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Hierarchically nanostructured TiO2 have been hydrothermally synthesized using cellulose as biotemplate 
involving various types of acids. We show that the surface charges of nanocrystalline cellulose and 
reaction parameters including reaction temperature, acid to cellulose ratio and reaction time have strong 
effect on the morphology and nanostructures of TiO2 products. The photocatalytic activity of as-
synthesized, calcined hierarchically nanostructured TiO2 and calcined hierarchically nanostructured TiO2 10 

loaded Au nanoparticles is evaluated by photo-degradation of methyl orange under white light. 

 

INTRODUCTION 

Photocatalysis using sunlight has attracted considerable attention 
worldwide due to the increasing demand for environmental 15 

remediation and energy conservation.1-3 Since 1972, TiO2 has 
been extensively studied for applications in environmental 
cleaning, hydrogen energy and solar cells owing to its favourable 
photocatalytic activity, nontoxic nature and chemical inertness.4-

10 Unfortunately, large scale market adoption of TiO2 20 

photocatalyst is challenged by its low photo-conversion 
efficiency.11 Numerous efforts have been devoted to design and 
fabricate hierarchically nanostructured TiO2 and TiO2 with 
tailored Facets to achieve improved performance.12-20 Among 
them, bio-templated synthesis of TiO2 holds exciting implications 25 

for creating hierarchical nanostructures.21-26 
 Cellulose is the most abundant biopolymer on earth.27-28 It is a 
linear polysaccharide based on β-1,4-linked D-glucose units and 
contains large quantity of active hydroxyl groups. Cellulose 
chains are aggregated through intra-and inter-molecular 30 

hydrogen-bonded network and lead to various polymorphs.29, 30 
Native cellulose consists of noncrystalline and crystalline 
domains, and nanocrystalline cellulose (NCC) can be recovered 
from native cellulose using acid hydrolysis.31-35 Literatures show 
that cellulose can be acid hydrolyzed to water insoluble and 35 

soluble oligomers and to glucose under hydrothermal 
conditions.35 Thus, it is worth exploring the hydrothermal 
synthesis of hierarchically nanostructured TiO2 by using cellulose 
as biotemplate under different acidic conditions. 
 In the present work, various hierarchically nanostructured TiO2 40 

have been hydrothermally synthesized in the presence of 
microcrystalline cellulose (MCC) and different types of acids 
including sulfuric acid (H2SO4) and hydrochloric acid (HCl). The 
experimental parameters, including the type of acid, reaction 
temperature, acid-to-cellulose ratio and reaction time, are found 45 

having strong effect on the morphology and structure of the 

products, which may be due to the surface properties of NCC 
functionalized during crystallization. The photocatalytic activity 
of as-synthesized hierarchically nanostructured TiO2 (HNT), 
calcined hierarchically nanostructured TiO2 (CHNT) and calcined 50 

hierarchically nanostructured TiO2 loaded Au nanoparticles 
(CHNT@Au) is evaluated for the degradation of methyl orange 
(MO) under white light. 

EXPERIMENTAL SECTION 

Materials  55 

All chemicals were purchased and used without further 
purification. Titanium tetrafluoride (TiF4) was purchased from 
Baiao chemical company. MCC was purchased from Sigma-
Aldrich. Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4, 
ACS, 99.99%) was purchased from Alfa Aesar. H2SO4 (98%), 60 

HCl (37%) were purchased from Beijing chemical company. 

Preparation of HNT and CHNT 

In a typical experiment, 0.025 g of MCC was added to 5 mL of 
deionized water at atmosphere condition, followed by the 
addition of 5 mL (0.04 mM) of TiF4 aqueous solution. Next, 65 

stoichiometric amount of acid each was added to the above 
solution and stirred for 2h until homogenous mixtures were 
obtained. It was then sealed in Teflon-lined stainless steel 
autoclaves and heated at different temperature for 24h under 
static conditions, and cooled to room temperature in ambient 70 

atmosphere. The as-synthesized TiO2 products were recovered by 
centrifugation and washed three times with ethanol to remove the 
organic residues. The products were dried in air for 24h at 60°C. 
The as-synthesized TiO2 products were calcined to remove the 
carbon coating at 550°C for 2h in a muffle furnace at a heating 75 

rate of 1 °C/min to form the CHNT products. The preparation of 
CHNT@Au can be found in the electronic supplementary 
information (ESI). 
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Characterization 

The surface morphology of as-prepared TiO2 products was 
analyzed by a JEOL-6700F field emission scanning electron 
microscope (FE-SEM) at an accelerating voltage of 3kV. The 
structural property of the samples was measured with a Rigaku 5 

D/Max 2550 X-ray diffractometer (XRD) using a 
monochromatized Cu target radiation resource (λ = 1.54 Å). The 
detailed microstructure of the TiO2 and TiO2@Au products was 
analyzed by using a FEI Tecnai G-2S-Twin transmission electron 
microscope (TEM) with a field emission gun operating at 200kV. 10 

The X-ray photoelectron spectra (XPS) was measured by 
ESCALab 250 Analytical XPS spectrometer with a 
monochromatic X-ray source (Al KR, h=1486.6 eV). UV-vis 
absorption (UV) spectra were performed by a SHIMADZU UV-
2450 spectrometer. Thermal gravimetric analysis (TGA) was 15 

carried out using a NETZSCH STA 449 C instruments under air 
from 300 K to 1173 K.  
 
Photocatalytic Activity  
 20 

The photocatalytic activity of as-synthesized HNT, CHNT and 
CHNT@Au products was investigated by MO degradation (20 
mg/L) under white light. In a typical experiment, 20 mg HNTs or 
CHNTs or CHNT@Au were added to 50 mL (20 mg/L) MO dye 
solution and mixed under magnetic stirring for at least 2h in 25 

darkness to establish an adsorption/desorption equilibrium at 
room temperature, prior to exposure to light source. In 
photocatalytic assessments, the distance between the light source 
and cuvette was 10 cm. The solution was under magnetic stirring 
during the entire experimental procedure. The photocatalytic 30 

activities were quantified by collecting the UV-vis absorption 
spectra of the solution at different reaction intervals. 

RESULT AND DISCUSSION 

Crystal Morphology 

Hierarchically nanostructured TiO2 (HNTs) crystals were 35 

hydrothermally synthesized from the reaction systems containing 
H2SO4 and different molar ratio of H2SO4/MCC at 140°C-180°C 
for 24h, designated as HNT-Sn (n=1-6). Specifically, HNT-S1 
was obtained from the reaction mixture containing H2SO4/MCC 
ratio of 171 (according to the molecular weight of the monomer 40 

of cellulose) at 140°C. The crystals of HNT-S1 have uniform 
shape with rugged surface based on FE-SEM images (Fig. 1a). 
Increasing reaction temperature from 140°C to 160°C results in 
the formation of HNT-S2 showing smoother surface and more 
regular crystal shapes compared to HNT-S1 (Fig. 1b). Increasing 45 

reaction temperature further to 180°C, HNT-S3 with even 
smoother surface compared to HNT-S2 and some well-defined 
crystal facets was obtained (Fig 1c). In parallel, the detailedly 
evolutionary crystallization of HNTs was investigated by varying 
the H2SO4 amount of the reaction mixture and keeping the 50 

crystallization at 140°C for 24h, as shown in Fig S1-6. These 
experimental results indicate that the low H2SO4 amount induces 
the formation of spherical morphology of hierarchical TiO2 
nanostructures with a lot of NCC in the reaction system and high 
H2SO4 amount induces the formation of flattened morphology of 55 

hierarchical TiO2 nanostructures without NCC in the reaction 
system. Especially, HNT-S4 was obtained from the reaction 
mixture containing the H2SO4/MCC ratio of 712 after 24h at 
140°C (Fig. 1d). It has flattened crystal shape and carved surface  

 60 

 

Fig.1 FE-SEM images of the hierarchical nanostructured TiO2 (HNT-Sn) 
by varying the reaction temperature and the amounts of H2SO4 and MCC: 
(a) HNT-S1; (b) HNT-S2; (c) HNT-S3; (d) HNT-S4; (e) HNT-S5; (f) 
HNT-S6. 65 

texture compared to HNT-S1. HNT-S5 and HNT-S6 were 
obtained from reaction mixtures containing the H2SO4/MCC ratio 
of 758 after 24h at 160°C and 180°C, respectively. It is intriguing 
to note that the crystal of HNT-S5 consists of bundles of 
nanocrystalline plates with very smooth crystal surface (Fig. 1e). 70 

The surface texture of HNT-S6 differs from any of the above 
(Fig. 1f). Parallel experiments show the similar results when 
reaction temperature changes from140°C to 160°C and 180°C, 
while keep other reaction parameters constant. The results 
suggest that reaction temperature and H2SO4/MCC ratio play 75 

critical role in controlling the crystal morphology of HNT-Sn. 
High amount of H2SO4 is helpful to form smoother surface 
compared to low amount of H2SO4. 

 
 80 

Fig.2 FE-SEM images of the ab-obtained hierarchically nanostructured 
TiO2 (HNT-Cn) by varying the reaction temperature and remaining the 
amounts of HCl and MCC: (a) HNT-C1; (b) HNT-C2; (c) HNT-C3. 

    The crystal morphology of HNTs obtained from reaction 
mixtures containing varying HCl/MCC ratios in the temperature 85 

range of 140°C to 180°C, named as HNT-Cn (n=1-3) was studied 
using FE-SEM as shown in Fig. 2. HNT-C1, C2 and C3 obtained 
from the reaction mixtures containing HCl/MCC ratio of 495 at 
140°C, 160°C and 180°C, respectively, have similar crystal 
shapes and coarse surface texture. In parallel, the detailedly 90 

evolutionary crystallization of TiO2 was investigated by varying 
the HCl amount of the reaction mixture, while keeping the 
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crystallization at 140°C for 24h, as shown in Fig S7-9. The 
results indicate that the morphology does not obviously change. 
However, the yield increases with increasing the HCl amount. 
Further increase the HCl amount to 2.0 mL results in a change in 
crystal morphology, i.e., crystal becoming flattened and surface 5 

texture being rougher (Fig. S10a-b). Increasing the crystallization 
temperature results in smoother surfaces and more regular crystal 
shapes, specifically, the tetragonal bipyramid and spherical 
crystals obtained from crystallization at 160°C and 180°C, 
respectively (Fig. S10c-f). Decreasing the HCl/MCC ratio results 10 

in the formation of spherical shape (Fig. S11). We conclude that 
the crystal morphology and surface of HNT-Cn is also affected 
by crystallization temperatures and the HCl/MCC ratios. 
However, the H2SO4 have more effect on the crystallization of 
HNT than HCl. 15 

 
 

Fig.3 TEM and HRTEM images of the HNT-Sn and HNT-Cn (a) TEM 
image of HNT-S1; (b) TEM image of HNT-S2; (c) TEM image of HNT-
S3; (d) TEM image of the HNT-C1; (e) TEM image of the HNT-C2; (f) 20 

TEM image of HNT-C3; (g) HRTEM image of HNT-S1; (h) HRTEM 
image of HNT-C1. Insets show the magnified TEM images of the 
respective single nanostructures. 

Structural Properties  

HNT-Sn consist of nanoplates (Fig. 3a-3c) and HNT-Cn consist 25 

of nanoparticles (Fig 3d-3f) based on TEM images. HRTEM 
images taken from the edge of HNT-S1 and HNT-C1 reveal that 
the d-spacing between two consecutive planes are about 0.19 nm 
and 0.35 nm for HNT-S1 agreeing with the d200 and d101 values of 
anatase phase (Fig. 3g) and the distance between two consecutive 30 

planes is 0.35 nm for HNT-C1 agreeing with the d101 value of 
anatase phase (Fig. 3h). This reveals that HNT-S1 and HNT-C1 
present different facets at crystal edges. 
    The structural properties of HNTs were studied using XRD 
technique. The peaks at 25.3°, 38.2°, 48.2°, 54.0°, 55.2°, 62.9°, 35 

68.9° and 70.3° on the XRD patterns of HTN-S1-3 are indexed to 
(101), (004), (200), (105), (211), (204), (116) and (220) 
reflections of anatase phase (JCPDS 78-2486) as shown in Fig. 4a, 
which indicates that HNT-S1-3 consist of pure anatase phase. 
HNT-C1 contains pure anatase phase. However, HNT-C2, C3 40 

contain dominant anatase phase with a little presence of rutile 

phase as evidenced by the minor peak at 27.5°, corresponding to 
the (110) reflection of rutile phase (JCPDS 78-1508) as seen in 
Fig. 4b. The data reveals that the chemical nature of acids plays 
an important role in the crystallization process. 45 

 
 

Fig.4 XRD patterns of the as-prepared hierarchically nanostructured TiO2: 
(a) HNT-Sn; (b) HNT-Cn. 

Growth Mechanism  50 

The experimental data shows that the crystal morphology and 
structural properties of HNTs are affected due to the involvement 
of acids and the degree of which depends on the nature of acids 
used. Under hydrothermal conditions, acids, above a critical 
concentration, are capable to break the hydrogen bonds and  55 

 
 

Fig.5 FE-SEM images of the HNTs coexisting with NCCs obtained at 
120° by varying the amount of HCl. 
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penetrate into the noncrystalline and crystalline domains of 
cellulose, as a result, noncrystalline cellulose dissolve and NCC 
are partially esterified.32 Depending on the type of acids used, 
NCC carries different surface functionalities and different 
negative charges, for example, esterification of one hydroxyl 5 

group of NCC using H2SO4 results in sulfate esters, which can 
capture the Ti4+ by coordination, and creates one negative 
charge.32-33 We believe that the superficial functionalities and 
negative charges of cellulose play an important role in the growth 
of HNTs. The involvement of NCC carrying sulphonic acid group 10 

and  more negative charge favors the growth of nanoplates by 
stabilizing the {002} facets of anatase and less negatively 
charged NCC without sulphonic acid group promotes the growth 
of nanoparticles. HNT-Cn products obtained from hydrothermal 
crystallization at 120°C are TiO2/NCC composites as shown in 15 

Fig. 5, suggesting that NCC not only promotes the formation of 
nanostructures but also control the shape of TiO2 nanocrystals. 
Thermogravimetric analysis (TGA) of HTNS1-3 shows a major 
weight-loss between 200°C and 800°C, giving solid residues of 
83.0 wt%, 80.9 wt% and 75.1 wt%, respectively (Fig. S12 a-c).  20 

HNT-C1-3 also shows a major weight-loss between 200°C and 
800°C, giving solid residues of 81.4 wt%, 84.1 wt% and 88.1 
wt%, respectively (Fig. S12d-f), confirming the presence of 
carbonaceous materials. It has been generally established that 
rutile phase is preferentially grown from strong acidic medium 25 

under hydrothermal conditions and the phase transition is 
significantly affected by particle sizes.36-37 However, this is not 
the case in the synthesis of HNTs involving NCC, as manifested 
by the crystallization of pure anatase phase in HCl-containing 
system at 140°C, dominant growth of anatase phase with a minor 30 

presence of rutile phase at 160°C and 180°C, and the formation of 
pure anatase phase in H2SO4-containing systems at 140°C-180°C. 
It is worth taking note that the surface texture of TiO2 crystals 
become smooth with increasing acid-to-cellulose ratio, 
suggesting that thermodynamically more stable {101} facets start 35 

to evolve on crystal surface after the NCC wholly degraded (Fig. 
1d).35 It implies that NCC carrying sulphonic acid group and 
higher negative charges promotes the growth of pure anatase 
phase and the morphology of TiO2 is determined by both the 
formation speed of TiO2 and the dissociated speed of NCC as 40 

illustrated in Scheme 1. 
 

 
Scheme 1 A Schematic illustration of the formation of HNT-Sn and HNT-
Cn in H2SO4 and HCl system, respectively. 45 

Photocatalytic properties 

The photocatalytic activity of the as-synthesized HNT-Sn and 
CHNT-Sn is evaluated by degradation of MO. As shown in Fig. 
6a, the photocatalytic activity is in decreasing order of HTN-S3 > 
HTN-S1 > HTN-S2 and the photocatalytic activities of HNT-Sn 50 

are low. This could be due to the formation of partially coated 

crystal surfaces of TiO2 by solid hydro-chars-insoluble 
carbonaceous materials during the hydrothermal synthesis of 
HNTs at range of 140°C-180°C. Such a coating retards the 
generation of excitons from TiO2, excited by light, hence, reduces 55 

photocatalytic activity.36-39  
 

 
 

 60 

 

 

 

 

 65 

 
 
 
 
Fig.6 Photocatalytic degradation of MO in the presence of different 70 

photocatalysts: (a) CHNT-Sn and HNT-Sn; (b) CHNT-Sn@Au. 

     Calcination of HNT-Sn at 550°C removes carbonaceous 
coating, giving rise to CHNT-Sn. CHNT-S1, S2 contains pure 
anatase phase (Fig. S13). However, CHTN- S3 contain dominant 
anatase phase with a little presence impure phase, indicating that 75 

calcination can cause slight phase transition. Intriguingly, they 
exhibit greater photocatalytic activity than HNT-Sn, in the order 
of CHNT-S1  > CHNT-S2  > CHNT-S3, which differs from that 
of HNT-Sn, albeit they have lower photoactivity than P25. The 
improvement in photocatalytic activities is likely attributed to the 80 

removal of carbonaceous layer.  
     It is well established that the photocatalytic properties strongly 
depend on the crystallinity, specific surface character, light 
absorption, recombination rate of photogenerated hole-electron 
pairs, and so on.40-50 To explain the observed photocatalytic 85 

activity, X-ray photoelectron spectra (XPS) was used to 
characterize the chemical nature of CHNT-Sn. The individual 
fitted XPS of C-1s, O-1s, S-2p and Ti-2p of CHNT-S1-3 are 
shown in Fig. S14. The XPS of C-1s exhibits a unique doublet 
with bonding energy of 284.7 eV and 288.7 eV (Fig. S14 a-c), 90 

which may be attributed to the adsorbed amorphous carbon, and 
carboxyl carbon, respectively.51, 52 The O-1s peak presents a 
triplet with bonding energy of 530.5 eV and 531.9 eV (Fig. S14 
d-f), which correspond to the lattice oxygen (O1) and O-C (O2), 
respectively.52, 53 The Ti-2p peak is a unique doublet at around 95 

459.4 eV-465.2 eV (Fig. S14 g-i), which is typical of Ti4+ in an 
octahedral environment.52, 54  The S-2p peak is a singlet at around 
168.7 eV (Fig. S14 j-l), which is typical of the S+6 of bidentate 
sulfate ions on the surface of CHNT-Sn.55 Among the CHNT-Sn, 
CHNT-S1 exhibits the highest photocatalytic activity probably 100 

due to more S element (2.03 wt%) on the surface comparing to 
CHNT-S2 (1.66 wt%) and CHNT-S3 (1.81 wt%), which is 
helpful to improve the photocatalytic activity.55 The CHNT-Cn 
and HNT-Cn show the similar photocatalytic activity as the 
CHNT-Sn and HNT-Sn as shown in Fig. S15. 105 
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     Noble metel-TiO2 heterostructure photocatalysts have 
attracted more attention owing to the localized surface plasmon 
resonance (LSPR) and the effective charge carrier seperation by 
forming a schottky barrier at the metal/TiO2 interface.56-59 The 
CHTN-Sn@Au heterostructures have been obtained by loading 5 

Au nanoparticles on the surface of CHTN-Sn. However, they 
show the different photocatalytic activity as shown in Fig. 6b. 
The degradation was obviously enhanced in the presence of 
CHNT-S1, S2@Au, larger than CHNT-Sn and P25 under the 
same experimental conditions. However, CHNT-S3@Au exhibits 10 

 
           

 

   

 15 

 

Fig.7 TEM images of the CHNT-Sn@Au: (a) CHNT-S1@Au; (b) CHNT-
S2@Au; (c) CHNT-S3@Au.  

very low photocatalytic activity. The XPS spectra show that a 
unique doublet with bonding energy of 83.3 eV and 86.9 eV for 20 

CHNT-Sn@Au, which can be attributed to the values for the Au 
4f7/2 and Au 4f5/2 of metallic Au, respectively, (Fig. S16 a-c). It 
exhibits that CHNT-Sn@Au contain metallic Au nanostructure 
on the surface of CHNT-Sn. In general, the introduction of Au 
nanoparticle onto the TiO2 can gradually improve the 25 

photocatalytic activity until the loading amount of Au nanopaticle 
reaches the optimal value. The further loading of Au nanoparticle 
will drastically decrease the photocatalytic activity.60 It can be 
attributed to the following factors: (1) high loading will cover the 
surface active sites of TiO2 and prohibit its contact with organic 30 

dye; (2) excessive loading of Au nanoparticle on the surface of 
TiO2 should decrease the light adsoption and generation of 
photogenerated carriers; (3) Au nanoparticle with high loading 
amount can become recombination centers and lead to the 
decrease of photocatalytic activity. TEM images further indicate 35 

that the CHNT-S3@Au contains more Au nanopartices than the 
CHNT-S1@Au and CHNT-S2@Au, confirming that the lowest 
photocatalytic activity originates from the excessive Au loading 
amount for CHNT-S3@Au. The UV-vis absorption spectra 
further exhibit that CHNT-S3@Au showes the lowest adsoption 40 

among the CHNT-Sn@Au (Fig. 8), indicating that excessive 
loading of Au nanoparticle will increase the recombination center 
on the surface of TiO2, leading to the decrease of photocatalytic 
activity.  
 45 

 
 

 

 

 50 

 

 

Fig. 8 UV-vis spectra of CHNT-Sn@Au. 

Conclusions 

This work reports an one-pot biotemplated hydrothermal 55 

approach to synthesize HNTs with different crystal morphology 
by using different acids and varying amount of MCC. We show 
that H2SO4 and HCl are capable of depolymerizing MCC above 
120°C, forming NCC with different surface functionalities and 
surface charges that controls the formation of HNTs. Calcination 60 

of HNTs to remove surface carbonaceous species from TiO2 
crystals and loading Au nanoparticle on the CHNT-Sn will 
obviously improve their photocatalytic activities. The bio-
templated synthetic approach offers an effective method to 
engineer inorganic crystals for enhanced functional performance. 65 
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