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A B S T R A C T

In this study, TiO2 nanocrystals were synthesized in the scaffold of cellulose nanocrystal (CNC) using in situ
hydrolysis, where the morphology and size of TiO2 was controlled by CNC’s functional groups and surface
charge. The resulting TiO2/CNC nanocomposites showed a superior photocatalytic activity for Cr(VI) reduction
under visible light (λ > 420 nm) due to the combined effects of small TiO2 size and ligand-to-metal charge
transfer (LMCT) complex between CNC and TiO2. It was found that the charge-enriched CNC not only acted as a
template to direct the crystal growth of TiO2, but also played essential roles on light harvesting and charge
transfer thereby promoting the photoreduction of Cr(VI). The demonstrated system represents a unique pathway
to develop a lower cost and efficient purification material for remediation of Cr(VI).

1. Introduction

Hexavalent chromium ion Cr(VI) is one of the most toxic metal ions
due to its mutagenic and carcinogenic effects on biological systems and
living organisms (Owlad, Aroua, Daud, & Baroutian, 2009; Zhitkovich,
2011). The accidental discharge of Cr(VI) from industries into water
sources can cause serious environmental and health problems. As a
result, many techniques have been developed to remove Cr(VI) from
drinking water, where the maximum tolerance level is set at 0.05mg/L.
The existing methods, such as ion exchange, chemical precipitation,
membrane separation and adsorption, although widely used, still have
some limitations, ranging from low efficiency, secondary contamination
to high operating costs (Barrera-Díaz, Lugo-Lugo, & Bilyeu, 2012).
Within these methods, the adsorption approach is the most attractive
one as it is capable of removing low concentrations of Cr(VI) with good
efficiency (Li, Li, Cao, & Yang, 2015; Lu, Xu, Yang, Hao, & Cheng, 2017;
Makhado, Pandey, & Ramontja, 2019; Mei, Zhang, Li, & Ou, 2019; Wu,
Wei, & Zhang, 2012). However, the adsorbents are easily saturated and
the adsorbates can form secondary contaminants and they need to be
remediated (the adsorbates are usually difficult to be converted into
environmental-friendly substances). One way to deal with this problem
is to covert Cr(VI) first into less harmful Cr(III) by reduction, where Cr
(III) can be further converted into Cr(OH)3 (at pH≥7) that can

precipitate and be removed as a solid waste (Li, Bian, Qin, Zhang, &
Bian, 2017; Loloei, Rezaee, Roohaghdam, & Aliofkhazraei, 2017).

Among the reduction techniques, the photocatalytic reduction
method is most commonly considered in water purification as it utilizes
the clean and renewable energy from sunlight (Acharya, Naik, & Parida,
2018; Kazemi, Jahanshahi, & Peyravi, 2018; Li et al., 2017; Pelaez
et al., 2012; Zhang, Xu, Li, Ge, & Bian, 2018). In photocatalysis appli-
cations, titanium dioxide (TiO2) nanomaterials, due to their remarkable
properties of low-cost, non-toxicity and high stability, have attracted a
great deal of interests as they are very suitable for environmental re-
mediation and solar energy conversion.(Chen & Mao, 2007; Pelaez
et al., 2012) The photocatalytic activity of TiO2 is mainly dependent on
the crystalline structure and specific surface area, where the larger
content of anatase phase and greater surface area often lead to higher
efficiency (Odling & Robertson, 2015). However, nanosized TiO2 par-
ticles also display tendency to agglomerate and lose some effective
surface area, and they are difficult to recover, which pose major chal-
lenges for their applications. One effective strategy to address this issue
is to immobilize TiO2 nanoparticles in a suitable scaffold, such as bio-
mass derived cellulose (Li, Cao, Li, & Yang, 2015; Mohamed et al.,
2015; Zhao et al., 2011). Due to the abundant hydroxyl groups on the
cellulose surface, its scaffold can act as a biotemplate to direct the
growth of TiO2 nanocrystals. Inspired by these studies, we have
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investigated the use of nanoscale cellulose as a possible scaffold to
immobilize TiO2 nanoparticles through in situ growth process. The
chosen nanocellulose was cellulose nanocrystal (CNC), consisting of
rod-like cellulose crystals (width: 5–10 nm, length: 100–500 nm), which
were produced by removing the amorphous portions of a purified cel-
lulose source through acid hydrolysis. CNC possesses unique features
including large surface area, good mechanical strength, and negatively
charged sulfuric groups (besides hydroxyl groups on the cellulose sur-
face) (Grishkewich, Mohammed, Tang, & Tam, 2017; Klemm et al.,
2011; Mondal, 2017; Tang, Sisler, Grishkewich, & Tam, 2017). CNC has
been demonstrated as a good scaffold to host the formation of varying
nanoparticles, including TiO2 (Kaushik & Moores, 2016; Wu et al.,
2016). For example, Zhou, Ding, & Li (2007) reported the CNC-template
synthesis of TiO2 nanocubes by hydrolysis of titanium chloride (TiCl4)
at 95 °C. It is known that TiCl4 was not easy to handle due to the fast
hydrolysis rate, so the resulted particle size was relatively large (about
200 nm). However, the growth mechanism of TiO2 and the application
of the final composites were not investigated in this study. Ivanova
et al. (Ivanova, Fattakhova-Rohlfing, Kayaalp, Rathouský, & Bein, 2014;
Xue et al., 2017) reported the mesoporous TiO2 through biotemplating
with the CNC scaffold, in which CNC provided confined space for the
controlled growth of TiO2 crystals and created mesopores after CNC
being removed by calcination. The demonstrated mesoporous TiO2
material showed efficient photocatalytic activity.

Regarding the photocatalysis of TiO2, there are several issues that
can limit its utilization, where the major challenge is the wide band gap
under visible light. The most popular methods to extend its optical
response to the visible light region are doping (Asahi, Morikawa,
Ohwaki, Aoki, & Taga, 2001) and dye-sensitization (O’Regan & Grätzel,
1991). Typically, the doping of foreign elements into the TiO2 lattice
requires the use of energy intensive process, such as high temperature
annealing or hydrothermal treatment. In dye-sensitization, the dye
molecules should generate photoexcited electrons upon irradiation,
where electrons are transferred to the conduction band of TiO2. The
major requirement for dye-sensitization to be practical is that the dye
molecules must be very stable in an aqueous environment. As a result,
most sensitizers are limited to bipyridyl complexes, often containing
expensive and toxic metals such as ruthenium. The ligand-to-metal
charge transfer (LMCT) complex is another type of sensitization (Zhang,
Kim, & Choi, 2014). Unlike dye sensitization, the visible light-induced
charge transfer occurs from the complex’s surface rather than by ab-
sorbing the visible light by sensitizer itself. So a wide variety of com-
pounds (that do not absorb visible light) are potential candidates for
sensitizers. So far, tartaric, citric and lactic acids (Wang et al., 2010),
glucose (Kim, Lee, & Choi, 2015), dopamine (Kim et al., 2017), algea
(Wang, Zhang, Gao, Mailhot, & Pan, 2017), carboxylate-rich porous
carbon (Qu et al., 2015) and polymeric poly(4-vinylphenol) (Zhang,
Kim, & Choi, 2017), etc. have all been reported to induce CT-com-
plexation on TiO2. In particular, as carboxylate and hydroxyl groups are
rich in electrons, they have become the most popular functional groups
to induce the LMCT and extend the light response of TiO2 to the visible
region. Since CNC possesses both electron-rich hydroxyl and sulfuric
groups, we speculate that it is promising material to form visible light
active CT-complexes with TiO2.

Considering the potential aggregation and recovery issues, as well
as the low solar energy utilization, the development of new visible-
light-driven TiO2 photocatalytic materials with high efficiency has be-
come a particularly interesting topic to us. In this work, a facile in situ
hydrolysis and CNC-templated approach was used to synthesize TiO2/
CNC nanocomposites with anatase TiO2 crystals and large specific
surface areas. CNC can serve not only as a supporting scaffold with
directed templating capability, but also provide LMCT-forming ligands
due to the electron-rich hydroxyl and sulfuric groups. The functional
groups, especially those with negative charges, were found to be able to
control the size and morphology of TiO2 nanoparticles on the CNC
surface. It was interesting to find that the resulting TiO2/CNC

nanocomposite can initiate the photoreduction of Cr(VI) into Cr(III)
with visible light, without the need to remove the template by high-
temperature calcination. In addition, the negatively charged CNC
scaffold can be used to adsorb the positively charged Cr(III) ions.
Compared with other Cr(VI) removal techniques, such as the common
hydrothermal method, the demonstrated biotemplate mediated method
involving the in situ growth of TiO2 in a CNC scaffold represents a very
low-cost and energy-saving remediation pathway.

2. Experimental

2.1. Materials

Cellulose nanocrystals (CNC) were supplied by the InnoTech Alberta
in Canada, the sulfur content of CNC was 0.831 wt%. Titanium oxy-
sulfate solution (TiOSO4·H2SO4·H2O, ∼15wt % in dilute sulfuric acid)
and potassium dichromate (K2Cr2O7) were purchased from Aldrich. All
chemicals were analytical grade and used as received. The commercial
nanostructured TiO2 photoreduction agent (P25) with particle size
about 21 nm was obtained from Sigma-Aldrich.

2.2. Synthesis of TiO2/CNC nanocomposites

The typical synthesis procedure for making TiO2/CNC nano-
composites is as follows. A CNC suspension was prepared by dispersing
0.2 g of CNC powder in 200mL distilled water, followed by using the
ultrasonic treatment to obtain a well-dispersed aqueous suspension. A
desired amount of TiOSO4·H2SO4·H2O with a concentration of
0.48mol/L was then added to the CNC suspension. The mixture was
kept under stirring at 70 °C. The resulting TiO2/CNC suspension was
centrifuged, washed with distilled water, and freeze-dried to obtain
TiO2/CNC composite. The chosen synthesis parameters are listed in
Table S1 in Supporting Information. For comparison, pristine TiO2 na-
noparticles were also prepared under the same conditions without the
presence of CNC.

In order to investigate the effects of surface charge and functional
groups on CNC on the growth of TiO2, desulfated CNC was used.
Desulfation of CNC was carried out using the procedure reported in the
literature.(Cherhal, Cousin, & Capron, 2015; Kalashnikova, Bizot,
Cathala, & Capron, 2012) Subsequent carboxylation of desulfated CNC
(d-CNC) was carried out to obtain carboxylated d-CNC (c-CNC) ac-
cording to the reported TEMPO-mediated method (Guo et al., 2017)
(TEM images of CNC, d-CNC and c-CNC are shown in Fig. S1, Supporting
Information). The scaffolds of d-CNC and c-CNC were also used as the
templates to synthesize TiO2/d-CNC and TiO2/c-CNC nanocomposites,
respectively, under the same conditions as for TiO2/CNC.

2.3. Characterization

The surface morphology of the TiO2/CNC nanocomposite was ana-
lyzed by using a scanning electron microscope (SEM, SFEG-SEM
LEO1550) with Robinson backscattered electron detector and 10 eV
Schottky field emission gun. The instrument is also equipped with an
energy-dispersive spectroscopy (EDS) spectrometer (detector from
EDAX and software/electronics from Iridium Ultra software iXRF) to
characterize the chemical composition. Transmission electron micro-
scopy (TEM) and high-resolution TEM (HRTEM) were performed using
a JEM-2100 F instrument. The X-ray diffraction (XRD) patterns were
measured using an XRD spectrometer (Rigaku Smartlab) with CuKα
radiation, operated at 45 kV and 200mA with a scanning rate of 5°/
min. The X-ray photoelectron spectroscopy (XPS) data were obtained
with an ESCALAB 250Xi electron spectrometer (Thermo Fisher
Scientific). The binding energy scale for calibration was carried out
using the C1s peak, corresponding to 284.8 eV. Thermal gravimetric
analysis (TGA) was conducted on a TGA Q50 instrument from 25 °C to
700 °C at a heating rate of 10 °C/min under the N2 atmosphere. The zeta

Y. Li, et al. Carbohydrate Polymers 233 (2020) 115838

2



potential was determined using a Zetasizer Nano-ZS instrument
(Malvern Instruments Ltd) at room temperature. The N2 adsorption-
desorption experiments were performed on an Autosorb iQ Station 1
Analyzer, using the sample degassed at 60 °C for 12 h, where the sample
porosity and specific surface area could be determined. The specific
surface area was calculated using the BET equation. The pore size dis-
tribution was calculated according to the BJH formula. Fourier trans-
form infrared (FTIR) spectra were measured using a T27-Hyperion-
Vector22 instrument (Bruker).

UV-vis diffuse reflectance spectra (DRS) were obtained using a
spectrophotometer (Varian Cary 5000, USA) with an integrating sphere
attachment, where BaSO4 as a reference material. In this experiment,
samples of P25 and TiO2/CNC nanocomposites adsorbed with Cr(VI)
(denoted as P25-Cr(VI) and TiO2/CNC-Cr(VI)) were prepared as fol-
lows. A desired amount of P25 or TiO2/CNC powder samples was added
to an aqueous solution of 10mg/L of Cr(VI) under stirring, where the
adsorption process was conducted in dark over night. The suspension
was then filtered and the collected solids were dried at room tem-
perature. The resultant P25-Cr(VI) and TiO2/CNC-Cr(VI), together with
TiO2/CNC, P25 and CNC were also tested to obtain their DRS.
Photoluminescence (PL) spectra of solid samples were measured on a
Hitachi F-7000 fluorescence spectrophotometer with excitation of the
320 nm wavelength. The electrochemical impedance spectroscopy (EIS)
was conducted on an electrochemical workstation (Autolab
PGSTAT302 N, Metrohm, Switzerland) using a three-electrode cell with
0.1M Na2SO4 as the electrolyte solution. The working electrode was
prepared as following. The prepared samples, PVDF and carbon black
(mass ratio of 8:1:1) were mixed with 350 μL DMF to produce a slurry
and coated onto indium tin oxide (ITO) glass electrode followed by
solvent evaporation.

2.4. Adsorption test

Briefly, 0.06 g catalysts were added to a 60mL of 10mg/L Cr(VI)
solution, where the pH level was adjusted to 3 using dilute hydrochloric
acid. The suspension was stirred for 40min in dark to reach the ad-
sorption-desorption equilibrium. At each time interval, 2 mL of super-
natant was drawn and filtered through a 0.45 μm microporous nylon
syringe filter for analysis. The Cr(VI) concentration was determined
colorimetrically at 540 nm using the diphenylcarbazide method on a
UV–vis spectrophotometer. The concentration of total Cr ions (Cr (T))
was determined via an inductively couple plasma (ICP) spectrometer
(ICP-OES, Thermo Scientific), the concentration of Cr(Ⅲ) in solution
was calculated by CCr(Ⅲ) = CCr(T) – CCr(VI). The adsorption capacity (Qt)
of Cr (VI) was calculated based on the following equation:

=Q C C
m

Vt
0 t

(1)

where C0 and Ct stand for the initial Cr(VI) concentration and the Cr(VI)
concentration at time t, V is the volume of the solution and m is the
mass of the feed catalyst.

2.5. Photocatalytic reduction test

After the adsorption-desorption equilibrium was reached, the pho-
tocatalytic reaction was initiated by the visible light using a 300W
Xenon arc lamp with a 420 nm cutoff filter. The applied light intensity
was around 300mW/cm2. Sample aliquots were drawn periodically and
filtered to remove the solid residuals. The Cr(VI) concentration at dif-
ferent time was measured again by the diphenylcarbazide method using
the same UV–vis spectrophotometer. Each photocatalytic experiment
was measured in triplicate.

3. Results and discussion

3.1. Conception of the TiO2/CNC synthesis for Cr(VI) photoreduction

Fig. 1 is a schematic illustration of the conception of TiO2/CNC
nanocomposite synthesis and its use for photoreduction of Cr(VI) under
visible light. The rationale behind this biotemplate-mediated synthesis
approach is as follows. (1) CNC is an effective scaffold to immobilize
TiO2 nanoparticles due to its abundant surface functionalities, good
mechanical stability and sustainable nature. (2) The amounts of hy-
droxyl and sulfuric groups on CNC, serving as a biotemplate to direct
the in situ growth of TiO2, can be tailored to control the morphology
and crystal structure of TiO2. (3) The dense nucleation of TiO2 crys-
tallization on the CNC surface can prevent TiO2 nanoparticles from
agglomerating and CNC from stacking together, which are beneficial for
enhancing the high specific surface area. (4) The presence of electron-
rich hydroxyl and sulfuric groups on the surface of CNC can induce the
formation of ligand-to-metal charge transfer (LMCT) complex, thereby
improving the photoreduction activity of converting Cr(VI) into Cr(III)
under visible light. This study was carried out based on this conception,
and the results are summarized as follows.

3.2. Morphology and crystal structure of TiO2 nanoparticles in TiO2/CNC
nanocomposites

The TiO2 morphology and the total content in TiO2/CNC nano-
composites are strongly dependent on the synthetic conditions, in-
cluding temperature, reaction time and CNC concentration. The results
are summarized in Table S1. It was seen that at 70 °C, when the CNC
concentration was 0.1 wt% (or below), a large amount of uniform TiO2
nanocrystals (with diameter< 10 nm) could be formed on the CNC
surface, exhibiting a necklace-like structure with no aggregated clusters
could be identified under the reaction up to 3 h (Fig. 2). The distribu-
tion of TiO2 on CNC was confirmed by energy dispersive atomic X-ray
(EDAX) mapping (Fig. 2g), where indicated that the element of Ti was
uniformly distributed in the entire TiO2/CNC composite. Re-
presentative SEM images of TiO2/CNC nanocomposites obtained by
using 0.1 wt% CNC concentration at 70 °C at different reaction times are
shown in Fig. 2b–f, where Fig. 2a is the pure CNC scaffold without the
synthesis of TiO2. The pristine CNC image (Fig. 2a) indicates that
without TiO2, the scaffold was film-like with strong aggregation ten-
dency between CNC, where no individual CNC particles or clear CNC
bundles could be identified. However, with the inclusion of TiO2, the
overall morphology of the CNC scaffold became more fibrous like, with

Fig. 1. Schematic illustration of TiO2/CNC synthesis for photoreduction of Cr
(VI).
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each CNC fibril decorated with TiO2 nanoparticles clearly apparent in
the image. With the increase of the reaction time, the total content of
TiO2 increased (Table S1 in Supporting Information).

In Table S1 (Supporting Information), the TiO2 content was seen to
increase with reaction time (with 0.1 wt% CNC). Based on the TGA data
(Fig. 3a), the nanocomposite synthesized using the 0.1 wt% CNC

concentration suspension was found to reach a plateau value (TiO2
content ∼ 33.0 wt%) at 2 h of reaction. When the CNC concentration
was equal to or below 0.2 wt%, the chosen synthetic conditions con-
sistently produced uniform TiO2 nanocrystals. We believe the crystal
size increased with the reaction time based on the results on TiO2
content. However, when the CNC concentration was increased to 0.4 wt

Fig. 2. SEM images of TiO2/CNC obtained at different reaction times (0.1 wt% CNC concentration, 70 °C): (a) 0min (pure CNC), (b) 20min, (c) 40min (d) 1 h, (e) 2 h,
(f) 3 h, (g) EDAX mapping of TiO2/CNC-2 h (green – Ti; red – O; blue – S; purple – C) (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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%, the TiO2 nanocrystals in the CNC scaffold appeared to aggregate
together. This is seen in Fig. S2 (Supporting Information), where the
necklace-shaped fibrillar feature could no longer be discerned. The ef-
fect of the reaction temperature (from 50−80 °C) on the resulting
morphology of TiO2/CNC nanocomposites was also investigated. It was
found that the yield of TiO2 nanocrystals at the fixed reaction time
increased with the reaction temperature. At 50 °C, uniform TiO2 na-
nocrystals could still be formed (Fig. S3, Supporting Information), but the
yield of TiO2 nanocrystals was very low. According to the results in TGA
and SEM, the optimum synthetic conditions for producing the TiO2/
CNC nanocomposite with very uniform TiO2 nanocrystals were: reac-
tion temperature =70 °C, reaction time =2 h and CNC concentration
=0.1 wt%. We denoted the corresponding composite as TiO2/CNC-2 h
in this work. The characterization results of this nanocomposite are as
follows.

The successful immobilization of TiO2 nanocrystals in the CNC
scaffold of the TiO2/CNC-2 h was confirmed by TEM imaging. A TEM
image of the stained pristine CNC sample is shown in Fig S1a
(Supporting Information), and that of the TiO2/CNC sample without
being stained was shown in Fig. 3b. It was seen that the surface of CNC
was decorated by TiO2 nanocrystals quite uniformly. Due to the pre-
sence of CNC, it is hard to observe the particles distinctly by TEM, even
at high magnification (Fig S4a, Supporting Information). In order to de-
termine the TiO2 size more clearly, CNC was removed by calcined at
500 °C in air, and the mean TiO2 size was found to be 8.9 nm (Fig S4b,
Supporting Information). The presence of TiO2 was further confirmed by
the characterization of FTIR and XPS (Fig. S5, Supporting Information).

The phase and the crystal structure of TiO2 were determined by the
XRD measurement. Fig. 3c illustrates the XRD pattern of the pristine
CNC sample and TiO2/CNC samples prepared at different reaction
times. The diffraction peaks of pristine CNC at 2θ=14.8°, 16.4° and
22.5°, could be attributed to the [11̄0], [110] and [200] crystallographic
planes of the cellulose crystal. TiO2/CNC samples exhibited additional
diffraction peaks at 2θ=25.3°, 37.8°, 47.8°, 54.1°, 62.5°, 69.2° and
74.7°, which could be attributed to the [101], [004], [200], [105],

[204], [220] and [215] crystal planes of the TiO2 anatase phase. It was
noted that the diffraction intensity increased with increasing reaction
time, indicating that nanocrystals became perfected. The crystalline
size (D) of TiO2 at 2 h was calculated to be 8.2 nm according to Debye-
Scherrer equation, which is slightly smaller than that of the bare TiO2
determined by TEM:

= kD
cos (2)

where k is a constant equal to 0.89, λ is the wavelength of the X-ray
applied (0.154 nm),β is the full width at half maximum of the anatase
(101) peak, and θ is the Bragg angle.

The HRTEM image of the TiO2/CNC-2 h sample is shown in Fig. 3d.
In this figure, the crystalline fringe spacings of 0.352 nm, 0.238 nm and
0.189 nm, corresponding to the (101), (004) and (200) facets of the
anatase phase of TiO2, could be clearly identified. These findings are
consistent with the XRD results.

3.3. The roles of CNC in the TiO2/CNC synthesis

It was reported in our previous work that the hydroxyl groups on
cellulose could direct the nucleation and growth of TiO2 nanocrystals.
(Li, Cao et al., 2015) This may also be true with CNC. However, CNC
contains both hydroxyl and sulfuric groups on the surface, where the
effect of the sulfuric groups on the formation of TiO2 is not clear. To
understand the roles of nanocellulose with different functionalities, the
following experiments were carried out. First, pristine TiO2 crystals
were prepared without using CNC as a template under the same syn-
thetic conditions as those for TiO2/CNC, i.e., reaction temperature
=70 °C, reaction time =2 h and CNC concentration =0.1 wt%. The
result is shown in Fig. 4a, where the formed TiO2 particles were non-
uniform and agglomerate severely (the crystal size could reach the
micron scale). In our second experiment, desulfated CNC (d-CNC),
prepared by acidic treatment, was used as a template in the synthesis of
TiO2/d-CNC. This experiment allowed us to assess the role of hydroxyl

Fig. 3. (a) TGA curves of TiO2/CNC samples
prepared at different reaction times, (b) TEM of
TiO2/CNC-2 h (reaction temperature =70 °C,
reaction time =2 h and CNC concentration
=0.1wt%), (c) XRD patterns of TiO2/CNC
samples prepared at different reaction times,
(d) HRTEM images of the TiO2/CNC nano-
composite in (b).

Y. Li, et al. Carbohydrate Polymers 233 (2020) 115838

5



groups on the formation of TiO2 crystals. The result is shown in Fig. 4b,
where TiO2 crystals formed on d-CNC possessed a more uniform and
smaller size (the average crystal size was about 300 nm) than those
synthesized without the CNC template. The above observation posi-
tively confirmed the role of hydroxyl groups on d-CNC in increasing the
nucleation density during the synthesis. In other word, the abundant
hydroxyl groups could adsorb Ti4+ ions and create nucleating sites on
the d-CNC surfaces, where the formed nuclei would grow into nano-
crystals through condensation reaction. However, the hydrolysis reac-
tion also progressed, breaking some less stable crystals and ripening the
more stable crystals. This would result in creating still relatively large
TiO2 crystal size (about 300 nm). This was quite different when the CNC
scaffold contains both sulfuric and hydroxyl groups. In the experiment
using CNC as a template, a dramatic different TiO2 crystal size was
produced, where the results are illustrated in Fig. 4c. The resulting TiO2
crystal size was found to be smaller than 10 nm, significantly smaller
than those in the scaffold of d-CNC. We speculate that the presence of
negatively charged sulfuric groups can electrostatically interact with
positively charged TiO2 planes, resulting in the decrease of surface
energy and suppressing the size (aggregation) of TiO2 nanocrystals. To
verify the hypothesis of the effect of CNC surface charges on the growth
of TiO2, a c-CNC scaffold, containing carboxyl groups instead of sulfuric
groups, was used as a template to synthesize the TiO2/c-CNC nano-
composite. The result is shown in Fig. 4d. Again, it was seen that very
fine (< 10 nm) and uniform TiO2 nanocrystals were formed, similar to
that of TiO2/CNC (Fig. 4c). This confirms that the negative charges on
the CNC surfaces are essential for the creation of well-distributed na-
noscale TiO2 crystals. As discussed earlier, the hydroxyl groups on the
CNC surface can promote and direct the nucleation and growth of TiO2
crystal. However, in the case of CNC or c-CNC, electrostatic interactions
can occur between the negatively charged groups (i.e., sulfuric or car-
boxy groups) and positively-charged TiO2 and suppress the aggregation
of TiO2 nanocrystals. In addition, the negatively-charged groups can
also change the charge distribution in positively-charged Ti[(H2O)6]4+

hydration ions (the usual existence form of titanium ions in water) and
shorten their mean distance, making Ti[(H2O)6]4+ less stable in the
edge connection (i.e., the connection manner of the rutile phase)
(Henry, Jolivert, & Livage, 1992; Liu, Wang, Yang, Cheng, & Lu, 2010).
Furthermore, the stronger polarity of SO32− groups would enable Ti
[(H2O)6]4+ to combine with more hydroxyl groups and form Ti[(H2O)6-

h(OH)h]4-h during the hydrolysis process, thus in favor of the corner
connection (i.e., the connection manner of the anatase phase) through
“OH bridge” to form di-oligomers. The di-oligomers can subsequently
form three-mentioned networks, resulting the formation of anatase
crystal nucleus through the “O-bridge”. Finally, the nuclei would grow
into anatase TiO2 through the condensation reaction. It is known that
anatase TiO2 usually exhibits superior photoactivity due to the low
packing density, wide band gap, long charge-carrier lifetime, high
charge-carrier mobility, and high degree of free hydroxyl radical pro-
duction. (Kim, Tachikawa, Moon, Majima, & Choi, 2014; Odling &
Robertson, 2015)

3.4. BET analysis of TiO2/CNC nanocomposite

It is well known that nanoparticles have high specific surface area
and are prone to aggregate. This possibility was evaluated by the BET
analysis to characterize the specific surface area of the chosen TiO2/
CNC-2 h sample. The BET results of pure CNC, P25 and TiO2/CNC
samples are shown in Fig. 5 (Fig. 5a is the N2 adsorption-desorption
isotherms and Fig. 5b is the pore size distributions of CNC, P25 and
TiO2/CNC). Based on the BET analysis measurements, the surface area
of CNC was found to be 1.3 m2/g and that of P25 was 48.6m2/g. These
values indicated that both CNC and P25 had very low porosity as the
measured surface area was much lower than the calculated value, as a
result of the particle aggregation and packed structure.(Barringer &
Bowen, 1985; Wu et al., 2016) In contrast, the TiO2/CNC nano-
composite showed a much higher surface area of 112.7m2/g, indicating
that the presence of TiO2 nanocrystals greatly hindered the stacking of
CNC particles. Compared with CNC and P25, TiO2/CNC exhibited a
type-IV nitrogen adsorption isotherm with a typical H3 hysteresis loop
(Fig. 5a), indicating the presence of mesoporous structure. The plot of
the pore size distribution (Fig. 5b) was determined using the BJH
method from the desorption curve of the isotherm (Fig. 5a). The
average pore size of TiO2/CNC was calculated to be 12 nm. Such a
mesoporous structure is extremely beneficial for photocatalysis, as it
can shorten the bulk diffusion length of charge carriers and provide
flexible transport pathways for the diffusion of reactants during the
photocatalytic process. (Chen et al., 2016; Mohamed et al., 2016).

Fig. 4. Schematic presentation of nucleation and growth and the corresponding SEM images of TiO2 with different templates (a) free of CNC, (b) d-CNC, (c) CNC, and
(d) c-CNC.
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3.5. Adsorption and photoreduction of Cr(VI) with TiO2/CNC

In the previous studies, wet-synthesized TiO2 was either calcined at
high temperatures or hydrothermally treated in order to increase its
crystallinity for photocatalysis.(Li & Huang, 2016; Mamaghani,
Haghighat, & Lee, 2019) In this study, we demonstrated a low tem-
perature and non-pressurized new pathway to synthesize TiO2/CNC
nanocomposite for photocatalysis. The direct usage of the TiO2/CNC-
2 h nanocomposite for Cr(VI) photoreduction has been carried out, and
the results are as follows.

The adsorption test was first conducted in dark to reach an equili-
brium state before the initiation of photocatalytic reaction. The results
are illustrated in Fig. 6 using the following conditions [Cr
(VI)]0= 10mg/L, pH=3, [TiO2/CNC]=1.0 g/L. In Fig. 6a, it was
seen that TiO2/CNC adsorbed Cr(VI) rapidly in the first 10min, and
reaches an equilibrium adsorption capacity of 6.7mg/g within 40min,
outperforming the commercial P25 sample. The Cr(VI) removal

efficiency of TiO2/CNC reached 96 % at 80min after visible light was
turned on, also outperformed the 56 % value of P25. In contrast, CNC
alone showed almost no adsorption and photoreduction of Cr(VI). The
Cr(VI) reduction could be described by a pseudo-first-order kinetics
using the simplified Languir-Hinshelwood model (Fig. 6b). In this
analysis, when the dosage of catalysts is 1 g/L, the reaction rate con-
stant was calculated to be 0.027 min−1 for TiO2/CNC, which is 9 times
higher than that of P25 (0.003min-1). Considering the low content of
TiO2 (only 33wt%) in TiO2/CNC, this direct comparison with the same
dosage might not be straightforward to reflect the high-performance of
sole TiO2 hereby prepared. For a fair comparison, we investigated the
Cr(VI) removal efficiency with the 3 g/L dosage of TiO2/CNC, where
the amount of TiO2 was the same as that of P25 with 1 g/L dosage
(Fig. 6a). In both cases, the removal efficiency of Cr(VI) increased with
the increasing dosage because more active sites became accessible. It
was found that Cr(VI) could be removed completely in 80min with the
3 g/L dosage of TiO2/CNC, and the corresponding photoreductive rate

Fig. 6. (a) Adsorption performance of Cr(VI) in
dark condition and photoreduction of Cr(VI)
under visible light ([Cr(VI)]0= 10mg/L,
pH=3), (b) linear kinetic fitting curves of Cr
(VI) photoreduction, (c) Photoreduction of Cr
(VI) after the adsorption equilibrium. (d) Turn-
over frequency (TOF) values of samples at
varying conditions.

Fig. 5. (a) N2 adsorption-desorption isotherms and (b) pore size distribution of CNC, P25 and TiO2/CNC.
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constant was 0.05min-1, which is 16.7 times that of P25. The turnover
frequency (TOF) is one important indicator to access the catalytic ac-
tivity (v), which was defined as the molar number of reduced Cr(VI) per
molar TiO2 per reaction time (v= /tn

n
Cr

TiO2
). As shown in Fig. 6d, the TOF

value of TiO2/CNC was 12 times of P25 with the same catalyst con-
centration of 1 g/L, and it also outperformed other samples with in-
creasing catalyst concentration.

The higher efficient removal of Cr(VI) by TiO2/CNC can be attrib-
uted to the synergy between adsorption and photoreduction (Li et al.,
2016; Wang, Liang et al., 2017). As Cr(VI) was more concentrated on
the TiO2/CNC surface due to adsorption on the large specific surface
area in the mesoporous structure, higher degree of reaction involving
photogenerated electrons from TiO2 would take place. In addition, as
CNC could remain negatively charged at all pH values (Fig. 7), its
surface even in the form of TiO2/CNC nanocomposite could effectively
adsorb positively charged Cr(III) generated from the photoreduction
process, as shown in Fig. S6 (Supporting Information). As a result, the Cr
(III) adsorption increased with the progress of photoreduction. As a
result, more active sites on TiO2 could be refreshed for continuous Cr
(VI) reduction, thus promoting the photocatalysis efficiency. Moreover,
the smaller TiO2 crystal size (8.2 nm vs. 21 nm for P25) could shorten
the diffusion time of electron transfer from the inside of the particle to
its surface, which would also reduce the probability of electron/hole
recombination, therefore resulting in the further improvement of pho-
tocatalytic activity. (Sheng et al., 2019).

To demonstrate the stability and reusability of the TiO2/CNC na-
nocomposite system, cycling runs of the photocatalytic reduction of Cr
(VI) were evaluated under visible light. After each run, the catalyst was
isolated by centrifuging followed by another run without desorption. As
shown in Fig. 8, the catalysts can maintain more than 90 % Cr(VI)

removal efficiency without significant decrease of photocatalytic ac-
tivity after 5 cycles, suggesting that the adsorption sites can be re-
generated by the light irradiation. These results indicate that the de-
monstrated system has good stability and recycled usability.

3.6. Proposed mechanism for visible-light-driven photoreduction by TiO2/
CNC

It is very interesting to note that the TiO2/CNC nanocomposite
could work as an effective photocatalyst under visible light, given the
fact that a much smaller amount of TiO2 was used in the nanocomposite
(33 wt%) as compared with the commercial P25 sample. The interac-
tions between TiO2 and CNC were investigated using the UV–vis DRS
technique (Fig. 9a). The results indicated that both pure P25 and CNC
samples showed no visible light absorption, however, TiO2/CNC ex-
hibited some level of visible light absorption, as evidenced by the red
shift of the peak wavelength. Such a shift can be attributed to the for-
mation of the LMCT complex between electron-rich CNC and TiO2. We
speculate that the visible light illumination can induce intramolecular
electron transfer from the electron-rich hydroxyl and/or sulfuric groups
of CNC to TiO2. In this case, the electrons are delivered to the adsorbed
Cr(VI) ions that consequently enhances the reduction efficiency (illu-
strated in Fig. 1). The red shift is further confirmed by the noticeable
and strong visible light absorption around 600 nm in the TiO2/CNC-Cr
(VI) ternary system, which implies that the existence of Cr(VI) sy-
nergistically enhances the absorption of visible light (Yang et al., 2016).
Generally, the red shift of light absorption suggests a decrease in the
band gap. The corresponding band gap values of P25 and TiO2/CNC
were obtained by plotting the Kubelka-Munk function against the
photon energy (Fig. 9b). In this figure, the band gap energy value of
TiO2/CNC was found to be 3.05 eV, smaller than that of P25 (3.25 eV).
This confirmed the enhanced light utilization efficiency of the TiO2/
CNC nanocomposite.

Fig. 7. Zeta potentials of CNC, P25 and TiO2/CNC samples at different pH
values.

Fig. 8. Cycling runs in the photoreduction of Cr (VI) in the presence of TiO2/
CNC without desorption.
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We argue that the electron-rich CNC interacted with TiO2 and
formed a LMCT complex, which showed visible light absorption as
evidenced by UV–vis DRS analysis. The visible-light-sensitized charge
transfer was detected by PL, as shown in Fig. 9c, where the intensity of
TiO2/CNC was found to decrease significantly compared with that of
P25. The results indicated that the recombination of photo-generated
electron-hole pairs was drastically inhibited, and more long-lived
electrons were generated for Cr(VI) reduction. EIS were further carried
out to investigate the separation efficiency of the charge carriers. The
arc radius of TiO2/CNC on the EIS Nyquist plot (Fig. 9d) was smaller
than that of P25, indicating a lower charge transfer resistance and the
more efficient separation of charge carriers. The results from UV–vis
DRS, PL and EIS tests provided clear evidence that broader visible light
absorption and more efficient charge transfer of electron-hole pairs are
probably responsible for the enhanced photoreduction activity of the
demonstrated TiO2/CNC nanocomposite system under visible light
(Wang et al., 2010; Zhang et al., 2014).

Based on the experimental results from this study and the sche-
matics in Fig. 1, we can conclude the possible mechanisms of Cr(VI)
reduction using TiO2/CNC nanocomposites, which contain three steps
as illustrated in Fig. 10. (1) The formation of a LMCT coordination
complex between the charge-enriched CNC and TiO2, which is accom-
panied by the appearance of a visible light absorption band, as evi-
denced by the DRS analysis. (2) The visible light induced charge
transfer occurs directly from the ground state of adsorbates (CNC) to
the conduction band (CB) of TiO2, different from the dye-sensitization
where the electron must transfer from the excited state of the dyes to
TiO2. thus promoting the efficient separation of charge carriers as
evidenced by PL and EIS analysis. (3) The injected electrons excited
through LMCT are then delivered to Cr(VI) ions adsorbed on the TiO2
surface, leading to the photoreduction of Cr(VI) to Cr (III) as described
by the following equation (Cr(VI) exists as an anion at the pH level
chosen for the adsorption study):

HCrO4− + 7H+ + 3e- → Cr3+ + 4H2O (3)

4. Conclusions

We have synthesized TiO2/CNC nanocomposites through a facile in
situ hydrolysis method. The TiO2/CNC composites could be directly
used for the photoreduction of Cr(VI) under visible light, and 96 % Cr
(Ⅵ) was reduced after 80min irradiation. CNC played two major roles:
(1) a biotemplate to direct the crystal growth of TiO2 and form small
sized TiO2 and uniformed distribution, (2) a LMCT forming ligand to
promote the efficient charge transfer of electron-hole pairs in TiO2.
Compared with the widely used hydrothermal method and other wet-
synthesis methods that require high-temperature calcination, the

Fig. 10. The proposed photocatalytic mechanism through LMCT on TiO2/CNC.
(S0 and S* represent the ground state and excited state of the CNC absorbate,
respectively).

Fig. 9. (a) UV–vis DRS spectra, (b) band gap energy values, (c) photoluminescence (PL) spectra and (d) electrochemical impedance spectra (EIS) of TiO2/CNC and
P25.
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demonstrated approach is simple, environmentally friendly, low cost
and energy saving. The study provides a new platform for fabrication of
efficient TiO2/CNC-based photocatalysts and enables their applications
in water purification.
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