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Figure S1. Photo of commercial carbon paper.
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Figure S2. SEM image of Moo.sRuos02-HTSO nanoparticles dispersed on carbon paper. The
nanoparticles, approximately 10 nm in size, are uniformly distributed across the carbon paper
substrate.
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Figure S3. Particle distribution of Moo.sRuo.50: nanoparticles. The sample of Moo.sRuo.50:-
HTSO shows an average particle size of ~10 nm.
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Figure S4. ICP results of fresh Moo.2RuosO2 and Moo.sRuos02. Error bars represent the
standard deviation from three independent measurements. The atomic ratios of Ru to Mo in the
Moo.2Ru0.802-HTSO and Moo sRuos02-HTSO samples closely matched the intended composition.
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Figure S5. XRD of carbon paper. Signals at 25.9° and 54.5° were attributed to the carbon paper

substrate.
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Figure S6. XRD of Moo.2Ru9.30:-SG. Moo 2Ru0s02-SG exhibited a single-phase structure, as

indicated by diffraction peaks similar to those of RuOs,.
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Figure S7. XRD of Moo.sRuo.50: synthesized at 900 °C. Too low a temperature (e.g., 900 °C)
does not promote the mixing of Ru and Mo, while too high a temperature (e.g., 1500 °C) leads to
phase separation due to the reduction of Ru at high temperatures via carbothermal and high-
temperature reduction. Prior studies!! ™ on the RuO» formation have shown that higher annealing
temperatures improve crystallinity and facilitate solid-solution formation in Ru-based tetragonal
oxides, whereas excessively high temperatures can promote the reduction of RuO; to metallic Ru,
particularly in the presence of carbon or under low oxygen partial pressure, thereby leading to
phase segregation.
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Figure S8. XRD patterns of RuO>-HTSO, Mo0¢.2Ruo30:-HTSO, Moo.cRuo.402-HTSO, and
MoOs;-HTSO. The XRD patterns of MoO3-HTSO were consistent with the single-phase
orthorhombic structure of MoO3 (COD: 96-153-7655). The XRD results of RuO>,-HTSO and
Moo.2Ru802-HTSO matched well with the single-phase tetragonal structure of RuO; (COD: 96-
100-0059). In contrast, the Moo.sRuo402-HTSO sample exhibited no obvious crystalline phase.
Excessive Mo content (e.g., x = 0.6) disrupted the RuO; phase framework, as Mo oxide phases
dominated the overall structure, with the maximum doping level for maintaining the RuO»
framework determined to be x = 0.5.
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Figure S9. XRD patterns of NbosRuo.502, MnosRups02, SnosRups02, and CepsRuo;s0:.
Nbo.sRu0.502, MnosRuos02, and SnosRuosO2 exhibit single-phase structures, with diffraction
peaks closely matching those of RuO; (Crystallography Open Database, COD: 96-100-0059). In
contrast, Ceo.sRuo502 displays an additional diffraction peak, which can be assigned to CeOx. This
phase segregation arises from the large ionic radius of Ce*" (0.87 A) relative to Ru*" (0.62 A),
which hinders complete incorporation of Ce into the rutile lattice. By comparison, Mo, Sn, Nb,
and Mn have ionic radii much closer to that of Ru** (Table S1), allowing stable substitution into
the RuO lattice and the formation of single-phase solid solutions.

These results demonstrate that, under HTSO process, moderate ionic size mismatches (Mo, Nb,
Sn, Mn) can be accommodated to yield homogeneous solid solutions at doping levels up to 50 at%,
whereas excessively large mismatches (Ce) result in phase separation at the same doping level,
even under rapid quenching conditions.
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Figure S10. Schematic of our synthesis method for the large-scale production of Moy.sRu.50:
catalysts. The precursor-loaded substrate is first prepared by mixing Mo and Ru precursor
solutions. The dried sample is then placed on a conveyor belt within the furnace. It rapidly passes
through a high-temperature heating zone (~1200 °C) under an oxygen atmosphere, simulating the
rapid thermal shock process demonstrated the batch-to-batch scale in the laboratory, which leads
to the formation of Moo sRu0.50: catalysts. Notably, the heating duration (¢) in the heating zone is
~0.05 s and can be tuned by adjusting the length (/) of the heating zone and the conveyor belt speed
(v), according to the relationship ¢ = //v. Because the synthesis is rapid and the heater is maintained
at ~1200 °C without repeated heating and cooling, this approach can further enhance production
efficiency and reduce overall cost.
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Figure S11. Polarization curves for Moy.sRuo50,-HTSO, RuO;-HTSO, and MoQOs;-HTSO.
MoQ:s itself exhibits almost no activity toward the OER. Therefore, the primary active sites can be
attributed to Ru.
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Figure S12. CV curves for (a) Moo sRuo502-SG, (b) RuO>-HTSO, (c) Moo2Ru0s02-HTSO, and
(d) Moo sRug s02-HTSO from 1.05 to 1.35 V vs. RHE at a scan rate from 20 to 100 mV s!. Cq plot
derived from CV curves for (¢) Moo sRuo502-SG, (f) RuO2-HTSO, (g) Moo.2Ruos02-HTSO, and
(h) Moo.5sRuo502-HTSO. The electrochemically active surface area (ECSA), derived from the
electrochemical double-layer capacitance (Ca) was used to compare the intrinsic activities of
Moo sRu0.502-SG, RuO,-HTSO, Mog.2Ru0.s02-HTSO, and Moo sRuo.s0,-HTSO.
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Figure S13. (a) Intrinsic activity normalized on electrochemically active surface area (ECSA), (b)

ECSA, and (c) ECSA normalized TOF of Moo sRuo502-SG, RuO>-HTSO, Moo.2Ru030>-HTSO,

and Moo.sRuo 50,-HTSO. The specific activity (defined as the current density normalized to ECSA)
of these catalysts was then calculated, following the order: Moo2RuosO2-HTSO > Moo sRuo 50-

HTSO > Moo 5Ru0502-SG > RuO,-HTSO. The ECSA-normalized TOF of Moy sRuos02-HTSO

was 0.18x103 s!, which is higher than that of Mo2RuosO>-HTSO (0.12x107 s!) and

Moo sRug.502-SG (0.08x1073 s71).
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Figure S14. LSV of electrocatalysts synthesized through the sol-gel method. The catalysts
include RuO»-SG, Moo2Ru0.802-SG, and Moo sRuo.502-SG. Mo doping in RuO> enhances the
catalytic activity compared to pure RuO,. When comparing Moo2Ruo 302-SG and Moo sRu0.50:-
SG, the latter demonstrated poorer OER performance.
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Figure S15. TOF for RuO:;-HTSO, Mo0o.:Ru950-HTSO, MoosRuos0-HTSO, and
Moy.sRu502-SG. The TOF of Moo sRuosO>-HTSO was 0.133 s!, higher than Moo 2RuosO>-
HTSO (0.09 s') and much higher than Moo sRu s02-SG (0.033 s™1).
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Figure S16. Nyquist plots for RuO:-HTSO, Mo¢.2Ru030:-HTSO, Mo¢.sRuos0:-HTSO, and
Moo.5Rup502-SG, measured over a frequency range of 0.01 Hz to 1.0 MHz at 1.4 Vgug.
Moo.2Ru0802-HTSO and Moo.sRu502-HTSO exhibited similarly low charge transfer resistance,
suggesting enhanced OER kinetics compared to Moo.sRu.502-SG and RuO>-HTSO.
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Figure S17. Cycling voltammogram (CV) analysis of the redox peaks for RuO:-HTSO,
Moo.2Ru9802-HTSO, and Moy.sRuo502-HTSO, measured from 0.05 to 1.7 V vs. RHE. The
oxidation behavior of Ru at elevated overpotentials was investigated by CV in the potential range
of 0.05-1.7 V vs. RHE at a scan rate of 10 mV s™!' for RuO,-HTSO, Moo>Ruo30>-HTSO, and
Moo.sRu0.502-HTSO. For RuO,-HTSO, two distinct redox couples appeared at ~0.55 and ~1.16
Vrue, which are attributed to the Ru**/Ru*" and Ru**/Ru®" transitions, respectively.>*! Upon Mo
incorporation, the Ru**/Ru** transition became more pronounced relative to the Ru**/Ru®* process,
suggesting that the prevailing oxidation state of Ru in Mo-doped samples lies between +3 and +4,
consistent with XPS observations. Notably, the redox feature associated with the Ru**/Ru®" couple
diminished significantly at high Mo content, accompanied by the disappearance of the peak near
1.27 Vrug, which is ascribed to the Ru®*/Ru®" transition originating from metastable dissolution
intermediates such as RuO,(OH).>! These results demonstrate that excessive oxidation of Ru
centers toward higher valence states during OER is effectively restrained. Consequently, the
modified electronic configuration reduces the OER energy barrier and mitigates Ru over-oxidation,
thereby enhancing both catalytic activity and durability.
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Figure S18. XPS spectra of Ru 3p for RuO;-HTSO, Mo¢.2Ru9.30:-HTSO, and Moy.sRug.50:-
HTSO. The Ru 3p spectra were deconvoluted into four peaks. Details can be found in
Supplementary Table S1. Notably, the Ru 3p peaks in the Mo-doped samples exhibited negative
shifts of 0.28 eV (Mo002Ruo302-HTSO) and 0.45eV (MoosRuos02,-HTSO) compared to pure
RuO,-HTSO, indicating a reduction in Ru—O bond covalency due to Mo incorporation. As the Mo
doping level increased from 20 at% to 50 at%, the Ru®*/Ru** ratio increased from 0.79 to 0.87,
suggesting that Mo promotes the formation of reduced Ru species. The Ru**/Ru*" ratio increases
with increasing Mo doping content, indicating that a higher amount of doped Mo transfers more
electrons to Ru.
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Figure S19. Density of states (DOS) spectra for (a) pristine RuO; and (b) Moo.sRus50:. The
DOS analysis of RuO2 and Moo.sRuo.s02 reveals clear electronic structure modifications upon Mo
doping. Compared to pristine RuO», the Moo sRuo.s02 system exhibits a pronounced reduction in
the height difference between Ru d-orbital peaks, particularly the diminished contrast between the
left and center peaks in the DOS spectrum. In Moo.sRuo.s02, the incorporation of Mo introduces
delocalized Ru states at the Fermi level (Eremi), providing additional conduction pathways that
enhance the material’s electrical conductivity. Moreover, the d-band center values of Ru are -1.61
eV and -1.83 eV in RuO2 and Moo sRuo 5Oz, respectively. The negative shift of the d-band center
weakens the binding strength between the catalyst surface and the intermediates, thereby
facilitating the desorption of the species and improving the overall reaction kinetics of the Mo-
doped RuO: catalyst.
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Figure S20. The cyclic voltammetry (CV) tests of RuO:-HTSO, Moo.:Ruys0-HTSO,
Moo.5Rup.502-HTSO, Moo.sRuo.502-SG. OER polarization curves before and after 4000 cycles.
The potential windows between 1.3 and 1.7 Vrue in 0.1 M HCIO4 solution.
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Figure S21. Chronoamperometry (CA) tests of RuO:;-HTSO, Moo.2Rups30:-HTSO,
Moo.5Ru.502-HTSO, Mo0o.5Ru.502-SG. a) Chronoamperometry (CA) tests at 1.65 Vrur indicate
that 86.3% of the initial current density remains for Moo sRuo sO2-HTSO, which is significantly
higher than that of Moo2Ru0sO02-HTSO (80.1%), RuO»-HTSO (42.1%), and Moo.5sRu0.50,-SG
(20.9%); b) The concentrations of dissolved Ru and Mo ions in the electrolyte after the CA test at
1.65 VruE for 24 h were analyzed by inductively coupled plasma optical emission spectrometry
(ICP-OES). The concentration of dissolved Ru ions of Moy sRuos02-HTSO is much lower than
that of Moo .2Ruo.302-HTSO, Moo sRuo.502-SG, indicating that the doping of Mo can stabilize Ru
and thereby improve the electrocatalytic stability of the catalyst.

22



CP Mo, sRuy 50,-SG
—— Before OER
—— After OER

Intensity (a.u.)

Py NS

20 30 40 50 60
2Theta (degree)

Figure S22. XRD patterns of Moy.sRuo.s02-SG nanoparticles distributed on carbon paper
before and after the OER. Diffraction peaks of MoOs3 disappeared after OER, indicating that

unstable MoO3 was dissolved during acidic OER conditions.
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Figure S23. Mo 3d XPS spectra of MoosRuos0:-SG (a) before and (b) after the OER test.
Detailed XPS results are summarized in Table S3. The Mo 3d spectrum can be deconvoluted into
four peaks corresponding to Mo®" 3d32, Mo" 3d32, Mo®* 3ds;2,and Mo®* 3ds2. Compared with the
sample before the OER test (Mo®*/Mo’* ratio = 2.28), the ratio after the OER test decreases to 0.54,
indicating a reduction of Mo®* species and a significant loss of MoOj3 content.
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Figure S24. OER activity and stability test for Mo.sRuos02 (M = Ce, Mn, Nb, Sn, Mo). (a)
Polarization curves, (b) overpotentials at 10 mA ¢cm™ and 50 mA c¢cm, (¢) Chronoamperometry
(CA) tests at 1.65 Vrur for 24 h, (d) retention (%). The synthesis and evaluation protocols for
Nbo.sRu0.502, MngsRuo 502, SnosRuosO2, and CeosRuosO2 were identical to those used for
Moo.sRuo.sO2. We further evaluated their catalytic activity and stability for the OER. The activity
trend followed the order: Mn > Sn > Ce > Nb =~ Mo > pristine RuO,. Notably, Mng sRuo502

exhibited an exceptionally low overpotential of 140 mV at 10 mA cm™, which is likely attributable
to the intrinsically high OER activity of Mn species.[”! Durability was subsequently assessed under
a constant potential of 1.65 Vrue for 24 h. Nbo.sRuo.s02 showed excellent durability, retaining 83.5%
of its activity, second only to Mo, consistent with recent reports.!® In contrast, despite their high
initial activity, Mn-, Sn-, and Ce-doped samples exhibited severe instability, with the Ce-doped
catalyst undergoing drastic performance decay. The instability of Sn- and Mn-doped samples is
likely associated with their multiple low oxidation states (e.g., 2°—4"), which can generate unstable
surface oxides prone to dissolution or leaching, and which do not provide sufficient electron
transfer to Ru to suppress Ru over-oxidation. For Ce, the instability can be rationalized by its large
ionic radius (Ce*": 0.97 A) compared to Ru*" (0.62 A). This substantial size mismatch may induce
lattice distortion and the formation of a separate CeO; phase, thereby accelerating degradation.
Taken together, these results highlight the unique structural features of Moo sRu.s02-HTSO that
enable both high OER activity and outstanding durability.
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Table S1. lonic radii comparison (CN = 6) of different elements.

Element Oxidation state Tonic radius (&) Relative to Ru** (0.62 A)
+4 0.62 /
Ru .
+3 0.68 Slightly larger
+6 0.59 Slightly smaller
Mo
+5 0.61 Very close
Nb +5 0.64 Very close
+4 0.53 Smaller
Mn
+3 0.65 Close
Sn +4 0.69 Larger
Ce +4 0.87 Much larger
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Table S2. Fitting results of the Ru 3p XPS spectra of RuO>-HTSO, Moo2Rug0>-HTSO, and
Moo.sRu0.502-HTSO before and after the OER stability tests.

Ru** 3p3n) Ru** (3pan) Ru* (3p1r2) Ru** (3p11) Ratio of

Samples Position /eV Area Position /eV Area Position /eV Area Position /eV Area Ru*/Ru*
(1];‘;2;‘ eHg;g) 462.7 3746 465.8 181.5 484.6 142.1 487.0 157.1 0.65
1(‘:3;%2513 462.7 3413 465.2 2623 485.0 262.3 488.3 73.0 0.42
M"(“}-;f;}g’r»io&%so 462.4 281.6 464.6 265.5 484.6 210.4 4878 1243 0.79
Moo(ﬁ?gfgggg 8O 462.5 3295 465.0 270.4 4848 232.8 488.0 1132 0.68
MO&;EF;}’ZO&T)SO 462.3 292.2 464.6 272.1 484.5 186.0 487.2 145.4 0.87
Moo(.sf;gf%%ﬁ? SO 462.1 268.4 464.4 249.7 4843 240.4 487.2 172.5 0.83
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Table S3. Fitting results of the Mo 3d XPS spectra of Moo sRuo.502-SG and Moo.sRu.s02-HTSO
before and after the OER test.

Mo5* 3ds2 Mo®" 3ds;2 MoS5* 3ds2 Mo®" 3ds2 Ratio of
Samples Mo/ Mo+
Position/eV Area Position/eV Area Position/eV Area Position/eV Area o o
Moo sRuos02- 2313 49.4 2323 92.8 2342 41.6 235.5 114.4 228
SG, Before
Moo sRuos02- 2312 160.7 2325 26.9 2343 261.0 235.8 201.7 0.54
SG, After
Moo sRuosO2- 230.8 127.6 2322 129.3 2342 188.3 235.4 144.0 0.87
HTSO, Before
Moo sRuos02- 230.9 103.9 232.4 152.1 234.4 158.7 235.6 165.8 1.21
HTSO, After

The Mo 3d spectrum can be deconvoluted into four peaks. In the Moo.sRuos0>-HTSO sample
before the OER test, the peaks at 230.8 and 234.2 €V correspond to Mo>" 3ds;, and Mo>* 3ds,
respectively, while the peaks at 232.3 and 235.4 eV are assigned to Mo®" 3ds» and Mo®" 3ds,
respectively. These results demonstrate the coexistence of multivalent Mo species (Mo>* and Mo®*)
in Moo.sRuo.sO2-HTSO.
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Table S4. Performance comparison between our developed Moo sRuo 50> catalyst and state-of-the-
art RuO»-based OER catalysts.

o cential Current Ti Potential b
verpotentia d 't 1ime dl’O ecay
Catalysts Dopant ensity Electrolyte
y P (mV) mAem?) ® vy  (mV/h) y
0.5M
[9]
Mgo.05Ru0.9502 Mg 228 10 30 140 4.67 H,S04
. . 0.1M
Sio.1Rup 60, Si 226 10 800 42 0.053 HCIO
SM
CrocRup40,"] Cr 178 10 10 70.8 71 122204
SM
Mo 06R U0 040212 Mn 158 10 10 194 19.4 1({)22 o
0.5M
[13]
Coo.11Ru0.800 Co 169 10 50 62 1.24 H,S0s
Nio2sRu 750514 Ni 214 10 220 19.3 0.088 0.1IM
230 : ' HCIO:
0.5M
[15]
Cuo.13Ru08702 Cu 188 10 8 83 10.375 H.50.
SM
Zn0,05Rug.950,'% 7n 173 50 100 90 0.9 1({)22 O
Nbo.iRug 005! Nb 204 200 360 9 0.025 0.5M
H,SO4
0.5M
Moo.15Rup 85057 Mo 147 10 20 136 6.8 H.SOs
[18] 0.5M
Rho.02Rug.9502 Rh 161 50 700 34.1 0.049
H,SO4
Sno sRug 5051 Sn 194 100 250 26.8 0.107 0.5M
H,SO4
0.5M
[20]
Ndo.1Ruo.00> Nd 211 10 25 26.4 1.056 H.50.
Ero.00RU0 01052 Er 200 10 200 53.7 0.269 0.5M
H,SO4
Reo.06Ru0.040,2 Re 190 10 200 65 0.325 0.1M
OO0 ' HCIO:
[23] 0.5M
Wo.2Ero1Ruo 702 W-Er 168 10 500 90 0.18
H,SO4
[24] 0.5M
Moo.2Ceo.2Ru602 Mo-Ce 164 100 100 81 0.81
H,SO4
[25] 0.5M
Pdo.01C00.02Ru0.9702 Pd-Co 190 100 200 14.4 0.072
H,SO4
[26] 0.5M
Nbo.iMno 1Ruo 50> Nb-Mn 209 200 400 32 0.08
H,SO4
Moy.sRug 502 0.1M
This wosk Mo 208 50 300 18 0.06 HCIO,
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