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Figure S1. X-ray diffractograms for individual oxides investigated herein along with the tabulated 

positions and intensities of reflections for RuO2 (ICSD  84619), Co3O4 (ICSD  36256), 

Mn2O3 (ICSD  9090), IrO2 (ICSD-00-015-0870), NiO (ICSD  28910), Fe2O3 (ICSD  40142), 

and Sb2O4 (ICSD  153154). Mean crystallite sizes calculated using the Scherrer equation were 

ca 18 nm for RuO2, ca 48 nm for Co3O4, ca 45 nm for Mn2O3, ca 8 nm for IrO2, ca 16 nm for NiO, 

ca 34 nm for Fe2O3, and ca 30 nm for Sb2O4. Peaks marked with * might be attributed to (a) RuO4 

(ICSD  98-009-4978) and (b) Fe3O4 (ICSD  96-900-2027). 
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Figure S2. Scanning electron micrographs of (a) RuOx, (b) CoOx, (c) MnOx and (d) SbOx. 
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ELECTROCATALYTIC ACTIVITY OF INDIVIDUAL OXIDES 

Under voltammetric conditions, all as-prepared monometallic oxides exhibited measurable catalytic 

activity towards water electrooxidation in contrast to SbOx, which produced negligible oxidation 

currents up to 2.2 V vs. reversible hydrogen electrode (RHE) (Figures S3). Notwithstanding its 

reasonable initial activity, RuOx was highly unstable in 0.5 M H2SO4 (Figures S3e and S4a), 

consistent with previous reports.S1 Upon initial loss of activity during the first hour of tests at a 

current density of 10 mA cm-2 (hereinafter, all currents are normalised to the geometric surface area 

of the electrodes), RuOx was further able to sustain this rate of the OER at an IRu-corrected potential 

(EIR) of ca 2.0 V vs. RHE for more than 23 h (Figure S4a), although subsequent short-term 

potentiostatic tests revealed that the performance was still slowly degrading (Figure S4c). 

Degradation of RuOx might be interpreted in terms of the formation of soluble hyperruthenic 

acid,S2, S3 while the remaining catalytic activity might be attributed to the oxides of ruthenium in 

higher oxidation states that remain quasi-stable on the electrode surface yet are not highly 

catalytically active for the OER under the employed conditions.S4 

Among the examined non-noble metal oxides, CoOx exhibited the best initial electrocatalytic activity 

enabling the rate of the OER of 10 mA cm-2 at an IRu-corrected overpotential ( IR) of only ca 0.53 V 

(Figure S4a), which is comparable to the results reported by Schaak and colleagues ( IR  0.58 V).S5 

Cobalt oxide synthesised herein sustained its initial activity for ca 5 h (cf. 12 h in Ref.S5) before 

visually complete dissolution and dramatic deterioration of the activity occurred, as expected from 

the Pourbaix diagram.S6 Nevertheless, the quasi-stabilised performance was still better than that of 

blank FTO suggesting that a very small amount of catalytic CoOx still remained on the surface 

(Figure S4a), probably, operating through a self-healing mechanism.S7 However, the CoOx 

remaining on the electrode could not be detected by cyclic voltammetry (Figure S5a), either 

reflecting their low amount or instability at not very positive potentials.S7, S8 FeOx exhibited 

qualitatively similar behaviour to that of CoOx, although the initial activity was worse, and the final 

performance was close to that of unmodified FTO; NiOx suffered essentially immediate dissolution 

(Figure S3c and S4b). 

Manganese and antimony oxides demonstrated low activity towards the OER, but their performance 

was stable and even slightly improved during tests under ambient conditions on a 24 h timescale 

(Figure S4a and S4b). This was accompanied by essentially complete loss of the voltammetric signals 

associated with the Mn redox transformations, again pointing to a possibility for the catalytically 

active MnOx being formed on the electrode surface at positive potentials only (Figure S5b). In the 

SbOx case, a notable enhancement of the featureless pseudocapacitive currents, most likely reflecting 

the roughening of the material surface resulting in the minor activity improvement, was observed 

(Figure S5f). The quasi-stabilised overpotential required to maintain the OER rate of 10 mA cm-2 

with SbOx- and MnOx-functionalised electrodes was ca 1.15 and 0.84, respectively (Figure S4). 
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Figure S3. Cyclic voltammetry (scan rate, v = 0.020 V s-1; potentials are not IRu-corrected) recorded 

at ambient temperature using stirred 0.5 M H2SO4 electrolyte solution and FTO electrodes modified 

with as-prepared metal oxides: (a) CoOx, (b) MnOx, (c) NiOx, (d) FeOx, (e) RuOx, and (f) SbOx. 

For RuOx, voltammograms recorded up to 1.73 (grey) and 2.23 V vs. RHE (black) are shown. 

Currents are normalised to the geometric surface area. Arrows show the evolution of the 

voltammetric response with cycling. 
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Figure S4. (a-b) Chronopotentiograms at 10 mA cm-2
geom. corrected for ohmic losses, and 

(c-d) chronoamperograms at non-corrected potentials of 2.03 and 1.93 V vs. RHE recorded for FTO 

electrodes functionalised with RuOx (black), CoOx (red), MnOx (blue), NiOx (orange), 

FeOx (magenta), and SbOx (brown) in contact with 0.5 M H2SO4 at 24 ± 2 °C. Data in panels (c) 

and (d) were obtained immediately after measurements shown in panels (a) and (b), respectively. 

Currents are normalised to the geometric surface area.  
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Figure S5. Comparison of the pre-catalytic regions of the quasi-stabilised cyclic voltammograms 

(scan rate, v = 0.020 V s-1) of (a) CoOx, (b) MnOx, (c) NiOx, (d) FeOx (e) RuOx  and (f) SbOx in 

0.5 M H2SO4 at ambient temperature before (pale traces) and after (vivid traces) 25 h durability tests 

(24 h at 10 mA cm-2; 0.5 h at 2.03 V vs. RHE; 0.5 h at 1.93 V vs. RHE) under the same conditions. 

Currents are normalised to the geometric surface area of the electrode; potentials were not corrected 

for the IRu-drop. 
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Table S1. Loss of metals and antimony from catalysts (at.%)a during the OER in 

0.5 M H2SO4.b 

Catalyst Exp. Time / h 24 ± 2 °C  Time / h 80 ± 1 °C  

Metal Sb Metal Sb 
[Mn+Sb]Oy 1 25 21 17  Not analysed 

  1.1 × 10 4 1.4 × 10 4   

2 0.16 5.8 3.5  

Not analysed 

 2.7 × 10 2 4.4 × 10 2  

4 10 12  

 8.3 × 10 3 4.2 × 10 3  

8 12 15  

 1.7 × 10 4 1.5 × 10 4  

12 14 17  

 1.9 × 10 4 1.4 × 10 4  

20 17 21  

 2.8 × 10 4 2.0 × 10 4  

24 18 23  

 2.4 × 10 4 1.9 × 10 4  

28 19 24  

   5.7 × 10 4 2.6 × 10 4   

[Co+Sb]Oy 1 25 15 26  Not analysed 
   1.5 × 10 4 8.7 × 10 3   

[Ru+Sb]Oy 1 25 1 37 193 3 47 

  2.3 × 10 5 7.7 × 10 3  6.4 × 10 5 4.0 × 10 4 

2 0.16 0.63 4.9 0.16 3.7 12 

 2.5 × 10 3 3.2 × 10 2  4.2 × 10 2 1.3 × 10 2 

4 1.2 9.4 4 4.0 34 

 6.5 × 10 4 7.9 × 10 3  9.5 × 10 4 1.6 × 10 3 

8 1.7 11 8 4.3 38 

 7.5 × 10 4 1.7 × 10 4  2.4 × 10 5 1.0 × 10 4 

12 1.8 14 12 5.3 38 

 4.7 × 10 5 1.6 × 10 4  3.6 × 10 4 8.4 × 10 4 

20 1.9 18 20 5.6 36 

 4.2 × 10 5 1.8 × 10 4  2.2 × 10 5  
24 2.6 20 24 6.0 36 

 5.9 × 10 4 2.3 × 10 4  9.4 × 10 4 4.5 × 10 5 

28 3.0 21 28 6.3 36 
   9.0 × 10 4 4.2 × 10 4  1.5 × 10 5 1.2 × 10 5 

a -2 each) and the amounts 
measured in solutions after the OER tests by ICP-OES; values in italics are the corresponding S-numbers. b After initial 
EIS and voltammetric characterisation, the experiment was undertaken as follows: (1) galvanostatic test at 10 mA cm-2 

for either 24 (at 24 ± 2 °C) or 192 h (at 80 ± 2 °C) followed by chronopotentiometry at 1.93 and 2.03 V vs. RHE for 
0.5 h at each potential; (2) continuous galvanostatic test at 10 mA cm-2 with periodic sampling of the working 
electrolyte solution (5 mL of 20 mL) and replacement of the aliquot with 5 mL of pure 0.5 M H2SO4. Electrolyte 

solutions were continuously stirred during the chronoamperometric and chronopotentiometric measurements. 
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Figure S6. Electrocatalytic performance of the FTO electrodes modified with (1) [Mn+Sb]Oy and 

(2) [Ru+Sb]Oy at different loadings for the OER in stirred 0.5 M H2SO4 at 24 ± 2 °C: (a) initial and 

(b) final cyclic voltammetry (v = 0.020 V s-1; no IRu-correction applied); (c) IRu-corrected 

chronopotentiograms (10 mA cm-2) recorded between voltammetric measurements shown in panels 

(a) and (b). The initial amount of metals and antimony deposited (only one value is shown since the 

initial M : Sb ratio was 1 : 1) along with thickness of the catalyst layers (in brackets) are shown in the 

figure legend. Apparent increase in the final (but not initial) activity of [Ru+Sb]Oy with loading likely 

reflects slight roughening of the electrode surface during operation due to the loss of antimony oxide 

(Table S1; Figure S6). However, the differences between electrode with different loading are not 

significant and are incomparably lower than differences in the catalyst loading. 
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Figure S7. Scanning electron micrographs of (a-b) [Mn+Sb]Oy, (c-d) [Co+Sb]Oy, 

(e-f) [Ru+Sb]Oy, (g, h) [Ni+Sb]Oy and (i-j) [Fe+Sb]Oy (a, c, e, g, i) before and (b, d, f, h, j) after 24 

h galvanostatic (10 mA cm-2) and subsequent 1 h potentiostatic (2.03 and 1.93 V vs. RHE for 0.5 h 

at each potential) operation in stirred 0.5 M H2SO4 at ambient temperature. 
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Figure S8. Evolution of cyclic voltammograms (v = 0.020 V s-1; three consecutive cycles shown) of 

(a) [Co+Sb]Oy, (b) [Mn+Sb]Oy, (c) [Ni+Sb]Oy, (d) [Fe+Sb]Oy, and (e) [Ru+Sb]Oy in 0.5 M 

H2SO4 at ambient temperature. Arrows show the evolution of the current density with cycling, while 

insets show magnified plots of the pre-catalytic regions. Currents are normalised to the geometric 

surface area of the electrode; potential values were not corrected for the IRu-drop.  
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Figure S9. (a) Chronopotentiograms (current density 10 mA cm-2
geom.) corrected for ohmic losses, 

and (b) chronoamperograms at non IRu corrected potentials of 2.03 and 1.93 V vs. RHE recorded 

for FTO electrodes modified with [Ni+Sb]Oy (orange) and [Fe+Sb]Oy (magenta) in contact with 

0.5 M H2SO4 at 24 ± 2 °C. Chronoamperograms were recorded immediately after galvanostatic tests 

shown in panel (a). Currents are normalised to the geometric surface area.  
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Figure S10. Effect of annealing temperature (500 °C  pale traces; 600 °C  vivid traces) on the 

electrocatalytic activity of (a-b) [Ru+Sb]Oy, (c-d) [Co+Sb]Oy and (e-f) [Mn+Sb]Oy for the OER 

in 0.5 M H2SO4 at 24 ± 2 °C: (a, c, e) cyclic voltammetry (v = 0.020 V s-1; potentials are not IRu-

corrected), and (b, d, f) IRu-corrected chronopotentiograms (current density 10 mA cm-2
geom.).  
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Figure S11. Comparison of the pre-catalytic regions of the quasi-stabilised cyclic voltammograms 

(v = 0.020 V s-1) of (a) [Co+Sb]Oy, (b) [Mn+Sb]Oy, (c) [Ni+Sb]Oy, (d) [Fe+Sb]Oy and 

(e) [Ru+Sb]Oy in 0.5 M H2SO4 at ambient temperature before (pale traces) and after (vivid traces) 

25 h durability tests (24 h at 10 mA cm-2; 0.5 h at 2.03 V vs. RHE; 0.5 h at 1.93 V vs. RHE) under the 

same conditions. Currents are normalised to the geometric surface area of the electrode; potentials 

were not corrected for the IRu-drop.  
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Figure S12. (a) Cyclic voltammetry (v = 0.020 V s-1; potentials are not corrected for the IRu-drop), 

and (b) IRu-corrected chronopotentiograms (current density 10 mA cm-2
geom.) for FTO electrodes 

modified with cobalt-antimony oxides synthesised using different molar Co : Sb precursor ratios in 

contact with 0.5 M H2SO4 at 24 ± 2 °C. Currents are normalised to the geometric surface area. 

In panel (a), arrows exemplify the direction of the forward and backward sweeps.  
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Figure S13. Reproducibility of the electrocatalytic properties of [Co+Sb]Oy (molar Co : Sb 

precursor ratio 1 : 1) demonstrated for three independent samples tested in 0.5 M H2SO4 at 

24 ± 2 °C: (a) cyclic voltammetry (v = 0.020 V s-1; potentials are not corrected for ohmic losses), and 

(b) IRu-corrected chronopotentiograms (current density 10 mA cm-2
geom.). Currents are normalised 

to the geometric surface area. In panel (a), arrows exemplify the direction of the forward and 

backward sweeps.  
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Figure S14. (a) Cyclic voltammetry (v = 0.020 V s-1; potentials are not corrected for the IRu-drop), 

and (b) IRu-corrected chronopotentiograms (current density 10 mA cm-2
geom.) for FTO electrodes 

modified with manganese antimony oxides synthesised using different molar Mn : Sb precursor 

ratios in contact with 0.5 M H2SO4 at 24 ± 2 °C. Currents are normalised to the geometric surface 

area. In panel (a), arrows exemplify the direction of the forward and backward sweeps.  
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Figure S15. Reproducibility of the electrocatalytic properties of [Mn+Sb]Oy demonstrated for three 

independent samples tested in 0.5 M H2SO4 at 24 ± 2 °C: (a) cyclic voltammetry (v = 0.020 V s-1; 

potentials are not corrected for ohmic losses), and (b) IRu-corrected chronopotentiograms (current 

density 10 mA cm-2
geom.). Currents are normalised to the geometric surface area. In panel (a), arrows 

exemplify the direction of the forward and backward sweeps. 
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Figure S16. EIS data collected at (a) 1.63 and (b) 1.83 V vs. RHE for [Mn+Sb]Oy before (blue) and 

after (light blue) OER tests in stirred 0.5 M H2SO4 at 24 ± 2 °C (24 h at 10 mA cm-2; 0.5 h at 

1.93 V vs. RHE; 0.5 h at 2.03 V vs. RHE). Symbols show experimental data, while lines show fits 
based on the models and parameters summarised in Table S2. Insets to the Nyquist plots show 

higher frequency components representing the FTO|catalyst interface with possible contributions 

from interfaces between grains and/or different phases within the catalyst layer; main plots show the 

major charge-transfer resistance||double-layer capacitance component. 

Table S2. EIS fitting parameters for the data in Figure S16 collected for [Mn+Sb]Oy.a 

E / V vs. RHE Ru  R1  Q1 a
1
-1 a1 R2  Q2 a

2
-1 a2 Rct  Qdl a

dl
-1 adl 

1.63 initial 13 2.0 22 0.85 27 6800 0.55 1.3 × 105 1000 0.85 

 tested 14 1.3 83 0.80 Not used 4.8 × 105 560 0.74b 

1.83 initial 13 2.1 26 0.84 15 2700 0.65 0.2 × 103 700 0.90 

 tested 14 1.3 110 0.78 Not used 1.3 × 103 510 0.78 

a Where possible, fitting was undertaken using Ru[R1||CPE1][Rct||CPEdl] model, where Ru is uncompensated 
resistance, Rct is charge-transfer resistance of a faradaic process, viz. the OER, CPEdl is a constant phase 
element representing double-layer capacitance, while [R1||CPE1] likely represents the FTO|catalyst 
interface. In some cases, satisfactory fit could be only achieved with the Ru[R1||CPE1][R2||CPE2][Rct||CPEdl] 
model, where additional [R2||CPE2] element might be associated with the interfaces between grains and/or 
different phases within the catalyst layer. However, its exact nature is obscure, and no physicochemical 
significance should be attached to [R1||CPE1] and [R2||CPE2] in this case. Overall, the presented fitting 
parameters should be used for semi-quantitative comparisons only. b Lower adl value for the tested vs. initial 
sample is the reason for the apparently higher Rct in the former case, notwithstanding visual comparisons of 

-
values provided must not be used for any quantitative comparisons, especially when Rct is as high as ~105  
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Figure S17. Reproducibility of the electrocatalytic properties of [Ru+Sb]Oy demonstrated for three 

independent samples tested in 0.5 M H2SO4 at 24 ± 2 °C: (a) initial cyclic voltammetry 

(v = 0.020 V s-1; potentials are not corrected for ohmic losses), (b) IRu-corrected 

chronopotentiograms collected at 10 mA cm-2
geom., and (c) subsequently recorded cyclic 

voltammetry (v = 0.020 V s-1; potentials are not IRu-corrected). 
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Figure S18. EIS data collected at (a) 1.63 and (b) 1.83 V vs. RHE for [Ru+Sb]Oy before (black) 

and after (grey) OER tests in stirred 0.5 M H2SO4 at 24 ± 2 °C (24 h at 10 mA cm-2; 0.5 h at 

1.93 V vs. RHE; 0.5 h at 2.03 V vs. RHE). Symbols show experimental data, while lines show fits 

based on the models and parameters summarised in Table S3. 

Table S3. EIS fitting parameters for the data in Figure S18 collected for [Ru+Sb]Oy.a 

E / V vs. RHE Ru  R1  Q1 a
1
-1 a1 R2  Q2 a

2
-1 a2 Rct  Qdl a

dl
-1 adl 

1.63 initial 15 0.95 5.6 × 103 0.67 Not used 20 3.0 × 103 0.91 

 tested 12 1.0 9.6 0.97 1.3 2.1 × 103 0.70 9.2 2.1 × 103 0.92 

1.83 initial 15 0.90 8.6 × 103 0.63 Not used 4.7 3.1 × 103 0.89 

 tested 12 1.3 18 0.91 1.1 1.2 × 103 0.71 3.3 2.0 × 103 0.88 

a Where possible, fitting was undertaken using Ru[R1||CPE1][Rct||CPEdl] model, where Ru is uncompensated 

resistance, Rct is charge-transfer resistance of a faradaic process, viz. the OER, CPEdl is a constant phase 
element representing double-layer capacitance, while [R1||CPE1] likely represents the FTO|catalyst 
interface. In some cases, satisfactory fit could be only achieved with the Ru[R1||CPE1][R2||CPE2][Rct||CPEdl] 
model, where additional [R2||CPE2] element might be associated with the interfaces between grains and/or 
different phases within the catalyst layer. However, its exact nature is obscure, and no physicochemical 
significance should be attached to [R1||CPE1] and [R2||CPE2] in this case. Overall, the presented fitting 
parameters should be used for semi-quantitative comparisons only. 
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Figure S19. Sb 3d + O 1s spectra for (a) [Mn+Sb]Oy, (b) [Co+Sb]Oy and (c) [Ru+Sb]Oy before 

(pale traces) and after (vivid traces) electrocatalytic tests in 0.5 M H2SO4. Panel (d) shows an 

example of fitting of the Sb 3d + O 1s spectrum for as-prepared [Ru+Sb]Oy (triangles) exhibiting 

the Sb5+ (brown) and O 1s (light magenta) signals; background is shown as dark yellow, while 

cumulative fitting curve is dashed grey. [Mn+Sb]Oy and [Co+Sb]Oy were tested subsequently for 

24 h at 10 mA cm-2, 0.5 h at 2.03 V vs. RHE, and 0.5 h at 1.93 V vs. RHE at ambient temperature; 

[Ru+Sb]Oy was tested for 10 h at 10 mA cm-2 at 80 ± 1 °C. Two curves of each colour in panels (a-c) 

exemplify the reproducibility of the spectral patterns. 
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Figure S20. (a) Mn 2p spectra for [Mn+Sb]Oy, (b) Co 2p spectra for [Co+Sb]Oy and (c) Ru 3d + 

C 1s spectra for [Ru+Sb]Oy before (pale traces) and after (vivid traces) electrocatalytic tests in 0.5 

M H2SO4. [Mn+Sb]Oy and [Co+Sb]Oy were tested for 24 h at 10 mA cm-2 and then for 1 h at 2.03 

and 1.93 V vs. RHE at ambient temperature; [Ru+Sb]Oy was tested for 12 h at 10 mA cm-2 at 80 ± 1 

°C. In panel (b), two curves of each colour exemplify the reproducibility of the spectral patterns, 

while arrow highlights the evolution of the Ru 3d5/2 signal ascribed to Ru4+. 
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Figure S21. C 1s spectra for (a) [Mn+Sb]Oy, and (b) [Co+Sb]Oy before (pale traces) and after 

(vivid traces) electrocatalytic tests in 0.5 M H2SO4 (24 h at 10 mA cm-2, 0.5 h at 2.03 V vs. RHE, and 

0.5 h at 1.93 V vs. RHE at ambient temperature). Panel (c) exemplifies fitting of the Ru 3d + C 1s 

spectrum for as-prepared Ru+SbOy (triangles) exhibiting the Ru3+ (dark blue) and C 1s (yellow) 

signals; background is shown as dark yellow, while the cumulative fitting curve is dashed grey.  
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Figure S22. Sb K-edge XANES data for (a) SbOx (brown), (b) [Mn+Sb]Oy before (light blue) and 

after (blue) the OER in stirred 0.5 M H2SO4 for 24 h at 10 mA cm-2 at 24 ± 2 °C and (c) [Ru+Sb]Oy 

before (grey) and after (black) the OER in stirred 0.5 M H2SO4 for 10 h at 10 mA cm-2 at 80 ± 1 °C. 

Reference data for Sb2O5 (dotted teal) are also shown. Arrows show slight positive energy shift 

induced by testing the catalysts.  
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Figure S23. Sb K-edge EXAFS data for (a) SbOx (brown), (b) Sb2O5 (teal) (c) [Mn+Sb]Oy before 

(light blue) and after (blue) the OER, (d) [Co+Sb]Oy after the OER(red), and (e) [Ru+Sb]Oy 

before (grey) and after (black) the OER. Fourier transform of the Sb K-edge EXAFS is shown for 

(f) Sb2O5 as well as for (g) [Mn+Sb]Oy and [Ru+Sb]Oy before (pale traces) and after (vivid traces) 

tests. Panel (a) additionally shows reference data for Sb2O5 (dotted teal), while panels (b) and (f) 

feature a simulation (dotted orange) based on the parameters in Table S1. [Mn+Sb]Oy and 

[Co+Sb]Oy were tested in stirred 0.5 M H2SO4 for 24 h at 10 mA cm-2 at 24 ± 2 °C; [Ru+Sb]Oy was 

tested in stirred 0.5 M H2SO4 for 10 h at 10 mA cm-2 at 80 ± 1 °C. 

Table S4. Crystal structure parameters used for the EXAFS simulations to fit the experimental 

data for Sb2O5 shown in Figure S23. 

Atomic Pair Number 

Distance / Å Debye-Waller 

(s2) Tabulated b Simulation 

Sb-O 3 1.91 1.95(1) 0.001(1) 

Sb-O 3 2.10 2.10(1) 0.001(1) 

Sb-Sb 3 3.24 3.24(4) 0.02(1) 

Sb-Sb 2 3.42 3.42(6) 0.02(1) 

a Other parameters: S02 = 1.30 ± 0.13, E0 = 5.6 ± 1.3 eV, R-factor = 0.009. b As reported in Ref.S9 
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Figure S24. Mn K-edge XAS data for [Mn+Sb]Oy before (light blue) and after (blue) OER test in 

stirred 0.5 M H2SO4 for 24 h at 10 mA cm-2 at 24 ± 2 °C: (a) XANES, (b) XANES pre-edge, 

(c-e) EXAFS, (f-h) Fourier transform of the EXAFS. Panels (a-c) and (f) show reference data for 

MnO, Mn2O3, MnO2, MnOOH and K+-birnessite (dashed/dotted traces). Panels (d-e) and (g-h) 

show simulations (dotted orange) based on the parameters summarised in Table S5. 
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Figure S25. Derivative plots of the Mn K-edge XANES data for [Mn+Sb]Oy before (light blue) and 

after (blue) OER test in stirred 0.5 M H2SO4 for 24 h at 10 mA cm-2 at 24 ± 2 °C along with the 

reference data for MnO, Mn2O3, MnO2, MnOOH and K+-birnessite (dashed/dotted traces). 
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Figure S26. Co K-edge XAS data for [Co+Sb]Oy before (pink) and after (red) OER test in stirred 

0.5 M H2SO4 for 24 h at 10 mA cm-2 at 24 ± 2 °C: (a) XANES, (b) XANES pre-edge, (c-d) EXAFS, 

(e-f) Fourier transform of the EXAFS. Panels (a-c) show reference data for CoO, Co3O4 and 

CoOOH (dashed/dotted traces). Panels (d) and (f) show simulations (dotted purple) based on the 

parameters summarised in Table S6. 
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Figure S27. Derivative plots of the Co K-edge XANES data for [Co+Sb]Oy before (pink) and 

after (red) OER test in stirred 0.5 M H2SO4 for 24 h at 10 mA cm-2 at 24 ± 2 °C along with the 

reference data for CoO, Co3O4 and CoOOH (dashed/dotted traces). 
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Figure S28. X-ray diffractograms of as-synthesised nickel-antimony (orange) and iron-antimony 

(magenta) oxides. Vertical lines show tabulated positions and relative intensities for CoSb2O6 

(ICSD-108964).  
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Table S5. MnSb2O6 crystal structure parameters used for the EXAFS simulations to fit the 

experimental data for [Mn+Sb]Oy shown in Figure S24. 

Atomic Pair Number 

Distance / Å Debye-Waller 

(2) Tabulated a Simulation 

As-prepared b 

Mn-O 4 2.124 1.91(2) 0.006(2) 

Mn-O 2 2.28 2.18(2) 0.010(15) 

Mn-Sb 2 not present d 2.82(5) 0.004(3) 

Mn-Sb 3 3.24 3.23(4) 0.005(7) 

Mn-Sb 3 not present d 3.49(4) 0.002(2) 

Mn-Sb 2 3.63 3.61(5) 0.026(11) 

After the OER test c 

Mn-O 6 2.12 1.88(2) 0.005(2) 

Mn-Sb 2 not present d 2.61(3) 0.007(4) 

Mn-Sb 3 3.24 3.21(5) 0.006(9) 

Mn-Sb 2 not present d 3.46(6) 0.006(5) 

Mn-Sb 3 3.67 3.61(6) 0.001(8) 

b As reported in Ref.S10 b Other parameters: S02 = 0.61 ± 0.14, E0 = -2.5 ± 1.8 eV, R-factor = 0.0059. 
c Other parameters: S02 = 0.400, E0 = -6.8 ± 1.7 eV, R-factor = 0.067. d Additional interactions were needed 
to explain the experimentally observed intensity patterns. 

Table S6. CoSb2O6 crystal structure parametersa used for the EXAFS simulations to fit the 

experimental data for tested [Co+Sb]Oy shown in Figure S26. 

Atomic Pair Number 

Distance / Å Debye-Waller 

(2) Tabulated b Simulation 

Co-O 6 2.00 2.00 c 0.006(2) 

Co-Sb 2 3.09 3.09 c 0.007(3) 

Co-Sb 8 3.63 3.63 c 0.006(1) 

Co..O..Sb 16 3.83 3.83 c 0.003(3) 

a Other parameters: S02 = 0.79 ± 0.12, E0 = -6.1 ± 0.9 eV, R-factor = 0.040. b As reported in Ref.S10 
c These values were set to those in the crystal structure. 
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Figure S29. Ru K-edge XAS data for [Ru+Sb]Oy before (grey) and after (black) OER test in stirred 

0.5 M H2SO4 for 10 h at 10 mA cm-2 at 80 ± 1 °C: (a-b) EXAFS, (c-e) Fourier transform of the 

EXAFS. Panel (a) shows reference data for RuO2 (dotted teal). Panels (b-f) show simulations 

(dotted orange) based on RuO2 and RuSb2O6 and on the parameters summarised in Table S4.  
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Table S7. RuO2 and RuSb2O6 crystal structure parameters used for the EXAFS simulations to 

fit the experimental data for [Ru+Sb]Oy shown in Figure S29. 

Atomic Pair Number 

Distance / Å Debye-Waller 

(2) Tabulated a Simulation 

As-prepared b 

  RuO2   

Ru-O 6 1.94 1.94(2) 0.004(1) 

Ru-Ru 2 3.11 3.11(3) 0.004(3) 

Ru-Ru 8 3.53 3.53(3) 0.005(1) 

Ru-Ru 4 4.49 4.45(5) 0.005(4) 

Ru-Ru 8 5.46 5.41(3) 0.002(1) 

Ru..O..Ru  16 5.64 5.64(2) 0.013(13) 

After the OER test   

  RuO2
 c   

Ru-O 6 1.94 1.94 (2) 0.002(1) 

Ru-Ru 2 3.11 3.11(3) 0.003(3) 

Ru-Ru 8 3.53 3.53(3) 0.004(2) 

Ru-Ru 4 4.49 4.46(5) 0.004(5) 

Ru-Ru 8 5.46 5.46(2) 0.005(9) 

Ru..O..Ru  16 5.64 5.62(2) 0.005(9) 

  RuSb2O6 d   

Ru-O 6 2.00 2.00 0.002 

Ru-Sb 2 3.09 3.09 0.002 

Ru-Sb 8 3.63 3.63 0.006 

Ru-Sb..O 16 3.83 3.83 0.006 

a As reported in Ref.S11 for RuO2; RuSb2O6 model was developed based on Ref.S10 b Other parameters: 
S02 = 0.91 ± 0.05, E0 = -10.1 ± 1.0 eV, R-factor = 0.070. c Other parameters: S02 = 0.912 (not floated in the 
final fit), E0 = -10.1 ± 1.0, R-factor = 0.14; d Other parameters: S02 = 0.912 (not floated in the final fit), 
E0 = 5.7 ± 1.5 eV, R-factor = 200; parameters in this fit were not optimised due to the lack of any agreement 
between experiment and simulation, as discussed in the main text. 
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Figure S30. Examples of the energy dispersive X-ray spectra collected during the (a-b) lower and 

(c-d) higher magnification STEM-EDS mapping for [Ru+Sb]Oy. (a, c) before and (b, d) after test 

at 10 mA cm-2 for 24 h at 80 ± 1 °C. Cu signal is attributed to the TEM grid. Si, Na, P and S signals 

are associated with the unknown admixtures, which have been most probably introduced during 

detaching the catalyst material off the FTO-coated glass slides for the TEM sample preparation.  
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Figure S31. TEM imaging of as-prepared [Ru+Sb]Oy at different magnification.  
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Figure S32. High-magnification STEM-EDS mapping of the as-prepared [Ru+Sb]Oy catalyst.  
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Figure S33. Model crystal structures of (a) Co3O4 [Co2+(Co3+)2O4] and (b) CoSb2O6 

[Co2+(Sb5+)2O6], and surface models for (c) (110)-A Co3O4 and (d) (110) CoSb2O6 (blue, green, 

orange and red spheres show Co2+, Co3+, Sb5+ and O2-, respectively). 
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Figure S34. Spin polarised atom/orbital projected partial density of states (PDOS) for bulk (a) 

Co3O4 and (b) CoSb2O6 and surface (c) (110)-A Co3O4 and (d) (110) CoSb2O6. Fermi levels are 

set at 0 eV (indicated by vertical dashed lines). 
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Figure S35. PDOS of Co 3d sub-orbitals dxy, dxz, dyz, dz2 and dx2-y2 for (a) (110)-A Co3O4 and 

(b) (110) CoSb2O6 surface models. Fermi levels are set at 0 eV (indicated by vertical lines). The 

DOS of spin down channel of dxy, dyz and dxz of Co d states has finite value at the Fermi level of Co3O4; 

in CoSb2O6, the Co d state intensity near and at the Fermi level is substantially diminished. This 

suggests facilitated charge transfer from Co of CoSb2O6 to its neighbouring oxygen atoms, which is 

indicative of the improved bond strength. 
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Figure S36. Simulated compositional phase diagram of FeSb2O6 against individual oxides. Shaded 

area corresponds to the stable region of FeSb2O6, where the colour scale shows the allowed chemical 

potentials for oxygen; coloured lines and the corresponding spaces opposite to the shaded region 

present the stable regions of the identified individual oxides. 
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Figure S37. Spin polarised atom/orbital projected partial density of electronic states (PDOS) for 

bulk (a) Fe2O3 and (b) FeSb2O6. Fermi levels are set at 0 eV. 
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Table S8. Enthalpies of formation of the [Run+Sbm]Oy phases considered for the oxygen grand 

potential diagram. 

Composition ∆𝑯𝒇 (eV per f.u.) Composition ∆𝑯𝒇 (eV per f.u.) 

Ru 0 Ru:SbO2
 b  

Sb 0 Ru2:Sb30O64 -136.5754 

O 0 Ru4:Sb28O64 -132.4576 

Individual oxides Ru6:Sb26O64 -129.6658 

SbO2 -4.3953 Ru8:Sb24O64 -126.56 

Sb2O3 -7.1036 Ru10:Sb22O64 -123.4152 

Sb2O5 -9.4111 Ru12:Sb20O64 -120.1204 

RuO2 -3.4289 Ru14:Sb18O64 -117.4506 

RuO4 -4.2085 Ru16:Sb16O64 -114.6668 

Stoichiometric phases Ru:Sb2O3
 b  

RuSb2O6 -11.6643 Ru1:Sb31O48 -110.3403 

RuSb2O5 -9.6335 Ru2:Sb30O48 -107.1917 

RuSb4O12 -20.7176 Ru4:Sb28O48 -101.44 

Ru2Sb2O9 -12.346 Ru6:Sb26O48 -94.4664 

Ru10Sb10O34 -57.539 Ru8:Sb24O48 -91.672 

Ru8Sb8O28 -48.5294 Ru10:Sb22O48 -85.4024 

Ru2Sb2O8 -14.4598 Ru12:Sb20O48 -82.3354 

Ru2Sb2O7 -13.2396 Ru14:Sb18O48 -76.8166 

RuSb2O7 -11.0804 Ru16:Sb16O48 -74.3198 

Sb:RuO2
a  Ru:Sb2O5

 b  

Sb1:Ru15O32 -55.6121 Ru1:Sb15O40 -73.5697 

Sb2:Ru14O32 -55.939 Ru2:Sb14O40 -70.9568 

Sb2:Ru12O32 -57.6568 Ru4:Sb12O40 -70.249 

Sb6:Ru10O32 -59.0276 Ru6:Sb10O40 -67.0202 

Sb8:Ru8O32 -60.5614 Ru8:Sb8O40 -63.7794 

a Sb-doped RuO2; b Ru-doped antimony oxides.  
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Figure S38. Spin polarised total density of states (TDOS) for (a) RuO2, (b) Sb0.0625:Ru0.9375O2, 

(c) Sb0.125:Ru0.875O2, and (d) Sb0.187:Ru0.813O2. Fermi levels are set at 0 eV (indicated by vertical 

dashed lines). Blue arrows indicate unoccupied states which are filled up and shifted to lower energy. 

This might be attributed to replacement of Ru4+ by higher valency Sb5+ atoms as discussed in the 

main text. Corresponding supercells are shown against the plots on the right (light blue, orange and 

red spheres show Ru2+, Sb5+ and O2-, respectively).  
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Figure S39. PDOS of (a) RuO2 and (b) Sb0.0625:Ru0.9375O2. Fermi levels are set at 0 eV (indicated by 

vertical dashed lines). Enhanced overlap of Ru d and O p orbitals near the Fermi level induced by 

doping with antimony suggests enhanced Ru-O interaction.  
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Figure S40. Spin polarised PDOS of Ru 4d sub-orbitals dxy, dxz, dyz, dz2 and dx2-y2 for (a) RuO2 and 

(b) Sb0.0625:Ru0.9375O2. Fermi levels are set at 0 eV (indicated by vertical dashed lines). Upon doping 

of RuO2 with antimony, states near the Fermi level of dyz, dxz and dz2 diminish, which indicates the 

enhanced electron donation from Ru to O and thus implies stronger Ru-O interaction. 
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Figure S41. (a) IRu-corrected backward sweeps of quasi-stabilised cyclic voltammograms for the 

[Mn+Sb]Oy-catalyzed OER in 0.5 M H2SO4 at 24 ± 2 (blue), 60 (dark blue) and 80 ± 1 °C (light 

blue). (b) Arrhenius plots constructed based on the data in panel (a) for the OER overpotential of 

0.6 V (see figure). Dashed lines show tentative linear approximations, while values show 

corresponding estimates of the apparent activation energy.  
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Figure S42. Reproducibility of the OER catalytic activity of [Mn+Sb]Oy in 0.5 M H2SO4 at 60 °C: 

(a) cyclic voltammetry (scan rate 0.020 V s-1; potentials are not corrected for ohmic losses), (b) IRu-

corrected chronopotentiograms at 10 mA cm-2
geom., and (c) subsequently recorded 

chronoamperograms at 2.03 and 1.93 V vs. RHE. Current are normalised to the geometric surface 

area of the electrodes. Arrows in panel (a) show the evolution of voltammograms with cycling. 
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Figure S43. Longer-term performance of [Ru+Sb]Oy in 0.5 M H2SO4 at 80 ± 1 °C: (a) initial cyclic 

voltammetry (v = 0.020 V s-1; potentials are not IRu-corrected), (b) chronopotentiograms at 

10 mA cm-2
geom. (data are IRu-corrected) and (c) subsequently recorded chronoamperograms at 2.03 

and 1.93 V vs. RHE for experiment 1 (black). Currents are normalised to the geometric surface area 

of the electrodes. Experiment 2 (grey) failed after ca 100 h of operation due to the irrevocable 

degradation of the reference electrode. Experiment 3 (light grey) included the voltammetric and 

chronopotentiometric measurements over a shorter period (28 h) only to demonstrate the 

reproducibility of the catalytic performance. 
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Figure S44. EIS data collected at (a) 1.63 and (b) 1.83 V vs. RHE for [Ru+Sb]Oy before (black) 

and after (grey) OER tests in stirred 0.5 M H2SO4 at 80 ± 1 °C (24 h at 10 mA cm-2; 0.5 h at 

1.93 V vs. RHE; 0.5 h at 2.03 V vs. RHE). Symbols show experimental data, while lines show fits 

based on the models and parameters summarised in Table S9. 

Table S9. EIS fitting parameters for the data in Figure S44 collected for [Ru+Sb]Oy.a 

E / V vs. RHE Ru  R1  Q1 a
1
-1 a1 R2  Q2 a

2
-1 a2 Rct  Qdl a

dl
-1 adl 

1.63 initial 15 1.9 14 0.90 0.3 9.5 × 102 1.0 4.3 3.0 × 103 0.89 

 tested 15 3.5 6.1 0.94 0.4 5.5 × 102 0.95 3.8 5.1 × 103 0.81 

1.83 initial 15 2.0 9.5 0.92 0.4 3.3 × 103 0.75 2.0 4.2 × 103 0.83 

 tested 15 3.1 10 0.90 0.5 1.4 × 104 0.52 2.0 4.0 × 103 0.82 

a Satisfactory fit could be only achieved using Ru[R1||CPE1][R2||CPE2][Rct||CPEdl] model, where Ru is 

uncompensated resistance, Rct is charge-transfer resistance of a faradaic process, viz. the OER, and CPEdl is a 
constant phase element representing double-layer capacitance. [R1||CPE1] might represent the FTO|catalyst 
interface, while [R2||CPE2] might be associated with the interfaces between grains and/or different phases 
within the catalyst layer. However, exact nature of these elements is obscure, and no physicochemical 
significance should be attached to [R1||CPE1] and [R2||CPE2]. Overall, the presented fitting parameters 
should be used for semi-quantitative comparisons only.  



S50 

Table S10. Comparison of the performance of selected thin-film OER catalysts at low pH. 

Catalyst Electrolyte OER / V a j / mA cm-2 a T / °C Stability / h S number Ref. 

IrOx 0.05 M H2SO4 0.48 10 23 >1  [S12] 

Ir 1 M H2SO4 0.36 10 23 >2  [S13] 

IrOx/SrIrO3 0.5 M H2SO4 0.30 10 23 >30  [S14] 

IrO2 0.5 M H2SO4 0.47 10 23 >2  [S14] 

IrOx 1 M H2SO4 0.35 10 23 >2  [S15] 

RuOx 1 M H2SO4 0.29 10 23 >2  [S15] 

Crystalline IrO2 0.1 M HClO4 0.42 1 23  2 × 107 [S16] 

Amorphous IrOx 0.1 M HClO4 0.29 10 23  9 × 104 [S16] 

SrIrO3 0.1 M HClO4 0.38 10 23  9 × 104 [S16] 

IrOx 0.1 M H2SO4 0.27 1 23  6 × 104 [S17] 

IrO2/TiO2 0.1 M HClO4 0.44 1 23  1 × 104 [S18] 

Y2Ru2O7 0.1 M HClO4 0.32 6.9 23  7 × 104 [S19] 

Bi2Ru2O7 0.1 M HClO4 0.32 1.8 23  5 × 104 [S19] 

Gd2Ru2O7 0.1 M HClO4 0.32 3.8 23  5 × 104 [S19] 

Nd2Ru2O7 0.1 M HClO4 0.32 4.7 23  8 × 103 [S19] 

[Ru+Sb]Oy 0.5 M H2SO4 0.39 ± 0.03 10 23 > 25 2 × 105 This 
work 

  0.34 ± 0.01 10  > 193 6 × 105 

NixMn1-xSb1.6Oy 1 M H2SO4 0.67 10 23   [S20] 

CoSb2O6 0.5 M H2SO4 0.76 10 23 > 24  [S21] 

Fe2O3 0.5 M H2SO4 0.65 10 23 < 5  [S22] 

Co3O4 0.5 M H2SO4 0.57 10 23  12  [S23] 

[Mn+Sb]Oy 0.5 M H2SO4 0.68 ± 0.01 10 23 > 25 1 × 104 This 
work 

  0.71 10 80 < 96  

a Overpotential of the OER and corresponding current density (per geometric surface area). 
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