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1 Experimental Section

1.1 Materials

Sodium hydroxide (NaOH), and Ruthenium (III) chloride hydrate (RuCl;-H,O) were purchased
from Aladdin Ltd. (Shanghai, China). Ammonium persulfate ((NH,4),S,0g), hydrochloric acid
(HCI), and absolute ethanol (C,HsOH) were bought from China National Pharmaceutical Group
Corp. (China). All reagents used in this work were analytical grade without further purification.

Milli-Q water with a resistance of 18.2 MQ was used in all experiments.
1.2 Preparation of Ru-NiMoO,

A piece of NiMo foam (2 cm x 3 cm) was ultrasonicated in 2.0 M hydrochloric acid, absolute
ethanol, and Milli-Q for 10 min, respectively. Firstly, 3.0 g of sodium hydroxide, and 6.0 g of
ammonium persulfate were added into 50 ml of Milli-Q water to form a transparent solution by
magnetic stirring. Then the pretreated NiMo foam was immersed into the above oxidation solution
for 20 h at ambient temperature. The obtained NiMo-based precursor (NiMo-Pre) was washed
repeatedly using Milli-Q water and absolute ethanol, and dried in air naturally. Secondly, the
obtained NiMo-Pre was immersed in 20 mM RuCl; solution under ambient conditions for 20 h to
undergo a cation exchange process. Afterwards, the immersed sample was taken out, and washed
repeatedly with Milli-Q water and absolute ethanol, and dried at 60 °C. Finally, the obtained sample

was annealed in an Ar atmosphere at 250 °C for 1.0 h to obtain Ru-NiMoQ,.
1.3 Preparation of NiMoO,

The preparation of NiMoQ, is similar to that of Ru-NiMoQ,, except the cation exchange process.
In detail, 3.0 g of sodium hydroxide, and 6.0 g of ammonium persulfate were added into 50 ml of
Milli-Q water to form a transparent solution by magnetic stirring. Then the pretreated NiMo foam
was immersed into the above oxidation solution for 20 h at ambient temperature. The obtained
NiMo-based precursor (NiMo-Pre) was washed repeatedly using Milli-Q water and absolute
ethanol, and dried in air naturally. Afterwards, NiMoO, was fabricated by annealing NiMo-Pre in

an Ar atmosphere at 250 °C for 1.0 h.



1.4 Characterizations

The morphology of the samples was characterized by field emission scanning electron microscopy
(FESEM, Zeiss Gemini SEM 300) equipped with an energy dispersive spectrometer (EDS) and
transmission electron microscopy (TEM, JEOL JEM-2100F). X-ray photoelectron spectroscopy
(XPS) measurements were carried out on an ESCALab250 using Al Ka radiation, and the working

voltage is 12.5 KV. The binding energy was calibrated to the C 1s peak of 284.8 eV.
1.5 Electrochemical measurements:

All the electrochemical measurements were carried out in a three-electrode system on a CHI 760E
workstation (CH instrument, Shanghai, China) at ambient conditions. The Ru-NiMoO, supported
on NiMo foam was directly used as the working electrode, while Hg/HgO electrode, and platinum
foil were used as the reference, and counter electrodes, respectively. 1.0 M KOH aqueous solution
was used as the electrolyte for the hydrogen evolution reaction test. Before data collection, the
working electrode was scanned by cyclic voltammetry (CV) plots until the signal was stabilized.
Linear sweep voltammetry (LSV) curves were recorded with a scan rate of 5.0 mV s™!. The obtained
current densities were normalized to the geometrical surface area. The reversible hydrogen electrode
(RHE) potentials were obtained by the following equation: Erpg)= Engmgo) T 0.0592 x pH + 0.098.
Electrochemical impedance spectroscopy (EIS) was measured in the frequency range from 0.1 Hz
to 100 kHz with an amplitude of 5 mV at an initial potential of —1.1 V (vs. Hg/HgO). IR x 90%
compensation of LSV curves was performed using the solution resistance estimated from EIS
results. The double-layer capacitance (Cg;) of the samples were obtained from CV plots in a small
non-faradaic region (from 0 to —0.1 V vs. Hg/HgO) at different scan rates (20, 40, 60, 80, 100, and
120 mV s71). The electrode durability was tested by the chronopotentiometry method (60 h), and
chronoamperometry method (150 h), respectively. The HER polarization curves before and after

150 h chronoamperometry test were also collected.



2 Supplementary Figures and Tables
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Figure S1. Schematic illustration of the synthesis process for Ru-NiMoO,4 on NiMo

foam.

Figure S2. SEM images of NiMo-based precursor with different resolutions.



Figure S3. SEM image of NiMoO,.

-NiMOO4.

Figure S4. SEM image of Ru
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Figure S5. TEM images of Ru-NiMoO, with different resolutions.
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Figure S6. TEM-EDX spectrum of Ru-NiMoO,. C and Cu signals are originated from

the TEM support grid.
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Figure S7. XPS survey spectrum of Ru-NiMoO,.
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Figure S8. LSV curves of three Ru-NiMoO, samples synthesized by using 5, 10, or 20

mM RuCl; solution.
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Figure S9. LSV curves of five Ru-NiMoO, samples synthesized by applying different
immersion time (5, 10, 15, 20, or 30 h) in 20 mM RuCl; solution.
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Figure S10. LSV curves of five Ru-NiMoO, samples synthesized by under different
annealing conditions (Temperature: 250 or 300 °C; Time: 1 or 3 h; Atmosphere: Argon

or Air).
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Figure S11. LSV curves of Ru-NiMoQO,, and commercial NiMo foam tested in 1.0 M

KOH electrolyte.
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Figure S12. LSV curves of different samples tested in 1.0 M KOH electrolyte.

Ru-NiO, and Ru-MoO; samples were prepared via using the same material synthesis
strategy for Ru-NiMoOy,, except that Ni foam and Mo foil were used as the starting
substrate. NiO, MoOs, and NiMoO, were also investigated for comparison. As shown
in Fig. S12, compared to NiO and MoOj3, NiMoQ, is more active for HER, suggesting
that NiMoQy, is a relatively good electrocatalyst for alkaline HER. Moreover, NiMoO4,
acts as a substrate to support dispersed Ru species, thus reducing the usage amount of
noble metal Ru. Furthermore, Ru-NiMoO, sample has much higher HER activity than
Ru-NiO, and Ru-MoO;, highlighting the crucial role of NiMoO, support for alkaline
HER.
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Figure S13. CV curves for NiMoOj at scan rates from 20 to 120 mV s,
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Figure S14. CV curves for Ru-NiMoOy at scan rates from 20 to 120 mV s~ 1.
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Figure S15. ECSA-normalized LSV curves of Ru-NiMoO,, and NiMoO, in 1.0 M KOH

electrolyte.

Ca values are converted to electrochemical active surface area (ECSA) by the
following equation: ECSA= Cg4/C;. The specific capacitance(C;) for a flat surface is
generally in the range of 20-60 uF cm, and here 40 puF cm™ is used for calculation
(Angew. Chem. Int. Ed., 2014, 53, 14433-14437). Therefore, ECSAs of Ru-NiMoOy,,
NiMoO, were calculated to be 1077.5, and 52.5 cm?gcsy, respectively. The ECSA-
normalized LSV curves show that Ru-NiMoO, has enhanced intrinsic HER activity

than NiMoO,.



Figure S16. HRTEM image of Ru-NiMoO, sample after the HER cycling test.
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Figure S17. (a) OER polarization curve of Ru-NiMoQOy, in 1.0 M KOH electrolyte, (b)

chronoamperometry curve of Ru-NiMoQOy at a certain potential of 0.95 V vs. Hg/HgO

for 24 hours.
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Figure S18. (a) Polarization curve of Ru-NiMoOy for overall water splitting in a two-
electrode configuration, (b) chronoamperometry curve of Ru-NiMoO, for water

electrolysis in 1.0 M KOH at 1.7 V.



Table S1. Comparison of HER activity of Ru-NiMoO, and some representative high

current density HER electrocatalysts in alkaline solutions.

Overpotential (mV) Tafel slope
Catalyst Substrate Reference
at 1000 mA cm™2 (mV dec™)

Ru-NiMoOy NiMo foam 170.6 26.4 This work
Ru-NiSe, Ni foam 180.8 28 1
Ru;Ni Carbon support 168 28 2
Sr,RuO, Cu wire 278 22 3
Ru clusters Carbon paper 196 25.3 4

Ru SACs/FeCo- .
Ni foam 117 53 3
LDH

Mo,C/MoC CNT film 233 42 6
Ru-CoO, Ni foam 252 28 7
B-NiMoHZ Ni foam 210 44 8
Ru/(Fe, Ni)(OH), Ni foam 152 30 9
Co/Se-MoS, carbon paper 382 67 10
NiO/RuO, Ni foam 178 42 1
IrNi-FeNi; Ni foam 288.8 67 12
Ru-Mo,C CNT film 78 26 13
Ni_v,Sz/CI'sz, Ni foam 227 87 14
Felr Ni foam 204 40.9 15
NiMoO,/NiMoS Ni foam 236 NA 16
MoS,/Mo,C Ti foil 220 44 17
S-NiBDC Ni foam 310 75 18
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