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3D hierarchical golden wattle-like TiO2

microspheres: polar acetone-based solvothermal
synthesis and enhanced water purification
performance†

Xiang Sun, Shiping Xu, * Yuan Gao, Min Yue, Qinyan Yue and Baoyu Gao

3D hierarchical TiO2 microsphere structures self-assembled from 1D nanostructures have attracted consid-

erable research attention due to their unique microstructures and properties, and non-polar solvent-based

solvothermal methods have been proved to be effective techniques to synthesize such structures. How-

ever, to the best of our knowledge, no successful products have been reported based on polar solvents in

the available literature. Herein, for the first time, uniform and sophisticated golden wattle (Acacia

pycnantha)-like TiO2 microsphere structures, self-assembled from highly crystallized and radially grown 1D

rutile nanorods, were successfully synthesized via a template-free solvothermal reaction using only polar

acetone as the solvent in the presence of hydrochloric acid (HCl). The obtained samples showed good wa-

ter purification performance, even superior to Degussa P25, owing to their unique 1D nanorod building

block structure, fast electron transfer rate, excellent light harvesting capability and good crystallinity. In ad-

dition, a three-step growth mechanism of the golden wattle-like TiO2 microspheres was proposed based

on a time-dependent morphology and crystal form evolution process. The synthetic strategy for the

golden wattle-like TiO2 microspheres employed in this study provides new insights into the design of 3D

hierarchical TiO2 structures for practical environmental purification applications.

Nowadays, the global scarcity of clean water and serious water
pollution, especially that induced by refractory organics,
threaten life and even the existence of animals and human
beings. Photocatalysis, which can decompose almost all
organic pollutants into carbon dioxide and water under mild
conditions without producing secondary pollution, has
attracted considerable research attention around the world in
recent years.1–3 The semiconductor material TiO2 is considered
to be the most promising photocatalyst for pollutant removal
due to its high photocatalytic activity, non-toxicity,
photostability, low-cost and environment-friendly features,4–7

and has been widely studied in lithium-ion batteries (LIBs),
dye-sensitized solar cells (DSSCs), and gas sensors etc.5,8–11

However, the wide application of TiO2 in practical water pu-
rification is seriously limited by (1) the fast recombination of
photo-generated electrons and holes,12 (2) its low light utiliza-
tion efficiency,13,14 and (3) the inevitable agglomeration of the
nano-sized photocatalyst in solution and the difficulty in sepa-

rating the photocatalyst from the liquid phase.5 Many modifi-
cations of TiO2 have been attempted to tackle the above prob-
lems and positive results have been achieved, such as noble
metal loading to accelerate the photo-generated electron trans-
fer rate,15 non-metal element doping to extend the light re-
sponse range of TiO2,

15–18 and TiO2 fixation to prevent agglom-
eration and ease the recovery of nano-sized TiO2.

19,20 However,
most of the above approaches address only one or a maximum
of two of the three drawbacks of TiO2, and no method has been
reported that can resolve all three problems in one stroke.

Recently, micron-sized 3D hierarchical TiO2 nanostructures
self-assembled from 1D nanostructures have attracted the at-
tention of many researchers and have been widely applied in
DSSCs,21 photocatalysis22,23 and LIBs.24 Rui et al. prepared
TiO2 microspheres assembled from single crystalline rutile
TiO2 nanorods for DSSCs and achieved a remarkable power
conversion efficiency of 8.22%.25 Nguyen-Phan et al. success-
fully synthesized a sea urchin-like Ru-doped TiO2 hierarchical
architecture composed of rutile TiO2 nanorods and enhanced
the photocatalytic H2 production of TiO2 under visible light ir-
radiation.26 All of the outstanding performances of 3D hierar-
chical TiO2 structures can be ascribed to their special hierarchi-
cal structure,27 where the 1D nanostructure building blocks
can accelerate the electron transfer rate, resulting in reduced
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recombination of electron–hole pairs.28,29 Meanwhile, the hier-
archical structures enlarge the surface area and enhance the
light harvesting capability of TiO2.

30–32 In addition, the dimen-
sions of 3D hierarchical TiO2 structures are at the micro-scale;
therefore, this kind of TiO2 is less likely to aggregate in solu-
tion, and is easier to separate from the liquid phase and recy-
cle.4,33 Therefore, from the viewpoints of high activity and easy
recovery, 3D hierarchical TiO2 has great potential for applica-
tion in photocatalysis for practical water purification.

In the existing literature, the preparation of 3D hierarchi-
cal TiO2 structures self-assembled from 1D nanostructures
usually involves template materials and a hydrothermal
method.30,34 However, the samples obtained with use of tem-
plate materials usually have irregular shapes and poor crys-
tallinity without calcination,35 and the hydrolysis rate of the
titanium precursor in aqueous solution is very fast and diffi-
cult to control during the hydrothermal process.36,37

Recently, solvothermal methods using organic solvents in-
stead of aqueous solutions have been proved to be an effec-
tive approach to synthesize 3D hierarchical TiO2 self-
assembled from 1D nanostructures. For instance, Zhou et al.
successfully synthesized a 3D dandelion-like TiO2 nanostruc-
ture composed of rutile nanorods via a single-step
solvothermal reaction using non-polar solvents.38 Gao et al.
prepared flower-like TiO2 microspheres composed of rutile
nanorods via a solvothermal process based on benzene–water
interfaces.39 It has been reported that, using a solvothermal
approach, the hydrolysis rate of the titanium precursor can
be easily controlled33 and the obtained samples possess regu-
lar shapes.38 In addition, solvothermal approaches are much
cheaper than hydrothermal methods employing template ma-
terials.33 However, until now, to the best of our knowledge,
most of the methods for the successful synthesis of 3D hier-
archical TiO2 structures self-assembled from 1D nanostruc-
tures have been based on non-polar solvents, and there have
been no successful attempts to use only polar solvents.

In the available literature, acetone, a polar solvent, has
been successfully employed to synthesize some TiO2 sphere
structures, although not 3D hierarchical TiO2 microspheres
self-assembled from 1D nanostructures, via a solvothermal
method.35,40 For example, Liu et al. synthesized smooth ana-
tase TiO2 sphere structures using only acetone as the solvent
through a solvothermal approach.35 Meanwhile, Gao et al.
successfully prepared anatase TiO2 mesoporous microspheres
using an acetone–isopropanol mixture via a solvothermal
method.40 In addition, hydrochloric acid has been proved to
be an effective morphology control agent for TiO2.

21,41 There-
fore, although no successful 3D hierarchical TiO2 structures
self-assembled from 1D nanostructures have been reported
from acetone-based solvothermal reactions, based on existing
reports, it is reasonable to suppose that a solvothermal reac-
tion employing polar acetone as the solvent in the presence
of HCl would have great potential to produce sophisticated
3D ordered TiO2 microsphere structures.

Herein, golden wattle (Acacia pycnantha)-like 3D hierarchi-
cal TiO2 microsphere structures, self-assembled from 1D rutile

TiO2 nanorods with radial growth from the center to the edge
of the sphere, were successfully fabricated via a template-free
solvothermal method using only acetone as the organic solvent
and HCl as a morphology control reagent, and the growth
mechanism was investigated as well. In addition, in this paper,
the effect of HCl addition on the morphology and properties of
the final products was investigated, and the photocatalytic ac-
tivities of the synthesized samples were examined for phenol
degradation, along with Degussa P25 for comparison.

Experimental details
2.1 Synthesis

The golden wattle-like TiO2 microspheres were synthesized
via a solvothermal route with only acetone as the organic sol-
vent. In a typical synthesis, acetone (20 ml), titanium
n-butoxide (TBOT, 4 ml) and HCl (2 ml, 36 to 38 wt%) were
mixed under vigorous stirring at ambient temperature. After
stirring for 10 min, the mixture was transferred into a Teflon-
lined autoclave with a capacity of 50 ml, and then the auto-
clave was tightly closed and kept at 150 °C for 8 h, followed by
natural cooling to room temperature. Subsequently, the prod-
ucts were centrifuged and washed thoroughly with ethanol
and deionized (DI) water several times, followed by drying at
80 °C for 12 h and calcination at 400 °C for 1 h to obtained
the final product. The obtained sample was denoted as TiO2-
2-8 in the text, where 2 stands for the volume of HCl addition
(2 ml), and 8 represents the solvothermal reaction time (8 h).
To investigate the effect of HCl addition on the properties of
the final products, the volume of HCl was tuned from 0 ml to
6 ml, keeping all other experimental parameters and proce-
dures unchanged, and the samples obtained were labelled as
TiO2-X-8, where X is the volume of HCl added. Moreover, to
understand the growth mechanism of the golden wattle-like
TiO2 microspheres, the solvothermal reaction time was ad-
justed from 0.5 h to 8 h, with HCl addition kept at 2 ml, and
the samples obtained were named as TiO2-2-Y, where Y is the
solvothermal reaction time. All reagents used in this work
were of analytical grade and used without further purification.

2.2 Characterization

The phase and crystal structures of the obtained samples were
characterized by X-ray diffraction (XRD) using a Bruker D8 Ad-
vance spectrometer with a scanning speed of 0.03° s−1 over
the 2θ range of 10° to 80° using Cu Kα radiation (λ = 1.5418
Å), and an operation voltage and current of 40 kV and 40 mA,
respectively. The morphology of the samples was observed by
field emission scanning electron microscopy (FESEM, JEOL
JSM-6700F) and high resolution transmission electron micros-
copy (HRTEM, JEOL JEM-2100F). BET specific surface areas
were determined from N2 adsorption–desorption isotherms at
77 K recorded using an automated pore size and surface area
analyzer (JW-BK122W, Beijing JWGB). The diffuse reflectance
spectra (DRS) of the samples were measured using a UV-2550
UV-visible spectrophotometer (Shimadzu).
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2.3 Photocatalytic activity test

The photocatalytic activity of the synthesized samples was
tested for photocatalytic phenol degradation, along with
Degussa P25 for comparison. The test was carried out in a cy-
lindrical glass container exposed to air at room temperature
and pressure with a light source located in the center of the
container. The light source was a 14 W UV lamp (Shanghai JG
Special Lighting) with the wavelength centered at 365 nm. In
a typical photocatalytic reaction, a fixed mass of photocatalyst
(TiO2-X-8 or P25, with a dosage of 1.0 g L−1) was dispersed in
10 mg L−1 phenol solution and stirred continuously. Before ir-
radiation, the suspension was continuously agitated in the
dark for 60 min to allow phenol to reach adsorption equilib-
rium on the surface of the photocatalyst. After the UV light
was switched on, the samples were collected at the stated time
intervals and subsequently filtered through a 0.45 μm mem-
brane filter to remove the photocatalyst, and the residual phe-
nol concentration in the filtrate was determined using a UV-
2450 UV-visible spectrophotometer (Shimadzu) at its maxi-
mum absorption wavelength at 270 nm.

Results and discussion

Fig. 1 shows the morphology of the samples synthesized with
different volumes of HCl addition. It can be clearly seen that
HCl plays a very important role in controlling the morphol-
ogy of the final products. Without HCl addition, for the TiO2-
0-8 sample, uniform microspheres with smooth surfaces
could be clearly observed in Fig. 1a and b, and the average di-
ameter of the microspheres was around 6.0 μm.

It is very interesting that with the introduction of 2 ml of
HCl during the synthesis, the morphology of the obtained
TiO2-2-8, shown in Fig. 1c and d, differed from the smooth
microspheres of TiO2-0-8 and appeared as golden wattle-like
microsphere structures with diameters of around 2.5 to 3.0
μm. It can be found that the golden wattle-like TiO2-2-
8 microspheres were self-assembled through the radial
growth of elongated crystalline nanorods, with widths and
lengths of approximately 40–60 nm and 400–500 nm, respec-
tively. Meanwhile, the 1D nanorod building blocks separated
from each other from the core to the periphery of the spheres
without obvious squeezing. The insets in Fig. 1c are high
magnification images of the 1D nanorods of TiO2-2-8, which
clearly show that the nanorods can be depicted as a combina-
tion of quadrangular prism structures with half ellipsoid
caps. To the best of our knowledge, this interesting structure
of TiO2-2-8 has not been reported previously in the available
literature, where only acetone was employed as the solvent.
The growth mechanism of this structure will be systemati-
cally discussed later in this paper.

The architecture of the 1D nanorod building blocks of the
TiO2-2-8 spheres was further investigated by HRTEM. The
HRTEM image is shown in Fig. 1d, where two sets of lattice
fringes perpendicular to each other with lattice spacings of
0.29 nm and 0.32 nm can be clearly observed, which can be as-
cribed to the interplanar spacing of the (001) and (110) planes

of rutile TiO2, respectively,
21,31,41 confirming the single-crystal

nature of the rutile TiO2 nanorods in the TiO2-2-8 sample.
HRTEM observation of the TiO2-2-8 sample indicated that

the TiO2 nanorod building blocks grew along the [001] direc-
tion,7,21,33,38 parallel to the c-axis,33 and the main exposed
surfaces of the nanorods are {110} facets.34 These results are
consistent with previous research.7,21,32 It has been reported
that Cl− can preferentially adsorb onto the (110) planes of ru-
tile, and promote TiO2 nanorod growth along the [001] direc-
tion,42,43 resulting in the formation of 1D rutile TiO2 nano-
rods in this study. Moreover, it is well known that the growth
rate of crystals is related to the strength of chemical bonds.

Fig. 1 Morphology of the samples synthesized with different volumes
of HCl added: (a and b) FESEM images of TiO2-0-8; (c) FESEM image of
TiO2-2-8, inset: high magnification images of the 1D nanorods of TiO2-
2-8; (d) HRTEM image of the 1D nanorods of TiO2-2-8, inset: TEM
image of a typical TiO2-2-8 sphere; (e and f) FESEM images of TiO2-4-
8 and TiO2-6-8, insets: sectional images of TiO2-4-8 and TiO2-6-8,
respectively; (g) image of an actual golden wattle with rods radially
grown from the core to the edge.
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According to the periodic bond chain (PBC) theory, the stron-
gest chemical bonds usually lead to the fastest growth
rate,44,45 and the fastest growing plane tends to disappear in
the end compared to the others.21 Theoretical calculation
shows that for a rutile lattice, the surface energy is E (110) <
E (100) < E (101) < E (001).21,46,47 Therefore, consistent with
the PBC theory, the {001} planes gradually disappeared at the
periphery of the microspheres, and {110} facets were the
main exposed planes of the nanorods, resulting in an inter-
esting architecture of the 1D rutile nanorods consisting of a
combination of quadrangular prisms with half ellipsoid caps,
as observed in the FESEM images.

Different from the golden wattle-like microsphere structure
of TiO2-2-8, by further increasing the volume of HCl addition to
4 ml and 6 ml during synthesis, the morphologies of the as-
prepared samples (TiO2-4-8 and TiO2-6-8) presented tennis
ball-like microsphere structures consisting of densely packed
crystalline nanorods, and the aspect ratios of the 1D nanorod
building blocks increased sharply compared to the TiO2-2-
8 sample. In addition, the sizes of the TiO2-4-8 and TiO2-6-
8 microspheres were around 7.5 μm and 10 μm, respectively,
and weremuch larger than that of the TiO2-2-8 sample.

The morphology variations induced by an increase in the vol-
ume of HCl added during the solvothermal process were accom-
panied by a downward trend in the BET specific surface areas
of the samples, as shown in Table 1. This result is consistent
with previous research, where the BET specific surface area of
a series of 3D hierarchical rutile TiO2 architectures, synthesized
via an acid-hydrothermal method, decreased with an increase
in the HCl concentration employed during the synthesis.21

Besides the morphology, the crystallinity and UV-visible
absorption spectra of the synthesized samples also varied
considerably with an increase in the volume of HCl added
during the synthesis process.

The XRD patterns shown in Fig. 2 indicate that the sample
obtained without HCl addition (TiO2-0-8) was pure anatase
TiO2 (JCPDS No. 21-1272), which is consistent with the re-
sults reported by Liu et al.35 However, with the addition of
HCl, the diffraction peaks of the TiO2-2-8, TiO2-4-8 and TiO2-
6-8 samples could all be assigned to rutile phase TiO2 (JCPDS
No. 21-1276) with good crystallinity, particularly in the (110)
plane,25 which is in good agreement with the HRTEM image
shown in Fig. 1d. It has been reported that strongly acidic
conditions and the presence of Cl− ions in the solution are
favourable for rutile formation,43 and this was definitely
reconfirmed in this study. In addition, it can also be found
that the TiO2-2-8 sample possessed the best crystallinity com-
pared to the other three samples, as shown by it having the
sharpest and strongest XRD diffraction peaks.

Fig. 3 contains the UV-visible absorption spectra of all the
prepared samples, and it can be seen that compared to TiO2-
0-8, the samples synthesized with HCl addition (TiO2-2-8,
TiO2-4-8 and TiO2-6-8) showed an obvious red shift of the ab-
sorption threshold. Combined with the XRD analysis, the var-
iation of the absorption threshold of the samples can be as-
cribed to their different crystal phases: rutile vs. anatase. It is
well known that the band gap of rutile TiO2 is 3.0 eV, which
is narrower than the 3.2 eV band gap of anatase TiO2,

9 and
the band gap values of the four synthesized samples (TiO2-0-
8: 3.2 eV, TiO2-2-8/TiO2-4-8/TiO2-6-8: 3.0 eV) agreed well with
their corresponding crystal form, calculated by employing the
Kubelka–Munk function with the plot of (αhν)1/2 versus hν
shown in Fig. S1.† The red shift of the absorption threshold
for the samples with HCl addition could result in more light
absorption; from this point of view, it would enhance the
light-induced photocatalytic activity of the obtained products.

Based on the above results and analyses, the function of
HCl in the formation of TiO2 microspheres with various mor-
phologies and properties is illustrated in Fig. 4. When there
was no HCl addition, the obtained samples were smooth ana-
tase microspheres, which agreed well with previous studies;
Liu et al.35 and Wang et al.48 reported that acetone
underwent aldol condensation in the presence of a titanium
precursor, and the water molecules released during the con-
densation served as the oxygen source to generate TiO2 nano-
particles, which subsequently aggregated together to form an-
atase TiO2 microspheres because of van der Waals forces.35,48

Different from the smooth sphere structures obtained
with no HCl addition, hierarchically golden wattle-like or ten-
nis ball-like microspheres self-assembled from 1D rutile TiO2

nanorods were obtained when a certain amount of HCl was
added. It has been reported that a low pH and the presence
of Cl− ions favour the formation of rutile TiO2,

21,43 and the
selective adsorption of Cl− ions on the rutile (110) plane pro-
motes nanorods growth along the [001] direction;49 moreover,

Table 1 BET specific surface areas of the samples synthesized with dif-
ferent volumes of HCl added

Sample TiO2-0-8 TiO2-2-8 TiO2-4-8 TiO2-6-8

BET specific surface area
(m2 g−1)

134.6 42.8 34.6 30.9

Fig. 2 XRD patterns of the obtained samples prepared with different
volumes of HCl added: (a) TiO2-0-8, (b) TiO2-2-8, (c) TiO2-4-8, and (d)
TiO2-6-8.
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the presence of 42 screw axes along the crystallographic c-axis
within rutile TiO2 is also believed to be a guiding force for
the formation of 1D rutile nanorods.38,50,51 Therefore, 1D ru-
tile TiO2 nanorod building blocks were formed when HCl was
present in the reaction solution during the solvothermal pro-
cess, and the formed nanorods subsequently self-assembled
together to form golden wattle-like or tennis ball-like micro-
sphere structures to reduce the total free energy.38

It is worth noting that, depending on the amount of HCl
addition, the self-assembly patterns of the 1D rutile nanorods
were different. With a suitable amount of HCl addition, hier-
archical golden wattle-like microsphere structures could be
obtained; however, when too much HCl was added, the gen-
erated 1D nanorods were densely packed together to form
tennis ball-like microspheres. It has been reported that less
nanocrystalline nuclei are formed when the solution pH is
lower;41,52 therefore, a smaller number of microspheres
would be generated when more HCl was present in the reac-
tion solution, which was confirmed in this study by the in-

crease in the size of the produced microspheres when more
HCl was added, as illustrated in Fig. 4. In addition, as ob-
served from the FESEM images shown in Fig. 1e and f, the
lower number and larger size of the produced microspheres
resulted in the generation of 1D nanorods with a bigger as-
pect ratio and a higher surface energy. To obtain a stable
product, different from the loosely packed golden wattle-like
microspheres, the more slender nanorod building blocks
generated with more HCl added had to pack together more
tightly to form a tennis ball-like product to reduce the total
free energy of the system.38 Meanwhile, the dense packing of
the 1D nanorod building blocks brought about a decline in
many aspects of the final products, such as their BET specific
surface area, light harvesting capability and carrier transpor-
tation properties. Therefore, the amount of HCl added during
the solvothermal process is crucial for the properties of the fi-
nal products, in terms of both their physical–chemical char-
acteristics and their photocatalytic behaviour.

Phenol is appreciably soluble in water and toxic to living
organisms. Furthermore it is very difficult to degrade. There-
fore, in this paper, phenol was selected as the probe to evalu-
ate the photocatalytic activity of the products synthesized
with different amounts of HCl addition during the
solvothermal reaction, along with Degussa P25 for compari-
son, and the results are shown in Fig. 5. It can be clearly seen
that the photocatalytic activity of TiO2-2-8 was superior to
that of the other samples synthesized with different volumes
of HCl addition, and was even better than that of P25, which
possesses great photocatalytic activity owing to its unique an-
atase–rutile mixed crystal phase,33 excellent nanoscale
dispersibility and relatively large specific surface area.

It is well accepted that the high photocatalytic activity of
TiO2 is related to its low electron–hole recombination rate,
mature crystallinity and large specific surface area.53,54 In
this study, the relatively good photocatalytic performance of
TiO2-2-8 can be attributed to the combined effects of the fol-
lowing factors: firstly, the loosely packed 1D nanorod build-
ing blocks could reduce the recombination of photo-
generated electron–hole pairs, since it has been reported that
1D nanorods can offer pathways for electrons and accelerate
their transportation,28,29 and the smooth surfaces and high
crystallinity of the 1D nanorods can suppress electron trap-
ping at surface defects;55 secondly, the golden wattle-like 3D
hierarchical structure could enhance the light harvesting ca-
pability of TiO2-2-8 owing to the more efficient penetration,
reflection and scattering of UV light within the whole 3D
space of the microspheres;5,30 thirdly, the larger BET specific
surface area of TiO2-2-8 compared to TiO2-4-8 and TiO2-6-
8 could provide more active adsorption sites, which is also
beneficial for phenol degradation.8,56

In addition, the dimensions of the TiO2-2-8 sample were at
the micron scale, so the sample was less likely to aggregate in
solution and could be easily recovered by gravity sedimenta-
tion or membrane filtration without causing serious mem-
brane fouling after pollutant removal. A set of detailed experi-
ments to confirm this, along with a reusability study of TiO2-

Fig. 4 Schematic illustration of the sphere structures synthesized with
various amounts of HCl addition during the solvothermal reaction.

Fig. 3 UV-visible absorption spectra of the samples synthesized with
different volumes of HCl added.
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2-8, is currently being performed by our group, and will be
reported later. Considering its good photocatalytic activity
with the advantages of easy recovery and reusability, TiO2-2-
8 possesses good potential for practical water purification.

In order to better understand the growth mechanism of
the golden wattle-like TiO2-2-8 microspheres, which showed
the best photocatalytic activity, time-dependent experiments
were carried out, and the obtained products at different
growth stages were investigated by FESEM and XRD, with the
results shown in Fig. 6 and 7.

It can be clearly seen that at the early stage (0.5 h), particles
with irregular shapes were dominant in the product, along with
some short nanorods with small aspect ratios, designated by
the red square shown in Fig. 6a. When the solvothermal reac-
tion time increased to 1 h, for the TiO2-2-1 sample (Fig. 6b), dis-
tinct nanorod structures with lengths of around 500 nm could
be readily observed, but they were still surrounded by many ir-
regular particles. As the reaction time was extended to 2 h and
4 h, with the corresponding images shown in Fig. 6c and d,
microsphere structures composed of 1D nanorod building
blocks appeared, and became more mature, with fewer aggre-
gated particles remaining on their surfaces. When the
solvothermal reaction was prolonged to 8 h, no obvious parti-
cles and only golden wattle-like microsphere structures could
be observed in the product. Therefore, it is reasonable to sup-
pose that, during the 8 h solvothermal reaction, the morphol-
ogy of the products in the system varies with time continu-
ously, from irregularly aggregated particles to the final
microsphere structures self-assembled from 1D nanorods.

From the XRD results of the time-dependent experiments
shown in Fig. 7, it can be found that, in the early stages of
the synthesis, when the solvothermal reaction time was less
than 8 h, the crystallinities of the obtained samples were not
mature, and both anatase and rutile TiO2 could be found in
their XRD patterns. With the extension of the solvothermal
reaction time, finally to 8 h, the crystallinities of the products
became more mature, and transformed from an anatase–ru-

tile mixture to pure rutile TiO2 in the TiO2-2-8 sample, along
with the morphology changes.

It has been reported that, without HCl addition, acetone
can react with a titanium precursor to form anatase TiO2

Fig. 6 FESEM images of the morphology evolution of TiO2-2-Y
synthesized with different reaction times: (a) 0.5 h, (b) 1 h, (c) 2 h, (d) 4
h, and (e) 8 h.

Fig. 7 XRD patterns of the crystal form evolution of TiO2-2-Y
prepared with different reaction times: (a) 0.5 h, (b) 1 h, (c) 2 h, (d) 4 h,
and (e) 8 h.

Fig. 5 Photocatalytic degradation of phenol by the different
photocatalysts under UV light irradiation.
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particles.35,48 However, in this study, by combining FESEM
observations with XRD analysis, it can be inferred that, dur-
ing a prolonged solvothermal reaction, the TiO2 particles
composed of an anatase–rutile mixture that formed at the
early stage of the reaction would dissolve and recrystallize to
form pure rutile nanorods, owing to the strong acidic condi-
tions and presence of Cl− ions.21,43 Moreover, to reduce the
free energy, the formed rutile nanorods further self-
assembled together and finally formed the golden wattle-like
sphere structures. Therefore, a possible mechanism for the
generation of the golden wattle-like microspheres could be
described as follows: (i) fast nucleation and nuclei growth;
(ii) nanoparticle dissolution and recrystallization; (iii) nano-
rod growth and self-assembly.

Conclusion

In summary, golden wattle-like 3D hierarchical TiO2 micro-
spheres self-assembled from radially grown 1D rutile nano-
rods were successfully synthesized via a template-free
solvothermal method by using only polar acetone as the sol-
vent and hydrochloric acid as a morphology control agent.
The obtained golden wattle-like TiO2 microspheres possessed
superior phenol removal capability, even compared to
Degussa P25, owing to their elaborate 3D hierarchical struc-
ture, unique 1D nanorod building blocks and excellent light
harvesting capability. The growth mechanism of the golden
wattle-like TiO2 microspheres was supposed to be a three-step
process: (i) fast nucleation and nuclei growth; (ii) nanoparticle
dissolution and recrystallization; (iii) nanorod growth and self-
assembly. In addition, the amount of HCl added during the
solvothermal reaction played an important role in adjusting
the morphology and properties of the final products, such as
their crystal form, BET specific surface area and light
harvesting capability. With no or an excess amount of HCl addi-
tion, smooth anatase microspheres or rutile tennis ball-like
microsphere structures could be obtained instead of the golden
wattle-like microsphere structures. Considering their good pol-
lutant removal capability, in addition to their easy recovery and
good reusability compared to other nanosized photocatalysts,
the golden wattle-like 3D hierarchical TiO2 microspheres pos-
sess great potential for practical water purification applications.
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