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ABSTRACT. Hydrogen dopants and oxygen vacancies (OVs) play crucial roles in BiVO4
photoanodes. However, the decisive factor determining the charge transport of the hydrogenated
BiVOs, particularly with electron small polaron formation remains elusive. Here we show a
decreased charge transport barrier upon mildly hydrogenating the nanoporous BiVO4 photoanode,
as evidenced by the thermally-activating photocurrent responses. Monochromatic light
photoelectrochemical performance, temperature-dependent conductivity, proton nuclear magnetic
resonance, and density functional theory calculation disclose that the external hydrogen atoms
occupy the intrinsic OVs in the BiVOs, reducing the hopping activation energy and facilitating
electron small polarons transport. The resulting BiVO4 photoanode with NiFeOx cocatalyst
achieves an applied-bias photo-to-current efficiency of 1.91 % at 0.58 V vs. RHE with front-
illumination. This study extends the common understanding of the beneficial role in conventional

donor density/surface chemisorption mediations of hydrogen doping to now include small polaron

hopping.
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Bismuth vanadate (BiVOs) is a potential photoactive semiconductor for photoelectrochemical
(PEC) water splitting.!= Its favorable band energy levels, visible light absorption, and low cost
are attractive to practical applications.** Monoclinic BiVO4 photoanode with a nanoporous
structure developed by Kim et al. exhibited an excellent performance among the reported
counterparts.”® The hole charge transport inside the nanoporous BiVOs is no longer a limiting
factor to the performance as its feature dimension is shorter than its hole charge diffusion length
(~100 nm).” However, the ultimate performance of the BiVO4 photoanode is still substantially
hindered by its unsatisfactory charge transport, particularly by the low electron charge mobility
originating from electron small polaron formations and a high density of intrinsic trapping states.!°
The electron small polaron is introduced by the surrounding lattice distortion confined to a region
of the order of a unit cell, which hops from one site to the next with the help of lattice phonons,

generally resulting in modest electron mobility (0.044 cm? V-1 §-1) 11

Previous studies commonly performed the PEC tests of the BiVOs4 photoanodes under
illumination with incident light directing to the FTO side (back-illumination) as the higher
photocurrent density is observed compared with that of illuminated on the BiVO4 side (front-
illumination).'? Recent studies disclosed that the lower front-illumination photocurrent density of
BiVO4 photoanodes is mainly caused by trap-limited electron transport (Figure 1a),!? either due to
electron-defect (trapping states) coupling or to electron-lattice (small polarons) coupling.!*
Therefore, front-illuminated BiVO4 photoanodes with promising efficiencies are rarely reported,

particularly on the optically thick BiVO4 with nanoporous structure.!>!7

Heteroatom doping and post-synthetic treatment have been demonstrated as two effective
methods to tune the PEC performance of BiVO4 photoanodes.!32! Inspired by the pioneering work

of the hydrogenated TiO; reported by Chen et al.,*? an analogous approach has been pursued for



BiVO4 photoanodes.?*** The improved PEC activity was initially supposed to arise from the
simultaneous formation of oxygen vacancies (OVs) acting as shallow trapping states donating
electrons, thus increasing the conductivity.?>-?¢ However, Copper et al. revealed that the formed
OVs via hydrogen doping likely act as deep trapping states with ~1.4 eV above the valence band
of BiVOs, severing the nonradiative charge recombination.?’” Yang et al. unraveled that the
positively charged OVs could coulombically drag the electron small polaron hopping and lead to
bound polarons, further decreasing the electron mobility of BiVO4.!? We argue that the
constructive roles of OVs in PEC activity are subject to the condition that the OV density shall fall
within the proper range. On the other hand, proton nuclear magnetic resonance (\H NMR) studies
disclosed that hydrogen doping generated substitutional hydrogen atoms at OVs and interstitial
hydrogen in the BiVOs, which act as shallow donors determining the n-type conductivity.?”-?8
Although literature reported the crucial roles of hydrogen doping for BiVO4 photoanodes, the
conclusions of hydrogen dopants and OVs are still debatable and not fully understood at this stage.

The decisive factor determining the charge transport of the hydrogenated BiVOs, particularly with

electron small polaron formation remains elusive.

This work develops an effective method to mildly hydrogenate BiVO4 and revisits the polaron-
mediated charge transport in low-temperature hydrogen-treated BiVO4 photoanode. In addition to
the improved charge transport and increased donor density generally documented in other
literature, thermally-dependent photocurrent experiments suggest that the charge transport of the
prepared BiVO4 photoanode follows a hopping conduction mechanism, and the charge transport
barrier is decreased upon hydrogen doping (Figure 1b). Monochromatic light PEC performance,
temperature-dependent conductivity, 'H NMR, and density functional theory (DFT) calculation

further unravel that the electron small polaron hopping barrier near OVs of the BiVO4 is decreased



by mild hydrogen doping, and the liberated polaron hopping is likely due to the filling of OVs with

substitutional hydrogen dopants.
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Figure 1. Schematic illustration of the electron transport processes in a) pristine BiVO4 and

b) hydrogenated BiVO4 photoanode with the back and front illumination.

The nanoporous BiVOy thin films on the FTO substrate were synthesized using the method

developed by Kim et al. (details in the Experimental Section).” The hydrogen doping on the BiVO4

photoanodes was conducted in a sealed reactor with controlled pressure and temperature for 10

min. The treated samples are denoted as H-BiVO4-(Nz (bar): H> (bar), temperature). For example,



the BiVO4 photoanode hydrogenated at 180 °C in the gas mixture of N> (2.0 bar) and H> (1.0 bar)
is denoted as H-BiVO4-(2.0:1.0, 180 °C). The morphology, electrochemically active surface area,
crystalline phase, and light absorption properties of BiVO4 were not affected by the mild hydrogen
doping (Figure S1-S4, detailed descriptions in the Supporting Information). The effects of
hydrogen doping on the chemical states and defects induction of the BiVOs4 were then
characterized by X-ray photoelectron spectroscopy (XPS), electron paramagnetic resonance
(EPR), and low-temperature photoluminescence (PL) experiments (Figure S5a-d, detailed

descriptions in the Supporting Information). 2°-3!

The PEC studies of the hydrogenated and pristine BiVO4 photoanodes with front and back
illumination were investigated in 1 M KBi solution (pH=9.5) under AM 1.5G light illuminance
(100 mW cm™). The hydrogen partial pressure and the treatment temperature were optimized
based on the front-illumination photocurrent densities (Figures S6a and b), and the pressure of
N2:Hz (2.0:1.0) together with the temperature of 180 °C was chosen for further PEC water splitting
studies. Moreover, the hydrogenated BiVO4 photoanodes treated by the Parr reactor at different
hydrogen partial pressures and treatment temperatures show a clear trend in photocurrent change,
indicating better controllability in hydrogenation by the Parr reactor compared to the traditional

annealing treatment.?’
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Figure 2. (a) Current density-voltage (J-V) curves of pristine BiVO4 and H-BiVO4-(2.0:1.0,
180 °C) photoanodes measured under AM 1.5G simulated light illumination in 1 M KBi
solution. (b) The difference of current density (AJ) at 1.23 V vs. RHE between front and back

illumination determined from the J-V curves against the hydrogen treatment temperature.

The H-BiVO04-(2.0:1.0, 180 °C) photoanode shows an increase of front-illumination
photocurrent density (J20) 0f 2.05 + 0.02 mA cm™ at 1.23 V vs. RHE (Figure 2a), which is ~5.4
times of the pristine BiVOs (0.38 + 0.03 mA cm™). For the pristine BiVO4 photoanode, the
photocurrent density with back-illumination (0.75+ 0.02 mA c¢cm?) was about twice that of front-
illumination. The effective attenuation length of the incident light was determined to be 450 nm
for monoclinic BiVOs according to Lambert-Beer’s law.!* The film thickness of 1 um for the
prepared BiVOs is therefore optically thick. The observed inferior front-illumination PEC
performance of pristine BiVOy is consistent with the thickness-dependent photocurrent results in
the literature.!® Intriguingly, the H-BiVO4-(2.0:1.0, 180 °C) photoanode exhibited a reverse trend
with an even ~20% higher photocurrent density under the front-illumination than the back-
illumination. Moreover, the narrowed gap in photocurrent densities for front- and back-illuminated
BiVOs4 photoanode suggests that the charge transport has been greatly improved after the mild
hydrogen treatment, which is also consistent with the literature.’! To our knowledge, few reports
could achieve the reverse trend by post-synthetic treatment in switching the originally inferior
front-illumination system of optical thick BiVO4 photoanode into a more superior system as
compared with the back-illumination.!? On the other hand, for the over-treated BiVO4 photoanode
(with the hydrogen treatment duration of 24 h), the photocurrent density is significantly decreased
and even lower than that of the pristine BiVO4 (Figure S6c¢). This deteriorated phenomenon is

usually caused by the over-introduction of trapping defects by hydrogen impurities. The results



suggest that the effect of hydrogen doping on the charge transport of BiVOy is rather complex and

the delicate control of hydrogen doping level is important.

To prove the effect of mild hydrogen doping on the difference of photocurrent density with front
and back illumination (AJ), the results of the pristine BiVO4 and hydrogenated BiVO4 photoanodes
treated at different temperatures (90 °C, 150 °C, and 180 °C) are shown in Figure 2b and Figure
S7a-d. The AJ was initially negative (indicating photocurrent density of front-illumination being
poorer than that of back-illumination), and the magnitude of the difference was sequentially
reduced with raising the treatment temperature (< 150 °C). The AJ turned positive at 0.21 mA cm’
2 for the hydrogenated BiVOs photoanode treated at 180 °C. The lower front-illuminated
performance of the optically thick BiVO4 photoanode had been widely reported in the literature,
which is likely due to the bounded electron transport.?” From the front-side illumination, since the
predominant charge carriers generation happens away from FTO substrate, the charge collection
of photoinduced electrons is less efficient than that from the back-illumination caused by the trap-
limited electron transport and the resulting short electron diffusion length (Figure 1a).!* Given that
only ~80% of light (350-600 nm) could pass through FTO (Figure S8), it is reasonable to expect a
higher photocurrent density with front-illumination after suppressing the bounded electron
transport in the optically thick BiVO4 photoanodes. These results suggest that the mild hydrogen
doping mediates the charge transport of BiVO4 photoanodes, enabling a more efficient front-
illuminated performance. The improvements in charge separation (#sep), incident photon-to-current
efficiency (IPCE), absorbed photo-to-current conversion efficiency (APCE), and surface charge
injection efficiency (#inject) for BiVO4 photoanodes upon the mild hydrogen treatment were further
conducted in 1 M KBi solution with a hole scavenger of SO3* (Figure S9-S11, detailed

descriptions in the Supporting Information).



Pioneering studies have suggested that the poor electron transport has limited the front-
illumination performance of optically thick BiVO4.3? Experimental evidence from monochromatic
light PEC studies supports the different electron transport efficiencies of the pristine and
hydrogenated BiVO4 photoanodes. Figure 3a shows the photocurrent of the hydrogenated BiVO4
photoanode with a film thickness of >1 um at 1.23 V vs. RHE under front monochromatic light
illumination (440 nm and 490 nm) with different light intensities ranging from 0 to 1.2 mW. The
photocurrent was linearly enhanced with an increase of light intensity.>* As the optically thick
BiVOys film can fully absorb the incident light, the concentrations of photogenerated electron-hole
pairs are almost the same when the sample is excited with the same photon fluxes. In this situation,
the effective attenuation length of the incident light at a wavelength of 440 nm is shorter than that
of 490 nm. The region of photoinduced electron incident at 440 nm is further away from the
BiVO4/FTO interface compared with the 490 nm light under front-illumination. It means that the
photoinduced electrons have to pass through a longer distance to reach the FTO substrate incident
at 440 nm than 490 nm.>*3* Even so, the photocurrent obtained by 440 nm excitation is even higher
than that by 490 nm excitation for the hydrogenated BVO4 photoanode. The higher photocurrent
measured by the shorter-wavelength excitation from the front-side could be ascribed to the longer
electron-diffusion length and higher electron-collection efficiency after hydrogen doping. On the
other hand, the relationship is reversed, in which higher photocurrent is obtained by 490 nm
excitation for the pristine BiVO4 photoanode (Figure 3b), indicating its intrinsically poor electron

transport. The same trend was also observed under different light-intensity excitations.

Furthermore, the photocurrents measured under the front and back monochromatic light
illumination (440 nm) with different light intensities were also studied for the hydrogenated and

pristine BiVOs photoanodes (Figures 3¢ and d). The hydrogenated BiVO4 photoanode shows



higher photocurrents under front monochromatic light illumination than under back-illumination,
and their photocurrent increases along with the light intensity (linear slopes). On the other hand,
the pristine BiVO4 photoanode shows a much inferior photocurrent with front-illumination than
back-illumination under identical situations. The linear slope of the front-illuminated photocurrent
is also much smaller than the back-illumination. These findings suggest that the electrons with
high mobility produced by front-side light excitation on the hydrogenated BiVO4 photoanode can
be efficiently transported to the conductive substrate, resulting in a significant enhancement in
photocurrent generation than the pristine BiVO4 photoanode. The corresponding current-voltage

curves are given in Figure S12a-c, indicating the same trend in wider anodic potentials.
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Figure 3. Photocurrent at 1.23 V vs. RHE of (a) H-BiVO4-(2.0:1.0, 180 °C) photoanode and
(b) pristine BiVO4 photoanode under monochromatic light (440 nm and 490 nm) with
different light intensities from the front-illumination. Photocurrent at 1.23 V vs. RHE of (¢)
H-BiVO4-(2.0:1.0, 180 °C) photoanode and (d) pristine BiVOs photoanode under
monochromatic light (440 nm) with different light intensities from front and back

illumination.

The charge transit time, diffusion coefficient, and mobility of BiVO4 photoanodes with front and
back illumination are comparatively evaluated from the electrochemical impedance spectroscopy
(EIS) results (Figures S13a and b, calculation details in the Supporting Information).’>-*¢ The
calculated results show that the hydrogenated BiVO4 photoanode with front-illumination has the
shortest zq of 13.0 ps with the Dy of 7.67 x 10¢ cm? s and un 0£2.99 x 10* cm? V! 57!, For the H-
BiV04-(2.0:1.0, 180 °C) photoanode with back-illumination, the 74, Dy, and un are calculated to be
343 us, 291 x 10° cm? 57!, and 1.16 x 10 cm? V! 571, respectively. The results suggest that the
hydrogenated BiVO4 has better charge transport under front-illumination than back-illumination.
On the other hand, this relationship is reversed for the pristine BiVO4. The 74, Dy, and u. for the
pristine BiVOs under back/front illuminations are determined to be ca. 109.0/163.0 ps, 0.92 x 10
6/0.61 x 10 cm?s!, and 0.37 x 104/0.23 x 10* cm? V! 7!, respectively, indicating the intrinsically
poor charge transport under front-illumination for the pristine BiVO4 photoanode. The results
suggest that the mild hydrogen doping by parr reactor improves the charge transport with

increased charge mobility and relative charge diffusion length of BiVO4 photoanode.?®

We are now in a position to understand the underlying reasons for the improved charge transport,
which reverses the originally inferior front-illumination system of optical thick BiVO4 photoanode

into a superior system than that with back-illumination. As shown in Figure 4a-c, both the H-
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BiV04-(2.0:1.0, 180 °C) and pristine BiVO4 photoanodes show that the photocurrent densities
increase with temperature exponentially in an Arrhenius manner. The onset potential successively
shifted to a positive direction with raising the temperature due to increased surface charge
recombination as reported for Ti-doped Fe;O3 and Mo-doped BiVO4.'*** In Figure 4c, the
activation energy obtained from Arrhenius-type plots of InJ vs. 1/T at 1.0 V vs. RHE for the H-
BiV04-(2.0:1.0, 180 °C) photoanode (293 + 3 meV) is smaller than that of the pristine BiVO4
photoanode (532 + 5 meV). In most photovoltaic and PEC cells, thermal energy usually lowers the
photon-to-current conversion efficiency for band conductors with delocalized electron-hole pairs,
causing a slightly decreased electron mobility with raising the temperature.!**” In contrast, the
charge transport is expected to improve with temperature increase exponentially in an Arrhenius
manner for transition metal oxides with localized charge carriers conducting through a hopping
mechanism.? In these regards, the above results suggest that the charge carriers of the prepared
BiVO4 photoanodes with or without hydrogen doping follow a hopping conduction mechanism,

and the activation barrier for photoinduced charge carriers hopping is decreased upon mild

hydrogen doping.
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Figure 4. J-V curves of (a) pristine BiVO4 and (b) H-BiVO4-(2.0:1.0, 180 °C) photoanode
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plots of InJ vs. 1/T at 1.0 V vs. RHE acquired for pristine BiVO4 and H-BiVO4-(2.0:1.0, 180

°C) photoanodes.

The electron transport in BiVOy4 is assumed to follow a small polaron hopping mechanism. 3%
The electrons self-trapped in the surrounding lattice require thermal vibration to energize the
trapped electrons to hop from one site to the next.*>*! The energy required for this process is known
as the hopping activation energy (E.). The E. gives rise to Arrhenius-type conductivity, which
increases quasi-exponentially with temperature. The temperature-dependent conductivity
measurement was performed to support the promoted polaron hopping with the decreased E. upon
mild hydrogen doping. We have fitted the ac conductivity (¢’ (w)) spectra using Jonscher’s power
law by the equation o' (w) = 0,4, + A(T)w™, where the exponent, n, generally ranges between 0
and 1, and the A(T) is the temperature-dependent frequency pre-exponential factor.**#> There is
close agreement between the experimental and fitted data (Table S1 and S2) with the squared
coefficient of linear correlation coefficient (R?) close to 1.0, as also shown in the inset of Figure
5b for the H-BiV04-(2.0:1.0, 180 °C) photoanode at 318.0 K. The conductivities of the pristine
and hydrogenated BiVO4 photoanodes were increased with raising the temperature (Figure 5a and
b). The n values ranged from 0.70 to 0.75, suggesting the small polaron transport behavior.*! The
n value should be equal to zero if the charge carriers are delocalized and free to drift through the

bulk BiVOs.
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Figure 5. The real part of conductance plots as a function of frequency at different
temperatures for (a) the pristine BiVO4 and (b) the H-BiVO4-(2.0:1.0, 180 °C) photoanodes.
Inset: fitted ac conductivity plot at 318.0 K for the H-BiVO4-(2.0:1.0, 180 °C) photoanode. (¢)
Conductivity fitting plots of the pristine BiVO4 and H-BiVO4-(2.0:1.0, 180 °C) photoanodes

based on the small polaron transport model.

Moreover, the E, of BiVO4 photoanodes can be derived from the equation o(7T) = AT 'exp(-
E./ksT), where o(7T) is the conductance at a particular temperature (7) and 4 is a constant. As
further determined from the In[a(7)xT] - 1/T plots (Figure 5c¢), the E, of BiVO4 decreases from
510 = 5 meV to 196 + 3 meV after hydrogen doping. These values of £, are comparable to other
experimental and theoretical calculations of the small polaron hopping barrier of BiVO4
photoanode in the literature.*!*¢ The smaller E, in the hydrogenated BiVO4 means that electrons
require less energy to hop from one BiVOy lattice site to the next, which arises from the changes
in the coordination environment induced by the hydrogen dopant. We note that the activation
energy of hole polaron hopping in BiVO4 has been experimentally and theoretically proved to be
much smaller than that of the electron small polaron hopping. It is about ~90 meV for hole polaron
hopping. Our temperature-dependent conductivity measurements suggest that the hopping barrier
of BiVOs4 photoanodes is much larger than 90 meV, which is closer to the electron small polaron
hopping barrier (several hundreds of meV) as also shown in the literature.***! Hence, such a high
E. of the pristine BiVOsis most likely caused by the electron small polaron hopping, which is the
limiting factor in achieving the higher front-illumination performance of optically thick BiVO4

photoanodes.

Table 1. Computationally calculated polaron hopping barriers (in eV) from defect site (D) to

1% nearest V atom site (Nis) and from Ny atom site to 2"? nearest V atom site (N2na).

14



Path1 Path2 Path3 Path4 average

D-Nig 0413 0660 0473 0.656 0.550
Ov
Nist-Nong 0.539  0.483 0.484 0364 0.467

D-Nig 0.460 0.456 0.407 0.457 0.445
Ov+H
Nist-Nong 0.281  0.269 0.335 0.281 0.292

Computational studies uncover further investigations on the variation of polaron hopping
behavior of BiVOs4 photoanodes with and without hydrogen dopants. Before the theoretical
simulation of small polaron movement, the position of external hydrogen dopants in the BiVO4
lattice was again testified by calculating the formation energies at different sites and 'H NMR
analysis (Figure S14a and b, detailed descriptions in the Supporting Information). Pioneering
works by Rettie et al.” and Walsh et al.*’ disclosed that the electron small polarons are localized at
V sites and could result in a partial occupation change from V>* to V#*, forming a stable electronic
configuration in this transient chemical state. In this regard, the diagram in Figure S14c shows
only V atoms for clarity, and one OV site was introduced near the V atom site. The polaron hopping
paths from the V site with OV (defect site) to the 1% nearest V atom site (D = N;) and 1% nearest
V atom site to the 2™ V atom site (N;5; = N,,q) are also illustrated in the diagram. The results
show that the average hopping barrier from D = N; (550 meV) is larger than that from N, —
Ny,q (467 meV) in the BiVOy lattice with an intrinsic OV (Table 1), which is consistent with
previous reports suggesting that the positive charged OVs could coulombically bound small
polarons.*! On the other hand, when the OV site is occupied by an external hydrogen atom, the
average small polaron hopping energy barriers are reduced. Notably, the average hopping barrier
is decreased by 175 meV from N;5; = N,,4 upon the hydrogen substitution, which shows a 70

meV more decrease than D — N, pathways. It indicates that hydrogen dopant has a stronger

15



influence on the small polaron hopping at the site away from the defect site. Yang and coworkers
have suggested that the charge transport barrier and the £, in BiVOy are increased with the OV
concentration, revealing that the OVs can act as trap centers and attract electron polarons to form
more strongly bound polarons and result in lower mobility.*® Therefore, the observed improved
charge transport and PEC performance of hydrogenated BiVOj is likely owing to the hydrogen
dopants occupying the intrinsic OVs with mediated small polaron hopping. The decreased small
polaron hopping barrier could facilitate the charge transport with increased electron mobility
(Figure S14d), suppressing the nonradiative recombination of photoinduced charge carriers along

the pathway, thus improving the front-illumination performance of BiVO4 photoanode.

Despite the improved charge transport, the Ji,o of the H-BiVO4-(2.0:1.0, 180 °C) photoanode is
still modest. NiFeOx was deposited on the photoanodes using a pulsed-photoelectrodeposition
method (details in the Experimental Section). The NiFeOx cocatalyst improved the photocurrent
density of H-BiVO4-(2.0:1.0, 180 °C) photoanode to 4.68 mA cm™ at 1.23 V vs. RHE with front-
side illumination (Figure S15a), which is on par with the best performing BiVO4 photoanodes
(Table S3). Besides, the onset potential of BiVO4 photoanode is negatively shifted by ~380 mV
upon the deposition of NiFeOx due to the suppressed surface charge recombination.!**’ The front
illumination half-cell ABPE of the NiFeO/H-BiV04-(2.0:1.0, 180 °C) photoanode is determined
to be 1.91% at 0.58 V vs. RHE (Figure S15b). The NiFeO/H-BiVO4-(2.0:1.0, 180 °C) photoanode
presented a vigorous water splitting process with Pt as the cathode in a gas-tight electrochemical
cell (see Supplementary Video 1), at 0.58 V vs. RHE under AM 1.5G illuminance incident from
the front-side. The amount of produced H> and O gases was measured by gas chromatography
and compared with calculated gas evolution from recorded photocurrent values shown in Figure

S15c. The ratio of evolved H>/O2 was confirmed to be stoichiometric with a calculated Faraday
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efficiency of 91% for Oz evolution. Moreover, the NiFeOx/H-BiVO4-(2.0:1.0, 180 °C) photoanode
showed a relatively stable photocurrent over 10 h operation (Figure S15d) and demonstrated the
negligible change in physical properties after PEC reactions (Figure S16-17 and Table S4, detailed

descriptions in the Supporting Information), indicating good durability of the system.

In summary, this work brought significant advancement to improve the front-illumination
performance of optically thick BiVO4 photoanodes and attempted to revisit the mediated charge
transport dynamics of hydrogenated BiVO4. We have reversed the originally inferior front-
illumination system of an optically thick BiVO4 photoanode into a more superior system than that
under back-illumination. The findings in this study suggested that the electrons with high mobility
produced by the front-illumination on the hydrogenated BiVO4 photoanode can be efficiently
transported to the conductive substrate, resulting in a significant enhancement in photocurrent
generation than the pristine BiVO4 photoanode. Monochromatic light PEC performance,
temperature-dependent conductivity, 'H NMR, and DFT calculation studies revealed that the
external H atoms occupied the OVs in the BiVOq lattice facilitating the electron small polaron
hopping, thus suppressing the nonradiative recombination loss of photoinduced electrons and
facilitating their transport in BiVOs. The observed small polaron hopping phenomenon in this
work has extended the understanding of the beneficial role of hydrogen doping on metal oxides,

inspiring the future development of polaronic materials in solar energy conversion.
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