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A B S T R A C T   

Development of high-efficiency electrocatalysts for pH-universal overall water splitting is a critical step towards 
a sustainable hydrogen economy. Herein, graphene nanocomposites with Ru-RuO2 Mott-Schottky hetero
junctions (Ru-RuO2@NPC) are prepared pyrolytically and exhibit a remarkable electrocatalytic activity at pH =
0–14 towards both oxygen/hydrogen evolution reactions and overall water splitting, as compared to commercial 
RuO2 and Pt/C. Ru-RuO2@NPC can also be used as an effective air cathode catalyst for flexible, rechargeable 
zinc-air batteries. Density functional theory calculations show that the formation of Ru-RuO2 heterojunctions 
moderately enhances the surface charge density of metallic Ru and brings the d states closer to Fermi level, as 
compared to that of RuO2 alone, leading to improved intrinsic electrocatalytic activity towards these important 
reactions. These results demonstrate the significance of Mott-Schottky heterojunctions in the development of 
high-efficiency electrocatalysts for various new energy technologies.   

1. Introduction 

Electrochemical water splitting to produce H2 and O2 represents a 
promising technology to mitigate the aggravated energy crisis and 
environmental problems arising from the combustion of fossil fuels, as 
hydrogen possesses a high gravimetric energy density (142 MJ kg-1) and 
is an ideal alternative energy source [1–3]. In such water electrolysis, 
effective catalysts are needed for both the hydrogen evolution reaction 
(HER) at the cathode and oxygen evolution reaction (OER) at the anode, 
so as to achieve a high current density in actual use [4,5]. This is 
particularly challenging for OER, primarily due to the complex reaction 
pathways and sluggish electron-transfer kinetics [6]. Early studies have 
been mostly focused on catalysts for either the HER or OER half reaction 
in a particular solution medium (i.e., acidic or alkaline), whereas 

pH-universal, bifunctional catalysts have remained scarce [7–9]. 
Therefore, development of high-performance catalysts that are active for 
both HER and OER in a wide range of pH is of fundamental significance 
in the practical implementation of such technologies [10,11]. Currently, 
platinum (Pt) and iridium (Ir) based nanoparticles are the benchmark 
electrocatalysts for HER and OER, respectively [12,13]. However, the 
low natural reserves and high costs of these noble metals significantly 
limit their wide-spread applications [14]. In recent years, 
earth-abundant transition metals have attracted extensive attention; yet 
their activity and durability have remained subpar, as compared to the 
commercial benchmarks [15]. Within this context, less expensive noble 
metals, such as Ru, have been recognized as promising electrocatalysts, 
due largely to the competitive prices (e.g., ca. $40 per ounce for Ru, as 
compared to ca. $1000 for Pt and $500 for Ir) and electrocatalytic 
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performances. This is mainly driven by the similar electronic energy 
structures of Ru and RuO2 to those of Pt and IrO2 [16,17]. 

Nevertheless, several issues are difficult to ignore. For example, 
metallic Ru has shown good catalytic activity towards HER, but limited 
towards OER, while RuO2 is far more active towards OER but not so 
much for HER [18,19]. Therefore, an immediate question arises. Can a 
Ru-RuO2 heterostructure serve as effective bifunctional catalysts to
wards both HER and OER? 

Notably, surface and interfacial engineering has been demonstrated 
as an effective strategy to manipulate the electrochemical performance 
of metal catalysts, and formation of metal-semiconductor Mott-Schottky 
(M-S) heterojunctions represents a unique strategy [20]. This is mainly 
due to electron transfer that occurs spontaneously at the heterojunction 
interface, and the resulting charge redistribution is conducive to the 
electron-transfer reactions at the electrode surface [20]. Mechanisti
cally, the built-in electric field promotes local charge polarization in the 
heterojunction interface, and greatly improves the adsorption of the 
critical reaction intermediates, leading to enhanced electrocatalytic 
activity [21]. For instance, Li et al. [22] prepared Co/CoP M-S nano
particles as efficient catalysts for both HER and OER. In another study 
[23], Ding et al. demonstrated the significance of enhanced electron 
transfer and mass transport of a jellyfish-like M-S nanostructure in 
catalyzing oxygen reduction reaction (ORR), where spontaneous elec
tron transfer from Fe to N-doped carbon at the heterojunction interface 
was found to boost the electron-transfer reaction on the electrode sur
face. Liu et al. proposed a self-gating mechanism to account for the 
electronic conduction modulation of semiconductors during electro
catalysis, and argued that the type of semiconductor catalyst (i.e., n or p 
type) is closely related to the electrocatalytic activity towards specific 
reactions [24]. However, the intrinsic mechanism of the electrocatalytic 
activity of these M-S heterojunctions has remained largely unexplored, 
although the activity has been known to be correlated to the electron 
density and d-band structure of the active centers [20,21]. 

In the present study, motivated by results from density functional 
theory (DFT) calculations, functional nanocomposites were prepared via 
direct thermal annealing of N,P-codoped reduced graphene oxide 
nanosheets with ruthenium(III) chloride (RuCl3) and thiourea (CH4N2S), 
where Ru-RuO2 M-S nanoparticles were deposited on the nanosheet 
surface. The resulting Ru-RuO2@NPC nanocomposites exhibited excel
lent electrocatalytic activity towards both HER and OER within a wide 
range of pH and could serve as effective bifunctional catalysts for overall 
water splitting and as reversible oxygen catalysts for flexible zinc-air 
battery. This was largely ascribed to charge transfer at the Ru-RuO2 
M-S heterojunctions, such that the d-band center (Ed) at the interface fell 
in the intermediate between those of Ru and RuO2, an optimal condition 
for the adsorption and desorption of key reaction intermediates (e.g., 
*H, *O, *OH, and *OOH). 

2. Experimental section 

2.1. Synthesis of Ru-RuO2@NPC nanocomposites 

Experimentally, graphene oxide nanosheets were first synthesized by 
following a literature procedure [25]. Two separate solutions were then 
prepared, one with 0.123 mmol of phytic acid dispersed into 10 mL of 
deionized water, and the other with 0.123 mmol of RuCl3⋅H2O dissolved 
also in 10 mL of deionized water. These two solutions were mixed under 
vigorous stirring, into which was added 90 mg of the graphene oxide 
dispersion in 20 mL of deionized water and 1 g of dicyandiamide. The 
solution pH was adjusted to neutral with sodium bicarbonate. The 
resulting solution was then loaded into a 50 mL Teflon-lined stain
less-steel autoclave, which was sealed and heated at 150 ◦C for 6 h. The 
obtained gel-like product was collected and thermally treated in a tube 
furnace at 800 ◦C for 2 h under an Ar atmosphere. The resulting sample 
was denoted as Ru-RuO2@NPC. 

Three control samples were also prepared in the same manner with 

different modifications. RuO2@NPC was obtained with the precursor 
solution pH increased to 9, Ru@NPC was synthesized at a lower pH of 5 
with thermal annealing conducted in a mixed atmosphere of Ar (90%) 
and H2 (10%), and NPC was produced without the addition of RuCl3. 

2.2. Characterization 

Transmission electron microscopy (TEM) measurements were con
ducted on a Tecnai G2-F20 microscope equipped with an EDS detector at 
an acceleration voltage of 100 kV. Scanning electron microscopy (SEM) 
measurements were conducted with a field-emission scanning electron 
microscope (S-4800, Hitachi). X-ray absorption spectroscopy (XAS) 
measurements were performed in the Shanghai Synchrotron Radiation 
Facility in the fluorescence mode at room temperature (298 K). X-ray 
photoelectron spectroscopy (XPS) measurements were performed on a 
Phi X-tool instrument. X-ray diffraction (XRD) patterns were recorded 
with a Bruker D8-Advance diffractometer using Cu Kα radiation. Nitro
gen adsorption/desorption isotherms were acquired at 77 K using a 
Micromeritics ASAP 2010 instrument. Raman spectroscopic studies 
were conducted with a Renishaw inVia instrument. Inductively coupled 
plasma optical emission spectrometry (ICP-OES) analysis was performed 
with a SPECTROBLUE SOP instrument. Hydrogen-temperature pro
grammed desorption (H2-TPR) experiments were carried out in a quartz 
microreactor using 50 mg of the sample with an AutoChem II 2920 in
strument at the heating rate of 10 K min-1 in a 10% H2/Ar mixture (30 
mL min-1) from room temperature to 1023 K. 

2.3. Electrochemistry 

All electrochemical tests were performed under ambient conditions. 
OER, HER and ORR tests were conducted in a three-electrode set-up, and 
overall water splitting was performed in a two-electrode system with a 
CHI 750E electrochemical workstation in different aqueous solutions 
(1.0 M KOH, 0.5 M H2SO4, 0.01 M phosphate buffer solution (PBS), and 
0.1 M KOH). A rotating ring-disk electrode (RRDE) with a glassy carbon 
disk and gold ring was used as the working electrode. A Ag/AgCl elec
trode (3 M KCl) and a carbon rod were used as the reference and counter 
electrode, respectively. 

To prepare the working electrode, 4 mg of the catalysts prepared 
above was dispersed in 1 mL of a 5% Nafion solution in ethanol under 
sonication for 0.5 h. Then, 20 μL of the catalyst ink was dropcast onto the 
surface of the glassy carbon electrode (GCE) at a catalyst loading of 
0.408 mg cm-2. OER and HER measurements were carried out in 0.5 M 
H2SO4, 1.0 M KOH and 0.01 M PBS aqueous solutions. In electro
chemical measurements, the Ag/AgCl reference electrode was calibrated 
with respect to a reversible hydrogen electrode (RHE), and all potentials 
reported in the present study were referenced to this RHE. 

2.4. Fabrication of zinc–air batteries 

To assemble liquid-phase Zn− air batteries, a piece of carbon fiber 
paper with a gas diffusion layer on the air-facing side and a catalyst layer 
on the water-facing side was used as the air diffusion cathode, a polished 
Zn plate (0.3 mm in thickness, and 2 cm2 in area) as the anode, and a 
solution of 0.2 M zinc acetate and 6.0 M KOH as the electrolyte. The 
catalyst ink was sprayed onto the carbon fiber paper at a mass loading of 
2 mg cm–2. 

Solid-state Zn− air batteries were constructed by using a zinc foil 
(thickness 0.1 mm) as the anode, and a poly(vinyl alcohol) (PVA) gel 
polymer as the solid electrolyte. The PVA gel polymer was prepared by 
mixing 5.0 g of PVA powder with 50 mL of H2O under continuous stir
ring at 90 ◦C until a transparent gel was obtained, followed by the 
addition of 5 mL of 6 M KOH and 0.2 M zinc acetate. After 30 min’s 
stirring, the gel was transferred into a petri dish, cooled in a commercial 
freezer at − 25 ◦C for 24 h, and then thawed at room temperature. Lastly, 
a shrinking tube with many holes was used as the package of the flexible 
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batteries. 

2.5. Computational methods 

DFT calculations were performed with the open-source planewave 
code, Quantum Espresso [26]. The generalized gradient approximation 
and projector augments wave pseudopotentials with the exchange and 
correlation in the Perdew–Burke–Ernzerhof were used in all calcula
tions, with the plane-wave cutoff energy fixed at 400 eV. The conver
gence of forces and energy on each atom during structural relaxation 
were set to 0.04 eV Å− 1 in force and 10− 6 eV in energy, respectively. The 
Brillouin zone was sampled with a 3 × 2 × 1 Monkhorst-Pack k-point 
grid [27]. The vacuum space along the z-direction was more than 15 Å, 
large enough to avoid interplanar interactions. The unit cell of Ru was in 
the P-63/mmc symmetry group, whereas Pnnm for RuO2. The hetero
geneous interface model was constructed by Ru(100) and RuO2(101) 
with an matching error less than 5%. For computing the hydrogen and 
OER adsorption energy, layer slab models of pure Ru, pure RuO2, and 
Ru-RuO2 heterojunction were constructed, respectively. For geometric 
optimization of all slab models, the top two layers were allowed to relax. 

The computational hydrogen electrode was used to obtain adsorp
tion energies for each state [28,29]. The four-electron OER pathway can 
be summarized by the following four elementary steps,  

* + H2O(l) → *OH + e- + H+ (1)  

*OH → *O + e- + H+ (2)  

*O + H2O(l) → *OOH + e- + H+ (3)  

*OOH → * + O2(g) + e- + H+ (4) 

where the * stands for an active site on the catalyst surface, and l and g 
refer to liquid and gas phases, respectively, and *OH, *O and *OOH are 
adsorbed oxygenated intermediates. 

The free energy of hydrogen adsorption on Ru(001), RuO2(110), and 
Ru/RuO2 hybrid nanostructure were calculated by using the following 
equations, 

ΔG = ΔEH∗ + ΔEZPE − TΔS (5)  

ΔEH∗ = E(surface+H∗) − (EH∗+Esurface) (6)  

where E(surface+H∗) and Esurface denote the energy of substrates with an 
adsorbed H atom and the energy of bare substrates, EH∗ denotes half of 
the energy of H2, ∆EZPE is the variation in zero-point energies and ∆S is 
the change in entropy before and after the reaction. T is temperature and 
equals to 298 K. Therefore, the free energy of the adsorbed state can be 
taken as ΔG = ΔEH∗ + 0.24eV. 

3. Results and discussion 

3.1. Theoretical study of Ru-RuO2 M-S heterojunctions 

DFT calculations were first carried out to examine the impacts of the 
formation of Ru-RuO2 M-S heterojunctions on the adsorption energy of 
important reaction intermediates. The Ru(100)/RuO2(101) interface 
was used as the illustrating model (Fig. 1a). From the calculated density 
of states (DOS) (Fig. 1b), one can see that the heterostructure manifests 
metallic characters with a zero-band gap, and the Ru d-states are closer 
to the Fermi level (EF), as compared to pristine RuO2 (Fig. 1c). In fact, 
the d band center of the heterojunction (Ed = − 3.28 V) can be seen to 
fall in the intermediate between those of metallic Ru (Ed = − 3.10 V) and 
RuO2 (− 3.33 V) alone. As metallic Ru is the presumed active sites for 
HER [17], this suggests that the formation of a Ru-RuO2 heterojunction 
leads to weakened adsorption of important reaction intermediates (e.g., 
H, and O) and may effectively enhance the catalytic activity, as 
compared to Ru metal alone. 

The OER performance is likely to be enhanced as well, where RuO2 
has been recognized as an active component [19,30]. As orbital hy
bridization occurs between Ru and Ru-O at the interface, the d-band 
center is up-shifted (with a broadened d-band), as compared to RuO2 
alone (Fig. 1c). This can be understood by the unique coordination 
chemistry of the Ru centers within the framework of crystal field theory 
[31]. From Fig. 1d, one can see that the Ru in RuO2 is coordinated to six 

Fig. 1. (a) Schematic illustration of the atomic structure of Ru metal. (b) Density of states (DOS) of a Ru-RuO2 heterojunction. (c) Projected DOS and d band of RuO2 
and Ru-RuO2. (d) Orbital hybridization between Ru and Ru-O atoms. (e) Schematic of bond formation of adsorbates on catalyst surfaces. 
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O atoms, forming an octahedral structure in D3h symmetry; and the five 
4d-orbitals of the Ru atom split into two groups, i.e., (dxy, dxz, dyz) and 
(dx2-y2, dz2). When intermediates adsorb onto the metal sites, the 
coupling between the adsorbate valence states and the Ru d orbitals 
leads to the splitting into bonding and antibonding states (Fig. 1e). The 
bonding states are typically completely filled as their energies are 
markedly lower than EF, whereas the electron filling of the antibonding 
states, and hence the adsorption strength, depends on the energy relative 
to EF.[32] Since the antibonding states generally exhibit a higher energy 
than the d states, the d band center is a good descriptor of the 
adsorbate-metal interaction. The up-shift of the d band energy of the 
Ru-RuO2 heterostructure, as compared to that of pristine RuO2, in
dicates that the antibonding energy states rise and the interaction be
tween adsorbates and hetero-interface is strengthened, a critical step 
towards enhanced OER [31]. 

Taken together, results from these DFT calculations show that the M- 
S heterojunction of Ru-RuO2 leads to the formation of an appropriate d- 
band center that is conducive to both HER and OER electrocatalysis, as 
compared to pristine Ru and RuO2. This is indeed confirmed by exper
imental measurements, as detailed below. 

3.2. Sample preparation and structural characterization 

The fabrication process of the Ru-RuO2@NPC composites is sche
matically illustrated in Fig. 2. Experimentally, phytic acid and dicyan
diamide were first cross-linked in solution, and the obtained compounds 
were coordinated with RuCl3 and dispersed in a graphene oxide solution 
under stirring. The solution pH was adjusted to neutral (pH ≈ 7) by the 
addition of NaHCO3, prior to hydrothermal treatment at 150 ◦C for 6 h. 
XRD studies (Fig. S1) suggest that RuO2 was generated during this 
process due to hydrolysis of part of the Ru3+ species. The products were 
then collected and subject to thermal annealing in an Ar atmosphere at 
800 ℃ for 2 h, affording Ru-RuO2@NPC. During this process, the 
continuous decomposition of dicyandiamide and phytic acid was 
accompanied by the release of nitrogen- and phosphorus-containing 
gases, leading to the generation of a porous carbon scaffold embedded 
with Ru-RuO2 M-S nanoparticles. 

When the pH of the precursor solution was increased to 9, the final 
product (RuO2@NPC) contained only RuO2 nanoparticles, but no 
metallic Ru, likely due to complete hydrolysis of Ru3+ into RuO2. In 
contrast, when the precursor solution pH was decreased to 5 and ther
mal annealing was conducted in a mixed atmosphere of Ar (90%) and H2 
(10%), the obtained composite (Ru@NPC) contained only metallic Ru 
nanoparticles, but no RuO2 (Fig. S1). 

The structures of the Ru-RuO2@NPC nanocomposites were first 
characterized by SEM measurements. From Fig. S2, the Ru-RuO2@NPC 
nanocomposites can be seen to exhibit a sheet-like morphology 
composed of wrinkled graphene flakes (ca. 1.0 ~ 2.0 µm in length). In 
TEM measurements (Fig. 3a), one can see that the (low-contrast) gra
phene flakes were predominantly of few layers in thickness, contained 

abundant mesopores and in-plane cavities, and were decorated with a 
number of (dark-contrast) nanoparticles that exhibited a diameter 
mostly in the range of 3–15 nm (Fig. 3a inset). In high-resolution TEM 
measurements (Figs. 3b, 3d and S3), the nanoparticles can be seen to 
consist of twin nanocrystals that are in intimate contact, both with 
clearly-defined lattice fringes but a slightly different electron density 
and interplanar spacing. The lighter part exhibited an interplanar 
spacing of 0.254 nm, corresponding to the (101) facets of RuO2 (JCPDS 
no. 01-088-0323), whereas the darker one showed a spacing of 0.234 
and 0.205 nm, in good agreement with the Ru(100) and (101) facets, 
respectively (JSPDS no. 06–0663). These results suggest the formation 
of Ru-RuO2 M-S heterojunctions. Consistent results were obtained in 
selected area electron diffraction (SAED) measurements (Fig. 3c), where 
the (202) and (211) diffraction patterns of both Ru and RuO2 can be 
clearly resolved. 

Further structural insights were obtained in XRD meausrements. 
From Fig. S4, the sample series (i.e., NPC, Ru@NPC, RuO2@NPC, and 
Ru-RuO2@NPC) can all be seen to display a broad peak centered at 2θ 
= 25.5◦, arising from the graphitic carbon (002) crystal planes. This is 
consistent with the lattice fringes in Fig. 3b inset that display a d-spacing 
of 0.350 nm, indicating successful formation of highly graphitized car
bon [33]. Ru@NPC displayed a series of additional diffraction peaks at 
2θ = 38.4◦, 42.2◦, 44.0◦, 58.3◦, 69.4◦, 78.3◦, 84.7◦ and 85.9◦ that can be 
indexed to the (100), (002), (101), (102), (110), (103), (200), (112) and 
(201) planes of crystalline Ru (JSPDS no. 06-0663), respectively 
(Fig. S4b), whereas RuO2@NPC featured peaks at 2θ = 35.2◦, 54.9◦, 
66.5◦ and 74.2◦ (Fig. S4b) that are attributable to the (101), (121), (221) 
and (131) lattice planes of RuO2 (JCPDS no. 01-088-0323), respectively. 
These patterns can all be seen with the Ru-RuO2@NPC sample 
(Fig. S4a), consistent with the successful formation of Ru-RuO2 M-S 
heterojunctions in the nanocomposites. 

The elemental composition of the Ru-RuO2@NPC sample was then 
evaluated by EDS-based mapping analysis, where the elements of Ru, P, 
N, O and C can be clearly identified (Fig. 3e). Notably, N, O and P 
exhibited a fairly even distribution throughout the sample (similar to 
NPC alone, Fig. S5), suggestive of homogeneous doping of these ele
ments into the carbon matrix, whereas Ru was far more localized, 
coinciding with the isolated Ru-RuO2 nanoparticles on the carbon 
nanosheet surface. 

The coordination environment and electronic structure of the 
nanocomposites were then analyzed by X-ray absorption near-edge 
structure (XANES) and extended X-ray absorption fine structure 
(EXAFS) studies. From the normalized Ru K-edge XANES spectra in  
Fig. 4a, one can see that Ru-RuO2@NPC, RuO2 and Ru foil all displayed a 
similar absorption edge, white line, and post-edge oscillations, sug
gesting a rather consistent atomic structure and chemical states of the 
ruthenium atoms in the samples. However, from the zoom-in region of 
22075 to 22150 eV (inset to Fig. 4a), it can be seen that the edge energy 
varies in the order of Ru foil < Ru-RuO2@NPC < RuO2, suggest that the 
average Ru valence state in Ru-RuO2@NPC fell in between those of 

Fig. 2. Schematic depiction of the synthesis of Ru-RuO2@NPC nanocomposites.  
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Fig. 3. (a, b) Representative TEM images and (c) SAED patterns of Ru-RuO2@NPC. (d) High-resolution TEM image of the selected area in panel (b). (e-1) TEM image 
of Ru-RuO2@NPC and the corresponding elemental maps of (e-2) C, (e-3) O, (e-4) P, (e-5) N, and (e-6) Ru. Inset to (a) is the corresponding core-size histogram of the 
Ru-RuO2@NPC. Inset to (b) is a zoom in of the lattice fringes. 

Fig. 4. (a) Ru K-edge XANES spectra and (b) Fourier transforms of the Ru K-edge EXAFS oscillations of Ru-RuO2@NPC and reference samples (Ru foil and RuO2). (c) 
WT-EXAFS of Ru foil, Ru-RuO2@NPC and RuO2. (d) High-resolution XPS spectra of the Ru 3p electrons in Ru@NPC, RuO2@NPC and Ru-RuO2@NPC, and (e) the 
corresponding surface charge density. 
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metallic Ru and RuO2. The corresponding R space profiles via Fourier 
transforms (FTs) of the EXAFS spectra are displayed in Fig. 4b. One can 
see that the peak at 2.39 Å for Ru-Ru (Ru foil) and that at 1.57 Å for Ru- 
O (RuO2) can both be identified with the Ru-RuO2@NPC composite, 
suggesting a hybrid structure within the latter sample. 

Consistent results were obtained in wavelet transform (WT) analysis. 
From Fig. 4c, both the Ru foil and RuO2 can be seen to exhibit an in
tensity maximum in the WT contour plot, at 9.8 Å-1 for the former (Ru- 
Ru coordination) and 5.5 Å-1 for the latter (Ru-O coordination). By 
contrast, the intensity maximum of the Ru-RuO2@NPC sample appeared 
at a somewhat different position of 9.0 Å-1, in the intermediate between 
those of Ru and RuO2, again, confirming the formation of a hybrid 
structure within the composite (which likely entails a major component 
of Ru and a minor one of RuO2, as suggested in Fig. 3d and confirmed 
below). 

The surface elemental composition and valence states of the nano
composites were investigated by XPS measurements. As shown in 
Fig. S6, the C 1 s, O 1 s, N 1 s and P 2p peaks can be readily identified in 
the carbon scaffold (NPC), while in Ru-RuO2@NPC, a clearly-defined Ru 
3p peak appears at ca. 781.4 eV. Quantitative analysis of the integrated 
peak areas shows that the Ru-RuO2@NPC nanocomposite consisted of 
85.3 at% of C, 3.8 at% of N, 8.5 at% of O, 0.4 at% of P and 2.0 at% of 
Ru. This is in good agreement with results obtained from EDS mea
surements (Fig. S7), although the Ru content (2.0 at% or 14.2 wt%) was 
somewhat lower than that from ICP-OES measurements (17.2 wt%). 

From the high-resolution scan of the Ru 3p electrons in Ru- 
RuO2@NPC (Fig. 4d), two doublets can be deconvoluted, one at 461.9/ 
484.1 eV and the other at 463.7/485.8 eV, due to the 2p3/2 and 2p1/2 
electrons of Ru(0) and Ru(IV), respectively, in good agreement with the 
results presented above where the sample consisted of a Ru and RuO2 
hybrid [18,34–36]. Note that the binding energies of the Ru(0) doublet 
are ca. 0.2 eV higher than those of Ru@NPC, whereas the binding en
ergies of the Ru(IV) doublet exhibit a negative shift of 0.3 eV, as 
compared to those of RuO2@NPC. This suggests a reduced electron 
density of the metallic Ru component in Ru-RuO2@NPC as compared to 
Ru@NPC, while the RuO2 species in Ru-RuO2@NPC was somewhat 
electron-richer than RuO2@NPC, most probably as a result of the for
mation of an M-S heterojunction (Fig. 1 and 3) that led to effective 
interfacial charge transfer from Ru to RuO2 [37] In addition, from 
Fig. 4d, the contents of Ru and RuO2 in the Ru-RuO2@NPC hybrid were 
estimated to be ca. 1.62 and 0.38 at%, respectively, i.e., a Ru:RuO2 
molar ratio of ca. 4.3. Note that whereas H2-TPR measurements sug
gested the existence of RuO2 on the surface of Ru@NPC, the content was 
markedly lower than that on Ru-RuO2@NPC (Fig. S8). This is likely the 
reason why it was not resolved in XPS measurements. 

DFT calculations show a consistent variation of the surface charge 
density and density of states (Fig. 4e). On the pristine RuO2 surface 
(bottom panel), the O atoms are electron-enriched because each surface 
Ru atom contributes ~4.0 electrons to its neighboring O atoms, ac
cording to Bader charge analysis. After the formation of a heterojunction 
with Ru metal (middle panel), the electron density of O is further 
increased, due to charge transfer from the electronegative Ru to the 
neighboring O and Ru4+ sites. Indeed, the Ru sites are obviously 
electron-deficient, as compared to the pristine Ru surface (top panel). 
Such interfacial interactions between Ru and RuO2 in the M-S hetero
structure are anticipated to impact the adsorption of important reaction 
intermediates and hence the electrocatalytic activities in various re
actions (vide infra). 

Fig. S9a shows the high-resolution scan of the Ru 3d and C 1 s 
electrons of the Ru-RuO2@NPC composite, and data for other samples 
are shown in Fig. S10-S13. The doublet at 280.5/284.9 eV can be 
assigned to the Ru 3d3/2/3d5/2 electrons [38,39]. The peak at 284.8 eV 
is attributed to sp2-hybridized C of graphene, while those at 286.2 and 
288.4 eV are due to C-N/C-P/C-O and O-C––O, respectively [40]. The 
corresponding high-resolution scan of the N 1 s electrons is shown in 
Fig. S9b, where deconvolution yields four peaks at 398.6, 400.0, 401.4 

and 403.9 eV, due to pyridinic N, pyrrolic N, graphitic N and oxidized N, 
respectively, indicating successful incorporation of N atoms into the 
carbon skeletons [41]. Similarly, from the P 2p spectrum in Fig. S9c, two 
sub-peaks can be resolved at 133.6 eV for P-O and 132.5 eV for P-C, 
suggesting the successful doping of P into the N-doped carbon frame
work. By contrast, no Ru-P peak is detected at about 130 eV, implying 
that P was not doped into the Ru nanoparticles during the synthetic 
process [42,43]. In the O 1 s spectrum (Fig. S9d), three peaks can be 
resolved at 531.2, 532.6 and 533.3 eV, and ascribed to C––O, C-O and 
O-H, respectively, whereas a fourth peak at 529.8 eV is attributed to 
lattice oxygen (OLat) from RuO2 [44]. Note that the N and P contents 
(3.8 at% and 0.4 at%) in Ru-RuO2@NPC were rather consistent with 
those (4.5 at% and 0.4 at%) of the metal-free NPC (Fig. S5f and S10, and 
Table S1). 

The specific surface area and pore size distribution of the Ru- 
RuO2@NPC nanocomposites were then evaluated by nitrogen adsorp
tion/desorption measurements (Fig. S14). The Ru-RuO2@NPC sample 
showed a type-IV N2 adsorption–desorption isotherm, with a specific 
surface area of 212.0 m2 g-1, and pore diameters in the range of 
2.0–40.0 nm, similar to those of NPC (258.0 m2 g-1). This indicates that 
the structure of the carbon scaffold remained essentially unchanged 
before and after the addition of Ru. The formation of the carbon skele
tons was further confirmed by Raman spectroscopic measurements, 
where the D and G bands can be clearly observed in both NPC and Ru- 
RuO2@NPC at ca. 1350 and 1578 cm− 1, respectively (Fig. S15). The 
ratio of the D and G band intensities (ID/IG) was also very close at 1.28 
for NPC and 1.24 for Ru-RuO2@NPC. 

3.3. Trifunctional electrocatalytic activity 

The HER and OER electrocatalytic activities of Ru-RuO2@NPC were 
then examined by electrochemical measurements in a standard three- 
electrode configuration in electrolytes at widely different pH, 0.5 M 
H2SO4 (pH = 0), 1.0 M KOH (pH = 14) and 0.01 M PBS (pH = 7.5). We 
first investigated the OER activity in acidic media. From Fig. 5a, one can 
see that in comparison to the metal-free NPC, Ru@NPC and commercial 
RuO2 exhibited only minimal activity, Ru-RuO2@NPC and RuO2@NPC 
were far more active, and Ru-RuO2@NPC is obviously the best among 
the series. In fact, one can see that the Ru-RuO2@NPC hybrid needed an 
overpotential (η10,OER) of only 170 mV to reach the current density of 
10 mA cm-2, which is drastically lower than those of commercial RuO2 
(390 mV), RuO2@NPC (260 mV), Ru@NPC (483 mV), and NPC (more 
than 600 mV) (Fig. 5a). To the best of our knowledge, the η10,OER of the 
Ru-RuO2@NPC sample is the lowest in acidic media among relevant 
OER electrocatalysts reported so far (Table S2). The Ru-RuO2@NPC 
nanocomposite also shows the best activity in alkaline (η10,OER =

190 mV, Fig. 5b) and neutral (η10,OER = 440 mV, Fig. 5c) media. These 
results are also summarized in Fig. 5d (left). 

Moreover, Ru-RuO2@NPC shows a Tafel slope of 47 mV dec-1 in 
acidic media (Fig. S16a), which was much smaller than those of 
RuO2@NPC (64 mV dec-1), Ru@C (242 mV dec-1), NPC (406 mV dec-1), 
and commercial RuO2 (269 mV dec-1). A similar trend can be seen in 
alkaline media (Fig. S16b), suggesting favorable electron-transfer ki
netics in these two electrolyte media. In neutral electrolyte, Ru- 
RuO2@NPC also showed better kinetics than other samples (Fig. S16c). 
Consistent results were obtained in electrochemical impedance spec
troscopy (EIS) measurements (Fig. S17), where Ru-RuO2@NPC can be 
seen to display a smaller semicircle (charge-transfer resistance, RCT) 
than commercial RuO2 in all three electrolyte solutions. 

Significantly, Ru-RuO2@NPC also possessed high OER stability, as 
confirmed by chronoamperometric tests, where the current diminish
ment was markedly lower than that of commercial RuO2 over a wide pH 
range of 0–14 (Fig. S18). This suggests enhanced stability of the heter
ostructured composites, as compared to the Ru or RuO2 counterparts. 
Such an excellent OER performance may be due to the combined con
tributions of the electronic regulation of the M-S heterostructure in 
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Ru–RuO2 nanoparticles (Fig. 1), and the synergy between the hybrid 
nanoparticle and the carbon substrate. 

Interestingly, Ru-RuO2@NPC also shows significant electrocatalytic 
activity towards HER in the wide range of pH. In 0.5 M H2SO4 (pH = 0), 
Ru-RuO2@NPC displayed a small onset potential of − 23 mV (vs. RHE, 
at the current density of 1 mA cm-2) (Fig. 5e) and an overpotential (η10, 

HER) of only − 68 mV at 10 mA cm-2. The latter is only 10 mV more 
negative than that of Pt/C (− 58 mV), but markedly better than those of 
Ru@NPC (− 137 mV) and NPC (− 395 mV), and among the lowest ever 
reported for HER by relevant catalysts (Table S2). This signifies the 
importance of Ru-RuO2 M-S heterojunctions in boosting the HER elec
trocatalysis. Similar behaviors were observed in alkaline (Fig. 5f) and 
neutral media (Fig. 5g) [45,46]. 

Consistent results were obtained in Tafel analysis of the HER kinetics 
(Fig. S19), where Ru-RuO2@NPC exhibited a Tafel slope of 56 mV dec-1 

in acidic media (Fig. S19a), much smaller than that of Ru@NPC (113 mV 
dec-1) and NPC (163 mV dec-1), but larger than that of Pt/C (39 mV dec- 

1) [47]. In 1.0 M KOH (Fig. S19b), the Ru-RuO2@NPC sample shows a 
slightly higher Tafel slope of 73 mV dec-1, indicating a similar reaction 
pathway. However, in neutral 0.01 M PBS (Fig. S19c), the Tafel slope is 
closed to 113 mV dec-1, implying that HER was largely dictated by the 
Volmer reaction (discharge step). 

The Ru-RuO2@NPC nanocomposite also exhibited excellent stability 

in HER electrocatalysis. As shown in Fig. S20, the HER polarization 
curve remained almost unchanged after 2000 cycles; and there is no 
apparent decay of the current at the fixed operating potential of 
− 100 mV for more than 10 h by chronoamperometric measurements in 
acidic, neutral and alkaline media, in comparison to Pt/C (Fig. S21). In 
fact, the sample structure remained largely unchanged, as attested by 
XRD, XPS and Raman measurements (Fig. S22). In contrast, apparent 
structural variations were observed with Ru@NPC and RuO2@NPC after 
the long-term stability tests, (Fig. S23), where part of the Ru4+ on the 
RuO2@NPC surface was found to be reduced to metallic Ru during HER, 
and there was a serious Ru dissolution from Ru@NPC during OER. In EIS 
measurements, the Ru-RuO2@NPC nanocomposite also possesses a 
smaller RCT than others in the series across this wide range of pH 
(Fig. S24). It is worth noting that the catalytic activity is even better than 
the results of most leading catalysts based on noble metals, non-noble 
metals and nonmetallic catalysts reported recently in the literature 
(Table S2). 

In the above measurements, one can see that (i) the Ru-free NPC 
exhibited only negligible catalytic activities towards OER and HER, 
suggesting minimal contributions from heteroatom doping to the re
actions; (ii) the HER catalytic performance was markedly improved by 
the addition of Ru, whereas the addition of RuO2 led to enhanced OER 
activity; and (iii) Ru-RuO2@NPC served as effective bifunctional 

Fig. 5. Polarization curves of Ru-RuO2@NPC, RuO2@NPC, Ru@NPC, NPC, commercial RuO2 and Pt/C for (a-c) OER and (e-g) HER in (a, e) 1.0 M KOH solution, (b, 
f) 0.5 M H2SO4 solution and (c, g) 0.01 M PBS solution after capacitance-correction and iR-correction at the potential sweeping rate of 10 mV s-1. (d) Comparison of 
the required potentials at 10 mA cm-2 for the series of catalysts. 
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electrocatalysts, displaying the highest activity towards both HER and 
OER among the series, suggesting the unique contributions of the Ru- 
RuO2 M-S heterojunctions to the electrocatalytic performance. 

This is indeed confirmed by results from DFT calculations, where the 
formation of Ru-RuO2 M-S heterojunctions led to a clear variation of the 
Ed value. Specifically, DFT studies were conducted to evaluate the 
electronic structure of the Ru(100)/RuO2(101) interface and the 
fundamental implication in the catalytic activity towards HER and OER. 
The Ru-RuO2 twin particles observed experimentally (Fig. 3) were 
modeled as an M-S heterojunction on a carbon surface (Fig. S25). Note 
that OER is a four-electron process including the formation of *OH, *O, 
*OOH, and O2 intermediates, and the surface Ru centers of the hetero
junction most likely acted as the adsorption sites of these oxygenated 
species [48–50]. Fig. 6a shows the atomic structures of oxygen in
termediates adsorbed onto the Ru(100)/RuO2(101) interface during the 
OER process; and the corresponding energy landscapes of the reaction 

steps on Ru, RuO2 and Ru-RuO2 heterostructure are calculated and 
depicted in Fig. 6c. The advantages of the heterostructure can be clearly 
observed. Note that the adsorption energy difference between the *OOH 
and *O intermediates, which is the third elementary step (from *O to 
*OOH), is a key descriptor of OER activity [11,51,52]. One can see that 
the formation of *OOH on Ru-RuO2 heterostructure exhibited a rela
tively low energy barrier of 1.78 eV, as compared to 1.91 eV on pristine 
RuO2. Interestingly, although the energy barrier of step II on Ru was 
smaller than on RuO2, the large energy barrier in the formation of *OH 
and *OOH (2.76 eV) suggested that the reaction was energetically 
impeded. That is, the Ru-RuO2 heterostructure is anticipated to exhibit a 
higher electrocatalytic activity, because of the optimized electronic 
structures and lower reaction energy barrier. 

For HER, the reaction in alkaline or neutral media involves a two- 
step pathway, i.e., adsorption and dissociation of a H2O molecule, and 
adsorption of H from the catalyst surfaces (Fig. 6b) [16]. First-principles 

Fig. 6. DFT simulations for understanding the optimized catalytic mechanism over Ru(100), RuO2(101) and Ru(100)/RuO2(101) interface. (a) Schematic illustration 
of the atomic structures of intermediate adsorption during OER process, (b) Atomic configurations of the water dissociation step on the surface of the Ru-RuO2 
Mott–Schottky-Type heterostructure, including H2O adsorption, activated H2O adsorption, OH adsorption and H adsorption, (c) Free energy diagrams for OER and 
(d) energetic pathway of HER. 
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calculations showed that the Gibbs free energy (∆GH*) on pristine Ru 
and RuO2 lattices was relatively high, at − 0.33 eV on Ru and 0.12 eV on 
RuO2, but decreased drastically to only − 0.05 eV on the Ru-RuO2 het
erojunction (Fig. 6d), consistent with the markedly improved HER 
performance observed experimentally [52]. This also indicates that the 
formation of Ru-RuO2 M-S heterojunction was conducive to the 
adsorption/desorption of H [43]. Theoretically, the OER and HER ac
tivity of N and P doped carbon has been widely reported, due to 
manipulation of the density of electronic states and formation of cata
lytic active sites [42]. Yet in the present study, the Ru-RuO2 hetero
structures made dominant contributions to the HER/OER activity, as 
manifested above. 

With the remarkable catalytic activity towards both OER and HER, 
the Ru-RuO2@NPC composite was then tested as a bifunctional catalyst 
for electrochemical water splitting. Fig. 7a shows the current profiles 
acquired in 1.0 M KOH with Ru-RuO2@NPC serving as both the cathode 
and anode catalysts (Fig. 7a). From Fig. 7b, it can be seen that the 
current increased sharply when the cell bias was past 1.30 V, producing 
a large number of bubbles on the electrode surface (inset to Fig. 7b). This 
indicates that Ru-RuO2@NPC could indeed effectively catalyze overall 
water splitting. Specifically, a low cell bias of 1.46 V was needed to 

reach the current density of 10 mA cm-2 in 1.0 M KOH, corresponding to 
a combined overpotential (at both anode and cathode) of only 230 mV 
for full water splitting. This is markedly lower than that (1.58 V) based 
on a mixture of commercial Pt/C-RuO2. As shown in Fig. 7c and inset, 
the hydrogen and oxygen gases collected show a molar ratio of 
approximately 2:1, according to the volume-time curve. 

The Ru-RuO2@NPC also exhibited significant electrocatalytic activ
ity towards ORR in an oxygen-saturated 0.1 M KOH solution (Figs. S26 
and S27). The outstanding bifunctional performance of Ru-RuO2@NPC 
towards ORR/OER was further evidenced by overall oxygen electrode 
curves (Fig. S28), where the activity was evaluated by the difference 
between the OER potential at 10 mA cm-2 and the ORR half-wave po
tential (ΔE = EOER,10 – EORR,1/2). When the catalyst is used as a revers
ible oxygen electrode, a smaller ΔE represents a lower efficiency loss and 
a better activity [53]. Clearly, the Ru-RuO2@NPC shows the smallest ΔE 
of 0.65 V (0.1 M KOH) and 0.56 V (1.0 M KOH) among the series of 
catalysts under study. What is more, such a ΔE value of 0.65 V is also the 
smallest, to the best of our knowledge, as compared to relevant tri
functional catalysts for ORR and OER reported recently in the literature 
(Table S3). 

These results suggest that the nanocomposites might also be used as 

Fig. 7. (a) Schematic illustration of water splitting cell. (b) LSV curves of the Ru-RuO2@NPC in 1.0 M KOH in a two-electrode system. Inset shows the digital 
photograph of H2 and O2 bubbles evolving from the electrodes during electrolysis. (c) Comparison between the theoretical and experimental yields of the O2 and H2 
gases produced from Ru-RuO2@NPC water splitting under a constant current of 1.0 mA. Inset shows the L-shaped electrolytic cell used to collect gases during the 
reaction. (d) Schematic diagram of an aqueous zinc–air battery. (e) Open-circuit potential and (f) discharging polarization curves and corresponding power plots of a 
home-made Zn–air battery (panel (e) inset). (g) Schematic diagram of a flexible solid-state rechargeable Zn–air battery, and the corresponding (h) polarization and 
power density curves, and (i) charge and discharge voltage profiles with Ru-RuO2@NPC being the bifunctional oxygen electrocatalyst. Inset to panel (i) shows the 
photographs of the battery with an open circuit voltage of 1.43 V (middle photo), and two flexible solid-state Zn–air batteries connected in series to light up a blue 
LED screen at the bending angle of 0◦ (left photo) and 90◦ (right photo), respectively. 
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the oxygen catalysts for reversible metal-air batteries. This was indeed 
manifested with zinc-air batteries using the Ru-RuO2@NPC as a free
standing flexible air cathode (Fig. 7d–f and Fig. S29), and the corre
sponding zinc-air battery can be used as a power source to drive water 
splitting (Fig. S30). To demonstrate the potential applications in wear
able devices, we also constructed a solid-state flexible battery with po
tassium hydroxide/polyvinyl alcohol gel as the electrolyte (Fig. 7g). The 
battery exhibited an open circuit voltage of 1.43 V (Fig. 7i middle inset) 
and a high-power density of 29 mW cm− 2. Notably, only two batteries 
connected in series were needed to light a blue LED screen (Fig. 7i left 
inset), and no impact on the device performance was observed even 
when the batteries were bent at 90◦ (Fig. 7i right inset). 

4. Conclusions 

Motivated by results from DFT calculations, Ru-RuO2@NPC nano
composites were prepared by a facile pyrolysis process where Ru-RuO2 
M-S heterojunctions were formed and supported on N,P-codoped car
bon. Remarkably, the Ru-RuO2@NPC hybrids was found to exhibit a 
remarkable activity towards HER, ORR, and OER within a wide range of 
solution pH and could be used as a high-performance, bifunctional 
catalyst for overall water splitting and oxygen electrocatalysts for 
rechargeable metal-air batteries. The significantly enhanced perfor
mance was attributed to the strong electronic interaction between Ru 
and RuO2 in the heterostructures and the up-shift of the Ru d and O p 
band centers, which facilitated the adsorption/desorption of critical 
intermediates in the various reactions. Results from this study highlight 
the significance of M-S heterojunctions in the manipulation of the 
electronic properties of catalytic active sites and hence the ensuing 
electron-transfer dynamics in electrochemical reactions. Such mecha
nistic insights will be of fundamental significance in the design and 
engineering of high-performance catalysts for electrochemical energy 
technologies. 
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