
M
a

S
a

b

c

K

a

A
R
R
A

K
N
N
O
S
T

1

n
g
c
i
s
a
p
a
o
a
r
a
i
n
h
T

(
(

0
d

Materials Chemistry and Physics 132 (2012) 509– 514

Contents lists available at SciVerse ScienceDirect

Materials  Chemistry  and  Physics

j ourna l ho me  pag e: www.elsev ier .com/ locate /matchemphys

orphological  effects  of  reflux  condensation  on  nanocrystalline  anatase  gel
nd  thin  films

ofia  Javeda,∗,  Mohammad  Mujahida,  Mohammad  Islamb, Umair  Manzoorc

School of Chemical and Materials Engineering (SCME), National University of Sciences and Technology (NUST),1 H-12, Islamabad, Pakistan
Center of Excellence for Research in Engineering Materials (CEREM), College of Engineering, King Saud University,2 P.O. Box 800, Riyadh 11421, Saudi Arabia
Shaikh Mohammad Alamoudi Chair for Water Researches, Department of Agriculture Engineering, College of Food and Agriculture Sciences,
ing  Saud University,3 Riyadh, Saudi Arabia

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 21 March 2011
eceived in revised form 21 October 2011
ccepted 24 November 2011

a  b  s  t  r  a  c  t

Synthesis  of  anatase  phase  of titania  is  of great  interest  because  of  its efficiency  in  photocatalysis  to
produce  renewable  energy  in different  ways,  one  being  dye  sensitized  solar  cells  (DSSC).  In  the  present
work  reflux  condensation  is  utilized  to obtain  stable  anatase  nanostructures  from  sol  gel synthesis  using
titanium  tetraisopropoxide  (TTIP) precursor.  The  refluxing  time  affects  the  morphology  of  as synthesized
eywords:
anocrystalline titania
anostructures
xides
ol–gel growth

titania  and  that  of annealed  films  as  well.  This  variation  of  morphology  is studied  and  a  possible  expla-
nation  is  made.  Both  XRD  and  TEM  analysis  reveal  crystallite  size  to  be less  than  10  nm.  SEM  and  TEM  are
used  to study  morphology  which  changes  from  rod  like  to spherical  particles  with  increasing  refluxing
time.  TGA  shows  anatase  stability  upto  700 ◦C  and  BET  method  reveals  surface  area  to  be  larger  than
120  m2 g−1.  The  films  possess  great  potential  for high  efficiency  when  employed  in devices.

© 2011 Elsevier B.V. All rights reserved.
hin films

. Introduction

Materials with at least one dimension of the order of few
anometers, referred to as nanomaterials or nanostructures, offer
reat potential in various fields due to their unique electronic, opti-
al, magnetic, chemical, and physical properties [1,2]. Titania (TiO2)
n the form of nanoparticles, nanorods, or thin films has attracted
ubstantial interest due to their unusual optical, electrical and cat-
lytic properties [3]. These unique properties offer their strong
otential for application in photocatalysis, photovoltaic devices,
nd carrier for metallic nanoparticles [4].  Titania minerals naturally
ccur as three crystallographic phases namely anatase, brookite,
nd rutile [5]. Anatase is considered to be more important than
utile because it bears better photocatalytic activity due to rel-
tively higher bandgap (3.2 eV) than rutile [6].  There is a great
nterest in the development of synthetic methods to obtain TiO2

anoparticles with phase specificity, well-defined morphology, and
igh surface area [7]. Generally, it is difficult to produce phase-pure
iO2 nanoparticles [4] as a mixture of phases has been reported
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in most cases [5,7,8].  Sol–gel method using titanium alkoxides
[4,7,9–16], hydrothermal method [6,17],  template-assisted growth
[18], anodic oxidation of titanium [19], solvothermal approach [20],
or a suitable combination of these are some of the techniques
reported for titania synthesis in nanocrystalline form. The mor-
phology and physical/chemical properties of TiO2 nanostructures
depend on particular process, precursor type and concentration,
use of capping agents, synthesis temperature, pressure and time [9].

Titania is an important component of dye-sensitized solar cells
(DSSCs) whose performance is largely dependent on the optimal
properties of the semiconductor layer acting as charge separator.
Production of stable nanostructures of anatase with high sur-
face area and porosity is of great interest for researchers to take
DSSCs to higher efficiencies with all other advantages. Commercial
nanopowder P-25 by Degussa is commonly used for DSSCs but tita-
nia prepared by sol gel methods is found to give better performance
[21].

In this paper, we present results from low-temperature synthe-
sis of anatase TiO2 using reflux condensation in sol–gel method.
This is the first time that for the synthesis of TiO2, reflux conden-
sation method was  employed in association with sol–gel synthesis
as a viable alternative to autoclave treatment. Acetic acid is used to
modify the precursor titanium tetra-Isopropoxide (TTIP) to have a

controlled sol gel synthesis [22], then, refluxing for different times
was carried out to obtain nanostructured TiO2 with different char-
acteristics. The powders so obtained were used to make paste for
subsequent film deposition using doctor blade method. This study
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with each other to form metal–oxygen–metal bridging units. The
modification of titanium tetraisopropoxide with acetic acid results
in a controlled sol–gel process and it also affects the growth of the
ig. 1. X-ray diffraction spectra of annealed powders from reflux times of 24 h (A),
0  h (B), and 120 h (C).

esulted in mesoporous TiO2 films with very high surface area that
an be exploited for more efficient charge transfer in DSSCs. The
orrelation between refluxing and the resulting nanostructures is
lso explored.

. Experimental

.1. Synthesis of titania nanoparticles

All chemicals and materials obtained from Sigma–Aldrich and
erck were of analytical grade and were used without further

urification. 12 g (0.2 mol) of glacial acetic acid was  added to
6.852 g of Ti (IV) tetraisopropoxide (TTIP) under stirring at room
emperature. After 15 min  290 ml  of distilled water was  added as
uickly as possible with vigorous stirring. An instant white precip-

tate resulted. The mixture was stirred for 1 h to ensure complete
ydrolysis. Then 4 ml  of concentrated HNO3 was added and the
ixture was heated from room temperature to 80 ◦C within 40 min

nd peptized for 75 min. Distilled water was added to make the
olume 370 ml.  The resulted sol was then subjected to refluxing at
00 ◦C for different durations i.e. 24 h, 70 h and 120 h.

The gel obtained was exposed to ultrasonics (Cole-Parmer-
8895-46 ultrasonic bath) for 20 min. The pH was kept in the range
f 1–2. Water was removed form the gel using rotary evaporator
nd ethanol was added to make 40 wt% TiO2 gel. The gel was  dried at
0 ◦C and annealed in air at 450 ◦C for 40 min  in Nabertherm Gmbh
17/HR-400V Muffle furnace. The heating rate was kept 1.8 ◦C per
inute.

.2. Thin films of titania for DSSC

TiO2 gel, PEG and acetyl acetone (3:3:1), ethanol absolute, and
lacial acetic acid were ball milled for 5 days. A few micron thick
lms over plain glass and transparent conducting oxide (TCO)
oated glass were deposited by doctor blading. The films were
nnealed in a muffle furnace at 450 ◦C for 40 min  at a heating rate
f about 1.8 ◦C per minute.

.3. Material characterization
The structural and morphological characterization of TiO2 pow-
ers and films was carried out using scanning electron microscope
SEM) (JEOL JSM6460) and transmission electron microscope (TEM)
Fig. 2. TEM image of sol gel reflux synthesized anatase with crystallite sizes around
6  nm.

(JEOL 2100). The phase and thermal analysis was done using
X-ray diffraction (Stoe D-64295 Darmstadt) and thermogravimet-
ric analysis/Differential thermal analysis (TGA/DTA, Perkin Elmer)
techniques. Surface area measurements of TiO2 films were made
using BET method.

3. Results and discussion

Reflux condensation with sol gel method seems to be an easy
low temperature procedure to obtain stable phase pure anatase
nanostructures with huge surface area. The method is adopted
from Ito et al. [17] till peptization. Afterwards instead of autoclave,
reflux condensation is applied and reported for the first time. As
we know, sol–gel processes involve metal alkoxides molecules
that undergo hydrolysis and subsequently react to condense
Fig. 3. SEM image of as prepared sample A (24 h refluxed).
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Fig. 4. SEM image of as prepared sample B (7
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obtained from Scherer equation is based on XRD peak with maxi-
Fig. 5. SEM image of as prepared sample C (120 h refluxed).

esulting product [22,23]. In this work the difference in durations
f refluxing at 100 ◦C has resulted in different morphologies of the
btained product. Both refluxing time and precursor modification
ave played their role in determining the product morphology. It

s speculated that the difference in the thermal energy provided

uring refluxing for the three kinds of samples has driven the
ydrolysis reactions between isopropyl and acetate groups at
ifferent rates to give the obtained morphologies. Besides, we have
btained the anatase phase only.

Fig. 6. Schematic for evolution of spherical mo
0 h refluxed) (a) at 400× (b) at 2700×.

The gel obtained after refluxing at 100 ◦C consisted of pure
anatase titania as revealed by XRD spectra of the samples A (24 h
refluxed), B (70 h refluxed) and C (120 h refluxed). XRD after anneal-
ing at 450 ◦C also represents anatase peaks (Fig. 1) i.e. there is
no phase change. Due to the inherent nature of sol gel process-
ing route, certain degree of organic residues maybe retained in the
powders. It is speculated, however, that the annealing treatment
results in burnout of the organic content. Although all major peaks
with intensities beyond a certain threshold are indexed to be due to
anatase phase, a significant level of background noise in the spec-
tra maybe attributed to the nanocrystalline nature of the powder.
From Scherer equation (t = 0.94 �/Bcos�, where t is crystallite size,
B is the peak width at half maximum and � being the diffraction
angle), the average crystallite size was  calculated to be <10 nm for
all refluxing times (Table 1).

The findings of crystallite size from XRD data analysis were
found to be in agreement with the size of crystallites observed dur-
ing high-resolution transmission electron microscopy (HR-TEM)
examination of the powder particles. A representative TEM micro-
graph of one of the samples is shown in Fig. 2 where the crystallites
in powder particles are revealed using lattice imaging. The crys-
tallites within individual particles can be noticed to be mainly
spherical in shape, as indicated by the dotted circles and marked
diameters in Fig. 2. The size, as estimated from crystallites seen
in the TEM image, is in the range of 5–10 nm.  Whereas the size
mum  intensity among all peaks present, HR-TEM micrograph offers
a visual examination of the crystallites and supports the results
produced from XRD studies.

rphology with increased refluxing time.
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Table  1
BET surface area and crystallite sizes (from XRD plots) of samples A–C.

Sr. no. Reflux time (h) Sample ID Crystallite size
(nm) before
annealing

Crystallite size
(nm) after
annealing

Surface area
(m2 g−1)

1 24 A 5.4 7.8 160
2 70  B 6.0 9.6 150
3  120 C 5.2 7.3 125
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Fig. 7. TG Analysis for (70 h refluxed) sample B.

Refluxing time and acetic acid modification of TTIP has a strong
nfluence on the morphology and distribution of the structures as
evealed by SEM micrographs. For 24 h refluxing rod like structures
Fig. 3) are grown which through a mixture of rod like and spher-
cal particles on refluxing for 70 h (Fig. 4a and b) have evolved to
pherical particles on 120 h refluxing (Fig. 5).

This can be explained by having an insight into the chemistry
f the process. We  know that sol gel synthesis involve hydrolysis
nd condensation of the precursor to form metal oxygen bonds
Ti–O–Ti) in the final product. Acetate modified TTIP gives rise
o dimers, trimers or chains of various lengths [22] by conden-
ation between acetate and isopropyl ligands making O bridges
etween two molecules. It is speculated that for short refluxing
imes, growth of rod-like structures occurred due to enhanced
rowth along longitudinal directions due to this reaction. Then dur-
ng longer refluxing times the other ligands also get hydrolysed
nd condensed. Rods break due to higher thermal energy provision
ausing the transition from rod-like to spherical particle morphol-
gy (Fig. 6).

Thermal stability of the anatase phase was checked up to 700 ◦C
y testing dried titania pastes in TGA/DTA using air medium. It
as observed that there is no phase change up to this tempera-

ure. Since all samples exhibited similar behaviour during TGA/DTA
tudies, the result from only sample B is presented here. The con-
inuous mass loss from room temperature to 400 ◦C is attributed
o the loss of added binder and additional water present as impu-
ity in the material (Fig. 7). The graphical form of the data indicates
hat at ∼550 ◦C, the net weight loss was approximately 65% which
s comparable to the initial loading of TiO2 in gel. Studies have
evealed that PEG pyrolysis and decomposition occurs at temper-
tures around 400 ◦C [24,25]. Since TGA/DTA is carried out under

ir, the decomposition of organic binder is believed to take place
t same temperatures during annealing as indicated by TGA. In this
egard, the conditions selected for our study are expected to ensure
lmost complete decomposition of PEG during annealing.

Fig. 8. SEM images of annealed thin films obtained from sol–reflux–gels A (a), B (b)
and C (c).
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Fig. 9. Schematic for morphology changes in film

Thin films produced after 5 days milling of titania gel with binder
PEG) and acetyl acetone were examined topographically using
ptical microscopy, SEM (before and after annealing) and AFM. The
lms were annealed at 450 ◦C, a temperature value chosen on the
asis of TGA data that indicated almost no change in mass beyond
hat (Fig. 7). Although the milling time can be further optimized,

 relatively high PEG content with respect to the TiO2 powder is
eneficial, as it not only acts as a binder for improved mechanical
tability and pore-forming agent [26], it also improves DSSC per-
ormance through formation of a high quality film with flat, even
urface and a higher degree of dye adsorption [27].

The surface morphologies of the thin films produced via paste
oating are presented in Fig. 8. A schematic representation of the
ffect of milling and the binder over morphology of the films A–C
s given in Fig. 9. These nanostructures obtained after annealing
ave interesting morphologies which retain the effect of varia-
ion in refluxing time. Film A resulted in mesoporous structures
onsisting of agglomerates with an average size of ∼500 nm.  As
vident in Fig. 8a, these spongy structures are well separated
nd have pores with typical diameter of the order of <50 nm.
rom B, nanostructures for whom the reflux time was  70 h, the
ixed rod like and spherical particle morphology of nanostruc-

ures led to a different film surface microstructure after action
f milling and annealing effects. As shown in Fig. 8b, the film
eveals nearly round agglomerates, 200 nm in size. Also, these
gglomerates can be seen to have smaller secondary particles
acked together. The average surface roughness of the film is
ignificantly less with reduced degree of porosity. Similarly the
lm produced from ‘C’ gel consists of well distributed nanosized
articles with high surface area and good porosity in the film
Fig. 8c) in effect of milling of the relatively larger spherical par-

icles. Annealing resulted in porosity due to removal of organic
ontent. Beside that, the nanoparticles seem to be interconnected to
llow proper conduction of the current, when used as photoanode
n DSSC.
 as synthesized samples in effect of ball milling.

In general, ball milling resulted in reducing the size of the struc-
tures besides acetyl acetone and binder PEG play their roles of
surface modification and binding respectively. The annealing has
generated nanoporosity in the film structures upon decomposition
of the binder PEG.

The surface area values using BET method were obtained for
the annealed paste powders, as listed in Table 1. The surface
areas can be predicted from Figs. 8 and 9 to be in the order of
A > B > C depending upon the morphology of the starting structures
and changes brought about by surface modification, size reduc-
tion during milling and annealing (binder removal and sintering
effects). This is consistent with the values obtained i.e. 160, 150
and 125 m2 g−1 for films A, B and C respectively. The mesoporosity
and high roughness of A films justifies relatively higher value than
B films which have a compact structure and poorer porosity. The
C films have least value among the three because of the annealing
effects which result in compaction of the nanoparticles. This range
of surface area values is highly desirable for the use of such powders
in DSSC.

4.  Conclusion

We  have reported a low temperature refluxing process for the
production of nanocrystalline phase pure titania with crystallite
size of less than 10 nm.  The refluxing time and precursor (TTIP)
modification (with acetic acid) controls the morphology of the
nanostructures and we can obtain rod like or spherical particles
or a mixture of both with change in refluxing time. Change in
thermal energy and degree of hydrolysis (of acetate groups) dur-
ing refluxing is considered to bring these structural changes. The
structural features of thin films obtained after milling of the nanos-

tructures in presence of acetyl acetone also depict the effect of
different refluxing durations. From rod like structures after 24 h
refluxing, mesoporous particles of around 500 nm have evolved.
And films obtained from nanostructures after 120 h refluxing
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onsist of spherical particles around 50 nm diameter. So refluxing
ime has a great influence on the morphology and consequently on
ther properties like surface area, porosity and roughness of the
natase nanostructures. The thin films obtained for 24 h and 120 h
efluxed samples have got nice properties in terms of surface area,
orphology and porosity characteristics. These thin films have a

otential to be used in photoanodes of DSSCs.
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