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1. Introduction
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Ultrafine Ru nanoclusters supported on N/S doped
macroporous carbon spheres for efficient
hydrogen evolution reactionf

Yijie Wang, Wenjie Luo, Haojie Li and Chuanwei Cheng®*

The construction of highly-active and stable electrocatalysts for the hydrogen evolution reaction (HER) is
significant for efficient water splitting processes. Herein, we develop an efficient HER catalyst of ultrafine
Ru nanoclusters supported on a N/S doped macroporous hollow carbon sphere (Ru/H-S,N-C). The N/S
co-doping strategy not only facilitates the reduction of the Ru nanocluster sizes, but also regulates the
electronic structure of metallic Ru, improving the HER activity of the metallic Ru catalyst. Due to the
structural advantages of N/S-doped macroporous carbon spheres that provide a fast mass transfer
process and the high intrinsic activity of Ru nanoclusters, the optimized Ru/H-S,N-C catalyst exhibits
excellent HER performance in alkaline medium, with a low overpotential of 32 mV to reach 10 mA cm™2,
fast HER kinetics (a Tafel slope of 24 mV dec™) and excellent durability, superior to the performances of
the Ru/H-N-C sample and commercial Pt/C catalyst. Our work offers some guidance on the design of
efficient Ru-based electrocatalysts.

which can provide a large specific surface area and expose more

Hydrogen (H,), with its advantages of high gravimetric energy
density, sustainability, and environmental friendliness,? is
considered a promising alternative to traditional fossil fuels.
Among the various approaches for hydrogen production, water
electrolysis is an ideal method, with zero carbon emission,
abundant water resources, and high purity.** However, the lack
of efficient electrocatalysts to lower the overpotential for both
HER and OER still greatly hinders the application of water
electrolysis on a larger scale.*”

Although platinum (Pt)-based materials have become the
benchmark electrocatalysts for HER, the low reserves, poor
stability, and high cost of Pt impede their further advance-
ment.*® Benefiting from its strong corrosion resistance and Pt-
like hydrogen bond strength (65 kcal mol '), metallic ruthe-
nium (Ru) has drawn wide attention as a HER catalyst.>"
However, the bonding strength of Ru with hydrogen is too
strong and proper strategies for the performance improvement
are still required to boost the HER activity of Ru-based elec-
trocatalysts and close the gap with commercial Pt/C.

The HER activity of Ru-based electrocatalysts can be tuned by
morphology regulation, such as designing the Ru-based nano-
clusters,"”” nanoparticles,” nanosheets,"” and nanotubes,"
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active sites. Specifically, Ru-based materials in the form of
nanoclusters can significantly boost the activity due to the
increase in undercoordinated atoms.'® Carbon-based or
metallic supports are usually used to enhance the conductive
property of the electrocatalyst and lower the electron transfer
resistance to achieve higher HER activity."””'®* Moreover, elec-
tronic structure modification by introducing non-metallic
elements with high electronegativity or regulating the distance
between the Ru d-band centers and the Fermi level, would be
another effective approach to improve the HER perfor-
mance.'>® Therefore, rational design of Ru-based electro-
catalysts using morphology regulation, conductivity property
control and electronic structure modification at the same time
is expected to greatly lower the overpotential and yield excellent
performance toward HER.

In this work, we report the design and fabrication of an
efficient electrocatalyst of sub-2 nm Ru nanoclusters supported
on N/S co-doped macroporous carbon spheres by a space-
confined pyrolysis method with colloid spheres as the
template. The unique catalyst design possesses following
features. First, the macroporous carbon spheres as supports can
not only provide increased specific surface area, but also offer
convenient and fast mass transport channels. Second, the
ultrafine Ru nanoclusters enable the exposure of more active
reaction sites. Third, the N/S co-doping carbon strategy can
trigger the regulation of the electronic structure in Ru atoms,
further boosting the HER activity. As expected, the optimized
Ru/H-S,N-C catalyst yields excellent HER activity with an
overpotential of 32 mV at 10 mA cm™ 2, a Tafel slope of 24 mV
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dec™*, and outstanding stability for more than 10 000 cycles in
alkaline medium, a performance superior to those of its coun-
terparts and commercial Pt/C catalysts.

2. Experimental section
2.1 Synthesis of Ru/H-S,N-C

In a typical process, C¢H13NOs5-HCI (200 mg), RuCl;-xH,0 (20
mg), and CH,N,S (60 mg) were dissolved in 5 mL of SiO,
microsphere (average diameter of 227 nm) emulsion (5% W/V)
and uniformly mixed first by magnetic stirring and then by
ultrasonication for 2 h. The clear solution was transferred to an
80 °C oil bath pan for solvent evaporation and the self-assembly
of SiO, opals. Then, the obtained solid powder was annealed at
900 °C for 2 h with a heating rate of 10 °C min~ . The annealed
products were immersed in aqueous HF (10%) for 24 h to
thoroughly remove the silicon sphere templates. After drying at
80 °C overnight, the catalyst was obtained and denoted as Ru/
H-S,N-C. The yield of Ru/H-S,N-C was calculated to be 8.54%,
according to Table S1.f For comparison, Ru nanoparticles
supported on N-doped carbon spheres (Ru/H-N-C) and pure N-
doped carbon spheres (H-S, N-C) were synthesized by similar
procedures without the S source and Ru source, respectively.
Ru/H-S,N-C with different void sizes were prepared by
changing the diameters of the SiO, sphere templates. The RuO,
nanoparticle (RuO, NPs) catalyst was synthesized via the
oxidation of the ultrafine Ru nanoclusters of Ru/H-SN-C at
400 °C in air for 1 h.

2.2 Characterizations

The crystal phase of the as-synthesized catalysts was analyzed
on an X-ray diffraction (XRD) spectrometer (D8-Advance, Bruker
Miller) with a Cu Ko radiation source (A = 1.5406 A). Scanning
electron microscopy (SEM, FEI Sirion 200) and transmission
electron microscopy (TEM, JEOL 2100 F) were utilized to observe
the morphology and microstructure, respectively. The surface
electronic states of the catalysts were characterized by X-ray
photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD). The
specific surface area was examined through nitrogen adsorption
isotherms using a BJBUILDER SSA-7000 adsorption analyzer at
77 K.

2.3 Electrochemical characterization

All the electrochemical measurements were carried out using an
electrochemical workstation (CHI 760D) with a standard three-
electrode system. 1.0 M KOH was used as the alkaline electro-
lyte. Catalyst-loaded glassy carbon with a diameter of 3 mm
(area = 0.0707 cm?) was utilized as the working electrode, and
Hg/HgO and a graphite rod were used as the reference electrode
and counter electrode, respectively. The Hg/HgO electrode was
calibrated to the reversible hydrogen electrode (RHE) following
the equation E (RHE) = E (Hg/HgO) + 0.91 V. To prepare the
working electrode, the catalyst ink was prepared by dispersing
5 mg of sample into 1 mL of a mixture containing deionized
water, ethanol, and Nafion (5% wt) at a volume ratio of
4:1:0.175. 5 mL of ink was taken and dropped vertically onto
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the glassy carbon electrode with a loading of 0.35 mg cm 2. All
data based on linear sweep voltammetry was obtained at a scan
rate of 5 mV s~ ' and was compensated for the 90% internal
resistance (iR) drop. Overall water splitting measurements were
conducted based on a standard two-electrode configuration
with Ru/H-S,N-C as the cathode and RuO, NPs as the anode.
The electrochemical impedance tests were carried out in the
frequency range of 10> to 10° Hz.

3. Results and discussion

Ru/H-S,N-C was prepared through a space-confined pyrolysis
procedure, as illustrated in Fig. 1. First, the solvent evaporation-
induced self-assembly process was conducted in an oil bath
with a mixed solution of p-glucosamine hydrochloride, thio-
urea, and ruthenium(m) chloride hydrate in the gaps of colloid
SiO, opals. Then, the product was converted to Ru anchored on
N- and S-co-doped carbon coated on the SiO, opals through
annealing in an Ar atmosphere. Finally, the SiO, opal template
was removed by etching with hydrofluoric acid solution and the
Ru/H-S,N-C catalyst was obtained. For comparison, Ru nano-
particles on N-doped carbon (Ru/H-N-C) were synthesized
through a similar process without the addition of thiourea. The
SEM and TEM images in Fig. 2a, b and e, f show that Ru/H-
S,N-C and Ru/H-N-C possess ordered macroporous structures
with an average pore diameter of ~220 nm formed by the
assistance of the SiO, template. The macroporous carbon
spheres provide large specific surface area and fast mass
transfer channels in HER reactions. Compared in Fig. 2b and f,
in the presence of S, the diameter of the Ru nanoclusters in Ru/
H-S,N-C was distributed in a range of ~1-3 nm (inset of
Fig. 2b). The counted average diameter over 100 clusters was
~2 nm, which was smaller and more uniform than the diame-
ters of the Ru nanoparticles (~8.8 nm) in Ru/H-N-C. These
results suggest that the introduction of N/S atoms in carbon is
beneficial to forming more nucleation sites and accelerating the
nucleation rates of metallic Ru, thus minimizing the sizes and
guiding a conformal distribution of Ru nanoclusters.?*-*
Smaller sized nanoclusters beneficially expose more active sites
to enhance the HER performance.*>** The results are consistent
with the TEM images in Fig. 2c and g. The HRTEM images of
Ru/H-S,N-C (Fig. 2d) and Ru/H-N-C (Fig. 2h) show a measured
lattice spacing of 0.23 nm, which is attributed to the Ru (100)
crystal planes. The TEM-energy-dispersive X-ray spectroscopy
(EDX) element mapping in Fig. 2i-m exhibits the uniform
distribution of C, Ru, S, and N. The content of metallic Ru was
measured to be 17.1 wt% by inductively coupled plasma atom
emission spectrometry (ICP-AES) analysis, which is consistent
with the 16.8 wt% extracted from the element mapping of TEM
in Table S2.T

The crystal phases of Ru in Ru/H-S,N-C and Ru/H-N-C
were characterized by X-ray diffraction spectrometry. In Fig. 3a,
the observed peaks at 38°, 42°, 44°, 58°, 69°, 78°, and 84°
belong to hexagonal Ru (PCPDF No. 89-4903).2° X-ray
photoelectron spectroscopy was used to characterize the
elemental components and behaviors of the chemical state of
Ru/H-S,N-C. For comparison, Ru/H-N-C without S and H-S,
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Fig. 1 An illustration of the preparation of Ru/H-S,N—-C catalyst.

Fig.2 Characterizations of Ru/H-S,N-C: (a) SEM, (b) TEM (inset: diameter distribution of Ru nanoclusters in Ru/H-S,N-C), and (c and d) HRTEM
images; Ru/H-N-C: (e) SEM, (f) TEM (inset: diameter distribution of Ru nanoclusters in Ru/H-N-C), and (g and h) HRTEM images; (i-m) TEM-
EDX element mappings of Ru/H-S,N-C.
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Fig.3 (a) XRD patterns of Ru/H-S,N-C and Ru/H-N-C, (b) XPS high resolution S 2P spectra for Ru/H-S,N-C and H-S, N-C, and (c) XPS high Ru

3P resolution spectra for Ru/H-S,N-C and Ru/H-N-C.

N-C without Ru were also studied. As shown in Fig. S1,7 Ru/H-
S,N-C is composed of Ru, S, N, C and O without impurities. In
the S 2p spectrum of Ru/H-S,N-C, despite the low S content,
the Ru-S bond was directly observed at a binding energy of
162.3 eV, as shown in Fig. 3b.”” Furthermore, a small negative
shift of 0.1 eV occurred from 164.8 eV for S-C in Ru/H-S,N-C to
164.9 eV for S-C in H-S, N-C.?® This negative shift suggested
that S atoms are doped into the carbon and possess negative
charge. In Fig. 3c, the Ru 3p spectrum in Ru/H-S,N-C was
divided into the Ru-O bond (486.59 and 463.6 eV) and Ru°
(484.3 and 462.2 €V).>*?° The existence of Ru-O bonds may
result from inevitable surface oxidation. For Ru’, a small
positive shift of 0.1 eV can be observed from 462.2 eV in Ru/H-
S,N-C to 462.1 eV in Ru/H-N-C, which shows that Ru loses
electrons and possesses positive charge, indicating electron
transfer from Ru to S.*° The C 1s spectrum in Fig. S1bt can be
divided into C-C, C=C, and C=N/C=0, suggesting the
formation of nitrogen-doped carbon. The Ru 3d peaks at
284.8 eV and 280.7 eV are assigned to Ru 3d3/, and Ru 3ds,,
respectively. In Fig. Slc,f the N 1s spectrum can be

deconvoluted to pyridinic N (398.2 eV), pyrrolic N (400.8 eV),
graphitic N (400.0 eV), and oxidized N (402.3 eV).»>*31:32

The HER performances of the as-prepared samples were
evaluated in alkaline media (1.0 M KOH). In Fig. 4a, Ru/H-
S,N-C shows excellent HER performance, only requiring an
ultralow overpotential of 32 mV to reach 10 mA cm ™2, which is
superior to the commercial Pt/C catalyst (7;, = 40 mV) and the
Ru/H-N-C counterpart (7;, = 64 mV). The HER performance of
Ru/H-S,N-C is significantly better than that of H-S, N-C,
proving that the Ru nanoclusters act as the major active sites for
HER. The LSV curves of Ru/H-S,N-C before and after iR
correction are shown in Fig. S2.7 Furthermore, in Fig. 4b, the
Tafel slope of Ru/H-S,N-C fitted based on the polarization curve
is 24 mV dec™ ', which is much smaller than those of Ru/H-N-C
(45 mV dec ') and commercial Pt/C (42 mV dec ). These
results prove that the HER process of Ru/H-S,N-C proceeds by
the Volmer-Tafel mechanism and that sulfur doping in Ru/H-S,
N-C significantly enhances the reaction kinetics towards HER.
Fig. 4c and Table S31 summarize the key parameters in HER
performance of recently reported Ru-based catalysts with
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(@ and b) LSV curves and Tafel slopes of Ru/H-S,N-C, Ru/H-N-C, and Pt/C, (c) comparison chart of overpotentials at 10 mA cm™
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2and

Tafel slopes for Ru/H-S,N-C, Pt/C, and recently reported Ru-based catalysts,'2*7262933-42 (d and e) Cq, and EIS (inset: equivalent circuits from
fitting the related Nyquist curves) of Ru/H-S,N-C and Ru/H-N-C, (f) ADT test (inset: i—t curve of Ru/H-SN-C).
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commercial Pt/C for comparison.'>'7*%**33-> Among Pt/C and
the various Ru-based catalysts, Ru/H-S,N-C exhibits relatively
higher HER activity.

To elucidate the electrochemical behavior of Ru/H-N-C, H-
S, N-C, and Ru/H-S,N-C, electrochemical double-layer capaci-
tance (Cq;) with positive correction to the electrochemical active
surface area (ECSA) was performed. In Fig. 4d, the Cy4; of Ru/H-
S,N-C calculated based on cyclic voltammetry (Fig. S31) is 30 mF
em™?, which is twice that of Ru/H-N-C (15 mF em™?) and far
greater than that of H-S, N-C. The larger ECSA of Ru/H-S,N-C is
mainly due to the formation of ultrafine Ru nanoclusters which
provide more exposed Ru sites accessible to the electrolyte in
HER, leading to excellent HER performance.””**** Furthermore,
electrochemical impedance spectroscopy (EIS) is used to
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5072 | Nanoscale Adv., 2021, 3, 5068-5074

tog |j| (mA cm?)

150 180

2 (ohm)

(a—c) LSV curves, Tafel slopes, and EIS of Ru/H-S,N-C with different pore diameters and Ru-S, N-C without pores.

discover the influence of conductivity property control on HER
performance by measuring electron-transfer resistance (R.) at
the interface between catalyst and electrolyte. In Fig. 4e, Ru/H-
S,N-C has the smallest R compared with Ru/H-N-C and H-S,
N-C, showing the fastest electron transport and reaction
kinetics.**** The macroporous hollow S,N-doped carbon
spheres not only provide good conductivity, but also facilitate
electrolyte penetration to accelerate mass transfer during HER.
Therefore, the excellent HER performance of Ru/H-S,N-C can
be attributed to both the number of exposed active sites and fast
mass/electron transport.

The durability of Ru/H-S,N-C was explored using the accel-
erated durability test (ADT) and i-t curves.*>** In Fig. 4f, after
10 000 cycles of cyclic voltammetry, the overpotential at 10 mA
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(a) XRD pattern of RuO, NPs, (b and c) LSV curves and Tafel slopes of RuO, NPs and Ir/C for OER, and (d) polarization curves of Ru/H-S,
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cm 2 of Ru/H-S,N-C increased only 7 mV. Seen in the inset
plots in Fig. 4f, the small decay in current density in the i-t
curves after 35 h of operation shows good durability as well.
After the durability test, the uniform macroporous structure
and crystal plane showed no obvious change, as can be seen in
Fig. S4.1 From the XPS characterization in Fig. S5,1 the chemical
composition and surface electronic structure of Ru/H-S,N-C are
also unchanged after the stability test. In addition, the Ru
content was scarcely changed, as shown in Table S4,1 as the
atomic ratio of Ru 3p to N 1s was calculated to be 0.302 before
the stability test and 0.305 after the stability test.

In order to investigate the effect of pore sizes on HER
performance, Ru/H-S,N-C-n (n represents the diameter of the
SiO, template) with different SiO, template diameters were
prepared, including 50, 227, and 315 nm, as well as Ru-S, N-C
without a SiO, template. In Fig. 5a and b, the Ru/H-S,N-C-227
shows the smallest overpotential at 10 mA cm > and Tafel
slope compared to those of Ru/H-S,N-C-50 (7, = 52 mV, b =
49 mV dec™ "), Ru/H-S,N-C-315 (1,0 = 66 mV, b = 67 mV dec™ ),
and Ru-S, N-C, indicating that Ru/H-S,N-C-227 possesses the
highest HER activity. The optimal HER activity of Ru/H-S, N-C-
227 comes from the optimization of the specific surface area
and charge transfer process. Although the BET specific area
values follow the order of Ru/H-S,N-C-50 > Ru/H-S,N-C-227 >
Ru/H-S,N-C-315 > Ru-S, N-C (Fig. S6t)," in Fig. 5c, the EIS
plots of the four samples show that Ru/H-S,N-C-227 possessed
the smallest charge transfer resistance, leading to faster charge
transportation at the interface of Ru and N,S-co-doped macro-
porous carbon.

To evaluate their prospect of practical application in overall
water splitting devices, RuO, NPs were obtained via the one-step
oxidation of Ru/H-S,N-C-227 samples by annealing at 400 °C in
air for 1 h and were used as an OER catalyst. In Fig. 6a, the XRD
pattern of RuO, NPs matches well with that of RuO, (PCPDF no.
040-1290),>*> indicating that metallic Ru is successfully con-
verted into RuO,. In Fig. 6b-c, benefiting from S,N-co-doped
macroporous carbon as a carrier, RuO, NPs need an over-
potential of only 210 mV to achieve 10 mA cm ™2, superior to the
commercial 20% Ir/C (280 mV), and possess the smallest Tafel
slope of 45 mV dec™' in alkaline media. Furthermore, when
used as an overall water splitting device, Ru/H-S,N-C||RuO, NPs
comprised of Ru/H-S,N-C-227 for HER and RuO, NPs for OER
shows a cell voltage of 1.54 V at 10 mA cm™ 2, which is much
lower than that of the commercial Pt/C||Ir/C (1.71 V), as seen in
Fig. 6d. These results show the probability of replacing
commercial Pt/C catalysts with Ru-based electrocatalysts in
industrial water electrolysis.

4. Conclusions

In summary, we have developed ultrafine Ru nanoclusters
(~2 nm) supported on N/S-co-doped macroporous carbon
spheres as an efficient catalyst with excellent HER performance.
Macroporous carbon spheres as supports ensure a large specific
surface area and fast mass transfer channels. The introduction
of sulfur and nitrogen atoms in the carbon supports reduces the
size of Ru nanoclusters for higher exposure of active sites and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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regulates the electronic structure of Ru, leading to significantly
improved HER performance. Combining all the merits above,
the Ru/H-S,N-C-227 catalyst exhibits the highest HER activity
with an overpotential of 32 mV at 10 mA cm ™2, a Tafel slope of
24 mV dec™’, and good stability, outperforming the reference
samples of Ru/H-N-C-227 and commercial Pt/C.
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