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Production of clean hydrogen energy from water splitting is vital for the future fuel industry, and nanocompos-
ites have emerged as effective catalysts for the hydrogen evolution reaction (HER). In this study, Ru-CoO@SNG
nanocomposites are prepared by controlled pyrolysis where Ru-CoO heterostructured nanoparticles are sup-
ported on nitrogen and sulfur codoped graphene oxide nanosheets. With a large surface area, the obtained com-
posites exhibit a remarkable electrocatalytic activity toward HER in 1.0 M KOH with an overpotential of only
−90 mV to reach the current density of 10 mA cm−2, in comparison to −60 mV for commercial Pt/C bench-
mark, along with high stability. Mechanistically, codoping of sulfur and nitrogen facilitates the dispersion of
the nanoparticles, and the formation of Ru-CoO heterostructures increases the active site density, reduces
the electron-transfer kinetics and boosts the catalytic performance. Results from this study highlight the unique
potential of structural engineering in enhancing the electrocatalytic performance of heterostructured
nanocomposites.
1. Introduction

Hydrogen has been considered as one of the most promising energy
sources in the future owing to its clean and environmentally friendly
nature [1–3]. Within this context, it is vital to develop effective and
sustainable technologies for hydrogen production, storage and conver-
sion [4–6]. Water electrolysis through electrochemical hydrogen evo-
lution reaction (HER) has emerged as a viable technology [7–10],
where the performance is dictated largely by the electrode catalysts
[11–13]. Currently, Pt-based materials are used as the benchmark elec-
trocatalysts, but the limited natural abundance and high cost of Pt has
significantly hindered its large-scale commercialization [14,15]. Fur-
thermore, the performance may diminish due to aggregation of Pt
and corrosion of the carbon scaffold during prolonged operation
[16]. Thus, there is an urgent need to design non-Pt, highly stable
and low-cost electrocatalysts for HER [17–20]. Among these, ruthe-
nium (Ru) is a favorable alternative to Pt due to its reduced cost (only
a fraction of that for Pt), and hydrogen adsorption strength of
65 kcal mol−1 that is similar to that of Pt [21,22]. Moreover, Ru has
shown stability in both acidic and alkaline media and is more adapt-
able to a versatile range of working conditions, in comparison to Pt
which exhibits only limited long-term stability in basic environment
[23,24]. All these factors have weighed in to boost the development
of Ru-based HER catalysts in recent years [25]. Generally, water elec-
trolysis at room temperature can be performed in both acidic and alka-
line electrolytes. Yet the activity of Pt in alkaline media is two to three
orders of magnitude lower than in acidic solutions, because the HER
kinetics is hindered by the limited hydrogen ion (H+) concentration
in alkaline media resulting in high overpotentials [26–29]. In fact,
the initial water dissociation step that generates protons for the subse-
quent reactions results in the lethargic reaction rate of HER in alkaline
media [30,31]. Therefore, the search for effective electrocatalysts to
overcome the energetic barrier and enhance the reaction kinetics in
alkaline electrolytes has been attracting extensive attraction [32].

Towards this end, extensive research has been devoted to the
rational design and engineering of transition metal-oxide based
nanocomposites [33,34], where the active sites can be enriched by
doping with select heteroatoms [35–38] to facilitate good dispersion
of the metal species and hinder their agglomeration [39]. Notably,
the electrocatalytic performance may be enhanced by the formation
of heterostructures [40,41], due to interfacial charge transfer and
manipulation of the valence state [42,43]. For instance, Wang et al.
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[44] prepared Ru-NiWNx heterostructures by coupling ruthenium with
hybrid metal nitrides (a mixture of tungsten nitride and nickel nitride)
through a simple nitridation route. The heterogenous interface
resulted in abundance of catalytic active sites and strong electronic
interactions between ruthenium and the supporting matrix, delivering
a low overpotential (ɳ100) of −70 mV to reach the current density of
100 mA cm−2 in alkaline media. Hoa et al. [45] synthesized Ru-MoS2-
Mo2C heterostructures over TiN nanorod arrays supported on carbon
cloth through a hydrothermal and carburization treatment and
achieved a low cell voltage of 1.49 V at 10 mA cm−2 in 1 M KOH
for full water splitting, owing to the high charge-transfer ability and
large electrochemically active surface area of the heterostructured cat-
alysts. Sun et al. [46] reported the formation of a heterojunction inter-
face by coupling nickel–iron layered double hydroxide and ruthenium
oxide on T-shaped NiTe via a hydrothermal procedure. The obtained
NiTe@RuO2/NF catalyst delivered an ultralow overpotential (η10) of
−19 mV at 10 mA cm−2 in 1 M KOH. The high activity was due to
electron transfer from RuO2 to NiTe that modulated the HER reaction
pathway. Geng et al. [47] embedded Ni/MoC heteronanoparticles into
nitrogen-doped carbon nanotube arrays on carbon cloth by alkaline
etching followed by pyrolysis, and observed a low η10 of −70 mV in
1 M KOH, due to electron transfer between Ni and MoC and the bin-
der-free electrode configuration.

Herein we report the pyrolytic synthesis of nanocomposites with
Ru-CoO heterostructured nanoparticles embedded within S and N
codoped graphene oxide nanosheets (Ru-CoO@SNG). The obtained
Ru-CoO@SNG nanocomposites exhibited a remarkable HER activity
in alkaline media, with an η10 of −90 mV and a Tafel slope of
77 mV dec-1. Such a performance was markedly higher than those of
the metal-free SNG, Ru@SNG and CoO@SNG, and only slightly subpar
as compared to that of commercial Pt/C (η10 = -60 mV), suggesting
that the electrocatalytic activity was most likely due to the synergistic
interactions between Ru and CoO within the heterostructures.
2. Experimental section

2.1. Chemicals

Graphite powders (Spectrum Chemicals), sodium nitrate (NaNO3,
99 %, Acros), sulfuric acid (H2SO4, 98 %, Fisher Scientific), potassium
permanganate (KMnO4, 99 %, Fisher Scientific), hydrogen peroxide
(H2O2, 30 %, Fisher Scientific), hydrochloric acid (HCl, 37 %, Fisher
Scientific), thiourea (99 %, Acros), ruthenium(III) chloride (RuCl3,
35–40 % Ru, Acros), cobalt(II) chloride (CoCl2, 98 %, Fisher Scien-
tific), and potassium hydroxide (KOH, Fisher Scientific) were all used
as received. Water was supplied by a Barnstead Nanopure water sys-
tem (18.3 MΩ cm).
2.2. Sample preparation

Graphene oxide (GO) was synthesized by a modified Hummers
method [48]. In a typical experiment, graphite flakes (1 g) were trans-
ferred into a 250 mL round-bottom flask. 23 mL of concentrated H2SO4

was added into the flask and the mixture was stirred at room temper-
ature for 24 h before being heated in an oil bath at 40 °C. 100 mg of
NaNO3 was added to the suspension and allowed to dissolve in
5 min followed by the slow addition of 3 g of KMnO4 under magnetic
stirring for 30 min, with the solution temperature kept below 45 °C.
The flask was removed from the oil bath and 140 mL of Nanopure
water and 10 mL of 30 % H2O2 were added to the reaction vessel under
magnetic stirring at room temperature for 5 min. The mixture was then
centrifuged and washed with a 5 % HCl solution twice, followed by
rinsing with copious amounts of water. The final precipitate was dis-
persed in 100 mL of water under sonication for 30 min. Insoluble
solids were removed by centrifugation at 3000 rpm for 5 min, and
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the brown supernatant (GO nanosheets) was collected and dried in
an oven at 70 °C.

To prepare S,N-codoped GO, 60 mg of GO, 120 mg of thiourea, and
30 mL of H2O were added into a 100 mL flask and mixed under soni-
cation overnight before being loaded into a Teflon-lined autoclave for
hydrothermal treatment at 180 °C for 12 h, affording S,N-codoped GO
which was denoted as SNGO.

To synthesize Ru-CoO@SNG, the SNGO dispersion obtained above
was transferred to a flask, into which were added 0.065 mmol of
RuCl3·xH2O and 0.016 mmol of CoCl2·6H2O The flask was then heated
in an oil bath at 90 °C for 4 h, and the precipitates were obtained by
centrifugation at 6000 rpm for 5 min, rinsed with H2O, and dried at
60 °C in a vacuum oven overnight before being heated at 700 °C for
3 h in a nitrogen atmosphere at the nitrogen flow rate of 150mLmin−1.
The resulting sample was denoted as Ru-CoO@SNG.

Three control samples were synthesized at the same mass feeds,
one without the addition of CoCl2, a second without RuCl3, and a third
without any metal salts. They were referred to as Ru@SNG,
CoO@SNG, and SNG, respectively.

2.3. Characterizations

Transmission electron microscopy (TEM) measurements were car-
ried out on a JOEL JEM 2100F microscope equipped with an Oxford
instruments energy dispersive X-ray spectroscopy (EDS) attachment.
X-ray diffraction (XRD) patterns were acquired with a Rigaku Smartlab
Diffractometer with Cu Kα radiation (λ = 1.5406 Å), where the sam-
ples were deposited onto an aluminum plate and the measurements
were conducted at a scan rate of 3° min−1 and a step size of 0.02°.
X-ray photoelectron spectroscopy (XPS) measurements were per-
formed with a Phi 5400/XPS instrument equipped with an Al Kα

source operated at 350 W and 10-9 torr, where the binding energies
were calibrated against that of the C 1s electrons.

2.4. Electrochemistry

Electrochemical measurements were performed with a CHI 710
electrochemical workstation, and electrochemical impedance mea-
surements were carried out with a Gamry Reference 600 instrument.
A glassy carbon electrode (surface area 0.196 cm−2) was used as the
working electrode, while a Ag/AgCl (1.0 M KCl) electrode and a gra-
phite rod were used as the reference and counter electrodes, respec-
tively. The Ag/AgCl electrode was calibrated against a reversible
hydrogen electrode (RHE) and all potentials in the present study were
referenced to this RHE, unless specified otherwise. To prepare the cat-
alyst inks, 2 mg of the nanocomposites obtained above was sonicated
for 10 min in isopropanol (1 mL), followed by the addition of Nafion
(20 µL) binder (for good dispersion and layer integrity) and under son-
ication for an additional 20 min. 30 µL of the prepared inks was drop-
cast onto the surface of the glassy carbon electrode and dried at room
temperature, corresponding to a catalyst mass loading of
0.244 mg cm−2. Finally, 6 µL of Nafion (20 wt%) in isopropanol was
added onto the prepared catalyst surface and allowed to dry, before
the electrode was immersed into an electrolyte solution for data
collection.
3. Results and discussion

3.1. Structural characterizations

The structure of the Ru-CoO@SNG nanocomposites was first char-
acterized by TEM measurements. From the TEM images in Fig. 1a and
S1, one can see that a number of high-contrast nanoparticles were pro-
duced and evenly distributed onto the low-contrast scaffold, falling in
the size range of 2 to 8 nm (Fig. 1a inset) with an average size of



Fig. 1. Representative TEM images of (a) Ru-CoO@SNG, (b) Ru@SNG, and (c) CoO@SNG. Insets to panel (a) and (b) are the corresponding core size histograms.
(d) HRTEM image of Ru-CoO@SNG featuring the corresponding lattice fringes of Ru and CoO with the corresponding FFT patterns in (d-1) and (d-2) of the red
encircled areas and the live profiles of the interplanar distances of Ru(101) and CoO(111) lattice fringes by Gatan DigitalMicrograph. (e) HAADF-STEM image of
Ru-CoO@SNG and the corresponding elemental maps of (e-1) Ru, (e-2) Co, (e-3) O, and (e-4) S.
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5.0 ± 0.7 nm. In high-resolution TEM measurements (Fig. 1d and S2),
the nanoparticles can be seen to display well-defined lattice fringes
featuring two interplanar spacings of 0.208 and 0.242 nm that can
be ascribed to the hexagonal Ru(101) (JCPDS card no. 65-7646)
[49] and cubic CoO(111) planes (JCPDS card no. 78-0431) [50,51],
respectively, as manifested in the live profiles. The corresponding
FFT patterns are shown in Figs. 1d-1 and 1d-2. These two crystalline
domains are in intimate contact, suggesting the formation of Ru-CoO
heterostructures in the sample. In high-angle annular dark-field scan-
ning TEM (HAADF-STEM) measurements (Fig. 1e), EDS-based elemen-
tal mapping analysis demonstrates that the Ru (Fig. 1e-1) and Co
(Fig. 1e-2) elements were distributed rather evenly throughout the O
(Fig. 1e-3) and S (Fig. 1e-4) decorated scaffold. The Ru@SNG sample
also possessed a number of nanoparticles (Fig. 1b and S3), which were
3

significantly larger at 5 to 15 nm in diameter with an average size of
9.1 ± 0.4 nm (Fig. 1b inset) and also displayed the Ru(101) lattice
fringes, suggesting that Ru nanoparticles were indeed produced in
the sample. By contrast, CoO@SNG (Fig. 1c and S4) displayed no
nanoparticles, suggesting the formation of a mostly amorphous
structure.

The XRD patterns are shown in Fig. 2a. All samples can be seen to
exhibit a broad peak at 2θ = 26.5° that can be assigned to the gra-
phene (002) facets (JCPDS card no. 65-6212) [52], suggesting suc-
cessful reduction of graphene oxide to graphene during pyrolysis.
Ru-CoO@SNG and Ru@SNG also showed a series of additional peaks
at 2θ = 38.2°, 43.3°, 44.4°, 64.8° and 77.9° that can be assigned to
the (100), (002), (101), (102) and (103) facets of hexagonal Ru
(JCPDS card no. 65-7646) [53], whereas no diffraction patterns of
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Fig. 2. (a) XRD patterns of Ru-CoO@SNG, Ru@SNG, CoO@SNG, and SNG. High-resolution XPS spectra of the (b) Ru 3p and (c) Co 2p electrons of Ru-CoO@SNG,
Ru@SNG, CoO@SNG. Gray solid curves are experimental raw data and colored curves are deconvolution fits.
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metallic cobalt or cobalt oxides could be detected with CoO@SNG,
confirming the formation of an amorphous structure, as suggested in
TEM measurements.

The elemental composition and valence states were then investi-
gated by XPS measurements. Fig. S5a shows the survey spectra of
the four samples, where the peaks at 164, 284, 399 and 531 eV can
be assigned to the S 2p, C 1s, N 1s and O 1s electrons, respectively
[54]. The Ru@SNG samples also contained the Ru 3p peaks at ca.
461 eV, and CoO@SNG possessed the Co 2p peaks at 781 eV, whereas
both features can be found in Ru-CoO@SNG, consistent with their
nanocomposite compositions. Furthermore, based on the integrated
peak areas, the elemental composition of Ru-CoO@SNG was estimated
to be 80.59 at% C, 2.26 at% N, 2.86 at% S, 12.46 at% O, 1.43 at% Ru
and 0.37 at% Co; whereas the Ru and Co contents were found to be
0.89 at% and 0.13 at% for Ru@SNG and CoO@SNG, respectively
(Table S1). The high-resolution XPS scans of the C 1s and Ru 3d elec-
trons are shown in Fig. S5b. From the deconvolution of the spectra,
one can see that all samples contained three species, 284.61 eV for
sp2-hybridized C (C@C), 285.55 eV for sp3 C, and 289.33 eV for O-
C@O [55,56]; and for Ru-CoO@SNG and Ru@SNG two additional
doublets can be identified at 280.33/284.53 and 281.10/285.30 eV
for the former and 280.09/284.29 and 280.97/285.17 eV for the lat-
ter, due to 3d5/2/3d3/2 electrons of metallic Ru and Ru4+, respectively
[57,58]. Consistent results were obtained in the Ru 3p scans (Fig. 2b),
where Ru-CoO@SNG and Ru@SNG samples can be seen to consist of
two doublets, 461.91/484.11 and 463.52/485.72 eV for the former
and 461.42/483.62 and 462.90/485.10 eV for the latter [59–61].
The lower-energy pairs are due to metallic Ru whereas the high-energy
pairs to Ru4+ species. One can see that the Ru binding energies of Ru-
CoO@SNG was appreciably higher (by 0.2 eV for Ru 3d and 0.5 eV for
Ru 3p) than those of Ru@SNG (Table S2), suggesting that Ru became
electron-deficient in the Ru-CoO heterostructures, as compared to the
Ru-only sample.

The Co 2p spectra of Ru-CoO@SNG and CoO@SNG were depicted
in Fig. 2c. A doublet can be found at 781.20/796.19 eV for Ru-
CoO@SNG, along with a pair of satellite peaks at 786.71 and
801.70 eV, due to the 2p3/2 and 2p1/2 electrons of Co2+ [62–64], con-
sistent with the formation of CoO in the samples, as evidenced in the
above TEM measurements. CoO@SNG exhibited a similar feature with
the peaks ca. +0.1 eV higher at 781.31 eV and 796.31 eV (Fig. 2c)
[65]. This suggests effective electron transfer from Ru to Co in Ru-
CoO@SNG, as compared to Ru@SNG and CoO@SNG, likely due to
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the intimate contact between two components and the formation of
heterojunctions, as manifested in TEM measurements (Fig. 1).

The N 1s and S 2p spectra are shown in Fig. S5c and S5d, where
three N species can be resolved at 398.28 eV for pyridinic N,
399.68 eV for pyrrolic N, and 401.17 eV for graphitic N (Table S3)
[66–68], whereas CASAC can be identified at 163.82 eV [69,70], sug-
gesting successful codoping of N and S into the carbon skeletons. In the
O 1s spectra (Fig. S5e), the metal-O can be resolved at 530.04 eV in
Ru-CoO@SNG, 529.94 eV in Ru@SNG, and 529.97 eV in CoO@SNG,
consistent with the formation of CoO (as well as RuO2).
3.2. Electrocatalytic activity

Remarkably, the Ru-CoO@SNG nanocomposites exhibited drasti-
cally enhanced electrocatalytic activity towards HER in alkaline
media, as compared to SNG, Ru@SNG, and CoO@SNG. From the
HER polarization curves in Fig. 3a, it can be seen that in N2-saturated
1 M KOH, the η10 of Ru-CoO@SNG was only−90 mV, markedly lower
than −314 mV for Ru@SNG, whereas CoO@SNG and SNG could not
reach a current density of 10 mA cm−2 even at potentials significantly
more negative than −0.4 V. This suggests that the Ru-CoO
heterostructure played a dominant role in the HER activity, with min-
imum contributions from the SNG scaffold. The corresponding Tafel
plots are shown in Fig. 3b where the Tafel slope was estimated to be
77 mV dec-1 for Ru-CoO@SNG, which was much lower than those of
Ru@SNG (145 mV dec-1) and CoO@SNG (174 mV dec-1), suggesting
facile electron-transfer kinetics of HER on Ru-CoO@SNG. Such a per-
formance is only somewhat subpar as compared to that of commercial
Pt/C (η10 = -60 mV and Tafel slope 45 mV dec-1). Consistent results
were obtained in electrochemical impedance spectroscopy measure-
ments. Fig. 3c presents the Nyquist plots at the overpotential of
−87 mV in 1 M KOH. The Ru-CoO@SNG sample can be seen to dis-
play the lowest charge-transfer resistance (Rct) of 4.5 Ω, in comparison
to 832 Ω for Ru@SNG, 1790 Ω for CoO@SNG and 4340 Ω for SNG.
The electrochemically active surface area (ECSA) of the nanocompos-
ites was then quantitatively assessed and compared. Based on the cyc-
lic voltammograms within the non-Faradaic region, the electrode
double layer capacitance (Cdl) of Ru-CoO@SNG was quantified to be
3.34 mF cm−2, much higher than those of Ru@SNG (2.74 mF
cm−2), CoO@SNG (0.025 mF cm−2) and SNG (0.025 mF cm−2)
(Fig. S6). This suggests that Ru-CoO@SNG possessed the largest ECSA
that might facilitate the accessibility of the catalytic active sites.



Fig. 3. (a) HER polarization curves of the series of nanocomposites and Pt/C in 1 M KOH at the rotation rate of 1600 rpm, potential sweep rate of 10 mV s−1 and
85 % iR compensation. (b) The corresponding Tafel plots obtained from the polarization curves in (a). (c) Nyquist plots in 1 M KOH at the overpotential of
−87 mV. Inset is the equivalent circuit, where Rs is the serial resistance, Rct is the charge-transfer resistance, and CPE is the constant-phase element.
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Notably, when the Ru-CoO@SNG nanocomposite was subject to
acid leaching in 0.5 M H2SO4 for 24 h [71,72], the HER activity dimin-
ished dramatically, with η10 increased by 182 mV to −272 mV in 1 M
KOH, which actually became close to that of Ru@SNG (-314 mV)
(Fig. 4a). This demonstrates the significant role of cobalt oxide
nanoparticles in dictating the electrocatalytic activity of the
heterostructures towards HER, most likely due to effective Ru-Co
charge transfer, where electron-deficient Ru was actually preferred
for HER and heteroatom codoping facilitated the dispersion of the
metal nanoparticles by altering their nucleation and growth kinetics,
leading to a decrease of the nanoparticle size and increase of nanopar-
ticle surface accessibility [73,74]. In fact, the performance is highly
comparable to relevant catalysts reported recently in the literature
(Table S4). Notably, the Ru-CoO@SNG nanocomposites were also
active in acidic media, with η10 = -95 mV, but markedly subpar as
compared to Pt/C (η10 = –22 mV) (Fig. S7).

The nanocomposites also exhibited remarkable stability. Experi-
mentally, after 1000 cycles within the potential window of −0.2
to + 0.2 V at the potential sweep rate of 10 mV s−1 in 1 M KOH,
the HER performance of Ru-CoO@SNG did not decay but was
enhanced slightly with a 2 mV decrease of η10 and 20 mV of η80, sug-
gesting that the nanocomposites were actually activated for HER
(Fig. 4b). In chronoamperometric tests at the overpotential of
−153 mV in alkaline media, it can be seen from Fig. 4c that Ru-
CoO@SNG retained the current density of 21 mA cm−2 for ca. 2 h;
by contrast, the current density decayed rather appreciably with com-
mercial Pt/C.
4. Conclusion

In this study, nanocomposites of Ru-CoO heterostructured nanopar-
ticle supported on N and S codoped graphene nanosheets were pre-
pared by a facile pyrolytic procedure. The resultant Ru-CoO@SNG
nanocomposites showed markedly enhanced electrocatalytic activity
towards HER in 1 M KOH with a low η10 of only−90 mV, a Tafel slope
Fig. 4. (a) HER polarization curves of Ru-CoO@SNG in 1 M KOH before and after ac
curves of Ru-CoO@SNG before and after 1000 CV cycles, and (c) i-t curves of Ru-
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of 77 Mv dec-1, as compared to the metal-free SNG, Ru@SNG and
CoO@SNG, due to synergistic interactions between Ru and CoO
nanoparticles where efficient charge transfer from Ru to Co occurred.
Additional contributions might arise from the heteroatom doping
within the graphene scaffold that facilitated the dispersion of the metal
nanoparticles, accessibility of the catalytic active sites, and hence the
electron-transfer kinetics. Results from this study highlight the signif-
icance of heterostructured nanoparticles in the development of high-
performance electrocatalysts for electrochemical energy technologies.
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