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Ru-based catalysts are recognized as one of the most competitive candidates for hydrogen evolution reaction
(HER). Nonetheless, reducing Ru loading and maximizing atomic utilization remain paramount priorities for
achieving optimal cost efficiency. Herein, the ultrafine Ru nanoparticles loaded on a reduced graphene oxide-
LapO3 binary support (Ru/LazO3-rGO) was rationally designed via a simple liquid impregnation method with a
low-content Ru of 6.1 wt%. Benefitting from the synergistic interplay of the binary substrate, Ru/LazO03-rGO
achieves a current density of 10 mA cm~? at an ultrasmall overpotential of 15.8 mV for alkaline HER, out-

performing Pt/C, while also exhibiting good stability and high intrinsic activity. This work offers novel insights
into the rational design of high-performance, stable, and cost-effective Ru-based HER catalysts.

1. Introduction

Platinum (Pt) is the benchmark electrocatalyst for the cathodic
hydrogen evolution reaction (HER) in water splitting [1]. Unfortunately,
the high cost and scarcity of Pt severely hinder its widespread adoption.
Ru-based catalysts are now recognized as the most competitive alter-
natives, offering Pt-like activity, superior chemical stability and signif-
icantly lower cost [2]. However, as Ru remains a noble metal, reducing
its loading and maximizing atomic utilization are still critical for
achieving optimal cost efficiency. Recently, rare-earth elements and
their oxides have demonstrated remarkable advantages as supports for
heterogeneous catalysts. In particular, LapO3 possesses a unique elec-
tronic structure and promoter effects for metal catalysts due to the
abundant electronic energy levels in La and strong metal-support in-
teractions [3,4]. However, the inherent non-conductivity of LapOg limits
its electrocatalytic performance and must be addressed. Reduced gra-
phene oxide (rGO) is recognized as an ideal support due to its unique
two-dimensional structure, high conductivity, and large specific surface
area [5].

In this work, we propose the design of ultrafine Ru loaded on a
Lap03-rGO binary support with a low content of Ru (6.1 wt%). The
resulting catalyst achieves 10 mA cm ™2 at an ultrasmall overpotential of
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15.8 mV, with a Tafel slope of 48.59 mV dec ™! and excellent stability for
alkaline HER, surpassing Pt/C.

2. Experimental procedure
2.1. Synthesis of La03-GO composite

GO was obtained according to our previous procedure [6]. 50 mg of
GO was dispersed in 50 mL of ultrapure water and ultrasonicated for 30
min to form a reddish-brown suspension. The pH was adjusted to 10.5
using aqueous ammonia. Subsequently, a solution containing 50 mg of
La(NO3)3-6H20 in 5 mL of water was added dropwise into the mixture,
followed by 30 min of stirring. Then, a solution of 40 mg NaOH in 5 mL
of water was added. After overnight stirring, the precipitate was
collected by centrifugation, washed repeatedly to neutral pH, and dried
at 80 °C to obtain Laz03-GO composite.

2.2. Synthesis of Laz03-rGO

Lap0O3-rGO was synthesized by directly pyrolyzing LazO3-GO at
600 °C under a mixed Ha/Ar atmosphere (volume ratio 5:95) for 2 h.
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Fig. 2. (A-B) TEM images at different magnifications and (C) TEM elemental mapping of Ru/La»,03-rGO. (D) N, isotherm curves and (E) the pore size distribution
curves. (F) Raman spectra. (G) XPS survey scan and high-resolution XPS spectra of (H) Ru 3p and (I) La 3d.
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Fig. 3. (A) HER LSV curve of Ru/LayO3-rGO, Lay0O3-rGO and Ru/C in 1.0 M KOH solution. (B) Tafel Slope of catalysts. (C) EIS of catalysts. (D) The chro-
noamperometric curve of Ru/La;03-rGO. (E) ECSA normalized LSV curve of catalysts. (F) Mass activity curve of catalysts.

2.3. Synthesis of Ru/Las03-rGO

20 mg of Lap03-GO was dispersed in 10 mL ultrapure water, followed
by the addition of 2.16 mg RuCl3-xH20 and stirring for 4 h. The pre-
cipitate was collected by centrifugation, dried at 80 °C, and then pyro-
lyzed at 600 °C under a mixed Hy/Ar atmosphere (volume ratio 5:95) for
2 h. The resulting sample was named as Ru/LazO3-rGO.

3. Results and discussion

The novel Ru/LayO3-rGO catalyst was synthesized as illustrated in
Fig. 1. The morphological features of the samples were characterized by
transmission electron microscopy (TEM). As shown in Fig. 2A, Ru/
Lap03-rGO exhibits a layered structure, with amorphous La;O3 domains
and ultrafine Ru particles (~4 nm). The lattice fringes of 0.234 nm
correspond to the Ru (100) plane of the hexagonal close-packed (hcp)
crystal phase (Fig. 2B) [7]. Elemental mapping images (Fig. 2C) confirm
the coexistence of C, O, La, and Ru. TEM images of LayO3-rGO (Fig. S1)
reveal a similar layered structure and amorphous LaOs. The inductively
coupled plasma optical emission spectroscopy (ICP-OES) analysis ver-
ifies the contents of 6.1 wt% Ru and 44.9 wt% La, indicating Ru/LaOs3-
rGO contains approximately 6.1 wt% Ru, 52.7 wt% Lay03, and 41.2 wt%
rGO. These results suggest that the LapO3-rGO composite serves as an
ideal platform for anchoring and dispersing Ru nanoparticles.

Fig. 2D depicts the Ny adsorption-desorption isotherms. The
Brunauer-Emmett-Teller (BET) surface area of Ru/LasO3-rGO is 132.7
m? g7, with an average pore diameter of 5.85 nm (Fig. 2E and
Table S1), compared to LasO3-rGO (65.5 m?> g’1 and 6.25 nm) and
commercial Ru/C (664.2 m> g’1 and 7.58 nm) [8]. The carbon structure
was assessed by Raman spectroscopy. Fig. 2F reveals the D and G bands
observed at 1350 em™! and 1596 cm™!, respectively. Ru/Laz03-rGO
exhibits the lowest intensity ratio of D band and G band (Ip/Ig, 0.89),
compared to LazO3-rGO (0.91) and Ru/C (1.04), indicating the highest
degree of graphitization and thus favorable electronic conductivity
during electrocatalysis.

The surface chemical states were analyzed by X-ray photoelectron
spectroscopy (XPS). Fig. 2G displays the full spectra of different samples,
confirming the presence of C, O, La, and Ru in Ru/Lay03-rGO. As shown
in Fig. 2H, Ru 3p spectra contain two pairs of peaks. The peaks at 462.0
and 484.0 eV corresponds to the 3ps/» and 3p; /2 of Ru®, with those at
465.9 and 486.8 eV are attributed to Ru™" species [2]. Notably, both the
Ru® 3p and 3d peaks in Ru/La;03-rGO exhibit a shift of approximately
1.28 eV toward lower binding energy compared to Ru/C, indicating
increased electron density around Ru [9,10]. The La 3d high-resolution
spectra of Ru/LazO3-rGO (Fig. 2I) show four peaks at 834.5 and 837.9
eV (La 3ds,2), and 851.3 and 854.6 eV (La 3d3,2). The spin-orbit energy
splitting between La 3d3,; and La 3ds,; peaks is 16.8 eV, a typical
feature of LayOg species [11,12].

The HER activity was evaluated in a three-electrode electrolytic cell.
Linear sweep voltammetry (LSV) curves in 1.0 M KOH are shown in
Fig. 3A [6]. Ru/LapO3-rGO requires only a minimal overpotential of
15.8 mV to reach a current density of 10 mA cm ™2, outperforming Pt/C
(18.4 mV) and Ru/C (36.7 mV), and is comparable to recently reported
materials (Table S2). Remarkably, Ru/LasO3-rGO exhibits exceptional
performance at high current density, attaining 100 mA cm™2 at a
significantly lower overpotential of 94.3 mV, surpassing Pt/C (143.9
mV) and Ru/C (145.7 mV). Tafel slopes, a key metric for evaluating HER
kinetics, are presented in Fig. 3B [1]. Ru/LayO3-rGO exhibits the lowest
Tafel slope of 50.7 mV dec™}, indicating accelerated HER kinetics, su-
perior to Pt/C (61.3 mV dec™) and Ru/C (79.1 mV dec™}). Electro-
chemical impedance spectroscopy (EIS) further reveals a charge transfer
resistance (R¢t) of 2.37 Q for Ru/Laz03-rGO (Fig. 3C), lower than that of
Pt/C (7.93 Q) and Ru/C (2.80 Q), confirming that the LapO3-rGO sup-
port facilitates electron transfer during electrolysis. Stability, a critical
factor for practical applications, was assessed via chronoamperometry
(Fig. 3D) [7]. Ru/La203-rGO maintains a nearly constant current density
over 30 h, demonstrating exceptional operational durability, likely due
to strong interfacial interactions between Ru and LayO3-rGO support.
XPS characterization after stability test (Fig. S2) indicates the Ru
component in Ru/Laz03-rGO remains nearly unchanged. However, the
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La 3d spectra are more consistent with those of La(OH)s3, as evidenced by
a bind energy difference of 3.5 eV between two La 3ds,2 peaks [13]. This
suggests that La;Os is readily converted to La(OH)3, which is reasonable
given the basic environment.

To evaluate the intrinsic activity of the samples, the electrochemical
surface area (ECSA)-normalized and mass-activity LSVs was analyzed
(Fig. S3, 3E and F) [14]. Specifically, Ru/LagzO3-rGO achieves —2.65 mA
cmf(%SA at —0.1 V, which is 6.6 and 5.1 times higher than Pt/C (—0.40
mA cmiéa) and Ru/C (—0.52 mA cmgésa), respectively, highlighting
the superior intrinsic activity of Ru/Lap03-rGO [12].The mass activity of
—9.01 Amg~! at —0.1 Vis 5.9 and 1.9 times higher than that of Pt/C
(~1.52 Amg!) and Ru/C (—4.71 A mg 1), respectively, demonstrating
the superior atomic utilization efficiency of Ru/LaO3-rGO [14].

4. Conclusions

In conclusion, a simple and efficient liquid impregnation strategy
was employed to synthesize Ru/La03-rGO. The binary support, inte-
grating rGO and LayOs, synergistically enables uniform dispersion,
modulates the electronic structure of Ru, and ensures favorable elec-
trical conductivity. As a result, Ru/LagO3-rGO with a low Ru content of
6.1 wt% achieves a current density of 10 mA cm ™2 at an overpotential of
only 15.8 mV for alkaline HER, with excellent stability and high intrinsic
activity, surpassing commercial Pt/C. This study opens a new avenue for
designing cost-effective, highly active, and durable Ru-based catalysts.
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