
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 8
/2

/2
02

4 
6:

17
:5

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
The RuO2/NiRu h
School of Physical Science and Technolo

201210, China. E-mail: linbl@shanghaitech

† Electronic supplementary informa
https://doi.org/10.1039/d2ta09660a

Cite this: J. Mater. Chem. A, 2023, 11,
10720

Received 12th December 2022
Accepted 8th March 2023

DOI: 10.1039/d2ta09660a

rsc.li/materials-a

10720 | J. Mater. Chem. A, 2023, 11,
eterogeneous interface optimizes
the d-band center of the Ni–Ru catalyst for high-
performance alkaline hydrogen evolution reaction†

Yitian Zhou, Yifan Liu, Hehua Tang and Bo-Lin Lin *

Controlling the binding energy of hydrogen by introducing a secondary metal is an effective approach to

design Ru-based electrocatalysts for improving the hydrogen evolution reaction (HER) performance.

Here, we construct a series of multi-active site NiRu bimetallic materials with improved HER catalytic

performance through a facile microwave synthesis method. Upon varying the Ni/Ru feeding ratio, the

prepared Ni1Ru1/C sample was found to have the RuO2/NiRu heterogeneous interface and showed the

best HER performance. Only a 13 mV overpotential was observed at 10 mA cm−2 in 1.0 M KOH solution,

which is comparable to that of commercial Pt/C. Remarkably, lower overpotentials were achieved for

the Ni1Ru1/C sample under industrially relevant current density conditions (higher than 500 mA cm−2)

than commercial Pt/C. The HER activity for the Ni1Ru1/C sample can also be sustained at 400 mA cm−2

for over 80 h with negligible degradation. The characterization and electrochemical experiment results

illustrate that the excellent HER catalytic performance might be attributable to the enhancement of

electrochemically active surface areas and the formation of the RuO2/NiRu heterogeneous interface.

DFT calculations further reveal a downshifted d-band center due to the presence of the RuO2/NiRu

heterogeneous interface, which appropriately weakens the too-strong adsorption of H* and thus

improves the HER performance.
1 Introduction

Electrochemical water splitting (WS) for hydrogen production
driven by green and renewable energy provides a promising
path to mitigate the aggravated energy crisis and realize large-
scale storage of intermittent energy in chemical bonds.1,2

Developing effective electrocatalysts with high activity and
stability for the hydrogen evolution reaction (HER) is crucial to
hydrogen production during the electrochemical water splitting
process. In general, platinum (Pt)-based electrocatalysts serve as
the benchmark for the design of new catalysts.3–6 However, Pt-
based electrocatalysts were not conducive to large-scale
commercial applications due to its extremely high price and
low earth abundance. Within this context, intensive attention
has been drawn to highly active but less expensive transition
metals with higher abundance. According to previous studies,
the bond strength of Ru–H (about 65 kcal mol−1) was close to
that of Pt–H,7,8 indicating that Ru-based materials presumably
possess electrocatalytic performance for the HER comparable to
that of Pt. In addition, the price of Ru is merely 1/3 that of Pt.9

However, relatively inappropriate hydrogen chemical
gy, ShanghaiTech University, Shanghai

.edu.cn

tion (ESI) available. See DOI:

10720–10726
adsorption/desorption on Ru still limits the HER performance.8

Thus, further development and designing the structures of Ru-
based catalysts to moderate the binding energy of Ru–H and
improving HER catalytic performance are of great importance.

In order to optimize the catalytic activity of Ru-based cata-
lysts for the HER, numerous studies have been carried out on
the modication of Ru-based materials and further regulating
the electronic structure to optimize hydrogen adsorption and
desorption processes during the HER.10–17 Among them, intro-
ducing a secondary metal is an attractive approach to realize
modications of both electronic structures and morphology of
the catalyst.8,18–20 The introduction of Ni to Ru-based catalysts
has been proved to be an effective way to facilitate the catalytic
performance of the HER, as the modication of Ni could
weaken the too-strong Ru–H bond strength.1,21–26 In addition,
adding cheaper Ni into Ru-based catalysts can reduce the
amount of precious metals to lower the cost. The excellent HER
activity of NiRu catalysts has been mainly attributed to the
formation of heteroatomic bonds, the changes of lattice
parameters, and the modications of charge distributions aer
Ni incorporation.8,23 In previous work, the existence of lattice
strain induced by NiRu alloying was demonstrated by TEM and
XRD characterization.27 DFT calculations further demonstrate
that the Ni–Ru alloying effect is able to tune the adsorption and
desorption of H during the process of the HER under alkaline
conditions, hence improving the HER performance.8,18,28
This journal is © The Royal Society of Chemistry 2023
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Herein, we reasoned that excessive amounts of a secondary
element doping may lead to its accumulation and phase sepa-
ration, affording abundant heterogeneous interfaces.29,30 The
strain regions arising from heterogeneous interfaces can regu-
late the conductivity, mechanical strength, plasticity, charge
transfer properties and electron density of the catalysts, which
could further affect the behaviors of electrochemical redox
processes.30 Based on this hypothesis, we fabricated a series of
NiRu-based electrocatalysts with multi-active sites through
a convenient and rapid microwave method. Among them, the
Ni1Ru1/C sample featuring RuO2/NiRu
heterogeneous interfaces showed outstanding catalytic perfor-
mance for the HER. Only 13 mV overpotential at a current
density of 10 mA cm−2 was observed using 1 M KOH aqueous
solution as the electrolyte. In addition, the catalytic activity for
the HER was even better than that of commercial Pt/C (40 wt%)
at high current density. Remarkably, Ni1Ru1/C displayed
negligible catalytic activity degradation of the HER for more
than 80 h at a current density of 400 mA cm−2. The measured
double layer capacitance of the Ni1Ru1/C sample was 23.9 mF
cm−2 and the high electrochemically active surface areas made
an important contribution to the improved HER activity.
Moreover, density functional theory (DFT) calculations sug-
gested that the Gibbs free energy of adsorbed H (H*) formation
could be regulated by the introduction of Ni, thus favoring
hydrogen formation. More importantly, the Gibbs free energy of
H* formation could be further optimized upon the introduction
of the RuO2/NiRu heterogeneous interface, rationalizing the
superior catalytic performance for the HER on the Ni1Ru1/C
sample.

2 Experimental details
2.1 Materials synthesis

Synthesis and characterization of NixRuy/C: by varying the Ni/
Ru metal molar ratio, Ni1Ru0/C, Ni2Ru1/C, Ni1Ru1/C Ni1Ru2/
C and Ni0Ru1/C were synthesized at Ni/Ru ratios of 1 : 0, 2 : 1,
1 : 1, 1 : 2 and 0 : 1, respectively (Table S2†). As shown in Fig. 1,
NixRuy/C samples were prepared through a two-step procedure
(x and y represent the fed molar ratios of Ni and Ru metals,
respectively). First of all, ball-milling was used to mix RuCl3-
$3H2O, Ni(acac)2 and carbon black well for 3 hours to get the
powder precursors. Secondly, 300.0 mg of the mixture should be
Fig. 1 Schematic illustration of the preparation process of the RuO2/
NiRu.

This journal is © The Royal Society of Chemistry 2023
placed in a microwave reactor and then heated for 3 minutes
with a power of 900 W in air, aer which multi-active site Nix-
Ruy/C was successfully obtained. The HER property measure-
ment showed that the optimal ratio of Ni/Ru is 1 : 1 in NixRuy/C
(denoted as Ni1Ru1/C). The ink was prepared by ultrasonically
mixing 2.0 mg of NixRuy/C, 0.1 mL of ethylene glycol and 15 mL
Naon, which was then dropped onto carbon paper and dried
overnight to get the NixRuy/C electrode for electrochemical
measurements. The details of the main reagents and instru-
ments are listed in Table S3.†

2.2 Characterization

Scanning electron microscopy (SEM) was performed on a JSM-
IT500HR/LA. Transmission electron microscopy (TEM) and
scanning transmission electron microscopy (STEM) measure-
ments were performed on a JEM-F200 and JEM-1400plus. X-ray
powder diffraction (XRD) patterns were acquired using a D8
Advance. X-ray photoelectron spectroscopy (XPS) measurements
were conducted on an ESCALAB 250Xi. The contact angle
analysis was performed with a KRUSS DSA25. ICP-OES was
conducted on an ICP-OES Icap7400.

2.3 Electrochemical measurements

All HER tests were performed at room temperature with
a conventional three-electrode system which employed a Hg/
HgO reference electrode and a platinum net counter elec-
trode, and an electrolyte of 1.0 M KOH. The NixRuy/C electrode
was used as the working electrode with the area immersed in
the electrolyte being 1 cm × 1 cm. The loading of the Ni1Ru1/C
catalyst was 1.86 mg cm−2. The potential in this work was
referenced to a reversible hydrogen electrode (RHE) scale
according to the Nernst equation in 1.0 M KOH (Evs. RHE = Evs.
Hg/HgO + 0.098 + 0.05916 pH). Linear sweep voltammetry (LSV)
with auto iR correction and electrochemical impedance spec-
troscopy (EIS) with a frequency range from 100 kHz to 0.1 Hz
were performed using a Gamry electrochemical workstation.
Electrochemically active surface areas (ECSAs) of the NixRuy/C
electrodes were measured using a CHI 660E electrochemical
workstation and were determined using double-layer capaci-
tance (Cdl), which can be determined by calculating the slope in
the linear relationship of current density with a scan rate
increase.

2.4 DFT calculations

DFT calculations were performed with the Vienna ab initio
simulation package (VSAP), with the projector augmented wave
(PAW) potentials to describe the electron–ion interactions. The
generalized gradient approximation (GGA) with the Perdew–
Burke–Ernzerhof (PBE) functional was used for the exchange-
correlation potentials. The cutoff energy for the plane-wave
basis set was 450 eV. The long-range dispersion interactions
between the adsorbates and catalyst surface were illustrated by
the D3 correction method.31 The Brillouin zone was sampled
with 3 × 3 × 1 gamma-centered k-mesh for metal oxide slabs
and 2 × 2 × 1 k-mesh for the alloy/oxide interface. Geometries
of all the structures were optimized with the conjugate gradient
J. Mater. Chem. A, 2023, 11, 10720–10726 | 10721
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Fig. 2 (a) SEM images of Ni1Ru1/C. (b–e) TEM images of Ni1Ru1/C. (d
and f) The enlarged images of the yellow part (d) and green part (f) in
(e), respectively. (g–j) STEM/EDS image with elemental mapping
images for C, Ni and Ru.
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algorithm and the convergence tolerances for residual energy
and force were 10−4 eV and 0.02 eV Å−1.

RuO2(110) and NiO(100) were modeled as a periodic four-
layer p(3 × 3) model with the 2 lower layers xed and 2 upper
layers relaxed. NiRu(101) was modeled as the 2 × 3 supercell of
c(O2 × O2) − 45. To simulate the RuO2/NiRu interface, the NiRu
cluster containing 4 Ni and 4 Ru atoms was placed on
RuO2(110). The simulation of the Ru/NiRu interface was the
same as that of the RuO2/NiRu interface, except for replacing
RuO2(110) with Ru(101). A vacuum space of 15 Å perpendicular
to the surface was applied to separate the interaction between
the neighboring slabs.

The adsorption free energies of hydrogen were dened as:

DEH = EH* − (E* +1/2EH2
)

where EH*, E* and EH2
are the total energies of the H adsorbed

system, a clean substrate and molecular H2. The Gibbs free
energy of the adsorbed state was computed as:

DG = DEH + DZPE − TDS

where DZPE and DS represent the zero-point energy and
entropy, respectively; temperature T was set to 298.15 K. DZPE
and DSwere derived from the calculated vibrational frequencies
with the harmonic approximation.32 The Ru 3d band center was
dened as the weighted average energy of the projected density
of 3d states of Ru relative to the Fermi level.
3 Results and discussion
3.1 Characterization of NixRuy/C

As depicted in Fig. 1, the NixRuy/C samples were prepared
through a facile microwave method; the carbon black substrate
was mixed with Ni and Ru precursors with grinding treatment,
followed by microwave irradiation, and then the targeted
carbon supported NiRu composite material was obtained. The
scanning electron microscope (SEM) image (Fig. 2a) indicated
that the Ni1Ru1/C sample was composed of small nanoparticles
anchored on the carbon substrate. Further transmission elec-
tron microscopy (TEM) characterization and size distribution
analysis (Fig. 2b and c) suggested that the particle size mainly
ranged from 1.8 to 20 nm and the average particle size was
6.98 nm. The smaller nanoparticles should be more favorable
for the exposure of active sites.5,33,34 As depicted in Fig. 2e,
a heterogeneous interface (denoted as RuO2/NiRu) was
observed on the Ni1Ru1/C sample. High-resolution TEM
(HRTEM) showed lattice fringe distances of 0.228 and 0.206 nm,
ascribed to the (200) facets of RuO2 and the (0002) facets of the
NiRu alloy, respectively. Moreover, NiO, RuO2, and NiRu alloy
species were observed on the Ni1Ru1/C sample from HRTEM
(Fig. S3 and S4†), and the selected-area electron diffraction
(SAED, Fig. S5†) pattern further conrmed the existence of the
as-mentioned species. Fig. 2g–j display scanning transmission
electron microscopy (STEM) images and the corresponding
energy-dispersive spectrometry (EDS) mappings; the results
suggested that Ni and Ru were homogeneously distributed on
10722 | J. Mater. Chem. A, 2023, 11, 10720–10726
the nanoparticles supported by carbon black. These data
conrmed that the multi-active site catalyst of Ni1Ru1/C with
the RuO2/NiRu heterogeneous interface was successfully
fabricated.
3.2 HER performance of NixRuy/C

The effect of the metal ratio of Ni/Ru on the electrochemical
performance of multi-active site NixRuy/C catalysts was studied.
The electrochemical performance was evaluated in a N2-satu-
rated 1 M KOH aqueous solution with a classical three-electrode
system. From the linear sweep voltammetry polarization curves
(LSV, Fig. 3a), we found that the HER catalytic performance was
signicantly improved aer the introduction of Ni, indicating
the importance of Ni in improving the catalytic performance of
the HER. The catalytic performance could be further optimized
through regulating the ratio of Ni/Ru, and the best HER catalytic
performance was achieved when the Ni/Ru ratio was 1 : 1. It was
worth noting that the overpotential on the Ni1Ru1/C sample
was only 13 mV at a current density of 10 mA cm−2, which was
close to that of commercial Pt/C (11 mV) and smaller than those
on Ni2Ru1/C (16 mV) and Ni1Ru2/C (15 mV), respectively
(Fig. 3c). Thus, the amounts of Ni in NixRuy/C composite
catalysts had a great inuence on the catalytic performance of
alkaline HER, and the Ni1Ru1/C sample possessed a more
optimized Ni/Ru molar ratio to achieve a higher apparent
current density than samples with other ratios with the same
overpotential. Surprisingly, the Ni1Ru1/C sample even exhibi-
ted better HER activity than the Pt/C sample at large current
densities (greater than 500 mA cm−2). By converting the
apparent current density into mass current density, the mass
activity could be compared more intuitively (Fig. S14 and Table
S6†). At an overpotential of 10 mV, the mass current density of
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Polarization curves (with iR correction) for various elec-
trodes recorded in 1.0 M KOH with a scan rate of 5 mV s−1. (b) Tafel
plots obtained from the corresponding polarization curves in (a). (c)
Comparison of the required overpotentials at 10, 100 and 500 mA
cm−2 for various electrodes. (d) Comparison of NixRuy/C and other
NiRu catalysts reported in previous literature based on the potential at
10 mA cm−2 and Tafel slope.

Fig. 4 (a) Fitting Nyquist plots for various electrodes measured at an
overpotential of −74 mV. (b) CV curve tested at different scan rates
(varying from 10 mV s−1 to 70 mV s−1) of Ni1Ru1/C. (c) Plots of the
current density difference (Dj) against the scan rate for calculation of
double-layer capacitance (Cdl). (d) Chronopotentiometric (V–t) curve
of Ni1Ru1/C with a constant current density of −400 mA cm−2 (a
certain amount of pure water was added at the point indicated by the
arrow to compensate for the consumption of water due to electrolysis
after 30 hours in experiments).
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Ni1Ru1 was about 22.7, 18.7 and 14.2 times higher than those of
Ni2Ru1/C, Ni1Ru2/C and Pt/C, respectively, which indicated
higher intrinsic activity of Ni1Ru1/C.

The Tafel slope plots were extracted from the linear portions
of the LSV curves in order to study the reaction kinetics of the
HER process. As depicted in Fig. 3b, the Tafel slope of the
Ni1Ru1/C sample was 33 mV dec−1, which was almost the same
as the 30 mV dec−1 of the Pt/C sample and smaller than 44 mV
dec−1 of the Ni1Ru2/C sample and 56mV dec−1 of the Ni2Ru1/C
sample. The Tafel slope suggested that the HER on the Ni1Ru1/
C sample might be processed via the Volmer–Tafel mecha-
nism.28,35,36 The improvement of the kinetic process might
originate from the synergic catalytic effect of Ni and Ru,28 and
the optimized molar ratio of Ni and Ru on the Ni1Ru1/C sample
might further promote such a reaction process compared to
Ni2Ru1/C or Ni1Ru2/C. From the perspective of overpotential at
a current density of 10 mA cm−2 and the Tafel slope, our
Ni1Ru1/C sample showed better catalytic performance than
relevant NiRu-based HER catalysts reported in the literature
previously (Fig. 3d and Table S1†).

To further understand the origin of the excellent catalytic
performance of the NixRuy/C composite samples, electro-
chemical impedance spectroscopy (EIS) and electrochemically
active surface area (ECSA) analyses of several multi-active site
NixRuy/C samples were carried out. EIS was used to evaluate the
charge transfer resistance of the electrodes during the electro-
catalytic reaction process. The corresponding equivalent circuit
is shown in the inset, which was composed of Rs (the ohmic
resistance of the electrolyte), Rct (charge transfer resistance) and
Y0 (constant phase elements).18 The diameter of the half cycle
shown in Fig. 4a of Ni1Ru1/C (0.651 ohm) was obviously smaller
This journal is © The Royal Society of Chemistry 2023
than that of Ni0Ru1/C (1.938 ohm), Ni1Ru2/C (0.933 ohm), and
Ni2Ru1/C (1.372 ohm), indicating that the Ni1Ru1/C sample
should have a lower contact resistance and a faster electron
transfer process during the HER than the control samples.37 The
Rct of catalysts was signicantly reduced due to the introduction
of Ni, and thus the corresponding kinetic process of the HER
was greatly promoted.23 Fig. 4b and S7† present the cyclic vol-
tammetry (CV) curves of NixRuy/C electrodes at different scan
rates. As shown in Fig. 4c, the calculated double-layer capaci-
tance (Cdl) of Ni1Ru1/C was 23.9 mF cm−2, which was larger
than 20.2 mF cm−2 of Ni2Ru1/C, 13.2 mF cm−2 of Ni0Ru1/C,
11.8 mF cm−2 of Ni1Ru2/C, and 6.5 mF cm−2 of Ni1Ru0/C,
suggesting an exposure of more abundant active sites on
Ni1Ru1/C than the control samples. When the Ni/Ru ratio is 1,
the number of active sites might increase, which leads to the
largest ECSA of the Ni1Ru1/C sample. And the higher ECSA of
the Ni1Ru1/C was one of the important causes of enhanced HER
activity. These results seem to support our initial hypothesis
that the introduction of RuO2/NiRu heterogeneous interfaces
might serve as an effective strategy to improve the catalytic
activity.

In order to evaluate the stability and durability of the
Ni1Ru1/C catalyst and its application potential in industrial
water electrolysis, the Ni1Ru1/C electrode was tested in 1 M
KOH electrolyte at a current density of 400 mA cm−2 for over 80
hours (Fig. 4d). Aer 80 hours of galvanostatic testing, the
increase in overpotential appeared negligible, indicating that
the Ni1Ru1/C electrode was able to maintain satisfactory
durability in the alkaline HER catalysis process. Though there
was a slightly reduced signal for the decreased amount of
J. Mater. Chem. A, 2023, 11, 10720–10726 | 10723
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RuO2(211), no obvious Ru0 signal was presented in the XRD
spectrum shown in Fig. S9.† The ratio of Ru4+ to Ru0 on the
post-electrode surface did not change signicantly in XPS
patterns (Fig. S13 and Table S5†). The XRD and XPS results
indicated that most RuO2 had not been reduced. And the SEM
images and contact angle results of the electrode surface before
and aer the HERmeasurement showed that the morphology of
the electrode surface remained basically unchanged (Fig. S8
and S11†). Therefore, the morphology of the electrode surface
remained basically unchanged during the 80 h HER test, which
suggested its application potential in industrial WS.
3.3 The study of local electron modulation for the RuO2/
NiRu heterogeneous interface

In order to further study the localized electron modulation in
the multi-active sites of Ni1Ru1/C and rationalize the improved
alkaline HER activity, we carried out XRD and XPS character-
ization tests on the synthesized catalysts. As shown in the XRD
pattern (Fig. 5a), Ni1Ru1/C was mainly composed of a NiRu
alloy, RuO2 and NiO, which was consistent with XPS charac-
terization. As shown in Fig. 5c, 280.6 and 281.3 eV in Ni0Ru1/C
correspond to the Ru0 of Ru metal and Ru4+ of RuO2, respec-
tively. As shown in Fig. 5d, Ni1Ru0/C shows two signals at 854.7
and 856.5 eV corresponding to Ni0 of Ni metal and Ni2+ of NiO,
respectively. When the corresponding peaks were compared
with those of Ni1Ru1/C, it could be seen that when Ni was
introduced to form the NiRu alloy, the binding energy of Ru0

shied negatively while positive shis occurred on Ni0 peaks.
This indicated that electrons were transferred from Ni to Ru in
NiRu alloys due to the smaller electronegativity of Ni relative to
that of Ru, leading to the interatomic charge polarization in the
NiRu alloys.28 In addition, the results of XPS peak analysis
indicated that feeding different metal ratios of Ni to Ru can
Fig. 5 (a) XRD pattern of Ni1Ru1/C. (b) XPS survey of NixRuy/C. (c) C 1s

10724 | J. Mater. Chem. A, 2023, 11, 10720–10726
change the ratio of Ru0 to Ru4+ on the surface of the synthesized
material. Thus, the introduction of Ni can inuence the
formation of the NiRu alloy. The difference in the positional
shi of the binding energy of Ni0 in Ni2Ru1/C, Ni1Ru2/C and
Ni1Ru1/C suggested a difference in the degree of electronic
coupling between Ni and Ru.38 Among them, the deviation
degree of Ni0 in Ni1Ru1/C was the largest, suggesting that there
was a stronger local electronic modulation on the surface of the
catalyst. Furthermore, compared with Ni2Ru1/C and Ni1Ru2/C,
the peak of Ru0 in Ni1Ru1/C had a positive shi of 0.1 eV and
a negative shi of 0.1 eV also occurred to the Ru4+ peak, which
might be caused by electron transfer from NiRu to RuO2 at the
interface of RuO2/NiRu. Such an electron effect may also be one
of the reasons for the aforementioned deviation enhancement
of the Ni0 peak. The results showed that there might be
a stronger local electron modulation at the RuO2/NiRu hetero-
geneous interface, thus speeding up the electron transfer and
charge transfer in the catalytic reaction for alkaline HER.
3.4 The DFT calculation study for the RuO2/NiRu
heterogeneous interface

It was accepted that the alkaline HER followed the Volmer–
Heyrovsky or Volmer–Tafel mechanism.39,40 The H–O–H bond of
water molecules rst needed to break to form H* and OH−, and
the Volmer step (eqn (1.1)) involved the adsorption and disso-
ciation of water molecules on the catalyst surface.41 Next,
a hydrogen generation step occurred on the surface with the
Heyrovsky step (eqn (1.2)) or Tafel step (eqn (1.3)).36

Volmer step: H2O + M + e− / M–H* + OH− (1.1)

Heyrovsky step: M–H* + H2O + e− / M + OH− + H2 (1.2)
+ Ru 3d. (d) Ni 2p.

This journal is © The Royal Society of Chemistry 2023
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Tafel step: 2M–H* / 2M + H2 (1.3)

Though the Tafel slope could not be used to determine the
specic mechanism of the HER, the value of the Tafel slope has
been generally used to analyze the rate-determination steps in
the reaction process according to the Bulter–Volmer equa-
tion.28,35,36 Combined with research studies on Ru-based cata-
lysts1,9,42 and Tafel slope,43,44 the HER on the Ni1Ru1/C might be
processed via the Volmer–Tafel mechanism.

To probe the potential effect of the RuO2/NiRu interface, the
Gibbs free energy of hydrogen adsorption (DGH*), a good
descriptor that may partially rationalize HER catalytic activity,
was calculated using DFT. It indicated optimal hydrogen
adsorption and release when DGH* was close to zero.45,46 The
RuO2/NiRu interface model was constructed for DFT calcula-
tions. Given the partial reduction of RuO2 of RuO2/NiRu aer
the HER test, a Ru/NiRu model was also simulated. Fig. 6a
shows the optimized NiO, RuO2, NiRu alloys, RuO2/NiRu
interface and Ru/NiRu interface for the hydrogen atom
adsorption model, respectively. Our DFT calculation results
showed that DGH* on the RuO2/NiRu heterogeneous interface
(−0.240 eV) was much closer to zero than those of NiO (1.047
eV), RuO2 (−0.772 eV) and NiRu alloy (−0.422 eV), indicating
that the formation of the RuO2/NiRu heterogeneous interface
was able to modulate the hydrogen adsorption strength thereby
improving the HER performance of Ni1Ru1/C (Fig. 6b). And the
DGH* of RuO2/NiRu interface was also closer to zero than DGH*

of the Ru/NiRu interface, suggesting that the former has higher
HER activity than the latter. Since no signicant increase in
overpotential was observed in the 80 h CP test of Ni1Ru1/C, it
should be reasonable to propose that RuO2/NiRu should be the
most active component of Ni1Ru1/C. The analysis of PDOS
Fig. 6 (a) Schematic illustration of the adsorptionmodel. (b) Gibbs free
energy diagram for hydrogen evolution at equilibrium (U= 0 V) in NiO,
RuO2, NiRu, and RuO2/NiRu interface. (c) PDOS and d-band centers of
RuO2, NiRu, and RuO2/NiRu interface. (d) Gibbs free energy changes of
hydrogen adsorption as a function of d-band centers of RuO2, NiRu,
and RuO2/NiRu interface.

This journal is © The Royal Society of Chemistry 2023
illustrated that the RuO2/NiRu interface presented a down-
shied d-band center and a trend away from the Fermi level,
which is consistent with the weakening of the H adsorption
energy (Fig. 6c). As the Sabatier principle described, an active
catalyst binds reaction intermediate(s) neither too strongly nor
too weakly.45,47 Thus, the computational results also support our
original speculation that the formation of the RuO2/NiRu
heterogeneous interface can weaken the too-strong adsorption
of H*,47 leading to the corresponding DGH* being close to
a desirable value (Fig. 6d). Additionally, RuO2 might play the
important role of strengthening *OH adsorption, which was
benecial for the promotion of the Volmer step.48 By combining
the weakened *H adsorption and enhanced *OH adsorption,48,49

a reasonable hypothesis can be made that the interfacial
synergy between NiRu and RuO2might boost the HER activities.
4 Conclusions

In summary, we prepared a series of multi-active site NiRu
bimetallic materials through a facile microwave synthesis
method. The introduction of Ni to form NiRu bimetallic elec-
trocatalysts has led to signicantly improved HER catalytic
performance; furthermore, the NiRu/RuO2 heterogeneous
interface was successfully constructed on the Ni1Ru1/C sample
to further improve the HER catalytic performance. The opti-
mized Ni1Ru1/C sample exhibited an overpotential of only
13 mV at a current density of 10 mA cm−2 under alkaline
conditions, outperforming state-of-the-art results reported in
the previous literature; moreover, excellent stability for more
than 80 h at 400 mA cm−2 was achieved. A combination of
experimental and computational studies suggested that a faster
electron transfer process, higher ECSA, and the presence of the
NiRu/RuO2 heterogeneous interface jointly contributed to the
observed improvement in HER catalytic activity.
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