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important question which has thus far been absent relates to the
precise mechanism of charge-carrier generation by solar light in
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promptly transported around the oxygen-bridge bonds and S- t © N
coordinated Ti atoms to form polarons on the boundaries of TiO,

grains, respectively. Most importantly, we also find that compressive stress-induced internal magnetic field can drastically enhance
the charge-carrier dynamics for the TiO, photoanode, including directional separation and transport of charge carriers and an
increase of surface polarons. As a result, bulky TiO, photoanode with high compressive stress displays a high charge-separation
efficiency and an excellent charge-injection efficiency, leading to 2 orders of magnitude higher photocurrent than that produced by a
classic TiO, photoanode. This work not only provides a fundamental understanding of the charge-carrier dynamics of the
photoelectrodes but also provides a new paradigm for designing efficient photoelectrodes and controlling the dynamics of charge
carriers.

enhanced charge separation and transfer, bulky TiO, photoanode, compressive stress-induced ferromagnetism,
electromagnetic interaction

onversion of solar energy into chemical fuels is a but ineffective, especially low charge separation and transport,

promising route for simultaneous storage of solar energy limiting their PEC application.” This is because the driving
and the synthesis of value-added chemicals.'™ Photo- force of the separation and transport processes solely is the
electrochemical (PEC) technology is one of the most effective weak electric field of photoelectrode—electrolyte interface
approaches to directly realize solar energy conversion by originating from the surface space charge layer associated with
combining the light absorber and the catalyst into a fully the band bending. The width of the space charge layer is less
integrated system.”® Currently, PEC tandem devices with than 100 nm, which cannot completely influence the
designable photoanodes and photocathodes can sustain various separation and transport processes in the bulk}io photo-
bias-free redox reactions, including water splitting, CO, electrodes with the thickness of several micrometers.

For a given semiconductor with the same surface
morphology, band structure, and film thickness (>1000
nm),"" the charge-carrier dynamics including the separation,
transport, and injection of charge carriers is the crucial factor in
determining its PEC performance. Accordingly, a systematic

reduction reaction, and N, reduction reaction.”” A series of
inorganic semiconductor-based photoelectrodes have been
studied and developed in the recent decade, which can be
classified by metal oxides, metal chalcogenides, III-V
compounds, and IV group.® Nanostructured photoelectrodes
(e.g, nanotubes, nanowires) with good light harvesting and a

short charge-migration distance have been widely studied and December 16, 2022
developed over the past 3 decades. But there is currently no January 8, 2023
practical nanostructured photoelectrode in the large-scale PEC January 9, 2023

device due to easy damage, ready corrosion, and poor adhesion January 23, 2023

strength between nanostructured materials and the conductive
substrate. On the contrary, bulky photoelectrodes are durable
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Figure 1. Characterization of stress, structure, and composition for bulky TiO, photoanodes. (a) Residual stress of TiO,-HS and TiO,-A. The
sketches are the schematic diagrams of compressive stress and tensile stress for the films. (b,c) FESEM images with different magnifications for the
top view of TiO,-HS (b) and TiO,-A (c). The inset is the schematic diagram of each sample in the corresponding figure. (d) GIXRD patterns of
TiO,-HS (orange) and TiO,-A (green). The standard XRD card for anatase TiO, (red) is shown at the bottom (JCPDS, no. 04-0477). (e) Fourier
transform of the measured EXAFS spectra of TiO,-HS (orange solid line), TiO,-A (green solid line), standard anatase TiO, (red dotted line), and
metal Ti (gray dash-dotted line). (f) Ti 2p spectra of TiO,-HS (orange) and TiO,-A (green) from XPS measurements. Taking TiO,-HS as an
example, Ti 2p spectrum of TiO,-HS is deconvoluted into 2p,,; (blue) and 2p,,, (pink) peaks.

and rigorous analysis and study of intrinsic charge-carrier
dynamics must be carried out in an effort to understand the
fundamental mechanism providing O?Ptions for the max-
imization of PEC reaction efficiency.'” Taking metal oxide
semiconductors as a typical photoelectrode material,"’ the
prevailing view is that the semiconductors are irradiated by
solar light to yield the photoexcited hole—electron pairs, also
known as excitons."* For most metal oxide semiconductors,
the photoexcited holes and electrons are prone to couple with
the lattices (electron/hole—phonon coupling) to form small
polarons in the bulk due to the strong ionic character of metal
oxides."> Subsequently, charge transport in the semiconductors
can occur through thermal activation with either polaron
hopping'® or thermal excitation from defect trap sites."”
However, although some coupled charge carriers can arrive at
the solid/liquid interfaces and contribute to the PEC reactions
with a certain probability, there are multiple bulk and surface
recombination processes that lead to loss of many of the
charge carriers (return to the ground state),'® attributed to
disordered motion and neighboring polaron sites for the
photogenerated electrons and holes. In addition, the extracted
charge carriers (like holes) interact with surface defect sites
(like oxygen-bridge bonds) more easily, leading to the
formation of reaction active sites (like oxygen vacancies) and
the acceleration of reaction kinetics."

These pioneering and important investigations offer
constructive guidance for intrinsic charge-carrier dynamics,
while leaving aspects of the charge-carrier dynamics unclear.
For instance, semiconductor photoelectrodes are composed of
small crystalline grains with grain boundaries and unsaturated
bonds, which would interfere with and complicate the charge-
carrier dynamics. Some critical questions remain unanswered.
For example, what are the roles and intermediate forms of
these unsaturated bonds during PEC reaction, and how does
the bulk and grain boundary bridge? Furthermore, what are the
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intrinsic coupling sites associated with photogenerated holes
and electrons in the formation of the polarons, if formed
without the influence of inducing intentional defect sites, such
as doping with foreign atoms? Meanwhile, what is the effect of
the spatial segregation of different polarons in the reduction of
the recombination of charge carriers for bulky photo-
electrodes? Finally, what is the fundamental contribution of
charge-carrier separation/transport and injection to the PEC
performance for a photoelectrode? These fundamental
questions must be addressed.

Herein, the most studied and widely applied titanium
dioxide (TiO,) material, mainly owing to the natural
abundance, nontoxicity, and the resistance to photocorrosion,
was chosen as a model binary oxide photoanode to decipher
the enhanced charge-carrier dynamics.”’”>* Well-defined flat
and thick TiO, photoanodes (over 1 ym thickness) with and
without compression stress were prepared by physical vapor
deposition and annealing treatment. According to the
aforementioned requirements, we combined the phenomena
of PEC reactions and the results of operando measurements to
reveal the formation of polarons, the transport of charge
carriers, and the surface active sites for TiO, photoanodes.
Inspired by the correlation between the strain/stress and the
magnetic structure of the film,*>** we also observed the
enhanced charge-carrier dynamics for TiO, photoanode by
compressive stress-induced ferromagnetism for the first time,
achieving an increase of over 2 orders of magnitude, which is
an exciting development with this new technology platform.

The TiO,-based photoanodes with and without compression stress
were fabricated by magnetron sputtering technology and annealed
treatment. The details for the synthesis of the TiO,-based
photoanodes are shown in the Experimental Methods of the
Supporting Information. In addition, a detailed statement of the ex
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Figure 2. PEC performance characteristics for the bulky TiO, photoanodes. (a) J-potential plots of TiO,-HS and TiO,-A measured in 1 M KOH
under AM 1.5 G simulated sunlight (100 mW cm™) and in the dark (black dotted lines) with a scan rate of 5 mV s™'. The inset is the
corresponding chopped J-potential curve of TiO,-HS (light on/off cycles: 3 s). (b) Chopped curve of TiO,-HS from 0.225 to 0.495 V vs RHE. The
inset is the J-time plots of TiO,-HS at the potential of 0.3 V vs RHE under light irradiation (light on: 10 s) and in the dark. (c) J-potential curves of
TiO,-HS and TiO,-A for PEC sulfite oxidation measured in 1.0 M NaOH with 0.05 M Na,SOj; under 1 sun illumination. The inset is the charge-
injection efficiency calculated from (c,a). (d) Charge-separation efficiency of the bulky TiO, photoanodes calculated by the ratio of ] values of
sulfite oxidation to J,.. The inset is the schematic of charge separation and recombination for TiO,-HS and TiO,-A in the bulk, respectively.

situ and in situ characterization and PEC measurements is described
in the Supporting Information.

As reported in our previous work,” the micron-sized TiO,
films with high compressive stress (TiO,-HS) were grown on
titanium-coated p-Si substrates by magnetron sputtering
technology. After film deposition, annealing treatment at 500
°C for 60 min was implemented to release the residual
compressive stress to obtain normal TiO, films (TiO,-A) with
tensile stress, which is commonly used in the study of TiO,
photoanodes.”*™** In addition to the optimized deposition
condition, a series of TiO, films with different compressive
stresses and structures were also prepared. The formation of
residual internal stress for the TiO, films prepared by
magnetron sputtering is schematically demonstrated in Figure
S1. The residual internal stress of the photoanodes in Figures
la and S2 indicates that the internal stress value of TiO,-HS
was —18.2 MPa, confirming the residual compressive stress. As
a rule of thumb, the formation of compression stress is closely
related to the highly dense microstructure of the film. After
annealing, the internal stress of TiO,-A was completely
transformed into the tensile stress of 54.3 MPa, implying the
relaxation of compressive stress and grain boundaries.

Field emission scanning electron microscopy (FESEM)
images were used to outline the architecture of the thick TiO,
photoanodes (Figures 1b,c, S3, and S4). The TiO,-HS and
TiO,-A photoanodes composed of columnar crystal grains had
the same film thickness over 1.2 pm, meaning that the films
can be considered for the bulky TiO, photoanodes. Instead of
a loose stack of grains for TiO,-A (Figure lc), the crystal
grains of TiO,-HS were dense (Figure 1b), in line with the
results of internal stress. High-resolution transmission electron
microscopy (TEM) images (Figure SS) indicated that TiO,-
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HS possessed a dense columnar structure with a narrower
(101) plane of anatase TiO, corresponding to the lattice
spacing of 0.344 nm. Atomic force microscopy images illustrate
that both TiO,-HS and TiO,-A had flat surfaces with a root-
mean-square roughness of 9.7 and 9.2 nm, respectively (Figure
S6). As shown in Figure S7, TiO,-HS and TiO,-A have a very
low specific surface area (A,) with few nanopores (pore
diameter = ~5 nm) on the surface, in agreement with the
microstructure and morphology of the samples via FESEM and
TEM images. The crystalline structure of the photoanodes was
characterized by grazing incidence X-ray diffraction (GIXRD)
patterns (Figures 1d and S8). An ignorable difference of
diffraction peaks was observed in TiO,-HS and TiO,-A,
shielding the interference of high-energy (211) facet. In
addition to the similar crystal structure, some diffraction peaks
[such as (105)] of TiO,-HS showed a little shift toward a
higher angle than those of TiO,-A (see Figure S8b), indicating
the presence of lattice contraction by compressive stress. Ti K-
edge X-ray absorption spectroscopy (XAS) spectra of the
photoanodes containing X-ray absorption near-edge structure
(see Figure S9) and extended X-ray absorption fine structure
(EXAFS, see Figure le) reveal that TiO,-HS and TiO,-A
possessed an anatase structure, albeit with a lower coordination
number, due to the two-dimensional nature of the structure, in
comparison to the standard anatase TiO, bulk.

The full survey spectrum from TiO,-HS acquired X-ray
photoelectron spectroscopy (XPS) presented only the
characteristic peaks of Ti 2p, O 1s, and C 1s (Figure S10a).
The dominant peak of Ti 2p;,, for TiO,-HS was centered at
458.86 eV (see Figure 1f) corresponding to Ti**,*® which is
higher than that for TiO,-A (458.74 eV), demonstrating a
slight electronic reconstruction in the coordination environ-
ment of Ti cations. A similar trend was also observed in the O
1s spectra of TiO,-HS and TiO,-A (Figure S10b). Under high
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compressive stress, the strong d—d Coulomb interaction
between Ti atoms results in a stronger Jahn—Teller distortion
of the Ti—O bonds,*® leading to the formation of the dipoles.
The charge transfer between Ti and coordinated O triggered
by a strong spin—orbit interaction can induce a positive shift of
the Ti 2p;,, core level. According to our optical measurements
and an indirect allowed transition of TiO,, both TiO,-HS and
TiO,-A showed the band gap of ~3.2 eV (see Figure S11a,b).
Additionally, by integrating the absorbance across AM 1.5G
solar spectrum (Figure S11c,d), the photocurrent densities at
100% internal quantum efficiency (J,,) for TiO,-HS and
TiO,-A were calculated to be ~0.54 and 0.56 mA-cm™2
respectively. In other words, apart from the internal stress and
electronic structure, TiO,-HS and TiO,-A show nearly the
same composition, crystalline structure, surface morphology,
film thickness, and band gap, indicating the same capabilities of
light harvesting.

It is generally known that annealing can improve the
crystallinity of TiO, photoanodes and enhance their PEC
oxygen evolution reaction (OER) performance. For example,
amorphous TiO, after annealing has a better PEC OER
performance than amorphous TiO, (Figure S12a,b). Surpris-
ingly, from photocurrent density (J)—potential plots (Figure
2a), TiO,-HS showed a higher saturated J of ~0.13 mA-cm™>
and a lower onset potential (~0.6 V vs RHE) than TiO,-A,
meaning a better PEC OER performance. In fact, compared to
the reported data on recent work of TiO,-based film (see
Table S2), the TiO, films with high compressive stress achieve
a comparable PEC performance. Based on both the
composition and structure characterizations above, it indicates
that the unique compression stress and induced electronic
structure can significantly influence the PEC behaviors of TiO,
photoanodes. In comparison to TiO,-HS, the thinner TiO,
photoanodes with lower compression stress displayed a worse
PEC OER performance (Figure S12¢,d) but a performance
superior to the PEC results of TiO,-A. Meanwhile, to exclude
the disturbance of film thickness, the J-potential plots of TiO,
photoanodes with the same film thickness and different stresses
also showed the different PEC OER behaviors (see Figure
S13). These results can provide further evidence for the
positive correlation between the compression stress and PEC
OER performance. The chronoamperometry measurements
and gas collection were carried out to solidify the occurrence of
PEC OER via TiO,-based photoanodes, as shown in Figure
S14.

The chopped J-potential curves for the bulky TiO,
photoanodes were acquired to study the transient response
of J and assess the PEC intrinsic behaviors. Normally, the
chopped J-potential curves of normal TiO, photoanodes are
basically identical with their J-potential curves under
illumination and in the dark, as demonstrated by the PEC
behaviors of TiO,-A and amorphous TiO, (Figures S12b and
S15b,e). However, TiO,-HS with high compression stress
showed an unusual chopped J-potential curve via 3 s turn-on
and 3 s turn-off (the inset of Figure 2a), in which the J in the
dark was substantially higher than the base current of TiO,-HS
in the dark (see the dashed black line of Figure 2a) and a bump
was observed in the curve, ranging from 0.2 to 0.8 V versus
RHE. Moreover, when the potentials were fixed at certain
values, the chopped J-time curves of TiO,-HS (Figures 2b and
S16) provided some interesting phenomena. First, in the split
second of light turn-on, a sharp and short reduction current
with less than 1 s was recorded at the various potentials, like

595

0.3 V versus RHE (Figure 2b). There is no observation of such
a reduction current in the normal TiO, photoanodes, such as
TiO,-A (Figure S1Se). Correspondingly, a distinct oxidation
current was observed as the light turned off. The oxidation
current exhibited two features: (1) a higher onset current
density than the J at stable operation and (2) a long decay time
for over 11 s (Figure S16d). On the basis of the long decay
oxidation current, we can hypothesize that the appearance of
the bump in the chopped J-potential curve of TiO,-HS is
strongly coupled between the chopped time in the dark and
the decay time of oxidation current. The chopped J-potential
curves for TiO,-HS with different chopped times in the dark
(Figure S17) were investigated to verify the hypothesis. As
hypothesized, the size of the bump in the chopped J-potential
curves was controlled by varying the chopped time in the dark
(Figure S17g).

The PEC reaction on the photoelectrode predominantly
involves three synergistic processes: light absorption, charge
separation, and charge injection.”’ The ] of the reaction is
generalized as

J= ]abs X r]sep X r]inj (1)

where J g fsep and 77y, are the J at 100% internal quantum
efficiency, the efficiency of the separation and transport of
photogenerated charge carriers in the bulk, and the efficiency
of surface-reaching charges that reacted with the electrolytes,
respectively. To quantify the 7,, and 7, J-potential curves of
PEC sulfite oxidation were measured in 1.0 M NaOH with
0.05 M Na,SO; hole scavenger under AM 1.5G illumination
(Figure 2c). PEC sulfite oxidation was regarded as Minjsul Of
100% to assess the charge dynamics of the bulky photoanodes
owing to the thermodynamically and kinetically more facile
reaction process.”> For the same photoanode, the Minj,0ER Of
OER can be obtained by the following relationship

] OER

’]in' -
O T )

where Jopr and J; are the J for OER and sulfite oxidation,
respectively. In the inset of Figure 2c¢, the higher value of
Minj0Er Of ~94% was achieved with TiO,-HS at 0.46 V versus
RHE, which is over 2 times higher than the result for TiO,-A
(~38%). Furthermore, the electrochemical surface areas
(ECSAs) of TiO,-HS and TiO,-A measured by electro-
chemical double-layer capacitance (Cq) were ~25 and 8 uF-
cm™?, respectively (see Figure S18), in almost agreement with
the difference of 77, opr between TiO,-HS and TiO,-A. These
results can associate with the increase of surface active sites via
high compression stress. Most importantly, the 7, of TiO,-HS
and TiO,-A was obtained by the equation

_ ]sul
rlsep -7
]abs (3)
where J ;. of TiO,-HS and TiO,-A is ~0.54 and 0.56 mA-cm™2,
respectively. In Figure 2d, the 7, of 26.5% in TiO,-HS was
achieved at 0.58 V versus RHE, which is ~66 times higher than
that of TiO,-A (0.4%). This expected result can suggest that
the thick TiO, photoanodes with high compression stress have
an internal field in the bulk to drive the separation and transfer
of charges. Meanwhile, the data of electrochemical impedance
spectroscopy (see Figure S19a) and intensity-modulated
photocurrent spectra (see Figure S19b) demonstrated that
TiO,-HS possesses lower charge-transfer resistance and higher
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charge-carrier concentration under illumination than TiO,-A,
supporting the results of their 7, Consequently, the
separation and transfer of photogenerated charges in the
bulk are the predominant factors to determine the PEC
performance of the bulky TiO, photoanodes with high

compression stress. The Mott—Schottky plots of the samples

in Figure S20 were used to determine the flat band voltage.
The x-intercepts of the Mott—Schottky plots plus kT/q
(~0.025 V, as described in eq SS) for TiO,-HS and TiO,-A
give a flat band voltage of —0.6 and —0.55 V, respectively.
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Obviously, the TiO, photoanodes with the compression
stress behave very differently with respect to PEC properties as
compared to the normal TiO, photoanodes, as shown in
Figure 2b. Aiming to find the origin of this specific PEC
behavior, the multiple-step simulated open-circuit PEC
measurements (see Figure 3) were implemented to study the
precise contribution of solar light and applied bias on the PEC
performance of TiO, photoanodes. With respect to the
reduction current at the instantaneous light turn-on, the PEC
measurements (Figure 3a,b) were carried out according to the
following three stages: (1) at 0—1 s, the PEC measurements
were conducted under open-circuit conditions in the dark; (2)
after 1 s, the light was turned on and TiO,-HS was irradiated
to yield the hole—electron pairs under open-circuit conditions;
(3) finally, the circuit began to be connected at different times
for the illuminated TiO,-HS. It can be clearly seen that these J-
time curves measured at different times of connecting the
circuit almost overlapped in the J-time curve from normal PEC
data (Figure 3b). Additionally, the oxidation current at the
instantaneous light turn-oft was investigated using similar three
stages of PEC measurements, including the conditions of open
circuit/light irradiation, open circuit/dark, and connecting the
circuit/dark (Figure 3c,d). Similarly, the J-time plots of TiO,-
HS at different times for connecting the circuit completely
coincided with the PEC plots for common measurement
parameters (Figure 3d). It directly proves that for TiO,-HS
after turning light on/off; the sudden appearance of reduction/
oxidation current and its decay process are solely related to the
light, rather than the external potentials. As a result, the
additional reduction/oxidation current after turning the light
on/off is derived from the unique characteristics of TiO,
photoanodes with the compression stress.

Operando XPS was carried out to understand the link
between photoinduced charges and the electronic state of the
photoanodes, and the results are shown in Figures 4a and S21.
The high-resolution Ti 2p spectra of TiO,-HS (Figure 4a)
showed a recognizably positive energy shift (0.06 eV) during
illumination relative to that before illumination (458.86 eV),
indicating the stronger distortion at Ti—O bonds, consistent
with the change of O 1s spectra during and before illumination
(Figure S21). This result is ascribed to the transfer of
photoinduced charges on the Ti and O sites, leading to the
formation of active dipoles and the reconstruction of the
electronic coordination environment during illumination. After
removing the light, the Ti 2p peak of TiO,-HS (458.90 eV)
slightly shifts toward a lower binding energy but does not
completely return to its original state before illumination
(458.86 eV). The active dipoles for TiO,-HS can be stabilized
in the bulk under high vacuum conditions; that is, the charge
carriers are stored temporarily.

Aiming to further explore the distribution of the electron
reconstruction with different depths, we employed operando
synchrotron radiation XPS (SR-XPS) to undertake depth
profiling of the photoanodes using the tunable photon energy
(Eph) of the photon beam associated with the corresponding
photoelectron kinetic energy (Figures 4b and §22-25).% As
illustrated in Figure 4b, the sampling depth strongly depends
on the photoelectron kinetic energy defined by E, when the
energy is higher than ~50 eV.*” Deconvolution of the Ti 2p
and O 1s spectra for TiO,-HS and TiO,-A (Figures $22—S25)
from SR-XPS with different E, also exhibits a similar shift
toward a higher binding energy under illumination related to
that in the dark. The photoinduced distortion degree of Ti—O
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bonds as well as the number of the formed dipoles was defined
as the difference between the dominant peak positions of Ti 2p
spectra under illumination and in the dark (AE = Eq; jumination
— Er; gan)- It is clearly seen in Figure 4b that the AE was 0.013,
0.162, 0.195, 0.216, and 0.221 eV corresponding to E,, of 140,
550, 650, 750, and 850 eV, respectively, signifying fewer
dipoles on the topmost surface (<1 nm) compared with the
deeper surface region of the thick film. By correlating the SR-
XPS results and FESEM images, we can speculate that the
dipoles of TiO,-HS are mainly concentrated on the grain
boundaries, suggesting that the photoinduced charges would
be easily trapped by the defects at grain boundaries, like S-
coordinated Ti atoms (Tis) and oxygen-bridge bonds (Oy,).
The altered trends of the distortion state of Ti—O bonds with
the increase of E,, were also observed in O 1s spectra (Figure
$24) and TiO,-A (Figures S23 and $25). In comparison to
TiO,-A, TiO,-HS showed more efficient dipole productions
throughout the whole bulky TiO, photoanode during
illumination.

Near-edge X-ray absorption fine structure (NEXAFS)
spectroscopic studies were carried out to identify the changes
of the electronic and atomic structures itself from the light
excitation. It is well known that the Ti L-edge NEXAFS of
TiO, consists of two doublet peaks by the spin—orbit
interaction of the Ti 2p core level with an electron transfer
from the Ti 2p;,, or 2p, /, levels to the Ti 3d orbitals, resultin
in the presence of t,; and e, orbitals in octahedral symmetry.’
The Ti L-edge spectrum of TiO,-HS (see Figure 4c) showed
clearly the absorption features of anatase TiO, and no sign of
Ti**.>> When the illumination was introduced, the intensity of
the t,, and e, peaks was slightly increased, which reflects the
photogenerated electrons in the t,- and e,like orbitals.
Meanwhile, the two doublet peaks of TiO,-HS shifted to
higher energy under illumination than in the dark, suggesting
the redistribution and mixture of electron orbitals with the
photogenerated electrons. Similar changes of the O K-edge
NEXAFS spectra were also found in TiO,-HS with and
without irradiation (Figure S26). To further investigate the
defect states in the bulk, we used electron paramagnetic
resonance (EPR) spectroscopy to observe the TiO, photo-
anodes with and without illumination at 130 K (Figure S27).
No EPR signal of Ti**/oxygen vacancies was detected for the
photoanodes in the dark and under illumination. Conse-
quently, the properties of the bulky TiO, photoanodes are
sensitive to the distortion of Ti—O bonds and the formation of
active dipoles by the overlap of the excited-state electron
orbitals, strongly correlating to the PEC performance,
especially the charge separation and transport.

Photoluminescence (PL) emission spectroscopy is a power-
ful tool for judging the recombination of photogenerated
charges of the photoelectrodes. Both TiO,-HS and TiO,-A had
PL peaks centered at about 390 (almost being equal to 3.17
eV, see Figure S28), originating from the main emission of
band-gap transitions and the recombination of charges. As
compared to TiO,-A, a marked fluorescence quenching was
observed on TiO,-HS, signifying the suppression of charge-
carrier recombination. Time-resolved PL (TRPL) spectra can
probe the charge lifetime of the photoanodes with the decay
curves and kinetic parameters. As shown in Figure 4d, the
charge lifetime of TiO,-HS and TiO,-A was 1.57 and 1.40 ns,
respectively. However, such a slight increase of charge lifetime
on TiO,-HS in comparison to TiO,-A hardly matches a
substantial improvement in the process of charge separation
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indirect exchange interactions between Ti ions.

and transport. One possible reason would be that the
photogenerated charges of the bulky TiO, photoanodes with
high compression stress are quickly transferred and stored as
efficient dipoles to enhance PEC performance, which is in line
with the observations made in this study.

Valence band (VB) analysis of TiO, photoanodes (Figure
Sa) was performed by SR-XPS to clarify the band structure of
the surface. The TiO,-A displayed a low intensity of the
density of states (DOS) with the edge of the VB maximum at
1.77 €V and shows characteristics identical to the classical VB
characteristics of TiO,. By contrast, a pronounced shift of the
VB maximum (1.40 eV) toward a lower energy was found on
TiO,-HS. Additionally, TiO,-HS also had a bump near the
Fermi level with an edge of 0.55 eV, assigned to the presence
of active dipoles via the compression stress-induced interaction
of electron orbitals. As suggested by Pan et al,*® the VB
maximum values in electron volts can be converted to
electrochemical energy potentials in volts to reconstruct the
band structure of TiO, photoanodes. The scheme of the band
structure for TiO,-HS in Figure 5b shows clearly the transfer of
photoexcited holes. The band gap of TiO,-HS is 3.07 V with
the VB maximum of 2.25 V and the CB minimum of —0.82 V,
which satisfies the requirements of PEC overall water splitting.
Concurrently, the additional active dipoles at 1.40 V can
facilitate the transfer of holes through the VB for participation
in PEC OER.

Electricity and magnetism are separate yet interconnected
phenomena associated with moving electric charges, and a
magnetic fleld can change the movement of electric charges to
produce an electric current. To further illuminate the real
origins of the enhanced charge-carrier dynamics, the room-
temperature ferromagnetism of the bulky TiO, photoanodes
was studied by applying a magnetic field perpendicular to the
surface of the photoanode (Figure Sc). TiO,-A exhibited a

598

visible paramagnetic behavior, while TiO,-HS demonstrated
clear ferromagnetism with an apparent ferromagnetic satu-
ration moment (M,) of ~38 emu cm™ and an intrinsic
coercivity (H,) of ~2 kOe. When a parallel magnetic field was
applied at the surface, a slight diamagnetism was found on
TiO,-HS (Figure S29). The magnetic anisotropy of TiO,-HS
can be ascribed to the motion of non-180° magnetic domain
walls driven by compressive stress toward the perpendicular
direction to form the long-range magnetic moments under
external magnetic fields (see the inset of Figure 5¢).”’ In
addition, to distinguish the annealing conditions of TiO,-A
(500 °C, 60 min), the annealing conditions were set as 400 °C,
30 min to obtain the TiO, film with low compressive stress.
The decrease of compressive stress can result in the
demagnetization of TiO, film (Figure S30) and the
corresponding decrease of photocurrent density (Figure
S13). Thus, the PEC performance of TiO, film is proportional
to its ferromagnetic behavior. However, the demagnetization of
TiO, films by annealing is irreversible and difficult to
magnetize again by other methods. This is because the
magnetic domain hardly overlaps the adjacent TiO, grains with
loose structures after annealing, leading to the lack of a net
alignment of polaron spins (see Figure S31).

The mechanism that brings about the ferromagnetic
interaction of TiO,-HS is schematically depicted in Figure
5d. For a perfect TiO, crystal grain, each Ti atom in an
octahedral ligand field should be fully coordinated with six O
atoms (labeled as Tig) and split into high e, and low t,, orbitals
(see Figure Sd). In fact, Ti atoms on the surface of the real
crystal grain possess unpaired 3d orbitals with a single electron
(labeled as Tis). Usually, each t,, orbital in Tis is occupied by
the single electron with a single spin, making the unfilled 3d-
shell act as a spin-dependent gate to adjust charge transfer.
One proposed route is that the electronic hopping between
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TiO, photoanodes for PEC OER.

half-filled t,, orbital and unfilled & orbital results in a
ferromagnetic behavior (Figure 5d).”” On the other hand,
the indirect exchange coupling, which is an excited electron
from the 2p orbital into a vacant 3d orbital of Ti6 directly
interacting with the 3d orbital of the nearest-neighboring Ti;,
gives rise to a ferromagnetic interaction between the nearest-
neighboring Tig and Tig (Figure 5d).”” In these cases, we can
imagine that the electronic hopping and interaction are
impelled to form the well-aligned dipole moments when the
compressive stress is applied, contributing to a magnetic
structure conversion and spin reconfiguration.

Integrating the PEC OER performance, operando physical
and chemical characterization, and the exchange interaction of
magnetic and electric fields, the compression stress-induced
internal magnetic field can be the dominating factor for
enhancing the charge-carrier dynamics of the bulky TiO,
photoanodes. Meanwhile, some important appearance factors
such as surface morphology, film thickness, and ECSA can
reflect and tune the residual stress of TiO, photoanodes for
improving the PEC behaviors. However, in this work, the
influence of oxygen vacancies, crystallinity, and light
absorption on the PEC performance can be safely ruled out
as testified in Figures S8, S11, and S27. Consequently, the
mechanisms of enhanced charge dynamics for the bulky TiO,
photoanodes are proposed in Figure 6, including the
separation, storage, transfer, injection, and recombination of
the photogenerated charges. When the anisotropic magnetism
induced by compressive stress is taken into account, each
crystal grain in the bulky TiO, photoanodes can be passed
through magnetic induction lines from adjacent crystal grains.
For the photoanode, the holes continuously move to the
surface under stable illumination due to the band bending at
the solid/liquid interface. However, according to Lenz’s law, in
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an instant of switching on the light, the original magnetic field
can yield an induced electromotive force to impede the motion
of holes and drive the electrons from the subsurface into the
solid/liquid interface so that they may participate in the
hydrogen evolution reaction (HER). The time of HER is short
(less than 0.5 s), resonant with the dynamics of the induced
electromotive force (see the left-hand side of the scheme in
Figure 6a). By contrast, when the light is switched off, an
opposite induced electromotive force from the original
magnetic field can facilitate the transfer of holes, which
corresponds to an increase in the transient current as depicted
in the right-hand side of the scheme in Figure 6a. It is
important to note that the decay time of current in the dark is
over 11 s, which is prolonged compared to the effect of
induced electromotive force. Accordingly, this long decay time
is due to the combined action of the induced electromotive
force, prolonged-release holes/electrons, and non-recombina-
tion charge transfer.

Taking a common TiO, crystal grain as an example, the Oy,
and Ti; sites are uniformly surrounded by the boundaries of
the grain to capture the holes and electrons, respectively. Upon
illumination, TiO, absorbs the photons and produces electrons
and holes. The excited electrons and holes can randomly move
in any direction following Brownian movement. This process
gives rise to the recombination of a number of holes and
electrons, and the residual charge carriers migrate to the
uncoordinated sites of the boundaries to form the active
dipoles [Figure 6b(i)]. The dipoles play the roles of temporary
storage sites and transfer channels of charge carriers.
Nevertheless, the positive and negative dipoles are contigu-
ously dispersed in the boundaries, leading to the occurrence of
charge recombination when the holes/electrons transfer in the
bulk/surface. Back to the dark condition, the holes and
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electrons are released by the dispersed positive and negative
dipoles, which sequentially and quickly recombine. Normally,
no decay current can be found in this scenario. However, if the
TiO, grain has a ferromagnetism perpendicular to the surface,
an intrinsic magnetic field is established with the grain. From
the perspective of the Lorentz force law, the photogenerated
holes and electrons possessing different charges in the
magnetic field travel in opposite directions [Figure 6b(ii)].
The holes and electrons directionally arrive at the opposite
boundaries to create the completely separated positive and
negative dipoles, respectively. Under irradiation, the holes and
electrons are smoothly transported from the bulk to the
surfaces of the TiO, photoanode and counter electrode to split
water into oxygen and hydrogen, respectively. Returning to the
dark, an obvious persistent current is generated by the released
holes and electrons due to free charge recombination [Figure
6b(ii)]. As a result, the directional motion and the separated
positive and negative dipoles can tremendously increase the
efficiency of charge separation and transport. Considering the
distortion of Ti—O induced by compressive stress, the surface
of TiO,-HS yields more active dipoles that adsorb more
dissociated H,O molecules, in comparison to that of TiO,-A.
In Figure 6c, these active dipoles embodying the injection of
holes facilitate the reaction in the solid/liquid interface.

In summary, this study has provided unequivocal evidence of
the enhanced mechanism of charge separation and transfer for
the bulky TiO, photoanodes, which is critical to realizing a
highly efficient PEC oxidation reaction. Our work demon-
strates that the dipoles formed at the grain boundaries via
photoexcited charge carriers and the uncoordinated sites play
an important role in charge separation, transport, and storage.
Under compression-stress-induced ferromagnetic field, the
bulky TiO, photoanodes exhibit a significant increase in
charge separation and transfer in the bulk (over 60 times) and
a slight increase in charge injection on the surface (~2 times),
in comparison to the normal TiO, photoanodes. We anticipate
that the insights reported here will draw more attention to the
necessity to further improve the charge separation and transfer
and achieve better PEC performance by novel routes.
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