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HIGHLIGHTS

® BiVO, nanowires with exposed (010) facets were deposited on the piezoelectric transducer piezo-substrate.

® CO, conversion rate was significantly improved by 5.5-time in an electrostatic field generated by applying a stress on the piezo-

substrate.
e The mole percentage of methane in products was increased from 29% to 64%.

e The improved performance was attributed to the facilitated photo-carriers separation/transfer, as well as the enhanced adsorption of

polar molecules.

ABSTRACT The recombination loss of photo-carriers in photocatalytic
systems fatally determines the energy conversion efficiency of photocata-
lysts. In this work, an electrostatic field was used to inhibit the recom-
bination of photo-carriers in photocatalysts by separating photo-holes
and photo-electrons in space. As a model structure, (010) facet-exposed
BiVO, nanowires were grown on PDMS-insulated piezo-substrate of
piezoelectric transducer (PZT). The PZT substrate will generate an
electrostatic field under a certain stress, and the photocatalytic behavior
of BiVO, nanowires is influenced by the electrostatic field. Our results

showed that the photocatalytic performance of the BiVO, nanowires in

CO, reduction in the negative electrostatic field is enhanced to 5.5-fold of

that without electrostatic field. Moreover, the concentration of methane Electrostatic field

in the products was raised from 29% to 64%. The enhanced CO, reduc-
tion efficiency is mainly attributed to the inhibited recombination loss of photo-carriers in the BiVO, nanowires. The increased energy
of photo-carriers and the enhanced surface absorption to polar molecules, which are CO in this case, were also play important roles in
improving the photocatalytic activity of the photocatalyst and product selectivity. This work proposed an effective strategy to improve
photo-carriers separation/transfer dynamics in the photocatalytic systems, which will also be a favorable reference for photovoltaic and

photodetecting devices.
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1 Introduction

Excess CO, emissions brought by the rapid development
of global industry have resulted in serious environmental
and ecological problems [1, 2]. Photocatalysis based on
semiconductors provides an ideal way to reduce the CO,
concentration in the atmosphere, along with the generation
of valuable product, and has been drawn more and more
attention [3-5]. As the key factor to determine the pho-
tocatalytic performance, an ideal photocatalyst should be
stable and superior in light absorption and redox activity,
which depends on the band structure. According to previ-
ous reports, an optimal band-gap for photocatalysis is about
2.0-2.4 eV [6-8]. Among the reported photocatalysts, metal
oxides with narrow band-gap, such as BiVO,, Fe,0;, and
WO;, meet the above requirements well. The main barriers
to their applications are the short diffusion length of photo-
carriers and weak reductivity of photo-electrons [9-11].
Most of the photo-carriers have been recombined before
reaching the photocatalyst surface. Even if some of them
successfully reach the photocatalyst surface, their energy has
been partially dissipated, which is easily trapped by surface
defects. For instance, the hole diffusion length in BiVO, is
smaller than 50 nm [12, 13], which limits the thickness of
photocatalytic layers to guarantee as many photo-carriers
as possible to reach the photocatalyst surface. However, the
thinner the photocatalytic layer, the less light utilization for
less light absorption in the thin film layer. Moreover, the
conduction band (CB) of BiVO, is~0 V vs. SHE is weak for
CO, reduction [14], which only meets the minimum require-
ment despite the overpotential.

As known, an electrical potential gradient in photocata-
lyst works as a driving force for photo-carriers separation
and transfer [15]. Photo-holes are driven to one side of the
photocatalytic film, while photo-electrons to the other side,
and thus realizing spatial separation of positive and negative
charges. The recombination probability is reduced and sig-
nificantly improves the effectivity of photo-charges. Poten-
tial gradient in photocatalyst is usually realized by building
a type-II or Z-scheme heterojunction [16, 17]. Type-II het-
erojunction was commonly formed by coupling two n-type
semiconductors. The CB and valence band (VB) of one
semiconductor (SC-I) are slightly lower than those of the
other semiconductor (SC-II) [18, 19]. A potential gradient
is built when the two semiconductors contact together. The

© The authors

SCI-I acts as an electron sink, while SC-II acts as a hole-
sink. Although the photogenerated holes and electrons can
be effectively separated in space and inhibit their recombi-
nation, the redox activity is also reduced due to the redox
reactions that occurred under lower potentials [20-22]. So,
the separation and transfer efficiency of photo-carriers is
improved by sacrificing its redox activity in this case.
Compared with type-II heterojunctions, Z-scheme hetero-
junctions also have a staggered band-gap structure, but the
CB of SCI-I is located near the VB of SC-II [23]. Photo-
electrons in SC-I tend to recombine with photo-holes in
SC-II and thus leave high energy holes in SC-I and high
energy electrons in SC-II. The distinct charge migration path
in Z-scheme heterojunction successfully separates photo-
carriers by maintaining their high redox activity, however,
half of the photo-carriers have been consumed [24-26]. The
high redox activity of photo-carriers is maintained by sacri-
ficing its quantity. Despite the achieved progresses in these
manners, the potential gradient realized with heterojunctions
is a double-blade sword. It is still challenging to substan-
tially address the separation and transfer issues of photo-
carriers without sacrificing their activity and quantity due to
their limited CB and VB potential difference between semi-
conductors and charge transfer ability of the semiconductors.
Here, we proposed to use an external applied electrostatic
field to provide the potential gradient in photocatalysts. The
electrostatic field was generated by applying a stress on a
piezo-substrate from the top of the photocatalysts. In this
work, (010) facet-exposed BiVO, nanowires were selected
as photocatalysts. A piece of polarized polycrystalline
PZT wafer was used as the piezo-substrate. Once a stress
is applied on the piezo-substrate, the BiVO, nanowires
will be immersed in an electrostatic field. A thin layer of

Two-step coating

 eee————

Scheme 1 Depositing of BiVO, nanowires on PZT piezoelectric
substrate
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polydimethylsiloxane (PDMS) was used to electrically iso-
late the photocatalyst and the substrate. The results show that
the negative electrostatic field generated on the top of the
PZT substrate significantly improves the photocatalytic per-
formance of BiVO, nanowires in CO, reduction. The activ-
ity was improved by 5.5 times after the electrostatic field
was applied. The content of methane in products was also
increased from 29 to 64%. This work provides an effective
and comprehensive strategy to promote the photocatalytic
performance of photocatalysts by enlarging potential gradi-
ent with the electrostatic field, which is almost no additional
power input.

2 Experimental Methods

2.1 Preparation of (010) Facet-exposed BiVO,
Nanowires

The (010) facet-exposed BiVO, nanowires were synthe-
sized by a template-ion exchange method [27]. Typically,
a mixture containing 1 mmol of V,0s, 2 mmol of Na,SO,
and 30 mL of deionized water was placed in a Teflon-lined
autoclave with a capacity of 50 mL. The autoclave was kept
at 180 °C for 24 h, and Na,V0,4-3H,0 nanowire templates
were obtained after cooling down. Then, 132 mg of the
above templates were dispersed into 40 mL of solution con-
sisting of nitric acid, ethanol and water (V¢ acia’ Vethanol/
Viater=2:4:1), and 582 mg of Bi(NO;);-5H,0 (1.2 mmol).
Then, 0.3 g of C;gH,yNaO;S (SDBS) was added, and the
mixture was adjusted to pH 6.5 with 1 M NaOH. The mixed
solution was transferred into a 50 mL Teflon-lined autoclave
for hydrothermal reaction (120 °C for 24 h). After being
cooled down, (010) facet-exposed BiVO, nanowires were
obtained and denoted as BVO-NWs.

2.2 Fabrication of BiVO, NWs/PDMS/PZT Device
Structure

The composite of BiVO, NWs/PDMS/PZT device struc-
ture was fabricated through a 2-step process (Scheme 1).
Prior to fabricating, the commercial PZT wafer was pre-
treated with dilute nitric acid to remove the silver coating
covered on the surface (Fig. Sla-f). PDMS prepolymer
and curing agent (Sylgard 184, Dow Corning) were thor-
oughly mixed in a mass ratio of 10:1. First, an insulating
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layer of PDMS was coated on a pretreated PZT wafer by
spin-coating the above mixture at the speed of 6000 r s~
(Fig. S1g-1). Then, it was kept at 80 °C for 1 h for cross-
linking. Afterward, the BVO-NWs were coated by spin-
coating 100 pL of mixture made up of 4.85 mg of BVO-
NWs and 100 pL of ethanol at the speed of 2000 r s~!. The
obtained composite was dried at 60 °C in air and denoted

as BVO-NWs/PDMS/PZT.

2.3 Characterizations

The micro-morphologies were observed by means of a scan-
ning electron microscope (SEM, Hitachi S-4800) and trans-
mission electron microscope (TEM, FEI Tecnai F30). The
thickness of the film was determined by means of an atomic
force microscope (AFM, Asylum Research MFP-3D). The
crystal structures were investigated by X-ray diffraction
(XRD) patterns (Philips X pert Pro, Cu Ka, 0.15406 nm)
and Raman spectra (JY-HR800, 532 nm laser). XPS (Kra-
tos-AXIS ULTRA DLD) and EDX spectra equipped on
the TEM were employed to explore the surface chemical
composition. Optical properties were studied by means of a
UV-Vis spectrometer (TU-1901). The surface photovoltage
(SPV) spectra were recorded on a home-built apparatus to
study the charge carrier properties [28]. Photoluminescence
emission spectra at 340 nm excitation were recorded on a
ZLX-PL-I instrument.

Photoelectrochemical (PEC) measurements were carried
out on a CHI660E electrochemical workstation. The elec-
trolyte is 0.5 M sodium sulfate and the illumination source
is a 500 W Xenon lamp with a cutoff filter (1>420 nm).
A piece of Pt foil was used as the counter electrode and
a saturated KCI Ag/AgCl electrode as reference. For EIS
measurements, 10 mV and 1 V were set as the amplitude
and applied bias, respectively. Incident photon-to-current
conversion efficiency (IPCE) and apparent quantum yield
(AQE) spectra and the photo-carriers diffusion lengths were
calculated and the corresponding details were shown in Sup-
porting Information.

The PZT substrate, BVO-NWs/PDMS/PZT were assem-
bled into two-electrode structures with copper foil to carry
out the piezoelectric measurements (Fig. S2). A periodical
stress was applied by a magnetic vibration platform, and
a 50 W LED lamp with a wavelength of 450 nm was used
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as the incident light source. The signal was captured by a
CHI660E electrochemical workstation.

2.4 Numerical Simulation and DFT Calculation

The electrostatic field was simulated by means of COMSOL
Multi-physics software (version 5.4). The direction of the
applied stress is from the top to the bottom, and it is 0.2 N
in intensity. The detailed parameters of PZT during simu-
lation include area, piezo constant (d;;), relative dielectric
permittivity (e,) and Young’s modulus, which are 3.14 cm?,
—1.7x107'°C N~!, 1700 and 36 GPa, respectively.

The binding energies of the CO,, CO and CH, on the
defective (010)-BiVO, slab were evaluated using the den-
sity functional theory (DFT) calculations through the VASP
package. We used the VASP-sol method [29, 30] to explore
the variation of the binding energy with the applied voltage.

o
PR d002=0.254 nm

d200=0.258 nm

All the calculations were performed at the Perdew-Burke-
Ernzerhof (PBE) [31] level of exchange function with U
parameters to constrain the d electrons of V [32], and the
vdW interaction was described using the Grimme’s cor-
rection [33, 34]. The Brillouin zone was sampled at the
3%x3x 1 k-points. The structural optimization was assumed
to be converged if the force is smaller than 0.001 Ev AL
The adsorption energies of CO,, CO and CH, on the BiVO,
layer are calculated from the Equation: E,; (=E,-E,-E; , where
E, is the total energy of BiVO, with the adsorbed gas mol-
ecule, E, is the energy of the isolated BiVO, layer, and E; is
the energy of a CO,, CO or CH, molecule in the gas phase.

2.5 Photocatalytic Activity Evaluation

Photocatalytic CO, reduction was carried out to evaluate the
photocatalytic activity in a home-built apparatus, which is

30+
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Fig. 1 Microstructures of samples. a-c SEM images of BVO-NWs/PDMS/PZT and PDMS/PZT. d AFM image which reflects the thickness
of the PDMS layer. e-g TEM images and SAED pattern of BiVO, nanowires. h Diameter distribution of nanowires. i EDS elemental maps of

BVO-NWs/PDMS/PZT
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Fig. 2 Structural and surface chemical compositions. a, b XRD patterns and corresponding TC curves. ¢ Raman spectra. d, e High-resolution
XPS spectra of BiVO, nanowires. f Tauc-plots, the inset is the corresponding UV—Vis absorption spectra

a steel reactor equipped with a quartz window and a 300 W
Xenon lamp. In the steel reactor, 3 mL of water was placed
and plenty of pure CO, was supplied through water and
reached ambient pressure. The prepared sample was placed
above the water by means of a holder, and a piece of special
quartz glass was covered on its surface to provide the desired
stress (Fig. S3). After being irradiated, the concertation and
composition of products were detected by a gas chromato-
graph (GC-7900 with TCD, Perfect Light, Beijing) at regular
intervals.

3 Results and Discussion

3.1 Structural Features

The micro-morphologies are shown in the SEM and TEM
images. The top-view and cross-sectional view of the device
were shown in Fig. 1a, b. BiVO, nanowires were randomly
distributed on the insulating PDMS layer with a thickness
of about 320 nm (Fig. 1c, d). The BiVO, nanowires are long
and thin, with a length of several micrometers and a diameter

| SHANGHAI JIAO TONG UNIVERSITY PRESS

of tens of nanometers. (Fig. 1e). The clear and orderly lattice
fringes shown in Fig. 1f implies that the BiVO, nanowires
have high degrees of crystallinity. There are two lattice spac-
ings of 0.258 nm and 0.254 nm which correspond to the
(200) and (002) planes of the BiVO, monocline scheelite
[35, 36]. From the SAED pattern (Fig. 1g), it shows that the
BiVO, nanowires are single crystals. The nanowire struc-
ture of BiVO, was constructed through an ion exchange
process, and its unique morphology was derived from the
Na,V(0,4-3H,0 nanowire templates (Fig. S4).

From the SAED pattern, the angle between the (002)
plane and (200) plane is 90°, indicating the BiVO, nanow-
ires possess a highly exposed (010) facet. According to the
diameter distribution, the diameters of BiVO, nanowires
are ranged from 20 to 100 nm, and the average diameter
is about 50 nm (Fig. 1h). The EDX spectra and elemental
maps are shown in Figs. S5 and 1i further prove the 3-layer
structure of a constructed composite of PZT substrate and
BiVO, nanowires.

The phase composition was studied by XRD and Raman
spectra. As shown in Fig. 2a, the diffraction peaks of

@ Springer
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nanowires well agree to the standard PDF card of mono-
clinic BiVO, (No. 14-0688). It is noted the diffraction
peak at 30.5° ascribed to (040) facets is remarkably higher
than expected, indicating a specific facet exposure, which
is consistent with the TEM results. For BVO-NWs/PDMS/
PZT composite, the diffraction peaks from PZT substrate
still possess considerable intensities. It is mainly attributed
to the thin thickness and reticular structure of BiVO, layer
which could only be observed in the SEM image. Figure 2b
shows the calculated texture coefficients (P) of some facets
for BVO-NWs. The BVO-NWs sample shows a high P-value
corresponding to (010) facets of 1.75 compared with the
bulk BiVO, sample, demonstrating a high exposure ratio
of (010) facets. The presence of PDMS layer decorated on

a PZT substrate was verified by means of Raman spectra
(Fig. 2¢), in which there are peaks at 486, 613, and 707 cm™!
ascribed to PDMS [37, 38]. In addition, for BVO-NWs sam-
ple, the position of the peak indexed to symmetric V-O bond
stretching mode is 816 cm™!, while that for bulk BiVO, is
811 cm™! (Fig. S6). The slight shift implies the oxygen
defects on BVO-NWs surface [39, 40].

The surface chemical composition was investigated by
performing XPS measurements. From the survey spectrum
(Fig. S7a), the BiVO, nanowires are composed of Bi, V, and
O elements, agreeing with the results of EDX spectra. The
asymmetric O 1 s peaks shown in Fig. 2d could be fitted into
three components, which are located at 529.4, 531.4, and
534.1 eV. They are derived from the lattice oxygen (Oy),
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Fig. 3 Piezoelectric property of PZT and its influences on photogenerated charge carriers. a COMSOL simulation of the piezo-potential distri-
bution in PZT. b Open-circuit voltages of PZT under different stresses. ¢ Long-term piezoelectric stability of PZT substrate. d COMSOL simula-
tion of the influence range of piezo-electrostatic field. e Surface electrostatic potential of BiVO, nanowires loaded on PZT substrate. f Surface
photovoltage spectra of BVO-NWs/PDMS/PZT. g I-¢ curve under the influence of electrostatic field from PZT substrate. h, i I-V curves and

Nyquist plots in CO,-bubbled system
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oxygen vacancy (Oy), and adsorbed oxygen (O(), respec-
tively [41, 42]. Such a result indicates that there is a certain
amount of oxygen defects in the prepared BiVO, nanowires.
By comparing the areas, the percentage of Oy, was deter-
mined to be 30.4%, while those of O; and O, are 57.6% and
12%, respectively. The oxygen defects have influences on
the adjacent V and Bi atoms in the lattice. In Fig. 2e, a peak
at 522.0 eV could be observed, suggesting there are some
V** in the BiVO, nanowires [43]. Moreover, the binding
energies of Bi 4f are located at 159.0 and 164.3 eV, a little
lower than those of the common BiVO, (Fig. S7b) [44].
As the Tauc-plots curves shown in Fig. 2f, the band-gap of
BiVO, nanowire is 2.45 eV, the same as that of common
BiVO, particles [45]. It is worth noting that the BVO-NWs
sample exhibits a strong visible light absorption due to its
intertwined mesh structure.

3.2 Piezo Properties and Influences

The electrostatic field generated with the PZT piezo-sub-
strate was studied by means of COMSOL simulation and
an actual piezoelectric test. Under a vertical downward
stress of 20 g, the PZT substrate would be polarized. Nega-
tive charges aggregate at the top-surface, inducing a down-
ward electric field in the upper half-plane, and reverse on
the other side. The potential difference between the top
side and bottom side is about -3 V (Fig. 3a). The output
is very sensitive to the applied force, and the intensity
would get enlarged as the increase of the applied force
(Figs. 3b and S8). The output of PZT substrate decays
rarely in 500 cycles under a periodic stress of 4 s (Fig. 3c).
Moreover, the generated voltage could be kept constant
in air for more than 8 h under constant stress (Fig. S9),
which is mainly attributed to the low electrical leakage of
PZT [46]. The simulation results shown in Fig. 3d indi-
cate that the negative potential at the top of PZT could
generate a negative electrostatic field, of which impact
could reach 1 micro-meter in air even in the presence of
PDMS layer. The loaded BiVO, layer with a thickness of
250 nm and the relative permittivity of 68 is completely
under the influence of the piezoelectric field. The action of
the electrostatic field was further proved by the enhanced
surface electrostatic potential on the BiVO, layer under
stress (Fig. 3e).

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

The photogenerated charge carrier properties were stud-
ied to explore the influences of the electrostatic field. Fig-
ure 3f shows the surface photovoltage spectra of BVO-NWs/
PDMS/PZT composite under different stresses. As an N-type
semiconductor, BiVO, would show a positive SPV signal
under light irradiation, of which generation depends on the
photogenerated charge separation [47]. After being pressed,
the SPV signal of the composite gets enhanced remarka-
bly, and the increment is proportional to the strength of the
applied force. It indicates the electrostatic field facilitates
photogenerated charge separation, which is further proved
by the reduced PL signal (Fig. S10).

The electrostatic field can be generated by applying a stress
on the piezo-substrate. In other words, the PEC reaction can
be controlled by adjusting the intensity of the applied stress,
so as to reflect the influence of the electrostatic field. To
rationally control the PEC reaction rates, another PZT wafer
with top and bottom electrodes was fixed to the bottom of the
piezo-substrate (inset of Fig. 3g). When a voltage is applied to
the bottom PZT wafer, the piezo-substrate will be compressed
or released due to the electrostrictive effect of the bottom PZT
wafer. In such an architecture, the applied stress on the piezo-
substrate can be rationally and accurately controlled by the
voltage applied on the bottom PZT wafer. The piezo-potential
generated on the piezo-substrate varies with the bias voltage
applied on the bottom PZT wafer as recorded in Fig. S11.
From Fig. 3g, the photocurrent from BiVO, nanowires was
increased and decreased with the DC bias applied on the bot-
tom PZT wafer. It indicates that the separation and transfer
of photo-carriers have been significantly improved, which is
consistent with the SPV spectra. Figures 3h and S12 show
the PEC CO, reduction curves under different additional DC
biases. The application of DC bias not only enhanced the pho-
tocurrent density but also reduced the onset potential. It dem-
onstrates that the piezo-electrostatic field could promote the
separation and transfer of photo-carriers, and their energy was
also increased. According to EIS Nyquist plot spectra shown
in Fig. 3i, the radii of the capacitive arc get reduced under the
piezo-electrostatic field. In general, a small radius represents
small charge transport resistance. By fitting the curves, it is
reasonable to conclude that the reduction is mainly resulted

from the remarkably reduced R, which is the charge transport

ct?
resistance between the nanowires [48].

@ Springer



15 Page 8 of 12 Nano-Micro Lett. (2022) 14:15
a Xenon lamp
(a) [T T (b) ~5 . 70 (c) 3
i ¥ e < 31 CH,
s H \ M%‘HM}» L lmco 60 3=
RS 4 )
Pedestal »» 54 ~ 22 &
PZT S 50 £ S
PDMS »» £ 4] z s
VO-NWs »» 2 40 & 82
ke = <
[ <} T £
<—§ 2 30 % G2
o 20 O
81
S i:| 10
T
©o - T - T 0
0 3 6 9
Press (g)
d) =5 30 12 0.8
( )_': =1 CHy (e) ~—-1.5V from PZT (f)
‘\I‘E 4 =co 25 ~-1.0 V from PZT of\o\
8 =05V from PZT 0.9 r0.6 =
(E’ 204 0.0 V from PZT S 9
5 31 9 > %
2 s 3 )
E g 15 _‘E 0.64 r0.4%
52 o 5 €
s 0] 2 g
Q 1] < 0.34 02 g
% 5- €]
T
©o 0+ ; , i 0.0 L0.0
1 2 3 4 400 450 500 550 600 400 440 480 520 560 600
Cycle Wavelength (nm) Wavelength (nm)

Fig. 4 Photocatalytic CO, reduction. a Schematic diagram of the CO, reduction device. b Reduction of CO, over BVO-NWs/PDMS/PZT under
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3.3 Activities for CO, Reduction

To evaluate the photocatalytic activity, CO, reduction
reactions were carried out in a home-built installation as
shown in Fig. 4a. According to the mass of covered quartz
glass, a desired negative bias would be provided by the
PZT substrate (Fig. S9). From Fig. 4b, after being irradi-
ated for 8 h, a certain amount of product consisting of CO
and CH, was detected over BiVO, nanowires without the
covering of quartz glass. It is superior to the many reported
BiVO, samples with other morphologies (Table S2), which
may be due to the small characteristic size and single-crys-
tal structure. When the BiVO, nanowires were covered by
the quartz glass with a certain mass, both the CO and CH,
generation rates were promoted. The heavier the quartz
glass, the higher the activity. The activities for CO and
CH, generation could reach 1.37 and 2.41 pmol cm™2h7!
under the stress of a 9 g quartz glass. Moreover, with the
promotion of activity, the CH, concentration in products
was increased from 29 to 64% (Fig. 4b, c). The activity of
bulk BiVO, was also promoted by the electrostatic field,
but it is lower than that of BiVO, nanowires, which is
mainly due to the inferior charge carrier separation (Fig.

© The authors

S13). The photocatalytic performance of BiVO, nanowire
under stress decays rarely in 4 cycles, indicating a good
stability (Fig. 4d). The IPCE is an important parameter to
evaluate the photocatalytic activity. As the IPCE spectra
were recorded in a CO, saturated solution (Fig. 4e), the
IPCE values for BiVO, nanowires were enhanced from
4.74 to 26.99% at 400 nm under stress, meanwhile, the
apparent quantum yield in the same condition could reach
0.59% (Fig. 4f).

3.4 Mechanism

Based on the above investigation, we can conclude that
the photocatalytic activities of BiVO, nanowires for CO,
reduction could be enhanced by applying an electrostatic
field. As mentioned in the Introduction section, when a
photocatalyst is immersed in an electric field, a potential
gradient will be built, and the transport behavior will be
demonstrated by the potential distribution. As shown in
Fig. 5a, once a stress is applied on the piezo-substrate, the
right side of the piezo-substrate generates a piezo-electric
field. The generated piezo-electric field creates a potential

https://doi.org/10.1007/s40820-021-00749-6
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Fig. 5 Influence mechanism of piezo-electrostatic field. a Schematic diagram of influences of piezo-electrostatic field on charge carriers behav-
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gradient in the photocatalyst. Photo-electrons move to the
right side driven by the electric force and accumulate at the
top-surface photocatalyst, waiting to take reduction reac-
tions. While photo-holes migrate to the other side (left side
in the figure) of the photocatalyst and undergo an oxidation
reaction at the bottom with CO, penetrated to the porous
structure. Because the piezoelectric wafer was insulated by
the PDMS layer, piezo-electric charge cannot be neutralized
by the photo-holes from the photocatalyst (here is BiVO,).
It is an electrostatic field, and there is almost no power input
if we neglect the leakage current. There are three effects of
the electrostatic field on the transport behavior of photo-
carriers. First, the potential gradient provides a driving force

SHANGHAI JIAO TONG UNIVERSITY PRESS

for photo-holes and photo-electrons separation and transfer,
which significantly inhibits their recombination. Second, the
photo-carriers become more energetic after reducing their
electric potential, which increases their activity in escap-
ing from surface defect trapping and taking redox reactions.
Third, the electric field will also facilitate the adsorption of
polarized molecules or groups on the photocatalyst surface,
which highly promotes the product selectivity.

A series of experiments were carried out to prove the
mechanism. As an N-type semiconductor, the bands of
BiVO, would bend upward near the interface of BiVO, and
electrolyte, thus exhibiting a positive photocurrent without a
bias during PEC measurements (Fig. 5b). The photocurrent

@ Springer
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is small since the influence of band bend is limited. When a
positive bias for the workstation is applied to the FTO side
of the electrode, the induced opposite transport of electrons
and holes is promoted, resulting in a remarkably enhanced
photocurrent [49]. The negative electrostatic bias applied to
the catalyst side plays similar roles as the positive bias from
the workstation, indicating the negative piezo-electrostatic
field also promotes the opposite transport of electrons and
holes. The inductive effect of the electrostatic field obviously
increases the diffusion length of photogenerated charge car-
riers. As shown in Fig. 5c, the initial charge 39.3 nm length
of BiVO, is no more than 50 nm, which is consistent with
the results reported [50]. In negative electrostatic potential of
—1.5V, it could extend to 153.7 nm. Meanwhile, the lifetime
of the charge carrier which could be calculated by equation
t.=1/2xf,,, was prolonged from 4.8 to 63.4 ps (Fig. 5d and
Table S3), as well as its concentration is enhanced (Table S4).
The enhancement of photo-carriers energy under differ-
ent piezo bias is reflected in Fig. Se. It is clear the negative
piezo-electrostatic field made the flat-band potential more
negative. When the piezo bias is —1.5 V, the correspond-
ing elevation is~0.2 eV. The photo-electrons are therefore
more reductive to react with CO,, which is proved by the
increased exchange current and decreased required potential
in Tafel curves (Figs. 5f and S14). The absorption of mol-
ecules was studied by means of DFT calculations, of which
results are shown in Figs. 5g and S15. For O vacancy-rich
BiVO, nanowires, CO, molecules would be thermodynami-
cally absorbed on V atom adjacent to the O vacancy. As
nonpolar molecules, the adsorption energies of CO, and CH,
change rarely when an external electrostatic field is applied.
However, it is different for CO, of which adsorption energy
is enhanced by ~30%. It is suggested the CO molecule would
absorb BiVO, more tightly under the influence of the elec-
trostatic field. According to literature, promoted adsorption
of CO will lead to a preferred generation of CH, [51, 52].

4 Conclusions

In summary, we have verified the electrostatic effect on
photocatalysis, which significantly improves the photocata-
lytic performance of photocatalysts in energy conversion
efficiency and redox activity. As a model structure, BiVO,
nanowires are porously distributed on PDMS-insulated
piezo-PZT substrate. Once a stress is applied from the top

© The authors

of PZT piezo-substrate, the generated piezoelectric field will
serve as a driving force for photo-carriers separation and
transfer, which also facilitate the occurrence of redox reac-
tions by promoting the energy of photo-carriers and reac-
tion probability through enhancing surface absorption to
polar molecules/groups. Such an electrostatic enhancement
can be used in a variety of fields including photocatalysis
and similar fields. Our results show that when a stress was
applied by a loading mass of ~9 g, the reduction efficiency
was enhanced by 5.5-time more than without stress, and the
content of CH, in products was raised from 29 to 64%.
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