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Fig. S2 SEM image of L-Ru/HfO>
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Fig. S3 The height profiles of individual nanosheets for (A) L-Ru/HfO2 and (B) S-
Ru/HfO;
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Fig. S4 BET data of (A) surface area and (B) pore size distribution for these samples
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Fig. S5 XRD patterns of L-Ru/HfO, and S-Ru/HfO>
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Fig. S6 XPS survey spectra of these as-synthesized samples
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Fig. S7 O 1s spectra of these as-synthesized samples
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Fig. S8 Hf 4f spectra of these as-synthesized samples
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Fig. S9 XRD pattern of H-Ru/HfO-
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Fig. S10 The LSV curves of acidic (A) OER and (B) HER recorded on samples
prepared with different amounts of Ru(acac)s
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Fig. S11 Tafel slopes of these catalysts for OER measurement in 0.5 M H2SO4
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Fig. S12 EIS of these catalysts recorded at an overpotential of 200mV for OER in 0.5
M H2SO4
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Fig. S13 Electrochemical measurement in 0.5 M H2SO4 for comparison of H-Ru/HfO»
with L-Ru/HfO2 and S-Ru/HfO>: (A) LSV curves and (B) Tafel slopes.
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ese samples
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Fig. S15 The physical characterizations on L-Ru/HfO> after the durability test: (A) SEM,
(B) TEM and (C) HRTEM images
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Fig. S16 XPS spectra of Ru 3p signals of these samples after the durability test
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Fig. S17 The measured LSV curves of these samples during HER operation in (A) 1 M
KOH and (B) 1 M PBS electrolytes
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Fig. S18 The obtained (A) Tafel slopes and (B) EIS curves of these samples for HER

measurement
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Fig. S19 The chronoamperometry measurement of L-Ru/HfO, for HER stability
evaluation, with the LSV curves before and after the stability test inset in
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Fig. S20 The recorded current during the in situ XPS measurement with an applied

voltage of 2.0 V
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Fig. S21 The simulated models for (A) HfO, (001) surface, (B) Ruis cluster and (C)
RuO- (001) surface
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Fig. S22 HER free-energy diagrams of Ru and Ru/HfO> for comparison

Table S1 Ru K-edge EXAFS least-squares fitting parameters® for Ru foil, RuO>
standard, 464-Ru-1, and 464-Ru-2 sample

Material Path N R (A) a2 (A2 AEqo (V)  R-factor
Ru foil” Ru-Ru 12 2.351+0.038  0.00290 -6.95+0.64 0.159%
Ru-0O1 6 1.575+0.095 0.00297
RuO;° -5.75+0.78 0.167%
Ru-02 12 1.482+0.020  0.00281

Ru-O-Hf 0.82+0.05 1.729+0.066  0.00180
S-Ru/HfO,? 5.25+0.38  0.657%
Ru-Ru 4.65+0.29 2.416+0.050  0.00597

Ru-O-Hf 0.76+0.08 1.776+0.003  0.00127
L-Ru/HfO,? 5.79+0.50  0.880%
Ru-Ru 6.61+0.48 2.388+0.042  0.00633

S8/S17


https://springer.com/journal/40820

Nano-Micro Letters

AN, coordination number; R, distance between absorber and backscatter atoms; o2,
Debye-Waller factor to account for both thermal and structural disorders; AEo, inner
potential correction; R-factor (%) generally estimates the goodness of the fit. Error
bounds (accuracies) that characterize the structural parameters obtained by EXAFS
spectroscopy were estimated as N420%; R+1%; ¢?+20%; AEo320%. So? was fixed as
0.80, which was determined by fitting the experimental data on Ru foil with fixed
coordination numbers (in bold) according to the crystal structure, as well for RuO;
standard. Fitting range for Ru foil was selected to be 2.0 < k < 12.2 A (k?>-weighted)
and 1.7 <R <3.0 A, yielding the number of variable parameters being 3, out of a total
of 8.13 independent data points. °Fitting range for RuO2 was selected to be 2.0 <k <
13.5 Al (k*-weighted) and 1.0 <R <2.0 A, yielding the number of variable parameters
being 3, out of a total of 7.16 independent data points. “Fitting range for Ru sample was
selected to be 2.8 <k < 9.5 A’ (k®-weighted) and 1.0 <R <3.0 A, yielding the number
of variable parameters being 4, out of a total of 8.31 independent data points.

Table S2 Comparison of OER activity of L-Ru/HfO. with different catalysts

Catalyst N (MV) | Tafel plots (mV dec) Electrolyte Refs.
L-Ru/HfO; 197 46.8 0.5M H,S04 this work
Co-RuO2/OCNT 260 83 0.1 M KOH S1
E-Ru/Fe ONAs 238 44.8 0.5M H2S04 S2
Ru-UiO-67-bpydc 200 78.3 0.5M H2S04 S3
RuO2/(Co,Mn);04/CC 270 77 0.5M H3S04 S4
L-Ru 202 69.6 0.5M H2S04 S5
Ru SAs/AC-FeCoNi 205 40 1 M KOH S6
3%Rh-

FeEOOH@Ti3C2Tx 223 63.6 1 M KOH S7
Ru NCs/VN-C3N4 200 60 1 M KOH S8
RullrlOy 240 71.3 0.5M H2S04 S9
Mno.73RUp.2702-5 208 65.3 0.5M H2S04 S10
RuNi»©G-250 227 65 0.5M H2S04 S11
Ru/C0304« 280 86.9 1 M KOH S12
Ru/S NSs-400 219 46.1 0.5M H2S04 S13
IrRU@WO3 245 62 0.5M H»S0,4 S14
Ru@g-CNy 280 49,5 1 M KOH S15
HS-RuCo/NC 216 76.1 1 M KOH S16
NizCos@Ru HNS 300 60 0.1 M KOH S17
Ru/NiFe(OH)x/NiFe-

MOF 242 30.63 1 M KOH S18
Ruo.6W17.4049.s 252 50 0.1 M HCIO4 | S19
Ru/Co-N-C 232 67.5 0.5M H2S04 S20
S-F-400 241 56 1 M KOH S21
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Ru1/VCo-Co(OH), 241 74 1 M KOH S22
Ni-Ru@RuOx-HL 184 44 0.5M H2S04 523
CoOx/RuOx-CC 180 61.2 0.5M HSO, | S24
Ru-exchanged Cu-BTC | 188 43.96 0.5M H2S04 S25
IrRu@Te 220 35 0.5M HSO, | S26
LFRO-H-O 380 39 1 M KOH S27
Ru-N-C 267 52.6 0.5M HSO; | S28
YZRO/AB 291 36.9 0.5M HSO; | S29
Ru—NiSe2/NF 210 60.5 1 M KOH S30
STRO/NF 375 224 0.1 M KOH S31
PRPO-350 174 28.8 0.1 M HCIO4 | S32
NaAl-LRNO 270 69.3 1 M KOH S33
Ru/Se-Ru0, 190 43.7 0.5M H;SO, | S34
Rux SACs@FeCo-LDH | 194 25 1 M KOH S35
Co-Fe-Ru/PNCS 310 84.6 1 M KOH S36
Bi.Ru,07 448 108 0.1 M KOH S37
Sno.1-RUO,@NCP 178 60.6 0.5M HSO, | S38
Mo-YRO 240 40.5 0.1 M HCIO4 | S39
Ru/NiFe?*Fe-LDH 194 36 1 M KOH S40
NiFeRu-LDH 225 324 1M KOH S41
CIS@IrssRus; 244.4 68.4 0.1 MHCIO4 | s42
RuO> NS; 199 38.2 0.5M HSO, | S43
RuCo@CD 190 495 0.5M HSO, | S44
RuTe»-400 275 53 1M KOH 545
RusMoCeOx 164 61.2 0.5M H2S04 546
CoNiRuOy-2 245 82.3 1M KOH S47
NiRuOx-C 215 52.6 1M KOH 548
Co-Ru@RuOx/NCN 270 67 1M KOH 549
6.8% Rh SAC-CuO

NA/CF 197 71.7 1M KOH S50
3D Se-(NiCo)Sx/(OH)x | 155 33.9 1 M KOH S51
NilrRuAl-1/3 237 50 0.1 MHCIO4 | S52
RulrTe NTs 205 41.2 0.5M H2S04 S53
IN0.17RU0.8302-35 177 32.62 0.5 M H2504 | S54
Ru/B-Ni2P/NisP4 270 46.7 1M KOH 555
AINiCoRuMoCrFeTiHE

0 240 51.3 1 M KOH S56
Rug.1-NiFe-MOF/NFF 202 30.5 1M KOH S57
RuO2/CoOx 240 70 1 M PBS S58
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