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Supplementary Notes7

Supplementary Note 1. XRD peak broadening and Williamson-Hall analysis8

XRD peak broadening has two independent physical origins, including limited9

coherent crystallite size and uniform lattice microstrain. For defective materials with10

severe lattice distortion, Scherrer-only analysis will misattribute strain broadening to11

smaller particle size. The Williamson-Hall method quantitatively separates these two12

contributions via the following equation:13

β cos θ=
Kλ
D
+ 4 ε sinθ

where D is the coherent crystallite size, K is the shape factor, λ is the X-ray14

wavelength, β is the FWHM, θ is the Bragg angle, and ε is the lattice microstrain. In15

this model, the intercept is related to the finite-size contribution, whereas the slope16

reflects the microstrain contribution to peak broadening.17

Prior to fitting, all XRD patterns were processed with identical background correction,18

fitting ranges and peak shape functions to guarantee cross-sample consistency.19

Multiple independent diffraction peaks were used for linear regression, avoiding20

uncertainty from single isolated peak fitting. This workflow reliably distinguishes21

broadening from coherent domain size and defect-driven lattice distortion, enabling22

accurate quantification of microstrain in defective catalysts.23

Supplementary Note 2. Influence of different cationic chloride templates on F24

center formation25

To clarify the different thermal behaviors of the NH4Cl and NaCl template systems26

during annealing, thermogravimetric analysis of NH4Cl and NaCl was first performed27

(Supplementary Fig. 5). We further explored the potential influence of alternative28

cationic chloride templates, including KCl and CaCl2, under synthetic conditions29

identical to those used for the NaCl-template system. Specifically, 100 mg of the30

Zr(OH)4 precursor and 3.0 g of KCl or CaCl2 were thoroughly mixed by ball milling31

for 10 min. The obtained solid mixture was then placed in a muffle furnace and heated32

to 500 °C at a ramping rate of 5 °C min-1, followed by annealing at 500 °C for 4 h.33

After cooling to room temperature, the resulting products were washed with deionized34

water 3-4 times to remove residual chloride salts and then dried at 100 °C overnight.35

The obtained samples were denoted as KCl-ZrO2 and CaCl2-ZrO2, respectively. XRD,36

HAADF-STEM, EDS mapping and EPR characterizations were performed to confirm37
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the influence of different chloride template systems on F-center formation, as shown38

in Supplementary Fig. 6-8.39

Supplementary Note 3. Calibration and normalization XPS40

XPS spectra were processed using Thermo Avantage software (version 6.9), The41

binding energy scale was internally calibrated by setting the adventitious C 1s peak at42

284.8 eV to correct the surface charging effect. The background was subtracted via43

the Shirley model to properly address inelastic electron scattering of Zr 3d signals,44

which is essential for the accurate quantification of Zr oxide states. All peaks were45

fitted with a mixed Gaussian-Lorentzian product function with a fixed Lorentzian46

ratio of 30%[55].47

Supplementary Note 4. Atomic-resolution EELS acquisition and data processing48

The atomic level electron energy loss spectroscopy EELS measurements were49

conducted using a JEOL JEM ARM200F NEO ARM instrument equipped with50

double aberration correction. After selecting representative nanoparticles the zone51

axis and astigmatism were carefully adjusted to facilitate the acquisition of aberration52

corrected high angle annular dark field scanning transmission electron microscopy Ac53

HAADF STEM images with atomic resolution as much as possible. Subsequently54

EELS spectrum scanning was performed on the targeted regions. During the data55

processing stage Gatan GMS 3 software was utilized to select three distinct local56

regions for EELS analysis. To minimize potential background interference and57

enhance the reliability of the signals to the greatest extent possible the background58

was subtracted using a baseline established at the pre-edge position where no peaks59

were present.60

Supplementary Note 5. Calibration and normalization of Zr K-edge XANES61

To minimize energy drift and ensure accurate edge-shift analysis, all samples62

including F2-Zr3+, F1-Zr4+ and pristine ZrO2 were measured in a single experimental63

batch. A Zr foil was measured simultaneously with each sample as the internal energy64

calibration reference. Synchronous acquisition of sample and Zr foil spectra enables65

precise alignment of photon energy and baseline, effectively suppressing instrumental66

artifacts and ensuring physical significance of relative edge shifts among different67

samples.68

After data collection, raw spectra were normalized following standard protocols.69

Specifically, the pre-edge region was normalized to 0, and the post-edge absorption70
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jump was normalized to 1. Such standardized step normalization guarantees reliable71

analysis of near-edge energy shifts, and the obtained edge displacement can well72

reflect the overall Zr oxidation state in different F center configurations.73

Supplementary Note 6. Data processing and fitting procedures of Zr K-edge74

EXAFS75

EXAFS data processing and fitting procedures were conducted using the Athena and76

Artemis modules in the Demeter package, with theoretical scattering paths calculated77

via the FEFF6 program[56, 57]. All sample spectra were calibrated against a78

simultaneously measured Zr foil reference to eliminate energy drift.79

In Athena, a linear background was subtracted from the pre-edge region, followed by80

edge-jump normalization. The χ(k) function was extracted by subtracting a smooth81

third-order polynomial to remove the isolated atomic absorption background.82

Subsequently, the k2 weighted data were Fourier-transformed into R space using a83

Hanning window with Δk = 1.0 Å-1. Structural parameters, including coordination84

number (CN), bond distance (R), Debye Waller factor (σ2) and energy shift (ΔE0)85

were derived through nonlinear least squares fitting in R space with Artemis.86

Supplementary Note 7. Normalization and fitting of EPR87

All powder EPR tests were performed under identical experimental conditions to88

ensure reliable identification of paramagnetic centers and rational assignment of Zr89

oxidation states. In detail, 50 mg of each solid sample was loaded into identical 3 mm90

quartz tubes, and the measurements were carried out at a constant temperature of 10091

K. Sample mass, tube position, microwave power and modulation amplitude were92

kept consistent across all measurements to ensure comparability of spectral position93

and line shape. Experimental EPR spectra were simulated and analyzed using the94

EasySpin toolbox (version 6.0.0) in MATLAB R2020a. Precise g-factors and95

hyperfine coupling constants were extracted according to standard simulation96

methods[58], providing solid evidence for the existence of oxygen vacancies and the97

corresponding electronic structure of F center sites.98

Supplementary Note 8. Counter-ion compensation for charged surface models99

Under periodic boundary conditions, directly charged slab models often encounter100

convergence issues and ambiguous total-energy references due to the vacuum region.101

To address this problem in surface adsorption calculations, we employed a102

counter-ion compensation approach to simulate the charged states of various F centers.103
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For the electron-rich F2-Zr3+ surface, a single hydrogen atom was introduced for104

charge compensation. Bader charge analysis reveals that this H atom loses around105

0.85 e-, which effectively renders the rest of the surface electron-rich. This106

configuration reasonably reproduces the electronic character of the reduced F2-Zr3+107

surface. In comparison, an OH group was placed on the F1-Zr4+ surface to mimic its108

positively charged nature. The OH group gains approximately 0.76 e-, leaving the109

surrounding surface electron-deficient. This setup well approximates the intrinsic110

properties of the positively charged F1-Zr4+ surface.111

Supplementary Note 9. Adsorption-energy and free-energy calculations112

The adsorption energy of O2 was calculated as:113

Eads = Etotal - Esurface - Eadsorbate114

Where Etotal, Esurface and Eadsorbate are the total energies of the O2-adsorbed surface, the115

clean catalyst surface, and the isolated gas-phase O2 molecule, respectively.116

The *OOH intermediate was not treated as the direct adsorption of an isolated OOH117

radical. Instead, it was considered to be generated through the proton-coupled118

electron-transfer step:119

∗O2​ + H+ + e- → ∗OOH120

Within the computational hydrogen electrode framework, this step is equivalently121

written as[59]:122

∗O2 + 1/2 H2 → ∗OOH123

Accordingly, the CHE-referenced energy for *OOH formation was defined as:124

Eads (∗OOH) = E (*OOH) - E (*) - E (O2) - 1/2 E (H2)125

where E (∗OOH), E (∗), E (O2), and E (H2) are the total energies of the126

OOH-adsorbed surface, the clean catalyst surface, the isolated O2 molecule, and the127

isolated H2 molecule, respectively.128

The Gibbs free-energy change was calculated as[60, 61]:129

ΔG = ΔE + ΔEZPE - TΔS + ΔGϕ + ΔEw130

where ΔE is the DFT reaction energy, ΔEZPE is the zero-point energy correction, TΔS131

is the entropy contribution at 298.15 K, ΔGϕ accounts for the free-energy shift induced132

by the applied electrode potential, and ΔEw represents the aqueous solvation133

correction.134

135
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Supplementary Figures136

137
Supplementary Figure 1. Bright Field images of (a) F2-Zr3+, (b) F1-Zr4+ (Scale bar =138

10 nm).139

140
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141
Supplementary Figure 2. STEM-EDS corresponding to Fig. 2f, g for F2-Zr3+ and142

F1-Zr4+.143

144
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145
Supplementary Figure 3. Full-range EELS spectrum of F2-Zr3+, showing146

characteristic Zr M4,5, Zr M2,3 and O K edges.147

148
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149

Supplementary Figure 4. X-band experimental EPR of F1-Zr4+ after heating in NH3.150

For the secondary NH3 annealing experiment, the pre-synthesized F1-Zr4+ obtained151

using the NaCl template was placed in a tube furnace and further annealed under a152

pure NH3 atmosphere. The NH3 flow rate was maintained at 60 mL min-1. The153

temperature was increased to 500 °C at a heating rate of 5 °C min-1 and held for 2 h,154

followed by natural cooling to room temperature under the same NH3 flow.155

156
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157

Supplementary Figure 5. Thermogravimetric analysis profiles of the different salt158

templates NH4Cl-Zr(OH)4 and NaCl-Zr(OH)4 recorded under a simulated air159

atmosphere from room temperature to 500 ℃.160

Thermogravimetric analysis was performed to compare the thermal behaviors of161

NH4Cl-Zr(OH)4 and NaCl- Zr(OH)4 precursors under the annealing temperature used162

for synthesis. The precursors were prepared with a chloride salt/Zr(OH)4 mass ratio of163

30:1 and heated to 500 °C in air. The NaCl-derived precursor shows negligible mass164

loss before 500 °C, consistent with the high thermal stability of NaCl and excluding165

obvious volatile release from the NaCl template. In contrast, NH4Cl undergoes166

pronounced decomposition at lower temperature, generating a local NH3-rich167

reductive microenvironment.168

169
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170

Supplementary Figure 6. Powder X-ray diffraction pattern of KCl-ZrO2 and171

CaCl2-ZrO2.172

XRD patterns were collected to evaluate the structural influence of different cationic173

chloride templates. The KCl-ZrO2 exhibits mixed tetragonal ZrO2 with a minor174

monoclinic phase, indicating that K+ does not stabilize a pure tetragonal structure as175

effectively as Na+. In contrast, the CaCl2-ZrO2 shows diffraction features176

corresponding to cubic ZrO2, clearly deviating from the target tetragonal matrix.177

These results suggest that different chloride template cations mainly affect the178

crystallographic phase of ZrO2, with K+ inducing slight phase segregation and Ca2+179

strongly altering the crystal structure.180

181
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182

Supplementary Figure 7. X-band experimental EPR of (a) KCl-ZrO2. (b)183

CaCl2-ZrO2 at 100 K.184

EPR spectra were measured at 100 K to compare the F-center-related electronic185

structures of the KCl-ZrO2 and CaCl2-ZrO2. Despite slight phase segregation, the186

KCl-ZrO2 exhibits an EPR response consistent with the characteristic F1-Zr4+ signal187

observed in the NaCl-template system, suggesting that monovalent alkali cations do188

not fundamentally restructure the intrinsic F1-type oxygen vacancies formed under air189

annealing. In contrast, the CaCl2-ZrO2 displays distinct Zr3+-related EPR signals,190

which are mainly associated with Ca2+-induced lattice distortion and charge191

compensation rather than the dopant-free intrinsic F centers targeted in this study.192

193
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194

Supplementary Figure 8. HAADF-STEM and EDS-mapping images of CaCl2-ZrO2195

(Scale bar = 10 nm). HAADF-STEM and EDS elemental mapping were performed on196

the CaCl2-ZrO2 to examine the distribution of Ca species. The uniform Ca signal197

across the ZrO2 matrix confirms the incorporation of Ca into the oxide lattice during198

thermal treatment. Such Ca doping is known to promote the formation of doped199

zirconia solid solutions. The introduced Ca2+ dopants disrupt the native lattice charge200

balance and modify the electronic configuration of oxygen vacancies. Therefore, the201

CaCl2-ZrO2 should be regarded as an extrinsically doped ZrO2 system rather than a202

dopant-free intrinsic F center model.203

204
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205
Supplementary Figure 9. XPS spectra of F2-Zr3+ and F1-Zr4+.206

207
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208

Supplementary Figure 10. O 1s XPS spectra of F2-Zr3+ and F1-Zr4+.209

210
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211
Supplementary Figure 11. O K edge XAS of F2-Zr3+, F1-Zr4+ and ZrO2.212

All data acquisition was performed at the XMCD A beamline of the Hefei Light213

Source HLS. To minimize potential experimental variations as much as possible the214

F2-Zr3+ and F1-Zr4+ were measured alongside a commercial ZrO2 reference in a single215

experimental batch. The raw data files acquired at the beamline typically contain four216

distinct channels including X-ray energy (ERGE), background current intensity (IOR),217

sample current intensity (ISR) and the ratio of ISR to IOR (DIVR). To strive for a218

high level of methodological rigor the data were processed using the standard Athena219

software package. The threshold energy E0 was defined by identifying the maximum220

of the first derivative of the absorption edge. Standard edge step normalization was221

then applied by fitting the pre-edge background to 0 and the post-edge step to 1.222

223
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224
Supplementary Figure 12. Zr 3d XPS spectra of F2-Zr3+ and F1-Zr4+.225

226
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227
Supplementary Figure 13. The corresponding wavelet transform (WT)-EXAFS228

contour plots of ZrO2,F1-Zr4+ and F2-Zr3+.229

230
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231

Supplementary Figure 14. The Zr K-edge EXAFS spectra and fitting results of (a)232

F2-Zr3+ and (b) F1-Zr4+ are shown in R-space.233

234
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235

Supplementary Figure 15. (a, b) Derivation of the collection efficiency (N) of the236

rotating ring-disk electrode. The RRDE was placed in a 0.1 M KOH electrolyte237

solution containing a small concentration (~10 mM) of K3Fe(CN)6.238

239
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240

Supplementary Figure 16. Tafel slope plots of F2-Zr3+ and F1-Zr4+ with the Tafel241

slope values calculated over ranges of 10 mV and plotted (a, b) the average potential242

and (c, d) the average current density.243

The Tafel data were analyzed using the Tafel slope plot method proposed by Koper244

and co-workers[62]. The original E-log|jk| data were divided into sliding 10 mV245

potential windows, and the local Tafel slope in each window was obtained by linear246

regression of E versus log|jk|. The absolute value of the fitted slope was reported as247

the local Tafel slope for the cathodic ORR process. These local Tafel slopes were then248

plotted as a function of the average potential or average current density of each249

window, allowing relatively constant kinetic regions to be identified before the250

obvious high-current/nonlinear response.251

252
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253
Supplementary Figure 17. Extracted apparent Tafel slopes from the stable kinetic254

windows of 0.75-0.70 V vs. RHE for F2-Zr3+ and 0.70-0.65 V vs. RHE for F1-Zr4+.255



23

256
Supplementary Figure 18. (a) LSV curves and (b) corresponding H2O2 selectivity of257

bare glassy carbon electrode.258

To rule out substrate interference, the bare GC electrode was tested under identical259

conditions, showing a H2O2 selectivity of ~75%. This baseline contrasts sharply with260

F2-Zr3+ (98%) and F1-Zr4+ (44%). Specifically, the superior selectivity of F2-Zr3+261

originates from its dynamic electronic structure for moderating *OOH adsorption and262

desorption. In comparison, excessively strong *OOH adsorption on F1-Zr4+ active263

sites hinders intermediate release, resulting in selectivity even lower than the GC264

baseline. These comparisons clearly confirm that the ORR pathway and selectivity are265

governed by the intrinsic properties of F2-Zr3+/F1-Zr4+ centers, rather than the GC266

substrate background.267

268
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269

Supplementary Figure 19. C 1s XPS spectra of (a) F2-Zr3+ and F1-Zr4+, (b) O-CNTs.270

The C 1s spectra of F2-Zr3+ and F1-Zr4+ show characteristic peaks at 284.8, 286.7 and271

288.6 eV, corresponding to C–C, C–O and -O–C=O species, respectively[63]. To272

assess the possible influence of adventitious surface carbon, commercial oxidized273

carbon nanotubes (O–CNTs) with similar surface functional groups were adopted as a274

control sample to simulate the effect of carbon contamination[64].275

276
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277

Supplementary Figure 20. (a) LSV curves and (b) corresponding H2O2 selectivity of278

O-CNTs.279

To further clarify the contribution of surface carbon contamination, the LSV curve280

and ORR selectivity of O-CNTs were measured under the same catalyst loading and281

test conditions. O-CNTs exhibit a H2O2 selectivity of ~60%, which is clearly282

distinguishable from the 98% of F2-Zr3+ and the 44% of F1-Zr4+. This obvious283

difference effectively excludes the interference of adventitious carbon, verifying that284

the ORR performance is governed by the intrinsic properties of the as-prepared285

catalysts.286
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287
Supplementary Figure 21. Pressure-dependent electrical conductivity of F2-Zr3+ and288

F1-Zr4+ powders measured by the four-probe method at room temperature. A fixed289

sample mass of 0.1 g was used for both measurements.290

291
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292

Supplementary Figure 22. LSV polarization curves, corresponding H2O2 selectivity293

and electron transfer numbers of (a, b) F2-Zr3+ and (c, d) F1-Zr4+ at different catalyst294

loadings for ORR in 0.1 M KOH.295

To optimize the catalyst loading, loading-dependent RRDE tests were performed on296

F2-Zr3+ and F1-Zr4+ using 5, 10, and 15 μL of catalyst ink (ink composition: 1.0 mg297

catalyst powder dispersed in 500 μL ethanol/water mixture (v/v=9/1), followed by298

addition of 20 μL 5 wt% Nafion solution). For F2-Zr3+, the lowest loading electrode (5299

μL) exhibited a high disk current of -2.93 mA cm-2 at 0.1 V vs. RHE, but a low H2O2300

selectivity of 82.7%, which arose from interference by the exposed bare glassy carbon301

substrate. In contrast, the highest loading (15 μL) improved the H2O2 selectivity to302

92.9% yet caused a notable drop in disk current to -2.31 mA cm-2, attributed to severe303

electron transport resistance in the overly thick catalyst layer. Therefore, the 10 μL304

loading was identified as the optimal condition for F2-Zr3+, achieving an ideal balance305

with a high H2O2 selectivity of 91.4% and a robust disk current of -2.48 mA cm-2 at306

0.1 V vs. RHE. The same variation trend was observed for F1-Zr4+, confirming the307

general applicability of this optimal loading.308

309
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310
Supplementary Figure 23. Chronoamperometry measurement of F2-Zr3+ at 0.4 V (vs311
RHE).312

313
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314
Supplementary Figure 24. Comparison of F2-Zr3+ H2O2 production rate and315

selectivity with previously reported catalysts (detailed information in Table 6).316

317
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318
Supplementary Figure 25. The XRD patterns of the F2-Zr3+ loading on glassy319

carbon after stability test.320

321
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322

Supplementary Figure 26. (a) HAADF-STEM and (b) BF-STEM images of F2-Zr3+323

after long-term ORR process (Scale bar = 10 nm).324

325
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326

Supplementary Figure 27. Schematic diagram of the flow cell for H2O2 production.327
328
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329

Supplementary Figure 28. Custom-made electrochemical Flow Cell.330

331
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332

Supplementary Figure 29. (a) Photograph of the Standard Hydrogen Electrode (SHE)333

used for reference electrode potential calibration. (b) Single cycle CV curves of334

Ag/AgCl electrode calibration in 0.1 M KOH at room temperature.335

To eliminate potential systematic errors (up to ~30 mV) derived from the simplified336

theoretical Nernst equation[65], the Ag/AgCl reference electrode was calibrated337

experimentally. Before electrochemical measurements, the reference electrode was338

calibrated against a commercial standard hydrogen electrode (HydroFlex, Pine339

Research) in the working electrolyte, following the standard protocols recommended340

in the literature[42]. The experimentally measured potential difference was determined341

to be 0.91 V, and all raw potentials were converted to the RHE scale using the342

following equation:343

ERHE = EMeasured + 0.91 V344

where ERHE is the potential versus the reversible hydrogen electrode, and EMeasured is345

the raw potential recorded against the Ag/AgCl reference electrode.346

347
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348
Supplementary Figure 30. Faradaic efficiencies of H2O2 on blank carbon paper at349

different potentials measured in a flow cell. Data are presented as mean values ±350

standard deviation from three independent measurements (n=3).351

H2O2 faradaic efficiency (FE) of the bare carbon paper electrode was evaluated in a352

flow cell without catalyst loading, using bare carbon paper as the ORR cathode,353

commercial Ni/Fe-LDH as the OER anode, and a Nafion membrane as the separator.354

The bare carbon paper achieves a maximum H2O2 FE of only 72.3% within the355

potential range of -0.1 to 0.3 V vs. RHE, significantly lower than that of F2-Zr3+356

(maximum FE of 94.5%, Main Text Fig. 4f). The obvious performance gap confirms357

that the high H2O2 production primarily stems from the intrinsic activity of F2-Zr3+358

rather than the carbon paper substrate.359

360
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361
Supplementary Figure 31. The H2O2 concentrations in electrolytes were measured362

by titration using standard ceric sulfate solution. (a) The UV-Vis spectra of Ce4+363

solutions with different concentrations. (b) The linear calibration relationship between364

the Ce4+ concentration and corresponding absorbance peak at 319 nm.365

366
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367
Supplementary Figure 32. In situ Raman of (a) F2-Zr3+ and (b) F1-Zr4+ under368

Ar-saturated electrolyte.369

In situ Ar-atmosphere Raman measurements were performed under identical370

experimental conditions, with O2 purging replaced by continuous Ar flow. No Raman371

feature assigned to ORR intermediates was detected under Ar, further proving that the372

~1537 cm-1 peak only emerges during O2 reduction and is irrelevant to the bare373

catalyst or supporting electrolyte.374

375
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376
Supplementary Figure 33. Verification of the 1537 cm-1 peak assignment to *OOH377

via in situ Raman spectroscopy. Deuterated experiments were performed by replacing378

KOH with KOD and H2O with D2O to validate the peak origin.379

To further verify the assignment of this Raman feature, deuterated in situ Raman380

measurements were conducted under otherwise identical conditions by replacing381

KOH/H2O with KOD/D2O.382

383
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384

Supplementary Figure 34. Photograph of the in situ EPR setup for electrochemical385

ORR testing.386

387

O2 in
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388

Supplementary Figure 35. In situ EPR of (a) F2-Zr3+ and (b) F1-Zr4+ under389

Ar-saturated electrolyte.390

In situ EPR spectra collected under Ar-saturated electrolyte display stable F center391

signals in the absence of O2. This result confirms that the gradual transformation of392

EPR peaks observed under working ORR conditions is driven by successive catalytic393

redox cycles, not spontaneous material structural evolution in electrolyte.394

395
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396

Supplementary Figure 36. EPR of F2-Zr3+ and F1-Zr4+ at 100 K after long-term ORR397

process.398

399
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400

Supplementary Figure 37. Geometric model of the perfect tetragonal phase ZrO2401

bulk structure.402

403
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404
Supplementary Figure 38. Calculated total electronic density of states of perfect405

ZrO2.406

407
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408

Supplementary Figure 39. The integrated local DOS of the highlighted occupied409

defect states of F2-Zr4+, F1-Zr4+ and F2-Zr3+. Zirconium atoms are shown in yellow410

and oxygen atoms in white.411

412
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413

Supplementary Figure 40. Formation energy as a function of the Fermi energy for414

F2-Zr4+, F1-Zr4+ and F2-Zr3+.415

416
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417

Supplementary Figure 41. Structural optimization of Perfect ZrO2, F2-Zr4+, F1-Zr4+418

and F2-Zr3+.419

420
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421

Supplementary Figure 42. (a) Optimized Zr–O bond lengths around the Zr1 site.422

perfect ZrO2 shows an eight-coordinated Zr–O environment, while the defective423

structures are seven-coordinated due to F center. (b) Schematic illustration of the four424

Zr sites neighboring the F centers.425

426
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427
Supplementary Figure 43. Top-view and side-view structural models of the ZrO2428

(011) surface. The yellow and white spheres represent Zr and O atoms, respectively.429

430
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431

Supplementary Figure 44. Atomic structure of the tetragonal ZrO2 (011) surface.432

Two inequivalent surface oxygen sites (Otype1 and Otype2) are marked by dashed433

circles, along with the local Zr–O bond lengths labeled in Å. Yellow and white434

spheres represent Zr and O atoms, respectively.435

Two inequivalent surface oxygen sites, Otype1 and Otype2, were considered for vacancy436

construction. Formation energy calculations show that F1-Zr4+ preferentially forms at437

Otype1 (0.179 eV), while F2-Zr3+ is more stable at Otype2 (0.029 eV). This energetic438

difference provides a solid basis for our defect model construction.439

440
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441

Supplementary Figure 45. Convergence test of the total energy with respect to the442

plane-wave cutoff energy for the F2-Zr3+ model.443

444
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445

Supplementary Figure 46. Convergence test of the total energy with respect to the446

k-point mesh density for the F2-Zr3+ model.447

448
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449

Supplementary Figure 47. Convergence test of the total energy with respect to the450

precision parameter (PREC) for the F2-Zr3+ model.451

452
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453
Supplementary Figure 48. (a) Initial geometric models of O2 adsorption on the454

catalyst surface in perpendicular (90°), inclined (45°) and parallel (0°) configurations.455

The initial O–O bond length and the distance to the surface are uniformly set to 1.229456

Å and 2.150 Å, respectively. (b) Optimized adsorption structures and corresponding457

adsorption energies (ΔE) of O2 on perfect ZrO2, F1-Zr4+, and F2-Zr3+ based on the458

initial configurations. Yellow and white spheres represent Zr and O atoms,459

respectively.460

To avoid possible bias from a single preset adsorption geometry, we systematically461

screened three initial *O2 orientations relative to the substrate plane, including parallel462

(0°), inclined (45°) and perpendicular (90°) configurations. The initial structures were463

generated using a Python script, in which the O–O bond length and the distance to the464

surface were uniformly set to 1.229 Å and 2.150 Å, respectively, followed by full465

geometry relaxation to identify the equilibrium adsorption modes. Specifically, *O2466

on F1-Zr4+ tends to adopt a strong parallel side-on adsorption configuration, which467

favors O–O bond activation and possible cleavage. In contrast, *O2 on F2-Zr3+ adopts468

a more moderate inclined or end-on adsorption mode, which enables electron transfer469

while better preserving the O–O bond for the 2e- ORR pathway.470

471
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472

Supplementary Figure 49. Comparison of calculated oxygen adsorption energies on473

perfect ZrO2, F1-Zr4+ and F2-Zr3+ based on different initial adsorption configurations474

(perpendicular, inclined, and parallel).475

476
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477

Supplementary Figure 50. Identified adsorption sites on the (a) perfect ZrO2, (b)478

F2-Zr3+, and (c) F1-Zr4+. Initial geometric parameters for adsorbed (d) *O2 and (e)479

*OOH at the top and bridge sites.480

481
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482

Supplementary Figure 51. Optimized geometric structures and corresponding483

calculated energies for *O2 and *OOH intermediates adsorbed at different sites on the484

perfect ZrO2.485

486
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487

Supplementary Figure 52. Optimized geometric structures and corresponding488

calculated energies for *O2 intermediates adsorbed at different sites on the F2-Zr3+.489

490
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491

Supplementary Figure 53. Optimized geometric structures and corresponding492

calculated energies for *OOH intermediates adsorbed at different sites on the F2-Zr3+.493

494
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495

Supplementary Figure 54. Optimized geometric structures and corresponding496

calculated energies for *O2 intermediates adsorbed at different sites on the F1-Zr4+.497

498
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499

Supplementary Figure 55. Optimized geometric structures and corresponding500

calculated energies for *OOH intermediates adsorbed at different sites on the F1-Zr4+.501

502
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Supplementary Tables503

Supplementary Table 1. The element analysis of F2-Zr3+ and F1-Zr4+.504

Note: Calculated from STEM-EDS.505

506

Catalyst C (atom%) Zr (atom%) O (atom%) O/Zr

F2-Zr3+ 12.04 30.58 57.38 1.876

F1-Zr4+ 11.84 30.52 57.64 1.889
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Supplementary Table 2. Summary of simulation parameters for EPR spectra of507

F2-Zr3+ and F1-Zr4+.508

Sample Adduct g value A/MHz lw/mT

F2-Zr3+ Zr3+ [1.976, 1.923] / 0.8, 1.7

F1-Zr4+ F1 center [2.0023] / 0.3, 0.8

Note: lw is the homogeneous Lorentzian linewidth; the linewidth defines the FWHM509

(full width at half height, in mT) of the absorption Gaussian (first number) and510

Lorentzian (second number) broadening of the lines in the spectrum.511

512
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Supplementary Table 3. The element analysis of F2-Zr3+ and F1-Zr4+.513

Note: Calculated from XPS.514

515

Catalyst C (atom%) Zr (atom%) O (atom%) O/Zr

F2-Zr3+ 24.14 26.19 49.67 1.897

F1-Zr4+ 23.31 26.41 50.28 1.904
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Supplementary Table 4. EXAFS fitting parameters at the Zr K-edge for F2-Zr3+ and516

F1-Zr4+.517

Sample Shell CNa R (Å)b σ2 (Å2)c ΔE0 (eV)d R factor

F1-Zr4+
Zr–O1 4.5 ± 0.2 2.08 ± 0.01 0.0038 -2.00 0.0177

Zr–O2 2.6 ± 0.2 2.27 ± 0.01 0.0088 -2.00 0.0177

Zr–Zr 10.5 ± 0.3 3.63 ± 0.01 0.0080 -2.00 0.0177

F2-Zr3+
Zr–O1 4.6 ± 0.2 2.11 ± 0.01 0.0030 -2.58 0.0186

Zr–O2 2.4 ± 0.2 2.29 ± 0.01 0.0031 -2.58 0.0186

Zr–Zr 10.1 ± 0.3 3.64 ± 0.01 0.0071 -2.58 0.0186

Note: (a) CN, coordination number; (b) R, distance between absorber and backscatter518

atoms; (c) σ2, Debye-Waller factor to account for both thermal and structural519

disorders; (d) ΔE0, inner potential correction; R factor indicates the goodness of the fit.520

S02 was fixed to 0.77 for Zr. A reasonable range of EXAFS fitting parameters: 0.700 <521

Ѕ02< 1.000; CN > 0; σ2Å2> 0; |ΔE0|< 15 eV; R factor < 0.02.522

523
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Supplementary Table 5. Effect of catalyst loading on H2O2 selectivity and disk524

current density for F2-Zr3+ and F1-Zr4+ in RRDE measurements.525

Catalyst Loading (μL) H2O2 Sel. (%) j (mA cm-2)

F2-Zr3+
5 82.7 @ 0.1 V -2.93 @ 0.1 V

10 91.4 @ 0.1 V -2.48 @ 0.1 V

15 92.9 @ 0.1 V -2.31 @ 0.1 V

F1-Zr4+
5 56.2 @ 0.1 V -2.40 @ 0.1 V

10 41.9 @ 0.1 V -1.68 @ 0.1 V

15 39.0 @ 0.1 V -1.51 @ 0.1 V

526
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Supplementary Table 6. Comparison of the F2-Zr3+ electrocatalyst with527

representative literature results.528

529

Catalyst Electrolyte
Selectivity@Potenti

al (% @V vs.RHE)
Productivity Ref.

F2-Zr3+ 0.1 M KOH
98@0.6

95@0.5
12.8 mol gcat-1 h-1

This

wor

k

S-Nv-C3N4 0.1 M KOH 95% 4.52 mol gcat-1 h-1 [66]

PdSe2 0.5 M NaPi 80% 7.93 mol gcat-1 h-1 [67]

FeSA-NS/C 0.1 M HCl 90% 4.95 mol gcat-1 h-1 [68]

h-SnO2 1 M KOH 99% 3.19 mol gcat-1 h-1 [69]

NiB2 0.1 M KOH 99% 4.75 mol gcat-1 h-1 [70]

ZnO3C 0.1 M KOH 89% 0.35 mol gcat-1 h-1 [71]

NiOx-C 0.1 M KOH 91% / [72]

c-WO3 0.1 M KOH 90% 0.179 mol gcat-1 h-1 [73]

{001}-Fe2O3-x 0.1 M KOH 95% 0.454 mol gcat-1 h-1 [74]

TiO2-x 0.1 M KOH 94% 18.1 mmol L-1 h-1 [75]

Cu-TiO2 0.1 M KOH 91% 0.461 mol gcat-1 h-1 [76]

ZnO@ZnO2 0.1 M K2SO4 100 % 5.47 mol gcat-1 h-1 [77]

O-CNTs 0.1 M KOH 90% 0.112 mol gcat-1 h-1 [78]

Co1-NG(O) 0.1 M KOH 80%@0.4 ~0.418 mol gcat-1 h-1 [79]

Co-POC-O 0.1 M KOH 84%@0.8 / [80]

Co-N SACDp 0.1 M HClO4 94%@0.5 26.7 mg cm-2 h-1 [81]

Co-N2-C/HO 0.1 M KOH 91.2%@0.7 6.91 mol gcat-1 h-1 [82]

OCNS800 0.1 M KOH 91% 0.77 mol gcat-1 h-1 [83]

N,O-CNTs 0.1 M KOH 95% 0.265 mol gcat-1 h-1 [84]

NiNb2O6 0.1 M KOH 96% 0.996 mol gcat-1 h-1 [85]

O-C(Al) 0.1 M NaOH 97% 0.51 mol gcat-1 h-1 [86]

Fe-CNT 0.1 M KOH 97% 0.678 mol gcat-1 h-1 [87]

Co-Zn DAC 0.1 M HClO4 94.8% 10.5 mol gcat-1 h-1 [88]
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Supplementary Table 7. Calculated initial Zr–O bond lengths (Å) of the local530

coordination polyhedra in the perfect ZrO2.531

Perfect ZrO2 Zr1 (Å) Zr2 (Å) Zr3 (Å) Zr4 (Å)

Zr–O1 2.078 2.078 2.078 2.078

Zr–O2 2.078 2.078 2.078 2.078

Zr–O3 2.078 2.078 2.078 2.078

Zr–O4 2.078 2.078 2.078 2.078

Zr–O5 2.388 2.388 2.388 2.388

Zr–O6 2.388 2.388 2.388 2.388

Zr–O7 2.388 2.388 2.388 2.388

Zr–O8 2.388 2.388 2.388 2.388

532
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Supplementary Table 8. Calculated Zr–O bond lengths (Å) of the local coordination533

polyhedra in the F2-Zr4+.534

F2-Zr4+ Zr1 (Å) Zr2 (Å) Zr3 (Å) Zr4 (Å)

Zr–O1 2.099 2.099 2.054 2.054

Zr–O2 2.105 2.105 2.061 2.061

Zr–O3 2.105 2.105 2.061 2.061

Zr–O4 2.288 2.288 2.079 2.079

Zr–O5 2.288 2.288 2.366 2.366

Zr–O6 2.322 2.322 2.377 2.377

Zr–O7 2.458 2.458 2.377 2.377

535



69

Supplementary Table 9. Calculated Zr–O bond lengths (Å) of the local coordination536

polyhedra in the F1-Zr4+.537

F1-Zr4+ Zr1 (Å) Zr2 (Å) Zr3 (Å) Zr4 (Å)

Zr–O1 2.060 2.060 2.045 2.045

Zr–O2 2.089 2.089 2.054 2.054

Zr–O3 2.089 2.089 2.066 2.066

Zr–O4 2.257 2.257 2.066 2.066

Zr–O5 2.257 2.257 2.303 2.303

Zr–O6 2.283 2.283 2.309 2.309

Zr–O7 2.302 2.302 2.309 2.309

538
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Supplementary Table 10. Calculated Zr–O bond lengths (Å) of the local539

coordination polyhedra in the F2-Zr3+.540

F2-Zr3+ Zr1 (Å) Zr2 (Å) Zr3 (Å) Zr4 (Å)

Zr–O1 2.157 2.157 2.061 2.061

Zr–O2 2.157 2.157 2.064 2.064

Zr–O3 2.164 2.164 2.064 2.064

Zr–O4 2.293 2.293 2.093 2.093

Zr–O5 2.293 2.293 2.403 2.403

Zr–O6 2.332 2.332 2.440 2.440

Zr–O7 2.611 2.611 2.440 2.440

541
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Supplementary Table 11. Calculated Jahn-Teller distortions and the average542

distortion of the four Zr sites adjacent to the F center of F2-Zr4+, F1-Zr4+ and F2-Zr3+.543

Model Zr1 Zr2 Zr3 Zr4 Average

F2-Zr4+ 0.0517 0.0517 0.0690 0.0690 0.0600

F1-Zr4+ 0.0437 0.0437 0.0564 0.0564 0.0501

F2-Zr3+ 0.0477 0.0477 0.0787 0.0787 0.0632

Note: The corresponding distortion parameters ε1 were calculated according to544

equation[89]:545

ε1 =
1
7

Ri-Ra
Ra

�

where Ri represents the length of each bond, and Ra denotes the average bond length546

of each system.547

548
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Supplementary Table 12. Lattice parameters of perfect ZrO2, F2-Zr4+, F1-Zr4+ and549

F2-Zr3+.550

Model a/Å, α/° b/Å, β/° c/Å, γ/°

Perfect ZrO2 7.1986, 90 7.1986, 90 10.4288, 90

F2-Zr4+ 7.1788, 90 7.2065, 90 10.4010, 90

F1-Zr4+ 7.1637, 90 7.1937, 90 10.3958, 90

F2-Zr3+ 7.2286, 90 7.2408, 90 10.5031, 90

Note: The uniaxial strain (ε2) formula to calculate the average absolute distortion551

degree across the three crystallographic axes for the different defect models compared552

to the perfect cell[90].553

ε2=
aperfect-adefect

aperfect
+

bperfect-bdefect
bperfect

+
cperfect-cdefect

cperfect

3
ⅹ100 %554

The variables aperfect, bperfect and cperfect represent the lattice constants of the perfect555

ZrO2. adefect, bdefect and cdefect denote the respective lattice parameters of the defective556

ZrO2 containing different F centers.557

558
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Supplementary Table 13. Convergence test of the total energy and energy difference559

(|ΔE|) with respect to the plane-wave cutoff energy for the F2-Zr3+ model.560

Cut off energy Etotal (eV) Atom number |ΔE| (meV/atom)

300 eV -2135.6967 216 /

350 eV -2076.7217 216 273.03

400 eV -2062.9488 216 63.763

450 eV -2058.8014 216 19.201

500 eV -2058.8175 216 0.0745

561



74

Supplementary Table 14. Convergence test of the total energy and energy difference562

(|ΔE|) with respect to the k-point mesh density for the F2-Zr3+ model.563

k-mesh Etotal (eV) Atom number |ΔE| (meV/atom)

(1  1  1) -2058.7731 216 /

(1  2  1) -2058.7788 216 0.0264

(2  2  1) -2058.8014 216 0.1046

564
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Supplementary Table 15. Convergence test of the total energy and energy difference565

(|ΔE|) with respect to the precision parameter (PREC) for the F2-Zr3+ model.566

PREC Etotal (eV) Atom number |ΔE| (meV/atom)

Fast -2058.0330 216 /

Normal -2058.8014 216 3.5574

Accurate -2058.6742 216 0.5889

567
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Supplementary Table 16. Entropies, zero-point energies, and solvation correction568

energies of the intermediates.569

Intermediate TS (eV) EZPE (eV) Ew (eV)

*O2 0.000[60] 0.111[60] -0.32[92]

*OOH 0.000[60] 0.448[60] -0.54[92]

H2 0.410[60] 0.293[60] /

H2O 0.670[60] 0.607[60] /

O2 0.634[91] 0.096[61] /

Note: EZPE is the zero-point energy correction, TS is the entropy contribution at570

298.15 K, and Ew represents the aqueous solvation correction.571

572
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Supplementary Table 17. Calculated free energy change of each reaction step on the573

Perfect ZrO2, F2-Zr3+ and F1-Zr4+ at 0 V.574

Surface ΔG1 (*O2) U = 0 ΔG2 (*OOH) U = 0

Perfect-ZrO2 (011) -0.271 -0.299

F2-Zr3+ -0.337 -0.625

F1-Zr4+ -0.634 -1.092

575
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Supplementary Table 18. Comparison of the calculated free energy change of each576

reaction step on perfect ZrO2 between this work and previous literature.577

Surface ΔG1 (*O2) U = 0 ΔG2 (*OOH) U = 0

This work

Perfect-ZrO2 (011)
-0.271 -0.299

m-ZrO2 (-111)[60] -0.250 -0.246

m-ZrO2 (-101)[60] -0.292 -0.434

m-ZrO2 (110)[60] -0.382 -0.526

Note: The calculated adsorption free energies of *O2 and *OOH on perfect ZrO2 are578

-0.271 and -0.299 eV, respectively, which are close to the reported ranges for579

monoclinic ZrO2 facets (-0.250 to -0.382 eV for *O2 and -0.246 to -0.526 eV for580

*OOH). This agreement supports the reliability of our computational setup.581

582
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Supplementary Table 19. Comparison of the calculated free energy change of each583

reaction step on defective ZrO2 between this work and previous literature.584

Surface ΔG1 (*O2) U = 0 ΔG2 (*OOH) U = 0

F2-Zr3+ -0.337 -0.625

F1-Zr4+ -0.634 -1.092

t-ZrO2 (101) VO2 path1[61] -0.328 -1.616

t-ZrO2 (101) VO2 path2[61] -0.328 -1.616

t-ZrO2 (101) VO2 path3[61] -0.328 -1.329

t-ZrO2 (101) VO2 path4[61] -0.328 -1.329

t-ZrO2 (101) VO3 path1[61] -0.229 -1.383

t-ZrO2 (101) VO3 path2[61] -0.229 -1.383

Note: Compared with conventional neutral oxygen vacancies in ZrO2 reported by585

Muhammady et al., the charged F-center models show distinct adsorption behavior.586

For *O2, F2-Zr3+ gives a comparable adsorption free energy (-0.337 vs. -0.229 to587

-0.328 eV), while F1-Zr4+ binds *O2 more strongly (-0.634 eV). In contrast, the *OOH588

adsorption on F2-Zr3+ and F1-Zr4+ (-0.625 and -1.092 eV) is weaker than that on589

neutral oxygen vacancies (-1.329 to -1.616 eV). These differences reflect the590

influence of the explicit charge states of F centers on the surface electronic structure591

and intermediate binding strength.592

593
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