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1. Materials preparation: The synthesis of all the metal oxides used in our study have been 30 

reported previously, with the exception for Mn2O3 and CuO. The synthesis of BiVO4 films was 31 

reported in ref.1. Single crystal TiO2 (100) was purchased from MTI Corporation (we note a single 32 

crystal sample was used for TiO2), reported in ref.2. The syntheses of Cr2O3, Fe2O3, and NiO films 33 

were reported in ref.3. The syntheses of Mn2O3 and CuO films used in this study are described 34 

below. 35 

 36 

Preparation of Mn2O3: Mn2O3 thin films were synthesised by adapting our previously used Fe2O3 37 

sol-gel synthesis procedure.3 MnCl2·4H2O (0.66 g, 3.33 mmol) and citric acid (0.64 g, 3.33 mmol) 38 

were dissolved in ethanol (10 mL). The resulting solution was stirred in a closed round bottom 39 

flask at 60 °C for 6-7 h. After this time, DMF 20 μL was added as a drying control reagent and the 40 

solution was stirred for additional 30 min. The solution was then spin coated onto quartz glass 41 

substrates (5000 rpm, 50 s) and the deposited films were annealed in air (20 min at 120 °C). A 42 

second layer was then spin coated on top of the first one (5000 rpm, 50 s) and the films were 43 

annealed again (20 min at 120 °C). Finally, the films were annealed at 550 °C (ramp: 10 min to 80 44 

°C, 20 min at 80 °C, 1 h to 550 °C, 4 h at 550 °C) to complete the conversion to Mn2O3 (confirmed 45 

by structural analyses in Section S2). The films were then allowed to cool to room temperature 46 

within the oven. 47 

 48 

Preparation of CuO: CuO was synthesis by an aerosol-assisted chemical vapour deposition method 49 

based on literature reported pathway4, 5. Details on the set-up used are published elsewhere6. 50 

Copper (II) nitrate hemipentahydrate (0.1 M) in methanol (40 mL) was aerosolised an ultrasonic 51 

humidifier (2 MHz, Liquifog, Johnson Matthey) and carried over the heated quartz substrate held 52 

at 350 °C using compressed air at a flow rate of 2 litres per minute (MFC, Brooks) over a period 53 

of ∼20 min until the solution was fully transferred. The sample was then annealed in air at 500 °C 54 

for 12 hrs to ensure full conversion of any potential Cu or Cu2O impurities into the CuO (confirmed 55 

by structural analyses in Section S2). 56 

 57 

2. Materials structural characterisation: Apart from Mn2O3 and CuO, the structural 58 

characterisation of all samples used in this study have been reported previously1-3, 7. The collected 59 

X-ray diffraction (XRD) data of BiVO4, TiO2, Mn2O3, and CuO were further fitted based on Le 60 
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Bail model with using standard parameters from the Physical Sciences Data-Science database. All 61 

these XRD parameters were summarised in Table S1, and the XRD parameters for the rest of 62 

TMOs (Cr2O3, Fe2O3, and NiO) used in this study can be found in ref.3. All materials are in dense 63 

thin films with thicknesses ranging from 30 to 130 nm, except for bulk single crystal TiO2 (0.5 64 

mm in thickness).  65 

 66 

3. Femtosecond transition absorption spectroscopy (fs-TAS): The fs-TAS setup used in this 67 

work is based on a regeneratively amplified Ti:sapphire laser (Solstice, Spectra-Physics) that is 68 

pumped by an intracavity-doubled, Q-switched, diode-pumped Nd:YLF laser (Empower systems, 69 

Spectra-Physics) and seeded by a diode-pumped, mode-locked Ti:sapphire laser (Mai Tai system, 70 

Spectra-Physics). The output from the regenerative laser comprises 800 nm laser pulses with a 71 

temporal width of 92 fs at a 1 kHz repetition rate. The 800 nm beam is subsequently divided into 72 

two parts, which are used to generate pump and probe pulses. The pump portion is directed to an 73 

optical parametric amplifier (TOPAS Prime, Light Conversion) and a frequency mixer (NirUVis, 74 

Light Conversion), which allows generation of pulses with specific wavelengths and can be tuned 75 

from 290 nm to the NIR region. The pump pulse is then directed through a depolarizer and is 76 

focused on the sample as the excitation light source.  77 

 78 

The probe portion of the 800 nm pulse is first directed to a delay stage that allows pump-probe 79 

delay times of ∼ 6 ns. After the delay stage, the probe pulse is focussed into an yttrium aluminium 80 

garnet (YAG) crystal in which a NIR continuum (850–1650 nm) is generated via self-phase 81 

modulation. The continuum probe pulse is split into two parts using a semi-transparent mirror, 82 

with one portion used to capture the signal of interest and the other to function as a reference that 83 

mitigates the effects of beam fluctuations, thereby enhancing the signal-to-noise ratio. The ‘signal’ 84 

and ‘reference’ probe pulses are collected using separate multichannel spectrometers (Si or InGaAs 85 

sensors) transmitted through optical fibres.  86 

 87 

An automated femtosecond transient absorption spectrometer (Helios, Ultrafast Systems) is used 88 

for the pump-probe measurement and data collection. Prior to data collection, temporal and spatial 89 

overlap between the pump and ‘signal’ probe pulses is achieved. The transmitted probe pulses with 90 

and without pump pulse are measured using an optical chopper rotating at 500 Hz. The transient 91 
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absorption signal ΔA is calculated according to Δ𝐴 = −log(
𝐼𝑤

𝐼𝑤𝑜
), where 𝐼𝑤 is the transmitted probe 92 

pulse intensity with pump and 𝐼𝑤𝑜 is the one without pump. The energies of the pump pulse were 93 

measured using an energy meter (VEGA P/N 7Z01560, OPHIR Photonics), and the laser fluences 94 

of 2.1-2.9 mJ cm-2 were estimated with a 500 μm diameter aperture at room temperature in air.  95 

 96 

4. Temperature dependent fs-TAS characterization: An optical cryostat (Oxford Instruments 97 

OptistatDN-V) was used to control the temperatures between 78-505 K. The cryostat was inserted 98 

at the sample position in fs-TAS setup to perform temperature dependent fs-TAS. During the 99 

measurement, the temperatures were changed randomly. After each temperature setpoint, the 100 

system was allowed to stabilize for 20 min before data collection to ensure a uniform temperature 101 

inside the cryostat. All the samples were found to be stable over the measured temperature range.  102 

 103 

5. Density functional theory (DFT+U) calculations: Total energy calculations were performed 104 

using spin-polarised density functional theory (DFT+U) as implemented in the Vienna ab-initio 105 

Simulation Package (VASP) 8, 9 using the rotationally invariant DFT+U formalism proposed by 106 

Dudarev et al10. We employed the projector-augmented wave (PAW) method and the Perdew, 107 

Burke and Ernzerhof exchange-correlation functional together with the Hubbard U correction of 108 

U=4.0 eV for Fe atoms, which was determined after a series of calculations. In all the calculations, 109 

we employed a 2x2x1 supercell with 120 atoms (the charge of the simulation cell was set using 110 

the NELECT tag within VASP, which includes a homogeneous background charge for charged 111 

simulation cells), a plane wave kinetic energy cutoff of 500 eV, and 3x3x2 k-points mesh for the 112 

Brillouin zone integration. The convergence criteria were set to 10−5 eV for the electronic self-113 

consistent iteration and 0.01 eV/Å for the atomic forces on all atoms during ionic relaxations. 114 

 115 

The polaron bonding energy Ep was calculated as the total energy difference between two models 116 

of -Fe2O3 containing an additional electron that could be either delocalised or localised 11. For 117 

the delocalised state, the pristine bulk -Fe2O3 structure was used, and the total energy of the 118 

system was calculated by adding an extra electron to the supercell. For the localised state, two 119 

different strategies were employed to model polaron formation. The first strategy relied on the 120 

bond distortion method 12, in which Fe-O bonds around a specific Fe atom were symmetrically 121 

elongated and the structure was used as an initial configuration for geometry optimization 122 
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calculations. For the second strategy, we applied the ShakeNBreak python package 13, 14 to generate 123 

ten initial configurations that contained chemically guided bond distortions and rattling around the 124 

same specific Fe atom. The first method is an efficient way to guide the formation of polarons 125 

during electronic structure calculations. The second method follows a general and automatic 126 

strategy to build distorted structures for point defects in solids, which was shown to enable the 127 

identification of low energy defect structures for different materials. In both strategies, the 128 

magnetic moment of a specific Fe atom was changed to accommodate the additional electron.   129 

 130 

For the bond distortion method, the FeO6 that contained the excess electron retained similar 131 

characteristics to the pristine one, with three shorter and three longer Fe-O bonds. The shorter Fe-132 

O were elongated from 1.93 Å in the pristine and delocalised solution to 2.01 Å following 133 

localization, while the longer bonds increased from 2.14 to 2.16 Å, Fig. 2c (II). Meanwhile, upon 134 

geometry optimization with an excess electron, all ten initial structures generated via the 135 

ShakeNBreak method yielded -Fe2O3 structures with the same structural characteristics and 136 

energies, Fig. 2c (III). In this case, the FeO6 with the excess electron became more asymmetric 137 

compared to the pristine -Fe2O3, with Fe-O ranging from 1.97 Å to 2.19 Å. The structure obtained 138 

with the ShakeNBreak method is slightly favoured to the one obtained from the bond distortion 139 

method, showing that the method can be useful to find other solutions for localized excess electrons 140 

that can be energetically favourable, or at least comparable, to the ones found via standard 141 

modelling approaches.  142 

 143 

The Hubbard U correction of U=4.0 eV for Fe atoms was determined after a series of calculations 144 

and is similar to the U=4.3 eV value used for bulk -Fe2O3 in the literature15, 16. Table S1 145 

summarizes the results obtained with different values of U, showing that the usage of U=4.0 eV 146 

results in bandgap values close to the experimental bandgap of nearly 2.2 eV17-19. For reference, 147 

we also provide the results obtained with HSE06 functional20 for pristine -Fe2O3, the results of 148 

magnetic moment for the Fe atom with and without the polaron formation using the bond distortion 149 

method, the polaron binding energies with different values of U and the polaron binding energy 150 

calculated with the HSE06 functional from the literature11.     151 

 152 

6. Steady-state Uv-Vis-NIR absorption spectroscopy characterizations 153 
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The steady state Uv-Vis-NIR absorption spectra were performed in Cary 7000 Universal 154 

Measurement Spectrophotometer (UMS). Note the step at ~ 850 nm in some spectra is an 155 

instrument artefact. 156 

 157 

7. Small polaron absorption analysis. 158 

In Equation 1, 𝐶 =
2𝑍𝑒2𝑎2𝑛0

𝑐
 𝐽2 , in which 𝐽 is the electronic coupling matrix element; 𝑍 is the 159 

number of nearest neighbours for polaron hopping; e is the elementary charge; 𝑎 is the lattice 160 

constant; 𝑛0 is the small polaron density; c is the speed of light in vacuum. We used C as a fitting 161 

constant without considering the details parameters included.  162 

 163 

 164 

 165 

 166 

 167 

 168 

 169 

 170 

 171 

 172 

 173 

 174 

 175 

 176 

 177 

 178 

 179 

 180 

 181 

 182 

 183 

 184 
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 185 

 186 

 187 

Fig. S1. XRD pattern of BiVO4 sample compared to the reference data 21. The instrumentation 188 

of raw data collection can be found in ref.1.  189 

 190 

 191 

 192 

 193 

Fig. S2. XRD pattern of TiO2 sample compared to the reference data 22. The raw data were 194 

collected in 𝜃 − 2𝜃 mode with X-ray beam of 8.040 keV (Cu Kα), performed in a Bruker Focus 195 

D8 diffractometer.  196 
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 197 

 198 

Fig. S3. XRD pattern of Mn2O3 sample compared to the reference data 23. The raw data were 199 

collected in grazing incidence mode with X-ray beam of 8.040 keV (Cu Kα) in an incident angle 200 

of 0.3°, performed in a PANalytical Empyrean diffractometer.   201 

 202 

 203 

 204 

 205 

 206 

Fig. S4. XRD pattern of CuO sample compared to the reference data 24. The raw data were 207 

collected in grazing incidence mode with X-ray beam of 8.040 keV (Cu Kα) in an incident angle 208 

of 0.3°, performed in a PANalytical Empyrean diffractometer.   209 

 210 
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Table S1. XRD parameters summary. Part of TMOs parameters was summarized here, and the 211 

rest can be found in ref. 3. 212 

 213 

 214 

 215 

 216 

 217 

 218 

Standard samples referred to BiVO4 
21, TiO2 

22, Mn2O3 
23, and CuO 24. The crystal forms of TiO2 219 

and BiVO4 are rutile and tetragonal scheelite, respectively.  220 

 221 
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Table S2: Calculations to determine the Hubbard U correction of U=4.0 eV for Fe atoms. 222 

The value of U=4.0 used in this work is close to the U=4.3 eV value used in the literature and can 223 

reproduce the bandgap of nearly 2.2 eV17-19 experimentally determined for -Fe2O3.       224 

    225 

 226 

 227 

 228 

 229 

 230 

 231 

 232 

 233 

 234 

 235 

 236 

 237 
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 238 

 239 

Fig. S5. Steady-state Uv-Vis-NIR absorption spectrum of BiVO4 film. 240 

 241 

 242 

 243 

 244 

Fig. S6. Steady-state Uv-Vis-NIR absorption spectrum of TiO2 single crystal. 245 

 246 

 247 
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 248 

 249 

Fig. S7. Steady-state Uv-Vis-NIR absorption spectrum of Cr2O3 film. 250 

 251 

 252 

 253 

Fig. S8. Steady-state Uv-Vis-NIR absorption spectrum of Mn2O3 film. 254 

 255 

 256 

 257 
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 258 

 259 

Fig. S9. Steady-state Uv-Vis-NIR absorption spectrum of Fe2O3 film.  260 

 261 

 262 

 263 

Fig. S10. Steady-state Uv-Vis-NIR absorption spectrum of NiO film. 264 

 265 

 266 

 267 
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 268 

 269 

Fig. S11. Steady-state Uv-Vis-NIR absorption spectrum of CuO film. 270 

 271 

 272 

 273 

 274 

 275 

 276 

 277 

 278 

 279 

 280 

 281 

 282 

 283 

 284 

 285 

 286 

 287 

 288 

 289 

 290 
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 291 

 292 

Fig. S12. The evolution of fs-TAS spectra collected on BiVO4 film, with an excitation wavelength 293 

of 3.5 eV (355 nm, fluence of 2.5 mJ∙cm-2). 294 

 295 

 296 

 297 

Fig. S13. The evolution of fs-TAS spectra collected on TiO2 crystal, with an excitation wavelength 298 

of 3.5 eV (355 nm, fluence of 2.5 mJ∙cm-2). 299 

 300 

 301 

 302 
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 303 

 304 

Fig. S14. The evolution of fs-TAS spectra collected on Cr2O3 film, with an excitation wavelength 305 

of 4.1 eV (305 nm, fluence of 2.2 mJ∙cm-2). 306 

 307 

 308 

 309 

Fig. S15. The evolution of fs-TAS spectra collected on Mn2O3 film, with an excitation wavelength 310 

of 3.5 eV (355 nm, fluence of 2.3 mJ∙cm-2). 311 

 312 

 313 
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 314 

 315 

Fig. S16. The evolution of fs-TAS spectra collected on Fe2O3 film, with an excitation wavelength 316 

of 3.5 eV (355 nm, fluence of 2.5 mJ∙cm-2); (a) the full spectra; (b) the chosen spectra from 1 ps 317 

to 6000 ps. After 0.65 ps, only one peak was observed at 1.24 eV and kept decreasing until the end 318 

of the detection (see Fig. S16b).  319 

 320 

 321 

 322 

 323 

 324 

 325 
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 326 

 327 

Fig. S17. The evolution of fs-TAS spectra collected on dense NiO film, with an excitation 328 

wavelength of 4.1 eV (305 nm, fluence of 2.1 mJ∙cm-2). 329 

 330 

 331 

 332 

Fig. S18. The evolution of fs-TAS spectra collected on mesoporous NiO film, with an excitation 333 

wavelength of 3.5 eV (355 nm, fluence of 2.5 mJ∙cm-2). Similar fs-TAS evolution were observed 334 

in dense NiO and MP_NiO films, even in different film structures and excitation wavelengths.  335 

 336 
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 337 

 338 

Fig. S19. The evolution of fs-TAS spectra collected on CuO film, with an excitation wavelength 339 

of 3.5 eV (355 nm, fluence of 2.9 mJ∙cm-2). 340 

 341 

 342 

 343 

 344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 
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 352 

 353 

Fig. S20. Three representative averaged fs-TAS spectra chosen from the respective probe-delay 354 

windows in d0-d9 metal oxides studied. 355 

 356 
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 357 

 358 

Fig. S21. Top: fs-TAS absorption of BiVO4 film in the first 300 fs (red dots), with an excitation 359 

wavelength of 3.5 eV (355 nm, fluence of 2.5 mJ∙cm-2); Drude model fitting (blue dash line) and 360 

the fitted scaling exponents α = 2.14 ± 0.02 was inserted. Bottom: fitting residuals.    361 

 362 

 363 

 364 

 365 

Fig. S22. Top: fs-TAS absorption of TiO2 crystal in the first 300 fs (red dots), with an excitation 366 

wavelength of 3.5 eV (355 nm, fluence of 2.5 mJ∙cm-2); Drude model fitting (blue dash line) and 367 

the fitted scaling exponents α = 1.90 ± 0.03 was inserted. Bottom: fitting residuals.    368 

 369 

 370 

 371 

 372 

 373 

 374 
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 375 

 376 

Fig. S23. Top: fs-TAS absorption of Cr2O3 film in the first 300 fs (red dots), with an excitation 377 

wavelength of 4.1 eV (305 nm, fluence of 2.2 mJ∙cm-2); In Cr2O3, Drude model fitting (blue dash 378 

line) is not successful, implying no free charge absorption observed in 100-300 fs. Bottom: fitting 379 

residuals.  380 

 381 

 382 

 383 

 384 

Fig. S24. Top: fs-TAS absorption of Mn2O3 film in the first 300 fs (red dots), with an excitation 385 

wavelength of 3.5 eV (355 nm, fluence of 2.3 mJ∙cm-2); Drude model fitting (blue dash line) and 386 

the fitted scaling exponents α = 0.95 ± 0.02 was inserted. Bottom: fitting residuals.    387 

 388 

 389 

 390 

 391 



 

 

23 

 

 392 

 393 

Fig. S25. Top: fs-TAS absorption of NiO dense film in the first 300 fs (red dots), with an excitation 394 

wavelength of 4.1 eV (305 nm, fluence of 2.1 mJ∙cm-2); Drude model fitting (blue dash line) and 395 

the fitted scaling exponents α = 1.95 ± 0.03 was inserted. Bottom: fitting residuals.    396 

 397 

 398 

 399 

 400 

Fig. S26. Top: fs-TAS absorption of CuO film in the first 300 fs (red dots), with an excitation 401 

wavelength of 3.5 eV (355 nm, fluence of 2.9 mJ∙cm-2); Drude model fitting (blue dash line) and 402 

the fitted scaling exponents α = 1.96 ± 0.03 was inserted. Bottom: fitting residuals. 403 

 404 

 405 

 406 

 407 

 408 

 409 
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 410 

 411 

 412 

Fig. S27. Top: fs-TAS absorption of BiVO4 film after free charge localization (red dots), with an 413 

excitation wavelength of 3.5 eV (355 nm, fluence of 2.5 mJ∙cm-2); The absorption spectrum was 414 

fitted with small polaron absorption model (blue dash line), and the fitted results were summarized 415 

in Table 1. Bottom: fitting residuals.     416 

 417 

 418 

 419 

 420 

Fig. S28. Top: fs-TAS absorption of TiO2 crystal after free charge localization (red dots), with an 421 

excitation wavelength of 3.5 eV (355 nm, fluence of 2.5 mJ∙cm-2); The absorption spectrum was 422 

fitted with small polaron absorption model (blue dash line), and the fitted results were summarized 423 

in Table 1. Bottom: fitting residuals.    424 

 425 
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 426 

 427 

Fig. S29a. Top: fs-TAS absorption of Cr2O3 film after free charge localization (red dots), with an 428 

excitation wavelength of 3.8 eV (330 nm, fluence of 0.8 mJ∙cm-2); The absorption spectrum was 429 

fitted with small polaron absorption model (blue dash line). Bottom: fitting residuals.    430 

 431 

 432 

 433 

 434 

Fig. S29b. Top: fs-TAS absorption of Cr2O3 film after free charge localization (red dots), with an 435 

excitation wavelength of 4.1 eV (305 nm, fluence of 2.2 mJ∙cm-2); The absorption spectrum was 436 

fitted with small polaron absorption model (blue dash line), and the fitted results were summarized 437 

in Table 1. We use the result in Fig. S29a. to prove the peak observed in Fig. S29b. is reliable, 438 

even if the data are a bit scattered after 1 eV. Bottom: fitting residuals. 439 

 440 

 441 
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 442 

 443 

Fig. S30. Top: fs-TAS absorption of Mn2O3 film after free charge localization (red dots), with an 444 

excitation wavelength of 3.5 eV (355 nm, fluence of 2.3 mJ∙cm-2); The absorption spectrum was 445 

fitted with small polaron absorption model (blue dash line), and the fitted results were summarized 446 

in Table 1. Bottom: fitting residuals.    447 

 448 

 449 

 450 

 451 

Fig. S31a. Top: fs-TAS absorption of Fe2O3 film after free charge localization (red dots), with an 452 

excitation wavelength of 3.5 eV (355 nm, fluence of 2.5 mJ∙cm-2); The absorption spectrum was 453 

fitted with small polaron absorption model (blue dash line), and the fitted results were summarized 454 

in Table 1. Bottom: fitting residuals.    455 

 456 

 457 

 458 
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 459 

 460 

Fig. S31b. The excitation-energy dependence of the fs-TAS spectra of Fe2O3 acquired at 5ps.  461 

 462 

 463 

 464 

Fig. S32. Top: fs-TAS absorption of dense NiO film after free charge localization (red dots), with 465 

an excitation wavelength of 4.1 eV (305 nm, fluence of 2.1 mJ∙cm-2); The absorption spectrum 466 

was fitted with small polaron absorption model (blue dash line), and the fitted results were 467 

summarized in Table 1. Bottom: fitting residuals.  468 

 469 

   470 
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 471 

 472 

Fig. S33. Top: fs-TAS absorption of mesoporous NiO (NiO_MP) film after free charge 473 

localization (red dots), with an excitation wavelength of 4.1 eV (305 nm, fluence of 2.1 mJ∙cm-2); 474 

The absorption spectrum was fitted with small polaron absorption model (blue dash line), and the 475 

fitted results were summarized in Table S3. Bottom: fitting residuals. The mesoporous NiO_MP 476 

film was prepared based on previous publication25.  477 

 478 

 479 

Table S3. Comparison of small polaron absorptions from dense NiO thin film and mesoporous 480 

NiO film with rich defects. 481 

 482 

 483 

 484 

Even if Austin believed the absorption spectra observed in NiO should be attributed to trapped 485 

small hole polaron resulting from doped Li defects26, we argued, in this scenario, the optical 486 

absorption spectra will shift while altering the defects origins. However, the abroad optical 487 

absorption still centred at 0.95 eV, even in a well-reported mesoporous NiO film with rich Ni 488 

vacancies25 (see Fig. S31).  489 

 490 
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 491 

 492 

Fig. S34. Top: fs-TAS absorption of CuO film after free charge localization (red dots), with an 493 

excitation wavelength of 3.5 eV (355 nm, fluence of 2.9 mJ∙cm-2); The absorption spectrum was 494 

fitted with small polaron absorption model (blue dash line), and the fitted results were summarized 495 

in Table 1. Bottom: fitting residuals.   496 

 497 

 498 

 499 

 500 

 501 

 502 

 503 

 504 

 505 

 506 

 507 

 508 
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 509 

 510 

Fig. S35. Top: kinetic analysis of small polaron formation of BiVO4 at 78.3 K with a single 511 

exponential fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals.    512 

 513 

 514 

 515 

Fig. S36. Top: kinetic analysis of small polaron formation of BiVO4 at 150 K with a single 516 

exponential fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 517 

 518 

 519 
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 520 

Fig. S37. Top: kinetic analysis of small polaron formation of BiVO4 at 220 K with a single 521 

exponential fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 522 

 523 

 524 

 525 

Fig. S38. Top: kinetic analysis of small polaron formation of BiVO4 at 295 K with a single 526 

exponential fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 527 

 528 

 529 

 530 

 531 

Fig. S39. Top: kinetic analysis of small polaron formation of BiVO4 at 420 K with a single 532 

exponential fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 533 

 534 
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 535 

 536 

Fig. S40. Top: kinetic analysis of free electron decay of BiVO4 at 78.3 K with a single exponential 537 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 538 

 539 

 540 

 541 

 542 

Fig. S41. Top: kinetic analysis of free electron decay of BiVO4 at 150 K with a single exponential 543 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 544 

 545 
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 546 

 547 

Fig. S42. Top: kinetic analysis of free electron decay of BiVO4 at 220 K with a single exponential 548 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 549 

 550 

 551 

 552 

 553 

Fig. S43. Top: kinetic analysis of free electron decay of BiVO4 at 295 K with a single exponential  554 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 555 

 556 
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 557 

 558 

Fig. S44. Top: kinetic analysis of free electron decay of BiVO4 at 420 K with a single exponential 559 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 560 

 561 

 562 

 563 

 564 

Fig. S45. Top: kinetic analysis of small polaron formation of TiO2 at 78 K with a single 565 

exponential fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 566 

 567 
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 568 

 569 

Fig. S46. Top: kinetic analysis of small polaron formation of TiO2 at 150 K with a single 570 

exponential fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 571 

 572 

 573 

 574 

 575 

Fig. S47. Top: kinetic analysis of small polaron formation of TiO2 at 220 K with a single 576 

exponential fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 577 

 578 
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 579 

 580 

Fig. S48. Top: kinetic analysis of small polaron formation of TiO2 at 295 K with a single 581 

exponential fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 582 

 583 

 584 

 585 

 586 

Fig. S49. Top: kinetic analysis of small polaron formation of TiO2 at 420 K with a single 587 

exponential fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 588 

 589 
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 590 

 591 

Fig. S50. Top: kinetic analysis of small polaron formation of TiO2 at 505 K with a single 592 

exponential fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 593 

 594 

 595 

 596 

 597 

Fig. S51. Top: kinetic analysis of free charge decay of TiO2 at 78 K with a single exponential 598 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 599 

 600 
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 601 

 602 

Fig. S52. Top: kinetic analysis of free charge decay of TiO2 at 220 K with a single exponential 603 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 604 

 605 

 606 

 607 

 608 

Fig. S53. Top: kinetic analysis of free charge decay of TiO2 at 295 K with a single exponential 609 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 610 

 611 
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 612 

 613 

Fig. S54. Top: kinetic analysis of free charge decay of TiO2 at 420 K with a single exponential 614 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 615 

 616 

 617 

 618 

 619 

Fig. S55. Top: kinetic analysis of free charge decay of TiO2 at 505 K with a single exponential 620 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 621 
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 623 

 624 

Fig. S56. Top: kinetic analysis of small polaron formation of Mn2O3 at 78.4 K with a single 625 

exponential fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 626 

 627 

 628 

 629 

 630 

Fig. S57. Top: kinetic analysis of small polaron formation of Mn2O3 at 150 K with a single 631 

exponential fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 632 
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 634 

 635 

Fig. S58. Top: kinetic analysis of small polaron formation of Mn2O3 at 220 K with a single 636 

exponential fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 637 

 638 

 639 

 640 

 641 

Fig. S59. Top: kinetic analysis of small polaron formation of Mn2O3 at 295 K with a single 642 

exponential fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 643 

 644 



 

 

42 

 

 645 

 646 

Fig. S60. Top: kinetic analysis of small polaron formation of Mn2O3 at 355 K with a single 647 

exponential fitting. The fitted rate constant is inserted in the plot. Bottom: fitting residuals. 648 

 649 

 650 

 651 

 652 

Fig. S61. Top: kinetic analysis of small polaron formation of Mn2O3 at 420 K with a single 653 

exponential fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 654 
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 656 

 657 

Fig. S62. Top: kinetic analysis of small polaron formation of Mn2O3 at 505 K with a single 658 

exponential fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals. 659 

 660 

 661 

 662 

 663 

Fig. S63. Top: kinetic analysis of free charge decay of Mn2O3 at 78.4 K with a single exponential 664 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  665 

 666 

 667 
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 668 

Fig. S64. Top: kinetic analysis of free charge decay of Mn2O3 at 150 K with a single exponential 669 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  670 

 671 

 672 

 673 

 674 

 675 

Fig. S65. Top: kinetic analysis of free charge decay of Mn2O3 at 220 K with a single exponential 676 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  677 

 678 

 679 

 680 

Fig. S66. Top: kinetic analysis of free charge decay of Mn2O3 at 295 K with a single exponential 681 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  682 

 683 

 684 

 685 
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 686 

 687 

Fig. S67. Top: kinetic analysis of free charge decay of Mn2O3 at 355 K with a single exponential 688 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  689 

 690 

 691 

 692 

Fig. S68. Top: kinetic analysis of free charge decay of Mn2O3 at 7420 K with a single exponential 693 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  694 

 695 

 696 
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 698 

 699 

Fig. S69. Top: kinetic analysis of free charge decay of Mn2O3 at 505 K with a single exponential 700 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  701 

 702 

 703 

 704 

Fig. S70. Top: kinetic analysis of free charge decay of NiO at 78.4 K with a single exponential 705 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  706 

 707 

 708 
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 709 

 710 

Fig. S71. Top: kinetic analysis of free charge decay of NiO at 150 K with a single exponential 711 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  712 

 713 

 714 

 715 

Fig. S72. Top: kinetic analysis of free charge decay of NiO at 220 K with a single exponential 716 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  717 

 718 

 719 
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 720 

 721 

Fig. S73. Top: kinetic analysis of free charge decay of NiO at 295 K with a single exponential 722 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  723 

 724 

 725 

 726 

Fig. S74. Top: kinetic analysis of free charge decay of NiO at 355 K with a single exponential 727 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  728 

 729 

 730 
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 731 

 732 

Fig. S75. Top: kinetic analysis of free charge decay of NiO at 420 K with a single exponential 733 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  734 

 735 

 736 

 737 

Fig. S76. Top: kinetic analysis of free charge decay of NiO at 505 K with a single exponential 738 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  739 

 740 

 741 
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 742 

 743 

Fig. S77. Top: kinetic analysis of small polaron formation at 78.2 K with a single exponential 744 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  745 

 746 

 747 

 748 

Fig. S78. Top: kinetic analysis of small polaron formation at 150 K with a single exponential 749 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  750 

 751 
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 753 

 754 

Fig. S79. Top: kinetic analysis of small polaron formation at 220 K with a single exponential 755 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  756 

 757 

 758 

 759 

Fig. S80. Top: kinetic analysis of small polaron formation at 295 K with a single exponential 760 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  761 

 762 

 763 
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 764 

 765 

Fig. S81. Top: kinetic analysis of small polaron formation at 355 K with a single exponential 766 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  767 

 768 

 769 

 770 

Fig. S82. Top: kinetic analysis of small polaron formation at 420 K with a single exponential 771 

fitting. The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  772 

 773 

 774 
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 775 

 776 

Fig. S83. Top: kinetic analysis of free charge carriers at 78.2 K with a single exponential fitting. 777 

The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  778 

 779 

 780 

 781 

Fig. S84. Top: kinetic analysis of free charge carriers at 150 K with a single exponential fitting. 782 

The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  783 

 784 

 785 
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 786 

 787 

Fig. S85. Top: kinetic analysis of free charge carriers at 220 K with a single exponential fitting. 788 

The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  789 

 790 

 791 

 792 

Fig. S86. Top: kinetic analysis of free charge carriers at 295 K with a single exponential fitting. 793 

The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  794 

 795 

 796 
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 797 

 798 

Fig. S87. Top: kinetic analysis of free charge carriers at 355 K with a single exponential fitting. 799 

The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  800 

 801 

 802 

 803 

Fig. S88. Top: kinetic analysis of free charge carriers at 420 K with a single exponential fitting. 804 

The fitted rate constant was inserted in the plot. Bottom: fitting residuals.  805 

 806 

 807 

 808 

  809 
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 810 

 811 

Fig. S89. Temperature dependence of the decay of states2 and formation state3 in Fe2O3 film, 812 

excited with 3.5 eV (355 nm, fluence of 2.5 mJ∙cm-2). The rate constant was fitted by using a 813 

single-exponential model.            814 
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