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Abstract

Charge separation is critical for achieving efficient solar-to-hydrogen conversion, whereas piezoelectric-enhanced photoelectrochemical
(PEC) systems can effectively modulate band bending and charge migration. Herein, we design an n-TiO,/BaTiO/p-TiO, (TBTm) hetero-
junction in which the piezoelectric BaTiO; layer is sandwiched between n-TiO, and p-TiO,. The built-in electric field of TBTm can provide a
strong driving force to accelerate carrier separation and prolong carrier lifetime. Consequently, the TBT3 achieves a prominent photocurrent
density, as high as 2.13 mA+cm ™2 at 1.23 V versus reversible hydrogen electrode (RHE), which is 2.4- and 1.5-times higher than TiO, and TiO,—
BaTiOj3 heterojunction, respectively. Driven by mechanical deformation, the induced dipole polarization can further regulate built-in electric
fields, and the piezoelectric photocurrent density of TBT3-800 is 2.84 times higher than TiO, at 1.23 V vs. RHE due to the construction of
piezoelectric-heterostructures. This work provides a piezoelectric polarization strategy for modulating the built-in electric field of heterojunction
for PEC system.
© 2023 Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The effective charge spatial separation is crucial for
improving the solar-to-chemical conversion efficiency of
photoelectrocatalysis [1,2]. In general, the charge transfer and
migration paths is random in a single semiconductor, and se-
vere recombination will occur between photogenerated elec-
trons and holes, then reducing photoelectrochemical (PEC)
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efficiency. Engineering heterojunction has been proven to be
one of the most promising methods for the construction of
advanced PEC systems because of their feasibility and effec-
tiveness for spatial charge separation [3—7]. The hybridization
of semiconductors with diverse band structures leads to charge
redistribution at the contact interface, and a built-in electric
field via band bending will form in the space charge region for
facilitating carrier separation [8,9].

Compared with typical type-II junction, the p-n junction
can establish a very strong built-in electric field from n-type
semiconductor to p-type semiconductor due to diffusion
movements of majority carriers [10—14]. Several p-n hetero-
junctions, including p-Co3;04/n-Fe,05 [15], p-Bi,O03/n-TiO,
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[16], n-TiO,/p-Cu,0 [17], have been exploited for enhancing
PEC performance. But the difficulty in energy band matching,
interfacial and structural compatibility between different
semiconductors is a challenge for desirable improvement of
performances. Fortunately, p-n homojunction have been suc-
cessfully established by finely controlling dopant or defect in
semiconductors, by which the intrinsic conductivity could be
modulated for homojunction construction [18,19]. Theoreti-
cally, oxygen vacancies of oxides as shallow donors possess n-
type semiconducting property, while the cation vacancies show
p-type conductivity and work as acceptor sites [20-22].
Hence, the TiO, p-n homojunction as the paradigm can be
elaborately designed through the introduction of oxygen and
titanium vacancies to achieve more efficiency in charge sep-
aration and transfer for significantly high photoactivity [23].
Importantly, p-n homojunction possesses the advantages of
strong interaction, good component compatibility, and feasi-
bility, which tend to form a successive band bending for
promoting carrier separation and transfer [23-25]. However,
the carrier separation efficiency of p-n junction may remain
limited due to neutralizing the interfacial electric field through
rapid accumulation of carriers during transfer process.

Piezoelectric effect with unique band tuning ability is arising
as a revolutionary strategy to overcome the charge separation
and transfer limitation of p-n heterojunction [26-28]. The per-
manent polarizations can be induced by piezoelectric materials
with non-centrosymmetric structures, such as BaTiO3 [29-31],
BiFeO; [32,33] and PbTiO; [34,35] and can further be regu-
lated by applying mechanical force. So, the advantage of the
piezoelectric-heterostructures is that the width and magnitude
of the space charge region at the contact interface can be easily
altered with the piezoelectric polarization to regulate the charge
migration [28]. However, the band alignment in piezoelectric-
heterojunction should be elaborately designed to maximize
charge separation enhancement.

Herein, we designed an n-TiO,/BaTiOs/p-TiO, hetero-
junction to couple with piezoelectric effect and p-n junctions.
The piezoelectric BaTiOs is inserted between n-type TiO, and
p-type TiO,. Based on comprehensive characterizations of
charge carrier behaviors in multi-heterojunction, the built-in
electric field and polarized-induced electric field formed in
heterojunction can provide a very strong driving force to
enhance photo-carrier separation and prolong carrier lifetime.
Therefore, the TBTm heterojunction shows excellent piezo-
electric-enhanced PEC performance.

2. Experimental
2.1. Materials

Tetrabutyl titanate (C;¢H3¢04Ti) was purchased from
Tianjin Guangfu Fine Chemical Research Institute. Diethylene
glycol (DEG) was obtained from Tianjin HEOWNS Biochem
Technologies. Isopropyl alcohol (IPA) was obtained from
Tianjin Jiangtian Chemical Technology Co., LTD. Tetrabuty-
lammonium hydroxide (TBAH, 40 wt% in H,0O) was obtained

from J&K Scientific LLC. Hydrochloric acid (HCl), glycerol
(C3HgOs3), barium hydroxide octahydrate (Ba(OH),+8H,0)
and andethyl alcohol (C,HgO) were supplied by Tianjin Yuanli
Chemical Industry Co., LTD.

2.2. Preparation of n-TiO»/BaTiOs3/p-TiO,
heterojunction

TiO, photoanodes was synthesized via a hydrothermal
method. Typically, 0.17 mL of C¢H3604Ti were dissolved in a
mixture of 8 mL HCIl (36%—-38 % by mass) and 12 mL H,O.
The FTO substrates were immersed and then heated in a steel-
lined Teflon autoclave at 170 °C for 5 h. Then, the dry sample
was annealed at 500 °C for 1 h in air to obtain TiO,
photoanodes.

Then, 0.75 mmol Ba(OH),-8H,O was dissolved in
7 mL H,O, then 5 mL DEG, 5 mL ethanol, 1.5 mL IPA and
0.6 g TBAH were added successively, and stirred thoroughly.
Then, the resulting solution and TiO, photoanode were
transferred to a 50 mL Teflon autoclave and heated at 150 °C
for 5 h. After cooling, the obtained TiO,~BaTiO; hetero-
junction (named as TB) was washed and dried at 60 °C. The
complete in-situ conversion can be achieved to obtain pure
BaTiOj; with the same process when increased Ba(OH), - 8H,O
of 2.5 mmol. The XRD pattern is provided in Fig. S1 (Sup-
plementary Information, SI).

Finally, titanium defect TiO, (p-TiO,) was synthesized and
supported on the surface by a general solvothermal-calcination
method proposed by our group [21,36-38]. In a typical pro-
cess, the synthesized TB was immersed in the mixture of
glycerol (1 mL) and ethanol (19 mL) containing a certain
amount of C;¢H3604Ti, and the solvothermal reaction was
performed at 180 °C for 8 h. After washing and drying,
samples were calcined at 400 °C for 1 h in air to obtain the
final n-TiO,/BaTiOs/p-TiO, samples, which were named
TBTm according to the amount of C;¢H3¢04Ti (m = 1, 3 or
5 pL) added.

2.3. Photoelectrochemical (PEC) test

The PEC properties of TiO,, TB and TBTm were per-
formed with an electrochemical workstation (CHI 660E) with
a typically three-electrode system with as-prepared samples,
Pt electrode and Ag/AgCl as working, counter and reference
electrode, respectively. The electrolyte was 1 M KOH aqueous
(pH = 13.6). The light source was a 300 W Xenon lamp with
an AM 1.5 G filter (100 mW/cm2, PLS-SXE300UV, Beijing
Perfectlight Technology. Co. Ltd.). Linear sweep voltammo-
gram (LSV) were performed at the scanning speed of 10 mV/s.
The electrochemical impedance spectroscopy (EIS) was
analyzed with the sinusoidal AC voltage of 10 mV in the
frequency range of 0.1-10° Hz under light conditions. The
Nernst aquation was carried out to convert the measured po-
tential of Ag/AgCl reference potential to reversible hydrogen
electrode (RHE) scale: E (vs. RHE) = E (vs. Ag/AgCl) +
0.059 x pH + 0.197.

Environment, https://doi.org/10.1016/j.gee.2023.12.001

Please cite this article as: M. Ai et al., Piezoelectric-enhanced n-TiO,/BaTiO;/p-TiO, heterojunction for highly efficient photoelectrocatalysis, Green Energy &




M. Ai et al. / Green Energy & Environment xxx (Xxxx) xxx 3

TiO,
A  photoanode

In-situ ion
exchange reaction

b * B_aTiO3
. A TiO,

- & . FIO

-

s M TBT 34

= ) TBW

=

= " Aerssn

[7;] v

§ TiO

£

JCPDS 81-2202 BaTiO,

| JCPDS 21-1276 TiO,

20 30 40 50 60 70

BaTiO, coated TiO, nTiO,/BaTiO,/pTiO,
photoanode (TB) phtoanode(TT)

e g 8
v f

Solvothermal
reaction

“L

Fig. 1. (a) The fabrication process of n-TiO,/BaTiO5/p-TiO, heterojunction. (b) XRD patterns of TiO,, TB and TBT3. (c) The crystal structure of tetragonal
BaTiO; and schematic illustration of the piezotronic effect under strains. Top-view and cross-sectional SEM images of (d, g) TiO,, (e, h) TB and (f, i) TBT3.

3. Results and discussion

3.1. Structural analysis of n-TiO»/BaTiO3/p-TiO,
heterojunction

The n-TiO,/BaTiO5/p-TiO, (TBTm) heterojunction was
synthesized via a step-by-step hydrothermal process (Fig. 1a).
As shown in XRD patterns (Fig. 1b), TiO, nanorods (NRs)
show characteristic peaks at 27.45°, 36.09° and 62.74°, cor-
responding to crystal planes of (110), (101) and (002) of rutile
TiO, (JCPDS No. 21-1276) [39]. For TB and TBT3, an
additional diffraction peak appears at 31.47°, which corre-
sponds to (101) crystal plane of tetragonal BaTiO; (JCPDS
No. 81-2202) with ferroelectric properties [40,41]. The

relatively weak reflection signals of BaTiO5 are attributed to
the low content and the masking effect originated from high
intensity reflection signals of TiO,. BaTiO; has non-
centrosymmetric crystal structure with a spontaneous polari-
zation and can be regulated by an external mechanical force in
Fig. lc [42]. The formed polarized dipoles can enhance the
spatial separation and directional transfer of photoexcited
charges.

Top-view and cross-sectional SEM images of TiO, NRs
show that vertically aligned TiO, NRs uniformly cover the
FTO substrate with a thickness of ca. 2.40 pm (Fig. 1d and g).
The diameter of TiO, NRs is ca. 190 nm (inset in Fig. 2a). The
high-resolution TEM in Fig. 2a verifies the interplanar spacing
of TiO, NRs is 0.32 nm, assigned to (110) plane of rutile TiO,.
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Fig. 2. TEM and HRTEM images of (a) TiO,, (b) TB and (c) TBT3. (d) EDS mapping images of TBT3. (e) PFM amplitude image, (f) phase image, (g) amplitude

butterfly loop of TBT3.

After in-situ ion exchange reaction, BaTiOj3 layers are formed
without obvious changes in morphology and film thickness
(Fig. le and h). The diameter of TB NRs slightly increases to
ca. 200 nm (inset in Fig. 2b), with BaTiO3 layer of ca. 9 nm
(the lattice fringe of ca. 0.28 nm refers to (101) plane of
BaTiOs, Fig. 2b).

From Fig. If and i, TBT3 heterojunction is constructed by
modifying Ti-defected TiO, (p-TiO,) particles through sol-
vothermal reaction. The morphology structure of Ti-defected
TiO, is an irregular structure of self-assembled small particles.
At the same time, the aggregation degree of Ti-defected TiO,
will gradually increase with the increase of the addition
amount of CgH3604Ti as shown in Fig. S2 (SI). The scattered
p-TiO, particles show the lattice spacing of ca. 0.35 nm, which
is assigned to (101) crystal facet of anatase TiO, (Fig. 2¢) [43].
The energy dispersive X-ray spectrometer (EDS) mapping
(Fig. 2d) confirms the uniform distribution of Ti, O and Ba in

TBT3, confirming the formation of n-TiO,/BaTiOsz/p-TiO,
multi-heterojunction. The piezoelectric properties of TiO,, TB
and TBT3 were characterized by a piezoresponse force mi-
croscope (PFM). In Figs. S3a—c (SI), TiO, NRs show no
amplitude signal and have no intrinsic piezoelectric properties.
In comparison, TB and TBT3 both show the typical piezo-
electric butterfly ring, originating from the piezoelectric effect
of BaTiO; layers (Figure S3d-f, SI and Fig. 2e-g) [31].
Compared to TB, the TBT3 heterojunction has a slightly
reduced piezoelectric response due to further modification of
Ti-defected TiO, particles.

The electronic coupling and valence states of samples were
analyzed by X-ray photoelectron spectroscopy (XPS). The
survey XPS spectra of TB and TBT3 show the presence of Ti,
O and Ba elements without any impurities (Figs. S4 and SI). In
Ti 2p XPS spectra, two main peaks of Ti 2p for TiO, are
corresponding to Ti 2p;,, and Ti 2ps3.,, respectively, indicating
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the existence of Ti*" (Fig. 3a). After in-situ ion-exchange to
TB, the binding energy of Ti 2ps, slightly shifts to lower
binding energy compared with TiO,, suggesting the change of
coordination environment due to Ba>" embedding [29]. After
decorating with p-TiO,, the Ti 2p;3, peak in TBT3 shifts to-
wards higher binding energy compared with both that of TB
and TiO, owing to Ti vacancies with lower electron cloud
density [21]. In Fig. 3b, the Ba 3d-binding energies are located
at 795.2 and 779.8 eV, belonging to Ba 3d;, and Ba 3ds)
orbitals of Ba>" in BaTiOs, respectively [29]. Notably, there is
no significant peak shift of Ba 3d-binding energies between
TB and TBT3 but there are significant changes in surface
oxygen states among samples. The reason should be that the
electron transfer between BaTiO3 and TiO, is more through
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the Ti—O bond [44]. In Fig. 3c—e, the O 1s peak can be
deconvolved into three peaks: lattice oxygen (Or, 529.7 eV),
oxygen vacancies (Oy, 531.4 eV), and adsorbed —OH/H,0O
(Oon, 532.8 eV) [45,46]. In Fig. 3f, TiO, exhibits intrinsic
oxygen vacancies, and the peak area ratio of Oy/Or is ca.
22 %. For TB heterojunction, the ratio of Oy/Oy increases to
ca. 38 % due to the difference in lattice parameters between
TiO, and BaTiOj;, which lead to form more oxygen vacancies
through in-situ ion-exchange reaction. Significantly, the Oy/
Oy, ratio of TBT3 multi-heterojunction decreases to ca. 15 %,
which is attributed to the introduction of Ti vacancies in the
outer p-TiO, [23]. Electron paramagnetic resonance (EPR)
measurements were carried out to further detect the changes of
oxygen vacancies. TiO,, TB and TBT3 possess obvious
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Fig. 3. (a) Ti 2p and (b) Ba 3d XPS spectra of TiO,, TB and TBT3. O 1s XPS spectra of (c) TiO,, (d) TB and (e) TBT3. (f) The peak area ratio of Oy/Or. and Ogy/

O, in TiO,, TB and TBT3.

Environment, https://doi.org/10.1016/j.gee.2023.12.001

Please cite this article as: M. Ai et al., Piezoelectric-enhanced n-TiO,/BaTiO5/p-TiO, heterojunction for highly efficient photoelectrocatalysis, Green Energy &




6 M. Ai et al. / Green Energy & Environment xxx (xxxx) xxx

signals peak at 2.003, assigned to oxygen vacancies in Fig. S5
(SI) [47]. And the change trend of EPR signal is consistent
with XPS results. For adsorbed —-OH/H,O on the surface,
compared with TiO,, the Opoy/Oy ratio of TB and TBT3 in-
creases from 8 % to 26 % and 47 %, respectively. Ti vacancies
in TBT3 can effectively enhance —OH/H,O adsorption and
energetically favorable H,O oxidation with relatively low
energy barrier [48].

3.2. Photoelectrochemical (PEC) performance

The PEC performance of all photoanodes was measured
under AM 1.5G irradiation in a 1.0 M KOH electrolyte. As
shown in Fig. 4a, TiO, exhibits a relatively lower photocurrent
density of 0.88 mA+cm 2 at 1.23 V vs. RHE, and a high onset
potential of 0.26 V vs. RHE. After in-situ growth of BaTiOs,
the photocurrent density of TB increases to 1.43 mA-cm ~ at
1.23 V vs. RHE. The various amount of p-TiO, is optimized in
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TBTm, with the order of TBT3 >TBT1 >TBTS. TBT3 per-
forms optimal photocurrent density of 2.13 mA-cm > at
1.23 V vs. RHE, which is 2.4- and 1.5-times of the TiO, and
TB, respectively. Meanwhile, the onset potential also de-
creases to 0.20 V vs. RHE. However, once excessive p-TiO, is
decorated (TBTY), there is a serious agglomeration of nano-
particles which is detrimental to light absorption and photo-
generated carrier separation and transfer, resulting in the
reduction of photoelectrochemical activity.

The applied bias photon-to-current conversion efficiency
(ABPE) of TBT3 shows the highest value of 0.49 % at 0.83 V
vs. RHE, while TiO, and TB only reach the maximum value of
0.15 % at 0.96 V vs. RHE and 0.34 % at 0.86 V vs. RHE
(Fig. 4b). Then, the incident photo-to-current conversion ef-
ficiency (IPCE) spectra were performed (Fig. 4c), ranked as
TBT3 > TBT1 > TBT5 > TB > TiO,. TBT3 sample reaches
the maximum value of 90.84 % at 330 nm, which was 1.68
times higher than that of TiO, (54.22 %). Meanwhile, the PEC
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Fig. 4. (a) LSV, (b) ABPE curves, (c) IPCE of TiO,, TB and TBTm. (d) Time-dependent photocurrent density of TiO,, TB and TBT3 at 1.1 V vs. RHE. (e) LSV

curves and (f) ABPE curves of TBT3 under different stirring speeds.
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stability of TiO,, TB and TBT3 was determined under
continuous illumination for 6 h. As shown in Fig. 4d, all
samples exhibit excellent stability.

Subsequently, the piezo-photoelectric performances of
TiO,, TB and TBT3 were measured by stirring-induced me-
chanical forces. The deformation of BaTiO3 can generate an
enhanced polarization electric field for TB and TBT3. The
degree of piezoelectric effect is controlled by a stirring speed
of 0-800 rpm and labeled as TiO,-M, TB-M and TBT3-M (M
represents stirring speed). In Fig. S6a and b (SI), TiO, NRs
were tested under stirring at different speeds in the dark and
under irradiation. The piezo-photocurrent density of TiO, NRs
both have almost no change with the increase of stirring speed,
suggesting no piezoelectric enhancement or mass transfer
enhancement. In comparison, TB and TBT3 show the piezo-
electric current of with increased stirring speed in the dark due
to the piezoelectric effect (Fig. S6c,e, SI). It is worth noting
that the piezoelectric current is only two orders of magnitude
smaller than the piezo-photocurrent density so that the
contribution to the piezoelectric current is negligible. Under
irradiation, the piezo-photocatalytic activity of TB shows
1.11-times enhancement at 1.23 V vs. RHE under a stirring
speed 800 rpm (Fig. S6d and SI). In Fig. 4e, the piezo-pho-
tocatalytic activity of TBT3 increases gradually with the in-
crease of stirring rate. When the stirring rate is 800 rpm, the
photocurrent density of TBT3-800 increases to 2.50 mA+cm >
at 1.23 V vs. RHE with an enhancement of 2.84 times
compared with TiO, without stirring. It is worth noting that the
performance of TBT3-800 is better than most representative
TiO,-based photoanodes reported previously (Table S1 and
SI). The corresponding ABPE of TBT3-800 reaches a
maximum value of 0.69 % at 0.8 V vs. RHE (Fig. 4f). The
enhanced piezo-photocatalytic performance may be attributed
to the strong driving force of deformation-enhanced charge
separation.

3.3. Charge carrier behaviors in heterojunction

The charge carrier behaviors in n-TiO,/BaTiOs/p-TiO,
heterojunction were then evaluated. The efficient charge sep-
aration of TBT3 multi-heterojunction was proved by photo-
luminescence (PL) spectra in Fig. 5a. The lower PL intensity
of TBT3 than pristine TiO, and TB indicates that TBT3 has
lower carrier recombination rate, which favors high charge-
separation efficiency. According to the fitted time-resolved PL
curves, the average carrier lifetime of TiO,, BT and TBT3 are
1.88, 2.49 and 3.28 ns, respectively (Fig. 5b and Table S2 and
SI). The prolonged carrier lifetime in TBT3 leads to reduced
radiative recombination of photogenerated carriers [49].

Subsequently, the charge injection and charge separation ef-
ficiencies were evaluated by using Na,SO; as hole scavengers in
PEC water oxidation system (1 M KOH) [50,51] in Fig. S7a—c
(ST). As shown in Fig. S7d (SI), surface charge injection effi-
ciency (7iy;) values are 62.3 %, 64.4 %, and 64.1 % for TiO,, TB
and TBT3 (at 1.23 V vs. RHE), respectively, indicating 7;,; is not
the pivotal reason for the enhancement of PEC photoactivity [52].
Noticeably, the charge separation efficiency (ns.p) of TiO,, TB

and TBT3 are calculated as 43.6 %, 60.6 % and 86.6 % at 1.23 V
vs. RHE (Fig. 5¢). The 1p, values of TB and TBT3 are enhanced
by ca. 139 % and 199 % compared with TiO,, which is consistent
with the increased PEC photocurrent density. The above results
confirm that TBT3 heterostructure can efficiently enhance carrier
separation and suppress electron—hole recombination owing to
the formation of the internal electric field and polarized-induced
electric field.

Open circuit photo-voltage (OCP) measurements were
conducted to verify the intensity of built-in electric field in
heterojunction (Fig. 5d). Photovoltage (AOCP = OCPg,x -
OCPjign) derived from the open-circuit voltage in dark
(OCPgari) and under light (OCPy;gp) follows the order: TBT3
(0.89 V) > TB (0.80 V) > TiO; (0.74 V). Such a large AOCP
indicates a strong intrinsic built-in electric field, which en-
hances the driving force of charge separation. Besides, the
OCP transient decay measurement (Fig. S8 and SI) was used
to evaluate the lifetime of photogenerated carriers. The strong
band bending can create a large number of spatial charges in
the depletion layer so that remarkable carrier recombination
occurs immediately in the transient once illumination is turned
off [53,54]. Thus, compared with TiO, (178 ms) and TB
(128 ms), the fast decay kinetic constant of 72 ms further
confirms effective charge separation due to the stronger band
bending and built-in electric field in TBT3 [53,54]. Besides,
the significant decrease in the onset potential of TBT3 is also
attributed to the larger AOCP provided by the stronger built-in
electric field.

To evaluate charge transfer behaviors at the interface of
photoanode/electrolyte, electrochemical impedance spectros-
copy (EIS) was monitored at open-circuit potential. As
demonstrated in Fig. Se, the Nyquist plots of TiO, shows a
large semicircle, and the fitted charge transfer resistance at the
interface is ca. 1816 Q. BT with BaTiO5 deposition exhibits a
smaller semicircle compared with TiO, and a lower charge-
transfer resistance of ca. 1139 Q. Obviously, TBT3 with n-
TiO,/BaTiO5/p-TiO; structure shows two obvious semicircles.
The small semicircle in the high-frequency range is usually
regarded as a charge bulk transfer process of photoanode and
the large semicircle of low-frequency region is related to
charge transfer behavior at the Helmholtz layer [55]. As the
equivalent circuit model fitted (inserted in Fig. 5f), the values
of Ryux (121.3 Q) and R, (346 Q) for TBT3 obviously
decrease, demonstrating an improved charge transfer in the
bulk and interface. Meanwhile, a significant decrease was
observed in Ry, by applying the external mechanical forces
on TBT3 in Fig. 5f [56]. Internal electric field and polarized-
induced electric field formed in n-TiO,/BaTiOs/p-TiO, heter-
ojunction can provide an effective driving force to enhance
photo-carrier separation.

3.4. Photoelectrocatalytic mechanism of heterojunction

To further explore the enhancement mechanism of PEC
performance, the band structure and charge transfer pathway
of TBT3 were investigated. From Fig. 6a and b (UV-vis DRS
spectra), TiO, and BaTiO; exhibit the band gap of 3.07 and
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Fig. 5. (a) PL spectra and (b) TRPL spectra of TiO,, TB and TBT3. (c) The charge separation efficiency and (d) OCP measurements of TiO,, TB, and TBT3. (e)
EIS Nyquist plots of TiO,, TB and TBT3. (f) EIS Nyquist plots of TiO,, TB and TBT3 under different stirring speeds. Inset: equivalent circuit used for fitting EIS

spectra.

3.09 eV, respectively. TB and TBT3 show the similar band
edge but the latter has the enhanced UV absorption. Further-
more, Mott—Schottky (M—S) curves show that TiO,, BaTiO;
and TB show positive M—S curves and endow with n-type
conductivity (Fig. 6¢). And TiO, and BaTiO; have flat-band
potentials of 0.12 eV and —0.11 eV vs. RHE, respectively. The
position of E¢ potential of n-type semiconductor is 0.1-0.3 eV
lower than that of CB potential as previous reported [57,58].
Therefore, the CB of TiO, and BaTiOs is determined as ca.
—0.08 and —0.31 eV, respectively. Thus, the band structures of
TiO, and BaTiO; can be derived and shown in Fig. S9 (SI).
According to band alignment, a type II heterojunction tends to
form between TiO, and BaTiO; in TB [29]. Differently, the
M-S plot of TBT3 shows a typical inverted *“V-shaped”
(Fig. 6d), indicating the typical characteristic of p-n junction
due to the introduction of p-TiO, [59,60]. The positive M—S

part of the flat band potential of ca. 0.12 V vs. RHE is
mainly contributed by the hybrid of n-type TiO, and BaTiO3,
while the negative M—S plots originates from Vp-TiO,
(featuring p-type conductivity) [61,62].

Thus, the enhanced charge separation mechanism of TBT3 is
proposed. First, TiO, tends to form oxygen vacancies as shallow
donors and features n-type conductivity. Whereas Vp; can
capture electrons and contribute to p-type conductivity, which
results in the Fermi level close to the valence band [20,23]. As a
result, the introduction of metal defects increases the Fermi
energy level difference between rutile n-TiO, and anatase p-
TiO,, forming an n-p homojunction, and an enhanced built-in
electric field can be formed [23], whose performance is much
higher than that of n-TiO,/n-TiO, homojunction (Figs. S10 and
SI). In particular, BaTiO; plays the crucial role in enhancing
charge separation in TBT3. On one hand, BaTiO; is a typical
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transfer process for n-TiO,/BaTiO3/p-TiO, under illumination. (f) Mechanism for the piezoelectric-enhanced PEC performance under both illumination and

stirring.

piezoelectric material that can be spontaneously polarized by
the displacements of symmetric centers of negative and positive
charges in a crystal unit cell [26]. When BaTiOj is inserted into
n-TiO, and p-TiO,, the spontaneous polarization of built-in
electric field is conducive to enhancing the tandem II type
electron transfer pathway in TBT3 (Fig. 6e). Under photoex-
citation, the electrons in TBT3 were smoothly transmitted to the
inner rutile n-TiO,, and p-TiO, works as hole-collecting layers
for driving H,O oxidation. On the other hand, the spontaneous
polarization in BaTiO; can be aligned by mechanical defor-
mation, which can effectively promote the charges separation of
p-n heterojunction.

As illustrated in Fig. 6f, the piezoelectric-induced nega-
tive charges of BaTiO; layer will attract photogenerated
holes in n-TiO,. And the positive charge induced by piezo-
electricity will attract the photogenerated electrons in p-

TiO,. As a result, the piezoelectric effect triggered by me-
chanical energy greatly promotes carrier separation process
to prolong the carrier lifetime and significantly improve
photoelectrocatalytic performance.

4. Conclusion

In this work, we designed an n-TiO,/BaTiOs/p-TiO, heter-
ojunction in which the ferroelectric BaTiO; layer is between n-
TiO, with oxygen vacancies and p-TiO, with titanium va-
cancies. Such multi-heterojunction with well-aligned band
structure can form a built-in electric field and polarized-induced
electric field at the interface to promote carrier separation and
extend carrier lifetime. Consequently, the outstanding PEC
performance on TBT3 multi-heterostructures of 2.13 mA cm >
(at 1.23 V vs. RHE) is achieved, which is ca. 2.4-times and 1.5-
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times higher than TiO, and TB. Meanwhile, because the
ferroelectric BaTiO; form a stable polarized electric field by
mechanical deformation, the current density is up to 2.50 mA/
cm? at 1.23 V vs. RHE. This work provides new insights into an
enhanced built-in electric field in multi-heterojunction through
synergistic piezoelectric effects and vacancy engineering.
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