
Nano Energy 77 (2020) 105212

Available online 14 August 2020
2211-2855/© 2020 Published by Elsevier Ltd.

Tensile-strained ruthenium phosphide by anion substitution for highly 
active and durable hydrogen evolution 

Jianbing Zhu a,1, Shuang Li a,1, Meiling Xiao a,1, Xiao Zhao b, Gaoran Li a, Zhengyu Bai c, 
Matthew Li a, Yongfeng Hu d, Renfei Feng d, Wenwen Liu a, Rui Gao a, Dong Su e, Aiping Yu a, 
Zhongwei Chen a,* 

a Department of Chemical Engineering, Waterloo Institute for Nanotechnology, Waterloo Institute for Sustainable Energy, University of Waterloo, Waterloo, Ontario, 
Canada 
b Innovation Research Center for Fuel Cells, The University of Electro-Communications, Chofu, Tokyo, 182-8585, Japan 
c School of Chemistry and Chemical Engineering, Key Laboratory of Green Chemical Media and Reactions, Ministry of Education, Henan Normal University, Xinxiang, 
453007, China 
d Canadian Light Source, University of Saskatchewan, Saskatoon, Saskatchewan, S7N 0X4, Canada 
e Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing, 100190, China   

A R T I C L E  I N F O   

Keywords: 
Ruthenium phosphide 
Tensile strain 
Anion substitution 
Hydrogen evolution reaction 
Electronic structure 

A B S T R A C T   

Exploiting cost-effective, efficient and durable electrocatalysts toward hydrogen evolution reaction (HER) is of 
significant importance for the widespread application of water electrolyzers. Although ruthenium phosphide 
(RuP) has been hailed as a highly promising candidate, considerable performance disparity still lies between RuP 
and mainstream Pt/C benchmark, which calls for the structural regulation on RuP at molecular scale. Herein, for 
the first time, we develop a simple anion substitution strategy to obtain favorable strain regulation on RuP 
catalyst toward enhanced HER activity. The tensile strain enables an upshift of the d-orbital energy level of Ru 
site, facilitating hydrogen adsorption as well as water dissociation to accelerate the HER kinetics. Impressively, 
the as-developed N–RuP/NPC catalyst not only outperforms most of the reported Pt-free catalysts, showing 
record-high turnover frequencies of 1.56H2 s− 1 and 0.72H2 s− 1 at an overpotential of 30 mV in acidic and 
alkaline electrolyte, respectively, but also surpasses the Pt/C benchmark with a significantly smaller over-
potential (58.9 mV vs 73.1 mV in acidic electrolyte) at a large current density of 100 mA cm− 2. Beyond that, such 
atomic level regulation also suppresses the electrochemical reconstruction and thereby guarantees superior 
durability over 10000 cycles.   

1. Introduction 

Efficient and cost-effective hydrogen mass production plays critical 
roles for sustainable social development [1]. Among the various stra-
tegies proposed, electrocatalytic water splitting has been recognized as a 
particularly attractive approach due to renewable source and zero car-
bon emission [2,3]. However, the widespread application of water 
electrolyzers has been obstructed by the exorbitant cost and scarcity of 
Pt-based electrocatalysts, which are indispensable to drive the 
kinetically-sluggish hydrogen evolution reaction (HER) at cathode [4]. 
Motivated by this challenge, the scientific community has been devoted 
to developing affordable and reliable substitutes during the past few 

decades [5–9]. Transition metal phosphides (TMPs) are recently 
emerging as a promising candidate for HER catalysis in both acidic and 
alkaline media, owing to their relatively low cost and promising cata-
lytic activity [8–14]. Pioneered by the early work on hollow nickel 
phosphide [15], enormous efforts have been focused on tailoring the 
catalytic behaviors of TMPs to rival Pt involving a variety of strategies 
such as vacancy/morphology engineering [16–20], conductive substrate 
integration [21–24], heterogenous interface manipulation [25–30], etc. 
And very recently, ruthenium phosphide (RuP) has been found more 
active to catalyze HER than the first-row-transition-metal phosphides 
[12,31,32]. Notably, the price of Ru is ca. 25 times cheaper than Pt, 
affording potentially commercial application of Ru-based catalysts. 
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Despite the encouraging progress, considerable performance disparity 
still lies between RuP and Pt benchmark, mainly ascribed to the unsat-
isfactory adsorption-desorption behaviors. Besides, RuP-based compos-
ites are also criticized by their insufficient stability as a result of 
multi-component or structural deficiency aroused by the aforemen-
tioned strategies. These inferiorities call for more sophisticated and 
effective strategies to more precisely structural regulation toward highly 
active and durable RuP catalyst. 

Surface strain regulation is hailed as a powerful approach to tailor 
the catalytic properties by electronic modulation effect, however, the 
lack of efficient methodology is restricting the current research progress 
to specific catalysts with either core-shell heterointerfaces or 2D archi-
tecture, while rare advances have been achieved on the plain nano-
particulate catalysts [33,34]. Herein, we for the first time imposed a 
tensile strain on the RuP nanoparticles through a simple anion substi-
tution method toward boosted hydrogen electrocatalysis (Scheme 1). 
The partial substation of P with N heteroatoms exerts internal stress on 
the RuP surface, inducing lattice distortion with expanded Ru–P bond. 
The resultant tensile strain in turn weakens the hybridization interaction 
between Ru 3d orbital and P 2p orbital and thereby leads to narrowed 
d-band of Ru site. As a result, such electronic-structure variation on the 
strained Ru site promotes hydrogen adsorption and water dissociation, 
therefore accelerating HER kinetics in both acidic and alkaline electro-
lytes. Benefiting from the structural merits, the as-developed N-doped 
RuP (N–RuP) nanoparticles exhibit admirable HER activity with mini-
mum overpotentials at 100 mA cm− 2 (58.9 in 0.5 M H2SO4 and 89.3 mV 
in 1 M KOH) and extremely high turnover frequency (TOF, 1.56 in 0.5 M 
H2SO4 and 0.72 in 1 M KOH at overpotential of 30 mV), outperforming 
the state-of-the-art Pt/C catalyst. 

2. Materials and methods 

2.1. Preparation of N–RuP/NPC 

The ruthenium-melamine–diphenylphosphinic acid complex crystals 
with were synthesized by a wet chemistry method. Typically, 20 mmol 
melamine (2.52 g), 5 mmol diphenylphosphinic acid (1.09 g) and ul-
trapure water (100 mL) were added into a 250 mL single-necked, round- 
bottomed flask. Then flask was transferred into an oil bath and heated at 
100 ◦C under stirring. After the solution became clear, a certain amount 
of RuCl3•xH2O (0.12 mmol, 23.2 mg) and ZnCl2 (3.67 mmol, 500 mg) 
was added into the solution and the mixture was allowed to react at 
100 ◦C for 3 h. Finally, the solution was cooled down and frozen dry to 

obtain the precursor. The as-prepared precursor was placed in a quartz 
boat and then pyrolyzed at 1100 ◦C under argon atmosphere for 1 h with 
a heating rate of 2 

◦

C/min. 

2.2. Physical characterization 

Scanning electron microscopy (SEM) measurements were performed 
with a LEO FESEM 1530 field emission scanning electron microscope. 
Transmission electron microscopy (TEM), high resolution transmission 
electron microscopy (HRTEM), high-annular dark-field scanning trans-
mission electron microscopy (STEM) and element mapping analysis 
were conducted on TEM, JEOL 2010F. X-ray diffraction (XRD) mea-
surements were performed with a Rigaku Miniflex 600 diffractometer 
using a Cu Kα (λ = 1.5405 Å) radiation source. To collect Raman spectra, 
a 532 nm laser source was employed. The Thermal Scientific Kα spec-
trometer was used to collect XPS spectra. Synchrotron powder X-ray 
diffraction (SP-XRD) measurements were conducted at the VESPERS 
(07B2-1) beamline, Canadian Light Source (CLS). The Ru K-edge were 
acquired in fluorescence mode using a Si (111) double-crystal mono-
chromator and a 21 Ge-element detector for fluorescent X-rays at the 
BL36XU station in SPring-8. The EXAFS raw data were then background- 
subtracted, normalized and Fourier transformed by the standard pro-
cedures with the IFEFFIT package. 

2.3. Electrochemical measurement 

The activity for the HER was subsequently tested by LSV in nitrogen 
saturated 0.5 M H2SO4 or 1 M KOH solution with a scan rate of 5 mV s− 1 

and the data were iR compensated (95% iR compensated). Stability was 
investigated by continuous potential cycling in nitrogen-saturated 
electrolyte with a scan rate of 100 mV s− 1. And after 10,000 cycles, 
the HER steady-state polarization measurements were conducted in N2- 
saturated electrolyte solution with scanning rates of 5 mV s− 1. CA 
measurements were conducted with the potential holding at − 0.03 V at 
a rotating rate of 1600 rpm for 20 h. Commercial Pt/C (28 wt% Pt/C, 
TKK) catalyst were also measured for comparison. In all figures, the 
potentials were converted to values versus the reversible hydrogen 
electrode (RHE). 

3. Results and discussion 

The synthesis of N–RuP/NPC was accomplished via the direct py-
rolysis of self-assembled melamine–diphenylphosphinicacid-ruthenium 

Scheme 1. Schematic illustration for the design of N-doped RuP with tailored electronic structure.  
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complex crystals (MDPR). Typically, melamine, diphenylphosphinicacid 
and ruthenium (III) acetylacetonate were firstly allowed to coopera-
tively assemble as reported in our previous work [35]; afterwards, the 
resultant MDPR nanobelts (Fig. S1) were subject to annealing under Ar 
atmosphere at 1100 ◦C to obtain the final N–RuP/NPC catalyst. Upon the 
preparation, a three-dimensional (3D) porous carbon architecture was 
achieved as a platform for anchoring the N-doped RuP nanoparticle 
toward uniform dispersion and easy access to catalytic sites. The control 
samples, including N, P dual doped carbon (NPC)-supported RuP 
nanoparticles (RuP/NPC) and Ru nanoparticles (Ru/NPC), were also 
prepared for comparative study (see details in Supplementary 
Information). 

The crystal structures of the products were studied by X-ray 
diffraction (XRD). Both N–RuP/NPC and RuP/NPC display predominant 
diffraction peaks at 31.9◦, 44.3◦ and 46.2◦, corresponding to the (011), 
(112) and (211) planes of the orthorhombic RuP (JCPDS No. 34–0333), 
respectively, in sharp contrast to the typical metallic Ru peaks (JCPDS 

No. 65–7645) in Ru/NPC spectrum (Fig. 1a). Notably, a negative shift of 
the (011) peak can be discerned in the pattern of N–RuP/NPC compared 
with that of RuP/NPC, implying that N doping would expand the crystal 
lattice of RuP with an increase of ca. 0.2 Å in [011] direction (Fig. 1b). 
Synchrotron powder Bragg X-ray diffraction patterns also confirmed the 
enlarged lattice of RuP after N doping (Fig. S2). In addition to the set of 
metal/metal phosphide peaks, a broad peak at ~25◦ assigned to (002) 
plane of graphitic carbon is also observed in the XRD patterns, sug-
gesting the presence of defective carbons. This is in line with the rela-
tively large ID/IG value in the Raman spectra (Fig. S3 and Table S1). 
These defects not only serve as anchor sites for metal/metal phosphide 
particle deposition, but also exert electronic modulation effect to syn-
ergistically promote catalytic activity of the supported particles [36]. 

The microstructures were examined by scanning electron micro-
scopy (SEM) and transmission electron microscope (TEM). The SEM 
image (Fig. S4) shows the similar 3D porous architecture assembled by 
carbon nanosheet for N–RuP/NPC, RuP/NPC and Ru/NPC. The surface 

Fig. 1. (a) Powder XRD pattern of N–RuP/NPC; (b) SEM image of N–RuP/NPC catalyst revealing its graphene-like morphology; (c) STEM image of N–RuP/NPC; (d) 
HRTEM image of the N–RuP/NPC catalyst; (e) magnified HRTEM image of the N–RuP/NPC catalyst; (f) corresponding FFT pattern of (e); (g–j) HAADF STEM image 
and corresponding EELS elemental mapping of N–RuP/NPC catalyst, (g) HAADF image of N–RuP/NPC; (h) overlap EELS elemental mapping; (i) P K-edge; (j) N 
K-edge. 

J. Zhu et al.                                                                                                                                                                                                                                      



Nano Energy 77 (2020) 105212

4

area of N–RuP/NPC was determined ca. 960 m2 g− 1 as shown in Fig. S5. 
This interconnected and porous nanostructure is favorable for active site 
exposure and electron/mass transfer in the electrocatalytic process, 
thereby representing an ideal catalytic platform. The uniformly 
dispersed N–RuP nanoparticles with a mean size of ca. 2.28 nm can be 
clearly discerned in the high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) image (Fig. 1c and S6). 
Similarly, both RuP/NPC (Fig. S7) and Ru/NPC (Fig. S8) also exhibit fine 

nanoparticles with good crystallinity. Such a small particle size benefits 
from the strong metal-support interaction, where the rich defects and 
functionalities in the substrate suppress the Ostwald ripening at high 
annealing temperature. The permeation of N dopants into the RuP lat-
tice was confirmed by electron energy loss spectroscopy (Fig. 1g–j), 
where the Ru, P, and N elements distribute homogenously in a single 
RuP particle. By contrast, N signals predominately present in the carbon 
matrix rather than RuP particle for the RuP/NPC sample (Fig. S7e-h). A 

Fig. 2. (a) High-resolution N 1s XPS spectra, (b) Ru 3p XPS spectra for N–RuP/NPC and RuP/NPC (c) Ru K-edge XANES spectra and (d) Fourier transforms of k3- 
weighted Ru K-edge EXAFS data for commercial Ru foil, RuO2 and N–RuP/NPC; (e–g) fitting results of FT-EXAFS for (e) Ru/NPC, (f) RuP/NPC and (g) N–RuP/NPC. 
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larger lattice fringes of (011) plane is observed in the HRTEM image and 
the corresponding FFT patterns for N–RuP/NPC (2.79 Å vs 2.76 Å for 
RuP/NPC), in line with the negative shift of (011) peak in the XRD 
patterns. These results suggest that the N doping into RuP leads to a 
lattice distortion, and promisingly trigger the tensile or compressive 
strain. 

Further evidence for the N doping and the resultant strain effect was 
gained by investigating the local atom arrangement and the electronic 
structure. The surface composition and chemical states were examined 
by X-ray photoelectron spectroscopy (XPS, Fig. 2a and b, Fig. S9–11 and 
Table S2). As illustrated in Fig. 2a, a typical Ru–N peak (397.9 eV) can 
be deconvoluted in the high-resolution N 1s XPS spectrum of N–RuP/ 
NPC in addition to the oxidized N (402.9 eV), graphitic N (401.2 eV), 
pyrrolic N (399.5 eV) and pyridinic N (398.7 eV). By contrast, this peak 
is absent in the spectra of RuP/NPC, Ru/NPC and NPC (Fig. 2a, Fig. S10b 
and S11b). Meanwhile, both the P 2p XPS spectra of N–RuP/NPC and 
RuP/NPC (Fig. S8b and S8d) display predominant peaks of P–O (133.6 
eV), P–C (132.3 eV) and P–Ru (130.9 eV and 129.9 eV). The presence of 
Ru–N and absence of P–N peaks in the N–RuP/NPC spectra suggest that 
N prefers to substitutes the P site rather than the Ru site, which is 
speculated to decrease the electronic density of the adjacent Ru atoms 

due to the higher electronegativity of N than P. Interestingly, the Ru 3p 
peaks shift negatively after N doping (Fig. 2b), indicating the increased 
electronic density. Besides, such effect can be also perceived from the X- 
ray absorption near edge spectroscopy (XANES), where a slight negative 
shift in absorption energy and a lower white-line intensity can be 
observed in the Ru K-edge spectrum of N–RuP/NPC compared with that 
of RuP/NPC (Fig. 2c and S12), confirming the enriched electronic den-
sity of Ru. These contradictive results imply another mechanism against 
the general electronic modulation by ligand effect of N as dominatingly 
reported in literatures. Combining with the lattice expansion observed 
in the aforementioned analysis, the mechanism is expected to be tensile 
strain effect. 

Given this, extended X-ray absorption fine structure spectroscopy 
(EXAFS) was carried out to provide more detailed information on the 
local configuration around Ru atoms. All the data presented in the 
EXAFS spectra are not phase corrected. In the Fourier transforms (FT) of 
EXAFS spectra (Fig. 2d), both RuP/NPC and N–RuP/NPC exhibit two 
main peaks at ~2.5 Å and ~1.7 Å attributed to the Ru–Ru and Ru–P/N 
scattering path, respectively, while the Ru/NPC benchmark displays a 
dominant Ru–Ru path at ~2.35 Å. Notably, the first-shell peak shifts to 
higher R in the spectrum of N–RuP/NPC, revealing a larger Ru–P/N 

Fig. 3. (a) LSV polarization curves of N–RuP/NPC, RuP/NPC, Ru/NPC, NPC and commercial Pt/C catalysts in 0.5 M H2SO4 solution at a scan rate of 5 mV s− 1 with an 
electrode rotation speed of 1600 rpm; (b) Tafel plots derived from the LSV polarization curves in (a); (c) comparison of overpotential at 10 mA cm− 2 (left) and 
exchange current densities (right) of N–RuP/NPC, RuP/NPC, Ru/NPC, NPC and commercial Pt/C catalysts in 0.5 M H2SO4 solution; (d) LSV polarization curves of 
N–RuP/NPC, RuP/NPC, Ru/NPC, NPC and commercial Pt/C catalysts in 1 M KOH solution at a scan rate of 5 mV s− 1 with an electrode rotation speed of 1600 rpm; (e) 
Tafel plots derived from the LSV polarization curves in (d); (f) Comparison of overpotential at 10 mA cm− 2 (left) and exchange current densities (right) of N–RuP/ 
NPC, RuP/NPC, Ru/NPC, NPC and commercial Pt/C catalysts in 1 M KOH solution, (g, h) Comparison of TOF values of the N–RuP/NPC and Pt/C with other recently 
reported HER electrocatalysts: (g) in acidic medium; (h) in alkaline medium. 
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bond length. The best-fitting analysis of FT-EXAFS (Fig. 2e–f and 
Fig. S13 and Table S3) further validates the enlarged Ru–P bond (2.37 Å) 
with a coordination number of less than 4.5. By contrast, the Ru–P bond 
length in the pristine RuP/NPC is estimated to be 2.32 Å with a coor-
dination number of 5.3. The enlarged Ru–P bond length and decreased 
Ru–P coordination number provide direct evidence for the tensile strain 
induced by partial N substitution. As a result, the tensile strain would 
weaken the hybridization interaction between Ru 3d orbital and P 2p 
orbital and thereby results in narrowed d-band of Ru site, which in turn 
beneficially regulates the adsorption-desorption behaviors on the Ru site 
toward boosted catalytic activity. 

In view of the tailored electronic structure by tensile strain, the HER 
electrocatalytic performance of the as-prepared catalysts was examined 
firstly in 0.5 M H2SO4 solution in comparison with commercial Pt/C 
benchmark. The linear sweep voltammetry (LSV) curves (Fig. 3a) reveal 
an onset overpotential (Eonset) of ca. 0 mV for N–RuP/NPC to trigger the 
HER, which is similar to that of the commercial Pt/C; whereas the Eonset 
for RuP/NPC, Ru/NPC and NPC turn out to be 5, 22, and 237 mV, 
respectively. The lowest Eonset on N–RuP/NPC suggests its highest 
intrinsic activity among these samples. Moreover, the overpotential for 
approaching the current density of 10 mA cm− 2 is measured to be 20.5 
mV on N–RuP/NPC, much lower than those of RuP/NPC (55.6 mV), Ru/ 
NPC (91.1 mV), NPC (328.1 mV) counterparts and also superior to most 
of the reported Pt-free catalysts (Table S4). More commendably, the 
N–RuP/NPC also outperforms the Pt/C benchmark at large current re-
gion with a remarkably smaller overpotential (58.9 vs. 73.1 mV at 100 
mA cm− 2), demonstrating the promising practical application of 
N–RuP/NPC in water electrolyzers. The superior HER activity of N–RuP/ 
NPC was further verified by its extraordinary lower Tafel slope of 31 mV 
dec− 1 than that of RuP/NPC (64 mV dec− 1), Ru/NPC (82 mV dec− 1) and 
NPC (135 mV dec− 1), implying the faster HER kinetics on N–RuP/NPC 
(Fig. 3b). This result also suggests that the HER pathway follows Volmer- 
Tafel mechanism, where the rate-determining step is the recombination 
of the chemisorbed hydrogen atoms (Tafel reaction). Furthermore, the 
exchange current density (j0), which is regarded as an indicator for the 
intrinsic activity, was obtained by extrapolating the Tafel plots (Fig. 3c). 
Impressively, the j0 reaches as high as 1.86 mA cm− 2 on N–RuP/NPC, 
surpassing the RuP/NPC (1.02 mA cm− 2) and the Pt/C benchmark (1.61 
mA cm− 2). The significant enhancement in HER activity of N–RuP/NPC 
is attributed to ameliorative electronic structure induced by tensile 
strain effect, which in turn results in optimized adsorption-desorption 
behaviours of reaction intermediates on the strained active site. 

The HER performance was further examined in 1 M KOH solution. 
Although the HER reaction rate in alkaline electrolyte is generally 
considered 2–3 orders of magnitude lower than that in acidic medium, 
the as-developed N–RuP/NPC retains its excellent catalytic activity in 1 
M KOH solution (Fig. 3d). Specifically, N–RuP/NPC exhibits an over-
potential of 29.6 mV to drive a catalytic current of 10 mA cm− 2, which 
not only outperforms the RuP/NPC (74.3 mV), Ru/NPC (143.1 mV) and 
NPC (553.9 mV), but also surpasses the Pt/C benchmark (30.5 mV). 
Moreover, the N–RuP/NPC is also superior to most of the HER catalysts 
in recent reports in terms of the relatively lower overpotential at 10 mA 
cm− 2 (Table S5). Even at higher current densities of 20, 50 and 100 mA 
cm− 2, the N–RuP/NPC catalyst only requires small overpotentials of 42, 
66 and 89 mV, respectively, superior to those of other counterparts. The 
accelerated HER kinetics on N–RuP/NPC in alkaline electrolyte can be 
further verified by Tafel analysis. As shown in Fig. 3e, N–RuP/NPC 
shows a comparable Tafel slope of 35 mV dec− 1 to commercial Pt/C (30 
mV dec− 1), which is much lower than those of the other samples, 
revealing that the tensile strain effect facilities the water dissociation 
and thus accelerates the hydrogen adsorption process (Volmer step: H2O 
+ e− ↔ Had + OH− ). Meanwhile, the j0 of N–RuP/NPC is estimated to be 
1.52 mA cm− 2, corresponding to 1.6-fold enhancement compared with 
RuP/NPC, which further manifests the superiority of the tensile strained 
site (Fig. 3f). 

To further demonstrate the advantages of the strained N–RuP site 

quantitatively, the turnover frequency (TOF), which represents the 
intrinsic electrocatalytic activity of per active site, was calculated in 
comparison with the recently reported representative HER electro-
catalysts in both acidic and alkaline solutions (Fig. S14-S16, Table S4 
and S5). As shown in Fig. 3g, N–RuP/NPC displays an admirable TOF of 
1.16H2 s− 1 and 4.52H2 s− 1, at 25 mV and 50 mV, respectively, sur-
passing the generally recognized transition metal dichalcogenides and 
phosphides, i.e., MoS2 [37], CoP [38], Ni2P [15], MoP|S [39], CoNx/C 
[40], Ni5P4 (pellet) [41], CoP/CC [17], RuCoP [42] and Ru@C2N [43], 
in 0.5 M H2SO4. The much higher TOF of N–RuP/NPC suggests increased 
intrinsic activity as a result of the well-designed energy level of RuP by 
tensile strain effect. More delightfully, satisfactory TOF was found to be 
retained on the N–RuP/NPC in 1.0 M KOH. Specifically, the TOF values 
of N–RuP/NPC in 1.0 M KOH solution were 1.85H2 s− 1 at the over-
potentials of 50 mV, larger than that of Pt/C (1.66H2 s− 1) and far ex-
ceeds the reported alternatives, α-Mo2C [44], Ni-Mo Nanopowder [45], 
Ni5P4 (pellet) [41], N, P doped Mo2C [46], RuCoP [42] and Ru/C3N4/C 
[47] (Fig. 3h and Table S5). The ultra-high TOF values in both acidic and 
alkaline solutions suggest the successful electronic modulation on the 
RuP active site for boosted HER activity, and the as-developed 
N–RuP/NPC can serve as a promising candidate to replace Pt in water 
splitting. 

In addition to activity, stability is another important criterion for 
electrocatalyst evaluation, especially for practical application. Accord-
ingly, the accelerated durability test (ADT) and time-dependent chro-
nopotentiometric (CP) measurements were carried out to investigate the 
electrocatalytic stability of N–RuP/NPC. After continuous 10,000 
cycling in 0.5 M H2SO4, the polarization curve of N–RuP/NPC presents 
slight negative shift of 5.2 mV at the current density of 10 mA cm− 2, 
superior to the Ru/NPC and RuP/NPC counterparts (Fig. 4a and 
Fig. S17). Besides, there is only slight current fluctuation within 20 h 
operation under a fixed overpotential of 30 mV (insert Fig. 4a). By 
contrast, the Pt/C benchmark exhibits a larger activity decay with 13.7 
mV positive shift after the ADT test. Apart from that, the stability test in 
alkaline electrolyte also reveals enhanced long-term durability of 
N–RuP/NPC compared with the RuP/NPC counterpart with a negligible 
degradation during the long period of cycling (Fig. 4b and c, Fig. S18). 
The excellent stability of N–RuP/NPC is probably due to the strong 
metal-support interaction, which prohibits the aggregation/detachment 
of nanoparticles during electrochemical process. Additionally, the hi-
erarchically porous structure promotes the gas diffusion to avoid 
blocking the active sites. 

Considering the excellent activity and stability of N–RuP/NPC in 
both acidic and alkaline electrolytes, we further evaluated the overall 
water splitting activity in a two-electrode configuration by employing 
N–RuP/NPC and IrO2 as cathode and anode, respectively (Fig. 4d). Pt/C 
was also utilized as cathode for comparative study. As depicted in 
Fig. 4e, N–RuP/NPC||IrO2 exhibits superior acidic water splitting per-
formance with a preferably low cell voltage of 1.677 V to reach a current 
density of 50 mA cm− 2, which is 23 mV lower than that of Pt/C||IrO2 
(1.70 V, Fig. S19). Beyond that, the cell performance in 1 M KOH was 
investigated as well. Excitingly, the device is capable to deliver a current 
density of 50 mA cm− 2 at an operating voltage of 1.73 V, outperforming 
the Pt/C||IrO2 benchmark (1.76 V, Fig. S19). Furthermore, the N–RuP/ 
NPC||IrO2 also possesses excellent long-term stability with only a 56 mV 
and 52 mV cell potential increase, in 0.5 M H2SO4 and 1 M KOH, 
respectively after 100 h continuous operation at 20 mA cm− 2 (Fig. 4f). 
Based on these results, the as-developed N–RuP/NPC can serve as a 
highly promising candidate in practical water electrolysis applications. 

To unveil the underlying mechanism of the unprecedented HER ac-
tivity of N–RuP/NPC, we conducted density functional theory (DFT) 
calculations. First, charge distribution and density of states (DOS) were 
calculated to investigate the tensile strain effect on electronic structure. 
A local charge redistribution induced by N-doping was found in the 
charge difference diagram for the strained RuP surface (Fig. 5a and b). It 
can be perceived that electrons are enriched in the Ru atom (red circled) 
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due to the weakened electron transfer from Ru to the adjacent P atoms. 
Besides, more obvious d-orbital splitting was observed on the strained 
Ru site, which could in turn induce the spin polarization. As a result, the 
spin polarization in conjunction with charge polarization would pro-
mote the hydrogen adsorption. The d-band center, as a descriptor for the 
metal-absorbate binding strength, was further computed to verify the 
speculation. Impressively, the N–RuP exhibits a higher d-band center of 
− 2.68 eV than RuP (− 2.96 eV), suggesting the enhanced absorption 
energy of intermediates on the N–RuP site (Fig. 5c and d). The 
absorption-desorption behaviors were further examined on the catalyst 
surface (Fig. 5e and f). Since the Gibbs free energy of hydrogen 
adsorption (ΔGH*) is commonly regarded as an indicator in the theo-
retical prediction of the HER activity [48], the ΔGH* values on N–RuP 
and pristine RuP were calculated (Fig. 5g). In the pristine RuP structure, 
the ΔGH* value of the P site and Ru site is − 0.007 and 0.246 eV, 
respectively, suggesting that the former site is more catalytically active 
to HER, while the weak binding strength of Ru–H on the later site is 
unfavorable for the Volmer step. After N doping, the ΔGH* value of the 
Ru site is dramatically decreased to − 0.015 eV on the strained surface, 
implying an easier hydrogen adsorption process. Meanwhile, the P site 
retains the excellent intrinsic activity with a ΔGH* of 0.005 eV. These 
results reveal that the tensile strain induced by N doping activates Ru 
site and maintained P site simultaneously for achieving boosted HER 
activity in line with the experimental results in acidic electrolyte. Apart 
from that, the absorption energy of H2O (EH2O) on the catalysts was also 
computed to evaluate the HER activity in alkaline solution considering 
that the HER in alkaline media requires an additional first step of water 
dissociation (Fig. 5h–j). More negative EH2O was found on the N–RuP 
(− 0.468 eV) surface compared with RuP (− 0.402 eV), implying a faster 

Volmer process on the N–RuP surface. Moreover, the O–H bond length 
was enlarged from 0.97 Å to 0.99 Å after N doping, further confirming 
the H2O molecular preferred to dissociate into hydroxyl and H on the 
N–RuP surface. The above DFT calculations clearly verified that the 
tensile strain indeed tailors the electronic structure of RuP, which op-
timizes the hydrogen absorption energy on Ru site and facilitates the 
water dissociation, leading to improved HER activity. 

4. Conclusion 

In summary, we developed an advanced nanoparticulate RuP cata-
lyst for highly active and durable hydrogen electrocatalysis. 
Morphology, composition and local environment characterizations 
demonstrate that doping N into RuP lattice induce tensile strain and 
thereby tailor the energy level of RuP. The as-obtained N–RuP/NPC 
requires remarkably low overpotential of 58.9 and 89.3 mV to reach the 
current density of 100 mA cm− 2, in acidic and alkaline electrolyte, 
respectively, outperforming most of the reported Pt-free catalysts and 
even the commercial Pt/C benchmark. Insights into the underlying 
mechanism were revealed by DFT calculations, which confirmed that 
the tensile strain effect can effectively upshift the d-band center of Ru 
and therefore enhances the H absorption and promotes the water 
dissociation, contributing to the high intrinsic activity of N–RuP/NPC. 
Our study not only introduces N–RuP/NPC as a promising HER catalyst 
for practical application, but also provide a methodology to tailor 
chemical/physical properties for desirable catalytic activity. 

Fig. 4. (a) Stability tests of the N–RuP/NPC and Pt/C in 0.5 M H2SO4 solution before and after 10, 000 potential CV cycles at a scan rate of 5 mV s− 1 with an electrode 
rotation speed of 1600 rpm, inset shows the i-t curve of N–RuP/NPC catalyst at an overpotential of 30 mV; (b) stability tests of the N–RuP/NPC and Pt/C in 1 M KOH 
solution before and after 10, 000 potential CV cycles at a scan rate of 5 mV s− 1 with an electrode rotation speed of 1600 rpm, inset shows the i-t curve of N–RuP/NPC 
catalyst at an overpotential of 30 mV; (c) comparison of overpotential changes at 10 mA cm− 2 after 10, 000 potential CV cycles in 0.5 M H2SO4 (left) and 1 M KOH 
(right) solutions; (d) schematic illustration of an electrolyzer with N–RuP as cathode and commercial IrO2 as anode (N–RuP/NPC||IrO2); (e) LSV polarization curves 
for overall water splitting of the N–RuP/NPC||IrO2 couple in 0.5 M H2SO4 (black line) and 1 M KOH (red line); (f) chronopotentiometric curves recorded at a current 
density of 20 mA cm− 2 in acidic (black line) and alkaline medium (red line). 
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