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Abstract

A series of Bi,WOg/TiO;-nanotube (BipWOg/TiO,-NT) heterostructured composites were prepared by utilizing natural cellulose
(e.g., laboratory filter paper) as the structural template. The obtained nanoarchitectonics, namely Bi,WOg/TiO,-NT nanocompos-
ites, displayed three-dimensionally interwoven structures which replicated the initial cellulose template. The composite Bi,WOg/
TiO,-NT nanotubes were formed by TiO, nanotubes that uniformly anchored with BiWOg nanoparticles of various densities on
the surface. The composites exhibited improved photocatalytic activities toward the reduction of Cr(VI) and degradation of
rhodamine B under visible light (A > 420 nm), which were attributed to the uniform anchoring of Bi; WOg nanoparticles on TiO,
nanotubes, as well as strong mutual effects and well-proportioned formation of heterostructures in between the Bi,WOg and TiO,
phases. These improvements arose from the cellulose-derived unique structures, leading to an enhanced absorption of visible light
together with an accelerated separation and transfer of the photogenerated electron—hole pairs of the nanocomposites, which
resulted in increased effective amounts of photogenerated carriers for the photocatalytic reactions. It was demonstrated that the pho-
toinduced electrons dominated the photocatalytic reduction of Cr(VI), while hydroxyl radicals and reactive holes contributed to the
photocatalytic degradation of rhodamine B.

Introduction

The direct emission of untreated pollutants including dyes,
organic matter, and heavy metals has caused disastrous conse-
quences to the ecosystem [1]. Cr(VI) is one of the unmanage-
able pollutants in industrial effluents. It is highly toxic, carcino-

genic, and harmful to the lungs, liver, and other organs [2,3].

Photocatalysis is a promising method for the reduction of
Cr(VI) into Cr(III) due to its high efficiency, energy-saving, and
nonpolluting advantages [4]. Among the various photocatalysts,
traditional titania (TiO,) photocatalysts have received great

attention due to their high reactivity, excellent stability, and
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nontoxicity [5-8]. However, the wide bandgap of TiO; inhibits
the absorption of light in the visible region and the rapid recom-
bination of photogenerated electron—hole pairs restrains its pho-
tocatalytic activity. It has been verified that constructing TiO,-
based heterostructured composites by using visible-light-
responsive semiconductors with suitable band structures
provides a pathway for the advancement of highly efficient
photocatalysts [9]. It has been demonstrated that the assembly
of various nanoscale building blocks to form the corresponding
nanoarchitectonics provides an ideal pathway for the syntheses
of a large variety of functional materials [10-15]; in particular,
for the fabrication of specific catalytic materials [16-19].

Recently, several bismuth-based photocatalysts have drawn ex-
tensive attention owing to their unique band structures and
excellent stability against photocorrosion [20]. Among them,
the Aurivillius phase bismuth tungstate (Bi;WOg) material is
applied in visible-light photocatalysis due to its effective
response to visible light and stable physicochemical properties
[21]. Bi;WOg is formed by the alternating growth of (Biy0,)%*
and perovskite-structured (WO4)2_ units [22]. The hybridized O
2p and Bi 6s orbitals in the conduction band of the material con-
tribute to the effective transfer of photoinduced electron—hole
pairs, resulting in good photocatalytic properties under visible-
light irradiation [23,24]. However, there is still room for
improvement of the photocatalytic performance of the BiWOg
material since the recombination of photogenerated charges
during photocatalysis is still too fast to produce a large amount
of effective photoinduced carriers [25].

In order to solve the aforementioned problems of TiO; and
Bi, WOg materials, researchers have fabricated some Bi, WOg/
TiO, composites, which were employed in various photocata-
lytic applications, such as degradation of organic pollutants
[25], oxidation of methane [24], and production of hydrogen by
water splitting [26]. According to these reports, Bi,WOg/TiO;
composites have better photocatalytic activities than those of
pure TiO, and Bi,WOg. This is ascribed to the heterostructures
built in between the two phases, leading to accelerated separa-
tion and transfer of photogenerated electrons and holes. Never-
theless, the effective formation of heterostructures in between
the TiO; and Bi;WOg phases are limited owing to the aggrega-
tion of these phases, resulting in the decrement of active sites
during photocatalysis [27]. In order to further increase the effec-
tiveness of these heterostructures, the fabrication of efficient
TiO, materials for a homogeneous dispersion of Bi;WOg
through its morphological control is expected to offer a solu-
tion [28].

Based on biomimetic synthesis, the morphological control of

functional materials is accomplished by combining chemical
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building blocks and natural substances with unique structures.
Natural cellulose products (e.g., filter paper for quantitative
analysis) possess the advantages of being abundant, environ-
mentally friendly and biocompatible, and the functional
hydroxyl groups on the surface provide a chemical environ-
ment for the deposition of the guest components [29,30]. Ac-
cording to our results, the composite photocatalysts synthesized
by employing natural cellulose as the template had enhanced
the photocatalytic activities. This was due to the uniform and
stable integration among their components, which is mainly at-
tributed to the hierarchical micro-to-nanoscale structure repli-
cated from the original cellulose template [31-33]. This struc-
tural bionics procedure using natural cellulose can be used in
the fabrication of BiyWOg/TiO, composites. However, the rela-
tionship between the structure and activity of these compounds

still remain to be deeply investigated.

In this work, cellulose-derived Bi;WOg/TiO5-NT heterostruc-
tured composites were fabricated by depositing Bi,WOgq
nanoparticles on hierarchically interwoven TiO; nanotubes
via the solvothermal method, and the densities of Bi;WOgq
nanoparticles in the composites were regulated by the concen-
trations of the precursors. When the BipWOg/TiO,-NT
nanocomposites were used for the photocatalytic reduction
of Cr(VI) or degradation of rhodamine B (RhB) under visible-
light irradiation (A > 420 nm), they exhibited excellent photo-
catalytic activities. This was due to the unique hierarchical
network structures of the composite as well as the uniformly
and compactly built heterostructures in between TiO, and
Bi;WOg phases. Meanwhile, the relationships between struc-
ture and activity of the nanocomposite, reasons for the enhance-
ment of the photocatalytic performances, and possible photocat-
alytic mechanism of Bi;WOg/TiO,-NT nanocomposites were

explored and discussed.

Experimental
Chemicals

Toluene, anhydrous ethanol, acetone, barium sulfate (BaSQOy),
rhodamine B, isopropyl alcohol (IPA), N-methylpyrrolidone,
ethylenediaminetetraacetic acid disodium salt (EDTA-2Na),
silver nitrate (AgNOj3), sodium sulfate (NapSQOy4), ethylene
glycol (EG), potassium dichromate (K,Cr,07), phosphoric acid
(H3POy), and sulfuric acid (H,SO4) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (China). Titanium
n-butoxide [Ti(O"Bu)4], p-benzoquinone (p-BQ), bismuth
nitrate pentahydrate [Bi(NO3)3-5H,0], sodium tungstate dihy-
drate (NapWO4-2H,0), 1,5-diphenylcarbazide, and potassium
iodate (KIOj3) were bought from J&K Scientific Ltd.
Polyvinylidene difluoride (PVDF) was obtained from Fluo-
rochem Co., Ltd. All chemicals were directly applied without

further treatment. Filter paper for quantitative laboratory analy-
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sis (made from cotton) was purchased from Hangzhou Xinhua
Paper Industry Co., Ltd. (China). Ultrapure water was obtained
from the Milli-Q Advantage A 10 system (Millipore, Bedford,
MA, USA), displaying a resistivity of 18.2 MQ-cm.

Preparation of BioWOg/TiOo-NT

nanocomposites

The fabrication process of cellulose-derived Bi;WOg/TiO5-NT
nanocomposites is exhibited in Figure 1. Ten layers of ultrathin
titania film were deposited onto cellulose nanofiber templates
by the surface sol—gel method according to a previous report
(Figure 1a, Figure 1b) [31]. The as-prepared TiO,-gel/cellulose-
fiber composite was calcined in air at 450 °C (heating rate:
1 °C/min) for 6 h to give the hierarchical structure of TiO,

nanotubes (Figure 1c).

Subsequently, Bi;WOg/TiO,-NT nanocomposites were pre-
pared by the solvothermal method with hierarchical TiO; nano-
tubes (40.0 mg), Bi(NO3)3-5H,0, and NapyWOy4-:2H,0 as raw
materials. According to the theoretical contents of Bi,WOgq
components in the BiyWOg/TiO,-NT nanocomposites (30, 50,
70, and 90 wt %), the dosages of the Bi(NO3)3-5H,O and
NayWO,4-2H,0 reagents were calculated and presented in Sup-
porting Information File 1, Table S1. The corresponding nano-
composites were labelled as 30%-Biy,WOg4/TiO,-NT,
50%-BiyWOg/TiO-NT, 70%-BiyWOg4/TiO,-NT, and
90%-BiyWOg/TiO,-NT, respectively. For instance,
Bi(NO3)3-5H,0 (129.7 mg) was dissolved in EG (20.0 mL) and
mixed with the hierarchical TiO; nanotubes (40.0 mg), which
were stirred for 2 h (Figure 1d). Then, Na,WO4-2H,0
(44.1 mg) was dissolved in EG (20.0 mL), instilled into the

Beilstein J. Nanotechnol. 2022, 13, 745-762.

aforementioned mixture, and stirred for 3 h (Figure le).
The solvothermal reaction was conducted at 160 °C (heating
rate: 5 °C/min) for 12 h, and the obtained powder sample was
washed several times with ethanol and then dried at 37 °C in
vacuum, yielding the 70%—-BiyWO¢/TiO,-NT nanocomposite
(Figure 1f).

Preparation of control materials

In order to further investigate the photocatalytic mechanism and
performances of cellulose-derived Bi,WOg/TiO,-NT nanocom-
posites, pure TiO; nanotubes (TiO-NT), pure Bi,WOg powder,
Bi;WOg/TiO5, and Bi,WOg-TiO, were prepared as contrast
materials. The hierarchical TiO, nanotubes derived from natural
cellulose were regarded as the pure TiO,-NT sample without
any of the subsequent treatments. The Bi;WOg powder sample
was fabricated by the same solvothermal reaction without the
addition of the powder containing hierarchical TiO, nanotubes.
The TiO, sample without the cellulose template was prepared
by the simple sol-gel method with the Ti(O"Bu)4 solution
(100.0 mM in ethanol/toluene, v/v = 1:1) as the precursor, fol-
lowed by the calcination process at 450 °C for 6 h. Then, the
Bi;WOg/TiO, sample with a theoretical Bi;WOg content of
70 wt % (without the cellulose template) was fabricated by the
same solvothermal reaction method and conditions with the
70%-BipWOg/TiO»-NT nanocomposite, and the hierarchical
TiO, nanotubes were replaced by the TiO, sample without the
cellulose template. The BiyWOg-TiO, sample was prepared by
the physical mixing of pure TiO, nanotubes (27.1 mg) and pure
Bi;WOg powder (72.9 mg) according to the practical content
(72.9 wt %) of the Bi,WOg component in the 70%—-BiyWOg¢/
TiO,-NT nanocomposite.

a) b)
deposition
S E——
TIOZ thin film TIOZ gel |ayer
(10 layers)
Filter paper C_ellulose Cellul_ose Indivic!ual Ti02-gellcellul9se-fiber
microfibers nanofibers nanofiber composite
c) d) e)
Bi(NO,), Na,Wo,
450 °C in air mixed with Instilled with solvothermal na:icgfjbe
> > —_— —_—
calcination Bi(NO,),/EG Na,WO,/[EG 160°C,12 h Bi,WO,
nanoparticle
Anatase TiO, Reaction still Reaction still Bi,WO,/TiO,-NT
nanotube

nanocomposite

Figure 1: Schematic illustration of the fabrication process of cellulose-derived Bi;WOg/TiO2-NT nanocomposites.
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Characterization

Powder X-ray diffraction (XRD) patterns of the samples were
obtained from the Rigaku Ultima IV diffractometer with a
Cu Ka (A = 0.15405 nm) radiation source. Fourier transform in-
frared (FTIR) spectra of the samples were recorded on the
Nicolet iS10 spectrometer. The X-ray photoelectron spectrosco-
py (XPS) experiment was performed on the Thermo Scientific
ESCALAB 250Xi spectrometer equipped with an Al Ka X-ray
source at an energy value of 1486.6 eV. The XPS spectra were
calibrated by using a reference to the peak of the surface adven-
titious carbon (284.8 eV) in the high-resolution spectrum of the
C 1s region. The N; adsorption—desorption isotherms were re-
corded at =196 °C on a Micromeritics ASAP 2020 analyzer,
while the specific surface area and pore distribution curve were
determined according to the Brunauer—-Emmett—Teller (BET)
model and the Barrett—Joyner—Halenda (BJH) method. The
UV-visible diffuse reflectance spectra (UV-vis DRS) were
acquired on a Shimadzu UV-2450 spectrophotometer in the
diffuse reflectance mode, equipped with an integrating sphere
and using BaSQy as the reference standard for solid samples.
The photoluminescence (PL) spectra were obtained on a
Shimadzu RF-5301PC fluorescence spectrometer under a laser
excitation of 360 nm.

In order to observe the microstructures of the samples, a small
amount of a given sample was dispersed in ethanol to generate a
homogeneous suspension. The suspension was then dropped
onto an Al foil to be observed via field-emission scanning elec-
tron microscopy (FE-SEM), and onto a carbon-supported
copper grid for examination via transmission electron microsco-
py (TEM) and high resolution transmission electron microsco-
py (HR-TEM). Meanwhile, selected area electron diffraction
(SAED) patterns and energy dispersive X-ray spectrometry
(EDX) mapping images were obtained via HR-TEM. The
instrument models used in FE-SEM, TEM, and HR-TEM were
Hitachi SU-8010, Hitachi HT-7700, and JEM-2100F, and the
working voltages were 5.0, 100, and 200 kV, respectively.

The transient photocurrent responses and electrochemical
impedance spectroscopy (EIS) Nyquist plots (frequency: 0.01
Hz-100 kHz, alternate current: 5 mV) of a given sample were
obtained on a CHI 760D (Shanghai, China) electrochemical
workstation using a three-electrode system. The Pt plate
(1.0 x 1.0 cm?) and saturated calomel electrode (SCE) were
used as the reference and counter electrodes, respectively. The
Na,SOy4 aqueous solution (0.5 M) was employed as the elec-
trolyte and a xenon lamp with a 420 nm cutoff filter was used as
the light source. The corresponding sample (5.0 mg) was ultra-
sonically dispersed in ethanol (1.0 mL) with the addition of a
PVDF solution (100.0 uL, 10.0 mg-mL™!, using N-methyl-

pyrrolidone as the solvent), which was then spin-coated on a
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conducting indium tin oxide (ITO) glass, followed by the calci-
nation process at 100 °C for 24 h, giving the relevant working

electrode.

Photocatalytic experiments

The photocatalytic experiments were conducted on the XPA-1
photoreactor (Nanjing Xujiang, China) under a constant temper-
ature (20 °C), and a 350 W xenon lamp with a 420 nm cutoff
filter was employed as the visible-light source, which was kept
in a horizontal distance of 5.0 cm from the quartz tube reactor.
The photocatalyst (10.0 mg) was dispersed in the pollutant solu-
tion (20.0 mL, 10.0 mg-L_l) and stirred in the dark for 1 h to
guarantee the adsorption—desorption equilibrium. Then, the
visible light was switched on, and the suspension containing
photocatalyst and pollutant solution was taken out at set inter-
vals to determine the concentration variation of the pollutant

solution.

Cr(VI) and RhB were chosen as pollutant representatives, and
the concentration of the RhB aqueous solution was measured by
the absorbance at A = 553 nm, analyzed through a Shimadzu
UV-2450 spectrophotometer. The concentration of the Cr(VI)
aqueous solution was determined by the diphenylcarbazide
colorimetric method as follows. 1,5-diphenylcarbazide (0.2 g)
was dissolved in acetone/water (100.0 mL, v/v = 1:1) to form
solution A, while H3POy4 (20.0 mL) and H>SO4 (20.0 mL) were
homogeneously mixed in water (40.0 mL) to form solution B.
The Cr(VI) pollutant solution (1.0 mL), solution A (40.0 uL),
and solution B (20.0 uL) were uniformly blended for 6 min, and
the absorbance at A = 540 nm of the mixed solution was re-
corded by a Shimadzu UV-2450 spectrophotometer to give the
concentration of the corresponding Cr(VI) pollutant solution. In
addition, the pH values (2, 3, 4, and 5) of the initial Cr(VI)
pollutant solution were adjusted using the H,SO4 (0.1 M)
aqueous solution. In order to obtain the photocatalytic perfor-
mances of the samples, the removal percentage of Cr(VI) and
degradation percentage of RhB were determined by Equation 1,
while the apparent reaction rates (Kypp) of the corresponding
photocatalytic reactions were determined by Equation 2, ac-

cording to the pseudo-first-order kinetic model:

Removal(degradation)percentage = [(C -G ) / G ] x100%, (1)

In(Cy/C) = Kypp X1, @)

where C, Cq and C; represent the concentrations of the Cr(VI)
or RhB pollutant solutions after irradiation for ¢ hours, after the
achievement of the adsorption—desorption equilibrium, and at

the initial moment (10.0 mg-L™1), respectively.
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The photocatalytic stabilities of the cellulose-derived Bi, WOg/
TiO,-NT nanocomposites on the photocatalytic reduction of
Cr(VI) or degradation of RhB were confirmed by using the
70%-BioWOg/TiO,-NT nanocomposite. After the photocatalyt-
ic reaction of the first cycle, the photocatalyst was separated
from the pollutant solution, washed with ethanol, and dried at
37 °C under vacuum for 12 h. After that, the photocatalyst was
applied to the second cycle of the photocatalytic reaction under
the same conditions, and the cyclic reactions were carried out

for five times in total.

The 70%-BipyWOg/TiO»-NT nanocomposite was also em-
ployed to explore the photocatalytic mechanism as the represen-
tative of the BipWO¢/TiO,-NT nanocomposites. Before the
photocatalytic reduction of Cr(VI), IPA (0.1 M), EDTA-2Na
(10.0 mM), KIO3 (0.1 M), and AgNOj3 (0.1 M) were added into
the reaction solution to shield the hydroxyl radicals ("OH), reac-
tive holes (h*), superoxide radicals (*O,7) and electrons (e7)
species, respectively, generated during the photocatalysis. Simi-
larly, IPA (0.1 M), EDTA-2Na (0.1 M), and p-BQ (5.0 mM)
were also put into the initial RhB pollutant solution to capture
*OH, h*, and "0, species, respectively, generated during the
photocatalytic degradation of RhB.

Results and Discussion

Structural characterization

As shown in Figure 1, the BiyWOg/TiO,-NT nanocomposites
were fabricated by depositing BiWOg nanoparticles onto the
hierarchical TiO; tubes via the solvothermal method, where the
TiO, tubes were obtained by the calcination of the TiO,-gel/
cellulose composite, which in turn was prepared through the
surface sol-gel method. According to the theoretical contents
(30, 50, 70, and 90 wt %) of the Bi,WOg component in the

a)

Intensity (a.u.)

20 30 40 50

20 (degree)
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Bio,WOg/TiO»-NT nanocomposites, they were denoted as
30%-BipWOg/TiO»-NT, 50%-Bip,WOg/TiO,-NT,
70%-BiyWOg/TiO,-NT, and 90%-Bip WOg/TiO,-NT nano-
composites, respectively. The practical contents of the Bi;WOg
component in these Bi,WOg/TiO,-NT nanocomposites were
measured by EDX to be 38.4, 54.3, 72.9, and 95.2 wt %, respec-
tively, as displayed in Supporting Information File 1, Figure S1
and Table S2.

As shown in Figure 2a, the XRD patterns of the BiyWOg/TiO;-
NT nanocomposites all exhibit characteristic diffraction peaks
at 20 = 28.3, 32.7, 47.1, 55.9, 58.5, 68.6, 75.7, and 78.2°, which
are attributed to the (131), (200), (202), (133), (262), (400),
(391), and (460) planes of the russellite phase Bi,WOg (JCPDS
No. 39-0256), respectively [34]. Besides, the peak located at
20 = 25.3° is also observed in these XRD patterns, which is
assigned to the (101) plane of the anatase phase titania (JCPDS
No. 21-1272) [34]. The diffraction peaks in the XRD pattern of
pure Bi,WOg powder are all consistent with those of the
BipWOg/TiO,-NT nanocomposites and assigned to the russel-
lite phase Bi,WOQOg. The XRD pattern of pure TiO»-NT shows
other weak peaks at 20 = 37.8, 48.0, 53.9, 55.1, 65.7, and 75.0°,
which belong to the (004), (200), (105), (211), (204), and (215)
planes of the anatase phase titania (JCPDS No. 21-1272), re-
spectively [34]. These weak peaks are only presented in the
XRD pattern of the 30%—BiyWOg/TiO,-NT nanocomposite due
to the rather low contents of the TiO, component in other
Bi;WOg/TiO,-NT nanocomposites. Besides, the intensities of
the characteristic diffraction peaks in the XRD patterns of the
Bi;WOg/TiO,-NT nanocomposites weaken with the increased
content of the TiO, component in the corresponding Bi, WOg/
TiO,-NT nanocomposite. The presence of the hierarchical TiO,
nanotubes influences and inhibits the crystallinity of Bi,WOg in

b)

c)eeeemdackengdenanaa4-3420
480

Absorbance (a.u.)

S ]
B b I (144

— T T T T T T T T T T T 1
Blo 4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm'1)

Figure 2: (a) XRD patterns and (b) FTIR spectra of (i) pure TiOo-NT and (i) pure BioWOg samples, as well as of hierarchical (iii) 30%-BioWOg/TiO2-
NT, (iv) 50%-BioWOg/TiO2-NT, (v) 70%-BigWOg/TiO2-NT, and (vi) 90%-BioWOg/TiOo-NT nanocomposites.
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between the interface of the two phases, revealing the strong
interaction between TiO, and Bi;WOg phases [35,36].

Figure 2b displays the FTIR spectra of the hierarchical
BiyWOg/TiO,-NT nanocomposites, pure TiO,-NT, and pure
Bi,WO¢ powder samples, where all present two similar absorp-
tion bands at 1625 and 3420 cm™! which can be indexed to the
stretching vibration of adsorbed H,O and —OH group on the
sample surface [37]. Apart from the 30%—-BiyWOg/TiO,-NT
nanocomposite, the FTIR spectra of the other Bi,WOg/TiO,-NT
nanocomposites all exhibit three apparent absorption bands at
approx. 555, 736, and 1077 cm™!, which are indexed to the
stretching vibrations of Bi—O and W-O covalent bonds and to
the bridge stretching vibration of the W—O-W bond in the
Bi,WOg phase, respectively [38]. All the FTIR spectra of the
Bi;WOg/TiO,-NT nanocomposites display bands centered at
approx. 480 cm™! which are assigned to the Ti—O stretching
vibration in the TiO, phase except for the 90%—BiyWOg/TiO;-
NT nanocomposite [39]. The FTIR spectrum of the pure
Bip;WOg¢ powder exhibits similar absorption bands to those of
the 90%—-BioWOg/TiO,-NT nanocomposite, which are all attri-
buted to the Bi;WOg phase. In the spectrum of pure TiO,-NT,
apart from the band indexed to the —OH group (3420 cm™),
another wide band centered at 600 cm™! is detected which is
assigned to the Ti—O stretching vibration in the TiO; phase. As
compared to the spectra of pure TiO,-NT and pure Bio,WOgq
powder samples, the absorption bands in the BiyWOg/TiO,-NT
nanocomposites all exhibit slight red shifts, demonstrating the
close connection, strong interaction, and formation of hetero-
structures in between Bi,WOgq and TiO, phases. It is deduced
from the XRD and FTIR characterizations that the Bi,WOg/
TiO,-NT nanocomposites are only composed of the anatase
phase TiO; and the russellite phase Bi,WOg, while strong
mutual effects and well-proportioned heterostructures are orga-
nized in between the two phases.

Figure 3 presents the morphologies and microstructures of
cellulose-derived Bi,WO¢/TiO,-NT nanocomposites. As exhib-
ited in the FE-SEM images (the first two columns in Figure 3),
all BioWOg/TiO,-NT nanocomposites are assembled by com-
posite microtubes, which are composed of cross-linked nano-
tubes, revealing the hierarchical network structures replicated
from the initial cellulose template. Besides, it is apparent that
the uniform Bi,WOg nanoparticles are compactly coated on
TiO; nanotubes. The TEM images (the last two columns in
Figure 3) of individual composite nanotubes isolated from the
Bi;WOg/TiO,-NT nanocomposites show similar nanotube di-
ameters of approx. 100 nm, and the uniform Bi;WOg nanoparti-
cles (sizes: 10—20 nm) are compactly coating the TiO, nano-
tubes which are composed of tiny TiO, nanocrystallites. With
an increased Bi,WOg content in the BiyWOg/TiO,-NT nano-
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composites, the thicknesses of the isolated nanotubes increase
in the order of 15, 25, 40 and 60 nm, and the densities of
uniform Bi,WOg nanoparticles on the TiO; nanotubes also

increase.

As a comparison, the pure TiO»-NT sample retains the three-
dimensional network structure of natural cellulose, and the TiO,
nanotube has a tube diameter of 100 nm and a thickness of 5 nm
(Supporting Information File 1, Figure S2a), proving that the
deposition of Bi,WOg nanoparticles does not affect the hierar-
chically cross-linked structures but thickens the composite
nanotubes of the BiyWOg/TiO,-NT nanocomposites. The pure
Bi,WOg¢ powder sample is formed by aggregated BiWOg parti-
cles with sizes of 10-20 nm (Figure S2b). The Bi;WO¢/TiO,
sample that was prepared without the cellulose template is
composed of several aggregated Bi, WOg nanoparticles on the
bulk TiO,, while the distribution of BiWOg nanoparticles is
rather uneven with very different sizes (Figure S2c). It is hence
concluded that the cellulose-derived three-dimensional network
structures of the Bi,WOg/TiO,-NT nanocomposites promote
the uniform dispersion of the Bi,WOg nanoparticles on the
TiO; nanotubes, which is beneficial to the formation of active
sites and well-proportioned heterostructures for the photocata-
lytic reactions. As illustrated in Figure 1, when the hierarchical
TiO, nanotubes were mixed with the precursor solutions of
Bi,WOg, the Bi** ions were uniformly dispersed on the nega-
tively charged tube surfaces due to its unique morphology,
which resulted in more uniform formation of the Bi;WOg nano-
particles in the Bi;WOg/TiO,-NT nanocomposites. The detailed
mechanism was revealed in the hierarchical Ag,O-nanoparticle/
TiO,-nanotube composite reported by our group [31].

As shown in Figure 4a, the HR-TEM image of the
70%-BipyWOg/TiO,-NT nanocomposite shows two kinds of
lattice fringes with interplanar spacings of 0.315 and 0.352 nm,
which are attributable to the (131) plane of the russellite phase
Bip;WOg and to the (101) plane of the anatase phase TiO,, re-
spectively [40,41]. The SAED pattern of the 70%—-BiyWOg/
TiO,-NT nanocomposite (Figure 4b) displays seven discernible
diffraction rings which were denoted as 1-7. The rings 2, 4, 6,
and 7 are attributed to the (004), (105), (204), and (215) planes
of the anatase phase TiO,, while the rings 3 and 5 are assigned
to the (202) and (262) planes of the russellite phase BipWOg,
respectively [42,43]. Owing to the similar interplanar spacings
of the (131) plane of the russellite phase Bi,WOg and the (101)
plane of the anatase phase TiO,, the thick ring 1 is ascribed to
these two planes.

Figure 4c—h exhibit the EDX element mapping images of Bi,

W, Ti, and O elements of the composite nanotube surface in the
hierarchical 70%—-Bi;WOg4/TiO,-NT nanocomposite. The
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Figure 3: Electron micrographs of the hierarchical (a1-a4) 30%-BisWOg/TiO2-NT, (b1-b4) 50%-BigWOg/TiO2-NT, (c1-c4) 70%-BipWOg/TiO2-NT,
and (d1-d4) 90%-BixWOg/TiO>-NT nanocomposites. The first two columns represent FE-SEM images of the nanocomposites showing the three-
dimensional network structures. The last two columns exhibit TEM images of an individual composite nanotube which was separated from the corre-

sponding nanocomposite.

signals of Bi and W overlap to a great extent and uniformly
distribute along the nanotube without aggregation. These
signals are a little broader than those of Ti, revealing that
BiyWOg nanoparticles spread along the TiO, nanotube surface.
Besides, the signals of Bi, W, and Ti interlaced among the com-
posite nanotube, demonstrating the effective formation of
heterostructures in between Bi,WOg and TiO, phases in the
Bi;WOg/TiO,-NT nanocomposite.

As shown in Supporting Information File 1, Figure S3, the XPS
survey spectrum of the 70%—-Bip WOg/TiO,-NT nanocomposite
only displays the signals of Ti, O, Bi, and W. The high-resolu-
tion XPS spectrum of the Bi 4f region (Figure 5a) shows two
peaks at 164.1 and 158.8 eV, which are indexed to the binding
energies of Bi 4f5/, and Bi 4f7),, respectively, proving the exis-

tence of Bi(Ill) in Bi,WOg [44]. The high-resolution XPS spec-
trum of the W 4f region (Figure 5b) represents the spin—orbit
split lines of W 4fs;, and W 4f5), at 36.7 and 34.9 eV, respec-
tively, indicating the existence of W(VI) in Bi,WOg [45]. As
displayed in Figure Sc, there are two peaks at 464.1 and
458.3 eV that are attributed to the binding energies of Ti 2p;»
and Ti 2pj3/, in the high-resolution XPS spectrum of the Ti 2p
region [46], which show a distance of 5.8 eV. This demon-
strates the Ti(IV) state in TiO; in the 70%-BiyWOg/TiO»-NT
nanocomposite [47]. The high-resolution XPS spectrum of the
O 1s region (Figure 5d) displays two peaks at 529.6 and
530.8 eV, which are ascribed to the lattice oxygen of the TiO,
and BioWOg phases, as well as to the H,O molecules and -OH
groups adsorbed on the sample surface [48,49]. As revealed by
XPS, cellulose-derived Bi,WOg/TiO,-NT nanocomposites
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Figure 4: (a) HR-TEM image, (b) SAED pattern, and (c-h) EDX element mapping images of Bi, W, Ti, and O elements of the composite nanotube

surface in the hierarchical 70%-BixWOg/TiO2-NT nanocomposite.
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consist of Bi,WOg and TiO, phases, and this agrees well with
the results of the aforementioned XRD, FTIR, HR-TEM, and

SAED characterizations.

As shown in Figure 6a, based on the definition of IUPAC, the
N adsorption—desorption isotherms of the 70%—Bi; WOg/TiO,-
NT nanocomposite represent the type IV adsorption isotherm
and the H3 type hysteresis in the range of 0.6 to 1.0 of the rela-
tive pressure (P/Py), demonstrating the mesoporous structure of
the nanocomposite [50]. The specific surface area determined
by the BET model (Sggt) of the 70%-BioWOg/TiO,-NT nano-
composite is 26.3 m2-g~!, suggesting approximately the same
value as that of pure TiO,-NT (26.4 mz-g’l) [51] but much
higher than that of the pure Bi,WOg powder (16.0 m2-g™1) [52].
This is mainly benefited from the uniform and compact disper-
sion of BiWOg nanoparticles on the hierarchical TiO; nano-
tubes without aggregation. The corresponding pore size distri-
bution pattern analyzed by the BJH model exhibits a sharp peak
at approx. 3 nm and a wide peak at approx. 10 nm, which are
assigned to the mesopores of the TiO, nanocrystallites in the
TiO, nanotubes and the gaps between the Bi;WOg nanoparti-
cles.

Photocatalytic performance

Cr(VI) and RhB pollutants are selected as the model pollutants
for the evaluation of the photocatalytic performance of the hier-
archical BiyWOg/TiO,-NT nanocomposites. It is reported that
the pH value of the Cr(VI) pollutant solution has an important
influence in the photocatalytic reduction of Cr(VI) [53]. In
order to investigate the photocatalytic reduction activities of the
samples toward Cr(VI), the 70%-BiyWOg/TiO,-NT nanocom-

posite was set as the representative photocatalyst for the explo-
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ration of optimal pH values of the Cr(VI) pollutant solution
under visible-light irradiation. It was demonstrated that the
reduction efficiency of Cr(VI) under the alkaline condition was
poor because the newly formed Cr(OH)j precipitates covered
the active sites of the photocatalysts [54]. Hence, the photocata-
lytic reduction reactions of Cr(VI) were conducted under a
series of acidic conditions. As revealed in Figure 7a and
Figure 7b, the order of Ky, values of the photocatalytic reac-
tions under different pH conditions is pH 4 (0.52 h™') > pH 3
(0.35h71y > pH 5 (0.30 h™!) > pH 2 (0.13 h™1), suggesting that
the optimal pH value is pH 4. It has been proven that the pH
condition of the Cr(VI) pollutant solution has great effects on
the surface potentials of photocatalysts, and Cr(VI) ions exist in
the form of HCrO4~ and Cr20727 in the reactions shown in
Equation 3 and Equation 4 [55].

14H" +Cr,0,°~ +6¢~ — 2Cr’* +7H,0, 3)

7H" +HCrO,~ +3¢” — Cr’* +4H,0. )

Under the pH 2 condition, the mass transfer efficiency of
Cr(V]) is low due to the poor adsorption capacity of the photo-
catalyst toward HCrO4 ™ and Cr,072". Although the concentra-
tion of H" is high in the pollutant solution, the excessive
adsorbed HCrO4~ and Cr,072~ block the active sites of the
photocatalyst at pH 3, resulting in rather poor photocatalytic
properties. In comparison with the pH 4 and pH 5 conditions,
although the adsorption capacities toward HCrO4~ and Cry072~
of the photocatalyst are similar, the photocatalytic reduction
reaction of Cr(VI) is easier to take place at pH 4 owing to the
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Figure 6: (a) N> adsorption-desorption isotherms and (b) the pore size distribution pattern analyzed from the adsorption isotherm of the hierarchical

70%-BioWOg/TiOo-NT nanocomposite.
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order kinetic model.

higher concentration of H* in the pollutant solution, leading to
optimal photocatalytic performances. Similar results have been
reported in the literature [54].

As shown in Figure 7c and Figure 7d, the photocatalytic perfor-
mances of the samples toward the reduction of Cr(VI) were
assessed under pH 4 and visible light (A > 420 nm) conditions.
In the dark adsorption stage, pure BiWOg powder exhibits high
adsorption capacity, while pure TiO,-NT presents low adsorp-
tion capacity toward the Cr(VI) pollutant, which is mainly due
to the surface potentials of the related photocatalysts [56].
Hence, the adsorption capacities of the hierarchical Bi,WOg/
Ti0,-NT nanocomposites enhanced with the increase in
Bi,WOg contents in the corresponding nanocomposites.

When visible light is shone, the pure TiO,-NT displays little
photocatalytic reduction activity toward Cr(VI), and the Ky,

values of the photocatalytic reactions of the other samples de-

crease in the following sequence: 70%—BiyWOg/TiO,-NT
(0.52 h™1) > 90%-BiyWOg/TiO»-NT (0.47 h~l) >
50%-BiyWOg/TiO»-NT (0.38 h™!) > pure Bi,WOg powder
(0.34 h™1) > 30%-Bi;WOg/TiO,-NT (0.33 h™1). It was con-
cluded that all BiyWOg/TiO,-NT nanocomposites present better
photocatalytic performances toward the reduction of Cr(VI)
except for the 30%—-Bi, WOg/TiO,-NT nanocomposite. This is
attributable to the cellulose-derived hierarchically interwoven
structures as well as to the uniform and compact heterostruc-
tures formed in between the TiO, and Bi,WOg phases of the
Bi;WOg/TiO,-NT nanocomposites, leading to higher separa-
tion and transfer efficiencies of the photoinduced electron—hole
pairs. The optimal 70%—-Bi,WOg/TiO,-NT photocatalyst
achieves a removal percentage of 96.9% toward the reduction of
Cr(VD) upon visible light irradiation for 5 h with a Ky, value of
0.52 h™!, which is 1.5 folds higher than that of pure BiyWOg
powder. Although the 70%—-Bi;WOg/TiO,-NT nanocomposite

does not have a superior adsorption capacity toward Cr(VI), the
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moderate density and uniform dispersion of Bi, WOg nanoparti-
cles on the hierarchical TiO, nanotubes result in optimum
migration efficiencies of photogenerated electrons and holes,

which leads to the optimal photocatalytic reduction activity.

Similarly, as shown in Supporting Information File 1, Figure
S4a, all BiyWOg/TiO,-NT nanocomposites have larger adsorp-
tion capacities toward RhB than those of pure TiO,-NT and
Bi,WOg¢ powder samples, except for the 90%—-Bio WO¢/TiO;-
NT nanocomposite, which is ascribed to the higher specific sur-
face area as well as to close contact and uniform formation of
the heterostructures in between the TiO; and Bi;WOg phases of
the BioWOg/TiO,-NT nanocomposites. When visible light
(A > 420 nm) is irradiated, as shown in Supporting Information
File 1, Figure S4, the Ky, values of all samples decrease as
follows: 70%-BiyWOg/TiO»-NT (0.65 h™!) > 50%-Bi, WO/
TiO5-NT (0.45 h™1) > 30%-Bi;WOg/TiO5-NT (0.36 h™1) >
90%-BiyWO¢/TiOp- NT (0.14 h™1) > pure Bi,WOg powder
(0.09 h™ 1) > pure TiO,-NT (0.05 h~1). The optimal
70%-BioWOg/TiO,-NT nanocomposite reveals a degradation
percentage of 98.2% under visible-light irradiation for 6 h with
a Kypp value of 0.65 h~!, which is 13.0 and 7.2 times as high as
those of pure TiO,-NT and Bi;WOg¢ powder samples, respec-
tively. As a comparison, all hierarchical Bi;WOg/TiO,-NT
nanocomposites present better photocatalytic properties than
those of pure TiO,-NT and Bi,WOg powder samples, which is
attributed to the three-dimensional porous network structures
inherited from the original cellulose configuration and the for-
mation of compact heterostructures in between the TiO, and
Bi,WOg phases of the BiyWOg/TiO»-NT nanocomposites. This
ultimately leads to enhanced adsorption capacities toward RhB
as well as to rapid transfer and separation of the photogener-

ated electron—hole pairs.

Beilstein J. Nanotechnol. 2022, 13, 745-762.

As shown in Supporting Information File 1, Figure S5a and
S5c, self-reduction of Cr(VI) and self-degradation of RhB
during the photocatalytic processes are negligible, and the
adsorption of the optimal 70%—-BiyWOg/TiO»-NT nanocompos-
ite toward Cr(VI) and RhB stopped after the achievement of
adsorption—desorption equilibrium, suggesting that the photo-
catalytic reactions of the hierarchical BiyWOg/TiO5-NT nano-
composites are generated from intrinsic reactions. As a compar-
ison, the K, values of the 70%—Bi;WOg/TiO,-NT nanocom-
posite (0.52 h™!) toward the reduction of Cr(VI) are, respective-
ly, 1.9 and 2.4 times higher than those of the Bi,WOg/TiO;
sample prepared without cellulose template (0.28 h™') and the
Bi,WOg-TiO, sample prepared by physical blending (0.22 h™1)
( Supporting Information File 1, Figure S5a,b). The Ky, values
of the 70%-BiWO4/TiO,-NT nanocomposite (0.65 h™1)
toward the reduction of Cr(VI) (Supporting Information File 1,
Figure S5c and d) are, respectively, 3.6 and 8.1 times higher
than those of the Bi;WO/TiO, (0.18 h™1) and Bi;WO¢-TiO,
(0.08 h™ 1 samples. This result reveals that the cellulose-derived
three-dimensional network structure promotes the homoge-
neous dispersion of Bi,WOg nanoparticles on TiO, nanotubes,
as well as an intense interaction and uniform formation of
heterostructures in between the TiO; and Bi;WOg phases of the
BiyWOg/TiO»-NT nanocomposites, resulting in the superior
photocatalytic performances.

As shown in Table 1, in comparison with other Bi;WOg/TiO,
composites reported in the literature, cellulose-derived BiyWOg/
TiO,-NT nanocomposites deliver higher K, values and larger
increments as compared to pure TiO, under more rigorous
conditions of visible-light (A > 420 nm) irradiation and lower
dosage of photocatalyst toward the reduction of Cr(VI) or deg-

radation of RhB. The excellent photocatalytic activities of hier-

Table 1: Comparison of visible-light-induced (A > 420 nm) photocatalytic performances toward the degradation of RhB or reduction of Cr(VI) with other

reported BisWOg/TiO» composites in the literature.

BisWOg/TiO2 Light source Catalyst Concentration and volume  Kgpp (h=Y  Increment Ref.
composites dosage of pollutants compared with
pure TiO»

BioWOg/TiOo-NT 350 W Xe, 10 mg RhB: 10 mg L=, 20 mL 0.65 13.0 this work

A > 420 nm

Cr(Vl): 10 mg-L"",20 mL  0.52 -

Sb3* doped Xe lamp with AM~ — RhB: 9.58 mg-L~" 0.55 - [48]
Bi,WOg/TiO2 1.5 filter
Bio,WOg/TiOo/Pt Xe lamp 320 nm < 100 mg RhB: 20 mg-L~", 100 mL 1.26 7.0 [57]

A< 780 nm
BioWOg/TiO2 400 W Xe, 200 mg RhB: 50 mg-L-1,220mL  0.66 8.7 [58]
nanotubes A > 420 nm
Bi,WOg/mesoporous 300 W Xe with UV 50 mg Cr(VI): 20 mg-L~", 100 mL  0.33 - [59]

TiO5 nanotubes cut-off filter
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archical BiyWOg/TiO»-NT nanocomposites are benefited from
the uniform deposition of BiyWOg nanoparticles on TiO; nano-
tubes and from compact heterostructures built in between the
TiO;, and Bi;WOg phases, which is due to the three-dimen-
sional interwoven structures that duplicated from the natural
cellulose template.

As shown in Supporting Information File 1, Table S3, in com-
parison with cellulose-derived Ag,O-nanoparticle/TiO;-nano-
tube (AgrO-NP/TiO,-NT) composites [31], g-C3N4/TiO;-
nanotube (g-C3Ny/TiO,-NT) composites [32], and H3PW 5,040/
TiO, nanocomposites [33] reported by our group, the hierar-
chical BiyWOg/TiO,-NT composite delivered similar three-
dimensional interwoven structures that comprised the compos-
ite nanotubes. The AgyO-NP/TiO,-NT and H3PW 7040/TiO,
composites exhibited excellent photocatalytic performances
under UV light irradiation, while the g-C3N4/TiO,-NT and
Bi,WOg/TiO,-NT composites had a wider light response to the
visible spectral region. Besides, under visible light irradiation,

Beilstein J. Nanotechnol. 2022, 13, 745-762.

Bi,WOg/TiO,-NT composites show better photocatalytic degra-
dation activities than that of g-C3N4/TiO,-NT composites.
Based on these cellulose-derived nanocomposites, structure—ac-
tivity relationships between photocatalytic activities and struc-
tures containing the three-dimensional hierarchical network of
the natural cellulose template and the compositions of the com-
posite photocatalysts are revealed.

To evaluate the photocatalytic stability of cellulose-derived
BiyWOg/Ti0,-NT nanocomposites, the 70%—Bipy WO¢/TiO;-
NT nanocomposite was chosen as the representative photocata-
lyst toward the reduction of Cr(VI) and degradation of RhB. As
exhibited in Figure 8a, the percentage removal on the fifth cycle
only decreased 2% as compared with the first cycle of the
70%-BiyWOg/TiO,-NT photocatalyst toward the reduction of
Cr(VI) under visible light (A > 420 nm). This demonstrates the
rather high photocatalytic stability of BiWOg/TiO,-NT nano-
composites on the reduction of Cr(VI). The XRD patterns of the
70%-BioWOg/TiO-NT nanocomposites before and after the
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Figure 8: (a) The visible-light-induced (A > 420 nm) photocatalytic reduction profiles toward the Cr (VI) pollutant solution (10 mg-L~", pH 4) for five
cycles by the hierarchical 70%-BigWOg/TiO>-NT nanocomposite. (b) XRD patterns of the 70%-BioWOg/TiO2>-NT nanocomposites before and after
five-cycle photocatalysis. (c) The FE-SEM image and (d) high-resolution XPS spectrum of the Cr 2p region of the 70%-BipWOg/TiO2-NT nanocom-

posite after five-cycle photocatalysis.
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photocatalytic reactions (Figure 8b) exhibit a high degree of
consistency, suggesting that the crystal structure of the sample
is maintained during the cyclic photocatalysis. As shown in
Figure 8c, FE-SEM images of the 70%—-Bi, WOg/TiO,-NT
nanocomposite after photocatalysis still present the cellulose-
derived three-dimensionally porous network structure, and the
Bi, WOg nanoparticles are still uniformly and tightly coated on
the TiO, nanotube surfaces, revealing the morphological and
structural stabilities of the BiyWOg/TiO,-NT nanocomposite. In
the high-resolution XPS spectrum of the Cr 2p region of the
70%-Bi;WOg/TiO,-NT nanocomposite after photocatalysis
(Figure 8d), there are two strong peaks at 586.8 and 577.2 eV
that were attributed to the binding energies of Cr 2p/; and Cr
2p3/2, which are assigned to Cr(IIl) [60]. Besides, the weak
peak at 580.2 eV is indexed to the spin—orbit split line of Cr
2p3/2, which corresponds to Cr(VI) [54], suggesting that the
70%-BiyWOg/TiO,-NT nanocomposite effectively reduced
Cr(VI) into Cr(III) in five cycles. Benefiting from the cellulose-
derived hierarchical network structures together with the crystal
and morphological/structural stabilities of the Bi,WO¢/TiO;-
NT nanocomposite, the adsorbed Cr species on the nanocom-
posite have no effect on the cyclic photocatalysis, proving the
photocatalytic stability of the BiyWOg/TiO»-NT nanocompos-
ite.

Analogously, as shown in Supporting Information File 1, Figure
S6a, the degradation percentage only declines to 13% after five-
cycle photocatalytic reactions toward the degradation of RhB,
which is mainly due to the loss of the powder photocatalyst
during the centrifugation procedure in the cycling processes.
The XRD pattern (Supporting Information File 1, Figure S6b)
and FE-SEM images (Supporting Information File 1 Figure S6¢
and Figure S6d) of the 70%-BiyWOg/TiO,-NT nanocomposite
after photocatalysis reveal high stabilities of the crystal and
morphological structures. It is concluded that the stabilities of
the crystal and morphological structures of the BiyWOg/TiO,-
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NT nanocomposite result in the superior photocatalytic stability
toward the degradation of RhB.

Photocatalytic mechanism

As presented in Figure 9a, all the UV—vis DRS of the hierar-
chical BioWOg/TiO,-NT nanocomposites show the regions of
UV light response and visible light response. The UV—vis DRS
of the pure TiO,-NT sample shows an absorption edge at
approx. 400 nm that is ascribed to the UV light response with-
out the visible light response, while the UV—-vis DRS of the
pure Bi,WOg powder sample displays an absorption edge at
approx. 505 nm, which corresponds to both UV and visible light
responses. As compared with the pure TiO,-NT sample, the
absorption edges in the UV-vis DRS of the BiyWOg/TiO»-NT
nanocomposites extend to approx. 425, 440, 455, and 490 nm,
suggesting that the visible light responses of the nanocompos-
ites are remarkably strengthened and the response enhances
with the increased BioWOg content in the respective nanocom-
posite.

As shown in Figure 9b, the order of the bandgaps of the sam-
ples is as follows: pure Bi,WOg powder (2.40 eV) <
90%-BioWOg/TiO,-NT (2.55 eV) < 70%-BiyWOg/TiO»-NT
(2.73 eV) < 50%-BiyWOg¢/ TiO,-NT (2.83 eV) <
30%-BipyWOg/TiO,-NT (2.92 eV) < pure TiO,-NT (3.12 eV).
This reveals that the bandgaps of the Bi;WOg/TiO,-NT nano-
composites decrease with the increase in the Bi;WOg content in
the corresponding nanocomposites. As compared with the pure
TiO,-NT sample, the enhanced visible light responses and de-
creased bandgaps of the BiyWOg/TiO,-NT nanocomposites are
attributed to the wider visible-light-responsive region of the
Bi;WOg¢ component and the uniform heterostructures built in
between the TiO, and Bi;WOg phases in the nanocomposites,
leading to the production of more carriers when induced by
visible light. It is reported that the change of binding energy due
to the atomic bonding or charge transfer transition of the
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Figure 9: (a) UV-vis DRS, (b) bandgaps determined by the intercept on the x-axis of the respective Tauc plots, and (c) PL emission spectra under the
excitation at 360 nm of the pure TiOo-NT sample, pure Bi;WOg powder sample, and the hierarchical BioWOg/TiO2-NT nanocomposites.
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conduction bands in between TiO, and Bi,WOg phases in the
BiyWOg/TiO,-NT nanocomposites results in the aforemen-

tioned enhancement [39].

The PL emission spectra of the related samples under the exci-
tation at 360 nm are presented in Figure 9c, which are applied
to evaluate the separation and transfer efficiencies of the sam-
ples. All PL spectra exhibit a strong peak at 456 nm and other
three weak peaks at 448, 479, and 490 nm, which are indexed to
the recombination of photoinduced electron—hole pairs, freely
excited electrons, surface defects, and oxygen vacancies on the
band edges, respectively [36,61]. It is apparent that the PL in-
tensities of the Bi;WOg/TiO,-NT nanocomposites at 465 nm
are all weaker than those of pure TiO,-NT and Bi;WOg powder
samples, except for the 30%—Bi WOg/TiO,-NT nanocomposite.
This demonstrates that the deposition of Bi, WOg nanoparticles
on the TiO; nanotubes is effective to inhibit the recombination
of photogenerated electron—hole pairs.

In comparison with the BiyWOg/TiO,-NT nanocomposites with
varied contents of the BiyWOg component, the weakest PL in-
tensity of the 70%—Bi WOg/TiO,-NT nanocomposite demon-
strates its highest separation and transfer efficiencies of photo-
generated electron—hole pairs, which is advantageous to the
photocatalytic reduction of Cr(VI) and degradation of RhB. Al-
though the 90%—-BiyWOg4/TiO»-NT nanocomposite has the
largest amount of heterostructures in between the TiO, and
Bi,WOg phases owing to its highest content of the Bi,WOg
component, the PL intensity is a little higher than that of the
70%-BipWOg/TiO,-NT nanocomposite, which is due to the
fact that excessive BiyWOg nanoparticles act as the recombina-
tion centers and inhibit the transfer of the photoinduced elec-

trons and holes. However, due to the lower contents of the
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BioWOg4 component, the heterostructures in the 30%—-BiyWOg/
TiO,-NT and 50%—-BiyWOg/TiO,-NT nanocomposites are less
than that of the 70%—-Bi;WOg4/ TiO»-NT nanocomposite,
causing the lower separation and transfer efficiencies of the
photogenerated electron—hole pairs.

In comparison with the Bi,WO¢/TiO, sample prepared without
the cellulose template and the Bi,WOg-TiO, sample prepared
by physical blending (Supporting Information File 1, Figure
S7), the cellulose-derived 70%—-BiyWOg/TiO,-NT nanocom-
posite possesses wider absorption edge in the UV—vis DRS, cor-
responding narrower bandgap, and weaker PL intensity in the
PL spectra, suggesting stronger response to visible light and
more efficient separation of the photogenerated electron—hole

pairs.

It is reported that the transient photocurrent responses of the
samples depend on the amounts of photogenerated charges and
the kinetics of charge separation of the corresponding elec-
trodes under irradiation of light [62]. As shown in Figure 10a,
under irradiation of visible light (A > 420 nm) at intervals of
30 s, all the BipWOg/TiO5-NT nanocomposites exhibit higher
photocurrent responses than that of the pure Bi;WOg¢ powder
sample except for the 30%—-Bi;WOg/TiO,-NT nanocomposite,
revealing that the recombination of photoinduced electrons and
holes is inhibited on the interface of the Bi,WO¢/TiO-NT
heterostructures, which promotes the generation of more effec-
tive photogenerated charges. Besides, the 70%—Bi, WOg/TiO;-
NT and 90%—-BiyWOg/TiO,-NT nanocomposites behave simi-
larly but have higher photocurrent responses than those of the
50%-BiyWOg/TiO,-NT nanocomposite, which performs analog
results as compared to the PL characterization, suggesting the

most effective separation and transfer of photogenerated
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Figure 10: (a) The transient photocurrent responses and (b) EIS Nyquist plots of (i) pure BioWOg samples and hierarchical (ii) 30%-BioWOg/TiOo-NT,
(iii) 50%-BixWOg/TiO2-NT, (iv) 70%-BioWOg/TiO2-NT, and (v) 90%-BioWOg/TiOo-NT nanocomposites.
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carriers of the 70%—-BioaWOg/TiO2-NT and 90%—-Bir, WOg¢/

TiO,-NT nanocomposites.

EIS Nyquist plots of samples are usually employed to deter-
mine the transfer resistances and efficiencies of the photogener-
ated charges of the corresponding electrodes. As displayed in
Figure 10b, the circular arc radii in the EIS Nyquist plots of all
the Bi,WOg/TiO,-NT nanocomposites are smaller than those of
the pure Bi,WOg powder sample apart from the 30%—-BiyWOg/
TiO,-NT nanocomposite. This demonstrates more effective
transfer of photogenerated charges of the BipWOg/TiO>-NT
nanocomposites, which is benefited from the uniform and
compact heterostructures built in the BiyWOg/TiO,-NT nano-
composites. The smallest circular arc radius in the EIS Nyquist
plots of the 70%—-BiyWOg/TiO,-NT nanocomposite proves that
it has the highest transfer efficiencies of the photoinduced

carriers among the samples.

As compared with the BiWOg/TiO, sample prepared without
the cellulose template and the Bi,WOg-TiO, sample prepared
by physical blending (Supporting Information File 1, Figure
S8), the cellulose-derived 70%—BiyWOg/TiO,-NT nanocom-
posite represents higher photocurrent responses and smaller cir-
cular arc radius in the EIS Nyquist plots, demonstrating more
effective separation and shift of the photogenerated carriers,
which promotes the generation of more effective charges under

visible-light irradiation.

As revealed in the structural characterizations, the Bi,WOg/
TiO, sample prepared without the cellulose template shows
several aggregated Bi,WOg particles on the surface of bulk

TiO,. Conversely, the cellulose-derived three-dimensionally
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interwoven structures of the BipWOg/TiO,-NT nanocomposites
promote the homogeneous distribution of the Bi;WOg nanopar-
ticles on the TiO, nanotubes, the compact interaction in be-
tween the two phases, as well as the uniform formation of the
heterostructures. The integrated characterization results of the
aforementioned UV-vis DRS, PL spectra, transient photocur-
rent responses, and EIS Nyquist plots reveal that these factors
facilitate stronger responses upon visible light and more effec-
tive separation of the photogenerated electron—hole pairs of the
Bi,WOg/TiO,-NT nanocomposites, leading to the production of
more effective carriers for photocatalytic reactions. This con-
tributes to the superior photocatalytic activities toward the
reduction of Cr(VI) and degradation of RhB.

As shown in Figure 11a, IPA (0.1 M), EDTA-2Na (10.0 mM),
KIOj3 (0.1 M), and AgNO3 (0.1 M) were added into the Cr(VI)
pollutant solution for the capture of *OH, h*, *0O,™ and e~
species, respectively, with the optimal 70%-Bi, WOg/TiO»-NT
nanocomposite as the photocatalyst. It is apparent that only the
addition of AgNOj suppresses the photocatalytic reduction of
Cr(VI), suggesting that e is the uppermost species present
during photocatalysis.

The edge potentials of the valence band (Eyp) and conduction
band (Ecp) of the TiO, and Bi,WOg¢ semiconductors are deter-
mined according to the Equation 5 and Equation 6 [31]:

Eyg =y~ E° +0.5E,, )
Ecp = Eyp — Eq, ©)
b)
V (vs NHE) TiO, Visible light
A
[0:/0: CB ——
-0.046 eQ' i
CB
Lcriers pesodky cram
1.99 eV [-OH/OH
P ® E,~2.4
L OH/H,0
268eVh——-=
6 n; - VB VB pH 4
4 b
Bi,WO,

Figure 11: (a) Visible-light- induced (A > 420 nm) photocatalytic reduction profiles toward the Cr(VI) pollutant solution (10 mg-L=", pH 4) where IPA,
EDTA-2Na, KlO3, and AgNO3 were added. The hierarchical 70%-BioWOg/TiO2-NT nanocomposite was used as the photocatalyst. (b) Schematic
illustration of the photocatalytic reduction mechanism toward the Cr(VI) pollutant (pH 4) by the hierarchical Bip)WOg/TiO>-NT nanocomposite under

visible light (A > 420 nm) irradiation.
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where x, E®, and Eg represent the geometric mean of the
absolute electronegativity of the atoms in the semiconductors,
the free electron energy on the hydrogen scale (approx. 4.5 eV),
and the bandgaps of semiconductors based on the UV-vis DRS
characterizations, respectively. It is reported that the x values of
the TiO, and Bi;WOg¢ semiconductors are 5.81 and 6.21 eV, re-
spectively [52]; while the E values of the TiO; and Bi;WOg
semiconductors are determined to be 3.12 and 2.40 eV, respec-
tively. Therefore, the Eypg and Ecp values of the TiO, semicon-
ductor are calculated to be 2.87 and —0.25 eV, and those of the
Bi;WOg semiconductor are 2.91 and 0.51 eV, respectively.

Based on the results of the above photoelectrochemical charac-
terizations and the scavenger experiments of the active species,
the photocatalytic mechanism toward the reduction of Cr(VI) by
the cellulose-derived Bi,WQOg/TiO,-NT nanocomposites is
illustrated in Figure 11b. When the Bi,WOg/TiO,-NT nano-
composite is irradiated by visible light (A > 420 nm), the elec-
trons and holes are only generated on the CB and VB of the
Bip;WOg phase. Due to the compact and uniform heterostruc-
tures formed in between the TiO, and Bi,WOg phases and the
suitable band positions of the two phases, holes on the VB of
the Bi;WOg phase are rapidly transferred to that of the TiO;
phase, while electrons are still left on the CB of the Bi,WOgq
phase. This leads to the separation of the photogenerated elec-
tron—hole pairs on the Bi;WOg phase. Because of the higher
standard redox potential of Cr(VI)/Cr(III) (1.36 eV vs NHE)
[63] and lower standard redox potential of Oy/°O,~ (=0.046 eV
vs NHE) than those of the Ecp of the Bi,WOg phase, the elec-
trons on the CB of the Bi,WOg phase directly transform Cr(VI)
into Cr(IIT) rather than reduce O, into O, species. Although
the holes on the VBs of the TiO, and Bi,WOg phases are able
to ideally oxidize H,O molecules and OH™ into *OH species,
they actually have little effect on the photocatalytic reduction of
Cr(VI) according to the aforementioned capture experiment of
the active species.

The primary active species and the possible mechanism toward
the photocatalytic degradation of RhB by the hierarchical
Bi;WOg/TiO,-NT nanocomposites are explored. As shown in
Supporting Information File 1, Figure S9a, the addition of IPA
(0.1 M) or EDTA-2Na (0.1 M) has great effects on the photo-
degradation of RhB, while the addition of p-BQ (5.0 mM)
makes no difference, revealing that *OH and h* species are the
dominating active species during the photocatalytic degrada-
tion of RhB by the 70%-BipyWOg¢/TiO,-NT nanocomposite. As
illustrated in Supporting Information File 1, Figure S9b, holes
on the VB of the BiWOg phase are shifted to that of the TiO,
phase rapidly after the irradiation of visible light, leading to the
efficient separation of photogenerated electron—hole pairs. The
electrons left on the CB of the Bi,WOg phase are not able to
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react with O, molecules to yield O, species due to the lower
standard redox potential of O»/°0,~ (=0.046 eV vs NHE) than
the Ecp of the BiyWOg phase. Owing to the higher Eyp of the
TiO, and Bi;WOgq phases than to the standard redox potential of
*OH/H,0 (2.68 eV vs NHE) and *OH/OH™ (1.99 eV vs NHE), a
part of the holes on the VBs of the TiO, and Bi;WOg phases
oxidizes H,O and OH™ into “OH species, which decompose
RhB together with another part of the unreacted holes, and the
holes play a greater role than the "OH species.

Conclusion

In conclusion, a series of hierarchically porous network struc-
tures of BioWOg/TiO,-NT nanocomposites were fabricated by
depositing BioWOg nanoparticles with various densities on the
cellulose-derived three-dimensional TiO, nanotube surfaces via
a solvothermal process. As compared with pure TiO,-NT, pure
Bi;WOg¢ powder, the BiWOg/TiO; sample prepared without
the cellulose template, and the Bi,WOg-TiO, sample prepared
by physical blending, Bi;WOg/TiO,-NT nanocomposites had
superior photocatalytic performances toward the reduction of
Cr(VI) and degradation of RhB under visible-light irradiation
(A > 420 nm). It is demonstrated that the promoted photocatalyt-
ic activities of the BiyWOg/TiO,-NT nanocomposites are bene-
fited from the three-dimensionally interwoven structures inher-
ited from the initial cellulose template and the uniform and
compact heterostructures formed in between the TiO, and
BiyWOg phases, which are mainly ascribed to the unique struc-
ture of the cellulose template. The current research reveals the
structure—activity relationships of the cellulose-derived nano-
composite, providing an insight for the preparation of photocat-
alytic composite materials that combines the unique structures
of specific natural substances with excellent properties of

related guest components for the treatment of pollutants.

Supporting Information

Dosages of Bi(NO3)3-5H,0 and Na,WOy4-2H,O reagents in
the preparation processes. EDX spectra and components of
the related samples. Electron micrographs of the control
samples. XPS survey spectrum of the
70%—-BiyWOg/TiO»-NT nanocomposite. The
visible-light-induced photocatalytic degradation profiles
and the corresponding linear fitting curves toward the
photodegradation of RhB pollutant solution by the samples.
The reduction profiles toward the Cr(VI) pollutant solution
and the degradation profiles toward the RhB pollutant
solution as well as the corresponding linear fitting curves.
The visible-light-induced photocatalytic degradation
profiles toward the photodegradation of the RhB pollutant
solution for five cycles by the 70%—-BiyWOg/TiO»-NT
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solution for five cycles by the 70%—BiyWOg/TiO»-NT
nanocomposite, and the XRD patterns and FE-SEM images
of the sample after 5-cycle photocatalysis. The UV—vis
DRS, bandgaps and PL emission spectra of the related
samples. The transient photocurrent responses and EIS
Nyquist plots of the control samples. The
visible-light-induced photocatalytic degradation profiles
toward the RhB pollutant solution added with IPA,
EDTA-2Na, and p-BQ by the 70%-Bi,WOg4/TiO,-NT
nanocomposite, and the schematic illustration of the
corresponding photocatalytic degradation mechanism. The
comparison of the hierarchical Bi,WO¢/TiO,-nanotube
composite with other cellulose-derived nanocomposites that
were reported by our group.

Supporting Information File 1

Additional figures.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-13-66-S1.pdf]
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