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Synthesis of SiO2 nanospheres (NSs)

Typically, 9 mL of ammonium hydroxide (28–30 wt%) was dispersed in 16 mL of ethanol (99.5%) 

and 25 mL of deionized water. An aqueous mixture of 4.5 mL of tetraethyl orthosilicate (TEOS, 

99.0%) with 45.5 mL of ethanol (99.5%) was added to the above solution. Then the resulting 

mixture was stirred for 20 hat room temperature. The suspended white colloidal particles were 

centrifuged and washed with water (2 times), acetone (1 time), and ethanol (1 time), respectively.

Synthesis of modified-SiO2 templates

Specifically, 0.6 g of SiO2 NSs were dispersed in 40 mL of anhydrous toluene by sonication for10 

min, then 3 mL of APTES was added and continued sonication for 30 min. The mixture was 

refluxed for 20 h to obtain APTES modified SiO2 NSs. The products were centrifuged and 

washed with toluene for 1 time and ethanol for 3 times, respectively, and dried in vacuum drying 

oven at 60 °C for 3 h.

Fig. S1 TEM images of (a, b) SiO2@RF, (c, d) SiO2@C (calcinated products of a and b), (e-h) HCSs (chemical 
corrosion results of c and d).



S3

Fig. S2 (a, b) SEM images of samples after hydrothermal treatment with unmodified SiO2, (c, d) SiO2@RuO2 
NPs coated with a thinner layer of RF, (e, f) calcinated products of c and d in Ar atmosphere.
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Fig. S3 XRD patterns of the corresponding precursors.

Fig. S4 (a, b) HRTEM images of HCRNs and (c) its corresponding particle size distribution histograms with 
Gaussian analysis fittings of Ru NPs.
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Fig. S5 XPS survey spectra of (a) the carbon-based hollow architectures, (b) the samples before and after before 
and after HF etching.

0 200 400 600 800
70

75

80

85

90

95

100

 

M
as

s 
lo

ss
 (%

)

 Temperature (oC)

459.1 oC

92.9 oC

22.1%

-20

-15

-10

-5

0
 

(a)
DS

C 
(m

W
/m

g)

10 20 30 40 50 60 70 80

JCPDS: C 00-050-0926

RuL/C 

 

 

In
te

ns
ity

 (a
.u

.)

2 Theta (degree)

(b)

RuN/C

JCPDS: Ru 03-065-1863

Fig. S6 (a)TG/DSC curve s of RF up to 850 °C in Ar atmosphere, (b) XRD patterns of Ru/C mixtures calcined 
at 850 °C in Ar atmosphere. The mixtures were prepared according to the mass ratio calculated based on the 
results of TG and ICP analysis, RuN/C (4.8 wt% Ru), RuL/C (23.5 wt% Ru).

Table S1. The texture property of the samples.

Sample
SBET 

(m2 g−1)
SMicropore(m2 

g−1)
VPore(cm3g−1)

VMicropore (cm3 
g−1)

DPore 
(nm)

Ru (wt%)a
Dispersion 

(%)b

HCSs 1092 369 (33%) 0.99 0.16 (16%) 3.6 0 0
HCRNs 961 288 (30%) 0.78 0.13 (17%) 3.3 4.8 18.9
HCRLs 316 73 (23%) 0.23 0.03 (14%) 2.9 23.5 19.9

Pt/C n.m.c n.m. n.m. n.m. n.m. n.m. 31.6
a Determined by ICP results; b Determined by H2 chemisorption; c n.m. means not measured.
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Table S2. The data of metal-based electrocatalysts forHER reported recently.

Catalyst Electrode

Loading 

amount 

(mg cm‒2)

Electrolyte η10 (mV)
Tafel plots 

(mV dec-1)
Ref.

Ni43Ru57 SCE 0.28 0.5 M H2SO4 41 ~31 [1]

Hollow Cu2-xS@Ru 
NPs

Ag/AgCl 0.230 1 M KOH 82 48 [2]

Ru/C3N4/C Ag/AgCl 0.204 0.1 M KOH 79 ~65 [3]

CoP NAs/CC SCE N/A 1 M KOH 80 60 [4]

CoWZnRu Ag/AgCl N/A 1 M KOH 197 114 [5]

Cu/Ni/NiZn-Ru Ag/AgCl N/A 1 M KOH ~60 119 [6]

RuO2/Co3O4 Ag/AgCl 0.285 1 M KOH 89 91 [7]

[PW11CoO39]5-@Ru-
rGO

Ag/AgCl N/A 2 M KOH 509 59.76 [8]

Ru–MoO2 
nanocomposites

Ag/AgCl 0.285 1 M KOH 29 31 [9]

Ru powder SCE 0.285 1 M KOH 84 79 [9]

Ru/CP N/A N/A 1 M KOH 35 50 [10]

5.0% F-Ru@PNC-800 Ag/AgCl 0.159 0.1 M KOH 30 28.5 [11]

PtNi/CNFs SCE N/A 1 M KOH 82 34 [12]

Pt/CNFs SCE N/A 1 M KOH 118 44 [12]

Pt-Co(OH)2/CC SCE 1.95 1 M KOH 32 70 [13]

Co NPs@C Hg/HgO 0.33 1 M KOH 153 106 [14]

Mo2C/CNT RHE 0.420 1 M KOH 93 58 [15]

Pd/Cu-Pt Ag/AgCl 0.04 0.5 M H2SO4 22.8 25 [16]

Mo1N1C2 Hg/Hg2Cl2 0.408 0.1 M KOH 132 90 [17]

CoNi@NC Ag/AgCl 1.6 0.1 M H2SO4 142 104 [18]

Pt3Ni2 NWs-S/C SCE 0.30 1 M KOH 50 NA [19]

Ru/NC Hg/HgO 0.013 1 M KOH 21 ~31 [20]

HCRNs SCE 0.418 1 M KOH 32 50 This work

HCRLs SCE 0.418 1 M KOH 18 47 This work

Preparationof RuN/C and RuL/C mixuters

RuN/C and RuL/C mixtures were prepared according to the TG and ICP results, the preparation 

ratio of RF/RuO2 were calculated (RuO2 were obtained from hydrothermal of RuCl3, RF were 

prepared according to the preparation part) according to the following equations:

RuN/C:                  (1)

m(RuO2) * 75.9%
m(RuO2) * 75.9% + m(RF) * 77.9%

= 4.8%

RuL/C:                 (2)

m(RuO2) * 75.9%
m(RuO2) * 75.9% + m(RF) * 77.9%

= 23.5%
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Fig. S7 (a) HER polarization curves of HCRLs with different Ru loadings; (b) HER polarization curves and (c) 
durability test of the samples at higher overpotential.

Fig. S7a shows that the catalytic performance of HCRLs has not been greatly improved by increasing the Ru 

loading from 23.5 to 28.5 wt% (η10 from 18 to 16 mV). When decrease the Ru loading to 19.1 wt%, the η10 

increased to 22 mV. Considering the Ru loading, cost, and specific activity (TOF), we think the lower Ru 

loading around 23.5 wt% is more effective and commercial for HER.
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Fig. S8 (a-d) CV curves measured within the range of 0.175 to 0.275 V vs. RHE with scan rate from 15 to 40 
mV s‒1, (e) current density (Δj at 0.271 V vs. RHE) versus scan rates plots for the samples; (f) normalization of 
special activity taking into account of their electrochemical active surface areas (ECSA) at an overpotential of 
100 mV.

Table S3. Comparison of ECSA and catalytic activities of HCRNs and HCRLs.

Catalyst Cdl (mF cm‒2) CDL (mF) ECSA (cm2) Jη=100 mV (mA) RF
HCRNs750 74.8 14.7 368 6.2 1878
HCRNs850 73.7 14.4 360 6.5 1837
HCRLs750 46.5 9.1 228 7.1 1163
HCRLs850 42.8 8.4 210 7.9 1071

CDL = Cdl * 0.196 cm2; ECSA = CDL/Cs; Cs = 0.04 mF cm‒2, Jη=100 mV represents the current obtained at 
overpotential of 100 mV; RF = ECSA/0.196 cm2.[21]
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The ECSA of samples was tentatively evaluated using a simple cyclic voltammetry (CV) 

method.[22, 23] The relative surface area of the samples are estimated because the double layer 

capacitance (Cdl) is considered to be linearly proportional to the ECSA with similar composition 

and structure.[2, 21, 24] Fig. S8a-d show that the CV curves are tested at a potential between 0.175 to 

0.275 V (vs. RHE) and the current densities are plotted according to the different scan rates (Fig. 

S8e). The specific capacitance of samples is calculated by plotting the Δj at E = 0.271 V (vs. RHE) 

against the scan rates. As illustrated in Fig. 7e, the Cdl of HCRNs750, HCRNs850, HCRLs750, 

and HCRNs850 are 74.8, 73.7, 46.5, and 42.8 mF cm‒2, respectively. The higher capacitance for 

HCRNs is probably because the specific surface area of HCRNs (961 m2 g−1) is much higher than 

that of HCRLs (316 m2 g−1).To better understand the intrinsic activity of those catalysts, the 

current densities for the HER polarization curves is normalized according to the ECSA at a 

overpotential of 100 mV. As shown in Fig. S8f, these catalysts also follow the same trend of the 

catalytic performance.

Active sites measurements:

The dispersion of metal-based catalysts measured by chemisorption has proven to be an ideal 

method for qualifying their corresponding active sites.[25, 26] In this approach, the number of active 

sites (n) can be qualified based on the dispersion (Table S1) with the following equation: 

                                            (3)cat cat

metal

m W dispersionn
M

 


Here, mcat, Wmetal and Mmetal are thecatalyst loading on the electrode, the metal loading on the 

catalyst, and molar mass of metal, respectively. The dispersion of Ru was determined by H2 

chemisorption.

Calculation of the turnover frequency (TOF)

The TOF (s‒1) can be calculated with the following equation:[27]

                                                       (4)
2

ITOF
Fn



where I is the current (A) during linear sweep measurement, F is the Faraday constant (C mol‒1), 

n is the number of active sites (mol). The factor 1/2 is based on the consideration that two 

electrons are required to form one hydrogen molecule.
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Fig. S9 (a) HER polarization curves, and (b) Tafel plots of the samples in 0.5 M H2SO4.

Fig. S10 TEM images of (a, b) HCRLs and (c and d) HCRNs after 5000 cyclic voltammetry (CV) cycles from 
‒0.08 to 0.12 V (vs. RHE).
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Fig. S11 XPS spectra of the samples before and after 5000 CV cycles (from ‒0.08 to 0.12 V vs. RHE).

Fig. S12 Nyquist curves for the HCSs in 1 M KOH solution. Inserts are the related equivalent circuits.

Table S4. The fitting results of electrochemical element parameters for various samples.[1]

Sample Rs (Ω)a CPE2-T CPE2-P Rct (Ω)b

HCSs 7.8 0.001 0.710 68.4
HCRNs750 6.3 0.008 0.932 15.0
HCRNs850 6.3 0.010 0.911 14.0
HCRLs750 7.1 0.010 0.884 10.6
HCRLs850 6.5 0.007 0.774 4.8

a represents the resistance of the electrolyte and intrinsic resistance of the active materials coated on the 
electrode; b stands for the electron or charge transfer resistance, which determines the interfacial electron 
transfer kinetics of each catalyst.

Computational details

All spin-polarized DFT calculations are performed with PBE exchange correlation[28]  in the 

Gaussian and plane waves (GPW) formalism[29] as implemented in the CP2K code[30]. DZVP 
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Molopt local basis sets in combination with Geodcker-Teter-Hutter (GTH) pseudopotentials were 

used, and the plane wave density cutoff was set to be 400 Ry[31, 32]. For the H, C, Ru, and Pt, 1, 4, 

16, and 18 electrons were taken into account, respectively. Calculations were performed in a 

periodic cubic simulation box of 32×32×32 Å3, large enough to neglect the interaction between 

the nanoclusters in periodic images. The free energy calculation methods is similar to the 

literature.[23]The reaction paths for H2O dissociation were calculated by using the climbing image 

nudged elastic band (CI-NEB) method, and the convergence criterion of maximum force on the 

band was fixed at 2 × 10-3 Ha per Bohr.

In these calculations, a graphitic cage containing 500 carbon atoms (C500) was used as the ideal 

hollow carbon model (Fig. S13a). The hollow Ru layer model was simulated by using two shells 

of Ru clusters containing 134 Ru atoms (Ru134), moreover, the layer model has the symmetry with 

an icosahedron (symmetry of Ih, as shown in Fig. S13c). For Ru NPs model, since the literature 

reported that the Ru8 clusters have very high stability,[33] we have put 4 such Ru8 clusters (Fig. 

S13b) in one graphitic cage. Meanwhile, the defects in different models were also considered 

because of a large amount of defects existed in the carbon shells for HCRNs and HCRLs (Fig. 3b). 

Specifically, 12 uniformly distributed holes are introduced to HCRLs model and 4 holes are 

introduced to the HCRNs model, respectively.

Fig. S13 (a) Graphitic carbon cage model of C500, (b) cluster model of Ru8 for Ru NPs, (c) hollow Ru layer 
model of Ru134, the dark and light yellow ball refers to the outer side and inside Ru shell.
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Fig. S14 Current-time curve of samples before and after the addition of SCN‒ ions. The measurements are in 1 
M KOH solution.

Fig. S15 The initial state (H2O), the transition state (TS) and the final state (H + OH) for (a) C500Ru134, (b) 
C500Ru8, (c) Ru147, (d) Pt147 cluster model.
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Fig. S16 H* adsorbed on (a) bridge site of Pt147 cluster model and (b) hollow site of Ru147 cluster model.

Table S5. Calculated free energies ΔGH* of various models.
Model C500 C496Ru32 C488Ru134 C500Ru8 C500Ru134 Ru147 Pt147

ΔGH* (eV) 1.32 -0.31 -0.13 0.78 1.23 -0.18 -0.14
Energy barrier (eV) 2.96 0.04 1.29 2.70 2.83 0.70 0.84

Table S6. Total number of transferred electrons from Ru metal to graphene based on Bader charge analysis.
Model C496Ru32 C488Ru134 C500Ru32 C500Ru134

Transferredelectrons (e‒) 0.48 1.26 0.03 0.26
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