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Photoelectrochemical (PEC) water splitting is a promising strategy to convert solar power into clean
hydrogen energy. However, the poor bulk charge-separation ability and sluggish oxygen evolution
dynamics of the photoanodes severely limit the PEC catalytic performance. Herein, a plasmonic perovs-
kite oxide (reduced SrTiOs, R-STO) is synthesized via the in situ derivation of Ti-metal-organic frame-
works (NH,-MIL-125) and further oxygen-vacancy engineering. Finite-difference time-domain (FDTD)
and density functional theory (DFT) calculations forcefully evidence the metallic properties and plasmonic
characteristics of the MOF-derived R-STO. Then, a plasmon-promoted direct Z-scheme photoanode
(TiIO,@NH,-MIL-125@R-STO) is designed, which exhibits high PEC water oxidation performance due to
the synergistic effect of the MOF-based Z-scheme arrangement and the surface plasmon resonance
(SPR) of the non-noble R-STO. This work proposes a new method for the design of high-efficiency PEC
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1 Introduction

Photoelectrochemical (PEC) water splitting is regarded as a
promising approach to solve the growing energy crisis and
convert abundant solar light into hydrogen energy.'™
However, the sluggish evolution of oxygen and expensive
hydrogen production costs, recognized as severe constraints
for water splitting, increase the demand for the development
of economical and stable photoanodes with high-efficiency
water oxidation performance.>” For excellent photoanodes,
wide absorption range, strong redox ability, high catalytic
efficiency, and long-term stability are the key features.
Nevertheless, it is rather difficult for a single semiconductor to
possess all these properties simultaneously.® ™2

The fabrication of plasmonic metal-semiconductor hetero-
structures is an emerging strategy to markedly enhance the
photoelectrochemical catalytic performance of
conductors, which has been proposed to involve either
plasmon-induced electromagnetic field enhancement and
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photothermal conversion or “hot” electron (hole) transfer
between plasmonic metals and semiconductors.'*™” However,
the most widely used plasmonic elements are noble metals
(Au or Ag), which seriously restricts their practical
applications.'®2° Recently, heavily doped semiconductors (e.g.
transition metal oxides or transparent conducting oxides) have
been found to exhibit a plasmonic effect arising from the high
density of free carriers.”’ >*As alternatives to conventional
plasmonic noble metals, the plasmonic characteristics of the
heavily doped semiconductors can be regulated by controlling
the concentration of the free charge carriers in the crystal
lattice, which can be achieved by heavily doping lattice
vacancies or aliovalent heteroatoms. In recent years, perovskite
oxides have been extensively investigated as semiconductors
owing to their high stability, favorable light absorption capa-
bilityy, and the flexible controllability of the energy
bandgaps.>**> Reasonable defect engineering (e.g. oxygen
vacancies) in the perovskite oxides is expected to be a feasible
way to change the local charge density near the defect sites
and yield sufficient delocalized electrons to support the
plasmon resonance due to the induced intrinsic defects and
synchronously massive electrons in the given host structures
without extensive structural expansion.>* However, few investi-
gations have been reported on the SPR effect of perovskite
oxides, and the synthesis of novel non-noble plasmonic metals
still faces great challenges.

Recently, the fabrication of Z-scheme heterostructures has
also been considered an attractive strategy to overcome the
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shortcomings of a single semiconductor.’*° For a direct
Z-scheme system, the photoexcited electrons with weak
reduction capability of semiconductor I will recombine with
holes (semiconductor II) of inferior oxidation ability.
Correspondingly, the electrons or holes accompanied by
strong redox ability will be well preserved. Besides, due to the
bandgap difference and built-in electric field between the two
semiconductors, the Z-scheme heterostructure can not only
extend the light-harvesting range but also improve the elec-
tron-hole separation efficiency.>>*° Metal-organic frameworks
(MOFs) have recently emerged as a promising type of photo
(electro)catalytic material owing to their semiconductor-like
characteristics and abundant structural designability.*'>°
However, the MOF-based Z-scheme heterostructures have been
rarely reported due to the rigorous requirements of the elec-
tronic band structures between the two semiconductors and
challenging difficulties in the efficient coupling of different
semiconductors.

Considering the approaches and bottlenecks mentioned
above, herein, a plasmonic perovskite oxide-enhanced direct
Z-scheme catalyst (TiO,@NH,-MIL-125@R-STO) was con-
structed by the in situ derivation of NH,-MIL-125 and further
oxygen-vacancy engineering. The density functional theory
(DFT) calculations demonstrated that the R-STO -catalyst
showed a fundamental transition from semiconductor to plas-
monic metal, and the charge density around titanium atoms
was much higher than that without oxygen vacancies. Finite-
difference time-domain (FDTD) simulations confirmed the
SPR effect of R-STO, which effectively accelerated the electron—
hole (e-h) separation and decreased the carrier recombination
through an internally stronger electromagnetic field. The
plasmon-enhanced Z-scheme catalyst (TiO,@NH,-
MIL-125@R-STO) exhibited a dramatically improved water-
splitting performance (~4.4 mA cm™> at 1.23 V vs. RHE) in
comparison with pristine TiO, photoanodes.

2 Experimental section
2.1 Preparation of TiO, nanorod arrays

FTO glasses were first washed and dried. The TiO, nanorods
were grown on the FTO glasses in a typical preparation
process. Then, 0.25 mL of TBOT was added to an aqueous HCI
solution (15 mL) under vigorous stirring. Subsequently, the
precursor solution was transferred into a Teflon autoclave
(volume: 50 mL), and two FTO glasses were crisscrossed into
the solution. The sealed autoclave was placed in a stable air
atmosphere at 150 °C for 4 hours and then TiO, NRs were
washed with DI water for a few minutes. To obtain the anatase
phase, TiO, NRs were annealed for 1 h (450 °C).

2.2 Synthesis of TiO,@NH,-MIL-125@STO

0.5 mmol of H,ATA was dissolved in 10 mL of DMF and
0.15 mL of TBOT was dispersed in methanol (10 mL).
Afterward, the solutions and TiO, NRs/FTO glasses were added
to a Teflon autoclave and the sealed autoclave was kept at
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150 °C for 10, 20, and 30 hours. Finally, the yellow TiO,@NH,-
MIL-125 was rinsed with methanol and DMF respectively, and
dried for use.

NH,-MIL-125 was used to replace TiO, as the sacrificial
template for the in situ synthesis of STO. Sr(OH),-8H,O (0.02
M) was dissolved in 20 mL of DI water. Then TiO,@NH,-
MIL-125 was added and transferred to a Teflon autoclave, and
heated for 0.5, 1 and 2 hours at 180 °C. Finally, TiO,@NH,-
MIL-125@STO was obtained after washing with DI water.

2.3 Synthesis of TiO,@NH,-MIL-125@R-STO

The obtained TiO,@NH,-MIL-125@STO film covered evenly by
0.22 g NaBH, was annealed at 320 °C for 2 h under an Ar atmo-
sphere. The TiO,@NH,-MIL-125@R-STO film was successfully
constructed by washing with 0.5 M HCI as well as DI water to
wipe off the byproduct.

3 Results and discussion

The  plasmonic  Z-scheme photoanode (TiO,@NH,-
MIL-125@R-STO) was prepared by in situ MOF derivation and
rational defect-engineering. The preparation procedures are
illustrated in Fig. 1a. As seen from the SEM images in Fig. 1b,

Fig.1 (a) Synthetic procedure of TiO,@NH,-MIL-125@R-STO. SEM
images of (b) TiO, NRs, (c) TiO,@NH,-MIL-125, and (d) TiO,@NH,-
MIL-125@R-STO. (e—h) TEM images, (i) high angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) image of the
TiO,@NH,-MIL-125@R-STO, and (j—n) elemental mapping images of Ti,
O, C, N, and Sr.
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Fig. S1a, and S1d,T TiO, NRs were vertically grown on an FTO
conducting glass with a side length of about 100 nm and a
length of ~1 pm. Then NH,-MIL-125 was spontaneously coated
on TiO, NRs using a solvothermal method at 150 °C.
Benefiting from the excellent crystal matching between NH,-
MIL-125 and TiO,, the TiO,@NH,-MIL-125 film exhibited a thin
overlayer coated on TiO, (Fig. 1c, S1b and Slet). The granular
STO was in situ derived from NH,-MIL-125 and further reduced
under a hydrogen atmosphere. As displayed in Fig. 1d, Fig. Sic,
and S1if,f the morphology of TiO,@NH,-MIL-125@R-STO
changed significantly compared with TiO,@NH,-MIL-125, which
is presented with a hierarchical structure in the transmission
electron microscopy (TEM) images (Fig. 1e-n). From the HRTEM
image in Fig. 1g, the perfect lattice fringes of 0.27 nm and
0.35 nm correspond to the (110) and (101) planes of R-STO and
TiO,, respectively.*® The EDS elemental mapping images (Fig. 1i-
n) clearly reveal the hierarchical distribution of Ti, C, N, O and
Sr, further proving the successful fabrication of TiO,@NH,-
MIL-125@R-STO.

To further investigate and analyze the crystal structures, the
powder X-ray diffraction (XRD) patterns were obtained as
shown in Fig. 2a. The diffraction peaks of TiO,@NH,-MIL-125
in the range of 5-25° were well matched with the characteristic
diffraction peaks of NH,-MIL-125 (CCDC number: 15273087).
After the in situ anchoring of STO, three new diffraction peaks
existed centering at 32.44°, 40.02°, and 46.54°, which were the
characteristic peaks of STO (CCDC number: 900595%), corres-
ponding to the (110), (111), and (200) crystal planes. To
confirm the interactions and surface composition of different
components, X-ray photoelectron spectroscopy (XPS) measure-
ments were implemented. From Fig. S2,7 the full-spectrum
scan showed the characteristic peaks of Ti, O, Sr, N and C in
the catalyst of TiO,@NH,-MIL-125@R-STO, which indicated
the successful preparation of heterostructures. As displayed in
Fig. 2b, Ti 2p consisted of two peaks situated at 464.28 eV and
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Fig. 2 (a) XRD patterns of the prepared PEC catalysts. XPS survey
spectra of (b) Ti 2p, (c) O 1s, and (d) Sr 3d.
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458.58 eV, corresponding to Ti 2py/, and Ti 2p;), of the initial
TiO, NRs.*” In contrast to TiO, NRs, the spectrum of Ti 2p in
TiO,@NH,-MIL-125 was negatively shifted, suggesting that the
surface composition of Ti** has been subtly changed due to the
new formation of NH,-MIL-125. After the anchoring of STO on
TiO,@NH,-MIL-125, the peak of Ti 2p and N 1s spectra (Fig. S37)
positively shifted, manifesting the charge transfer between STO
and NH,-MIL-125. As presented in Fig. 2c, the peaks centered at
531.6 and 530.1 eV belong to the oxygen vacancies (Oy) and
lattice oxygen (Oy), respectively. The ratio of O/Oy, could be used
to evaluate the density of the Oy.*® After the high-temperature
hydrogen reduction process, the ratio of Oy/Oy, increased and the
Sr 3d peaks of TiO,@NH,-MIL-125@R-STO slightly shifted to
lower binding energies due to the differences in chemical
environments compared with  TiO,@NH,-MIL-125@STO
(Fig. 2d). All the XPS results confirmed the successful preparation
of TiO,@NH,-MIL-125@R-STO.

To explore the plasmonic effect of R-STO, theoretical
investigations based on DFT calculations were conducted
according to the calculation models (Fig. S41). As shown from
the calculated band structure (Fig. 3a and b) and the corres-
ponding density of states (DOS) in Fig. 3c and d, the pristine STO
exhibited semiconductor characteristics with discontinuous elec-
tronic states at the Fermi level. Meanwhile after the oxygen-
vacancy engineering, the R-STO presented a metallic character
with substantial electronic states crossing the Fermi level made
up of Ti 3d orbitals. Moreover, the free charge distribution dia-
grams (Fig. 3e and f) indicated that the free electron density
around Ti atoms with oxygen vacancies was delocalized and was
higher than that of Ti atoms of the pristine STO. Due to the large
amount of free electrons introduced by oxygen vacancies, the
R-STO was expected to exhibit a strong LSPR effect. This result
was supported by the FDTD simulations according to the refrac-
tive index of R-STO obtained from the ellipsometer (Fig. S57). As
shown in Fig. 3g, the R-STO exhibited conspicuous electromag-
netic (EM) field enhancement under light irradiation. The strong
EM field around the R-STO forcefully evidenced the plasmonic
effect of R-STO.

o1 2
Energy (eV)

I|.Jk

In.J K

200 400 600

X (nm)
Fig. 3 Band structure of bulk SrTiOs without (a) and with (b) oxygen
vacancy. The DOS of bulk SrTiOz without (c) and with (d) oxygen
vacancy. The charge density distribution of bulk SrTiOs without oxygen
vacancy (e) and with oxygen vacancy (f). (g) Spatial electromagnetic
field distribution of R-STO.
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To further identify the plasmonic Z-scheme configuration
of TiO,@NH,-MIL-125@R-STO, the electronic band structures
and charge transfer pathways were elaborately investigated. As
seen from the valence band XPS (VB-XPS) in Fig. 4a and b, the
position of the VB of NH,-MIL-125 and TiO, could be esti-
mated to be 2.55 eV and 2.25 eV, respectively. Fig. 4c and S6t
show the Tauc plots of TiO, and NH,-MIL-125. According to
the results, the bandgaps were calculated to be 2.80 and 2.35
eV for TiO, and NH,-MIL-125. According to the equation E. =
E, — E,, the energies of the conduction band (E.) of TiO, and
NH,-MIL-125 were —0.55 and 0.20 eV, respectively. Such a
band alignment was expected to be favorable for the prepa-
ration of the Z-scheme configuration.>® To confirm this predic-
tion, electron paramagnetic resonance (EPR) spectroscopy was
conducted to investigate the electron transfer pathway during
the PEC catalytic process. As shown in Fig. 4d and e, since the
conduction band (CB) was not negative enough, the reduction
ability of NH,-MIL-125 was too weak to reduce O, to O, , and
only the DMPO-OH signal was observed in NH,-MIL-125. In
comparison, both the DMPO-OH and the DMPO-O," signals
were traced in TiO,@NH,-MIL-125 and TiO,, which validated
the Z-scheme configuration of the sample as expected. Upon
light irradiation, the photo-excited electrons of NH,-MIL-125
would be recombined with the holes of TiO,. Meanwhile, the
electrons of TiO, and the holes of NH,-MIL-125 with stronger
redox capability would be preserved, exposing improved
charge carrier separation and participating in the subsequent
catalytic process (Fig. 4f). To further prove the plasmonic
effect and confirm the space-resolved electromagnetic field
enhancement of R-STO in the TiO,@NH,-MIL-125@R-STO
heterostructures, FDTD simulation was conducted as shown in
Fig. 5a and b. In comparison with TiO,@NH,-MIL-125, the
intensity of the spatial electromagnetic (EM) field at the inter-
face of NH,-MIL-125 and TiO, was obviously enhanced owing
to the SPR effect of R-STO. Such an enhanced EM field and
simultaneous nonradiative hot electrons have been proved to
improve the electron-hole separation efficiency and finally
increase the number of charge carriers involved in the catalytic
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Fig. 4 The VB-XPS of (a) TiO, and (b) NH,-MIL-125, (c) the Tauc plot of
NH,-MIL-125. EPR spectra of (d) DMPO-0O,~, (e) DMPO-OH for TiO,,
NH>-MIL-125, and TiO,@NH,-MIL-125. (f) A schematic diagram of the
energy band position and photo-excited electron—hole transfer path-
ways of TiO,@NH,-MIL-125@R-STO.
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reactions.*>*® 2,2 6 6-Tetramethyl-1-piperidinyloxy (TEMPO) is
a signal molecule used for monitoring the quantity of free h"
as a radical scavenger of holes. In the presence of the photo-
excited holes, the TEMPO would be consumed and thus result
in the decrease of the EPR signal. As displayed in Fig. 5¢ and
d, after being irradiated with simulated sunlight, the EPR
signal of TEMPO in TiO,@NH,-MIL-125@R-STO decreased
much more than that in TiO,@NH,-MIL-125, suggesting the
improved electron-hole separation derived from the strong EM
field enhancement and nonradiative hot electron injection.
This result was consistent with the FDTD simulations and veri-
fied the improvement of the plasmonic Z-scheme configur-
ation (TiO,@NH,-MIL-125@STO).

The PEC water oxidation performance was systematically
investigated in a three-electrode system by the current density
versus potential (J-V) curves in a 0.5 M Na,SO, aqueous solu-
tion. The optimal thickness of NH,-MIL-125 was investigated
according to the PEC performance shown in Fig. S7 and S8.7}
With an increase in the hydrothermal time, the overgrowth of
NH,-MIL-125 could result in reduced catalytic performance
due to the poor electrical conductivity of NH,-MIL-125, which
led to more charge recombination and finally reduced PEC
performance. Moreover, we also explored the optimal deri-
vation time of STO, and the photocurrent density reached a
peak value when the derivation time was 1 h (Fig. S9 and
S1071). As displayed in Fig. 6a, S11 and S12, TiO,@NH,-
MIL-125@R-STO displayed a remarkably enhanced photo-
current density (~4.4 mA ecm~? at 1.23 V vs. RHE), which was
three times larger than that of pristine TiO,. Moreover, com-
pared with the recently reported photoanodes in Table S1,}
the photocurrent density of TiO,@NH,-MIL-125@R-STO was
much higher than or comparable with those reported pre-
viously. In addition, according to eqn S1,f the plasmonic
TiO,@NH,-MIL-125@R-STO exhibited an applied bias photon-
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to-current efficiency (ABPE) of 0.42% at 0.5 V, which was much
higher than those of pristine TiO, (0.12% at 0.64 V) and
TiO,@NH,-MIL-125 (0.33% at 0.5 V) (Fig. 6b). As shown in
Fig. S13,7 EIS was performed to further investigate the kinetics
of the PEC water oxidation. From the Nyquist plots,
TiO,@NH,-MIL-125@R-STO had a much smaller charge trans-
fer resistance than TiO,@NH,-MIL-125 and pristine TiO,, con-
firming the faster charge transfer rate and water oxidation
kinetics of TiO,@NH,-MIL-125@R-STO. To obtain the solar
energy conversion efficiency of the catalysts, the incident
photon-to-electron conversion efficiency (IPCE) was evaluated
according to the following eqn (1):

1240 x J

IPCE =
AXP

x 100% (1)
where J is the photocurrent density (mA cm™?), 1 is the wave-
length of the monochromatic light (nm), and P is the light
intensity (mW cm™?).*! As displayed in Fig. 6c, the IPCE value
of TiO,@NH,-MIL-125 was much higher due to the excellent
light-harvesting ability and improved charge separation orig-
inating from the Z-scheme configuration. This result is consist-
ent with the UV-visible absorption spectra shown in Fig. S14.t
Moreover, the IPCE value of TiO,@NH,-MIL-125@R-STO
further increased to 65% at 365 nm, proving the highly
efficient light scattering/trapping ability of the plasmonic
R-STO. Fig. 6d shows the hydrogen production rates for the
photoelectrodes under AM 1.5 irradiation. The actual pro-
duction rates of the samples were evaluated with a homemade
reaction cell system (a schematic diagram is shown in Fig. S15
and S167). The production rate of TiO, nanorod arrays was
about 21.3 pmol h™' em™. After the formation of the
Z-scheme system, this value increased to 37.7 pmol h™" em ™2
Remarkably, the H, generation rate of TiO,@NH,-
MIL-125@R-STO further increased to 58.5 pmol h™' cm™,
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which was about 2.7-fold higher than that of pristine TiO,
(Movie S1t). From the stability test shown in Fig. S17a,}
TiO,@NH,-MIL-125@R-STO  exhibited excellent stability
without a visible decrease. Moreover, the structure of the cata-
lyst remained intact as identified by the XRD test (Fig. S17b¥).
All the results presented confirmed that the plasmonic
TiO,@NH,-MIL-125@R-STO possessed an excellent PEC water
oxygen ability as expected.

To further explore the deep mechanisms beyond the
superior PEC performance of TiO,@NH,-MIL-125@R-STO, the
charge carrier behavior was well investigated from thermo-
dynamics and kinetics aspects. First, the carrier density (Np)
was estimated from the Mott-Schottky (M-S) curves (Fig. 7a)
using the following formula (2):

s B

where ¢ and ¢, are the permittivity of samples and vacuum,
respectively, and C is the capacitance.”’ The Ny values of
TiO,@NH,-MIL-125 and TiO,@NH,-MIL-125@R-STO were calcu-
lated to be about 4.9 x 10> m™ and 1.3 x 10*® m™3, which were
much higher than that of pristine TiO, (5.6 x 10°® m™).
Furthermore, from the open-circuit voltage-time curves (OCP,
Fig. S18t), the OCP value of TiO,@NH,-MIL-125@R-STO
(~200 mV) and TiO,@NH,-MIL-125 (~175 mV) was much larger
compared with that of pristine TiO, (~150 mV). Fig. S191 shows
the Bode-phase curves of the samples. The carrier lifetime (z.)
could be obtained using the following eqn (3):

_ 1
27 X fmax

Te 3)
where fi.x is the peak frequency of the Bode-phase plots. It
can be seen that the 7. of TiO,@NH,-MIL-125@R-STO
(41.6 ms) was much longer than those of TiO, (28.3 ms) and
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Fig. 7 (a) M-S plots, (b) the charge separation efficiency (ysep). (c) the
charge transfer efficiency of the interface/electrode (1), and (d) the
Arrhenius plots for TiO, TiO,@NH,-MIL-125, and TiO,@NH,-
MIL-125@R-STO.
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TiO,@NH,-MIL-125 (34.3 ms). The prolonged electron lifetime
indicated a faster charge transfer rate owing to the collabora-
tive coupling of the heterostructure and the plasmonic effect
of R-STO. Fig. 7b shows the charge separation efficiency (ysep)
estimated by dividing Jsufice by Jabs, Where Japs is calculated
from the standard AM 1.5G solar spectrum (eqn S21) and
Jsuifite 1S the photocurrent density in 0.5 M Na,SO3/Na,SO,
(Fig. S207). The #gep, of pristine TiO, was 61.2% at 1.23 V vs.
RHE, while after the coating of NH,-MIL-125, #sep, increased to
73.8% due to the formation of the Z-scheme heterostructure.
Upon the introduction of plasmonic R-STO, the charge separ-
ation efficiency was further improved, reaching 79.8%. This
could be ascribed to the ingenious in situ derivation of inter-
face structure design and the EM field enhancement and hot
electron injection of the plasmonic R-STO, which resulted in
suppression of the bulk carrier recombination and promotion
of the charge separation efficiency of the photoanode. The
surface carrier injection (#7;;) was also calculated to investigate
the proportion of holes involved in water oxidation using the
following equation: #in; = Jwater/sulfices WheTe Jyacer is the photo-
current density measured in 0.5 M Na,SO, (Fig. 7c). TiO,
showed a 7 of 34.3% at 1.23 V (vs. RHE), while for
TiO,@NH,-MIL-125@R-STO, the surface injection efficiency
increased to 72.6%. The improved carrier injection was attribu-
ted to the promotion of OER dynamics and enlarged specific
area of the plasmonic Z-scheme configuration. To estimate the
energy barriers and thermodynamic behavior of the reaction,
the Arrhenius plots under simulated solar light irradiation
were drawn. From Fig. 7d, the activation energy (E,) could be
calculated to be 1.376, 2.954 and 8.549 k] mol™' for
TiO,@NH,-MIL-125@R-STO, TiO,@NH,-MIL-125 and TiO,.
This result was consistent with the PEC catalytic performance,
and the reaction barrier of the PEC water oxidation was
decreased by the cooperative coupling effect of TiO,@NH,-
MIL-125 and plasmonic R-STO, thus finally contributing to the
fast reaction kinetics.

4 Conclusions

In summary, a plasmonic R-STO-enhanced direct Z-scheme
catalyst, name TiO,@NH,-MIL-125@R-STO, was prepared by
the in situ derivation of NH,-MIL-125 and oxygen-vacancy
engineering. The DFT calculations and FDTD simulations
revealed the metallic character and plasmonic property of
R-STO, which significantly improved the PEC catalytic activity
due to the light scattering/trapping, EM field enhancement
and hot electron injection processes of plasmonic R-STO.
Moreover, the EPR spectra confirmed the Z-scheme arrange-
ment of TiO,@NH,-MIL-125. Under the synergetic effects
arising from the Z-scheme configuration and plasmonic effect
of R-STO, the photocurrent density could be achieved up to
4.4 mA cm? at 1.23 V (vs. RHE). The reaction dynamics and
thermodynamic mechanism investigations provided further
evidence that the plasmonic TiO,@NH,-MIL-125@R-STO
could result in suppression of the bulk carrier recombination
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and promotion of the charge separation efficiency, thus finally
promoting the PEC water oxidation performance. It is believed
that our findings offer a new method for the design of highly
efficient PEC photoanodes.
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