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Industrial electrocatalytic hydrogen production puts forward high requirements for catalysts. Compared to

the traditional disordered alloy electrocatalysts, intermetallic compounds (IMCs) with ordered atomic

arrangement exhibit higher mixing enthalpy and stronger atomic interactions, which greatly improves

their catalytic performance and structural stability. Herein, we rationally design and precisely prepare

ordered RuGa IMCs with the body-centered cubic structure on N-doped reduced graphene oxide

supports (RuGa/N-rGO), which exhibit remarkable HER activities in both acidic and alkaline electrolytes.

Notably, the obtained electrocatalyst requires extremely low overpotentials of 105 and 156 mV to deliver

500 and 1000 mA cm−2, respectively, along with high stability over 100 hours continuously running at

the overpotential of 100 mV in alkaline electrolyte. Experimental characterizations and theoretical

simulations indicate that the Ru sites with electron-rich environments are isolated in RuGa/N-rGO,

which significantly reduces the energy barrier of the rate-limiting step during the HER process. This work

provides valuable insights into the atomic modulation of active sites for enhanced catalytic performance,

paving a way for designing advanced noble metal-based electrocatalysts.
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Introduction

The severe environmental pollution and urgent energy
demands have led to the exploration of renewable and green
energy sources.1–3 Hydrogen (H2) is identied as a clean energy
source to replace conventional fossil fuels because of its high
energy density and zero carbon emissions.4–6 The electro-
catalytic hydrogen evolution reaction (HER) is an efficient and
promising technology for eco-friendly and large-scale H2

production driven by sustainable energy.7–9 However, industrial
HER electrocatalysts have to withstand harsh working condi-
tions, including large current densities, strong alkaline/acidic
electrolytes, and high temperatures,10–12 which pose great chal-
lenges to the long-term usage of electrocatalysts. To date, plat-
inum (Pt)-based nanomaterials with near-zero onset
overpotential and extremely low Tafel slope are the most effi-
cient HER electrocatalysts.13–15 Unfortunately, Pt is scarce, and
Pt-based alloys as electrocatalysts lack stability when operating
at large current densities.16,17 Thus, the rational design of high-
performance and cost-effective electrocatalysts for industrial
HER becomes highly necessary.

Ruthenium (Ru)-based electrocatalysts are expected to be
ideal candidates to achieve the optimal HER performance
because of their Pt-like metal–H bond strength and relatively
low price.18–21 To enhance the HER performance and decrease
the consumption of Ru, the fabrication of composition-dened
and atomic ordered Ru-based intermetallic compounds (IMCs)
is a promising strategy.22–26 The insertion of a relatively lower
electronegative metal (i.e., Ga) could create electron-rich envi-
ronments for the Ru atoms,27–30 which can modulate the elec-
tronic structure of Ru sites and improve the HER performance.
In addition, the higher mixing enthalpy and stronger interac-
tions between Ru and Ga atoms can rmly stabilize Ru atoms
during the electrochemical measurements in both acidic and
alkaline electrolytes.31–33 Therefore, the development of Ru-
based IMCs with high activity and stability is signicant for
industrial hydrogen production.

In this work, we successfully prepare ordered RuGa IMCs
with the body-centered cubic (bcc) phase supported on N-doped
reduced graphene oxide (RuGa/N-rGO) as a superior and stable
HER electrocatalyst. As demonstrated by atomic resolution
scanning transmission electron microscopy (STEM) images, Ru
and Ga atoms are orderly arranged. The as-synthesized elec-
trocatalyst exhibits outstanding HER performance with
extremely low overpotentials of 32 mV (acidic electrolyte) and
20 mV (alkaline electrolyte) at 10 mA cm−2, surpassing those of
mostly reported Ru-based electrocatalysts. In addition, this
electrocatalyst also possesses remarkable HER performance at
large current densities in alkaline condition, achieving over-
potentials of 105 and 156 mV at 500 and 1000 mA cm−2,
respectively, together with impressive stability (more than 100
hours continuously working at the overpotential of 100 mV).
Theoretical simulations reveal that the Ga atoms could provide
electron-rich environments for the body-centered Ru atoms,
thereby decreasing the energy barrier of the rate-limiting step
and boosting HER performance.
This journal is © The Royal Society of Chemistry 2023
Results and discussion

The RuGa/N-rGO catalyst is synthesized through a modied
impregnation-reduction method (see Experimental section for
more details). By simplifying the complicated preparation
process, the scale-up synthesis of RuGa/N-rGO (∼1.0 g) can be
realized (Fig. S1†). As revealed by the high-angle annular dark-
eld scanning transmission electron microscopy (HAADF-
STEM) image (Fig. 1a), the RuGa nanoparticles (RuGa NPs)
with an average diameter of 5.5 ± 0.8 nm are uniformly
anchored on the N-rGO substrates. The X-ray diffraction (XRD)
pattern of RuGa/N-rGO (Fig. 1b) presents a typical bcc RuGa
structure (Pm�3m, JCPDS No. 65-9178), and a weak peak
appearing at 26.3° can be assigned to the graphitized carbon
substrates. As shown in Fig. S2,† Ru/N-rGO fabricated with the
similar procedure (see Experimental section for more details)
matches with the hexagonal close-packed structure (JCPDS No.
06-0663). The inset of Fig. 1b illustrates the crystal structure of
bcc RuGa phase with Ga atoms at eight corners and Ru atom
occupying the body center. The scanning electron microscopy
(SEM) image of RuGa/N-rGO (Fig. S3†) reveals a three-
dimensional (3D) porous network consisting of cross-linked
N-rGO nanosheets. Based on the N2 adsorption–desorption
results (Fig. S4†), the RuGa/N-rGO sample possesses a large
specic surface area of 118.74 m2 g−1, which ensures that
abundant active sites can be exposed.34,35 According to the
atomic force microscopy (AFM) images (Fig. S5 and S6†), the
thicknesses of RuGa/N-rGO and Ru/N-rGO are estimated to be
approximately 7.0 nm. Moreover, based on the HAADF-STEM
image (Fig. 1a) and TEM image (Fig. S7†), the RuGa NPs
(∼5.5 nm) and Ru NPs (∼5.8 nm) are uniformly anchored on
the N-rGO substrates. As the single-layer graphene has
a theoretical thickness of 0.335 nm, it can be estimated that 4–
5 layers of graphene exist in both RuGa/N-rGO and Ru/N-rGO.
The ordered atomic arrangement of RuGa/N-rGO can be
directly characterized by the aberration-corrected HAADF-
STEM. Since the HAADF-STEM image reects the atomic
number (Z)-contrast of elements, the brightness of Ru atoms is
relatively higher compared to that of Ga atoms. The
aberration-corrected HAADF-STEM image of one RuGa particle
reveals a typical ordered bcc phase through the direction of
[001] zone axis (Fig. 1c), where Ru atoms are adjacent to four
Ga atoms in a periodic square arrangement. The measured
lattice distance of 2.13 Å is indexed to the bcc RuGa (110)
plane. From the magnied yellow area in Fig. 1c, the highly
ordered arrangement of Ru and Ga atoms matches well with
the simulated structure model of bcc RuGa IMCs (Fig. 1d and
e). Moreover, the fast Fourier transforms (FFT) pattern (Fig. 1f)
proves the bcc structure, which agrees well with the simulated
diffractogram pattern of bcc RuGa IMCs (Fig. 1g). To investi-
gate the elemental distribution of RuGa particle, energy-
dispersive X-ray spectroscopy (EDX) elemental mappings are
acquired. As displayed in Fig. 1h, Ru and Ga elements are
homogeneously distributed throughout the entire particle.
The determined Ru/Ga atomic ratio is 51.1 : 48.9 based on the
EDX analysis (Fig. S8†), which is close to the results from the
J. Mater. Chem. A, 2023, 11, 10328–10336 | 10329
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Fig. 1 Morphological and structural characterizations. (a) HAADF-STEM image of RuGa/N-rGO and the distribution histogram of particle
diameter (inset). (b) XRD pattern of RuGa/N-rGO, the inset presents the crystal structure of bcc RuGa phase. (c) Typical atomic-resolution
HAADF-STEM image of one RuGa particle through the direction of the [001] zone axis. (d) The magnified yellow area in (c) and (e) simulated
structure model of bcc RuGa IMCs viewed from the [001] zone axis direction. The orange and blue spheres refer to Ru and Ga atoms,
respectively. (f) The FFT pattern and (g) simulated diffractogram pattern of bcc RuGa IMCs oriented in the [001] zone axis. (h) HAADF-STEM-EDS
elemental mappings of RuGa/N-rGO.
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inductively coupled plasma atomic emission spectroscopy
(ICP-AES) (Table S1†).

X-ray photoelectron spectroscopy (XPS) spectra are adopted
for the surface analysis of materials. The XPS survey spectrum
(Fig. 2a) indicates that the RuGa/N-rGO consists of C, N, Ru, Ga,
and O elements. The existence of N (∼6.2 at%) is derived from
the pyrolysis of nitrate precursors during the thermal annealing
process. The Ru 3p and Ga 3d XPS spectra (Fig. 2b and c) reveal
that the mostly metallic state of Ru and the partially oxidized
state of Ga (Gan+, 0 < n < 3) coexist in RuGa/N-rGO. The negative
shi of Ru 3p peak (∼0.2 eV) is clearly observed in RuGa/N-rGO
relative to that of Ru/N-rGO, which is caused by the electron
donation from Ga to Ru atoms.36,37 As presented in Fig. 2d, the
C–N peak positioned at 285.9 eV proves the successful incor-
poration of N element into the rGO nanosheets. From the N 1s
spectrum (Fig. 2e), the deconvoluted peaks located at 396.6,
398.4, and 400.9 eV are ascribed to the N–Ga, pyridinic-N, and
graphitic-N, respectively. The graphitization degree of the
10330 | J. Mater. Chem. A, 2023, 11, 10328–10336
carbon materials is evaluated by Raman spectroscopy (Fig. 2f).
Two peaks located at 1350 and 1590 cm−1 are attributed to the
D-band (defects and disordered carbon) and G-band (sp2-
hybridized carbon), respectively. The intensity ratios between D-
band and G-band (ID/IG) of RuGa/N-rGO, Ru/N-rGO, and N-rGO
are determined to be 1.36, 1.12, 0.96, respectively, higher than
that of rGO (0.90), which is owing to the defects introduced by N
doping and the deposition of metal NPs.38,39

It has been demonstrated that high annealing temperature is
the driving force to form the ordered intermetallic phases.40,41

Fig. S9† shows the XRD patterns of RuGa/N-rGO obtained at
500, 700, 800, and 900 °C with the reaction time of 12 hours,
respectively. For annealed samples at 500 °C, the RuGa exhibits
low crystallinity. As the temperature rises to 700 °C, the (100)
superlattice peak begins to appear, which demonstrates that the
intermetallic phase is forming. With further increasing
temperature, the characteristic diffraction peaks become
stronger and narrower, indicating that the increased annealing
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) XPS survey spectrum of RuGa/N-rGO. (b) Ru 3p XPS spectra of Ru/N-rGO and RuGa/N-rGO. (c) Ga 3d, (d) C 1s + Ru 3d, and (e) N 1s XPS
spectra of RuGa/N-rGO. (f) Raman spectra of rGO, N-rGO, Ru/N-rGO, and RuGa/N-rGO.
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temperature leads to improved crystallinity and larger particle
size. Specically, the average diameters of RuGa NPs increase
from 4.1 ± 0.4 to 8.5 ± 2.1 nm (Fig. S10 and S11†). Herein, the
RuGa/N-rGO obtained at 700, 800, and 900 °C for 12 hours are
designated as RuGa/N-rGO-n (n = 1, 2, 3), respectively.

The acidic HER activities of the as-prepared RuGa/N-rGO-n (n
= 1, 2, 3) are rst evaluated in N2-purged 0.5MH2SO4 electrolyte
using a typical three-electrode system. For comparison, pure N-
rGO, Ru/N-rGO, and commercial Pt/C are also evaluated under
the identical working conditions. All the potential values pre-
sented in this paper are converted to the reversible hydrogen
electrode (RHE). Fig. 3a shows the linear sweep voltammetry
(LSV) polarization curves of each sample. It is noticeable that
the electrocatalytic activity can be optimized by controlling the
particle size and crystallinity degree of bcc RuGa.42,43 As ex-
pected, RuGa/N-rGO-2 displays the most superior HER perfor-
mance among all RuGa/N-rGO catalysts, while pure N-rGO
exhibits negligible activity. Specically, the overpotential value
of RuGa/N-rGO-2 (32 mV) at 10 mA cm−2 is similar to that of
commercial Pt/C (35 mV) and remarkably lower than those of
RuGa/N-rGO-1 (43 mV), RuGa/N-rGO-3 (54 mV), and Ru/N-rGO
(92 mV) (Fig. 3b). The Tafel plots are usually employed to
explore reaction kinetics and mechanisms, and a smaller value
of Tafel slope represents faster HER kinetics. RuGa/N-rGO-2 has
a relatively low Tafel slope value of 29.0 mV dec−1 (Fig. 3c),
which is smaller than those of commercial Pt/C (31.2 mV dec−1),
RuGa/N-rGO-1 (36.9 mV dec−1), RuGa/N-rGO-3 (48.2 mV dec−1),
and Ru/N-rGO (80.9 mV dec−1), suggesting the accelerated HER
kinetics. Meanwhile, the low value of Tafel slope means that the
HER process over RuGa/N-rGO-2 follows the Volmer–Tafel
This journal is © The Royal Society of Chemistry 2023
pathway.44 Remarkably, the HER activities over RuGa/N-rGO-2
in 0.5 M H2SO4 solution surpass those of most recently pub-
lished Ru-based electrocatalysts (Table S2†). The electrochemi-
cally active surface area (ECSA) of the electrocatalyst is well
linearly related to the value of double-layer capacitance (Cdl)
calculated from the cyclic voltammogram (CV) curves at various
scan rates between 0.1 and 0.2 V (non-faradic potential range)
(Fig. S12†). The calculated Cdl value of RuGa/N-rGO-2 is 24.64
mF cm−2 (Fig. 3d), which is much higher than those of RuGa/N-
rGO-1 (16.47 mF cm−2), RuGa/N-rGO-3 (11.72 mF cm−2), and
Ru/N-rGO (5.67 mF cm−2), attributed to the interconnected 3D
porous structure exposing abundant active sites. In addition,
electrochemical impedance spectroscopy (EIS) experiments are
conducted to study the electron/proton transfer during the HER
process. As shown in the Nyquist plots (Fig. 3e), the smallest
charge transfer resistance (Rct) value of RuGa/N-rGO-2 is bene-
cial for the electron/proton transfer. The electrochemical
stability of RuGa/N-rGO-2 is further assessed by the accelerated
degradation tests and chronoamperometric measurement. As
observed from Fig. 3f, the LSV polarization curves before and
aer 10 000 cycles keep nearly unchanged. In addition, the
chronoamperometric curve indicates no signicant degrada-
tion of current density for 26 hours at the constant overpotential
of 30 mV (inset of Fig. 3f). Aer the long-term durability test,
RuGa/N-rGO-2 exhibits remarkable structural stability without
obvious particle size, crystal structure, andmorphology changes
(Fig. S13 and S14†).

The excellent HER properties of RuGa/N-rGO-2 are also
evaluated under alkaline media. Fig. 4a illustrates the HER
polarization curves of these samples in N2-saturated 1.0 M KOH
J. Mater. Chem. A, 2023, 11, 10328–10336 | 10331

https://doi.org/10.1039/d3ta01376f


Fig. 3 (a) LSV curves of RuGa/N-rGO-n (n = 1, 2, 3), Ru/N-rGO, commercial Pt/C, and pure N-rGO towards acidic HER. (b) The histograms of
overpotential values taken from the current density of 10 mA cm−2. (c) The corresponding Tafel plots obtained from (a). (d) The calculated values
of Cdl. (e) Nyquist plots measured at −0.03 V (inset: the related equivalent circuit for fitting the Nyquist plots). (f) LSV curves over RuGa/N-rGO-2
before and after the accelerated degradation tests (inset: chronoamperometric curve of RuGa/N-rGO-2 recorded at the constant overpotential
of 30 mV for 26 hours).

Fig. 4 (a) LSV curves of RuGa/N-rGO-n (n = 1, 2, 3), Ru/N-rGO, commercial Pt/C, and pure N-rGO towards alkaline HER. (b) The histograms of
overpotential values taken from the current density of 10 mA cm−2. (c) The corresponding Tafel plots obtained from (a). (d) The calculated values
of Cdl. (e) Nyquist plots measured at −0.02 V (inset: the related equivalent circuit for fitting the Nyquist plots). (f) LSV curves over RuGa/N-rGO-2
before and after the accelerated degradation tests (inset: chronoamperometric curve of RuGa/N-rGO-2 recorded at the constant overpotential
of 20 mV for 26 hours).

10332 | J. Mater. Chem. A, 2023, 11, 10328–10336 This journal is © The Royal Society of Chemistry 2023
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electrolyte. The value of overpotential for RuGa/N-rGO-2 is only
20 mV to reach 10 mA cm−2, superior to those of RuGa/N-rGO-1
(25 mV), commercial Pt/C (28 mV), RuGa/N-rGO-3 (32 mV), and
Ru/N-rGO (100 mV) (Fig. 4b). The calculated value of Tafel slope
over RuGa/N-rGO-2 is 28.2 mV dec−1 (Fig. 4c), which is far lower
than those of RuGa/N-rGO-1 (32.7 mV dec−1), commercial Pt/C
(33.1 mV dec−1), RuGa/N-rGO-3 (59.6 mV dec−1), and Ru/N-rGO
(113.4 mV dec−1), which indicates the favourable alkaline HER
kinetics. The RuGa/N-rGO-2 is one of the best electrocatalysts
for alkaline HER among the reported Ru-based electrocatalysts
(Table S3†). In addition, RuGa/N-rGO-2 presents a higher Cdl

value (Fig. 4d and S15†) and a smaller Rct value (Fig. 4e). Aer
10 000 cycles, the LSV curves over RuGa/N-rGO-2 show a negli-
gible shi (Fig. 4f). Moreover, the chronoamperometric curve
could maintain a stable current density without degradation for
26 hours at the constant overpotential of 20 mV (inset of Fig. 4f),
highlighting the outstanding electrochemical stability in alka-
line electrolyte.

Large-scale industrial catalysis requires electrocatalysts with
excellent activity and stability at large current densities. The
large-current-density HER performances of RuGa/N-rGO-2 are
measured in 1.0 M KOH electrolyte, in which the electrocatalyst
is dropped directly onto the nickel foam (NF) with Ru amount of
0.5 mg cm−2. The LSV polarization curves (Fig. 5a) reveal that
RuGa/N-rGO-2 possesses extremely small overpotential values
of 105 mV (500 mA cm−2) and 156 mV (1000 mA cm−2). More-
over, the Faraday efficiency is approximately 100% through
measuring the amount of produced H2 (Fig. 5b). The long-term
durability at high current densities is also evaluated. As plotted
in Fig. 5c, there is negligible shi in LSV polarization curves
Fig. 5 (a) LSV curves of RuGa/N-rGO-2 and pure Ni foam for large-curr
and experimentally measured H2 gas amounts versus time over RuG
accelerated degradation tests. (d) Chronoamperometric curve of RuGa/N
comparison of overpotential values obtained at 500 and 1000 mA cm−2

This journal is © The Royal Society of Chemistry 2023
before and aer 10 000 cycles. The long-term durability test
proves that RuGa/N-rGO-2 can maintain its catalytic activity at
the high current density of 500 mA cm−2 over 100 hours
(Fig. 5d). Meanwhile, a series of structural characterizations of
RuGa/N-rGO-2 aer the long-term durability test reveal that the
particle size, crystal structure, and morphology could be well-
maintained (Fig. S16 and S17†), conrming its excellent struc-
tural stability. Impressively, the HER activities of RuGa/N-rGO-2
at high current densities are better than most representative
electrocatalysts under alkaline environment (Fig. 5e and Table
S4†). The excellent catalytic activity and stability of bcc RuGa can
be attributed to its unique crystal structure. Specically, (1)
alloying Ru with Ga featuring lower electronegativity to form
a structurally ordered intermetallic phase can cultivate electron-
rich environments for the body-centered Ru atoms, thereby
modulating the electronic structure of Ru sites and enhancing
the catalytic performance. (2) The higher mixing enthalpy and
stronger interactions between Ru and Ga atoms can strongly
stabilize Ru atoms under harsh working conditions, which
guarantees the robust stability. (3) Inserting Ga atoms into
adjacent Ru atoms to obtain isolated Ru sites can maximize the
utilization efficiency of noble metal atoms and expose active
sites in a large proportion.

Density functional theory (DFT) calculations are adopted to
elucidate the mechanism of improved performance in RuGa/N-
rGO towards acidic and alkaline HER. Based on the previously
reported theoretical results, the most stable RuGa (110) and Ru
(001) facets are selected to establish reasonable theoretical
models because of their lowest surface energies.45,46 The 2D
deformation charge density maps of Ru (001) and RuGa (110)
ent-density HER in 1.0 M KOH electrolyte. (b) Theoretically calculated
a/N-rGO-2. (c) LSV curves for RuGa/N-rGO-2 before and after the
-rGO-2 at the constant overpotential of 100 mV for 100 hours. (e) The
between RuGa/N-rGO-2 and some reported electrocatalysts.

J. Mater. Chem. A, 2023, 11, 10328–10336 | 10333
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reveal that electrons from Ga atoms transfer to Ru atoms
(Fig. 6a and b), which matches the results obtained from XPS
analysis. The electrocatalysts with near-zero hydrogen adsorp-
tion free energy (DG*H) usually exhibit remarkable HER
performance.47,48 The RuGa (110) shows a more optimal DG*H

value (−0.17 eV), which is much smaller relative to those of Pt
(111) (−0.24 eV) and Ru (001) (−0.49 eV) (Fig. S18 and S19†),
demonstrating a more favourable acidic HER performance of
RuGa (110). The alkaline HER process involves three elementary
steps, which begin with the Volmer step (H2O + e− / *H +
Fig. 6 Two-dimensional deformation charge density maps of (a) Ru (001
the blue area indicates the charge depletion. (c) Gibbs free energy dia
represents the water dissociation free energy barrier, and DG*H refers t
calculatedDG*H and DGB values on RuGa (110), Pt (111), and Ru (001). (e) S
orange and blue spheres stand for Ru andGa atoms. The red andwhite sp
Purple spheres represent the dissociated H atom adsorbed on RuGa (11

10334 | J. Mater. Chem. A, 2023, 11, 10328–10336
OH−), subsequently occurring either the Heyrovsky step (H2O +
*H + e− /H2 + OH

−) or Tafel step (*H + *H/H2).49,50 Because
of the relatively high energy barrier of water dissociation, the
sluggish Volmer step is the rate-limiting step in the alkaline
HER process.51,52 The process of alkaline HER and the corre-
sponding structural models are presented in Fig. 6c–e. The
calculated value of water dissociation free energy barrier (DGB)
for RuGa (110) (0.48 eV) is smaller than those of Pt (111) (0.94
eV) and Ru (001) (0.75 eV) (Fig. S20–S22†). Moreover, RuGa (110)
presents a relatively low value of DG*H (−0.19 eV), which is
) and (b) RuGa (110). The red area reflects the charge accumulation and
grams for alkaline HER over RuGa (110), Pt (111), and Ru (001). DGB

o the hydrogen adsorption free energy. (d) The relationship between
tructural models of water dissociation step on RuGa (110). Color codes:
heres correspond to theO andH atoms in an individual watermolecule.
0).

This journal is © The Royal Society of Chemistry 2023
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much smaller compared with those of Pt (111) (−0.31 eV) and
Ru (001) (−0.55 eV) (Fig. 6d). The above theoretical calculations
demonstrate that the RuGa/N-rGO possesses the optimal HER
performance in both acidic and alkaline electrolytes, which is
consistent with the experimental results.
Conclusion

In summary, the RuGa/N-rGO materials are fabricated by
a modied impregnation-reduction method. The extremely low
overpotential values of synthesized catalysts are measured as
32 mV (acidic HER) and 20mV (alkaline HER) at 10 mA cm−2. In
addition, the electrocatalyst requires only 105 mV and 156 mV
to deliver 500 and 1000 mA cm−2 under alkaline medium,
respectively, together with excellent durability (continuously
operating at the overpotential of 100 mV for more than 100
hours). A series of structure characterizations and DFT calcu-
lations systematically illustrate that the Ru atoms with electron-
rich environments are monodispersed in RuGa/N-rGO, which
effectively reduces the energy barriers of the rate-limiting step
towards the acidic and alkaline HER processes. This research
could open up a new avenue for the rational design of noble
metal-based nanomaterials for industrial hydrogen production.
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