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Lattice distortion induced internal electric field in
TiO2 photoelectrode for efficient charge separation
and transfer
Yuxiang Hu 1, Yuanyuan Pan2, Zhiliang Wang 1✉, Tongen Lin 1, Yuying Gao3, Bin Luo1, Han Hu 2,

Fengtao Fan3, Gang Liu 4,5✉ & Lianzhou Wang 1✉

Providing sufficient driving force for charge separation and transfer (CST) is a critical issue in

photoelectrochemical (PEC) energy conversion. Normally, the driving force is derived mainly

from band bending at the photoelectrode/electrolyte interface but negligible in the bulk. To

boost the bulky driving force, we report a rational strategy to create effective electric field via

controllable lattice distortion in the bulk of a semiconductor film. This concept is verified by

the lithiation of a classic TiO2 (Li-TiO2) photoelectrode, which leads to significant distortion

of the TiO6 unit cells in the bulk with well-aligned dipole moment. A remarkable internal built-

in electric field of ~2.1 × 102 Vm−1 throughout the Li-TiO2 film is created to provide strong

driving force for bulky CST. The photoelectrode demonstrates an over 750% improvement of

photocurrent density and 100mV negative shift of onset potential upon the lithiation com-

pared to that of pristine TiO2 film.
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Photoelectrochemical (PEC) water splitting provides an
attractive approach to utilize abundant solar energy for
renewable hydrogen production1. The PEC performance

heavily relies on three sequential steps, namely light absorption,
charge separation and transfer (CST) of photogenerated charges,
and their surface reactions on the semiconductor photoelec-
trodes1–3. Among these steps, the CST process is normally driven
by the electric field associated with the band bending in surface
space charge layer of the semiconductor photoelectrodes exposed
to the electrolytes4–6. However, a limited width of such a space
charge layer (WSC ~ 100 nm) cannot sufficiently guarantee the
charge separation in the whole film photoelectrodes usually with
the thickness of several hundreds of nanometers up to micro-
meters. For this reason, serious charge recombination normally
occurs in the CST process, because there is no effective electric
field in the majority of bulky photoelectrodes, apart from very
weak carrier concentration gradient. Accordingly, the low CST
efficiency is one of the most challenging problems in the PEC
water splitting process3,6–10. How to create an additional strong
driving force in the bulk of the photoelectrodes to improve the
CST has been an important research question to address.

Some efforts have been devoted to extending the width of built-
in electric field, such as gradient doping11,12. Nevertheless, most
of the resultant structures are actually analogous to multi-
junction structures, which create different space charge regions at
the interfaces but do not create a desirable bulk band bending6.
Creating an effective electric field throughout the whole photo-
electrode for the promoted CST process remains highly challen-
ging. We were interested in solving this problem by revisiting the
basic crystal structure of the semiconductor materials. In prin-
ciple, if the symmetry of a crystal structure was deliberately
broken, a dipole moment can be expected because of the dis-
placement of positive and negative charge centers of the unit
cells13. In this scenario, a significant electric field will be built up
along the dipole direction throughout the whole semiconductor
film, as a result of which the bulk band bending (i.e., the driving
force of CST) will be possible14. An alternative way to create
dipoles is to induce Jahn-Teller effect by lattice distortion (such as
tension/compression of the unit cell)15,16. Although the devel-
oped strategies such as doping can create local lattice distortions,
the randomly distributed dipoles in the bulk will cancel out each
other, leading to a negligible built-in electric field15. Thus,
innovative designs that can precisely tune the lattice distortion in
the bulk of photoelectrodes for the generation of controllable
dipole moment are urgently needed for creating effective bulky
driving force to accelerate the PEC process.

Herein, we report a rational approach to design built-in electric
field in the bulk of a prototypical TiO2 photoelectrode by using a
lithiation process in the lithium ion battery (LIB) discharge
process. Our idea was inspired by the lithiation/de-lithiation
process for precisely tailoring the structure and lattice strain in
electrocatalysts20–23. The lattice distortion and dipole moment
generated upon the controllable Li-ion intercalation in TiO2 (Li-
TiO2) was predicted by density functional theory (DFT) simula-
tion and further experimentally confirmed by characterizations of
bulk Li-TiO2 structure. The electric field stemmed from dipole
moment in the bulk was evidenced by Kelvin probe force
microscope (KPFM). The average electric field strength
throughout the Li-TiO2 film was measured as high as 2.1 × 102 V
m−1, compared with the negligible electric field measured in
pristine TiO2 film. As a result, the photogenerated CST efficiency
of Li-TiO2 photoelectrode was drastically stimulated with an over
7.5 times improvement in photocurrent and an onset potential
reduction by 100 mV compared with that in pristine TiO2. This
result highlights the significant role of bulk electric field in the
PEC process.

Results
Mechanism of lithium electrochemically tuned TiO2 photo-
anode. TiO2 is not only a most studied semiconductor in PEC
research, but also an insertion-type anode material in LIBs17,18.
This allows us to intentionally tune the crystal structure of TiO2

borrowing the lithiation strategy in LIBs. One important feature
of lithiation process is that the degree of lattice distortion can be
finely tailored by precisely controlling lithium content at different
stages of discharge19–22. When Li ions are inserted, the TiO2

(anatase phase) crystal structure will be uniformly distorted in
three dimensions (i.e., Jahn-Teller effect) to accommodate the
external Li cations (Fig. 1a, b). This process leads to the distortion
of TiO6 units in the TiO2 crystal (inset of Fig. 1a, b). The TiO6

units in pristine TiO2 are octahedra with high symmetry and have
the negative charge centers of anions (O atoms) overlapping with
the positive charge centers of cations (Ti atom). In strong con-
trast, after lithiation, the significant Jahn-Teller effect leads to the
mismatch between the positive and negative charge centers. As a
result, the dipoles are generated in the TiO6 units and dipole
moment can be calculated accordingly (inset of Fig. 1b)23. More
interestingly, when all the well-aligned TiO6 units in the TiO2

crystal have the distortion with the same directed dipoles, an
additional electric field is created along with the direction of
dipole moment throughout the entire TiO2 film. Thus, a bulky
band bending can be expected in the whole TiO2 photoelectrode
as illustrated in Fig. 1c24.

Simulation of lithium electrochemically tuned TiO2 photo-
anode based on DFT. To verify our hypothesis, we first carried
out the first-principle simulation to investigate the influence of
Li-ion intercalation. Tetragonal structure of intrinsic anatase
TiO2 (Fig. 2a) is highly symmetric with the lattice parameters of
a= b= 3.81 Å and c= 9.72 Å. When the Li ions are inserted into
the lattices (the Li0.5TiO2 is selected as the representative model),
the crystal structure changes from tetrahedral to orthorhombic
with the lattice parameters of a= 4.08 Å, b= 4.00 Å, and c= 9.22
Å as exhibited in Fig. 2b. This process requires a formation
energy of 1.34 eV (see Supplementary Information for detailed
calculation). These results indicate that the unit cell of TiO2 is
totally distorted in all three dimensions upon Li-ion insertion
accompanying the high energy input. In Fig. 2c and d, a close
insight into the TiO6 octahedra gives that the length of two
symmetric Ti-O bonds along the z-axial direction ([001] direction
of the TiO2 crystal) significantly changes from 2.007 Å to 1.975
and 2.084 Å of two asymmetric bonds upon Li-ion insertion,
while the length of four equivalent Ti-O bonds along x, y-direc-
tion is also slightly stretched. The changes of Ti-O bond length
have been evidenced in previous research via X-ray absorption
studies where the Ti-O bond lengths were split into two sets
during the lithiation25.

According to the charge density distribution of TiO2 and
Li0.5TiO2 (Supplementary Fig. 1 and Supplementary Table 1), the
Bader charge of individual atoms in the crystal cell of Li0.5TiO2

was also calculated and summarized in Supplementary Table 1.
Each Li atom contributes 0.85 electron as donor. Moreover, the
deformation charge density (Δρ) in Fig. 2e and f from two lateral
views of x–z plane clearly shows the asymmetric distribution of
charge density, where the negative charge centers (gaining
electrons) are deviated from the positive charge centers (losing
electrons). Further analysis of the dipole moment of TiO2 and
Li0.5TiO2 in Fig. 2g suggests that the dipole moment does not
change much along the x- and y-direction but drastically
increases to −35.83 e Å along the x- and y-directions in the
lithiated TiO2 (Li0.5TiO2), indicating a strong built-in electric field
along the [001] direction of the TiO2 crystal.
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Material characterization of lithiated TiO2. To verify the pro-
posed hypothesis and simulation results, it is of primary impor-
tance to confirm the lattice distortion during Li-ion insertion.
Anatase TiO2 tubes aligned on Ti substrate prepared by the

anodization of Ti foil were first used for the lithiation26. The
lithiation process does not change the tube morphology (Sup-
plementary Fig. 2). The scanning electron microscopy (SEM)
images in Fig. 3a and b show that the tubes have a diameter of
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~80 nm (Fig. 3a), wall thickness of ~20 nm (Supplementary
Fig. 2), and length of ~7 μm (Fig. 3b). The large diameter and wall
thickness make these tubes significantly different from the TiO2

nanotubes with ultrathin wall of ~1 nm and very small diameter
of ~10 nm prepared by hydrothermal routes27–29; thus, the
structure of these tubes can be considered to be close to bulky
TiO2. On the other hand, both the large tube diameter and strong
interfacial contact between the tubes and highly conductive Ti
substrate30,31 facilitate the Li-ion diffusion into the whole tube
walls during the discharge process to form a uniform lithiation,
which is vital to the generation of lattice distortion and related
dipole effect anticipated. The discharge duration was controlled
to tune the Li content in the Li-TiO2 (Supplementary Fig. 3). The
optimized Li-TiO2 photoelectrode was obtained by discharging
for around 5 h with Li content close to the theoretical model
(Li0.5TiO2). Comparison of the X-ray photoelectron spectroscopy
(XPS) spectra of Li 1 s peak (Fig. 3c) recorded from the different

parts of the pristine and lithiated tubes confirms the effective
insertion of Li ions in the Li-ion inserted TiO2 (Li-TiO2).
Moreover, the very similar signal intensity of Li in both the top
surface (marked point I in Fig. 3b) and bulk (marked point II in
Fig. 3b after removing the top active material by argon ion
sputtering) of the Li-TiO2 tube film strongly suggests that the
lithium content in the film is independent of the depth of the
tubes, confirming the uniform distribution of lithium in the entire
Li-TiO2 photoelectrode. The concomitant formation of oxygen
vacancies and associated Ti3+ ions upon the lithiation are
revealed by the newly observed XPS signals of Ti 2p and O1s at
the binding energies of 462.1 eV/456.6 eV (Ti 2p1/2 and 2p3/2)
and 532.15 eV, respectively (Supplementary Fig. 4). This is
ascribed to the reduction effect associated with the lithiation
because of the lower oxidation state of Li+ than Ti4+. However,
this reduction effect has a limited contribution to the PEC per-
formance, which will be discussed in the following part.
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An in-situ synchrotron X-ray diffraction (XRD) characteriza-
tion of the Li-TiO2 electrode was used to further investigate the
structure change during the electrochemical lithiation (Fig. 3d).
Three main peaks (101), (004), and (200) of anatase TiO2 were
highlighted. The (101) peak only has a slight position shift during
the lithiation. An around 8 h discharging creates an additional
peak at 10.1° ascribed to the new phase of the discharged product
appeared18,23,25. At this stage, the TiO2 has experienced
significant changes in terms of crystalline structure (weak
crystallinity), phase (multiphase), and electronic status (deep
reduction) due to the deep discharging process. However, at an
early electrochemical stage of <6 h, the peaks assigned to anatase
TiO2 can be clearly indexed. Meanwhile, both the (004) and (200)
peaks have experienced the opposite shifts towards large and
small directions, respectively. Based on Scherrer equation and
peak shifts observed in Fig. 3d, the TiO2 lattice distances have
different change extents during the discharging. The d101 keeps
almost constant, whereas d004 and d200 are reduced and enlarged,
respectively. The experimental results further solidify the
theoretical predications of the dramatically decreased lattice
constant c and increased lattice constant a in Fig. 2. The
asymmetric distortions lead to the mismatch between the positive
charge and negative charge centers, resulting in the formation of
the dipole moment indicated by the DFT calculation. Moreover,
the decrease of the intensity of all the three peaks during the
lithiation (Fig. 3d) suggests the weakened crystallinity. Especially,
(004) and (200) peaks almost disappear after the discharging of
10 h below the voltage platform as a result of serious lattice
distortions to maintain the original TiO2 crystal structure with
the insertion of an excess of Li ions. Moreover, the presence of
lattice distortion not only leads to the formation of dipole
moment but also creates additional lattice strain due to the lattice
mismatch from the ideal TiO2 matrix. The strain can be evaluated
from the XRD peak broadening according to the Williamson–
Hall relationship32,33. The data in Supplementary Fig. 5,
Supplementary Note 1, and relevant analysis suggests that the
lithiation doubles the strain, further confirming the effective
creation of lattice distortion in Li-TiO2 (Supplementary Table 2).

The obvious structure change of Li-TiO2 referring to TiO2 is
characterized by high-resolution transmission electron micro-
scopy (HR-TEM; Fig. 3e). The lattice distance (d) measurements
via fast Fourier transfer (FFT) image (Fig. 3f and Supplementary
Fig. 6) give the values of d101, d200, and d004 of samples TiO2 and
Li-TiO2 in Fig. 3g (more detailed explanations in Supplementary
Figs. 7 and 8). The d101 of TiO2 is similar to that of Li-TiO2.
However, the d004 increases while d200 reduces upon the
lithiation. These results are in excellent agreement with the
results derived from synchrotron XRD analysis (Fig. 3d), again
confirming an asymmetric change of lattices by compressing
along the [004] direction and stretching along the [200] direction
upon. All results presented above demonstrate that the lithiation
of TiO2 during discharge causes the remarkable lattice distortion,
which is also in consistent with the simulation results.

The determination of crystallographic orientation and atomic
structure of TiO2 tubes investigated by TEM is vital to examine
the dipole moment alignment. Figure 4a–d indicate that the tube
has an axial crystallographic direction of [101] and tangential
direction of [10–1]. Moreover, the selected area electron
diffraction (SAED) patterns in Fig. 4e–f and Supplementary Fig. 9
further confirm the single crystalline-like nature of the tubes. A
serial of HR-TEM images along one individual tube and the
corresponded FFT and the SAED patterns (Supplementary Fig. 9
and Fig. 4e–f) confirm that the tube consists of single crystal-like
texture without obvious grain boundary within a large range of
sample domain of over 300 nm. The single crystal-like feature
ensures the similar distortion of the TiO6 unit cells, resulting in

well-aligned dipole along the [001] direction of the TiO2 crystals.
As this [001] directed dipole has a significant partial vector
projected to the axial direction (i.e., [101]) of the tube as
illustrated in Fig. 4g, it can lead to an accumulated dipole
moment along the tube axis. This inevitably causes a high system
energy, which partially explains the high formation energy of the
distorted TiO2 system predicted by the DFT.

The influence of the dipole moment induced by lattice
distortion on the CST of the semiconductor film was firstly
investigated by light-irradiated KPFM as shown in Fig. 5a. Surface
potentials of the sample were recorded in dark and under light
illumination, and light-induced surface potential change is known
as surface photovoltage (SPV). The results of surface potential
measured give two distinctive features in the samples of TiO2 and
Li-TiO2: (i) Li-TiO2 shows much higher surface potential in dark
than TiO2; (ii) Li-TiO2 also has higher SPV signal under 380 nm
light illumination. The surface potential reflects the surface work
function of sample, which is directly associated with the surface
band bending and/or dipole. Upon lithiation, the surface
potential drastically increases from 60mV to 530 mV, indicating
a remarkable decrease of surface work function by about 470 mV.
The positive SPV of Li-TiO2 was significantly larger than that of
TiO2 (192 vs. 147 mV). As the magnitude of SPV is intrinsically
determined by the amount of separated charges in the
photoelectrode34,35, the larger SPV suggests the accumulation of
more photogenerated holes on Li-TiO2 surface under light
illumination. These results verify that the dipole induced by the
lithiation plays a critical role in promoting charge separation.
Benefiting from the dipoles derived electric field in the bulk, the
photo-induced electron-hole pairs can be efficiently separated,
resulting in enhanced SPV. Considering the nature of lithiation
induced dipoles, a higher SPV might be generated with the
stronger dipole moment caused by inserting a higher amount of
Li in TiO2 with the retained crystal structure. Meanwhile, the
suppression of the charge recombination process by the dipole is
indicated by a much slower recovery time of the surface potential
of Li-TiO2 than TiO2 after turning off the light irradiation
(Fig. 5a) as reported36.

The presence of a bulk electric field also facilitates the charge
transfer in the materials. By assembling the electrode into a device
(Supplementary Fig. 10 and Supplementary Note 2), the
electronic conductivity properties of the tube films were studied.
The result of the much higher current (I) of Li-TiO2 than TiO2 as
a function of the scan bias (V) in Fig. 5b, Supplementary Fig. 10,
and Supplementary Note 2 suggests that the charge transfer in Li-
TiO2 film has a much lower resistance than that in TiO2 film.
Note that, there exist two spikes in the curves of V-log I
corresponding to the bias intersection (Vi) at the I= 0 A points
(Supplementary Fig. 10e, f). TiO2-based device fabricated is
similar to a plane capacitor with TiO2 as the dielectric, which
leads to a symmetric Vi (±0.3 V) centered at 0 V. For Li-TiO2, the
center of Vi (−0.07 V, 0.37 V) is at 0.15 V. This potential shift
from 0 to 0.15 V is ascribed to the built-up of electric field in the
bulk of TiO2 film after inducing dipole by Li-ion insertion.
(Detailed discussion in Supplementary Information). This
positive potential suggests that the direction of electric field
points to the surface from the substrate, which is definitely
beneficial for the separation and transfer of photogenerated
electrons and holes. (Detailed discussion in Supplementary
Information). The average electric field is evaluated to be 2.1 ×
102 V cm−1 according to the measured voltage of 0.15 V and film
thickness of 7 μm. Thus, there exists not only the conventional
built-in electric field of ~104 V cm−1 at surface charge layer35 but
also an additional bulky electric field of 2.1 × 102 V cm−1 across
the film of Li-TiO2 tube arrays. In strong contrast, as the
photoelectrodes do, pristine tube array film of TiO2 gives
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negligible electric field. The new built-in electric field is important
in suppressing the charge recombination to drive the CST in the
bulk Li-TiO2 film for enhanced PEC process34,35.

Enhanced PEC performance of the lithiated TiO2. To verify the
lattice distortion effect on the PEC water splitting, the photo-
current densities of the samples were measured as a function of

the bias applied. The photocurrent density of TiO2 photoelec-
trode is drastically improved from 0.14 to 1.05 mA cm−2 at 1.23
V vs. SHE upon Li insertion, corresponding to a 750%
improvement (Fig. 6a). The incident photon-to-current efficiency
(IPCE; Supplementary Fig. 11) as a function of wavelength of
light irradiation consistently reveals the much higher efficiency of
Li-TiO2 than TiO2 photoelectrode. The onset potential, another
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circles. The log I–V curves instead of I–V curves are plotted for TiO2 (black) and Li-TiO2 (red). Green dotted lines represent the symmetric Vi of TiO2 (left)
and Li-TiO2 (right), respectively.
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important parameter, has around 100 mV negative shift, which
means a reduced external bias input to be provided to drive water
splitting. The dependence of the photocurrent of Li-TiO2 pho-
toelectrode as a function of the lithiation duration in Fig. 6b
shows that all durations can apparently enhance photocurrent
and the optimal duration of 5 h leads to a largest enhancement.
The continuous enhancements with the duration increase before
the optimal lithiation are ascribed to the increased dipole
moment at the higher lithium in TiO2. The photocurrent decrease
after the optimal duration is ascribed to the damage of the
crystallinity of Li-TiO2 as demonstrated by in-situ XRD mea-
surements (Fig. 3h). The charge separation efficiency (ηsep) can be
evaluated in the presence of hole scavenger (Fig. 6c)4,37. The
pristine TiO2 electrode only has a ηsep of lower than 25 %, which
is less than half of the ηsep of Li-TiO2. The charge transfer
resistance (Rct) in the PEC process measured by electrochemical
impedance spectroscopy (EIS; Supplementary Fig. 12)38 is
depicted in Fig. 6d. The Li-TiO2 gives a lower Rct than TiO2 in the
overall potential range investigated, indicating that Li-ion inser-
tion does promote the charge transfer process. As a consequence
of the higher charge separation efficiency and lower charge
transfer resistance, more charges survived take part in the surface
reaction for Li-TiO2 and thus lead to improved capacitance (Cct).
The stability test of the Li-TiO2 electrode (Supplementary Fig. 13)
suggests a high stability of PEC water splitting in alkaline solution
(NaOH pH 13.6). It is noteworthy that the Li-ion has a risk of
being etched out from the structure under low pH solution (e.g.,
Na2SO4 pH 6.5), leading to a considerable decay of the photo-
response.

Considering the fact that lithiation changes both the structure
(lattice distortion) but also the composition of TiO2 (reduced
oxidation state of Ti and inserted Li), it is necessary to identify
their individual contributions to PEC performance, to get how
much the lattice distortion-associated bulk electric field improves
the PEC activity. Injection of lithium insertion-accompanied
electrons into TiO2 leads to a prominent reductive effect as
evident by the formed oxygen vacancies and related Ti3+

(Supplementary Fig. 4). The reduced Ti species might have the
functions of extending the light harvesting of TiO2 and improving
the carrier concentration. By comparing the IPCE curves
(Supplementary Fig. 11), it is clear that TiO2 and Li-TiO2

photoelectrodes have a similar light response range with an IPCE
threshold of around 420 nm; thus, the influence of extended light
harvesting on the PEC performance can be safely ruled out as
reported39. To further investigate the influence of the carrier
concentration change on the photocurrent enhancement, the
TiO2 electrode is reduced (r-TiO2) electrochemically by passing
the same amount of charges as the discharging process
(Supplementary Fig. 3)40. The resultant r-TiO2 electrode with a
similar free carrier concentration to that of the Li-TiO2 electrode,
determined by Mott–Schottky (M-S) curves (Supplementary
Fig. 14 and Supplementary Note 3) also gives an enhanced
photocurrent, which is, however, only half of that of Li-TiO2

photoanode (Supplementary Fig. 15). In addition, both the r-TiO2

and Li-TiO2 photoanodes show obvious dark current that is not
observed in pristine TiO2 photoanode, suggesting that the dark
current might be due to the greatly improved electronic
conductivity of the TiO2 films with a high concentration of
charge carriers. These results suggest that the increased carrier
concentration does make a contribution to the photocurrent
enhancement, to some extent, but cannot totally account for
the drastic photocurrent increase of Li-TiO2 photoelectrode. The
structure change should make a substantial contribution to the
photocurrent.

The influence of carrier concentration change on the photo-
current of Li-TiO2 was further evaluated by comparing the PEC
performance of lithiated TiO2 photoelectrodes with high and low
concentrations of charge carriers. The latter electrode was
obtained by heating the former one in air. To avoid the possible
influence of Ti substrate oxidation during heating process on the
PEC performance, the films of rutile TiO2 nanorod arrays on
fluorine doped tin oxide (FTO) glass substrates (TiO2 | FTO) were
prepared for this purpose. Lithiation of the TiO2 | FTO photo-
electrode (see Supplementary Experiments for details) also

a

c

b

d

Fig. 6 The electrochemical properties of the photoanodes. a The photocurrent density of (black) TiO2 and (red) Li-TiO2 under chopped light. b The
photocurrent of TiO2 photoelectrode as a function of the duration of Li-ion or Na-ion insertion process. c Comparison of the charge separation efficiency of
TiO2 and Li-TiO2 photoanodes estimated in electrolyte of 0.5M Na2SO4+ 0.5M H2O2 solution. d Charge transfer resistance (filled dot) and capability
(empty dot) of TiO2 (black square) and Li-TiO2 (red circle) photoanodes.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-15993-4 ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:2129 | https://doi.org/10.1038/s41467-020-15993-4 | www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


significantly improves its photocurrent (Supplementary Fig. 16a),
demonstrating the generic feature of the lithiation strategy in
improving the PEC performance of TiO2. Annealing the lithiated
TiO2 | FTO (Li-TiO2 | FTO) photoelectrode in air led to the color
change of the film of Li-TiO2 | FTO photoelectrode from light blue
to white (a-Li-TiO2 | FTO; Supplementary Fig. 16a, b). The carrier
concentration of a-Li-TiO2 | FTO decreases to the similar level to
pristine TiO2 | FTO due to the elimination of oxygen vacancies
and related defects as shown in Supplementary Fig. 16c. The PEC
performance of a-Li-TiO2 | FTO is still much better than that of
the pristine TiO2 | FTO (Supplementary Fig. 16d), further
confirming the significant role of lattice distortion induced by
Li-ion insertion. The possible contribution from the Li substitu-
tion of Ti in TiO2 (i.e., Li doping effect) was excluded using the Li-
doped TiO2 | FTO photoelectrodes, which exhibited lower photo-
current to that of pristine TiO2 (Supplementary Fig. 17).

The positive effect of lithiation treatment in different-phase
(anatase, rutile) TiO2 photoelectrodes suggests that the lithiation
is a generic strategy in tuning the physiochemical property of
TiO2 regardless of its phase or morphology. Furthermore, our
preliminary investigation also reveals that the inserted ion could
be extended to other metal ions using a similar strategy. Sodium-
ion (Na+), which could be inserted into the TiO2 lattices in the
sodium-ion battery (SIB), is used to modify TiO2 using the same
method. The Na-TiO2 photoelectrode obtained also shows a
remarkable improvement of the photocurrent (Fig. 6b), clearly
indicating the generic feature of the controlled ion-insertion-
induced driving force in promoting the CST in the bulk
photoelectrodes.

Discussion
A concept of creating electric field in the bulk of TiO2 photo-
electrode by intentionally inducing lattice distortion via con-
trollable lithiation process is proposed and validated. The bulk
electric field with an average strength of 2.1 × 102 Vm−1

throughout the TiO2 film was built up by the aligned dipole
moment produced in the distorted TiO6 unit cells. Benefitting
from this strong built-in electric field, the photovoltage and CST
efficiency of TiO2 photoelectrode were drastically enhanced,
resulting in an over 750% improvement of photocurrent density
and over 100 mV negative shift of the onset potential in Li-TiO2

compared with that of the pristine photoelectrode. This work
highlights the significance of bulk electric field in promoting PEC
process. The idea inspired from the discharge/charge processed in
rechargeable ion battery might be a very promising approach to
precisely tune the microstructure of the semiconductor photo-
electrodes for achieving high solar conversion efficiency.

Methods
TiO2 electrode fabrication. Ti foil supported TiO2 tubes (TiO2 | Ti) are fabricated
by an anodization method. Typically, a piece of Ti foil was anodized at 60 V (D.C.)
for 3 h in 0.25 wt % NH4F solution of the mixed solvent of ethylene glycol and
water (5% in volume). Then the electrode was annealed at 450 °C (the ramping rate
of 5 °Cmin−1) for 3 h in a muffle oven to achieve pristine TiO2 electrode.

Lithiation of the TiO2 photoelectrode. The prepared TiO2 | Ti and TiO2 | FTO
photoelectrodes were directly assembled as the cathodes in the traditional LIBs or
SIBs. Typically, the anode is the lithium or sodium. The electrolyte is 1 M LiPF6
dissolved in propylene carbonate (PC) or 1 M NaClO4 in PC. The glass fiber
(What-man) is used as the separator.

DFT calculations. The lattice parameters and the atomic structures of anatase TiO2

and Li0.5TiO2 were fully relaxed by using DFT calculations, which were imple-
mented in the Vienna ab initio simulation package with the projector augmented
wave pseudopotential41–43. Plane-wave basis set was used with a cutoff energy of
500 eV. The convergence threshold for the energy and residual force are 10−4 eV
and 0.01 eV/Å, respectively. The Monkhorst-pack k-point is 5 × 5 × 2 in the Brilloin
zone during the relaxation44. Exchange correlation functional was modeled by

using generalized gradient approximation with the form of the
Perdew–Burke–Ernzerhof45. The Hubbard U was adopted to the Ti atoms with the
value of 4.2 eV.

Kelvin probe force microscopy measurements. KPFM based on non-contact
atomic force microscopy was employed for surface potential imaging, which
measures the contact potential difference between the probe and sample. We use an
amplitude-modulated mode of KPFM in lift mode. For each scan, a scanning
capacitance microscopy-platinum/iridium tip Pt/Ir-coated conductive probe passes
over the surface twice. On the first pass, a conductive probe is close to the sample
surface, surface morphology and phase images can be obtained. On the second
pass, the cantilever is held at 50 nm of tip-sample distance and the tip scans the
same trajectory of the first scan to record surface potential. The scan rate is 0.5 Hz.

For KPFM measurements under illumination, the sample was illuminated with
home-built Xenon lamp focusing system. The SRSPS setup was equipped with a
KPFM unit. The monochromatic light split from a 500W Xenon lamp by grating
(Thorlabs) was used to excite sample. Surface potential signals were logged in lock-
in amplifies to get SPV. Details on the experimental setup and descriptions of the
experimental condition were given in recent work46. All measurements were tested
at ambient conditions.

Structure characterization. The morphology and crystal lattice of electrodes was
imaged with field-emission SEM (JEOL JSM 7001 F) at 20 kV, HR-TEM and SAED
was conducted at 200 kV (FEI, Technai 20 F), respectively. The cross-sections of
the TEM samples were prepared by focused ion beam thinning (FEI SCIOS).
Raman spectrum was acquired on Renishaw Micro-Raman Spectroscopy System at
the wavelength of 514 nm. The XPS (Kratos Ultra) was measured for chemical
analysis using a mono Al Kα X-ray source. XPS measurement was tested by Kratos
Ultra. In-situ synchrotron XRD patterns (high resolution) were collected in
transmission mode on powder diffraction beamline of Australian Synchrotron via
the MY THEN microstrip detector and Si (111) monochromator (at the wave-
length of 0.8265 Å). The 2θ zero-error were determined via a standard 0.3 mm
capillary (a LaB 6/Si mixture using transmission geometry). Corresponding battery
test was conducted on a Neware electrochemical tester.

(Photo)electrochemical characterization. All the (photo)electrochemical char-
acterization was carried out in an electrolyte of 0.5 mol L−1 Na2SO4 (adjust to pH
7) in a three-electrode system with Pt as the counter-electrode and Ag/AgCl
electrode (with saturated KCl solution) as the reference electrode. The light power
is adjusted to 100 mW cm−2 via control the power of a Xenon lamp (Newport)
equipped with AM 1.5 G filter. The current was recorded by linear sweep vol-
tammetry in an electrochemical work station (CHI 660D) within the range of −0.7
to 0.7 V vs. Ag/AgCl and the photoelectrodes were illuminated from the semi-
conductor/electrolyte side. The EIS and M-S curves were measured by Ivium
potentiostat. For EIS, it was recorded under a serial of applied bias in a frequency
range of 10−1–105 Hz with a potential amplitude of 10 mV. In addition, the M-S
curves were measured at the frequency of 103 Hz within a potential range of −0.8
to 0 V vs. Ag/AgCl.

The charge separation efficiency was evaluated with the presence of H2O2 as
scavenger. Typically, the photocurrent was measured with (jH2O2) the presence of
H2O2 scavenger.

The potential (EAg/AgCl) referred to Ag/AgCl can be converted into the standard
hydrogen electrode (ESHE) scale with the Nernst Eq. (1):

ESHE ¼ EAg=AgCl þ 0:059 ´ pH þ 0:197 ð1Þ

Data availability
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