface Ru centers between RuO2 and graphene, which is 
independent of the different crystal planes of RuO2 (Table S5, 
Supporting Information). Consequently, the classic scaling rela-
tionships between HOO* and HO* can be broken, leading to 
an optimization of the whole OER process. Compared to the 
other sites including the pristine RuO2 site, above graphene 
site and Ru site under graphene etc., the interface Ru centers 
between RuO2 and graphene with armchair edge presented 
the lowest overpotential, showing the best OER activity even 
better than the pristine RuO2, which is in accordance with the 
experimental results (Figure  3a and 4b). Considering some 
nickel dopants may remain in the catalyst although nickel spe-
cies leaching occurs inevitably under the OER acidic conditions 
(Figures S14,S15 and Table S3, Supporting Information), we 
also calculated the Ni-doping effect towards OER. As shown in 
Figure 4b and Table S4 (Supporting Information), the introduc-
tion of Ni into RuO2 make no contribution on the improvement 
of OER activity. All in all, the interface Ru centers between 
RuO2 and graphene with armchair edge is likely the active site. 
This result is coinciding with the experimental trend as shown 
in Figure 3b, where exists an optimal oxidation temperature to 
efficiently construct the interface between RuO2 and graphene.

The free energy profiles were also calculated to investigate the 
nature of the activity difference between RuO2 and RuNi2©G-250. 
Figure  4c shows that the rate-determining step towards acidic 
OER for the interface Ru centers between RuO2 and graphene is 
the conversion of HOO* to O2, while for pristine RuO2 is the con-
version of O* to HOO*. In comparison with the limiting potential 
of 1.82 V for pristine RuO2’s rate-determining step, the interface 
Ru centers between RuO2 and graphene possess a better activity 
with the significantly lower limiting potential of 1.64 V. This result 
implies that the interface Ru centers can efficiently reduce the 
limiting potential and enhance the acidic OER activity.

Furthermore, the differential charge density of the interface Ru 
centers between RuO2 and graphene was adopted to rationalize 
the improved oxidation and corrosion resistance of RuNi2©G-250 
catalyst observed in the experiments. It is found that the RuO2 
gains a considerable amount of charge (1.2 e per cell) from the 
graphene (Figure 4d), which implies that the graphene could act 
as an electron reservoir to donate electrons to RuO2 surface and 

Adv. Mater. 2020, 32, 1908126



© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1908126 (6 of 7)

www.advmat.dewww.advancedsciencenews.com

Adv. Mater. 2020, 32, 1908126

thus enhance the resistance to over-oxidation and corrosion for 
RuO2. Hence, the interface between RuO2 and graphene not only 
efficiently boost the acidic OER activity, but also make an impor-
tant contribution on the improvement of stability.

In summary, the interface Ru centers between RuO2 and gra-
phene were precisely constructed to enhance the electrocatalytic 
OER performance in an acidic electrolyte. The optimized catalyst 
RuNi2©G-250 exhibited superior electrocatalytic activity com-
pared with the commercial RuO2, and a significant enhancement 
of lifetime exceeding 24 h durability test in 0.5 m H2SO4. Density 
functional theory calculations reveal that the interface Ru centers 
between RuO2 and graphene can break the classic scaling rela-
tionships between the free energies of HOO* and HO* to 
reduce the limiting potential, rendering an enhancement in 
the intrinsic OER activity and resistance to over-oxidation and 
corrosion for RuO2. The approach of constructing interface is 
general and may hold promise for other oxygen-evolution cata-
lysts or, more broadly, to other reactions limited by intermediate 
adsorption-energy scaling relationships. These findings also pave 
an efficient way for rational design of electrocatalysts with highly 
catalytic activity and stability operated under harsh conditions.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 4. Theoretical interpretation of the activity and stability of OER over interface Ru centers between RuO2 and graphene. a) The catalytical reaction 
circle and the active sites for interface Ru centers. The red, gray, white, and blue balls represent O, C, H, and Ru atoms, respectively. b) The calculated 
overpotential (η) against the free energy of O* (ΔGO*) and HOO* (ΔGHOO*) on different active sites: a pristine RuO2 site, interface Ru centers, a Ru 
site under graphene or graphene oxide, and a Ru site adjacent to Ni (Ru adjacent to Ni); P1–P4 represent the graphene with different degrees of oxida-
tion, and d1.5–d3.0 represent the different heights between graphene and RuO2. c) Free energy profiles for the OER over RuO2 and interface Ru centers 
between RuO2 and graphene with armchair edge at zero potential (U = 0). d) Differential charge density at the interface Ru centers between RuO2 and 
graphene. Yellow and blue contours represent electron accumulation and depletion, respectively. The isovalue is set to be 0.004 a.u.
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