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Nitrogen Atoms as Stabilizers and Promoters for Ru-
Cluster-Catalyzed Alkaline Water Splitting
Hao Hu+,[a] Farhad M. D. Kazim+,[a] Quan Zhang,[a] Konggang Qu,[b] Zehui Yang,*[a] and
Weiwei Cai*[a]

Here, we report an efficient hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER) electrocatalyst, in which
ruthenium clusters with a diameter of ~1 nm are anchored on
nitrogen doped carbon (Ru/N-BP2000). Significantly low over-
potentials are required for Ru/N-BP2000 to catalyze HER (15 mV
vs. RHE) and OER (285 mV vs. RHE) in 1 M KOH with current
density of 10 mAcm@2, which outperforms Ru/BP2000 (HER:
54.2 mV vs. RHE; OER: 337 mV vs. RHE) as well as the benchmark
Pt/C (52 mV vs. RHE) and IrO2 (301 mV vs. RHE). Moreover,
ignorable losses in electrocatalytic activities toward HER and

OER are recorded for Ru/N-BP2000 electrocatalyst ascribed to
the electronically delocalized Ru atoms induced by the nitrogen
atoms. Only 1.53 V is needed for Ru/N-BP2000 electrocatalyst to
drive overall water splitting with stable current density of
10 mAcm@2 for 50 h, which is comparably lower than Pt/C@IrO2

demanding 1.59 V to attain 10 mAcm@2. This work demon-
strates the importance of nitrogen doping for promoting the Ru
based electrocatalyst’s activity and stability in water splitting
application.

Introduction

Hydrogen, recognized as one of the most promising alternative
energy sources to traditional fossil fuels, attracts much attention
due to its high energy density, sustainability and zero-mission.[1]

Hydrogen could be electrochemically generated from the water
splitting driven by the intermittent power sources; however, the
large-scale application of water splitting for massive H2

generation is still limited due to the sluggish kinetics of the
cathodic hydrogen evolution reaction (HER) and anodic oxygen
evolution reaction (OER), which are uphill with high over-
potentials resulting in high operational voltage than theoretical
voltage (1.23 V) for water splitting, as a consequence, energy
consumption is increased.[2] Platinum (Pt) and iridium oxides
(IrO2) are the state-of-the-art electrocatalysts for catalyzing HER
and OER, respectively;[3] while, the high cost and limited
reservation block the widespread application in industrial water
splitting.[4] Thus, developments of cost-effective and highly
active electrocatalysts for HER and OER are prominently
important for water splitting technology.[5]

Until now, intensive investigations have been dedicated to
the development of non-noble metal electrocatalysts as alter-

natives for Pt and IrO2.
[6] Especially, transitional metal oxides,[7]

phosphides,[8] nitrides,[9] sulfides,[10] carbides[1b,11] and selenides[12]

have been extensively researched as bifunctional electrocata-
lysts for HER and OER. However, these non-noble metal based
electrocatalysts only exhibited comparable electrocatalytic
activity toward HER or OER to Pt or IrO2 electrocatalyst with
high loading of electrocatalyst ascribed to the low intrinsic
catalytic capability of HER or OER. Ruthenium (Ru) based
electrocatalysts have been numerously reported since the price
of Ru was 10 times lower than that of Pt and the intrinsic HER
activity of Ru based electrocatalyst was comparable or superior
to the benchmark Pt/C with similar or lower Ru dosage.[13]

Surprisingly, these Ru based electrocatalysts have not been
reported for OER catalysis in alkaline electrolyte yet, even RuO2

perform an outstanding OER activity, which could be ascribed
to the dissolution of the electrochemically generated ruthenium
oxides (RuOx, x>2) in alkaline medium resulting in deterio-
ration in water splitting performance.[14] Very recently, Sun et al.
reported that Ru single atom (Ru-SA) anchored by cobalt-iron
layered double hydroxides (Ru-SA/CoFe-LDHs) exhibited excep-
tional OER activity and stability due to the strong electronic
coupling between CoFe-LDHs and Ru atoms.[15] Meanwhile,
Chen et al. described that the lower electron density at Ru sites
boosted the OER activity and stability of Cr0.6Ru0.4O2 electro-
catalyst in 0.5 M H2SO4 electrolyte.[16] Thus, the electronic
delocalization could promote the OER activity and stability of
Ru based electrocatalyst. Apart from the Ru, Xu et al. has
reported that nitrogen atom could effectively anchor the Pt
atoms and improved its stability and oxygen reduction reaction
(ORR) activity.[17] Theoretically, Ru atoms also could be stabilized
by nitrogen atoms due to the similar electronic structures to Pt
and a promoted OER activity would be achieved since RuNx

species have been reported as facilitator for water dissociation
process.[18] Besides, the incorporated nitrogen atoms were
favorable for HER due to the additional active sites originating
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from the nitrogen doped carbon (NC). Thus, based on the
above consideration, nitrogen atoms could boost the HER, OER
activities and relative stability of Ru based electrocatalyst.

In order to prove the above-mentioned predication, here,
we compared the HER and OER activities of Ru/BP2000 and Ru/
N-BP2000 electrocatalysts synthesized via one-pot carboniza-
tion of BP-2000, urea and RuCl3 as C, N and Ru sources,
respectively. Due to the presence of nitrogen atoms in carbon
framework, Ru/N-BP2000 exhibited better electrocatalytic activ-
ity for water splitting and excellent stability, which required
only 1.53 V for achieving current density of 10 mAcm@2 and
ignorable degradation was observed for 50 h.

Results and Discussion

Three electrocatalysts with different Ru contents (Ru/N-BP2000-
2 wt%, Ru/N-BP2000-4 wt% and Ru/N-BP2000-8 wt%) and Ru/
BP2000-4 wt% were synthesized. the XRD test was carried out
to identify the crystal structure shown in Figure 1a, in which
peaks at 25° and 43° assigned to the (002) facet of graphitic
carbon and (101) facet of the metallic Ru (JCPDS: No. 01–1253)
were observed for Ru/BP2000-4 wt% and Ru/N-BP2000-4 wt%
electrocatalysts; meanwhile, similar peaks were observed for
Ru/N-BP2000-2 wt% and Ru/N-BP2000-8 wt% (Figure S1) indi-
cating a successful reduction of the Ru precursor. Diffraction
peak at 25° was observed for N-BP2000 corresponding to (002)
facet of graphitic carbon due to the high temperature (950 °C)
during the synthesis of electrocatalyst. In order to know the
electronic interaction between nitrogen and ruthenium atoms,
XPS test was carried out and shown in Figure S2a. A new peak
at 400 eV was observed for Ru/N-BP2000-2 wt%, Ru/N-BP2000-
4 wt% and Ru/N-BP2000-8 wt% electrocatalysts ascribed to the
N1s core level XPS spectrum originating from the decomposi-
tion of urea to generate NH3 etching BP-2000 resulting in
nitrogen doped carbon. The deconvoluted N1s peak of N-
BP2000 depicted that oxidized N at 404.4 eV, graphitic N at
401.3 eV, pyrrolic N at 400 eV and pyridinic N at 398.5 eV were
the dominant N species in N-BP2000 (Figure 1b).[19] A negative
shift (0.2 eV) was observed in N1s peak for Ru/N-BP2000-4 wt%

with relative to N-BP2000 with the calibrated C1s peak centered
at 284.5 eV (Figure S2b), which was due to the strong
interaction between N and Ru atoms. During the synthesis, Ru
species were stabilized by nitrogen atoms via Ru@N bond
similar to Pt@N and electrons were transferred from 5 s orbital
of Ru to N atoms leading to the positively charged Ru atoms
proved by the Ru@N bond observed at 397.5 eV in the
deconvoluted N1s peak of Ru/N-BP2000-4 wt%
electrocatalyst;[20] as a consequence, Ru3p peak of Ru/N-
BP2000-4 wt% was positively shifted by 0.2 eV compared to
that of Ru/BP2000-4 wt% (Figure 1c).[21] Ru/N-BP2000-2 wt% and
Ru/N-BP2000-8 wt% electrocatalysts exhibited similar electronic
structures to Ru/N-BP2000-4 wt% shown in Figure S(3–4). Be-
sides, the XPS quantitative analysis suggested that all the
electrocatalysts have similar nitrogen content as shown in
Table S1. As shown in Figure 2a, Ru cluster was well dispersed
on BP-2000 (Figure 2a) and N-BP2000 (Figure 2c) confirmed by
the lattice spacing of 0.22 nm ascribed to the dominant (101)
facet of Ru shown in Figure 2(b, d). HAADF-STEM image and
related EDS mappings of Ru/N-BP2000-4 wt% depicted that N
and Ru were well dispersed on BP-2000 (Figure 2e). Similarly,
well dispersed Ru cluster on N-BP2000 were observed for Ru/N-
BP2000-2 wt% (Figure S5) and Ru/N-BP2000-8 wt% (Figure S6)
electrocatalysts. The diameters of Ru cluster were 1.2�0.2 nm,
1.0�0.1 nm, 1.1�0.2 nm and 1.5�0.1 nm for Ru/BP2000-4 wt
%, Ru/N-BP2000-2 wt%, Ru/N-BP2000-4 wt% and Ru/N-BP2000-
8 wt% electrocatalysts (Figure S7). The Ru loading on BP-2000
was confirmed to 1.8 wt%, 3.8 wt% and 8.2 wt% for Ru/BP2000-
4 wt%, Ru/N-BP2000-2 wt%, Ru/N-BP2000-4 wt% and Ru/N-
BP2000-8 wt% by TGA test shown in Figure S8, which was
consistent with ICP-OES test. The Ru content was close to
theoretical value indicating that Ru(III) species were almost
completely reduced to metallic Ru.

Electrocatalytic activity toward hydrogen evolution reaction
(HER) is conducted in N2 purged 1 M KOH electrolyte. All LSV
curves were iR compensated by solution resistance. Onsetpo-
tentials (overpotential@1 mAcm@2) of Ru/N-BP2000-4 wt%
(4 mV vs. RHE, Figure 3a) and Ru/N-BP2000-8 wt% (3.8 mV vs.
RHE, Figure S9) were lower compared to the benchmark Pt/C
(10 mV vs. RHE), Ru/BP2000-4 wt% (11.4 mV vs. RHE) and Ru/N-

Figure 1. (a) XRD patterns of N-BP2000, Ru/BP2000-4 wt% and Ru/N-BP2000-4 wt% electrocatalysts. (b) Deconvoluted N1s peaks of N-BP2000 and Ru/N-
BP2000-4 wt%. (c) Deconvoluted Ru3p peaks of Ru/BP2000-4 wt% and Ru/N-BP2000-4 wt%.
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BP2000-2 wt% (16.1 mV vs. RHE). The lower required onsetpo-
tential for Ru/N-BP2000-4 wt% electrocatalyst compared to Ru/
BP2000-4 wt% was due to the lower energy barrier for Ru
catalyzing water dissociation by the introduction of nitrogen
atoms (*+H2O+e@!*Hads+OH@,* represents the active site),
which was the Volmer reaction of HER in alkaline medium.[22]

Ru/N-BP2000-4 wt% (15 mV vs. RHE, Figure 3a) and Ru/N-
BP2000-8 wt% (20 mV vs. RHE, Figure S9) required lower over-
potentials to achieve catalytic current density of 10 mAcm@2

compared to the Ru/N-BP2000-2 wt%, Ru/BP2000-4 wt% and
Pt/C electrocatalysts needing overpotentials of 63.5 mV,
54.2 mV and 46 mV vs. RHE to attain 10 mAcm@2; moreover,
only 150 mV overpotential was required for Ru/N-BP2000-4 wt%
to achieve current density of 300 mAcm@2, which was much
lower compared to the Ru/N-BP2000-8 wt% (440 mV vs. RHE)
and Pt/C (295 mV vs. RHE) indicating that Ru/N-BP2000-4 wt%
possessed the best electrocatalytic activity toward HER. Ru/N-
BP2000-4 wt% was recognized as one of the most efficient Ru-

Figure 2. TEM and HR-TEM images of Ru/BP2000-4 wt% (a, b) and Ru/N-BP2000-4 wt% (c, d) electrocatalysts. (e) HAADF-STEM image and relative EDS
mappings of Ru/N-BP2000-4 wt% electrocatalyst.

Figure 3. HER performance (a), Tafel slopes (b) of Pt/C, Ru/BP2000-4 wt% and Ru/N-BP2000-4 wt% electrocatalysts tested in 1 M KOH electrolyte. (c) Mass
activities of commercial Pt/C and Ru/N-BP2000-4 wt% electrocatalysts; specific activities of commercial Pt/C and Ru/N-BP2000-4 wt% electrocatalysts were
inserted. Durability results of Ru/N-BP2000-4 wt% (d) and Ru/BP2000-4 wt% (e) tested in 1 M KOH electrolyte. (f) Chronoamperometric stability test of Pt/C,
Ru/BP2000-4 wt% and Ru/N-BP2000-4 wt% electrocatalyst at different overpotentials for attaining 100 mAcm@2.
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based HER electrocatalysts as shown in Table S2. Compared to
Ru/N-BP2000-8 wt% electrocatalyst, Ru/N-BP2000-4 wt% per-
formed a better HER activity due to the smaller size of Ru
cluster; thus, smaller size of Ru cluster and additional nitrogen
atoms in Ru/N-BP2000-4 wt% co-contributed to its superior HER
activity. The highest HER activity of Ru/N-BP2000-4 wt% was
ascribed to the largest ECSA (25.5 mFcm@2) estimated from
double layer capacitance compared to commercial Pt/C
(23.6 mFcm@2), Ru/BP2000-4 wt% (16.4 mFcm@2), Ru/N-BP2000-
2 wt% (21.0 mFcm@2) and Ru/N-BP2000-8 wt% (24.6 mFcm@2)
electrocatalysts as shown in Figure S10. Due to the introduction
of nitrogen atoms to the electrocatalyst, the nitrogen nearby Ru
cluster could also adsorb hydrogen ions and facilitate the
recombination of hydrogen atoms to release H2 molecule
contributing to a boosted HER activity of Ru/N-BP2000-4 wt%
compared to Ru/BP2000-4 wt% electrocatalyst proved by the
higher HER performance of N-BP2000 than BP-2000 shown in
Figure S11. Charge transfer resistance (Rct) is another essential
parameter to evaluate the HER activity. As shown in Fig-
ure S12a, Rct of Ru/N-BP2000-4 wt% was 26 Ω, which was
comparably lower than those of Ru/BP2000-4 wt% (70 Ω), Ru/N-
BP2000-2 wt% (72Ω) and Ru/N-BP2000-8 wt% (48Ω) indicating
an efficient electron transfer during the HER test. In order to
study the kinetics of HER, the Tafel slope was calculated and
shown in Figure S3b, in which Tafel slopes were 54.7 mVdec@1,
84.5 mVdec@1, 86.2 mVdec@1, 30.4 mVdec@1 and 39.9 mVdec@1

for commercial Pt/C, Ru/BP2000-4 wt%, Ru/N-BP2000-2 wt%,
Ru/N-BP2000-4 wt% and Ru/N-BP2000-8 wt% suggesting that
all the electrocatalysts followed Volmer-Heyrovsky mechanism,
in which Heyrovsky step (H2O+ *Hads+e@!H2+OH@+*) is the
rate-limiting step during the HER.[23] The lowest Tafel slope of
Ru/N-BP2000-4 wt% elucidated that more actives sites were
involved in Heyrovsky step.[24] In order to make a fair
comparison, the mass/specific activity was shown in Figure 3c
and Ru/N-BP2000-4 wt% exhibited a better intrinsic electro-
catalytic activity toward HER due to the small Ru size triggering
high utilization efficiency. Meanwhile, Faradaic efficiency of Ru/
N-BP2000-4 wt% was calculated to 100% as shown in Fig-
ure S13. The durability is another important parameter to
evaluate the HER electrocatalyst. As shown in Figure 3d,
ignorable degradation in HER performance (only 8 mV shift at
500 mAcm@2) was recorded for Ru/N-BP2000-4 wt% electro-
catalyst after 5000 potential cycles ascribed to the high
similarity in ECSA (24.2 mFcm@2) calculated from the double
layer capacitances after durability test and slightly increased Rct

from 26 Ω to 27 Ω (Figure S14). In contrast, Ru/BP2000-4 wt%
exhibited a serious deterioration in HER performance (Figure 3e)
due to the sharp loss in ECSA (from 21.2 mFcm@2 to
7.2 mFcm@2 after 2000 potential cycles) as well as the signifi-
cantly increased Rct (Figure S15) due to the weak interaction
between Ru atoms and BP-2000; in contrast, the nitrogen
heteroatoms doping could boost the interaction between Ru
and nitrogen atoms resulting in higher durability proved by the
HAADF-STEM image and related EDS mappings after durability
test (Figure S16). And the lattice spacing of 0.22 nm was
confirmed to the dominant (101) facet of Ru, which was
consistent with the XRD test (Figure S17) having a diffraction

peak centered at 43 °C corresponding to the Ru(101). The
benchmark Pt/C also faced a serious degradation in HER
electrocatalytic activity after 2000 potential cycles with
overpotential@10 mAcm@2 increased from 46 mV to 83 mV vs.
RHE attributed to the decrement in ECSA (Figure S18) because
of the high mobility of Pt nanoparticles on carbon black.
Consequently, the chronoamperometric stability of Ru/N-
BP2000-4 wt% electrocatalyst was tested with applied voltage
of @66 mV vs. RHE to delivering cathodic current density of
100 mAcm@2 in order to simulate the practical condition of
water splitting. As shown in Figure 3f, the current density was
maintained at 100 mAcm@2 for 30 h highlighting the excep-
tional stability of the fabricated Ru/N-BP2000-4 wt% electro-
catalyst; in contrast, current densities of Ru/BP2000-4 wt% and
commercial Pt/C were dramatically decreased to 50 mAcm@2

after only 0.5 h and to 10 mAcm@2 after 10 h catalysis. The
chronoamperometric stability test also emphasized the impor-
tance of nitrogen atoms for the promotion in stability.

As well known, metal nanoparticles could be electrochemi-
cally oxidized to metal oxides or hydroxides under high
voltage.[8a,25] Ru atoms could be transferred to Ru oxides (RuOx)
and a high OER activity of Ru/N-BP2000-4 wt% was predictable;
thus, the oxygen evolution reaction (OER) of Ru/N-BP2000-4 wt
% was tested in O2 purged 1 M KOH electrolyte. As shown in
Figure 4a, overpotential for delivering 10 mAcm@2 was 285 mV
vs. RHE for Ru/N-BP2000-4 wt%, which was lower compared to
Ru/BP2000-4 wt% (337 mV vs. RHE) and benchmark IrO2

(301 mV vs. RHE) electrocatalyst ascribed to the higher ECSA
(Ru/N-BP2000-4 wt%: 8.5 mFcm@2; Ru/BP2000-4 wt%:
4.2 mFcm@2; IrO2: 3.7 mFcm@2) calculated from the double layer
capacitances (Figure S19) as well as lower charge transfer
resistance (Ru/N-BP2000-4 wt%: 95Ω; Ru/BP2000-4 wt%: 132Ω,
Figure S20a). The improved OER activity of Ru/N-BP2000-4 wt%
compared to Ru/BP2000-4 wt% was attributed to the additional
nitrogen atoms in the electrocatalyst since the nitrogen doping
induced ionized Ru atoms could be efficiently transferred to
RuOx as active sites for OER catalysis.[26] Tafel slopes, represent-
ing the kinetics of OER, were 70 mVdec@1 for Ru/N-BP2000-4 wt
% (Figure S20b), which was lower than those of Ru/BP2000-4 wt
% (123 mVdec@1) and comparable to commercial IrO2

(64 mVdec@1) indicating that a faster discharge process of
absorbed OH@ species on nitrogen anchored Ru atoms than
pure Ru atoms.[27] Also, the durability test was conducted and
Ru/N-BP2000-4 wt% electrocatalyst exhibited ignorable degra-
dation in overpotential for delivering 10 mAcm@2 and
40 mAcm@2 (Figure 4b) due to the well-maintained ECSA
(7.9 mFcm@2 after durability test) estimated from the double
layer capacitances (Figure S21). Moreover, a similar Rct was
obtained before and after durability test shown in Figure S21c;
while, electrocatalytic activity toward OER catalysis of Ru/
BP2000-4 wt% was sharply decreased after 1000 potential cycles
as shown in Figure 4c due to the decreased ECSA (2 mFcm@2

after durability test, Figure S22). In order to identify the higher
durability of Ru/N-BP2000-4 wt% electrocatalyst, XPS was
carried out and N1s and Ru3p peaks were still observed in Ru/
N-BP2000-4 wt% electrocatalyst; while, in case of Ru/BP2000-
4 wt%, Ru 3p peak was vanished due to the electrochemical
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conversion of metallic Ru to RuO2 (Ru
4+), which was dissolvable

in alkaline medium (Figure S23). For Ru/N-BP2000-4 wt% elec-
trocatalyst, Ru atoms were also converted to Ru oxides (Rux+,
x<4), which could be due to the formation of N@Ru-O bond. As
reported previously, Ru oxides were electrochemically stable if
low valence state (<4) of Ru was formed.[15] The quantitative
analysis of XPS suggested that the weight ratio between N and
Ru was almost stable during OER durability test (Table S1).
Additionally, the durability test of benchmark IrO2 was also
studied as shown in Figure S24, in which a poor durability was
recorded for IrO2 and overpotential for delivering 10 mAcm@2

was increased by 174 mV after merely 1000 potential cycles.
Due to the high electrocatalytic activities toward HER and

OER, for proof of concept, water splitting device was assembled
by Ru/N-BP2000-4 wt% electrocatalyst and Pt/C@IrO2 (Ru/
BP2000-4 wt%) was utilized as control experiment. As shown in
Figure 4d, 1.53 V was required to attain water splitting current
density of 10 mAcm@2, which was comparably lower than
Pt@IrO2 and Ru/N-BP2000-4 wt% demanding 1.59 V and 1.62 V.
Due to the high stability, Ru/N-BP2000-4 wt% produced a stable
current density of 10 mAcm@2 for 50 h; in contrast, current
density was decreased to 1 mAcm@2 after 2 h for Pt/C@IrO2 and
Ru/BP2000-4 wt% due to the low stability of IrO2 and Ru/
BP2000-4 wt% under high potential (Figure 4e); additionally,
Ru/N-BP2000-4 wt% performance similar water splitting per-
formance after 50 h catalysis (Figure 4f) highlighting the excep-
tional stability. Thus, Ru/N-BP2000-4 wt% could potentially use
as efficient electrocatalyst toward alkaline water splitting.

Conclusions

In summary, a 1 nm Ru cluster was anchored on nitrogen doped
carbon (Ru/N-BP2000) via one-pot pyrolysis of BP-2000, urea
and RuCl3 at 950 °C. Ru/N-BP2000 exhibited good HER and OER
activities with overpotentials of 15 mV and 285 mV vs. RHE to
reach 10 mAcm@2 compared to Ru/BP2000 (HER: 54.2 mV vs.
RHE; OER: 337 mV vs. RHE). Moreover, Ru/N-BP2000 exhibited
negligible degradations in HER and OER activities after
durability test; in contrast, sharp deterioration in electrocatalytic
activity was recorded for Ru/BP2000. The boosted electro-
catalytic activity and stability was attributed to the nitrogen
atoms attracting electrons from 5 s orbitals of Ru atoms
resulting in electronic delocalization of Ru. 1.53 V was required
for Ru/N-BP2000 electrocatalyst to attain water splitting current
density of 10 mAcm@2 comparably lower than benchmarking
Pt/C–IrO2 (1.59 V).

Experimental Section
Materials: The carbon black BP2000 was purchased from Asian-
Pacific Specialty Chemicals Kuala Lumpur. Ruthenium(III) chloride
(RuCl3, �37.0%) was purchased from Shanxi Kaida Chemical
Engineering Co., Ltd. Nitric acid (HNO3), potassium hydroxide
(KOH,>85.0%) and urea ((NH2)2CO,>99.0%) were obtained from
Sinopharm Chemical Reagent Co., Ltd. Nafion solution (5 wt%) and
commercial Pt/C (Pt amount: 20 wt%) was obtained from Alfa Aesar.
All the chemicals were used as received without any purification.

Synthesis of electrocatalyst: 100 mg of BP-2000 and 5.2 mg of
ruthenium (III) chloride were dispersed in 30 mL of 6 M HNO3 by
stirring under 80 °C in an oil bath for 6 h. The resulting suspension
was dried at 55 °C and then grounded together with 1.0 g urea. Ru/

Figure 4. OER performances (a) of Ru/BP2000-4 wt%, Ru/N-BP2000-4 wt% and commercial IrO2 electrocatalysts tested in O2-purged 1 M KOH electrolyte.
Durability results of Ru/N-BP2000-4 wt% (b) and Ru/BP2000-4 wt% (c) tested in O2-purged 1 M KOH electrolyte. (d) LSV curves of water splitting driven by Pt-
IrO2, Ru/BP2000-4 wt% and Ru/N-BP2000-4 wt% electrocatalysts. (e) Chronoamperometric stability test of Pt/C–IrO2, Ru/BP2000-4 wt% and Ru/N-BP2000-4 wt
% electrocatalysts at different potentials for attaining 10 mAcm@2. (f) LSV curves of water splitting driven by Ru/N-BP2000-4 wt% before and after CA test.
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N-BP2000 was synthesized from the pyrolysis of the mixed power
at 950 °C for 1 h under argon atmosphere with heating rate of
5 °Cmin@1. The samples synthesized by using different amounts of
RuCl3 were denoted as Ru/N-BP2000-2 wt%, Ru/N-BP2000-4 wt%,
and Ru/N-BP2000-8 wt%, respectively. For comparison, a pure
nitrogen-doped carbon (denoted as N-BP2000) and a pure carbon-
supported ruthenium (denoted as Ru/BP2000) were also prepared
in a similar way.

Material characterization: The crystal phase of synthesized powder
was detected by X-ray diffraction (XRD, Bruker AXS D8-Focus,
Germany) with Cu Kα radiation in the range of 2θ from 10° to 80°.
The X-ray photoelectron spectroscopy (XPS) spectra were measured
using Thermo-Scientific K-Alpha equipment. The TEM images were
measured using a JEM-2010 electron microscope with voltage of
120 KV. The amount of ruthenium in the catalyst was calculated by
the ICP-OES method using Perkin Elmer Optima 5300 DV.

Electrochemical measurements: All the electrochemical tests were
conducted using Gamry (interface 1000E, USA) instrument with a
typical three-electrode system. Hg/HgO electrode saturated with
1 M KOH solution and carbon rod were used as the reference and
counter electrodes, respectively. 2 mg electrocatalysts were dis-
persed in 800 μL of deionized water, 185 μL of isopropanol and
15 μL of Nafion solution (5 wt%) by ultrasonic treatment for 0.5 h to
obtain the homogeneous suspension. 10 μL of the resultant
suspension was casted on a GCE (mass loading 0.285 mgcm2) with
a diameter of 3 mm and then dried. For HER test, LSV curve was
recorded with a scan rate of 5 mVs@1 in N2-saturated 1 M KOH
solution. CV was carried out with 50 mVs@1 ranging from 0 to 1.2 V
versus RHE. The electrochemical double-layer capacitance was
measured from 0.16 V to 0.26 V vs. RHE with different scan rates
from 10 to 100 mVs@1. And ECSA value was obtained from the
slope of scan rate versus capacitive current density@ 0.2 V vs. RHE.
EIS was measured from 100 kHz to 0.05 Hz under AC voltage
amplitude of 5 mV and DC voltage based at a given potential at
10 mAcm@2. The long-term stability was measured by chronoam-
perometric (I-t) stability examination at given potential. Oxygen
evolution reaction (OER) test was also carried out in O2-saturated
1 M KOH solution. Water splitting test was performed in 1 M KOH
solution using two electrodes with catalyst loading of 0.285 mg
cm2.
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