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Plasmon-enhanced photocatalytic overall water-
splitting over Au nanoparticle-decorated CaNb,Og
electrospun nanofibers+

Jiaming Zhang, Xiaoyi Jiang, Jindou Huang, Wei Lu and Zhenyi Zhang@*

The design and construction of wide-bandgap semiconductor nanostructures is a promising way to achieve
photocatalytic overall water-splitting, because their redox potentials easily simultaneously satisfy the
thermodynamic requirements of water reduction and oxidation. However, the narrow light-harvesting
range and the fast charge recombination of wide-bandgap semiconductors tremendously limit their
photocatalytic activities. Herein, we developed a novel wide-bandgap semiconductor photocatalyst of
CaNb,Og nanofibers (NFs) fabricated by an electrospinning technique, followed by calcination. Upon UV-
visible light irradiation, the as-electrospun CaNb,Og NFs could split water into H, and O, without adding
any cocatalyst and sacrificial agent. The H,-production rate of CaNb,Og NFs was ~7.7 times higher than
that of CaNb,Og nanoparticles (NPs). It is because the CaNb,Og NFs with the NP-packed 1D nanostructure
possess abundant homogeneous interfaces to facilitate inter-particle continuous charge migration, thereby
prolonging the lifetimes of photoinduced electrons and holes toward both water reduction and oxidation.
Notably, the introduction of Au NPs into the CaNb,Og NFs could extend light absorption from the UV to
the visible light range. The optimal sample of 1.0 at% Au NP-decorated CaNb,Og NFs exhibited ~13.1-fold
enhancement of photocatalytic activity for overall water splitting as compared to CaNb,Og NFs. This
remarkable enhancement is attributed to an interesting plasmonic sensitization process, during which the
visible-light-excited hot electrons in plasmonic Au NPs are able to transfer to the interband-excited
CaNb,Og across their hetero-interface for enhancing the photocatalytic water reduction. Meanwhile, the
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hot holes left in the Au NPs possess a longer lifetime for fulfilling the photocatalytic water oxidation.

1 Introduction

The development of sustainable green energy to replace envi-
ronmentally hazardous fossil fuels is of great significance to
alleviate the prominent global issues of energy shortage and
atmospheric contamination.'”® Photocatalytic water splitting over
highly efficient semiconductor photocatalysts offers a promising
approach to convert inexhaustible solar-energy into the non-
polluting chemical fuel of H,.>** In theory, wide-bandgap semi-
conductors are more suitable to be used for photocatalytic overall
water splitting as compared to narrow-bandgap semiconductors,
because their conduction band (CB) and valence band (VB)
positions are easier to straddle the redox potentials of water
splitting (Ex 1,0 = 0V, Eo 0 = +1.23 V, and pH = 0), thereby
thermodynamically favouring the reduction and oxidation of
water to H, and O, (Scheme 1A).* To date, many wide-bandgap
semiconductors, such as TiO,, SrTa,O, and so on, have been
investigated in the research area of photocatalytic water splitting
for H, production in the absence of sacrificial agents.**** Among
them, columbite niobate compounds (ANb,Og: M = Ba, Sr, Ca,
Mg, Ni, etc.) have been considered as one kind of up-and-coming
photocatalysts for splitting pure water into H, and O, due to their
suitable redox potentials and stable chemical structures.** It has

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 (A) Comparison of redox abilities between narrow- and
wide-bandgap semiconductors for the photocatalytic reduction and
oxidation of water to H, and O,, respectively; (B) atomic arrangement
structures of columbite CaNb,Og.

been reported that upon UV light irradiation, CaNb,Os nano-
particles (NPs) are able to reduce pure water to produce H, by
virtue of their stronger redox potentials originating from the
perovskite-like octahedral structure of [NbOg]”~ groups (Scheme
1B).>***?” However, the achievement of broad-spectrum-driven
overall pure-water splitting for producing both H, and O, is still
a huge challenge for CaNb,Os NPs, mainly owing to two draw-
backs: (1) the fast recombination of photoinduced charge carriers
in CaNb,Os NPs tremendously limits the multi-hole-induced
water-oxidation for the production of kinetically unfavourable
0,;* (2) the large bandgap energy of CaNb,Os NPs impedes the
absorption and utilization of visible light that comprises
approximately 40% of solar irradiation.>* Thus, it is urgent to seek
a rational tactic to synergistically enhance the photoinduced
charge separation and visible light absorption of CaNb,Og NPs.

In general, single-semiconductor NP-stacked nanostructures
can provide abundant homogeneous interfaces to facilitate
inter-particle continuous charge migration due to the low lattice
mismatch between the NPs.** This charge migration process
would extend the lifetime of photoinduced charge carriers in
semiconductors but without losing their intrinsic redox abili-
ties. Notably, inorganic nanofibers (NFs) made by electro-
spinning possess a 1D ultra-long porous nanostructure
composed of compactly packed NPs.*® In this context, the
electrospinning fabrication of CaNb,Os NFs seems to be an
effective approach for hindering the charge-carrier recombina-
tion and achieving abundant active sites based on the unique
1D nanostructure properties. Importantly, various noble-metal
nanostructures with different functional properties could be
assembled uniformly in/on inorganic electrospun NFs for
further manipulating their light harvesting and charge-carrier
kinetic properties.*””*® For instance, the decoration of plas-
monic NPs (Ag, Au, etc.) in/on wide-bandgap-semiconductor
electrospun NFs could realize low-photon-energy-driven pho-
tocatalytic Hp-production based on hot-electron transfer from
Au to the contacted semiconductor due to the localized surface
plasmon resonance (LSPR) of Au NPs.***** Thus, the introduc-
tion of highly stable plasmonic Au NPs into CaNb,O electro-
spun NFs is a prospective tactic to attain broad-spectrum-driven
overall pure water splitting for stoichiometrically producing H,
and O,. Nevertheless, the relative exploration has been rarely
reported up until now.
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In this work, for the first time, we fabricated CaNb,0O¢ NFs
through calcining electrospun precursor NFs of metal salts/
polymer composites at 500, 600, and 700 °C, respectively. The
structural characterization results indicate that the as-
electrospun CaNb,O4 NFs with diameters of 60-100 nm were
composed of tightly stacked NPs with grain sizes of 3-30 nm,
thereby forming lots of homogeneous interfaces among the
NPs. These homogeneous interfaces are conducive to prolong-
ing the lifetime of photoinduced charge carriers through inter-
particle charge migration, as evidenced by the steady-state and
time-resolved photoluminescence (TRPL) spectra and photo-
current testing. Upon UV-visible light irradiation, the CaNb,O¢
NFs could split pure water into H, and O, with the production
rates of ~9.95 and ~4.96 umol g~ h™', respectively, in the
absence of a cocatalyst and sacrificial agent. However, the above
stoichiometric water-splitting process could not be realized by
using CaNb,O NPs as the photocatalyst (products: H, and
H,0,), because the fast recombination of photoinduced elec-
tron-hole pairs limits the four-hole-driven water-oxidation
reaction.** Furthermore, by combining 3D finite-difference-
time-domain (FDTD) simulations with wavelength-controlled
experiments, we demonstrated an interesting plasmon-
enhanced photocatalytic overall water-splitting into H, and O,
over the Au NP-decorated CaNb,Os NFs. During the photo-
catalytic process, plasmonic Au NPs could absorb visible light to
create energetic hot electrons and holes, which are able to
enhance photocatalytic water reduction and oxidation only
when the CaNb,O¢ NFs were simultaneously excited to boost the
hot electron transfer and reduce the reaction kinetic barrier of
multi-hole-driven water oxidation.

2 Results and discussion

Based on our proposed fabrication process (Fig. 1A), three
CaNb,0¢ samples named CaNb,06-500 NFs, CaNb,04-600 NFs,
and CaNDb,04-700 NFs were fabricated through an electro-
spinning technique combined with the subsequent calcination
at 500, 600, and 700 °C, respectively. Fig. 1B shows the X-ray
diffraction (XRD) patterns of the as-fabricated samples. For
the CaNb,06-500 NFs, there is only one broad diffraction band
(15-17°) on the XRD pattern, which could be originated from
the residual carbon due to the incomplete decomposition of the
polymer template at a relative low calcination temperature
(Fig. S17). Meanwhile, the lack of feature diffraction peaks of
the CaNb,Og crystal may be ascribed to its small grain size and
poor crystallinity. Notably, when the calcination temperature
was increased during the fabrication process, the feature
diffraction peaks of orthorhombic fersmite CaNb,Oq (JCPDS,
no. 11-619) appeared on the XRD patterns of both CaNb,04-600
NFs and CaNb,04-700 NFs, suggesting the formation of
a CaNb,O¢ phase-structure. Furthermore, according to the
Debye-Scherrer formula (Fig. S2t), the average grain sizes of
CaNb,04-600 NFs and CaNb,04-700 NFs were estimated to be
~16 and ~22 nm, respectively.

The morphologies and microstructures of the above samples
were investigated by using scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). As shown in
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Fig. 1 (A) Sketch map of the typical fabrication process of CaNb,Og
NFs; (B) XRD patterns of (a) CaNb,Og-500 NFs, (b) CaNb,Og-600 NFs,
and (c) CaNb,Og-700 NFs; SEM images of (C) CaNb,Og-500 NFs, (D)
CaNb,0Og-600 NFs, and (E) CaNb,Og-700 NFs; TEM images of the
individual (F) CaNb,Og-500 NF, (G) CaNb,Og-600 NF, and (H)
CaNb,0Og-700 NF; (I-K) HRTEM images from the corresponding
yellow-colour squares labelled in images (F—H).

Fig. 1C-E, all these samples have continuous nanofibrous
structures with diameters of 60-100 nm and lengths of several
micrometres. These NFs are aligned in random orientations
and interweaved together. Furthermore, lots of nano-sized
pores can be observed on the SEM images of CaNb,Os-600
NFs and CaNb,04-700 NFs, while there is no distinguishable
porous nanostructure on the SEM image of CaNb,04-500 NFs.
Further observations from TEM images (Fig. 1 F-H) indicate
that all the as-fabricated CaNb,Os NFs consist of compactly
packed NPs with different mean grain sizes (~3.5, ~15.1 and
~20.9 nm) depending on the calcination temperature during
the fabrication process (Fig. S2t). During the fabrication
process of CaNb,O¢ NFs, the grain size of CaNb,Og NPs in the
NFs increased with the calcination temperature, thereby
leading to larger nanopore sizes in the NFs produced at the
higher calcination temperature (Fig. 1C-H and S37). According
to the TEM images in Fig. 1G and H, the mean pore sizes in the
CaNDb,04-600 NFs and CaNb,Oq-700 NFs are ~8.9 and
~14.3 nm, respectively (Fig. S27). Meanwhile, an inter-particle
homogeneous interface could be also found in the as-
electrospun CaNb,04-600 NFs and CaNb,Og700 NFs
(Fig. S37). Fig. 1I-K show the high-resolution (HR) TEM images
from the corresponding yellow-colour squares of Fig. 1F-H. As
observed in Fig. 11, the CaNb,04-500 NFs contain lots of small-
sized NPs (3-5 nm) with poor crystallinity. However, the
selected area electron diffraction (SAED) pattern of the
CaNb,04-500 NFs displays the feature diffraction rings of
orthorhombic fersmite CaNb,O¢ (JCPDS, no. 11-619) (Fig. S47),
confirming the formation of polycrystalline CaNb,Og NPs in the
CaNb,04-500 NFs. Furthermore, lattice fringes with interval
distances of ~0.30 nm could be observed on the HRTEM images
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of CaNb,04-600 NFs and CaNb,0-700 NFs, respectively, which
agrees with the lattice spacing of the (041) plane of ortho-
rhombic fersmite CaNb,Os. The above results prove the
successful fabrication of CaNb,O¢ NP-stacked 1D NFs by using
the electrospinning and calcination methods.

The light absorption properties of the as-fabricated samples
were investigated through UV-visible absorption spectra
(Fig. 2A). For the CaNb,04-600 NFs, the intrinsic absorption
edge is located at ~350 nm, which corresponds to the bandgap
energy (Eg) of CaNb,Og at ~3.54 eV. In comparison with the
CaNb,04-600 NFs, the intrinsic absorption edge of CaNb,Os-
700 NFs showed a red-shift of ~25 nm, indicating a decreased
bandgap (~3.31 eV). This red-shift could be attributed to the
larger grain-size of CaNb,Og NPs in the CaNb,04700 NFs as
compared to that in the CaNb,04-600 NFs. Interestingly, the
CaNb,04-500 NFs present broad light absorption ranging from
the UV to the visible light region. The visible light absorption is
originated from the residual carbon-based impurities in the
CaNb,04-500 NFs due to the incomplete decomposition of the
PVP template at a relatively low calcination temperature. To
estimate the photocatalytic reduction and oxidation abilities of
the as-fabricated samples, at first, we performed the half reac-
tions of water splitting for producing H, and O, under UV-
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Fig. 2 (A) UV-visible absorption spectra of the as-fabricated samples;
plots of photocatalytic (B) H, and (C) O, yields versus UV-visible light
irradiation time over different samples in the presence of H,C,0O4 and
AgNOs3 as the hole and electron sacrificial agents, respectively; (D)
plots of photocatalytic H, and O, yields versus UV-visible light irradi-
ation time over different samples in pure water without adding any
sacrificial agent: (a) CaNb,Og-500 NFs; (b) CaNb,Og-600 NFs; (c)
CaNb,0Og-700 NFs; (E) the calculated band structures and the DOS
curve of CaNb,Og; (F) sketch map of the energy band structure and
photocatalytic water-splitting process of CaNb,Og-600 NFs for Hy
and O, production.
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visible light irradiation in the presence of oxalic acid (H,C,0,)
and silver nitrate (AgNO3) as the hole and electron sacrificial
agents, respectively. As shown in Fig. 2B, all the as-fabricated
samples can execute photocatalytic water-reduction for
producing H, with the rate order of CaNb,04-600 NFs (~182.50
umol g~' h™") > CaNb,04-700 NFs (~147.50 umol g~ * h™") >
CaNb,04-500 NFs (~50.00 umol g~' h™'). Among them, the
lowest photocatalytic activity of CaNb,0s-500 NFs for H,
production is mainly due to their poor crystallization. Mean-
while, the photocatalytic activity of CaNb,04-700 NFs is lower
than that of the CaNb,0,-600 NFs, which may be attributed to
the following reasons: (1) the narrower bandgap of CaNb,O¢-
700 NFs induces a weakened photocatalytic redox ability as
compared to the CaNb,04-600 NFs; (2) the smaller sizes of NPs
in the CaNb,04-600 NFs may provide more surface active sites
for photocatalytic water splitting as compared to that of the
CaNDb,04-700 NFs; (3) as compared to the CaNb,O4-700 NFs, the
CaNb,04-600 NFs possess smaller sizes of nanopores, which
may cause the formation of more interfaces among the
CaNb,04-600 NPs for facilitating the separation of charge
carriers. Interestingly, the photocatalytic O,-production rates of
the as-fabricated samples also follow the sequence of CaNb,O¢-
600 NFs (~22.50 pmol ¢! h™') > CaNb,04700 NFs (~21.00
umol g~* h™") > CaNb,04-500 NFs (~18.00 umol g~* h™'), as
shown in Fig. 2C. The above results suggest that all the as-
fabricated samples are potentially useful for initiating photo-
catalytic overall water-splitting. And, the CaNb,0O¢600 NFs
possess the strongest photocatalytic redox ability among the as-
fabricated three samples. Satisfactorily, when we directly
introduced the as-fabricated samples into pure water, both H,
and O, with a molar ratio of close to 2 : 1 released after UV-
visible light irradiation. The gas production rates of CaNb,Oe-
600 NFs (Hy: ~9.95 umol g ' h™"; O,: ~4.96 umol g h™') were
higher than those of both CaNb,04-700 NFs (H,: ~7.18 pmol
g7 h™'; 0,: ~3.58 umol g~ h™") and CaNb,04-500 NFs (H,:
~4.34 pmol g7 h™"; 0,: ~2.14 umol g~ h™") (Fig. 2D).

To further confirm the photocatalytic ability of CaNb,Os
crystals for water splitting, electronic band structures and
density of states (DOS) simulations were carried out. As shown
in Fig. 2E, the bandgap energy of CaNb,Og crystals is simulated
to be ~3.77 eV, which is similar to the real value of CaNb,0¢600
NFs fabricated in our work. Furthermore, the valence band (VB)
and conduction band (CB) of CaNb,O4 crystals are mainly
contributed by the O 2p and Nb 4d orbitals, respectively.*
According to the results of UV-visible absorption spectroscopy
and the Mott-Schottky plot (Fig. S51), the VB and CB potentials
of the CaNb,04-600 NFs were estimated to be 3.1 Vand —0.44 V
versus the normal hydrogen electrode (NHE), respectively.*>** It
can be found that the CB potential of CaNb,0¢-600 NFs is more
negative than H'/H, potential (0 V vs. NHE, pH = 0), while its VB
potential is more positive than O,/H,O potential (1.23 V vs.
NHE, pH = 0) (Fig. 2F). Thus, upon the interband excitation of
CaNb,Og, the photoinduced electrons and holes on its CB and
VB can enable the water reduction and oxidation reactions,
respectively, for simultaneously producing H, and O,. However,
the CaNb,04-600 NPs made by the sol-gel method with the
calcination temperature at 600 °C (Fig. S61) displayed
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a dramatic decrease of photocatalytic activity as compared to
the CaNb,06-600 NFs for pure water splitting. Upon UV-visible
light irradiation, the H, production rate was only ~1.29 pmol
g ' h™', which was ~7.7 times lower than that of the CaNb,O4-
600 NFs (Fig. 3A). However, the oxidation product of this pho-
tocatalytic water-splitting reaction was H,O, rather than O, that
is a high-kinetically-required product (Fig. S71). The lack of O,
products may be attributed to the fast recombination of
photoinduced electron-hole pairs in the CaNb,0s-600 NFs,
thereby hindering the four-hole-driven water-oxidation process.
Interestingly, the Brunauer-Emmett-Teller (BET) analysis
results indicate that the specific surface area of CaNb,04-600
NFs (29.44 m” g~ ') was similar to that of the CaNb,04-600 NPs
(28.84 m> g~') (Fig. S8t). These results suggest that the
improved kinetic process of photoinduced charge carriers in the
CaNb,04-600 NFs may play the leading role in increasing the
photocatalytic activity for water splitting. To unravel the kinetic
process of photoinduced charge carriers in the CaNb,O4-600
NPs and CaNb,04-600 NFs, their steady-state and time-resolved
photoluminescence (TRPL) spectra were recorded.*”** As shown
in Fig. 3B, both CaNb,06-600 NPs and CaNb,0¢-600 NFs show
emission bands centred at ~467 nm after 280 nm excitation.
Meanwhile, the emission intensity of CaNb,0,-600 NFs is lower
than that of the CaNb,06-600 NPs, suggesting the suppressed
recombination process of photoinduced charge carriers in the
CaNb,04-600 NFs. Fig. 3C displays the TRPL spectra of the
above two samples, in which all the emission decay curves can
be fitted by the biexponential kinetic function:

I(t) = Ay-exp (—tlt)) + Ay-exp(—t/t,) + B (1)

where 7, and 1, are the fluorescence lifetimes, and A,, and 4, are
the corresponding amplitudes. In general, the longer lifetime
(t4) is contributed by the recombination of free charge carriers
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Fig. 3 (A) Plots of photocatalytic H, and O, yields versus UV-visible
light irradiation time over the CaNb,Og NPs and CaNb,Og electrospun
NFs in pure water; (B) steady-state PL spectra and (C) time-resolved
transient PL decay of CaNb,Og NPs and CaNb,Og NFs; (D) sketch
maps of the kinetic processes of photoinduced charge carriers in the
CaNb,Og NPs and CaNb,Og NFs, respectively.
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in a semiconductor, while the shorter lifetime (z,) is induced by
the nonradiative recombination of charge carriers originating
from the surface defect of the semiconductor.’®** It can be
found that both the 7; and 7, values of CaNb,04-600 NFs (t; =
33.13 ns; 1, = 2.06 ns) are longer than the corresponding life-
times of CaNb,04-600 NPs (t; = 9.24 ns; 1, = 0.90 ns). The
quenched PL and the extended fluorescence lifetimes suggest
the slower recombination process of charge carriers in the
CaNDb,04-600 NFs after the interband excitation. This
phenomenon can be ascribed to the different microstructures
between the CaNb,04-600 NFs and CaNb,O4-600 NPs. As illus-
trated in Fig. 3D, the number of homogeneous interfaces in the
CaNDb,0-600 NFs is more than that of the CaNb,04-600 NPs due
to the unique 1D nanostructure properties of the electrospun
NFs. These homogeneous interfaces could facilitate inter-
particle continuous charge migration, thereby leading to the
longer lifetimes of photoinduced charge carries in the CaNb,O¢-
600 NFs as compared to those of the CaNb,04-600 NPs. These
long-lived charge carriers in the CaNb,04-600 NFs could accel-
erate the reaction kinetics of both water reduction and oxida-
tion to enhance the photocatalytic H, and O, production. To
further confirm this hypothesis, electrochemical photocurrent
tests were carried out on both the CaNb,0s-600 NPs and
CaNb,04-600 NFs under UV-visible light irradiation with several
on-off cycles. As expected, the photocurrent value of the
CaNb,04-600 NFs (~10.87 nA) was obviously higher than that of
the CaNb,04-600 NPs (~5.07 nA) (Fig. S97).

In order to further extend the light absorption range and
improve the charge-carrier kinetic process of the optimal
CaNb,04-600 NFs, the different contents of plasmonic Au NPs
(atomic ratio of Au to Ca: 0.25, 0.5, 0.75, 1.0, and 1.25 at%) were
introduced into the CaNb,04-600 NFs by using the electro-
spinning and calcination methods. It is expected that the
plasmonic Au NPs absorb and utilize visible light to further
enhance the photocatalytic water-splitting activity (Fig. 4A). As
shown in Fig. 4B, the diffraction peaks of all the as-fabricated
Au,/CaNb,0Og NFs (x = 0.25, 0.5, 0.75, 1.0, and 1.25) can be
perfectly indexed to orthorhombic fersmite CaNb,Oq (JCPDS,
no. 11-619), indicating the unchanged phase structure of
CaNb,O¢ NFs after the introduction of Au NPs. However, the
characteristic diffraction peaks of Au NPs were not observed on
the XRD patterns of the as-fabricated Au,/CaNb,O¢ NFs. This
phenomenon may be attributed to the low content and small
sizes of Au NPs in the CaNb,Os nanofibrous matrix, thereby
leading to weak crystal-diffraction signals beyond the XRD
probing limit. Furthermore, all the Au,/CaNb,0s NFs maintain
the 1D porous nanofiber structures. Their structural parameters
(several micrometres in lengths and 60-100 nm in diameters)
are similar to those of the pristine CaNb,O4 NFs (Fig. 4C, D and
S107). Fig. 4D shows the dark-field scanning TEM (STEM) image
and the corresponding element-mapping images of the Au,/
CaNb,0O4 NFs. The element-mapping images show that the Ca,
Nb, Au, and O elements co-exist in the Au;/CaNb,O, NFs.
However, the Au and Nb elements in the NFs cannot be
distinguished by the TEM-element mapping due to their similar
Energy-Dispersive X-ray Spectroscopy (EDS) spectra (Fig. S11A¥).
Nevertheless, the bright Au NPs can be still found on the dark-
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Fig. 4 (A) Sketch map showing the typical fabrication process of the
Au NP-decorated CaNb,Og NFs; (B) XRD patterns of (a) CaNb,Og-600
NFs, (b) AUO_25/CaNb206 NFs, (c) AUolglcaszoG NFs, (d) AUO_75/
CaNb,Og NFs, (e) Au;/CaNb,Og NFs and (f) Au;»5/CaNb,Og NFs; (C)
SEM image of Aui/CaNb,Og NFs; (D) dark-field STEM and the corre-
sponding elemental mapping images of Au;/CaNb,Og NFs; (E) HRTEM
image from the yellow-coloured square of Fig. D; (F) XPS spectrum: Au
4f core level for the Au;/CaNb,Og NFs.

field STEM of Au,/CaNb,O¢ NFs (Fig. S11BY). Further investi-
gation by using the TEM image indicates that the Au NPs with
a mean size of ~10.03 nm were dispersed randomly on/in the
CaNDb,Og electrospun NFs (Fig. S127). Fig. 4E shows the HRTEM
image of the spherical NP selected from the yellow colour
square of Fig. 4D. The interplanar distance of ~0.234 nm
corresponds well to the lattice spacing of the Au (111) plane. The
formation of metallic Au can be also confirmed by X-ray
photoelectron spectroscopy (XPS). As observed in Fig. 4F, the
Au 4f;), and Au 4f5, peaks of Au,/CaNb,O4 NFs are positioned at
83.4 and 87.1 eV, respectively, which are in accordance with the
corresponding values of the metallic Au® state.*® Meanwhile, the
valence states of Ca and Nb ions in both the CaNb,Oq and Au,/
CaNb,O¢ NFs are +2 and +5, respectively (Fig. S131).

The light absorption properties of the as-fabricated Au,/
CaNb,0O¢ NFs were investigated in comparison with those of the
CaNb,04-600 NFs through UV-visible absorption spectra. As
shown in Fig. 5A, the intense UV-light absorption of all the as-
fabricated samples can be assigned to the intrinsic absorption
of CaNb,0Os. Compared to the CaNb,04600 NFs, all the Au,/
CaNb,0O¢ NFs exhibited obvious visible-light absorption bands
at ~550 nm (the inset of Fig. 5A). These absorption bands are
attributed to the LSPR of Au NPs in the CaNb,0Oq NFs.* The
similar position (~550 nm) of plasmonic absorption bands
suggests that the sizes of Au NPs were almost unchanged in the
as-fabricated Au,/CaNb,Og NFs.

The photocatalytic activities of the as-fabricated Au,/
CaNb,0O¢ NFs for overall water splitting were evaluated under
UV-visible light irradiation in the absence of any sacrificial

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (A) UV-visible absorption spectra of the as-fabricated samples;
(B) plots of photocatalytic H, and O, vyields versus UV-visible light
irradiation time over different samples in pure water without adding
any sacrificial agent: (a) CaNb,Og-600 NFs, (b) Aug5/CaNb,Og NFs,
(c) AUOY5/CaNb206 NFs, (d) Au0_75/CaNbZO6 NFs, (e) Aul/CaNbZOG NFs
and (f) Auy»5/CaNb,Og NFs; (C) photocatalytic H, and O, production
rates over Au/CaNb,Og NFs with different Au contents under UV-
visible light irradiation; (D) photocatalytic H, and O, yield rates over
Au;/CaNb,Og NFs under 350 nm irradiation in the absence or pres-
ence of secondary beam irradiation with the wavelength at 500 + 15,
520 + 15, 550 + 15, and 600 =+ 15 nm, respectively; (E) schematic
diagram showing the plasmon-mediated photocatalytic overall water
splitting over Au/CaNb,O¢ NFs after the single excitation of Au LSPR or
the co-excitation of Au LSPR and CaNb,Og interband-transition.

agent. The control experiment results indicate that no H, and
O, were detected in the absence of either the as-fabricated NFs
or the light irradiation. As shown in Fig. 5B, all the Au,/CaNb,O4
NFs exhibit enhanced photocatalytic activities for overall water
splitting as compared to the pure CaNb,O4 NFs (H,: ~9.95 pmol
g ' h™"; 0y ~4.96 pmol g~ h™"). The enhanced photocatalytic
activity of Au,/CaNb,O¢ NFs may be attributed to the LSPR of Au
NPs that can induce hot-electron transfer from the Au to
CaNb,04 components. Please note that the LSPR absorption of
Au NPs is unmatched with the light absorption of CaNb,O¢ NFs,
and therefore no plasmon resonance energy transfer process
occurs in the Au,/CaNb,O¢ NFs. Notably, the optimal sample of
Au,/CaNb,O¢ NFs possesses the H, and O, production rates of
~130.02 and ~66.37 pmol g~ h™", respectively (Fig. 5C). These
gas-production rates are about 13.1 times higher than the cor-
responding rates of the CaNb,04-600 NFs. However, when the
content of Au NPs was higher than 1.0 at%, the photocatalytic
activity of Au NP-decorated CaNb,O, NFs was decreased

This journal is © The Royal Society of Chemistry 2022
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(Fig. 5C). This can be ascribed to the “shield effect” of Au NPs to
reduce the light absorption and active sites of the CaNb,Og4 NFs.

To further recognize the contribution of Au LSPR to the
photocatalytic activity of the Au,/CaNb,O¢ NFs, we performed
photocatalytic overall water-splitting upon dual-beam irradia-
tion with different photon energies, in which one beam was for
the CaNb,Og interband excitation (350 nm), and the other was
for Au LSPR excitation (500-600 nm). Upon single irradiation at
350 nm, the Au,/CaNb,0Os NFs are able to split pure water into
H, and O, with the production rates of ~2.56 and ~1.31 pmol
g ' h™, respectively (Fig. 5D). However, there was no detectable
gas release over the Au;/CaNb,O¢ NFs, when we adjusted the
single irradiation wavelength at 500 + 15, 520 £+ 15, 550 &+ 15
and 600 + 15 nm, respectively, to only excite the Au LSPR. Please
note that the above excitation wavelength (500-600 nm) is
selected according to the UV-visible absorption spectrum of the
Au,/CaNb,0O¢ NFs (Fig. 5A). These results suggest that the
plasmon-induced hot electrons and holes over Au NPs cannot
directly initiate the photocatalytic reaction of pure water split-
ting, because the ultra-fast relaxation of plasmonic hot-excitons
in Au NPs cannot satisfy the reaction kinetic requirements of
water oxidation and reduction for producing O, and H,. Inter-
estingly, when the above dual-beam irradiation was simulta-
neously used to execute the photocatalytic water splitting, the
H, and O, production rates of the Au;/CaNb,O¢ NFs could be
obviously enhanced as compared to the corresponding rates
obtained upon single irradiation at 350 + 15 nm (Fig. 5D).
Furthermore, the enhancement factors, obtaining from the
ratio values of the H,-production rates of Au;/CaNb,Os NFs
under dual-beam irradiation to the H,-production rate of Au,/
CaNb,0O¢ NFs under the single irradiation at 350 £ 15 nm, were
basically correlated with the plasmonic absorption band of Au
NPs in the Au,;/CaNb,O4 NFs (Fig. S141). These observations
indicate that the LSPR-induced hot electrons and holes over Au
NPs could enhance the photocatalytic activity of the Auy/
CaNb,0O¢ NFs for water splitting only when the CaNb,O¢
component was simultaneously excited to boost the hot elec-
tron transfer and unlock reaction kinetic barrier. The intro-
duction of plasmonic Au NPs into the CaNb,O4 NFs can extend
the light absorption and utilization range from the UV to the
visible light region, thereby realizing the UV-visible-light-driven
photocatalytic overall water splitting over the Au/CaNb,Os NFs
(Fig. S157). According to the above results, the single excitation
of Au-LSPR in the Au,/CaNb,O¢ NFs could not directly initiate
photocatalytic overall water splitting for producing H, and O, in
the absence of a sacrificial agent. This may be due to the fast
relaxation of plasmonic hot electrons and the high kinetic
requirement of water oxidation to O, (four-hole reaction)
(Fig. 5E). Interestingly, semiconductors of such CaNb,Os
possess high conductivity after interband excitation,* which
could boost the hot electron transfer in the Au,/CaNb,O4 NFs.
Meanwhile, the transfer process of hot electrons in the Au,/
CaNb,0O¢ NFs could also prolong the lifetime of plasmon-
induced hot holes in the Au NPs, thereby promoting the hot-
hole transfer from Au to H,O for reducing the kinetic reaction
barrier of water oxidation to O, (Fig. 5E). Thus, the plasmon-
induced hot electron transfer process in the Au;/CaNb,O¢ NFs
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could extend the lifetimes of plasmonic hot excitons for
enhancing the photocatalytic activity of overall water splitting.

The plasmon-induced electron transfer process in the Au,/
CaNb,Og NFs can be deduced based on the Bode phase plots
through the following equation:*

1

= 2o @)

Tn

As observed in Fig. S16,1 upon single irradiation at 350 nm,
the fiax value of the Au;/CaNb,Og NFs is ~13.11 Hz. Interest-
ingly, when we employed dual-beam irradiation with two
wavelengths at 350 & 15 and 550 & 15 nm to simultaneously
excite the CaNb,Og interband transition and the Au LSPR, its
fmax value could reduce to ~5.81 Hz. Therefore, it can be
calculated that the electron lifetime of the Au,/CaNb,Oq NFs
(~27.3 ms) obtained under dual-beam irradiation was about 2.2
times longer than that obtained under single beam irradiation
(~12.1 ms). The longer electron lifetime means that the co-
excitation of Au LSPR and CaNb,Oy interband transition
could effectively extend the electron transfer process due to the
hot electron transfer form Au NPs to the contacted CaNb,Oq
NFs. As a result, upon dual-beam irradiation (350 nm + 550 nm),
more available electrons and holes could be accumulated on the
CaNb,0O4 and Au components for fulfilling the photocatalytic
splitting of pure water into H, and O,, respectively.

As we know, the LSPR-induced localized electric-field
enhancement behavior is important for the generation of hot
electrons in plasmonic nanostructures.* In general, the large
enhancement of the electric-field intensity would boost the
generation of hot electrons in plasmonic nanostructures.**>¢
Thus, to further reveal the LSPR-induced hot electron genera-
tion in the Au,/CaNb,O¢ NFs, 3D finite-difference time domain
(FDTD) simulations were carried out. According to the TEM
images of Au,/CaNb,O¢ NFs (bottom images of Fig. 6B-D), we
simplified the simulation model as the individual Au/CaNb,O
NF, in which Au NPs were assembled in the CaNb,0g NF with
three typical positions (Fig. 6A). The LSPR excitation of Au NPs
at 550 nm can remarkably enhance the localized electric-field
intensities (|E|*/|E,|*) in the near surface regions of Au NPs in
the Au/CaNb,O NF (Fig. 6B-D top images). Moreover, the
enhancement of the electric-field intensity depends on the
position of Au NPs in/on the CaNb,0¢ NF. When the Au NP was

45 50 55 60 65
x (nm)

20 25 30 3540
x (nm)

Fig. 6 (A) Simplified structural model of the Au/CaNb,Og NFs for the
FDTD simulation; (B—D) simulated electric-field distributions and the
corresponding TEM images of Au/CaNb,Og NFs with the Au NP
position at B, C, and D yellow squares of (A).
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positioned on the outer surface of CaNb,Os NF, the LSPR-
enhanced electric-field intensity could reach ~36x in the Au/
CaNb,Os interface region. However, the embedment of Au NPs
in the middle and near-surface of the CaNb,Og NF could induce
~4-fold and ~9-fold enhancements of the electric-field inten-
sities, respectively. The above simulation results indicate that
the Au/CaNb,Os interface can strongly concentrate the incident
visible light to generate lots of hot electrons at the surface
plasmon (SP) states of Au NPs. These hot electrons further
transfer from Au NPs to the excited CaNb,O for enhancing the
photocatalytic water-reduction activity of the CaNb,O¢ NFs,
while the hot holes left in Au NPs possess extended lifetimes for
initiating the photocatalytic water oxidation. The above results
and analyses suggest that when the Au/CaNb,O¢ NFs encounter
UV-visible light irradiation, the LSPR-induced hot electrons
would move to the CaNb,Og surface for reducing water to H,,
while the hot holes stay on the Au surface for oxidizing water to
0,. It also means that in the Au/CaNb,Os interface region, the
active sites for water reduction and oxidation are mainly posi-
tioned at the surface of the CaNb,Os and Au components,
respectively.

To consolidate the above conclusion, the energy barrier to
break the O-H bond of H,O on CaNb,O, and Au/CaNb,O4 was
calculated by nudged elastic band (NEB) calculations, respec-
tively. As observed in Fig. 7A and B, the length of the O-H bond
of the water molecule adsorbed on the CaNb,Og surface is 1.107
A, which is smaller than that at the Au/CaNb,Og interface (1.357
A), but is larger than that of the normal water molecule (0.99 A).
Meanwhile, the adsorption energy of H,O at the Au/CaNb,O¢
interface is about 1.3 eV (Fig. S17A7), and the distance between
the O atom of H,O and the adjacent Au atom is about 2.153 A. It
indicates that H,O can be a chemically bonded moiety on the Au
surface. In comparison, the adsorption energy for H,O on the
CaNb,Og surface is about 0.69 eV (Fig. S17Bt). This weaker
interaction may decrease the activation effect on H,O on the
CaNb,O¢ surface. Thus, the hydrolytic energy barrier can be
substantially reduced by the introduction of Au NPs into the
CaNb,0O4 NFs. Accordingly, the energy barrier for the reaction
H,0* — OH* + H* occurring at the Au/CaNb,Oy interface (E, =
0.14 eV) is much lower than the one for H,0* — OH* + H* on
the CaNb,Oq surface (E, = 0.47 eV) (Fig. 7A and B). The above
results suggest that the Au/CaNb,O, interface is beneficial to
dissociate the water molecule due to the strong interactions
between the O atom of H,O and the Au atom. Notably, in the
final state (FS) of the H,O-adsorbed Au/CaNb,O¢ interface
(Fig. 7B), the O atom of H,O is bonded with Au, while the H
atom of H,O is linked with CaNb,O¢. This kind of chemical
structure implies that for the Au/CaNb,O¢ NFs the Au compo-
nent serves as the active site for the photocatalytic O, produc-
tion, while the CaNb,O component acts as the active site for
the H, production. This result is consistent with our proposed
mechanism of plasmon-enhanced photocatalytic overall water
splitting.

To further assess the photocatalytic activity of the optimal
Au,/CaNb,O¢ NFs, 1.0 at% Pt NP-decorated CaNb,0Oq NFs were
fabricated as the control sample (Fig. S18 and S19%). It is well
known that Pt is a commonly used cocatalyst and possesses the

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 NEB calculations of the H,O decomposition processes on the
(A) CaNb,Og and (B) Au/CaNb,Og surfaces (IS: initial state; TS: tran-
sition state; FS: final state); (C) steady-state PL spectra and (D) time-
resolved transient PL decay of the as-fabricated samples: (a)
CaNb,04-600 NFs; (b) Pt;/CaNb,Og NFs; (c) Au;/CaNb,Og NFs; (E)
cycling test of photocatalytic overall water splitting for the Au,/
CaNb,Og composite NFs; (F) comparison of the photocatalytic activity
of the Au;/CaNb,Og NFs for water splitting with that of CaNb,Og-
based photocatalysts reported in the literature.

excellent “electron sink” effect and low overpotential for H,
production.”* However, to our surprise, the photocatalytic
activity of Pt;/CaNb,0¢ NFs for H, and O, production (~37.50
and ~19.00 pmol ¢~ ' h™") was much lower than that of the Au,/
CaNb,Og NFs (~130.02 and ~66.37 umol g~' h™") upon UV-
visible light irradiation. This result indicates that in compar-
ison with the “electron sink” effect of Pt NPs, the LSPR of Au
NPs is a more effective for enhancing the photocatalytic activity
of CaNb,0O4 NFs for water splitting.

To clarify the “electron sink” effect of metal NPs (Au and Pt)
on the enhancement of photocatalytic activity for water split-
ting, the steady-state PL spectroscopy spectra of the Auy/
CaNb,Og and Pt;/CaNb,0O4 NFs were tested in comparison with
that of the pure CaNb,O¢ NFs. As observed in Fig. 7C, the
CaNb,O¢ NFs present an intense emission band with the peak
at ~467 nm after UV light irradiation at 280 nm. However, the
introduction of noble-metal NPs into CaNb,Og NFs could
obviously decrease the PL intensity of CaNb,Os NFs. Mean-
while, the PL intensity of the Au,/CaNb,0Os NFs is lower than
that of CaNb,Og NFs, but is higher than that of the Pt;/CaNb,O¢
NFs. The reduced PL intensity reveals either a faster transfer
process with a shorter lifetime or a slower recombination
process with a longer lifetime of the photoinduced electrons.””
To further understand the reason for the PL quenching of the
above noble-metal NP-decorated CaNb,O¢ NFs, TRPL spectros-
copy measurement was carried out, and the corresponding

This journal is © The Royal Society of Chemistry 2022
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results are given in Fig. 7D. It can be seen that the PL decay
curves of all the above samples can be fitted by a biexponential
function (eqn (1)). According to the two emission lifetimes ob-
tained from the fitting function (listed in the inset of Fig. 7B),
the average emission lifetime could be calculated for
comparing the overall emission decay behaviors of the above
samples (eqn (3)).

T = (417 + A1)(AiT) + Ar1)) (3)

The results show that the noble-metal NP-decorated
CaNb,O¢ NFs possess shorter average lifetimes as compared
to the CaNb,04-600 NFs (~5.94 ns). The quenched PL intensi-
ties and the shortened lifetimes of the noble-metal NP-
decorated CaNb,O¢ NFs indicate the existence of a non-
radiative quenching channel due to the photoinduced interfa-
cial electron transfer from CaNb,O¢ NFs to the adhesive noble
metal NPs. When only exciting the interband transition of
CaNb,0g¢ in the noble-metal NP-decorated CaNb,Oq NFs, the
noble-metal NPs can serve as electron sinks to accept the
photoinduced electrons from the CaNb,Og NFs, thereby sup-
pressing the recombination process of photoinduced charge
carriers in the CaNb,Os NFs. Further investigations found that
the average lifetime of the Pt,/CaNb,O¢ NFs (~3.61 ns) was
shorter than that of the Au,/CaNb,O¢ NFs (~5.52 ns). The
shorter average lifetime of the Pt,;/CaNb,0s NFs manifests that
as for the role of the “electron sink” effect, Pt NPs are more
effective for enhancing the photocatalytic activity than Au NPs.
However, in our work, the actual photocatalytic activity of the
Pt,/CaNb,O¢ NFs was much lower than that of the Au;/CaNb,Og
NFs upon UV-visible light irradiation (please note that Au LSPR
can be excited by visible light irradiation). This result suggests
that the LSPR of Au NPs plays the leading role in enhancing the
photocatalytic activity of the Au,/CaNb,Os NFs. Finally, the
stability of the as-fabricated Au,/CaNb,O4 NFs was investigated
through a cycling test on photocatalytic overall water splitting
upon UV-visible light irradiation. As shown in Fig. 7E and S20,7
after three cycles, the Au;/CaNb,0O¢ NFs with the original phase
structure still possess ~94.9% of their initial photocatalytic
activity in the first cycle, which reveals the good photocatalytic
stability of the Au,/CaNb,O4 NFs. Importantly, our work is the
first attempt to fabricate an electrospun CaNb,Og-based NF
photocatalyst for realizing the stoichiometric splitting of pure
water into H, and O, upon UV-visible irradiation. Furthermore,
the photocatalytic H,-production activity of our produced Au,/
CaNb,Og¢ NFs in the absence of a sacrificial agent is higher than
that of all the reported CaNb,Og-based photocatalysts (Fig. 7F).

3 Conclusions

In summary, CaNb,Os NFs with a NP-stacked 1D porous
nanostructure have been fabricated by using an electrospinning
technique combined with a high-temperature calcination
process. The above unique nanostructure led to the formation
of many continuous homogeneous interfaces in the CaNb,O¢
NFs. These homogeneous interfaces could boost the inter-
particle charge migration for generating long-lived charge
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carriers. Thus, the photocatalytic activity of CaNb,0O¢ NFs for
pure water splitting was ~7.7 times higher than that of the
CaNb,0O4 NPs under UV-visible light irradiation. More impor-
tantly, the introduction of plasmonic Au NPs into CaNb,0O¢ NFs
could effectively extend the visible-light absorption range and
further enhance the photoinduced charge transfer, thereby
leading to ~13.1-fold enhancement of the photocatalytic activ-
ities for both H, and O, production as compared to the pure
CaNDb,Og NFs. We have also demonstrated that the co-excitation
of Au LSPR and CaNb,Os interband transition is the prerequi-
site for realizing this remarkable enhancement of photo-
catalytic water splitting. The excited CaNb,O¢ could not only
create highly active charge carriers to reduce the reaction
kinetic barrier of water splitting, but also enhance its conduc-
tivity to boost the hot electron transfer for improving the hot
exciton separation. Thus, the plasmon-excited hot electrons and
holes over Au NPs can enhance the photocatalytic activity of Au/
CaNb,Og NFs for splitting pure water into H, and O,. Our work
reported a new wide-bandgap fersmite semiconductor photo-
catalyst of 1D CaNb,O¢ NFs for photocatalytic splitting of pure
water into H, and O,. It also provides a new plasmon-dominant
synergy strategy to simultaneously extend the light absorption
range and improve the charge-carrier kinetics of 1D wide-
bandgap semiconductor NFs for remarkably enhancing photo-
catalytic overall water splitting.

4 Experimental

4.1 Fabrication of the samples

4.1.1 Fabrication of CaNb,Og NFs. The CaNb,O4 NFs were
fabricated by using an electrospinning method combined with
the subsequent calcination at 500 °C, 600 °C and 700 °C,
respectively. During the preparation of the precursor solution,
0.095 g of calcium acetylacetonate (C;oH;4,Ca0,) and 0.3225 g of
niobium oxalate (C;,H5;NbO,,) were added into 10 mL of N, N-
dimethylformamide (DMF) with constant stirring. Then, 1.0 g of
poly vinyl pyrrolidone (PVP) power (Mw = 1 300 000) was slowly
added to the above mixture solution under vigorous stirring for
16 h. Afterward, this mixture solution of PVP/DMF/C,,H;,Ca0,/
C10H5NbO,, was filled into a plastic syringe for electrospinning.
After the electrospinning treatment, the NFs of the PVP/
C10H14Ca0,/C1oHsNbO,, composite could be obtained by
applying an electric voltage of 10 kV with a distance of ~15 cm
between the needle tip and the tinfoil receiver. Finally, the as-
electrospun composite NFs were heated to 500 °C, 600 °C and
700 °C, respectively, with a rising time of 4 h and kept for 2 h at
the required temperature. The CaNb,O¢ NFs fabricated through
the calcination treatment at 500 °C, 600 °C and 700 °C were
denoted as CaNb,0¢-500 NFs, CaNb,04-600 NFs, and CaNb,Og-
700 NFs respectively.

4.1.2 Fabrication of Au NP-decorated CaNb,O¢ NFs. In
a typical procedure, 0.095 g of C;oH;4,CaO,4, 0.3225 g of
C1oHsNbO,, 0.68 mg of chloroauric acid (HAuCl,) (0.25 at%, Au
to Ca), and 1.0 g of PVP were added into 10 mL of DMF in
sequence under constant stirring. After vigorous stirring for
16 h, the obtained precursor solution was moved into a plastic

syringe for electrospinning. After the electrospinning
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treatment, the composite NFs of PVP/C;oH;,Ca0,/C;o0HsNbO,,/
HAuCl, could be achieved by applying an electric voltage of 10
kv with a distance of ~15 cm between the needle tip and the
tinfoil receiver. Finally, the as-electrospun composite NFs were
heated to 600 °C with a rising time of 4 h and kept for 2 h at the
required temperature. The as-fabricated Au-decorated CaNb,O¢
NFs were denoted as Au,/CaNb,O¢ NFs, where 1 is the molar
ratio (%) of Au to Ca in the precursor solution. By using the
same method, Aug ,5/CaNb,Og NFs, Au, 5/CaNb,Og NFs, Aug -5/
CaNb,O¢ NFs, Au; ,5/CaNb,Og NFs, and Pt;/CaNb,O, NFs were
fabricated, respectively, for investigating the photocatalytic
activity for overall water splitting.

4.2 Characterization

An X-ray diffractometer (XRD; XRD-6000, Shimadzu) with a Cu
Ka line of 0.1541 nm was used to study the crystallization and
the phase transition. The morphology and structure of the as-
prepared samples were observed by using a scanning electron
microscope (SEM; S-4800, Hitachi) and transmission electron
microscope (TEM; JEM-2100, JEOL). UV-vis absorption spectra
were recorded with a Lambda 750 UV/Vis/NIR spectrophotom-
eter (PerkinElmer, USA). X-ray photoelectron spectroscopy (XPS)
was performed on a VG-ESCALAB LKII instrument with a Mg Ka.
ADES (hv = 1253.6 eV) source at a residual gas pressure below
10~® Pa. Photoluminescence (PL) spectra were recorded using
a fluorescence spectrophotometer (F-4600, Hitachi) equipped
with a 150 W Xe lamp as the excitation light source. The decay
curves of the as-prepared samples were obtained on an FLS920
fluorescence lifetime spectrophotometer (Edinburgh Instru-
ments, UK) under the excitation of a hydrogen flash lamp with
the wavelength at 280 nm (nF900; Edinburgh Instruments).
Thermogravimetry and differential scanning calorimetry (TG-
DSC) were implemented by using a NETZSCH STA 449F3
simultaneous thermal analyser under an air atmosphere in the
range of 30-800 °C. Fourier transform infrared spectroscopy
(FT-IR) spectra were recorded by using a Nicolet iS10 FT-IR
spectrometer in the range of 500-4000 cm ‘. The specific
surface areas of the samples was investigated through a Micro-
meritics ASPA-2020 instrument and analysed by the Brunauer—
Emmett-Teller (BET) method.

4.3 Computational method

4.3.1 Density functional theory simulation. The Cambridge
Serial Total Energy Package (CASTEP) has been used for the
band structure, density of states, geometry optimization, and
optical property calculations, which is based on DFT using
a plane-wave pseudopotential method. We use the generalized
gradient approximation (GGA) in the scheme of Perdew-Burke-
Ernzerhof (PBE) to describe the exchange-correlation func-
tional. A cut-off energy of 400 eV was chosen for the CaNb,O¢
crystal. The Brillouin-zone sampling mesh parameters for the k-
point set are 1 x 1 x 1. In the optimization process, the
convergence criteria applied were 1 x 10~° eV per atom.

4.3.2 3D finite-difference-time-domain (FDTD) simulation.
The computational simulations were performed with the 3D
finite-difference-time-domain method (FDTD, commercial
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software package, Ansys Lumerical 2020 R2 Launcher) with
perfectly matched layer (PML) boundary conditions. The dielec-
tric function of CaNb,Os was calculated by the DFT simulation
mentioned above. According to our experimental results from
SEM and TEM images, a model of simplified Au/CaNb,0Os NFs
was constructed with a CaNb,O; NF and three Au NPs with
different positions in the CaNb,O¢ NF, in which the diameter of
CaNb,Og¢ NF was fixed at 100 nm, and the size of the Au NPs for
the Au/CaNb,Os NF was determined to be 10 nm. An incident
plane wave was propagated from the x axis and polarized along
the y axis. The wavelength was set at 550 nm. The override mesh
cell size used was 0.2 x 0.2 x 0.2 nm. The Au/CaNb,Os NF was
surrounded by water with a refractive index of 1.33.

4.4 Photocatalytic overall water splitting

5 mg of the as-fabricated samples and 10 mL of deionised water
were added into a 40 mL quartz reactor, regularly. Then, the
quartz reactor was blocked with a rubber plug, followed by the
ventilation of argon gas for 15 minutes to drive off the residual
air. Subsequently, the quartz reactor was exposed to UV-vis light
(300 W Xe lamp without a filter, PLS-SXE300UV). The compo-
sition of the gas product from the upper space above the liquid
in the quartz reactor was periodically analysed by using a gas
chromatograph (GC) equipped with a thermal conductivity
detector (TCD) (Analytical Instrument, SP-34204, Beifen-Ruili).
The amount of H,0O, produced during the photocatalytic
oxidation of H,O over the CaNb,0O¢ NPs was tested through the
following process: The photocatalytic reaction solution was
centrifuged at 8000 rpm for 5 min to remove the residual pho-
tocatalyst. 1 mL of potassium hydrogen phthalate (CgHsKOy,, 0.1
M) and 1 mL of KI solution (0.4 M) were added into the above
solution for further analysis by UV-visible spectroscopy (PERSEE
TU-1950) on the basis of the absorbance at 350 nm.

4.5 Electrochemical measurement

The Bode phase plots were obtained by using an electro-
chemical workstation (Autolab PGSTAT302N). 5 mg of as-
fabricated samples were coated on ITO glass with an effective
area of 1 cm x 1 cm, which acted as working electrodes. Pt wire
and Ag/AgCl electrodes acted as the counter and reference
electrodes, respectively. And, 1 M Na,SO; aqueous solution was
used as the electrolyte. The photocurrent and Mott tests are
similar to the above, and the electrolyte is 0.2 M Na,SO,.
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