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1 Experimental Section

1.1 Chemicals

Ru (IIT) chloride hydrate (RuCl;-xH,0), graphene oxide (GO), carbon nanotubes
(CNTs), platinum-carbon catalyst (Pt/C, 20 wt%), Nafion solution (CoHF;0sS, 5
wt%), potassium hydroxide (KOH), and ethanol absolute (CH;CH,OH) were
purchased from Aladdin Reagent Co., Ltd. and used as received without further

purification.
1.2 Synthesis of Ru@RGO/CNT

A mixture containing 10 mg of graphene oxide and 20 mg of carbon nanotubes
was precisely weighed and transferred into a 30 mL capped quartz crucible. To this,
20 mL of ethylene glycol was added, and the suspension was ultrasonicated for 4
hours to ensure homogeneous dispersion. During ultrasonication, 1.5 mL of a pre-
prepared 10 mg mL"' Ru chloride aqueous solution was introduced dropwise,
followed by an additional hour of ultrasonication. After cooling to ambient
temperature, the solution was subjected to microwave irradiation using a reactor
programmed for four cycles of 50 seconds active heating and 10 seconds cooling
intervals at full power. Post-reaction, the cooled mixture was centrifuged at 10,000
rpm for 3 minutes per cycle and repeatedly washed with deionized water to eliminate
residual ethylene glycol. The final product was vacuum-dried at 70°C.

To evaluate the influence of the graphene oxide-to-carbon nanotube mass ratio
on structural and catalytic properties, samples were synthesized with varying
GO/CNT ratios while maintaining identical processing conditions. These were
designated as Ru@RGO/CNT-3/0, Ru@RGO/CNT-2/1, Ru@RGO/CNT-1/2, and
Ru@RGO/CNT-0/3. Parallel experiments explored the effect of Ru precursor loading
by adjusting the volume of RuCl; aqueous solution added. Corresponding products
were labeled Ru@RGO/CNT-1, Ru@RGO/CNT-2, Ru@RGO/CNT-3, and
Ru@RGO/CNT-4 to reflect incremental increases in RuCl; volume.

1.3 Materials characterizations

In this study, the surface morphology of the catalysts was characterized using a
SU8010 scanning electron microscope (SEM). The microstructure, high-resolution
transmission electron microscopy (HRTEM) images, and selected-area electron
diffraction (SAED) patterns were obtained with an H-8100 transmission electron
microscope (TEM) equipped with energy-dispersive X-ray spectroscopy (EDX). The
crystallographic phases of the catalysts were analyzed using a MiniFlex600 X-ray
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diffractometer (XRD) with a scanning range of 5° to 90°. The defect structures of the
samples were investigated via an In Via Reflex Raman spectrometer. Elemental
composition and valence states were determined using an AXIS SUPRA" X-ray

photoelectron spectrometer (XPS).
1.4 Electrochemical Measurements

All tests were conducted at 25°C using a three-electrode electrochemical
workstation (CHI 760E, Shanghai, China). A 0.1 M KOH solution was used as the
electrolyte, with a rotating ring-disk electrode (RRDE, 5 mm diameter) serving as the
working electrode, a platinum wire as the counter electrode, and an Ag/AgCl
electrode as the reference electrode. The catalyst ink was prepared by dispersing 5 mg
of the catalyst in 490 pL of ethanol and 10 pL of Nafion solution through
ultrasonication. The 5 puL well-dispersed ink was drop-cast onto the RRDE and dried
at room temperature to obtain a catalyst-modified working electrode (catalyst loading:
0.255 mg cm?2). In this study, the reversible hydrogen electrode (RHE) was used as
the reference for potential calibration. The relationship between the potential and the
Ag/AgCl reference electrode is shown in Equation (1), where "E" represents the
potential measured against the Ag/AgCl reference electrode, and Exgaqci(vs. SHE) is
the reference potential of the Ag/AgCl electrode. In this experiment, the potential of
the Ag/AgCl reference electrode was 0.1989 V. During testing, all potentials were

calibrated to the RHE scale, and 95% iR compensation was applied to all parameters.

Epy = E+E ) 0, (vs.RHE)+0.0591¢ pH (1)

Cyclic voltammograms (CV) were recorded in O:- and N»-saturated electrolytes
at a constant scan rate of 50 mV s™'. Linear sweep voltammetry (LSV) was conducted
at a scan rate of 10 mV s™' by varying the rotation speed of the rotating ring-disk
electrode (RRDE) to 400, 900, 1600, and 2500 rpm. The i-t chronoamperometric
curves were recorded at a rotation speed of 1600 rpm to evaluate the catalyst's
stability and methanol tolerance. Additionally, the electron transfer number (n) for the
oxygen reduction reaction (ORR) was calculated using the Koutecky-Levich (K-L)

equation, as detailed below.
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B=0.62nFC,v "D} (3)

In the equations, j represents the total measured current density (A cm™), j is the
diffusion-limited current density related to the oxygen diffusion rate, jk is the kinetic
current density associated with the reaction rate constant, and @ denotes the angular
velocity of the rotating electrode (rad s''). Additionally, the parameters are defined as
follows:

e n: the number of electrons transferred during the reaction

o  F: Faraday's constant (96485 C mol™)

e Co: the oxygen concentration in the solution (in 0.1 M KOH,
Co=1.2x10"%mol cm™3)

e Dg: the diffusion coefficient of oxygen (in 0.1 M KOH,
Do=1.9%107° cm?-s71),

e v: the kinematic viscosity of the electrolyte (in 0.1 M KOH,
v=0.01 cm?-s71).

The methanol tolerance test is conducted under a constant voltage, where the
catalyst operates for approximately 200 seconds. After adding 3 M methanol to the
electrolyte, the methanol tolerance is evaluated by analyzing the changes in the
chronoamperometric (time-current) curve. The stability test is performed under a
constant voltage in an O,-saturated 0.1 M KOH solution. The stability of the ORR
catalyst is characterized by monitoring the current variation over time during its long-

term operation.

0 5) and electron transfer number (n) during

The hydrogen peroxide yield (%H
the oxygen reduction reaction were quantitatively determined using the following

equations:

L/n
%HO; =200 X ———
I,+1./N (4)
Id
= X —
I,+1/N (5)

where N = 0.42 is the experimentally determined collection efficiency of the

RRDE system, I; and I, represent the ring and disk currents (mA), respectively.
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2 Results and discussion

Figure S1. (a) Ru@RGO/CNT-3/0, (b) Ru@RGO/CNT-2/1, (c¢) Ru@RGO/CNT-2/1, (d)
Ru@RGO/CNT-0/3 SEM images.
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Figure S2. (a) Particle size distribution diagram and TEM, (b) post-test TEM images
together with an updated particle-size distribution of Ru@RGO/CNT-1/2.
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Figure S3. (a-c) LSV curves of Ru@RGO/CNT-3/0, Ru@RGO/CNT-2/1, and Ru@RGO/CNT-
0/3 catalysts. (d) LSV curves of Ru@RGO/CNT-X/Y catalysts at a rotation speed of 1600 rpm.
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Figure S4. (a-c) CV curves of Ru@RGO/CNT-3/0, Ru@RGO/CNT-2/1, and Ru@RGO/CNT-0/3

at scan rates ranging from 20 to 100 mV s



Figure S5. (a) SEM image of Ru@RGO/CNT-1, (b) SEM image of Ru@RGO/CNT-2, (c) SEM
image of Ru@RGO/CNT-3, (d) SEM image of Ru@RGO/CNT-4.
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Figure S6. XPS survey spectrum of Ru@RGO/CNT-3.
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Figure S8. (a-c) LSV curves of Ru@RGO/CNT-1, Ru@RGO/CNT-2, and Ru@RGO/CNT-4
catalysts, (d) the LSV curves at a rotating speed of 1600 rpm
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Figure S9. (a-c) CV curves of Ru@RGO/CNT-1, Ru@RGO/CNT-2, and Ru@RGO/CNT-4 at

scan rates ranging from 20 to 100 mV s-!.
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Figure S11. LSV curves of Ru@RGO/CNT-3 before and after 3000 CV cycles.
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Table S1. Comparative ORR Electrochemical Performance of Ru-based Catalyst with Recently

Reported Results

Catalysts E»(V) Tafel slope (mV dec™) Ref
RuBCN 0.76 38.9 [1]
Ru/HNCS 0.72 107 [2]
Ru/N-G-500 0.847 52.6 [3]
Ru-Co504 0.81 - [4]
RuSe,/C 0.77 - (3]
Co-Ru/NCN 0.81 64 [6]

Ru@RGO/CNT 0.85 53.14 This Work
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