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ylene glycol on crystal growth and
photocatalytic activity of anatase TiO2 single
crystals

Yeshuo Dong *a and Fanjun Mengb

In order to evaluate the effect of polyethylene glycol (PEG) on the growth of TiO2 crystals, anatase TiO2

crystals with different morphologies and structures were synthesized by controlling the content and type

of PEG in a solvothermal system. Then, their morphology and structure were characterized by X-ray

diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and

transmission electron microscopy (TEM). Characterization results show that hydrofluoric acid can

promote the formation of high activity (001) facets. Experiments on the effect of PEG on crystal growth

show that the low molecular weight PEG (PEG400) can accelerate crystal differentiation and relieve the

agglomeration of crystals in the presence of hydrofluoric acid. Besides, according to the experimental

results, we found that PEG400 can reduce the agglomeration size and number of TiO2 polycrystalline

particles. Research on the photocatalytic activity proposed that the independence of single crystal and

the integrity of (001) facets are the critical factors in advanced oxidation reaction. The resultant anatase

TiO2 single crystals could produce more hydroxyl radicals (cOH) in the photocatalytic system, which

exhibited remarkable photocatalytic performance for the degradation of Acid Red B.
1. Introduction

As is known to all, anatase TiO2 has been widely used in envi-
ronmental pollution control, solar cells, H2-production, photo-
voltaic power generation and sensor design.1–5 However, the
application of anatase TiO2 in the above-mentioned elds oen
depends on the crystal structure,6,7 the activity of crystal plane
and the specic morphology.8–10 Therefore, the study on the
atomic structure and lattice properties of TiO2 crystal plane is
the key to improve the physical and chemical properties of the
material.11–14 Moreover, for the study of the synthesis process of
TiO2, the exposure of equilibrium and stable highly active
crystal facets is the key to determine the surface properties and
activity of the single crystal.15–17

Both theoretical and experimental studies found that the
(001) facets in equilibrium and stable states has a very high
photocatalytic activity.18–20 However, most anatase TiO2 crystals
are dominated by the thermodynamically stable (101) facets
(more than 94%, according to the Wulff construction21), rather
than the much more reactive (001) facets.22 This is because the
surface energy of the (001), (100) and (101) facets of anatase
TiO2 are 0.90 J m�2; 0.53 J m�2 and 0.44 J m�2, respectively. The
traditional synthesis process of anatase TiO2 always follows the
l Engineering, Qingdao University of
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f Chemistry 2020
principle of minimum energy, which makes the surface energy
of all crystal facets of anatase TiO2 always tends to be mini-
mized.23,24 In 2008, the anatase TiO2 single crystals were
synthesized with a large percentage (47%) of reactive (001)
facets using hydrouoric acid as a morphology controlling
agent.25 Then, on the basis of the above results, researchers at
home and abroad began to study anatase TiO2 single crystals
more extensively and deeply, and many single crystals with
different structures and morphologies were prepared.26–29 At the
same time, the research of crystal plane effect and charge
motion has also been carried out, and many research results
have been obtained.30,31 The results show that the (001) facets
and (101) facets of the excited state anatase TiO2 single crystal
have different electron density, and the photoelectrons tend to
move from (001) to (101) facets.32,33 As a result, a large number of
holes are produced on (001) facets, and a large number of
electrons are enriched on (101) facets. The study on the surface
energy of crystal shows that the surface energy of (001) facets is
twice as much as that of (101) facets, and the difference of
energy level leads to the crystal surface effect, which promotes
the movement of electric charge.21,34,35 Besides, some studies
have proposed the theory of surface heterojunction by calcu-
lating the energy level of the crystal plane band gap of single
crystals.36,37 All in all, the high activity of the single crystal
depends on the synergistic effect of the (001) and (101) facets.

However, during the synthesis of TiO2 single crystals, the
characteristics of crystal agglomeration have always been
a difficult problem for researchers.38,39 The aggregation effect
RSC Adv., 2020, 10, 12511–12518 | 12511
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seriously hinders the regular growth of the crystal facets and
destroys the energy level structure of the crystal plane, thus
affecting the overall catalytic activity.40,41 Therefore, in the
improved synthesis of single crystals, dispersants (such as
surfactant and alcohols) are oen added to increase the
dispersion and independence of the crystal.42,43 To sum up, it is
necessary to study the synthesis of anatase TiO2 single crystal
with independent characteristics.

Based on the above purposes, the polyethylene glycol (PEG)
was chosen as a dispersant in this work. And, anatase TiO2

crystals with different morphologies and structures were
synthesized under the action of hydrouoric acid and poly-
ethylene glycol. The effect of polyethylene glycol on crystal
growth was studied by characterization of microstructure and
morphology of TiO2 crystals. This study provides a reference for
the ne synthesis of anatase TiO2 single crystal. Moreover, in
order to evaluate the photocatalytic performance of the resul-
tant anatase TiO2 crystals, the photocatalytic oxidation proper-
ties for heterogeneous photocatalytic reaction were monitored
by terephthalic acid method and photocatalytic degradation of
Acid Red B.
2. Experimental methods
2.1 Synthesis and characterization of materials

The anatase TiO2 crystals with different morphologies were
synthesized through a solvothermal route. In this work,
hydrouoric acid and polyethylene glycol were used as the
crystal plane controlling agent and crystal dispersant, respec-
tively. Titanium tetrauoride (TiF4; Sigma-Aldrich) was dis-
solved in hydrochloric acid solution under vigorous stirring to
give a concentration of 0.01 mol L�1 with the pH value changed
to 1.5. TiF4 solution (0.01 mol L�1), hydrouoric acid (HF,
40 wt%) and polyethylene glycol (PEG) were added into a 100mL
Teon-lined stainless steel autoclave. The autoclave was kept at
150 �C for 6–12 h in an electric oven. Aer reaction, the anatase
TiO2 crystals were harvested by centrifugation, cleaning and
drying. The surface uorine of the samples were removed
through a heat treatment process at 500 �C for 90 min. Then,
the samples were cooled to room temperature for further
activity experiments and characterization.

The morphology and crystal structure of the as-synthesized
anatase TiO2 crystals were investigated by X-ray spectroscopy
(XRD, Bruker D8 Advance), scanning electron microscopy (SEM,
JEOLJSM6400F) and transmission electron microscopy (TEM,
JEM-2100, Japan). The N2-adsorption and desorption of the
samples were measured by specic surface area analyzer (F-Sorb
3400). Specic surface areas were calculated according to Bru-
nauer–Emmett–Teller (BET) equation. X-ray photoelectron
spectroscopy (XPS) measurements were done by a Kratos AXIS
Ultra DLD XPS system. All the binding energies were referenced
to the C 1s peak (285.0 eV) arising from adventitious carbon.
2.2 Photocatalytic oxidation properties measurement

2.2.1. Hydroxyl radicals (cOH) measurement. As we all
know, the hydroxyl radicals (cOH) has very high oxidation
12512 | RSC Adv., 2020, 10, 12511–12518
potential (2.80 eV) and strong oxidation ability.44,45 It can react
quickly with most organic pollutants and oxidize the harmful
substances to CO2, H2O or mineral salts without selectivity,
which is oen used in the treatment of refractory organic
wastewater. The photocatalytic oxidation properties for hetero-
geneous photocatalytic reaction of the resultant anatase TiO2

crystals were monitored by measuring the formation of active
hydroxyl radicals (cOH), which are considered as the most
important oxidative species in photocatalysis reactions. Ter-
ephthalic acid (TA) was used as a uorescence probe because it
can react with cOH in basic solution to generate 2-hydroxy ter-
ephthalic acid (TAOH), which emits the unique uorescence
signal with the spectrum peak around 426 nm (eqn (1)).

(1)

The resultant TiO2 photocatalyst samples were suspended in
50 mL of aqueous solution containing 0.05 mol L�1 NaOH and
5.0 mmol L�1 terephthalic acid. A 350 W UV-light lamp (illu-
mination intensity: 5260 mW cm�2) was employed to provide
a UV-light source. 5.0 mL of solution was taken out, and the
TiO2 was separated from the solution by a centrifugation
method. The remaining clear liquid was used for uorescence
spectrum measurements. The employed excitation light in
recording uorescence spectra is 320 nm.46

2.2.2. Photocatalytic degradation of Acid Red B. In this
work, we evaluated the photocatalytic oxidation properties of
the resultant TiO2 photocatalyst samples by photodegradation
experiments of Acid Red B (50 mg L�1, pH ¼ 3). A 350 W UV-
light lamp (illumination intensity: 5260 mW cm�2) was posi-
tioned within the central part of the photoreactor and cooling
water was circulated through a pyrex jacket surrounding the
photoreactor. An UV-vis absorption spectrophotometer (UV-
2500, Shimadzu, Japan) was used to determine the absor-
bance of oxidation products.
3. Results and discussion
3.1 Characterization

For the synthesis of anatase TiO2 single crystals, hydrouoric
acid was used as a crystal plane controlling agent. Hydrouoric
acid was believed to have dual roles here: to retard hydrolysis of
the titanium precursor and reduce surface energy to promote
the isotropic growth along the [010] and [100] axes.47,48 At the
beginning of this study, the effect of hydrouoric acid on crystal
plane was studied. As shown in Fig. 1a, a control experiment for
the synthesis of spherical TiO2 polycrystalline without HF was
carried out. It can be seen that only resembling spherical TiO2

polycrystalline particles were formed, and there is no complete
(001) facets (Fig. 1a2). In contrast, as shown in Fig. 1b1 and b2,
anatase TiO2 single crystals could be synthesized with hydro-
uoric acid as a crystal plane controlling agent. From the
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Microstructure and morphology of anatase TiO2 crystals. (a1), (a2) and (a3), SEM and TEM images of typical spherical TiO2 polycrystalline
particles (without HF). (b1), (b2) and (b3), SEM and TEM images of typical anatase TiO2 single crystals (with HF).
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symmetries of the well-faceted crystal structure of the single
crystals, the two at square surfaces are identied as (001)
facets while the other eight isosceles trapezoidal surfaces are
(101) facets.25 The corresponding TEM images was shown in
(Fig. 1a3) and (Fig. 1b3). As we all know, most anatase TiO2

crystals are dominated by the thermodynamically stable (101)
facets (more than 94%, according to the Wulff construction21),
rather than the much more reactive (001) facets.36 And the
surface energy of (001; 0.90 J m�2) is higher than that of (101;
0.44 J m�2). Therefore, according to the principle of minimum
energy of the crystal plane, the highly active (001) facets will
gradually disappear during the growth of the crystal. This
results in a large number of broken (001) facets on the surface of
spherical TiO2 polycrystalline particles. In view of this
phenomenon, we discussed a plausible mechanism to study the
reason of broken (001) facets. In an acidic environment, the
TiO2 surface is very easy to be hydroxylation under the hydro-
thermal conditions.49 On the crystal surfaces, Ti atoms exist in
three states: TiOH2+, TiO�, TiOH; as shown in the formula eqn
(2) and (3).

^Ti–OH2
+ / ^Ti–OH + H+ (2)

^Ti–OH / ^TiO� + H+ (3)

^Ti–OH + HF / ^Ti–F + H2O (4)

with the prolonging of reaction time, TiOH is replaced by Ti–F
through ligand exchange of hydroxyl (–OH) on the crystal
surfaces and F ions (eqn (4)). With the further being replaced of
surface hydroxyl groups, Ti atoms will eventually be dissolved in
This journal is © The Royal Society of Chemistry 2020
the system with the form of the complexes (TiF6
2�).50 This form

of TiF6
2� leads to the corrosion of the single crystal surface.

Because of the binding effect of the sub-layer Ti atoms on the
hydroxyl group, this substitution of Ti–F is easier to occur in
(001) facets.51 Therefore, it can be found that the (001) facets will
be easy to be broken.

To explore the effects of polyethylene glycol (PEG) on crystal
growth, a comparative experiment was designed. As shown in
Fig. 2a, in the absence of hydrouoric acid, PEG does not
promote crystal differentiation. In contrast, the high molecular
weight PEG (PEG4000) can interfere with the normal growth of
crystals and is not conducive to the synthesis of crystals
(Fig. 2a1). And, the low molecular weight PEG (PEG400) could
decreases the size of spherical TiO2 polycrystalline and
increases their dispersibility (Fig. 2a3). However, in the pres-
ence of hydrouoric acid, the low molecular weight PEG
(PEG400) could promote crystal differentiation and relieve the
agglomeration of crystals (Fig. 2b3). In the meantime, the
experimental results show that the PEG4000 was not conducive
to the crystal differentiation, and will lead to the formation of
agglomerated TiO2 single crystals (Fig. 2b1). This may be due to
the crystallization of the high molecular weight PEG. Moreover,
in order to further explore the effect of PEG on crystal growth,
a validation experiment was designed. The results of previous
experiments show that PEG400 has a good dispersibility,
therefore, in this experiment, we take PEG400 as the object of
study. As shown in Fig. 3, we identied two synthetic routes (R1
and R2) by regulating the addition of PEG400. Compared with
Fig. 3a1 and b1, the morphology and structure of TiO2 produced
by R1 and R2 were completely different aer 8 hours of reaction.
RSC Adv., 2020, 10, 12511–12518 | 12513

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01796e


Fig. 2 Microstructure and morphology of TiO2 crystals synthesized with different type of PEG. (a1)–(a3), SEM images of spherical TiO2 poly-
crystalline particles (without HF). (b1)–(b3), SEM images of anatase TiO2 single crystals (with HF).
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As show in Fig. 3a1, it can be clearly seen that the (001) facets
exposed square TiO2 single crystal with good dispersion appears
in the synthesis system. In contrast, the square TiO2 single
crystal with (001) facets exposed also appear in Fig. 3b1, but
Fig. 3 The morphology of anatase TiO2 single crystals synthesized wit
beginning of the reaction. (b1) and (b2) Add PEG400 after reaction 8 h.

12514 | RSC Adv., 2020, 10, 12511–12518
these crystals are agglomerates in appearance. The appearance
of this phenomenon lays a foundation for the formation of the
nal morphology of single crystal. As show in Fig. 3a2 and b2,
both the (101) facets and the interfacial angle (68.3�) are
h different reaction time: 8 h, 12 h. (a1) and (a2) Add PEG400 at the

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 XPS survey spectra of the as-synthesized anatase TiO2 single
crystals. (A) Anatase TiO2 single crystals. (B) Agglomerated TiO2 single
crystals.
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generated on this basis. In summary, the low molecular weight
PEG (PEG400) is believed to accelerate crystal differentiation
and relieve the agglomeration of crystals in the presence of
hydrouoric acid. And, the high molecular weight PEG
(PEG4000) is not benecial to crystal growth.

In this paper, the crystallographic structure of the resultant
TiO2 crystals have been conrmed by X-ray diffraction (XRD),
and the diffraction pattern in Fig. 4 clearly indicates that the
samples are anatase phase (JCPDS Card no. 21-1272).26 This
means that the crystal morphology does not affect the crystal
phase under certain reaction conditions. However, the diffrac-
tion peaks of anatase TiO2 single crystals were stronger and
narrower than those of the other two TiO2 crystals. It means that
the crystallinity of the anatase TiO2 single crystals were better
and higher than that of other samples. The XPS survey spectra
of the as-synthesized TiO2 samples were shown in Fig. 5. It can
be seen that both anatase TiO2 single crystals and agglomerated
TiO2 single crystals only contains Ti, O and C elements aer
uorine removed, with sharp photoelectron peaks appearing at
binding energies of 458 (Ti 2p), 531 (O 1s) and 285 eV (C 1s),
respectively.52 The C 1s peak is attributed to the adventitious
hydrocarbon from XPS instrument itself. Besides, according to
the synthesis mechanism of TiO2 single crystal, the Ti–F species
will be present on the surface of the crystal before deuori-
nated. So, a photoelectron peak at 684.0 eV (F 1s) will be found
in the survey spectrum of uorinated TiO2 single crystals.
However, as shown in Fig. 5, the uorine on the surfaces of the
crystals could can easily be removed by heating at 500 �C for
90 min, without changing their crystal structure and
morphology. The N2 adsorption–desorption isotherm and pore
size distribution of the TiO2 samples were shown in Fig. 6. The
adsorption isotherm of the anatase TiO2 single crystals belong
to IV and H3 hysteresis loop (IUPAC), suggesting narrow slit-
shaped pores that are generally associated with plate-like
particles, which agrees well with their plate-like morphology.53

And the existing narrow slit-shaped pores (or the generation of
Fig. 4 XRD patterns of the resultant TiO2 crystals samples.

This journal is © The Royal Society of Chemistry 2020
hysteresis loops) are from the aggregation of single crystals.
Additionally, it can be found that the pore diameter and pore
volume calculated with a BJH method was about 3.5 nm and
0.04 cm3 g�1, respectively. And the specic surface area of the
anatase TiO2 single crystals calculated with the Brunauer–
Emmett–Teller (BET) equation was 5.78 m2 g�1.
3.2 Photocatalytic oxidation properties measurement

For the hydroxyl radicals (cOH) measurement, the capability of
forming cOH of anatase TiO2 single crystals; agglomerated TiO2

single crystals and spherical TiO2 polycrystalline was examined
in this work. As shown in Fig. 7A, signicant uorescence
spectra associated with TAOH was generated. The anatase TiO2

single crystals with complete single crystal morphology and
(001) facets could generate more cOH with the stronger
RSC Adv., 2020, 10, 12511–12518 | 12515
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Fig. 6 N2 adsorption–desorption isotherm (inset) and pore size distribution of the TiO2 samples.
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oxidation ability. From the analysis of Fig. 7A and B, we nd that
the generation of hydroxyl radical on anatase TiO2 single crystal
is a short-time explosion. Aer 30 minutes of reaction, the yield
of hydroxyl radical basically reached the peak. The results
clearly demonstrate the exposure area of (001) facets is the key
to the generation of hydroxyl radical. Moreover, the normalized
concentration of cOH generated from anatase TiO2 single crys-
tals is higher than that of the other two TiO2 samples. It is also
proposed that the simultaneous exposure of the (001) and (101)
facets could facilitate charge separation due to the difference in
the energy levels of different crystal facets. Therefore, we can
infer that the anatase TiO2 single crystals has a complete crystal
structure (including (001) and (101) facets), which makes the
surface charge move more rapidly and promotes the separation
of photoelectron holes.

Owing to the result of hydroxyl radicals (cOH) measurement
the complete morphology of the anatase TiO2 single crystal with
Fig. 7 (A) Fluorescence spectra of 5 mmol L�1 terephthalic acid after d
activity with different photocatalyst. (X) Anatase TiO2 single crystals; (Y)

12516 | RSC Adv., 2020, 10, 12511–12518
(001) and (101) facets, the charge transport will be faster, and
this can help to promote the separation of photogenerated
electrons and holes, thereby greatly improving the photo-
catalytic activities.54 To conrm this, we performed photo-
catalytic degradation of Acid Red B as a probe reaction.

Fig. 8 shows the photocatalytic degradation efficiency of Acid
Red B (characteristic adsorption peak of Acid Red B at 515 nm).
In order to study the photocatalytic activity of TiO2 on Acid Red
B more scientically, we conducted a comparative experiment
without any TiO2 (Fig. 8B). The results show that the Acid Red B
could undergo photolysis under ultraviolet light, which leads to
decolorization. As shown in Fig. 8B (darkness reaction), the
removal rate of Acid Red B is proportional to the specic surface
area.55 This is mainly due to the larger specic surface area is
more conducive to the adsorption of dyes. However, Fig. 8B also
shows that the photocatalytic activity is inversely proportional
to the specic surface area during the photocatalytic reaction.
ifferent irradiation times. (B) Comparison on photocatalytic oxidation
agglomerated TiO2 single crystals; (Z) spherical TiO2 polycrystalline.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 (A) Acid Red B degradation versus irradiation time in the presence of anatase TiO2 single crystals. (B) Comparison on photocatalytic
oxidation activity with different photocatalyst. (C) The mechanism of photocatalytic oxidation Acid Red B on anatase TiO2 single crystals.
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The experimental results show that the effect of specic surface
area on photocatalytic activity is not decisive. On the contrary,
the complete crystal plane structure is the key to the high
activity of photocatalysis. Therefore, the anatase TiO2 single
crystals showed remarkably higher efficiencies in the photo-
catalytic degradation of Acid Red B than the other corre-
sponding TiO2 crystals. This is due to the existence of the (001)
and (101) facets can form an interface effect, which accelerates
the transfer rate of photoelectron holes on the crystal surface.
Furthermore, it is shown that the photoelectron of excited TiO2

tends to move from (001) to (101) facets, therefore, the accu-
mulation of photogenic holes on the (001) surface will lead to
strong oxidation. Signicantly, as shown in the SEM images of
the agglomerated TiO2 single crystals, because of the agglom-
eration, the exposure ratio of (001) and (101) facets is very low,
which severely limits the photocatalytic activity.
4. Conclusions

In this work, the effect mechanism of polyethylene glycol on
crystal growth was studied. For this purpose, anatase TiO2

crystals with different morphologies and structures were
synthesized. Characterization results show that anatase TiO2

single crystals with high activity (001) facets could be synthe-
sized by using hydrouoric acid as the crystal plane controlling
agent. Experiments on the effect of polyethylene glycol on
crystal growth show that the low molecular weight PEG
(PEG400) can accelerate crystal differentiation and relieve the
agglomeration of crystals in the presence of hydrouoric acid.
Besides, the PEG400 can also reduce the agglomeration size and
number of TiO2 polycrystalline particles. Research on the pho-
tocatalytic activity proposed that the independence of single
crystal and the integrity of (001) facets are the critical factors in
advanced oxidation reaction. The resultant anatase TiO2 single
crystals could produce more hydroxyl radicals (cOH) due to the
interface effect between (001) and (101) facets, which exhibited
remarkable photocatalytic performance for the degradation of
Acid Red B.
This journal is © The Royal Society of Chemistry 2020
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