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The production of hydrogen via water electrolysis brings hope for the realization of hydrogen economy, but
there is still a lack of highly efficient and appropriate electrocatalysts for the generation of hydrogen in
practical applications. In particular, reasonable construction and feasible preparation strategies are the
essential requirements for excellent electrocatalysts. Herein, the heterostructures of N-RuS,/Ru
nanoparticles were designed by annealing the RuS, nanoparticles in ammonia. By introducing a nitrogen
dopant and single-phase Ru metal simultaneously, high-efficiency electrocatalytic performance for
hydrogen evolution reaction (HER) was implemented, where the electrocatalyst of N-RuS,/Ru exhibited
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1. Introduction

Sustainable energy development and increased environmental
concerns have triggered imperative requirements for renewable
and pollution-free new-generation energy sources.” As an
energy carrier with entirely zero carbon composition and high
energy density, hydrogen is regarded as one of the ideal clean
alternatives to substitute traditional fossil fuels in the future.’=
The hydrogen evolution reaction (HER), a half-reaction occur-
ring at the cathode during water electrolysis, can produce high
purity hydrogen on a large scale in the industry. Owing to its
renewability, theoretical feasibility and environmental benig-
nity, HER has attracted increasing attention in recent decades.
During the procedure of water electrolysis, the required theo-
retical voltage is 0 V for HER at 298 K.*” However, extra elec-
tricity is demanded to overcome the overpotential caused by the
activation energy barrier to kick start the initial reaction. Hence,
high-efficient electrocatalysts are necessary to reduce the over-
potential and accelerate reaction kinetics. At present, Pt-based
materials with their onset overpotentials close to zero are
recognized as the state-of-the-art electrocatalysts for HER.* ™
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in an acidic

! a small interface charge transfer

resistance, and long-time stability and durability, suggesting its remarkable properties as a promising HER

Unfortunately, the rocketing cost, scarce reserve and mediocre
stability of Pt-based materials seriously hinder their large-scale
applications. Therefore, developing Pt-like, sustainable and
cost-effective electrocatalysts remains a great challenge and
urgent issue.

In the past years, a considerable number of Pt-free materials
have emerged as HER electrocatalysts, including transition-
metal sulfides, oxides, selenides, nitrides, phosphides,
carbon-based materials and their compounds."™" Among
them, Ru-based materials are applied in various catalytic fields,
such as hydrodesulfurization, electrocatalysis, photocatalysis,
and supercapacitors.'®>* Deriving from their rich redox chem-
istry and multiple valence states, Ru-based catalysts usually
present exceptional electrocatalytic activities. RuS,, one of the
typical Ru-based materials, is wusually used in hydro-
desulfurization as an efficient catalyst.”> Besides, subsequent
explorations have proved that RuS, exhibits excellent HER
activities.>*® In addition, the cost of Ru is less than 5% of
metallic Pt, which is even more encouraging.”**° However, the
previously reported electrocatalytic performance of RuS, for
HER is still insufficient to meet the industrial needs. Therefore,
extra efforts should be made to further improve the electro-
catalytic efficiency of Rus,.

Doping can modulate the electronic structure and narrow
the bandgap, which is a commonly effective strategy to enhance
the electrocatalytic performance of materials. A nitrogen (N)
atom itself has a lone pair of electrons, strong electronegativity
and small atomic radius. Therefore, N-doping can capture the
electron around the metal atoms with weak electronegativity
and affect the electronic density of the state of the material or

This journal is © The Royal Society of Chemistry 2020
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cause the distortion of the material phase structure by the
atomic substitution.**** Numerous experimental analysis as
well as theoretical calculations revealed that the electronic
conductivity and hydrogen adsorption capability of electro-
catalysts are possible for notable improvements through N
doping, enabling their implementation as an advanced cathode
for HER.**** Besides, designing multiphase structures can also
improve the electrocatalytic efficiency owing to the usual
formation of defects as well as exposed active sites at the
atomic-scale interfaces.**?*® A single atom of Ru has hydrogen
adsorption properties similar to those of Pt since the bond
strength of Ru-H is close to that of Pt-H, resulting in an
outstanding electrocatalytic performance for the Ru catalyst.*>*°
Consequently, it is anticipated that RuS, embedded with
a single atom of metallic Ru will exhibit a desirable HER activity.

Herein, we constructed a novel hybrid material, nitrogen-
doped RuS, nanoparticles with in situ reduced Ru (N-RuS,/Ru)
as an electrocatalyst for HER. In order to introduce the nitrogen
dopant, a pure RuS, was annealed at a low temperature in
ammonia. Surprisingly, the obtained product is not only doped
with nitrogen, but also has the appearance of an in situ reduced
Ru metal phase, leading to a significantly improved
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electrocatalytic activity. Benefiting from the N dopant and
reasonable designing of the interface between Ru and RusS,, the
electrocatalyst N-RuS,/Ru displays optimal performance for
HER in acid conditions far better than those of RuS, and RuS,/
Ru. In terms of experimental results, the as-synthesized N-RuS,/
Ru nanoparticles possess the lowest onset overpotential of
76 mV and a small Tafel slope of 53 mV dec™'. The required
overpotential is only 120 mV at a current density of 10 mA cm >
in 0.5 M H,SO,. Moreover, it has long-term cycling stability.

2. Results and discussions

As shown in Fig. S17, the pure RuS, was formed via subsequent
sulfidation of Ru-based RuO, precursors (Fig. S21) using a tube
furnace. Next, the as-prepared RuS, was annealed in using
ammonia to form the N-RuS,/Ru product. For comparison,
RuS,/Ru was also prepared. The details of the experiments are
described in the ESL{ The morphology and microstructure of
the electrocatalysts were characterized via transmission elec-
tron microscopy (TEM) and scanning electron microscope
(SEM). The SEM images of the samples shown in Fig. S37
indicate that the morphology of RuS,, RuS,/Ru and N-RuS,/Ru

% Ru(101) -
; &205 nm

(a) The low-magnification and (b) high-magnification TEM images of RuS,. (c) The low-magnification and (d) high-magnification TEM

images of N-RuS,/Ru. (e) XRD spectra of RuS,, RuS,/Ru, and N-RuS,/Ru. (f) High-resolution TEM image of RuS,. The inset is the fast Fourier
transform (FFT) of RuS,. (g) High-resolution TEM image of the RuS, of N-RuS,/Ru. (h—k) EDS mapping images of Ru, S, and N elements in N-RuS,/

Ru.
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is an overlapped-nanoparticle type. Besides, we can see that
RusS, is composed of scattered “wheat-like” nanoparticles with
a diameter of about 50 nm (Fig. 1a and b). N-RuS,/Ru shows the
same morphology as that of pure RusS,. It is worth mentioning
that the particle size of N-RuS,/Ru decreases slightly, and the
surface becomes rougher (Fig. 1c and d), which is very gratifying
as rough surfaces may expose more active sites for electro-
catalytic reactions. Fig. 1e shows the X-ray diffraction (XRD)
patterns of RuS,, RuS,/Ru and N-RuS,/Ru. The pure RuS, shows
a cubic structure with a crystal parameter of 0.561 nm, wherein
three strongest peaks locate at 27.5°, 31.9° and 35.8° are
indexed to the (111), (200) and (220) crystal planes, respectively.
For RuS,/Ru and N-RuS,/Ru, in addition to the original
diffraction peaks of RuS,, different peaks of single metal Ru
with the hexagonal structure were observed. The lattice fringes
of RuS, and N-RuS,/Ru were observed clearly in the high-
resolution TEM images. The measured spacing of the lattice
fringes for RusS, is 0.278 nm, corresponding to the (200) crystal
face. In the fast Fourier transform (FFT) of RuS,, the crystal
planes corresponding to the diffraction points can be assigned
to the (200), (220) and (221) planes, which is in good agreement
with the XRD results. In the high-resolution TEM images of N-
RuS,/Ru, we also found the (101) crystal face of Ru metal with an
interplanar distance of 0.205 nm besides the lattice fringes of
RusS,. Noting that the obvious crystal boundary can be observed
between RuS, and Ru, which is likely in favor of the improve-
ment of the catalytic activity. The energy-dispersive X-ray spec-
trum (EDS) mapping images (Fig. 1h-k) indicate that Ru, S, N
are evenly and uniformly distributed in the whole selected
region, confirming that the N element was incorporated into the
samples.

The chemical states of RuS,, RuS,/Ru, and N-RuS,/Ru were
systematically explored via X-ray photoelectron spectroscopy
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(XPS), where the signals of S, Ru, and N in N-RuS,/Ru were
clearly observed. The S 2p spectrum of RuS, (Fig. 2a) shows two
peaks centered at 162.7 eV and 163.9 eV, corresponding to the
2ps and 2pyp,, respectively, which is consistent with the
previous reports.** Note that the peak position of S 2p in RuS,
and RuS,/Ru shifts 0.3 eV to the higher binding energy. The
possible reason is that the valence state of the surrounding
sulfur atom is raised during the in situ Ru reduction process,
while nitrogen doping has a trivial effect on the host anion. In
Fig. 2b, the high-resolution Ru 3p;/, spectra were magnified to
check such subtle changes. The peak of Ru 3p;/, in pure Rus, is
located at 461.4 eV and is assigned to Ru**.>* Due to the
appearance of metallic Ru, Ru 3p;/, of RuS,/Ru naturally tends
to the lower energy binding. After N-doping, some electrons of
Ru around the dopant N are attracted by nitrogen with strong
electronegativity, which enables the peak of Ru 3p3/, in N-RuS,/
Ru shift back to the high binding energy. The high-resolution of
the N 1s spectrum is presented in Fig. 2c. Two representative
peaks located at 398.4 eV and 400.3 eV can be detected, which
are contributed to chemisorbed N and doped N, respectively.*
Furthermore, as shown in Fig. 2d, the results of the EDS spec-
trum illustrate that N-RuS,/Ru contains Ru, S, N elements, and
we can roughly estimate the nitrogen content as 6.67 at%
(approximately equal to the result of XPS: 7.21 at%), and the
ratio of Ru to S to N is 1:1.34:0.17. As a contrast, the EDS
spectrum of RuS,/Ru is provided in Fig. S4.f Comprehensively,
the contribution of N in the EDS spectrum and N 1s in the high-
resolution XPS spectrum as well as in the EDS mapping of N
element in Fig. 1g consistently demonstrated that in addition to
the single-phase Ru metal, the N element has also been
successfully doped into RusS,.

The electrocatalytic activities for HER of all the electro-
catalysts were measured in an acidic medium (0.5 M H,SO,)
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Fig. 2 High-resolution XPS spectra of (a) S 2p, (b) Ru 3p, and (c) N 1s. (d) EDS spectrum of N-RuS,/Ru.
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Fig.3 (a) IR-corrected HER polarization curves of RuS,, RuS,/Ru, N-RuS,/Ru and commercial Pt/C at a scan rate of 5mV s tin 0.5 M H,SOs4. (b)
Tafel plots obtained from polarization curves via Tafel equation and (c) Overpotentials at different current densities of three samples and their
Tafel slope. (d) EIS of RuS,, RuS,/Ru and N-RuS,/Ru catalysts with a fixed overpotential of 150 mV.

using a typical three-electrode system. Commercial Pt/C was
used as a benchmark sample for comparison under the same
conditions. As shown in Fig. 3a, the polarization curves were
first measured to analyze the HER activities of RuS,, RuS,/Ru
and N-RuS,/Ru nanoparticles electrocatalysts via the linear
sweep voltammogram (LSV) methods. The onset overpotential,
an important parameter of HER performance, can be known
from the polarization curves. However, there are various
methods to determine the value of the onset overpotential. For
the sake of fairness, we chose the overpotential at the current
density of 1 mA cm 2 as the onset overpotential. The results
display that the N-RuS,/Ru nanoparticles need a much lower
onset potential of 76 mV to overcome the energy barrier of the
initial reaction than do RuS, (~212 mV) and RuS,/Ru (~121 mV)
(Fig. 3a), which indicates that N-RuS,/Ru has more reasonable
hydrogen adsorption capacity and more efficient electro-
catalytic active sites for HER. The satisfactory promotion is
tremendously attributed to the interface effect of embedded-Ru
with RuS,, which leads to the formation of a large number of
highly active reaction sites. Moreover, the defects and syner-
gistic effect derived N-doping plays a vital role. To reach
a current density of 10 mA cm ™2, a required overpotential is only
120 mV for the N-RuS,/Ru nanoparticles, smaller than that of
RuS,/Ru (177 mV) and less than half of RuS, (276 mV). If we
intend to continue to increase the current density to 100 mA
cm 2, the overpotential demand for N-RuS,/Ru is 219 mV, while
it is 297 mV for RuS,/Ru, and 470 mV for RuS,. To evaluate the
HER kinetics of these electrocatalysts, their corresponding Tafel
plots were further calculated and fitted based on the polariza-
tion curves, as shown in Fig. 3b. Obviously, compared with the
pristine RuS, (125 mV dec™ ') and RuS,/Ru (74 mV dec '), the N-

RuS,/Ru shows a much smaller Tafel slope of 53 mV dec .

This journal is © The Royal Society of Chemistry 2020

Fig. 3c shows the overpotentials at different current densities
for three samples and corresponding Tafel slopes, their elec-
trocatalytic activities can be seen and compared at a glance.
These results are comparable or superior to those recently re-
ported on representative HER electrocatalysts (Table S1, ESIT).
Electrochemical impedance spectra (EIS) of the three electro-
catalysts were obtained by the AC electrochemistry impendence
test. A smaller impedance arc radius relates a lower interface
charge transfer resistance (R.), i.e., a faster reaction rate.”” It
can be seen in Fig. 3d that N-RuS,/Ru has a minimum imped-
ance arc radius among three samples, indicating its
outstanding interface transfer conductivity. The ahead analysis
results confirm that N-doping has modulated the electron
density of RuS,, and the in situ reduced Ru also affected the
electronic state of catalysts. Changes in R.; demonstrate that N-
doping and embedded-Ru have successfully promoted the
interface electron transfer rate of RuS, in the reaction process.

Fig. 4a shows the CV curves of N-RuS,/Ru, which were
collected at —0.2 to 0 V (vs. Ag/AgCl) under a series of scan rates
ranged from 20 to 100 mV s~ via cyclic voltammetry. The CV
curves of RuS, and RuS,/Ru have been provided in Fig. S5 in
ESI.} Next, half of the differences in current density variation
(Aj/2= (ja — jc)/2) at a certain potential of —0.1 V (vs. Ag/AgCl)
were plotted against the scan rate, as shown in Fig. 4b. The
electrochemical double-layer capacitance (Cq;) can be estimated
by the linear fitting. N-RuS,/Ru exhibits the largest Cq; of 41 mF
cm 2, more than twice that of RuS, (16 mF cm™2). The largest
value of Cy, indicates that N-RuS,/Ru has the largest electro-
chemically active surface area (ECSA) because Cyq; is considered
to be directly related to ECSA.*»** In addition, N-RuS,/Ru also
displays the best turn over frequency (TOF) (2.115 s~ at an
overpotential of 200 mV) among the three electrocatalysts

RSC Adv, 2020, 10, 17862-17868 | 17865
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(a) CV scans of the double-layer capacitance measurement of N-RuS,/Ru at different scanning rates. (b) Double-layer capacitances of

RuS,, RuS,/Ru and N-RuS,/Ru catalysts. (c) TOF curves of all samples against the HER potentials. (d) Polarization curves of N-RuS,/Ru before and
after 10 000 CV cycles from —0.2 to 0 V (vs. RHE) (inset: chronoamperometry curves tested at a fixed overpotential of 100 mV for 40 h).

(Fig. 4c). Under the equal overpotential, the TOF values of RuS,
and RuS,/Ru are 0.107 s~ ' and 0.438 s, respectively, which are
far lower than that of N-RuS,/Ru. To reach 0.725 s* of TOF as Pt,*
N-RuS,/Ru requires an overpotential of 147 mV, much smaller
than those of RuS, (276 mV) and RuS,/Ru (221 mV). This data
further confirms the superior HER performances of N-RuS,/Ru.
Both the results of ECSA and TOF suggest that N-RuS,/Ru has
higher electrocatalytic activity toward HER. The electrocatalytic
parameters of the three electrocatalysts are listed in Table S2.f
Except for the electrocatalytic activity, the durability of N-RuS,/Ru
is also evaluated under a long-term cycling test. As shown in
Fig. 4d, the overpotential at a current density of 50 mA cm™? for
N-RuS,/Ru nanoparticles has a slight increase of only 9 mvV, better
than those of RuS, (+26 mV) and RuS,/Ru (+16 mV) (Fig. S67).
Besides, the current density is reduced by only 4% after a constant
chronoamperometry (overpotential: 100 mvV) test for 40 h, further
illustrating the excellent stability of N-RuS,/Ru nanoparticles. It is
worth mentioning that the micromorphology of N-RuS,/Ru nano-
particles is basically retained after the cycling test (Fig. S7+).

The enhancement of the catalytic activity of N-RuS,/Ru is
mainly due to the combination of nitrogen doping and the in
situ reduction Ru metal as well as the synergistic effect. Doping
nitrogen can adjust the electronic structure, narrow the
bandgap of the semiconductor catalysts RuS,, accelerate the
surface electronic transfer and activate the surrounding atoms
(such as Ru or S) as the efficient active sites, which will lead to
an increase in active sites.’®*” Moreover, the introduction of
nitrogen may result in some defects in the structures, which will
be of great benefit to the improvement of catalytic efficiency. In
addition, Ru, as a precious metal, has similar hydrogen

17866 | RSC Adv, 2020, 10, 17862-17868

adsorption capacity to Pt, indicating the presence of extremely
efficient active sites.**** Meanwhile, it forms an atomic-scale
interface structure with RuS,. We know that interface engi-
neering is a critical and effective route to expand the catalytic
activity.**° The electronic states near the interface will be
optimized, and the chemical states of atoms near the interface
will also be affected, which will eventually promote a rapid
electron transfer and appropriate hydrogen adsorption in HER.

3. Conclusions

In summary, we have successfully prepared N-RuS,/Ru nano-
particles used as an efficient electrocatalyst for HER. Reason-
able design and simplified synthesis strategy produced a cost-
effective and high-performance electrocatalyst. N-doping can
optimize the electronic structure to enhance the conductivity of
N-RuS,/Ru. The in situ reduced Ru metal phase increases the
atomic-scale interface in the materials, which is particularly
conducive to the promotion of the electrocatalytic activity. Thus,
the as-synthesized N-RuS,/Ru exhibits a remarkable perfor-
mance for HER in 0.5 M H,SO,. It presents the lowest onset
overpotential of 76 mV, a required overpotential of 120 mV and
219 mV at the current density of 10 mA cm ™ and 100 mA cm ™2,
respectively. The N-RuS,/Ru electrocatalyst also has a small
Tafel slope of 53 mV dec™ " and a large electrochemically active
surface area. The turnover frequency of N-RuS,/Ru is high up to
2.115H, s~ ' at an overpotential of 200 mV. Moreover, it has
long-term stability over 10 000 cycles. This work paves a new
avenue to design robust Pt-free electrocatalysts for hydrogen
production toward commercial water electrolysis.

This journal is © The Royal Society of Chemistry 2020
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