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Experimental section

Chemicals. Platinum on carbon (Pt/C,5 wt %, AR), ruthenium(III) chloride (RuCl;,
99%, AR) were purchased from Shanghai Macklin Biochemical Co., Ltd. Cobalt(II)
chloride (CoCl,, 98%, AR), potassium hydroxide (KOH, 99%, AR),
polyvinylpyrrolidone (PVP, MW=8000) were purchased from Aladdin Chemical
Reagents Co., Ltd. Formaldehyde (HCHO), acetone (> 99.5%, AR), ethanol (AR) were
purchased from Sinopharm Chemical Reagent Co., Ltd. Nafion (5 wt %, AR) was
purchased from Alfa Aesar. Deionized (DI) water was employed as solvent.

Synthesis of the samples. A mixture of 0.12 mmol ruthenium(III) chloride (RuCls) and
0.4 mmol cobalt(Il) chloride (CoCl,) was dissolved in 20 mL deionized water and
stirred at room temperature for 15 minutes to form a homogeneous solution.
Subsequently, 100 mg polyvinylpyrrolidone (PVP) and 2 mL formaldehyde (HCHO)
were added, and stirring was continued for 4 hours to reduce the metal precursors and
initiate nanoparticle nucleation. The dispersed solution was transferred into a 50 mL
Teflon-lined stainless-steel autoclave and subjected to hydrothermal treatment at 160
°C for 4 hours, inducing a crystal phase transition (coexisting face-centered cubic, fcc,
and hexagonal close-packed, scp, phases). After natural cooling to room temperature,
the product was collected by centrifugation at 16,000 rpm for 5 minutes and washed
three times with acetone and ethanol, respectively, to remove impurities. The final
product, Rujs(fccggs)Cosg@Ruya(hepg14) nanoparticles with a heterostructure, was
obtained. By adjusting the initial Ru:Co molar ratios (6:46, 26:26, 40:12, 52:0), other
samples—including Rug( fcco 34)Coss@Rug(hcpo.16), Rung( fecoss)Cors@Ruzs(hepo.i2),
Ruyo( fcc.00)Corn@Rusg(hepo 10), and pure hcp-phase Ruy,, were synthesized.
Preparation the working electrode. Typically, the ink was prepared by dispersing 5
mg of samples into a I mL mixture containing 960 pL of ethanol and 40 pL of Nafion
(5 wt %) with ultrasonic treatment for 30 minutes. Subsequently, the prepared ink of
all catalysts was deposited onto carbon paper (0.25 x 0.25 cm?) to achieve a loading
density of 2.4 mg cm?2. After drying, the working electrodes were obtained.
Electrochemical tests were conducted using a VERSTAT-3 (Princeton Applied

Research, America) electrochemical workstation with a conventional three-electrode



system at room temperature. In this system, the sample-coated carbon paper electrode
served as the working electrode, while the Hg/HgO electrode and platinum sheet acted
as the reference and counter electrodes, respectively. 1 M KOH solution was utilized
as the electrolyte.

Materials characterization. X-ray diffraction (XRD) was recorded by a D/MAX-2500
diffractometer (Rigaku, Japan) with a Cu Ka radiation source from 10—80°.
Transmission electron microscopy (TEM), high-magnification TEM (HRTEM), and
scanning TEM (STEM) images were conducted on H-7800 electron microscope with
an accelerating voltage of 200 kV. In addition, the chemical state of the sample was
studied by the X-ray photoelectron spectroscopy (XPS) (Thermo Scientific K-Alpha).
All XPS spectra were corrected using the C 1s line at 284.6 eV. Curve fitting and
background subtraction were accomplished. The content of catalyst was characterized
by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES 5800). The
Brunauer-Emmett-Teller (BET) specific surface area and average pore diameter
distribution were recorded by using a Micromeritics TriStar 113020 instrument.

In-situ Raman study: In-situ Raman study was carried out with a confocal
microscopic Raman spectrometer (LabRam HR, Horiba, France). To enhance the signal
intensity, a strategy called shell-isolated nanoparticle enhanced Raman spectroscopy
(SHINERS) was employed. Briefly, 55 nm Au nanoparticles coated with a layer of 2
nm SiO, (SHINs) was prepared according to their protocol, and the surface-enhanced
Raman spectroscopy (SERS) effect as well as the completeness of the SiO; shell were
confirmed with pyridine as a probing molecule. To load the catalyst and SHINS, catalyst
was dispersed in the water to a concentration of 1 mg mL!. 20 uL of dispersion was
dropped on a polished Au electrode, and vacuum dried under 60 °C. 20 puL of
concentrated SHINSs solution was then dropped on the black spot formed, and vacuum
dried again. After that, the Au electrode was assembled in a spectroelectrochemical cell
(Model C031-3, GaossUnion, Hubei, China), and the cell was connected to CHI760
bipotentiostat (Chenhua Instrument Co. Ltd, China). The Raman tests were conducted
with a 785 nm laser for excitation, and the ND filter was set to 25%, with an acquisition

time of 30 s.



Electrochemical measurements. All electrochemical properties were collected using
a three-electrode electrochemical system at room temperature. The electrocatalytic
HER was characterized in 1M KOH with a scan rate of 5 mV s!, and the
electropotential for hydrogen evolution was evaluated at 10 and 1000 mA c¢m? current
density. Furthermore, the HER potentials was converted to standard reversible
hydrogen electrode (RHE) scale according to the equation: E (vs. RHE) = E (vs.
Hg/HgO) + 0.059*pH + 0.098 V. The polarization curves of the HER was iR-corrected.
The Tafel slopes was calculated according to the Tafel equation: # =blogj +a, where 5
is the overpotential, b is the Tafel slope, j is the current density and a is the Tafel
intercept relative to the exchange current density j,. Electrochemical impedance
spectroscopy (EIS) measurements were carried out in the frequency range of 10° to 0.01
Hz with AC amplitude of 10 mV. The double layer capacitance (Cy) was determined

by cyclic voltammetry curves measured by scan rates of 60, 70,80, 90, and 100 mV s!.
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Figure S1. Rietveld refinement of the XRD pattern for the Rug(

Jeco.84)Coss@Rug(hepy.16) sample.
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Figure S2. Rietveld refinement of the XRD pattern for the Ruye(

Jeeo 33)Cors@Ruy6(hepy 12) sample.
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Figure S3. Rietveld refinement of the XRD pattern for the Rugo(

fceo.90)Con@Rugg(hepg 10) sample.
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Figure S4. EDX spectrum of Ru1z(fCCo'gé)CO40@RU.12(th0.14).
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Figure S5. (a,c) N, sorption isotherms, (b,d) the pore size distribution derived from

adsorption branch of the Ru,, and Ruy,(fccy g6)Coso@Rui2(hcpy 14) catalyst.



_—
QL
—

Intensity (a.u.)

Intensity (a.u.)

1200 1000 800 ‘ 600 400 200 O
Binding energy (eV)

Figure S6. XPS survey spectrum of Rux(fccg s6)Cogo@Ruyz(hcpo 14).
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Figure S7. (a) Co 2p, (b) Ru 3p, and (c) Ru 3d XPS spectra of

Rux(fec g6)Coso@Ruy2(hepo.14)alloys.
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Figure S8. Cyclic voltammograms of (a-e) Rug(

Jeco 84)Coss@Rug(hepo.16),Ruia(feco 86) Coso@Rui2(hepo.14), Rugg(
Jeeo 88)Cors@Rus(hepo.12), Rugo( feco.00)Corn@Rugo(hepo.10), and Ruy,, in the region
of 0.7 - 0.9 V versus Hg/HgO at different scan rates.
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Figure S9. XRD pattern of Rujy(fccg s6)Coso@Ruys(hepo 14) after HER electrolysis.
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Figure S10. XPS spectrum of Ruy,(fccy g6)Cosg@Ruy2(hcpy 14): (a) Survey spectrum
and (b) high-resolution Co 2p, Ru 3p, and Ru3d.

Figure S11. TEM image of Ru12«000.36)C040@Ru12(h0p0.14) alloy after HER

electrolysis.
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Figure S12. EDX spectrum of Ruy(fccg s6)Cogo@Ruya(hepo 14) after HER electrolysis.

Table S1. Co and Ru contents of Ruy; ( fccg gs )Coso@Ruy2(Acpy 14 ) based on the

EDX result.
Element Weight % Atomic %
Co 2.9 4.9
Ru 97.1 95.1

Table S2. Co and Ru contents of Rug( fccg g4)Coss@Rug(hcpo.1s),

Ruyx(feeg.36)Coso@Ruia(hiepo.14), Rung( feeo 38)Cors@Rusg(hiepy.12), and Rugg(
fCCo.go)CO12@R1140(hcp0.10) based on the ICP result.

Element Mass %

Co 5.6

Rug( feco 84)Coss@Rue(hcpo.16) Ru 94.4
Co 5.0

Ruia(feco s6)Coso@Ruyo(hepo.14) Ru 95.0
Co 49

Ruye( feep g8)Coas@Ruag(hepo.12) Ru 95.1
Co 48

Ruyo( fcc.90)Co12@Rugg(hcpo.10) Ru 95.2




Table S3. Comparison of HER activity of the reported electrocatalysts in 1.0 M KOH.

Electrocatalysts E (mV vs. RHE) Tafel slopes (mv  Reference

dec) s
29.1 mV @ 10 mA cm-

Ruy;(feey 36)Cog@Ru 2 (hepy.14) , 20 This work
Ru-VO, 46 mV @ 10 mA cm™ 39.1 !
Ru/TiON-C 42 mV @ 10 mA cm™ 40 2
In5 67 mV @ 10 mA cm? 107 3
NiCoRug3/SP 59 mV @ 10 mA cm? 53 &
Ir;Nig/NHCSs 54 mV @ 10 mA cm? 60 5
MoO,-FeP@C 103 mV @ 10 mA cm™ 48 5
FeCoNiCuPd 29 mV @ 10 mA cm™ 472 7
NiCo DASs/N-C 189 mV @ 10 mA cm™ 72.5 8
Ru/Mo0O, 39 mV @ 10 mA cm? 50 ?
PtCoCuNiZn 33 mV @ 10 mA cm? 35 e

Table S4 Comparison of HER activity of reported electrocatalysts at industrial current

densities.
Tafel slopes Reference
Electrocatalysts E (mV vs. RHE) Time
(mv dec™) s
Ruyz(fee.56)Cogso@Ru(
377 mV @ 1000 mA cm 20 200 h This work
hepo.1s)
MIL-(IrNiFe)@NF 690 mV @ 1000 mA cm™ 53 24 h 1
WMoC 400 mV @ 1000 mA cm 65 200 h 2
D-EHEA-Zr ;s 370 mV @ 1000 mA cm™ 449 150 h 13
Ni;S,@LiMoNiOx(OH)y, 365 mV @ 1000 mA cm™ 78.9 100 h L
Ni;P/MnOOH 341 mV @ 1000 mA cm™ 81.4 50h 15
Vo3:Moy ;B 452 mV @ 1000 mA cm 60 28 h i
NiCoS,@CoCH NAs/NF 412 mV @ 1000 mA cm 63 200 h 17
CoP/MoP@NC/CC 475 mV @ 1000 mA cm 52 20 h )
Sn—Ni3S,/NF 570 mV @ 1000 mA cm™ 55.6 60 h 19




IrFe/NC 850 mV @ 1000 mA cm

22

12h

20

Table S5. The

electrochemical impedance spectroscopy (EIS) for catalysts of HER.

fitting results of electrochemical element parameters

from

Samples R, R CPE,
Ruyo( feep.90)Corn@Rugg(hep 10) 4.2 11.9 0.80
Ruye( feco 83)Cor6@Ruz6(hepo.12) 4.9 7.2 0.67
Ruyx(feeo s6)Coso@Ruy(hepo 14) 4.5 2.2 0.71
Rug( feco 84)Coss@Rug(hepo.16) 43 59 0.86
Ry 4.4 110 0.73

R, shows the resistance of the electrolyte and intrinsic resistance of the active materials

on the electrode. R represents charge transfer resistance, which determines the

interfacial electron.
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