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Abstract A series of hierarchical Ag,O-nanoparti-
cle/TiO,-nanotube heterostructured nanocomposites
with varied Ag,O contents were fabricated by
employing natural cellulose substance as the template.
The nanocomposites possessed fine three-dimensional
porous network structures, which were composed of
TiO, nanotubes and fine Ag,O nanoparticles that
anchored on the surfaces. The composites exhibited
enhanced photocatalytic performances in degrading
different organic pollutants under ultraviolet light
irradiation. = The  optimal = Ag,O-NP/TiO,-NT
nanocomposites exhibited apparent rate constants of
0.62,0.37 and 0.39 min " in photocatalytic degrading
methylene blue, Rhodamine B and norfloxacin,
respectively; which were correspondingly 2.6, 2.2,
and 1.4 times higher than those of the pure TiO,
nanotubes; and 3.9, 9.3, and 5.6 folds higher than those

Electronic supplementary material The online version of
this article (https://doi.org/10.1007/s10570-019-02573-z) con-
tains supplementary material, which is available to authorized
users.

Z.Lin - Y. Lu - J. Huang (D<)

Department of Chemistry, Zhejiang University,
Hangzhou 310027, Zhejiang, China

e-mail: jghuang @zju.edu.cn

of the pure Ag,O nanoparticles. It was demonstrated
that the improved photocatalytic performances of the
nanocomposites were attributed to the hierarchical
nanotubular structures that inherited from the natural
cellulose substances and the effective heterostructure
between the titania and silver oxide phases derived
from the unique structure. Hence, the close relation-
ship between the cellulose derived structures and the
photocatalytic performances of the nanocomposites
were demonstrated. The related possible photocat-
alytic mechanism was revealed that the separation and
transfer of the photogenerated electron—hole pairs was
accelerated, and the superoxide radicals and reactive
holes played a main role in the photocatalytic
processes.
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Introduction

The rapid development of textile and paper industry
has aroused severe pollution of various dyes, such as
methylene blue, Rhodamine B, methyl orange and so
on (Aboamera et al. 2018; Wang et al. 2018a, b; Min
et al. 2019). It remains a challenge to treat these
industrial waste water in a sustainable way. Since the
water splitting by titania (TiO,) electrode under
ultraviolet (UV) light irradiation was discovered
(Fujishima and Honda 1972), photocatalytic technol-
ogy has attracted considerable attentions and been
applied in the environmental issues widely (Ishimaki
et al. 2018). Up to now, titania has been considered as
the most remarkable semiconductor photocatalyst
owing to its superior natures (Xu et al. 2018).
However, the photocatalytic application in degrading
dyes and other organic pollutants by titania is limited
by the narrow light absorption, the high recombination
rate of the photogenerated electron—hole pairs, and
poor adsorption ability of the organic pollutants
(Linsebigler et al. 1995). To solve these problems, a
number of researches have been focused on designing
heterojunctions between titania and other semicon-
ductor substrates (Kansal et al. 2008; Li et al. 2009).
Among these substrates, the p-type silver oxide
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semiconductor is deemed to be one of the most
promising candidates because of its narrow band gap
of 1.2 eV, facile preparation, and rather lower cost
(Jiang et al. 2015). As reported, the formation of
p-type-Ag,O/n-type-TiO, heterojunction structure
contributes to the formation of a built-in electric field
within the space charge region and further facilitates
the photocatalytic activity (Wei et al. 2016).

On the other hand, the morphology, particle size
and dimensionality of the titania matters have signif-
icant impacts on the photocatalytic degradation pro-
Since a Ag,O/TiO, nanobelt structured
composite was synthesized (Zhou et al. 2010),
researchers have developed a number of Ag,O/TiO,
composites with different structures for the photocat-
alytic degradation of organic pollutants (Liu et al.
2015a, b). However, there still remains a challenge to
develop a high-performance Ag,0O/TiO, composite
photocatalyst with special structure, which could
provide more active sites and larger specific surface
area for the photocatalytic degradation of dyes and
other organic pollutants with different molecular
structures.

Bio-inspired synthesis could provide a solution to
this issue by introducing the naturally formed, unique,
complex, and hierarchical macro-to-nanoscale struc-
tural features of the natural biosubstances into artifi-
cial materials (Li et al. 2016). As a result, the structural
advantages of the biomass substrates and the physic-
ochemical properties of specific guest components are
combined in a composite, which could not be
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fabricated artificially by now (Li et al. 2018a; Jia and
Li 2015). Cellulose substance is an ideal choice as the
biomass substrate for bio-inspired materials syntheses
due to its superior features of hierarchically three-
dimensional cross-linked structure, environmental
friendliness, and bio-compatibility (Kim et al. 2019;
Suetal. 2017; Chen et al. 2018). The abundant surface
hydroxyl groups of the cellulose fibers are convenient
for the coating of specific guest components in the
form of ultrathin films on the surfaces. Hence, the
cellulose substance can be used as the templates or
scaffolds for the fabrication of functional nanostruc-
tured materials. The unique structure and surface
properties of the cellulose substance facilitate the
fabrication of functional nanocomposites with hierar-
chical porous network structure.

In order to fabricate the well-designed functional
composites, the layer-by-layer (LbL) self-assembly
technique is regarded as one of the most effective and
universal means (Zakaria et al. 2016; Ariga et al. 2013;
Cai et al. 2015). This technique has been applied to the
natural cellulose substances to give the nano-archi-
tectured porous materials, especially metal oxides by
the template synthetic methods, which have displayed
great potentials in the photocatalytic applications
(Ariga et al. 2014; Fei and Li 2015). Therefore, it is
significant to explore the potentials of the bio-inspired
materials in the photocatalytic areas thoroughly. As
reported by our previous works, titania-based
nanocomposites derived from the natural cellulose
substance showed good photocatalytic performances
when employed as the photocatalysts, which is
basically due to their unique hierarchical three-
dimensional porous structures that inherited from the
initial cellulose substance (Li and Huang 2016; Li
et al. 2018b).

Although various kinds of cellulose templates have
been applied to fabricate photocatalysts with
improved performances, the photocatalytic activities
of the cellulose derived nanocomposites were hin-
dered owing to above-mentioned problems, and the
formation of heterostructures on the cellulose derived
matters was rarely reported (Mohamed et al.
2017, 2018; Xiao et al. 2018; Yoon et al. 2018). Can
we fabricate specific titania based heterostructures
uniformly and compactly to facilitate the separation of
charges? Can the cellulose template derived structure
promote the active sites and specific surface area of the
nanocomposite? How do the cellulose template affect

the photocatalytic performance of the nanocomposite?
Can we find out the photocatalytic mechanism and the
relationship between the structure and properties of
the cellulose derived nanocomposite? Hence, we
hypothesize that the hierarchical porous network
structure of the cellulose substance is beneficial to
the uniform formation of the heterostructures in-
between titania and silver oxide, and further to the
enhancement of photocatalytic performances of the
nanocomposite obtained. In the present study, a novel
Ag,0-nanoparticle/TiO,-nanotube (Ag,O-NP/TiO,-
NT) heterostructured nanocomposite was fabricated
by employing natural cellulose substance (commercial
laboratory filter paper) as the template based on a LbL
surface sol-gel process. It was composed of hierar-
chical TiO, nanotubes anchored with various amounts
of Ag,O nanoparticles on the surfaces. As being
employed to the photocatalytic degradation of dyes
and other organic pollutants, the composite exhibited
excellent photocatalytic performance. The related
possible explanations for the enhanced photocatalytic
performance of the nanocomposites as well as the
photocatalytic mechanism were clarified.

Materials and methods

Preparation of the hierarchical Ag,O-NP/TiO,-NT
nanocomposites

The preparation process of the hierarchical Ag,O-NP/
TiO,-NT nanocomposites is schematically illustrated
in Scheme 1. According to our previous work (Luo
and Huang 2015), the titania/cellulose composite was
fabricated by a surface sol-gel method through
depositing ultrathin titania gel films on each nanofiber
of the quantitative ashless filter paper using titanium n-
butoxide solution (100.0 mM in ethanol/toluene,
v/v = 1:1) as the precursor and repeated for 15 times
(Scheme la, b). The as-prepared titania/cellulose
composite sheets were then calcined in air at 450 °C
for 6 h to give the hierarchical anatase TiO, nanotubes
(Scheme 1c¢).

Subsequently, the hierarchical Ag,O-NP/TiO,-NT
nanocomposites with varied theoretical weight ratios
of 1:1, 1:2, and 1:4 (Ag,0:TiO,) were synthesized by a
simple precipitation method. For example, when the
theoretical weight ratio was set as 1:1, 40.0 mg titania
nanotubes powder was dispersed in 50.0 mL 6.80 mM
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Scheme 1 Schematic illustration of the synthetic process of the
hierarchical Ag,O-NP/TiO,-NT nanocomposites derived from
natural cellulose substance. a The hierarchical structures of the
original commercial laboratory filter paper, consisting of
cellulose microfiber assemblies formed by nanofiber

AgNO; aqueous solution with stirring for 2 h, and then
20.0 mL 0.20 M NaOH aqueous solution was added
dropwisely into the above suspension, followed by
stirring for 1 h (Scheme 1d). Finally, the mixture
obtained was centrifuged, and the obtained powder
was collected and washed by deionized water and
ethanol for several times, then dried at 37 °C in
vacuum to give the hierarchical Ag,O-NP/TiO,-NT
nanocomposites (Scheme 1e). The resultant nanocom-
posites with theoretical weight ratios of 1:1, 1:2, and
1:4 were confirmed to contain 51.8 wt%, 33.9 wt%,
and 19.7 wt% contents of the Ag,O component as
demonstrated by the EDX analyses (Supplementary
material, Fig. S1 and Table S1). Hence, the corre-
sponding composites were denoted as 51.8%—Ag,0-
NP/TiO,-NT,  33.9%—Ag,0-NP/TiO,-NT, and
19.7%—Ag,0O-NP/TiO,-NT,  respectively.  Pure
Ag,0 nanoparticles and pure TiO, nanotubes were
prepared as the control materials (Supplementary
material).

Photocatalytic tests
The photocatalytic degradation of methylene blue
(MB), Rhodamine B (RhB) and norfloxacin (NFCX)

was tested under the irradiation of UV light supplied
by a high-pressure fluorescent mercury lamp (300 W,
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assemblies. b An individual nanofiber deposited with ultrathin
TiO, gel layer. ¢ An individual anatase TiO, nanotube. d The
Ag,0 nanoparticles were coated on the TiO, nanotubes by a
simple precipitation method. e An individual composite
nanotube forming the final Ag,O-NP/TiO,-NT matter

horizontal lamp-sample distance was 5.0 cm) by using
a XPA-1 photoreactor (Nanjing Xujiang, China) with
a constant temperature of 20 °C. Typically, 10.0 mg
photocatalyst was added into 20.0 mL aqueous solu-
tion of the organic pollutant solution (10.0 mg/L), and
was sonicated for 1 min to form a homogeneous
suspension, followed by stirring in dark for 30 min to
achieve an adsorption—desorption equilibrium of the
model pollutant. During the irradiation process,
5.0 mL of the suspension was taken away at different
time intervals, and centrifuged at 12,000 rpm for
3 min, followed by being analyzed on a Shimadzu
UV-2450 spectrophotometer, and then recycled.
Besides, the evaluation methods of the photocatalytic
stability and mechanisms of the nanocomposite were
described in Supplementary material.

Results and discussion

Structural characterizations of the Ag,O-NP/TiO,-
NT nanocomposites

The fabrication process of the hierarchical Ag,O-NP/
TiO,-NT nanocomposites derived from natural cellu-
lose substance is schematically illustrated in
Scheme 1. The ultrathin titania gel layers were coated
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on each cellulose nanofiber of the filter paper by the
LbL surface sol-gel process and calcined to give the
anatase TiO, nanotubes (Scheme 1a—c). After that, the
nanocomposites were obtained through a simple
precipitation method (Scheme 1d, e).

The powder X-ray diffraction (XRD) patterns of all
samples are shown in Fig. 1. All spectra of the Ag,O-
NP/TiO,-NT nanocomposites show the diffraction
peaks located at 26 = 25.3°, 37.8°, 48.0°, 53.9°, 55.1°,
and 62.7°, which are ascribed to the (101), (004),
(200), (105), (211), and (204) planes of anatase phase
titania (JCPDS No. 21-1272) (Liu et al. 2015b). In
addition, the spectrum of the 51.8%—Ag,0-NP/TiO,-
NT sample displays another four diffraction peaks
located at 20 = 32.8°, 38.1°, 54.9°, and 65.4°, which
are indexed to the (111), (200), (220), and (311) planes
of cubic phase silver oxide (JCPDS No. 41-1104) (Chu
et al. 2016). With the decrease in the Ag,O contents,
the peak intensities of cubic phase silver oxide become
weaker, and finally vanish in the spectrum of the
19.7%—Ag,0-NP/TiO,-NT sample. For the spectrum
of the 33.9%—Ag,0-NP/TiO,-NT sample, the
ambiguous diffraction peaks located at 20 = 38.0°
and 55.0° are indexed to the (004) and (211) planes of
anatase phase titania, or (200) and (220) planes of
cubic phase silver oxide due to the nearby positions in
the XRD patterns of them. As compared with the pure
Ag,0 nanoparticles and TiO, nanotubes, all Ag,O-
NP/TiO,-NT  nanocomposites exhibit  only

51.8%—-Ag,0-NP/TiO,-NT

L J_A__33.9%-Ag,0-NPITIO,NT

Intensity (a.u.)

‘\ Pure TiO,-NT

. —
10 20 30 40 50 60 70 80
20 (degree)

Fig. 1 XRD patterns of the cellulose-derived hierarchical
Ag,O-NP/TiO,-NT nanocomposites with varied Ag,O contents,
and the spectra of the pure Ag,O nanoparticles and TiO,
nanotubes

characteristic peaks of both Ag,O and TiO, compo-
nents, confirming the high purity of these
nanocomposites.

Figure 2 shows the structures and morphologies of
the 19.7%—Ag,O-NP/TiO,-NT nanocomposite as
observed by electron microscopes. The field emission
scanning electron microscope (FE-SEM) micrograph
(Fig. 2a) reveals that the nanocomposite is composed
of microfiber assemblies, and each microfiber is
formed by nanofibers by nanofiber assemblies, which
retains the fine network structures of the initial
cellulose substance. In more details, the enlarged
FE-SEM image (Fig. 2b) shows that Ag,O nanopar-
ticles are distributed uniformly and densely on the
surfaces of the TiO, nanotubes. In comparison with
the pure TiO, nanotubes and Ag,O-NP/TiO,-NT
nanocomposites (Supplementary material, Fig. S2a,
c and e), the hierarchical nanotubular structures are not
affected by the coating of the Ag,O nanoparticles.
Besides, the pure Ag,0O nanoparticles are hundreds of
nanometers in size and formed by aggregated fine
nanoparticles (Supplementary material, Fig. S3). The
transmission electron microscope (TEM) images of an
individual nanocomposite tube clearly display that
Ag,0 nanoparticles with a fine size (ca. 9.4 nm) and a
narrow size distribution (£ 2.6 nm) (Supplementary
material, Fig. S4) are anchored uniformly on the
surface of the titania nanotube with a tube width of ca.
130 nm that is formed by titania nanoparticles com-
pactly with a thickness of ca. 7.5 nm (Fig. 2c, d). With
the increment in the Ag,O contents of the Ag,O-NP/
TiO,-NT nanocomposites, the TiO, nanotubes are
covered with more Ag,0O nanoparticles (Supplemen-
tary material Fig. S2b, d and f). The high resolution
transmission electron microscope (HR-TEM) micro-
graph (Fig. 2e) exhibits two kinds of lattice spacings
of 0.354 and 0.235 nm, which match well with those
of the (101) plane of anatase phase titania and the
(200) plane of cubic phase silver oxide (Kaur et al.
2017), respectively. The selected area electron diffrac-
tion (SAED) pattern (Fig. 2f) presents tanglesome
diffraction rings, which are typical of anatase phase
titania and cubic phase silver oxide, and the Nos. 1-5
diffraction rings are mainly attributed to the (101),
(112), (200), (211), and (215) reflections of anatase
phase titania (Luo et al. 2014; Mandari et al. 2017).
However, due to the similar lattice spacings, the
diffraction rings of Nos. 2—4 are also assigned to the
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Fig. 2 Electron
micrographs of the
cellulose-derived
hierarchical 19.7%—Ag,0-
NP/TiO,-NT
nanocomposite. a, b Low
and high magnification FE-
SEM images of the
nanocomposite showing the
nanotube assemblies, the red
box in (a) indicates the
enlarged area as shown in
(b). ¢ TEM image of an
individual nanotube of the
nanocomposite. d TEM
image of the enlarged area
boxed in (¢). e HR-TEM
image of the nanocomposite
tube surface, demonstrating
the existence of lattice
planes of Ag,O and TiO,
components. f SAED pattern
of the sample. (Color

figure online)

200 nm

(200), (211), and (220) reflections of cubic phase
silver oxide (Wei et al. 2011), respectively.

The energy dispersive X-ray spectrometry (EDX)
element mapping images of the 19.7%—Ag,O-NP/
TiO,-NT nanocomposite tube (Fig. 3) reveal that the
rounded Ag,0O nanoparticles (red points) are anchored
on the compact nanotube surface made up of TiO,
(green points) uniformly. Moreover, some of the
signals of the titanium and silver elements are
interlaced, indicating the existence of the Ag,O-NP/
TiO,-NT heterostructure. All the results of the mor-
phological characterization reveal that the Ag,O-NP/
TiO,-NT nanocomposite inherits the hierarchical
porous network structure of the initial natural cellulose
substance, uniform heterostructure in-between the

@ Springer

Ag,O nanoparticle and the titania nanotube was
achieved.

As shown in Fig. 4, the surface chemical compo-
sition and chemical states of Ag, Ti and O elements of
the 51.8%—Ag,0O-NP/TiO,-NT nanocomposite were
characterized by X-ray photoelectron spectroscopy
(XPS) measurement. The XPS survey spectrum
(Fig. 4a) suggests that the nanocomposite is only
composed of the Ag, Ti, and O elements. The high-
resolution spectrum of the Ag(3d) region (Fig. 4b)
exhibits the spin—orbit split lines of Ag(3ds,), and
Ag(3d;),) at 367.7, and 373.7 eV, respectively; which
indicates that the Ag element exists in one valence
state (Ag(I)) of Ag,O (Sarkar et al. 2013). The high-
resolution spectrum of the Ti(2p) region (Fig. 4c)
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Fig. 3 EDX element mapping of the titania and silver elements of an individual nanotube in the 19.7%—Ag,0-NP/TiO,-NT
nanocomposite sample derived from natural cellulose substance
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Fig. 4 XPS spectra of the cellulose-derived hierarchical 51.8%—Ag,O-NP/TiO,-NT nanocomposite. a XPS survey spectrum of the
nanocomposite. b—d High-resolution spectra of the Ag(3d), Ti(2p), and O(1ls) regions of the nanocomposite, respectively

exhibits two peaks at 457.1, and 462.2 eV, which are 5.1 eV, which agrees well with the typical energy gap
attributed to the typical binding energies for Ti(2p»/3) of the four valence state of Ti element in titania (Gu
and Ti(2py,) of TiO, (Liu et al. 2017), respectively. and Huang 2013). The high-resolution spectrum of the
Besides, the energy gap between the two peaks is O(ls) region (Fig. 4d) shows three peaks at 527.4,
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529.3, and 530.8 eV, which correspond to the oxygen
lattices in TiO, (Hu et al. 2017), the oxygen lattices in
Ag,0 (Hao et al. 2018), and the external —OH group
or the H,O molecules absorbed on the surface of the
sample (Yu et al. 2015). As a comparison, the Ag,O/
TiO, composite was prepared with the same condition
as the 51.8%—Ag,O-NP/TiO,-NT nanocomposite but
without using of the cellulose template. The high-
resolution XPS spectrum of the Ti(2p) region of the
Ag,0/TiO, composite (Supplementary material,
Fig. S5) exhibits the similar peaks at 458.0 and
463.7 eV, which are attributed to the Ti element of
TiO,. In comparison with the peaks at 458.5 and
464.2 eV in the high-resolution XPS spectrum of the
Ti(2p) region of the pure TiO, (Gu and Huang 2013),
the shifts of the corresponding peaks in the spectrum
of the 51.8%—Ag,O-NP/TiO,-NT nanocomposite are
more obvious than those in the spectrum of the Ag,O/
TiO, composite, indicating the more efficient and
uniform formation of the Ag,O/TiO, heterostructure
in the 51.8%—Ag,0-NP/TiO,-NT nanocomposite
due to the significant effects of the cellulose template.

The nitrogen adsorption—desorption isotherms
(Fig. S5a, c, and e) of Ag,O-NP/TiO,-NT nanocom-
posites all exhibit type IV adsorption isotherms with
H3-type hysteresis loops according to the IUPAC
classification, confirming the mesoporous structure of
the nanocomposites (Gao et al. 2017). The values of
the Brunauer-Emmett-Teller (BET) specific surface
area (Sze7) (Supplementary material, Table S2) of the
nanocomposites decrease as the increased proportion
of the Ag,O components, indicating that the porosity
decreases in accordance with the enhanced amounts of
the anchored Ag,O nanoparticles. Besides, all of them
are higher than that of the pure TiO, nanotubes
(26.4 m*/g) (Liu et al. 2010), which is helpful to the
adsorption of the organic pollutants. All the Barrett—
Joyner—Halenda (BJH) pore size distribution curves
(Fig. 5b, d, f) of the nanocomposites exhibit one peak
at below 10 nm that assigned to the network structure
and voids in-between confined TiO, nanoparticles,
and the other one at about 50 nm is probably caused by
the gaps in-between the anchored Ag,O nanoparticles.
Moreover, the 51.8%—Ag,O-NP/TiO,-NT nanocom-
posite owns the largest pore size, which is ascribed to
the larger gaps in-between the Ag,O nanoparticles
than those in-between the TiO, nanoparticles. The
33.9%—Ag,0-NP/TiO,-NT nanocomposite displays
lower pore size than that of the 19.7%—Ag,O-NP/

@ Springer

TiO,-NT nanocomposite, demonstrating that the
Ag,O nanoparticles on the surface of the TiO,
nanotubes block the pores between the TiO, nanopar-
ticles, while new pores between Ag,O nanoparticles
are not formed because the size of Ag,O nanoparticles
is larger than that of the TiO, nanoparticles. The BJH
pore size distribution curve of the Ag,O/TiO, com-
posite prepared without using of the cellulose template
(Supplementary material, Fig S6) shows only a peak at
about 30 nm without the peak below 10 nm, which is
mainly attributed to the gaps in-between the aggre-
gated Ag,O particles, revealing that the TiO, phase of
the Ag,0O/TiO, composite is not porous and it cannot
inhibit the aggregation of Ag,O particles. It has been
demonstrated that the hierarchical porous network
structure of the cellulose template provides the Ag,O-
NP/TiO,-NT nanocomposite with superior porous
properties and the uniform formation of Ag,O
nanoparticles of the nanocomposite. The different
properties of pores in the nanocomposites result in the
differences in the adsorption capacities towards
different organic pollutants.

According to the above results, the formation
mechanism of the Ag,O-NP/TiO,-NT nanocomposite
is discussed as follows. In the sol-gel process, the
titanium n-butoxide molecules are chemically
adsorbed with the abundant surface hydroxyl groups
of the cellulose fibers via covalent bond, while the
physically absorbed molecules are washed off. After-
wards, the chemically absorbed titanium n-butoxide
molecules are turned into the ultrathin titania gel layer
by hydrolysis, which provides abundant hydroxyl
groups for the subsequent deposition of titania layers
to give the titania/cellulose composite. Due to the
three-dimensional network structure of the cellulose
template, the aggregation of TiO, nanoparticles is
inhibited when the titania/cellulose composite is
calcined in air, and the obtained TiO, nanotubes
inherit the unique structure of the cellulose template
and display porous structure. When the TiO, nan-
otubes are mixed with AgNO; solution, Ag’ is
dispersed on the tube surfaces uniformly and com-
pactly because of the unique hierarchical network
structure of the TiO, nanotubes, and then the precip-
itation reaction takes place by Eq. (1) to generate the
Ag,0-NP/TiO,-NT nanocomposite. The aggregation
of the fine Ag,0 nanoparticles is controlled benefited
from the hierarchical porous network structure of the
TiO, nanotubes.
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2Agt 4+ 20H™ — 2AgOH — Ag,0 + H,0
(1)

Optical properties of the hierarchical Ag,O-NP/
TiO,-NT nanocomposites

As shown in Fig. 6a, the UV/Vis diffuse reflectance
spectra (DRS) of the Ag,O-NP/TiO,-NT nanocom-
posites all exhibit two absorption bands centered at
410 and 270 nm, which are assigned to the visible and
UV light absorption (Lalitha et al. 2010). The pure
TiO, nanotube sample only exhibits a narrow UV light
absorption band centered at 260 nm, while the pure
Ag,0 nanoparticle sample shows another broad vis-
ible light absorption band centered at 410 nm. In
addition, the estimated band gaps (E,) of the Ag,O-
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Fig. 6 Optical spectra of the cellulose-derived hierarchical
Ag,0O-NP/TiO,-NT nanocomposites with varied Ag,0 contents,
the pure Ag,O nanoparticles and TiO, nanotubes. a UV/Vis
DRS spectra. b The corresponding Tauc plot considering the
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NP/TiO,-NT nanocomposites (Fig. 6b and Table S2)
are in the range of 2.08-2.67 eV, and those of the pure
TiO, nanotubes and Ag,O nanoparticles are 3.04 eV
and 1.46 eV, respectively; which are in good agree-
ment with the reported data (Zelekew et al. 2017;
Kumar et al. 2016). In comparison with the pure TiO,
nanotubes, the decrease in E, of the nanocomposites is
basically due to the aligned Fermi levels of the p-type
Ag,O and n-type TiO,, together with new band
structures, which is attributed to the efficient forma-
tion of the heterostructures (Liu et al. 2019). It results
in the significantly enhanced UV and visible light
responses and promoted photoexcitation efficiency.
Besides, the sequence of band gaps of the Ag,O-NP/
TiO,-NT nanocomposites follows as 19.7%—Ag,0-
NP/TiO,-NT (2.08 eV) > 51.8%—Ag,O-NP/TiO,-

NT (2.34 eV) > 33.9%—Ag,0-NP/TiO,-NT
(b)
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4.5 {—Pure Ag,0-NP
4.0 ]—51.8%—Ag,0-NP/ITiO,-NT
3.5 | 33:9%-Ag,0-NPITIO,-NT
" 1—19.7%-Ag,0-NPITiO,-NT
« 30
S 25/
=
S 2.0
1.5 1
1.0 4
0.5
0.0 { T T ™ T T T T T |
10 15 2.0 25 3.0 3.5 40 45 50 55 6.0
Energy (eV)
(d)
—_ — 19.7% —Ag,0-NP/TiO,-NT
3
s
2
‘?
=
2
£
—— 51.8%—Ag,0-NPITiO,-NT

450 460 470 480 490 500
Wavelength (nm)

indirect energy gap nature and respective energy gaps estimated
by the intercept on the x-axis. ¢ PL spectra under a laser
excitation of 350 nm. d The enlarged PL spectra of the Ag,O-
NP/TiO,-NT nanocomposites in the 450-500 nm region of (c)
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(2.67 eV), as shown in Table S2 (Supplementary
material). The lowest band gap of the 19.7%—Ag,0-
NP/TiO,-NT with the lowest content of Ag,O is
attributed to the largest band bending due to the most
effective formation of the heterostructures (Paul et al.
2016). With the increase of the Ag,0O content, the light
penetration into the heterostructures is hindered partly,
leading to the larger band gap of the 33.9%—Ag,0-
NP/TiO,-NT nanocomposite (Sarkar et al. 2013).
However, when the Ag,O content is further increased,
Ag,0 nanoparticles covered the surfaces of the TiO,
nanotubes fully in the 51.8%—Ag,O-NP/TiO,-NT
nanocomposite, leading to the lower band gap due to
the rather low band gap of the pure Ag,O
nanoparticles.

The photoluminescence (PL) spectra (Fig. 6¢) of
the Ag,O-NP/TiO,-NT nanocomposites and pure
TiO, nanotubes all exhibit one strong emission peak
located at 467 nm that is attributed to the recombina-
tion of photogenerated electron—hole pairs (Chu et al.
2016), and other weaker ones located at 450, 480 and
490 nm that are assigned to the free recombination of
exciton centers, the surface defects, and the oxygen
vacancies of the samples, respectively (Chu et al.
2016; Kaur et al. 2017). It is obvious that the
nanocomposites exhibit rather lower PL emission
intensity than the pure TiO, nanotubes, indicating that
the recombination of the photogenerated electrons and
holes is effectively suppressed in the nanocomposites.
Besides, the intensity of the PL emission weakens
slightly with the increase in the contents of Ag,O of
the nanocomposites (Fig. 6d), which is attributed to
the higher separation and transfer efficiency of the
photogenerated electron-hole pairs due to the
enhanced amount of the heterostructures. The
increased photoexcitation efficiency and faster migra-
tion efficiency of the photogenerated electron—hole
pairs in the Ag,O-NP/TiO,-NT nanocomposites are
due to the uniform and stable formation of the
heterostructures derived from the unique structure of
the natural cellulose substance, which would effec-
tively enhance the photocatalytic performances of the
nanocomposite.

Photocatalytic performance of the Ag,O-NP/TiO,-
NT nanocomposites

To evaluate the photocatalytic performances of the
Ag>O-NP/TiO,-NT nanocomposites, MB, RhB and

NFCX are selected as the organic contaminants and
degraded under UV light irradiation using the
nanocomposites as the photocatalysts. The degrada-
tion profiles and the corresponding pseudo-first-order
simulation results are displayed in Fig. 7. In order to
obtain the intuitive photocatalytic reactivity quantita-
tively, corresponding values of the adsorption capacity
(g.) towards the organic contaminants, apparent rate
constant (K,,,) determined by the pseudo-first-order
kinetic equation, and real photocatalytic efficiency
over unit area (K;) of the Ag,O-NP/TiO,-NT
nanocomposites are listed in Table S3 (Supplementary
material), respectively. Herein, values of ¢., K, and
K, are calculated by the following equations (Wang
et al. 2018a):

ge = (Ci — Co)V /(mSper) (2)
In(Co/C) = app? 3)
Ks = Kapp/SBET (4)

where C;, Cy, and C are the initial concentration
(10.0 mg/L), equilibrium concentration, and concen-
tration after certain irradiation time (¢ in min) of the
organic contaminants solution, respectively; V is the
volume (in L) of the solution, and m is the mass (in g)
of the photocatalyst.

Before the photocatalytic degradation tests, the
adsorption—desorption equilibrium was achieved and
the g, of the Ag,O-NP/TiO,-NT nanocomposites on
the three targeted pollutants follows the same order:
51.8%—Ag,0-NP/TiO,-NT > 33.9%—Ag,O-NP/
TiO,-NT > 19.7%—Ag,0-NP/TiO,-NT, which exhi-
bits the inverse order of the values of Sgg7, indicating
that the adsorption capacities of the Ag,O-NP/TiO,-
NT nanocomposites show more association with the
pore size than the specific surface area. Besides, the
adsorption capacities of the nanocomposites are
considerably higher than those of the pure TiO,
nanotubes or Ag,0 nanoparticles, which is attributed
to the unique hierarchical porous network structure of
it derived from the cellulose substance, the uniform
formation of the heterostructures, as well as the higher
specific surface area. However, all the nanocomposites
exhibit higher adsorption capacities towards MB and
NFCX than RhB, which could be speculated that the
MB and NFCX molecules contain weakly negatively
charged N atoms that play a role as an electron
donating group and could be liable to inject electrons
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Fig. 7 The photocatalytic degradation profiles and the corre-
sponding pseudo-first-order simulations of the pure Ag,O
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19.7%—Ag,0O-NP/TiO,-NT

nanocomposites (iii), 33.9%—Ag,O-NP/TiO,-NT nanocom-
posites (iv), and 51.8%—Ag,O-NP/TiO,-NT nanocomposites
(v) in degrading a, b MB, ¢, d RhB, and e, f NFCX under UV

light irradiation



Cellulose (2019) 26:6683-6700

6695

to empty d orbit of the metal elements, while the O
atoms of the RhB molecules do not play the same role
(Wang et al. 2018a). The outstanding adsorption
capacities of the nanocomposites provide a prerequi-
site for the excellent photocatalytic degradation
performance.

After the adsorption equilibrium of the model
pollutant was achieved, the photocatalytic degradation
tests were initiated and the calculated K,,, and
corresponding goodness of fit (R of the samples in
degrading organic pollutants are shown in Table S4
(Supplementary material). It is seen that all of the
photocatalytic degradation reactions are well consis-
tent with the pseudo-first-order due to the high values
of R?. As shown in Fig. 7a, b, the optimal sample in
degrading MB is 51.8%—Ag,0O-NP/TiO,-NT and
achieves a degradation rate of 99% after irradiation
for 6 min. The K., of it (0.62 min™") exhibits 2.6 and
3.9 folds higher than that of the pure TiO, nanotubes
(0.24 min_l) and Ag,O nanoparticles (0.16 min_l),
respectively. Figure 7c, d reveal that the optimum
sample in degrading RhB is 19.7%—Ag,O-NP/TiO,-
NT and it degrades 98% RhB after irradiation for
10 min. The K,,, of it (0.37 min~') is 2.2 and 9.3
times higher than that of the pure TiO, nanotubes
0.17 min_l) and Ag,O nanoparticles (0.04 min_l),
respectively. The colorless organic pollutant NFCX is
photocatalytic degraded to eliminate the indirect dye
photosensitization as shown in Fig. 7e, f. It is seen that
the 19.7%—Ag,O-NP/TiO,-NT nanocomposite dis-
plays the superior photocatalytic performance with a
removal rate of 98% after 8 min irradiation, and the
K.pp of it (0.39 min~') shows 1.4 and 5.6-fold
increment as compared with that of the pure TiO,
nanotubes (0.28 min~') and Ag,O nanoparticles
(0.07 min™"), respectively. As expected, all Ag,O-
NP/TiO,-NT nanocomposites show enhanced photo-
catalytic performances in degrading different organic
pollutants as compared with the pure TiO, nanotubes
and Ag,0O nanoparticles, which is ascribed to the
increased adsorption capacities and the enhanced
amount and lower recombination rate of the photo-
generated electron—hole pairs. It demonstrates that the
uniform and efficient formation of the heterostructures
derived from the three-dimensional porous network
structures of the nanocomposites result in the above
improvements, which is benefited from the cellulose
template structure. It also reveals the obvious rela-
tionship in-between the unique structure of the Ag,0-

NP/TiO,-NT nanocomposites that derived from the
cellulose substance and their corresponding photocat-
alytic degradation performances.

To further analyze the difference of the photocat-
alytic performances of the Ag,O-NP/TiO,-NT
nanocomposites towards different organic pollutants,
the sequences of K, and K of the nanocomposites are
summarized. (Supplementary material, Table S5). The
order of K in degrading MB is identical to that of K ,,),.
However, the K in degrading RhB and NFCX displays
the same sequence but opposite to that of MB, where
the orders of the 33.9%—Ag,O-NP/TiO,-NT and
19.7%—Ag,0-NP/TiO,-NT  nanocomposites — are
interchangeable when K,,, is considered, revealing
that the higher specific surface area of the 19.7%—
Ag,O-NP/TiO,-NT nanocomposite results in more
active sites in the photodegradation process of RhB
and NFCX. Besides, the differences in optimal sam-
ples also demonstrates that the prominent advantages
in MB adsorption capacity and separation efficiencies
of the photogenerated electrons and pairs of the
51.8%—Ag,0O-NP/TiO,-NT nanocomposite greatly
promotes its photocatalytic performance. However,
the superior photocatalytic performances in degrading
RhB and NFCX of the 33.9%—Ag,0-NP/TiO,-NT
and 19.7%—Ag,O-NP/TiO,-NT nanocomposites are
attributed to the more active sites and fewer amount of
Ag,0 nanoparticles due to the poorer photocatalytic
performance of the pure Ag,O nanoparticles.

In comparison with other Ag,O/TiO, composite
photocatalysts reported in the literatures (Supplemen-
tary material, Table S6), the cellulose-derived hierar-
chical Ag,O-NP/TiO,-NT heterostructured
nanocomposites exhibit much superior photocatalytic
performances under UV light irradiation than some of
the reported Ag,O/TiO, composites. The excellent
photocatalytic performance of the current nanocom-
posite is mainly attributed to the combination of the
hierarchical porous network structure and the uniform
formation of the heterostructures due to the natural
cellulose substance template, as illustrated above.

The photocatalytic stability determines the practi-
cal application potentials of the photocatalysts. The
degradation efficiencies (Fig. 8a) of 51.8%—Ag,0-
NP/TiO,-NT nanocomposite towards MB are 99%),
89% and 72% for the three cycles, respectively. It
reveals that the photocatalytic performance of the
nanocomposite maintains a high stability, which is
attributed to its hierarchical porous network structure
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Fig. 8 Photocatalytic stability tests of the cellulose-derived
hierarchical  51.8%—Ag,O-NP/TiO,-NT  nanocomposites.
a The photocatalytic degradation profiles of MB for three

derived from the cellulose substance. The XRD
patterns (Fig. 8b) exhibit that the characteristic peak
located at 20 = 32.8° that indexed to the (111) plane of
cubic phase silver oxide disappears after the photo-
catalytic processes. Besides, the intensity of the
characteristic peak located at about 260 = 38.1°
enhances, which is attributed to the (200) plane of
cubic phase silver oxide and (111) plane of cubic
phase silver (JCPDS No. 87-0597) (Zou et al. 2017).
Moreover, three obvious characteristic peaks located
at 20 = 44.3°, 64.4° and 77.4° that are assigned to the
(200), (220) and (311) planes of cubic phase silver are
detected (Li and Huang 2015). These results demon-
strate that the metallic Ag is formed by reducing of
Ag,0 species through trapping the electrons generated
from TiO, under UV light irradiation, which has been
reported before (Cui et al. 2017).

Photocatalytic mechanism of the hierarchical
Ag,0-NP/TiO,-NT nanocomposites

In order to determine the active species that exist in the
processes of the photocatalytic degradation, p-BQ,
EDTA-2Na, and IPA were employed as the scav-
engers for hydroxyl radicals (OH), reactive holes
(h™), and superoxide radicals (O,") species, respec-
tively. As shown in Fig. 9a, b, the ‘'OH species plays a
dominant role in the photocatalytic degradation pro-
cesses of the pure TiO, nanotubes photocatalyst, while
the h* and ‘O, species for the 51.8%—Ag,O-NP/
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cycles by the nanocomposite under UV light irradiation. b XRD
patterns of the nanocomposite before and after the cycling
experiments

TiO,-NT photocatalyst (Zang et al. 2015; Huang et al.
2015). The corresponding pseudo-first-order simula-
tion results of the degradation reactions are consistent
with that as shown in Fig. S7 and Table S7, indicating
the same results (Supplementary material).

It is well-known that the band edge positions of
semiconductors play a significant impact on the
photocatalytic processes, so they are calculated by
the following equations (Wei et al. 2016):

EVB =Y — E° + OSEg (5)

Ecg = Evp — E, (6)

wherein, Eyg, Ecg and E,, are the valence band edge
potential, conduction band edge potential, and the
band gap estimated from the UV/Vis DRS experi-
ments, respectively; y is the geometric mean of the
absolute electro negativity of all atoms in the semi-
conductor, and the values of titania and silver oxide
are 5.81 and 5.29 eV (Kaur et al. 2017), respectively;
E° (ca. 4.5 eV) is the energy of free electrons on the
hydrogen scale. Thus the Eyg and Ep of titania were
calculated to be 2.83 and — 0.21 eV, and the Ey3 and
Ecp of silver oxide were counted to be 1.88 and
0.42 eV, respectively.

On the basis of the above results, related possible
photocatalytic mechanisms are speculated. When the
pure TiO, nanotubes are employed as the photocata-
lyst (Fig. 9¢), due to the more negative CB potential
and higher VB potential of titania, the remaining
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electrons after a rather fast recombination of the
photogenerated electron-hole (e "—h™) pairs on the CB
react with O, to generate ‘O, , and holes on the VB
react with H,O or OH™ to generate ‘OH, and then the
MB molecules are oxidized. Moreover, the OH
species have a more important effect in oxidizing
MB molecules than the ‘O, species, and the recom-
bination of e —h™ pairs is hindered when the holes are
trapped, which is confirmed by the trapping experi-
ments as discussed above.

Afterwards, as illustrated in Fig. 9d, when the Ag,O
nanoparticles are coated on the hierarchical TiO,
nanotubes, and the Ag,O-NP/TiO,-NT heterostructure
is formed at the interface, an inner electric filed
(TiO, — Ag,0) is built. In view of the inner electric
field and the energy band structure, the transfer of e~
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from TiO, to Ag,O is partially suppressed, while the
transfer of h' is accelerated, leading to the efficient
separation of e —h* pairs. Due to the lower VB
potential and less negative CB potential of silver oxide,
h* on the VB directly degrades MB molecules rather
than react with H,O or O, to produce ‘OH, and e~ on
the CB is captured by metallic Ag, and then react with
O, to produce ‘O, rather than directly react with O,.
Simultaneously, the plentiful remaining e~ on the CB
of titania react directly with the trapped O, to generate
‘0, and a small number of h™ on the VB react
directly with H,O or OH™ to generate ‘OH. Finally, the
predominant reactive species h™ and ‘O, together
with trace amount of 'OH species degrade MB
molecules, which is in accordance with the results of
the trapping experiments.
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Conclusions

In summary, a new bio-inspired hierarchical Ag,O-
NP/TiO,-NT heterostructured nanocomposite is fab-
ricated by the deposition of Ag,O nanoparticles
uniformly on the hierarchical anatase TiO, nanotubes
that were templated by natural cellulose substance
(commercial laboratory filter paper). When it is
employed as the photocatalysts in degrading the
organic pollutants, it exhibits improved activity by
contrast with the pure TiO, nanotubes and Ag,O
nanoparticles. Furthermore, it also shows superior
photocatalytic performance than other reported Ag,O/
TiO, composites due to the unique structures that
derived from the initial cellulose substance. We have
demonstrated the initial hypothesis that the hierarchi-
cal network porous structure and effective formation
of the heterostructures between the titania and silver
oxide phases possessed by the Ag,O-NP/TiO,-NT
nanocomposites result in the enhanced photocatalytic
performances, which is attributed to the unique
structure and superior surface properties of the natural
cellulose substance. We also reveal the relationship in-
between the structures and photocatalytic activities of
such a cellulose substance derived material. It pro-
vides a new sight on designing efficient photocatalytic
materials for waste water treatment by combining the
fascinating structures of the natural substance and the
specific physicochemical properties of the guest
species.
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