
ww.sciencedirect.com

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 5 ( 2 0 2 0 ) 1 8 8 4 0e1 8 8 4 9
Available online at w
ScienceDirect

journal homepage: www.elsevier .com/locate/he
High-performance Ru-based electrocatalyst
composed of Ru nanoparticles and Ru single atoms
for hydrogen evolution reaction in alkaline solution
Jin Peng a, Yinghuan Chen a, Kai Wang a, Zhenghua Tang a,b,*,
Shaowei Chen c,**

a Guangzhou Key Laboratory for Surface Chemistry of Energy Materials and New Energy Research Institute, School

of Environment and Energy, South China University of Technology, Guangzhou Higher Education Mega Centre,

Guangzhou, 510006, PR China
b Guangdong Engineering and Technology Research Center for Surface Chemistry of Energy Materials, School of

Environment and Energy, South China University of Technology, Guangzhou Higher Education Mega Centre,

Guangzhou, 510006, PR China
c Department of Chemistry and Biochemistry, University of California, 1156 High Street, Santa Cruz, CA, 95064,

United States
h i g h l i g h t s
* Corresponding author. Guangzhou Key La
School of Environment and Energy, South
510006, PR China.
** Corresponding author.

E-mail addresses: zhht@scut.edu.cn (Z. T
https://doi.org/10.1016/j.ijhydene.2020.05.064
0360-3199/© 2020 Hydrogen Energy Publicati
g r a p h i c a l a b s t r a c t
� A facile strategy was developed for

fabricating high-performance Ru-

based catalysts.

� Ru nanoparticles and Ru single

atoms are encapsulated in the

pores of NMCNs.

� Ru-NMCNs-500 had superior HER

activity and long-term stability to

Pt/C in 1 M KOH.

� It opens a new avenue for prepar-

ing HER catalysts under extreme

alkaline conditions.
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a b s t r a c t

Hydrogen evolution reaction (HER) plays a critical role in electrocatalysis, and developing

highly active, cheap and stable Pt-free catalysts for HER in alkaline media is imperative for

conversion of renewable energy into hydrogen fuels via photo/electrochemical water

splitting. Herein, we report a facile strategy to fabricate a high-performance Ru-NMCNs-T

electrocatalyst (T is the annealing temperature) for HER, which consist of both Ru nano-

particles and single Ru atoms well dispersed on nitrogen-doped mesoporous carbon

nanospheres (NMCNs). Ru-NMCNs-500 exhibited the best HER performance in the series.
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To achieve a current density of 10 mA cm�2 in 1 M KOH, it only needs an overpotential of

28 mVwith a small Tafel slope of 35.2 mA dec�1, superior to the commercial Pt/C catalyst. It

also exhibited exceedingly improved long-term stability than Pt/C. This study can open a

new avenue for preparing Ru-based catalysts toward HER under extreme alkaline

conditions.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
energies to some key reaction intermediates in the HER pro-

Introduction

To combat the serious problems associated with fossil fuel-

based energy sources, it is urgent to develop clean and

renewable energy alternatives [1]. In this regard, hydrogen has

been widely deemed as one of the most promising clean en-

ergies because of its high mass energy density (120 MJ kg�1)

and pollution-free nature [2e4]. The water electrolysis

through the hydrogen evolution reaction (HER) is an impor-

tant process for efficient energy conversion by generating

hydrogen [5e8]. Photochemical synthesis can achieve

hydrogen production, but there are some possible disadvan-

tages, such as the solar energy is too scattered and not stable,

not to mention that the preparations of solar cells are so-

phisticated and costly [9e12]. In contrast, electrochemical HER

can bemore efficient and reliable, the excess electricity can be

fully utilized, and the produced hydrogen is extremely pure as

well. However, the high overpotential for electrochemical

water splitting makes the hydrogen production very difficult

to proceed, hence a catalyst to trigger the proton reduction

with minimal overpotential to enhance the HER kinetics is

imperative [13,14]. Currently, Pt and Pt-based materials hold

“The Holy Grail” for HER due to its near zero overpotential and

excellent long-term durability. However, the acute scarcity

and high cost of Pt significantly impede the large-scale

commercialization [15,16]. Furthermore, electrochemical

water splitting can be conducted in either acid or alkaline

solution, where acidic electrolytes are commercially and

technologically limited by a lack of cheap and efficient counter

electrode catalysts in acid environment. To that end, a great

deal of research efforts have been devoted to developing all

kinds of HER catalysts which exhibit high activity and robust

stability in alkaline media [17e25].

Ruthenium (Ru)-based nanomaterials have been emerged

as promising alternative catalysts for HER because of the

economic advantage of Ru (Ru is ~3-fold cheaper than Pt),

excellent activity, and long-term performance stability of the

catalysts [26,27]. To achieve desirable HER activity in alkaline

media, developing effective means to optimize the size and

morphology and increase the surface area of the Ru-based

catalysts is highly desirable. For instance, Wang et al. re-

ported a general solid-phase approach for the green and facile

fabrication of highly dispersed uncapped Ru nanoparticles for

HER, where the small size and uniform dispersion were

accountable for the superior HER performance [28]. Qiao group

reported an anomalously structured Ru catalyst that showed

2.5 times higher hydrogen generation rate than Pt, and the

high activity probably originated from its suitable adsorption
cess [29]. To improve the sluggish HER rate in alkaline media,

decreasing the high water-dissociation (Volmer step) energy

barrier is highly desirable. To that end, introducing a support

which can collectively enhance Volmer and Heyrovsky/Tafel

step hence promoting the HER performance is a viable and

effective strategy [30]. Nitrogen-doped carbon matrix would

be an ideal choice as a support, as it not only can endow the

catalyst high conductivity, but also can impart the uniform

dispersion of the active sites, hence the active sites in the

electrolyte can be well-protected and the catalyst could

maintain a high durability in long-term operations [31e34].

Moreover, the doped electro-negative nitrogen atoms not only

enhance the electrical conductivity of the substrate, but also

improve the metal-substrate interaction hence promote the

electrocatalytic performance [35]. By loading ruthenium

nanoparticles into a novel carbon, the as-prepared catalyst

reported by Li et al. exhibited excellent catalytic behavior with

an overpotential of 0 mV, a Tafel slope of 47 mV dec�1, and an

outstanding durability in 1 M KOH [36]. Nanda group demon-

strated the facile synthesis of ultrafine Ru nanocrystals sup-

ported by N-doped graphene as an exceptional HER catalyst in

alkaline solution, where the electron transfer from Ru to car-

bon resulted in an electron-deficient metal center hence

greatly enhanced the activity [37]. Ping and Chen groups pre-

pared a catalyst of ruthenium atomically dispersed in porous

carbon, of which the catalytic performance was markedly

better than that of commercial platinum catalyst, with an

overpotential of only �12 mV to reach the current density of

10 mV cm�2 in 1 M KOH and �47 mV in 0.1 M KOH [38]. In a

recent study, Kweon et al. developed a simple synthetic route

to prepare Ru nanoparticles uniformly anchored onto the

surface of multiwalled carbon nanotubes (MWCNTs) [39].

Briefly, following the formation of ruthenium carboxylate

complexes, the chemical and thermal annealing were able to

turn Ru3þ ions into Ru(0) particles onto the surface of

MWCNTs. Remarkably, in a practical water-splitting test, the

Ru@MWCNTs catalyst exhibited an average Faradaic effi-

ciency of 92.28% at 1.8 V, leading to 15.4% higher hydrogen

production per power consumption than that of Pt/C [39].

Recently, single atom catalysts have been gaining

tremendously increasing research attentions, thanks to their

exceptional catalytic activities, maximal atomic utilizations,

and strong metal-support interactions [40e42]. To enhance

the catalytic performance and further lower the cost, it would

be highly desirable that single Ru atoms can be incorporated

into Ru-based catalysts. Herein, we report a facile approach to

prepare a series of high-performance Ru-based electrocatalyst

for HER in alkaline media, and the catalysts consist of both Ru
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nanoparticles and single Ru atomswell dispersed on nitrogen-

doped mesoporous carbon nanospheres (NMCNs). Among the

Ru-NMCNs-T (T is the annealing temperature) series, the Ru-

NMCNs-500 sample demonstrated the best HER activity in

1 M KOH, superior to the commercial Pt/C catalyst. It also

showed higher long-term stability than Pt/C with great

robustness.
Experimental section

Chemicals

Ruthenium (III) chloride hydrate (RuCl3$3H2O, 99%), triblock

poly (ethylene oxide)-b-poly (propylene oxide)-b-poly

(ethylene oxide), pluronic F127 (EO106PO70EO106, MW¼ 12,600),

1, 3, 5-trimethylbenzene (C9H12, TMB), ammonium hydroxide

(NH4OH, 28e30 wt%), Al2O3 powders and dopamine hydro-

chloride (C8H11NO2$HCl) were purchased from Energy Chem-

icals (Shanghai, China). Commercial Pt/C (20 wt%) was

obtained from Alfa Aesar (China). Ethanol was bought from

ZhiyuanChemical Industry (Tianjin, China). Thewater used in

this study was ultrapure with a resistivity of 18.2 MU cm�1. All

the chemicals were directly used without further purification.

Preparation of nitrogen-doped mesoporous carbon
nanospheres

The synthesis of nitrogen-doped mesoporous carbon nano-

spheres (denoted as NMCNs) was conducted by following the

previously reported approach [43]. Typically, 1.0 g of F127 and

0.5 g of dopamine hydrochloride were first co-dissolved in a

mixed solvent containing 50mL ofwater and 50mL of ethanol,

then the mixture was kept stirring vigorously at room tem-

perature to form a transparent solution. Subsequently, 2.0 mL

of TMBwas slowly injected into the solution under stirring for

30 min to form an emulsion. Then, 5.0 mL of ammonia was

added dropwise at a rate of 30 mL h�1 into the above mixture

to induce the self-polymerization of dopamine. The meso-

porous TMB/F127/PDA polymer nanospheres were collected

by centrifugation and then washed with water and ethanol

3e5 times. After preheating the mesoporous TMB/F127/PDA

polymer nanospheres at 350 �C for 3 h then 800 �C for 2 h

under N2 atmosphere with a temperature increasing rate of

2 �C min�1, the obtained solid was collected as the final

product of NMCNs.

Preparation of the Ru-NMCNs-T samples

The Ru-NMCNs-T samples were prepared in a following

manner. Firstly, the RuCl3$3H2O (0.1 g mL�1) solution were

added into the NMCNs aqueous dispersion (100 mg NMCNs

dispersed in 50 mL of deionized water) and kept stirring at

room temperature for 10 h. Then, the solid was collected by

centrifugation and dried at 35 �C under vacuum overnight.

The solid was heated at a controlled temperature (300, 400,

500, and 600 �C) for 2 h at a heating rate of 5 �C min�1 under

H2/Ar (5%/95%) atmosphere, and collected as the final product.
The sampleswere denoted as Ru-NMCNs-T (T is the annealing

temperature, i.e. 300 �C, 400 �C, 500 �C, or 600 �C).

Characterizations

Field-emission scanning electronmicroscopy (FE-SEM,Merlin)

and transmission electron microscopy (TEM, JEM-2100F)

equipped with energy-dispersive X-ray spectroscopy (EDS)

were used to observe the surfacemorphology andmicroscopic

structure of the samples. The elemental mapping of the Ru-

NMCNs-500 was acquired on the above TEM instrument.

High angle annular dark field imaging scanning transmission

electron microscopy (HAADF-STEM) was performed using a

JEM-ARM300F machine operated at 300 kV. X-ray diffraction

(XRD) patterns were recorded on a Bruker D8 diffractometer

with a scan range from 10� to 90� at 2� min�1 (Cu Ka radiation,

l ¼ 0.1541 nm). X-ray photoelectron spectroscopic (XPS)

measurements were performed on a Phi X-tool instrument

using Al as the exciting source. Raman spectra were obtained

using a Raman spectrometer (Renishaw, Inc, RM-2000) with a

532 nm laser source. The BET surface area and pore size were

measured on a Quantachrome Autosorb-iQ instrument with

nitrogen adsorption at 77 K using the density functional the-

ory method.

Electrochemical measurements

Electrochemical measurements were carried out with a con-

ventional three-electrode configuration on a CHI 750E elec-

trochemical workstation (CHI Instruments, China). A graphite

rod and an Ag/AgCl (3 M KCl) electrode were employed as the

counter electrode and reference electrode, respectively. The

catalyst ink was prepared as follows: 2.5 mg of the catalyst

(i.e., Ru-NMCNs or 20 wt% Pt/C) was first dispersed in a

mixture of ethanol (0.4 mL) and Nafion (0.5 wt%, 100 mL) under

ultrasonication for 30 min. Then, 5.0 mL of the above suspen-

sion (corresponding to a loading amount of 0.357 mg cm�2)

was dropwisely cast onto the polished glassy carbon electrode

(GCE, surface area of 0.07 cm2) and dried naturally at room

temperature. The GCE was polished with Al2O3 powders, and

the electrochemical measurement was performed in 1 M KOH

solution. Linear sweep voltammetric (LSV) measurement was

conducted between �0.7 and �1.5 V with a scan rate of

10 mV s�1, the potential measured against Ag/AgCl was con-

verted into potential versus reversible hydrogen electrode

(RHE) according to the equation, E (vs. RHE) ¼ E (vs. Ag/

AgCl) þ 0.197 V þ 0.059 * pH. CV test was conducted from

�1.2 V to�0.9 V at a sweep rate of 100mV s�1 for 10, 000 cycles

to investigate the cycling stability.

To determine the electrochemically active surface area

(EASA) of the samples, a series of CV curves were recorded at

various scan rates (5, 10, 15, 20, 30 mV s�1) in non-Faradic

region (72e212 mV vs. RHE in 1 M KOH). Then, a typical spe-

cific capacitance (EASA¼ Cdl/CS, the Cs value of 0.035mF cm�2

in alkaline solutions was used based on the reported average

Cs ofmetallic surfaces, the Cdl value is the slope obtained from

the resulted straight line) was employed to calculate the EASA

value [26,44].
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Results and discussion

TEM and SEM analysis

Fig. 1 shows the schematic for preparing the Ru-NMCNs-T

samples. It includes roughly three steps (See details in

experimental section) [43]. As presented in Fig. 1, F127 reacting

with dopamine in the presence of TMB in NH4OH can form

mesoporous TMB/F127/PDA polymer nanospheres, which are

subjected to pyrolysis at 800 �C to generate nitrogen-doped

mesoporous carbon nanospheres (NMCNs). Lastly, RuCl3-
$3H2O was added into the NMCNs dispersion and the mixture

was annealed under a H2/Ar atmosphere. The obtained solid

was then collected as the final product and denoted as Ru-

NMCNs-T, where T denotes the annealing temperature.

The morphological change during the preparation process

of Ru-NMCNs-T was monitored by electronic microscopy. As

illustrated in Fig. 2a, field-emission scanning electron micro-

scopy (FESEM) images show that the polymerized TMB/F127/

PDA nanospheres exhibited perfect-defined spherical shape

with a good uniformity, and the average size of the nano-

particles can be estimated as 160 ± 20 nm. Such well-defined

morphology of the spheres can be intact preserved into the

final product of Ru-NMCNs, as evidenced by the FESEM image

of Ru-NMCNs-500 in Fig. 2b. However, the particle size slightly

decreased to 130± 12 nm, probably due to the thermal induced

shrinkage. The transmission electron microscopic (TEM) im-

ages in Fig. 2c and d demonstrate that Ru nanoparticles are

uniformly distributed onto the mesoporous carbon nano-

spheres, where the inset size distribution histogram depicts

that the average size of Ru nanoparticles is 2.62 ± 0.49 nm. In

addition, the corresponding nitrogen adsorption-desorption

isotherms of NMCNs and Ru-NMCNs-500 can be found in

Fig. S1. The surface area of Ru-NMCNs-500 is ~684 m2 g�1, and

the pore size distribution based on the DFT model (inset in

Fig. S1) is centered at ~3.79 nm, both are slightly lower than

that of NMCNs (~755m2 g�1 and ~4.22 nm), suggesting that the

well-defined mesoporous structure of NMCNs was well-

preserved upon the introduction of Ru and the Ru nano-

particles can be uniformly dispersed in the pores. High reso-

lution TEM (HR-TEM) image (Fig. 2e) shows clearly identifiable

lattice fringes with spacings of 0.234 and 0.205 nm, corre-

sponding to the (100) and (101) planes of hcp Ru (JCPDS

06e0663), respectively [24,45]. The energy dispersive X-ray

(EDX) elemental mapping images in Fig. 2f further demon-

strate the uniform distribution of the C, N, and Ru elements.
Fig. 1 e Schematic for preparing the Ru-NMCNs-
Furthermore, aberration corrected high-angle annular dark

field STEM (HAADF-STEM) images (Fig. 2g and h) illustrate that

there are not only Ru nanoparticles, but also a small amount

of isolated Ru atoms (highlighted by red circles in Fig. 2i) can

be readily identified on the NMCNs matrix. It is worth

mentioning that, previous study has indicated that in the

presence of both Ru nanoparticles and Ru single atoms, the

single Ru atoms rather than Ru nanoparticles embedded

within the carbon matrix contributed more to the perfor-

mance of the HER activity in alkaline media [38]. Despite the

low content, the individual Ru atoms in Ru-NMCNs-500 are

probably beneficial for the HER performance. The elemental

analysis (Fig. S2) shows that the total Ru content is 3.04 wt %,

and in such low Ru ratio, single atoms of Ru are expected to be

formed.
XRD and XPS measurements

The crystal phases of the Ru-NMCNs-T samples were then

probed by the X-ray diffraction (XRD) test. As shown in

Fig. 3a, there are two broad peaks at ~25� and ~44�, corre-
sponding to the (002) and (100) plane of the disordered

carbonaceous structure, respectively. The Raman spectra of

NMCNs and Ru-NMCNs-500 are illustrated in Fig. S3, where

two obvious peaks around 1350 and 1590 cm�1 in both sam-

ples can be attributed to the disordered carbon (D band) and

ordered graphitic carbon (G band), respectively [43]. Notably,

the intensity ratio (ID/IG) for Ru-NMCNs-500 (~1.03) is slightly

larger than that of NMCNs (~1), indicating an increase of

structural defects upon the introduction of the Ru species. It

has been documented that such defects are favorable for

improving the catalytic performance [46,47]. Meanwhile, the

other peaks with 2q positioned at ~38�, ~42�, ~44�, ~58�, ~69�

and ~78� can be indexed to (100), (002), (101), (102), (110), and

(103) facets of crystalline Ru (JCPDS 06e0663). One may notice

that, with the increasing of the annealing temperature, the

peak intensity in XRD enhanced, suggesting that higher

temperature is favorable for forming crystalline Ru. Addi-

tionally, the XRD patterns of the Ru-NMCNs-500 sample with

different initial Ru loadings were studied (Fig. S4), and higher

Ru content in the sample tend to display higher peak in-

tensities, as expected.

The chemical composition and electronic configuration of

the samples were then investigated by X-ray photoelectron

spectroscopy (XPS). As depicted in Fig. S5, the presence of C, N,

O, and Ru elements in Ru-NMCNs-500 is confirmed. The
T samples (T is the annealing temperature).

https://doi.org/10.1016/j.ijhydene.2020.05.064
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Fig. 2 e Representative FESEM images of the TMB/F127/PDA nanospheres (a) and Ru-NMCNs-500 (b), TEM images of Ru-

NMCNs-500 at different magnifications (cee). Inset: particle size distribution histogram. Scale bars are (c) 200 nm, (d) 50 nm,

and (e) 5 nm. TEM-EDX mapping images of Ru-NMCNs-500 (f) for the C, N, and Ru elements. HAADF-STEM images of Ru-

NMCNs-500 (geh), and magnified HAADF-STEM image (i).
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atomic percentages of the C, N, and Ru atoms estimated from

XPS are summarized in Table S1. It can be noted that, C atoms

dominated the sample, while the N and Ru atoms had a 4.25%

and 5.57% weight ratio, respectively. Note that, the weight

percentages of the N and Ru atoms fromXPS are slightly larger

than that from EDS, this is probably due to that XPS is a sur-

face detection technique with the detection depth of only a

few nanometers while the N and Ru atoms are more prone to

be enriched on the surface of NMCNs. The core-level XPS

spectra of the N1s electron from NMCNs and Ru-NMCNs-500

are illustrated in Fig. 3b. For both samples, the broad peak

can be deconvoluted into four subpeaks, which are assigned to

pyridinic N (398.2 eV), pyrrolic N (399.8 eV), graphitic N

(400.9 eV), and oxidized N (402.5 eV), respectively [38,43,48].

Based on the integrated peak area, the content of four

different N species for NMCNs and Ru-NMCNs-500 can be

estimated and summarized in Table S2. One may notice that,

compared with NMCNs, the contents of the pyridinic N, pyr-

rolic N and graphitic N all decreased in Ru-NMCNs-500, while

the content of oxidized N significantly increased, suggesting

that Ru atoms are probably coordinated with the three N

species rather than oxidized N species.

Fig. 3c presents the high resolution XPS spectra of the

Ru3p electrons, where the two peaks with binding energies at

485.0 and 462.6 eV can be assigned to the Ru3p1/2 and Ru3p3/2

electrons frommetallic Ru, respectively [49,50]. It suggests Ru
atoms in the precursor have been fully reduced, and they

exist as Ru (0) in the sample. Lastly, the spectra from the C1s

plus Ru3d electrons is shown in Fig. 3d. The C1s peak suggest

there are two types of carbon species consisting of C]C

(284.4 eV) and C]N (285.5 eV) [51,52]. Moreover, the small

peak adjacent with the binding energy at 284.4 eV can be

attributed from the Ru3d5/2 electrons of the metallic Ru,

further attest the exclusive presence of metallic Ru in the

sample.

The HER performance of the series and Pt/C in 1 M KOH

The HER electrocatalytic activities of the Ru-NMCNs-T sam-

ples were then systematically studied in 1.0 M KOH using a

standard three-electrode system and compared with the

commercial Pt/C catalyst. The polarization curves in 1 M KOH

are illustrated in Fig. 4a, where all the catalysts exhibited

almost zero onset potential. However, to afford the current

density of 10 mA cm�2, the overpotential was 55, 54, 28, and

46 mV for Ru-NMCNs-300, Ru-NMCNs-400, Ru-NMCNs-500,

and Ru-NMCNs-600, respectively. It can be noted that, with

the increasing of thermal annealing temperature, the HER

activity first increased then diminished. Ru-NMCNs-500

exhibited the best HER activity, of which the overpotential

even smaller than that of Pt/C (39 mV) at 10 mA cm�2. Such

trend is more apparent at higher current density (e. g.

https://doi.org/10.1016/j.ijhydene.2020.05.064
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Fig. 3 e The XRD patterns of the Ru-NMCNs-T samples (a). The core-level XPS spectra of the N1s electrons for NMCNs and

Ru-NMCNs-500 (b), The core-level XPS spectra of the Ru3p electrons (c), and the C1s þ Ru3d electrons (d) from Ru-NMCNs-

500.
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50 mA cm�2), confirming that 500 �C is the optimal annealing

temperature. In addition, with the 500 �C annealing temper-

ature, the samples of different initial Ru mass loadings were

also investigated for HER in 1 M KOH (Fig. S6), where the 10%

mass loading exhibited the best activity. The Tafel plots of the

Ru-NMCNs-T series are displayed in Fig. 4b, and the Tafel

slopes can be extracted. The Tafel slope for Ru-NMCNs-500 is

35.2 mV dec�1, smaller than that of Pt/C (41 mV dec�1), Ru-

NMCNs-300 (57.6 mV dec�1), Ru-NMCNs-400 (64.8 mV dec�1),

and Ru-NMCNs-600 (59.8 mV dec�1), indicating that Ru-

NMCNs-500 has a much faster HER kinetics. Specifically, the

HER process in alkaline solution can be described as three

steps [27,53]:

Volmer reaction: H2Oþ e� þM/M� Hþ OH�

Heyrovsky reaction: M�Hþ H2Oþ e�/H2 þ OH� þM

Tafel reaction: M�Hþ M�H/2Mþ H2

As the Tafel slope of Ru-NMCNs-500 is close to that of Pt/C,

it indicates that a Tafel-Volmer mechanism is probably

adopted [54].

The electrochemical impedance spectroscopy of the

samples was then conducted [27,55]. The Nyquist plots are

illustrated in Fig. 4c, where Ru-NMCNs-600 exhibited the

largest semicircle and Ru-NMCNs-500 exhibited the smallest

semicircle as anticipated. Inset shows the fitted Nyquist

plots through the well-known Randles equivalent circuit to
calculate the resistance (Rs) and charge transfer resistance

(Rct) of the catalyst [29], and the fitted results are compiled in

Table S3. Ru-NMCNs-500 had the smallest Rct value of 8.86 U

in the series, lower than that of Pt/C (9.22 U) as well. The

trend of the Rct value agrees well with the HER activity. To

further unravel the physical origin for the HER activity dif-

ference between Ru-NMCNs-500 and Pt/C, the electrochem-

ically active surface area (EASA) test was performed. As

shown in Fig. S7, the calculated EASA value of Ru-NMCNs-

500 is 270.28 cm2, about 2-fold larger than that of Pt/C

(94.285 cm2).

It is worth noting that, the HER performance of the as-

prepared Ru-NMCNs-500 sample is at least comparable, if

not superior, with recently documented Ru-based top-level

electrocatalysts in 1 M KOH, and the comparison results are

summarized in Table S4. For instance, to afford a current

density of 10 mA cm�2, the required overpotential for Ru-

NMCNs-500 is 28 mV, much smaller than that of Ru/g-C3N4/

C (79 mV) [29], Ru/C (53 mV) [24], RuP2@NPC (52 mV) [56],

RueRu2P@PC (43 mV) [57], RuP@NPC (74 mV) [31], Ru/CeTiO2

(44 mV) [30], and RuP2/CNTs (40 mV) [58], and also comparable

with that of Ru@NC (26 mV) [59], Ru@CN (32 mV) [60],

RuCo@NC (28 mV) [61], RueMoO2 (29 mV) [62], Ni@Ni2PeRu

HNRs (31mV) [63], NiRu@NeC (32mV) [64], PdeRu@NG (28mV)

[65], and RuxP@NPC/GHSs (25.5 mV) [66].

Moreover, the long-term stability is another critical crite-

rion to assess the performance of the catalyst for HER. The

polarization curves were then acquired for Ru-NMCNs-500
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Fig. 4 e Polarization curves of Ru-NMCNs-T and Pt/C in 1 M KOH (a), and the corresponding Tafel plots (b). Nyquist plots

collected at the overpotential of ¡10 mV (vs RHE) (c). Initial and the 10 000th polarization curves of Ru-NMCNs-500 and Pt/C

recorded in 1 M KOH (d).
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and Pt/C before and after 10 000 cycles of potential scans. As

presented in Fig. 4d, after 10 000 cycles, at 10 mA cm�2, the

overpotential shifted negatively 28 mV for Ru-NMCNs-500,

while at 50 mA cm�2, the overpotential shifted negatively

68 mV for Ru-NMCNs-500, both are much smaller than that of

Pt/C (65 mV at 10 mA cm�2 and 152 mV at 50 mA cm�2). It

indicates the remarkably superior long-term stability of Ru-

NMCNs-500 outperforming Pt/C. Intriguingly, TEM images of

the recycled Ru-NMCNs-500 sample also reveals that there is

no obvious morphological change after the stability test

(Fig. S8). The findings confirm that Ru-NMCNs-500 is a stable

and excellent electrocatalyst under extreme alkaline

conditions.

There are several reasons that account for the outstanding

performance of the Ru-NMCNs-500 sample. First of all, the

nitrogen-doped mesoporous carbon nanospheres not only

increase the electric conductivity of the composite, but also

provide abundant well-defined pores for electron transfer and

mass transport during the electrocatalytic process [34,67];

Secondly, there are not only Ru nanoparticles, but also single

Ru atoms, and previous investigation has demonstrated that

the single Ru atoms with coordinated nitrogen and carbon

sites can make a great contribution to boost the HER activity

[38]. Finally, the Ru nanoparticles and isolated Ru atoms are

well encapsulated in the pores and cavities of the NMCNs,

which can prevent the Ru species from aggregation, leaching,

and coalescence, hence drastically promoted the long-term

stability for HER [68,69].
Conclusions

In summary, we report a facile approach to fabricate the Ru-

NMCNs-T catalysts consisting of both Ru nanoparticles and

single Ru atoms embedded in nitrogen-doped mesoporous

carbon nanospheres for HER in 1 M KOH. The Ru-NMCNs-500

sample exhibited the best HER activity in the series, superior

to the Pt/C catalyst. It also demonstrated markedly higher

long-term stability than Pt/C. The intriguing HER properties of

Ru-NMCNs-500 can be attributed the merits of NMCNs, the

synergistic catalytic effects between Ru andNMCNs, aswell as

the presence of the single Ru atoms. This study can shed light

on preparing cheap, high performance and durable Ru-based

electrocatalyst for HER in extreme alkaline solution and

beyond. We envision that more research efforts will be

devoted to engineering single atom dominated Ru-based cat-

alysts for producing high-purity hydrogen in both funda-

mental and practical aspects.
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