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Gelation-induced controlled synthesis of TiO2 with tunable phase 
transition for efficient photocatalytic hydrogen evolution
Wenwei Lei,*a Ying Wang,a  Hongji Wang,a Norihiro Suzuki,b  Chiaki Terashima*c and 

Akira Fujishima c，d

Methods for the precise tailoring of heterophase junctions and the micro/nanostructure of high-crystallinity TiO2 are 
indispensable for the synthesis of TiO2-based photocatalytic materials with high activity exposure, accessibility, and stability. 
However, current strategies suffer from an inability to control phase composition, a need for special equipment, and 
complexity of precursor composition. Here, a facile gelation-induced phase transition strategy is demonstrated to synthesize 
TiO2 with precisely tunable anatase and rutile phases by controlling the coordination mode of Ti4+ during gelation. The 
synthesized chestnut-shell A76/R24-TiO2 has a phase composition similar to that of commercial P25 as well as a highly 
crystalline anatase/rutile phase, an interfacial heterogeneous structure and abundant surface oxygen vacancies. The 
synergistic effect of the heterogeneous structure junction and surface oxygen vacancies contributes to the charge separation 
efficiency and photocatalytic activity, endowing it with excellent photocatalytic hydrogen production activity, with or 
without the addition of a co-catalyst. Overall, this approach provides new insights and inspiration to explore the precise 
regulation of the phase composition of materials.

Introduction
With the ever-increasing expansion of human society and the 
explosive growth of industry, the consumption of fossil fuels as 
a main energy source is rapidly increasing.1,2 As a result, 
environmental pollution and a need for renewable energy 
resources have become two of the most important issues facing 
the world today.3,4 Accordingly, the development of new 
environmentally friendly, safe, clean, and sustainable energy 
sources has become an extremely urgent challenge.5-7 
Semiconductor photocatalysis is considered a promising 
strategy by which we can simultaneously mitigate the energy 
crisis and environmental pollution.8-11 Since the first discovery 
of photocatalytic water splitting in 1972, TiO2 has become 
recognized as one of the most promising photocatalysts owing 
to its chemical stability, non-toxicity, abundance, and low cost. 
12-14 Since then, researchers have developed various methods, 
such as hydrothermal,15,16 sol-gel,17,18 precipitation,19-21 and 
chemical vapor deposition,22-24 for the preparation of novel and 
efficient TiO2 photocatalysts. Nevertheless, despite many 
important developments, commercial P25, which must be 
prepared using complex and dedicated equipment via steam-
fed flame aerosol methodology, remains the industry standard. 

Therefore, the facile synthesis of TiO2 that exhibits high 
photocatalytic activity remains a significant challenge.

TiO2 in natural minerals comprises a variety of crystal 
structures, such as anatase, rutile, and brookite.25,26 It has been 
demonstrated that anatase has very good photocatalytic 
properties.27,28 However, the wide band gap of anatase limits its 
absorption of visible light in photocatalysis, and the rapid 
recombination of photogenerated electron-hole pairs reduce its 
photocatalytic efficiency. This has promoted research into the 
modification of photocatalyst materials based on TiO2. The 
phase heterojunction formed by the coupling of anatase and 
rutile particles promotes the transfer of photoexcited electrons 
at the anatase-rutile interface, enhancing charge separation 
and thus photocatalytic performance.29-31 It is well known that 
the excellent photocatalytic performance of commercial P25 
originates from the partial heterojunction between its anatase 
and rutile phases. However, current strategies for the 
development of this material are limited by difficultly in 
controlling the phase components, the requirement of special 
equipment, and the complexity of preparing precursor 
components.32-34 Accordingly, a methodology for precisely 
adjusting the anatase-rutile ratios and micro-/nano-structures 
of TiO2 is required. This is critical for the synthesis of 
photocatalytic TiO2 materials with high activity exposure, high 
accessibility, and stability.

Herein, for the first time, a gelation-induced phase transition 
strategy is demonstrated for the synthesis of TiO2 with precisely 
tuneable anatase and rutile phases, which is achieved by 
controlling the gelation process. Titanium tetrachloride (TiCl4) is 
used as a precursor, regulating the gelation and coordination 
mode of Ti4+ by forming coordination complexes with the 
hydroxyl groups on the polyvinyl alcohol (PVA) chains as cross-
linking sites, thus achieving regulation of the TiO2 phase state. 
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The resultant Ax/Ry- TiO2, which has an adjustable anatase and 
rutile phase ratio (Ax and Ry represent the percentages of 
anatase and rutile phases, respectively), can be prepared by 
varying the concentration of TiCl4. Interestingly, TiO2 with a 
chestnut-shell-like micro-/nano-structure and an anatase-to-
rutile phase ratio of 76:24 (A76/R24-TiO2), which is similar to that 
of commercial P25, can be easily synthesized. Furthermore, 
A76/R24-TiO2 has a more highly crystalline anatase/rutile phase, 
an interfacial heterogeneous structure, and more abundant 
surface oxygen vacancies than commercial P25. Therefore, the 
chestnut-shell-like A76/R24-TiO2 shows excellent photocatalytic 
performance with a hydrogen evolution rate of 0.563 mmol h-1 
using Pt as co-catalyst and of 68.19 mol h-1 without a co-
catalyst (based on 30 mg catalyst). 

Experimental
The synthesis of AxRy-TiO2

First, PVA is dissolved in N-methylpyrrolidone (NMP) solution 
with the assistance of heating to 110 °C to form a homogeneous 
solution. After that, TiCl4 solution with different content (1.8 
mmol, 2.7 mmol, 3.6 mmol, 4.5 mmol, and 5.4 mmol) was 
added quickly to the formed homogeneous PVA-NMP solution. 
The reaction mixture system was maintained at 110 °C for 3 
hours. After that the above mixture system was hydrothermally 
treated at 180 °C for 24 h to fix the coordination mode of 
titanium ions and thus form TiO2 with different crystalline 
phases. Finally, the Ax/Ry-TiO2 nanoparticles could be obtained 
after the removal of soft polymer PVA by calcination in air at 
500 °C for 3 hours. The chestnut shell-like A76/R24-TiO2 could be 
synthesized by added 3.6 mmol of TiCl4.
Photocatalytic hydrogen production
The photocatalytic activity of the catalyst was assessed by the 
production of hydrogen in aqueous methanol (20 vol%) and 
aqueous solutions under a solar simulator AM1.5(XENONLAMP 
POWER SUPPLY, MODDEL YSS-100A) with 1wt% Pt as the co-
catalyst and without any of co-catalysts. Photocatalysts loaded 
with Pt was obtained by photo-deposition method using H2PtCl6 
solution. A typical test is as follows: 30 mg of catalyst were 
dispersed by sonication (20 min) into 50 mL of aqueous 
methanol (20 vol%). The mixture was then poured into a 300 mL 
photoreaction cell that was covered with a quartz window, and 
bubbled with N2 gas for 20 min to remove oxygen. During the 
photocatalysis, the suspension was continuously stirred to 
ensure uniform irradiation. 1 mL of gas was sampled from the 
reaction cell every hour after the start of the reaction, and 
injected into a gas chromatograph that was equipped with a 
thermal conductivity detector (GC-2014, Shimadzu, Japan) to 
quantify the gas composition. 

Results and discussion
Chestnut-shell-like Ax/Ry-TiO2 was synthesized via a gelation-

induced phase transition strategy (Fig. 1A). In this approach, the 
TiCl4 acts as a precursor and cross-linking agent, modulating 
coordination by regulating the gelation of PVA, which, in turn, 

ultimately plays the role of regulating the TiO2 phase. First, PVA 
is dissolved in N-methylpyrrolidone (NMP) with heating at 110 
°C to form a homogeneous solution. Then, the TiCl4 solution is 
rapidly added to this solution, leading to a gradual transition 
from the original solution state to a phase-separation state and 
finally to a homogeneous gel state. The subsequently formed 
gel was solvothermally treated at 180 °C for 24 h to stabilize the 
coordination mode of the titanium ions and thus form TiO2 with 
different crystalline phases. Finally, Ax/Ry-TiO2 nanoparticles 
were obtained after the removal of the soft polymer PVA by 
calcination in air. 

Fig.1 Synthesis and morphological/structural characteristics of AxRy-
TiO2. (A) Schematic of the synthesis of AxRy-TiO2 by a facile self-
assembly strategy of gelation-induced controlled phase transition. 
Low (B) and high (C) magnification SEM images; TEM (D) and HRTEM 
(E) images; and SAED patterns (F) of A76R24-TiO2 prepared with 3.6 
mmol TiCl4, indicating the formation of anatase–rutile 
heterojunction TiO2 nanoparticles. HAADF-STEM (G) and EDX 
elemental mapping images (H, I) of A76R24-TiO2.

The scanning electron microscopy (SEM) image of A76/R24-
TiO2 shows a spherical configuration with a particle diameter of 
~500 nm (Fig. 1B). The spheres are composed of many 
homogeneous nanorods forming a chestnut-shell-like surface 
morphology with a large surface area. The magnified SEM 
images (Fig. 1C) confirm that uniformly dispersed nanorods 
(∼10 nm diameter) form nanospheres. The transmission 
electron microscopy (TEM) images (Fig. 1D) of A76/R24-TiO2 
confirm the presence of spherical nanoparticles composed of 
numerous nanorods. The high-resolution TEM (HRTEM) images 
(Fig. 1E) show highly crystalline (101) and (110) crystal planes 
representing the anatase and rutile phases of TiO2, respectively, 
and these are interconnected to form a Z-scheme anatase and 
rutile heterostructure photocatalyst. As shown in Fig. 1F, the 
selected area electron diffraction (SAED) pattern shows two 
series of well-defined diffraction patterns attributed to 
polycrystalline anatase and rutile, respectively, further 
indicating the formation of anatase-rutile heterojunctions. In 
addition, the high-angle annular dark field scanning TEM 
(HAADF-STEM) images and corresponding EDS elemental 
mapping images demonstrate that Ti and O elements are 
homogeneously distributed within the nanospheres, as shown 
in Figs. 1G-I. 
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The gelation-induced phase-transition strategy can be used 
for the structural regulation of TiO2, including adjustment of its 
anatase/rutile ratio and morphology, by changing the synthesis 
conditions. Fig. 2A shows a photograph of the PVA gelation 
process observed with the addition of different amounts of 
TiCl4. Photograph Fig. 2A (a0) shows the initial clear PVA-NMP 
solution, and (a-e) shows the solutions after adding 1.8, 2.7, 3.6, 
4.5, and 5.4 mmol of TiCl4, respectively. It can be seen that when 
a small amount of TiCl4 is added, the polymer undergoes a 
desolvation process due to the strong ionization effect of TiCl4. 
Thus, the hydrogen bonds between NMP and PVA are broken 
and PVA gradually starts to phase separate and precipitate out, 
as shown in Fig. 2A (a and b). When the amount of TiCl4 is 
increased to 3.6 mmol, the excess TiCl4 forms a coordination 
complex with the hydroxyl groups of PVA as a cross-linker, 
allowing the PVA to form a homogeneous gel (Fig. 2A-c). For the 
addition of TiCl4 in amounts greater than 3.6 mmol, the PVA 
solutions all exhibit a well-gelled state (Fig. 2A (d and e)). Finally, 
ligand cross-linking was stabilized by the solvothermal method, 
after which TiO2 is obtained in a controlled-phase-state by high-
temperature calcination. 

Fig. 2 Gelation-induced controlled TiO2 phase regulation. (A) Optical 
photographs showing the gelation states of samples after the 
addition of different amount of TiCl4. XRD patterns (B) and Raman 
spectra (C) of AxRy-TiO2, indicating that the phase composition can be 
controllably adjusted by changing the concentration of TiCl4. (a0) 0, 
(a) 1.8 mmol, (b) 2.7 mmol, (c) 3.6 mmol, (d) 4.5 mmol, (e) 5.4 mmol.

The crystal phases and compositions of the prepared TiO2 
were confirmed by wide-angle X-ray diffraction (WXRD) 
analysis. TiCl4 can be directly used to regulate the synthesis of 
biphasic anatase/rutile TiO2 (Ax/Ry), which can be verified from 
the anatase (JCPDS No. 21-1272) and rutile (JCPDS No. 21-1276) 
phase indexes, respectively. As shown in Fig. 2B, the 
characteristic diffraction peaks at 25.354°, 36.883°, 37.784°, 
38.506°, 48.076°, 53.921°, 55.114°, and 62.726° of the anatase 
phase in the synthesized TiO2, corresponding to the (101), (103), 
(004), (112), (200), (105), (211), and (213) crystal planes, 
gradually weaken with the amount of TiCl4 added, while the 
characteristic diffraction peaks at 27.506°, 36.042°, and 41.186° 
of the rutile phase, corresponding to the (110), (101), and (111) 

crystal planes, gradually strengthen. When 1.8 mmol TiCl4 is 
added, 100% anatase TiO2 is obtained; however, when the 
addition amount is 3.6 mmol, the anatase-to-rutile ratio is 
76:24, which is almost identical to the phase composition of 
commercial P25. When the addition amount is 5.4 mmol or 
more, almost-pure rutile-phase TiO2 is produced. This 
demonstrates a gradual increase in the of rutile-to-anatase ratio 
from 0% to 100% with increasing TiCl4 addition. The specific 
values can be calculated from the XRD pattern using Spurr and 
Myers' formula.35 The phase components of AxRy-TiO2 are 
summarized in Table 1. 

Raman spectroscopy was used to analyse the crystalline 
phase composition of all the samples. As shown in Fig. 2C, the 
peaks at 151, 398, 515, and 638 cm-1 represent the vibrational 
modes of the anatase phase (marked with red dashed lines),36 
and the three peaks at 232, 442, and 609 cm-1 are assigned to 
the characteristic vibrations of the rutile phase (marked with 
blue dashed lines).37 With increasing TiCl4 addition, 
characteristic rutile-phase peaks emerge. Fig. 2C (b-d) clearly 
demonstrate the appearance of the rutile phase, as evidenced 
by the characteristic rutile Raman shifts at 230 and 449 cm-1. 
Eventually, only the characteristic rutile Raman peaks can be 
seen (Fig. 2C-e), indicating that almost pure rutile TiO2 can be 
obtained by this method of regulation. The above results are in 
full agreement with the XRD data, which prove that TiO2 with 
different phase compositions can be controllably prepared by 
regulating the amount of TiCl4. With changing TiO2 phase 
composition, the morphological structure gradually changes 
from short spike-like clusters to spherical chestnut-shell-like 
structures, and finally to nanosheet structures (Fig. S1). N2 
adsorption-desorption experiments were performed to 
determine the pore volume, pore diameter, and surface area of 
all the samples, and the resultant data are summarized in Table 
1.

The crystal structure of TiO2 is known to constitute different 
arrangements of octahedra [TiO6] and lattice distortions, which 
originate from the dehydration of octahedral charged 
complexes [Ti(OH)nCl6-n]2- formed by partial hydrolysis of Ti4+ 
with -OH and Cl- in solution.38-40 Thus, complex formation and 
dehydration are the key factors in determining the TiO2 crystal 
structure. In this study, the formation of hydrogen bonds 
between NMP molecules and the hydroxyl groups on the PVA 
chains allowed them to form a homogeneous solution in the 
initial state, and when TiCl4 was added, its strong ionization 
effect disrupted this hydrogen bonding, allowing the Ti4+ to 
gradually coordinate with the hydroxyl groups and form 
coordination complexes [Ti(OH)nCl6-n]2-. 

At low concentrations of TiCl4(Fig. 3A), Ti4+ can form 
complexes with more -OH, which leads to a greater tendency to 
form edge-sharing octahedral complexes by a two-dehydration 
reaction, resulting in easier formation of anatase phases. In this 
state, the polymer undergoes a desolvation process and gradual 
phase separation in solution, leading to the precipitation of PVA 
chains. Conversely, at higher concentrations of TiCl4 (Fig. 3B), 
the abundance of Cl- results in fewer -OH groups being available 
for the formation of octahedral complexes. Therefore, the 
formation of corner-shared octahedral complexes through 
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dehydration leads to the formation of the rutile phase. Such 
abundant complex cross-linking sites allow the PVA gelation 
process to form a well-defined three-dimensional network 
structure. However, at low concentrations of TiCl4, the 
abundance of -OH groups allow the octahedral coordination 
complexes to form symmetrical geometries, resulting in less 
lattice distortion and easy formation of the anatase phase. At 
high concentration, the coordination mode is diverse and the 
formation of octahedral complexes results in poor symmetry, 
which aggravates the lattice distortion and produces the rutile 
phase. This suggests that the process of gelation dictates the 
mode of formation and the distortion of octahedral ligands, 
which in turn regulates the crystalline phase structure of TiO2.

Fig. 3 Schematic diagram of the cross-linking mode and dehydration 
between Ti(OH)nCl6-n]2- complexes and the nucleation process of 
TiO2.

Table 1. Structural and physical properties of photocatalysts prepared under different conditions.
  
Samples

TiCl4 content 
(mmol)

Surface areaa

(m2 g-1)
Pore volumeb

(cm g-1)
Pore diameter 
(nm)

Compositionc

a
b
c
d
e
P25

 1.8 
 2.7 
 3.6
 4.5 
 5.4 
 --

29.98
34.35
45.77
45.75
35.95
43.2

0.13
0.11
0.21
0.22
0.13
0.24

2.43
6.18
13.82
9.23
4.74
2.43

Anatase
A: R = 92:8
A: R = 76:24
A: R = 44:56
A: R = 7:93
A: R = 77:23

[a] BET specific surface areas calculated using nitrogen adsorption–desorption isotherms. [b] Pore volumes estimated based on 
the volume adsorbed at P/P0 = 0.99. [c] Ratio of anatase(A)/rutile(R) estimated from XRD patterns.

Fig. 4 Physicochemical properties of P25 (a) and synthesized 
chestnut-shell-like A76/R24-TiO2 (b). (A) XRD patterns. (B) Raman 
spectra. (C) UV–Vis diffuse reflectance spectra. The inset in (C) is the 
corresponding Kubelka–Munk plot transformed from the UV–Vis 
diffuse reflectance spectra data. (D) Mott–Schottky plots. High-
resolution Ti 2p (E) and O1s (F) XPS spectra. The black line (a) 

represents commercial P25 and the red line (b) represents A76/R24-
TiO2. 

A comprehensive comparison of the physicochemical 
properties of the synthesized chestnut-shell-like A76/R24-TiO2 
and P25 is presented in Fig. 4. The XRD pattern of A76/R24-TiO2 
(Fig. 4A) shows two sets of diffraction peaks that can be 
assigned to the anatase (JCPDS No. 21-1272) and rutile (JCPDS 
No. 21-1276) phases. The anatase/rutile ratio was measured as 
∼76:24, which is similar to that of commercial P25 (∼79:21). Fig. 
4B shows the Raman spectrum of A76/R24-TiO2, which clearly 
presents typical bands representing the anatase phase at 151, 
401, 525, and 623 cm-1 and rutile phase at 242 and 447 cm-1. 
Compared with those in the Raman spectrum of P25, the 
representative bands of the rutile phase in A76/R24-TiO2 are 
more prominent, which indicates the more obvious 
heterogeneous structural composition of the anatase and rutile 
phases on the surface of the synthesized A76/R24-TiO2. The peak 
of A76/R24-TiO2 belonging to O-Ti-O is significantly shifted from 
147 cm-1 to 151 cm-1 and the peak is broadened compared to 
P25. The full-width-half-maximum (FWHM) is calculated by 
Lorentz fitting and Gaussian fitting curves (Fig.4B). This 
indicates that the symmetry of the TiO2 lattice is weakened due 
to surface lattice disorder or localized defects such as O-
vacancies.41 Typical type-IV curves with hysteresis loops and 
sharp capillary condensation steps at P/P0 = 0.5-0.8 can be 
observed in the N2 sorption isotherms for A76/R24-TiO2 (Fig. S2). 
The Brunauer-Emmett-Teller (BET) surface area and pore 
volume are 45.77 m2 g-1 and 0.21 cm3 g-1, respectively. These 
results confirm the mesoporous structure of the material, which 
provides abundant active sites and facilitates the diffusion of 
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reactants and product ions/molecules, thus improving 
photocatalytic performance. 

The UV-Vis absorption spectra of A76/R24-TiO2 (Fig. 4C) exhibit 
a red-shift (compared with those of commercial P25) from 400-
410 nm. The band gap of the A76/R24-TiO2 is calculated to be 
~3.05 eV by the Tauc function (inset in Fig. 4C), which is lower 
than that of for commercial P25 (3.18 eV). The Mott-Schottky 
curves in Fig. 4D show a positive slope, with a relatively lower 
slope for A76/R24- TiO2 than that of commercial P25, indicating 
faster charge transfer and increased donor density.35,42 The full 
X-ray photoelectron spectroscopy (XPS) spectra of A76/R24-TiO2 
and commercial P25 are similar (Fig. S3), indicating that they 
have similar chemical compositions and no impurities. Fig. 4E 
and 4F show the high-resolution XPS spectra for the Ti 2p and O 
1s orbitals of the two photocatalysts. The bond energies of Ti 
for 2p and O 1s of A76/R24-TiO2 are lower than those of 
commercial P25. These downshifts are due to the known band 
bending effect caused by additional electrons in the oxygen 
vacancies (Ov) on the TiO2 lattice and the change in the Ti 
chemical state (Ti4+ species), which also agree well with the 
electron paramagnetic resonance (EPR) spectra results. The EPR 
spectra (Fig. S4) of A76/R24-TiO2 exhibit a strong signal at 
g = 2.002, which is identified as the electron trap at Ov. The 
surface Ov plays a crucial role in narrowing the band gap to 
enhance light absorption and accelerate the transport of 
photogenerated electrons.

Fig. 5 Comparisons of photocatalytic H2 generation rates for 
various TiO2 photocatalysts under AM 1.5 light irradiation (A) 
and visible-light ( >400 nm) (B) without addition of co-catalyst. 
(C) Recycling results for A76/R24-TiO2 for H2 evolution under AM 
1.5 G illumination without addition of co-catalyst (hydrogen 
production by the photocatalyst after six months storage is also 
given). (D) Comparisons of photocatalytic H2 generation rates 
for various TiO2 photocatalysts under AM 1.5 light irradiation 
with 1wt% Pt as co-catalyst. (E) Comparison of the H2 evolution 

efficiencies of TiO2-based catalysts with and without co-
catalysts (main comparison under the same light source 
conditions: AM 1.5 G, 100 mw cm-1. Details in Table S1 and Table 
S2).

The photocatalytic properties of Ax/Ry-TiO2 and commercial 
P25 were first evaluated by photocatalytic H2 evolution under 
AM 1.5 light irradiation without addition of any co-catalyst. As 
shown in Fig. S5 all photocatalytic H2 evolution curves are time-
dependent, indicating a gradual increase in H2 production. The 
chestnut-shell-like A76/R24-TiO2 microspheres show a 
photocatalytic H2 evolution rate of 68.19 mol h-1 (Fig. 5A), 
which is much higher than those of commercial P25 (2.415 mol 
h-1), A100- TiO2 (18.09 mol h-1), A92/R8-TiO2 (19.47 mol h-1), 
A44/R56- TiO2 (34.71 mol h-1), and A7/R93-TiO2 (29.82 mol h-1). 
The photocatalytic H2 evolution performances (Fig. 5B) of all the 
samples were assessed under visible light by cutting off the UV 
light at wavelengths shorter than 400 nm. The H2 generation 
rate of A76/R24-TiO2 reaches 16.875 μmol h-1, which is 
significantly higher than that of the other samples and six-fold 
higher than that of P25 (2.751 μmol h-1). The photocatalytic 
degradation performance of A76/R24-TiO2 and commercial P25 
for methylene blue was also investigated without the use of a 
co-catalyst (Fig. S6). The photocatalytic decomposition of 
methylene blue (10 mg L-1) over A76/R24-TiO2 was completed 
within 60 min, whereas that over commercial P25 was 
completed in 80 min. In addition, chestnut-shell-like A76/R24-
TiO2 microspheres exhibit high stability as a photocatalyst. As 
shown in Fig. 5C, no significant decrease in photocatalytic 
hydrogen production was observed in the cycling test. 
Furthermore, the high H2 production rate of 66 mol h-1 was 
maintained after six months of storage at room temperature 
with less than 3% attenuation, confirming the high stability of 
the photocatalyst. XRD and XPS tests of A76/R24-TiO2 before and 
after 6 cycles (24h) of photocatalytic hydrogen production 
showed that the curves were consistent before and after the 
reaction, which further proved the stability of its structure 
(Fig.S7). As shown in Fig. 5D, the H2 generation rates of all the 
photocatalysts were evaluated with 1wt% Pt as a co-catalyst. 
Under these conditions, the H2 generation rate of A76/R24-TiO2 
is nearly 0.563 mmol h-1, which is 4.3-times that using 
commercial P25 (0.131 mmol h-1). A76/R24-TiO2 exhibits 
excellent photocatalytic H2 production performance under AM 
1.5 light irradiation, surpassing most hydrogen production rates 
reported for TiO2 without co-catalysts,43-52 and even some 
coloured TiO2 catalysts. With the assistance of co-catalysts, the 
hydrogen production performance of A76/R24-TiO2 is further 
improved and even higher than that of current efficient single-
atom co-catalytic systems (Fig. 5E, Tables S1-2).34,35,42,53-64

To investigate the origin of this high photocatalytic 
performance without the addition of co-catalyst, a series of 
photoelectrochemical studies were conducted. Fig. S8 shows 
the results of photocurrent versus time tests. A76/R24-TiO2 
shows a higher photocurrent density, which may be due to Ov 
effectively facilitating the separation of electron-hole pairs. The 
electrochemical impedance spectroscopy (EIS) analysis results 
(Fig. S9) show that the impedance arc radius of A76/R24-TiO2 is 
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much smaller than that of commercial P25, indicating that the 
uniform distribution of heterophase junctions in A76/R24-TiO2 
facilitates the transfer and separation of photogenerated 
charge carriers. Photoluminescence (PL) spectroscopy was used 
to further evaluate the charge-transfer and separation 
efficiency of the photocatalysts. A76/R24-TiO2 shows a low PL 
intensity compared with commercial P25 (Fig. S10), indicating 
that charge recombination is better suppressed in A76/R24-TiO2.          
Based on the above analysis, the excellent photocatalytic 
performance of A76/R24-TiO2 is mainly due to (i) its chestnut-
shell-like micro- and nanomorphology, which provides more 
exposed catalytically active sites for surface reduction 
reactions; (ii) the precisely controllable phase composition and 
the uniformly dispersed highly crystalline and heterogeneous 
anatase and rutile phase structure, which accelerates the 
separation and transport of charges at the phase interface; (iii) 
the presence of Ov, which act as active sites similar to noble-
metal co-catalysts that can trap and transfer electrons for 
proton reduction, resulting in efficient hydrogen evolution.

Conclusions
In summary, we have successfully developed a facile gelation-

assisted coordination self-assembly method for fabrication of 
TiO2 photocatalysts with controlled phase structures and 
morphologies. TiCl4 as a Ti source can be used to regulate the 
gelation of PVA solutions by forming coordination complexes 
with the hydroxyl groups on the PVA chains, allowing them to 
act as cross-linking sites. Thus, precise regulation of the phase 
composition (rutile: 0%-100%) can be achieved by regulating 
the amount of TiCl4 added. The prepared A76/R24-TiO2 has a 
chestnut-shell-like spherical shape and a highly crystalline 
anatase/rutile phase structure with a phase composition similar 
to that of commercial P25, as well as an abundance of surface 
oxygen vacancies. As a result of these excellent properties, 
A76/R24-TiO2 shows excellent photocatalytic H2 production rates 
of 68.19 mol h-1 (without any noble-metal co-catalyst) and 
0.563 mmol h-1 (using Pt as co-catalyst under AM 1.5 light 
irradiation), both of which are superior to those of P25. Our 
proposed strategy overcomes the problems associated with the 
conventional preparation methodology in terms of controlling 
the TiO2 phase composition, the requirement of special 
equipment, raw materials and the complexity of preparing 
precursor components (a comprehensive comparison of several 
methods that can adjust the composition of the TiO2 phase is 
presented in the table S3.), providing a promising research 
avenue for the design and fabrication of photocatalytic TiO2 
materials with controlled phase heterojunctions.
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