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a, amorphous titania with reactive
Ti3+ through a photo-assisted synthesis method for
photocatalytic H2 generation†

Dennis Zywitzki,a Hangkun Jing,b Harun Tüysüz*a and Candace K. Chan *b

Amorphous titania-based photocatalysts are synthesized using a facile, UV-light mediated method and

evaluated as photocatalysts for hydrogen evolution from water/methanol mixtures. The photocatalysts

are prepared through the direct injection of a titanium alkoxide precursor into a water/methanol mixture,

with subsequent hydrolysis, condensation, and polycondensation to form TiOx(OH)y species under UV-

irradiation. The resulting amorphous titania materials exhibit an overall higher hydrogen evolution rate

compared to a crystalline TiO2 reference (P25) on a molar basis of the photocatalyst due to their highly

porous structure and high surface area (�500 m2 g�1). The employed titanium alkoxide precursor did

not play a major role in affecting the hydrogen evolution rate or the catalyst surface and morphology. A

blue coloration, which is associated with the formation of Ti3+ species, was observed in the amorphous

titania but not in P25 upon light irradiation and is enabled by the porous and disordered structure of the

amorphous photocatalyst. The Ti3+ species are also used to reduce protons to H2 in the absence of light

irradiation or reduce Pt2+ to form Pt nanoparticles. These Pt nanoparticles are smaller and better

dispersed on the photocatalyst compared to particles prepared using conventional photodeposition,

leading to higher H2 evolution rates. The results show that the direct injection method is a facile

approach for the preparation of high surface area titania photocatalysts containing Ti3+ species with

good photocatalytic activity for the production of H2.
Introduction

In the last decade, remarkable efforts have been devoted to the
development of novel approaches andmaterials to convert solar
energy directly into storable fuels. The photoelectrolysis of
water directly with sunlight, which produces clean H2, is
a favorable method for reaching this goal. Powdered or slurry
semiconductor photocatalytic systems are one of the most
attractive platforms for large-scale solar H2 production since
they operate without an electrochemical cell or external voltage
bias. A recent techno-economic analysis has also identied
powdered photocatalysts as the cheapest route towards solar H2

production compared to using photoelectrodes or photovoltaic-
driven electrolysis.1 In the search for new photocatalytic mate-
rials, one of the remaining challenges is the balance of perfor-
mance and economic requirements. To this end, investigation
of low-cost synthesis and processing methods that yield pho-
tocatalytic materials with high activity is important.
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One approach to achieving lower cost, more sustainable
photocatalysts is to use amorphous materials. Since high
temperature treatments for crystallization are not required,
amorphous materials can be potentially much cheaper to
synthesize and easier to adapt for large-scale preparation.
Another drawback of crystalline materials is that facet-
dependent photocatalytic activity is oen observed. For
example, to obtain anatase TiO2 with large fractions of the
active {001} face, it is necessary to employ synthesis methods
involving structure-directing agents or uoride anion capping
agents (derived from hydrouoric acid, a toxic and inconvenient
reagent).2

However, for efficient solar energy conversion, it has been
commonly accepted that highly crystalline materials are
required for effective electron–hole pair generation and sepa-
ration. In photocatalytic systems, photogenerated carriers must
diffuse to the electrolyte interface to catalyze redox reactions at
the surface of the photocatalyst; hence, avoiding recombination
at defects in the bulk is important. Indeed, numerous studies
have found lower or negligible photocatalytic activity in amor-
phous photocatalysts when compared to their crystalline
counterparts due to carrier recombination at defects in the
bulk.3–13

On the other hand, several recent studies have shown that
amorphous or disordered materials can display higher
J. Mater. Chem. A, 2017, 5, 10957–10967 | 10957
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photocatalytic activity than their crystalline counterparts,
particularly in high surface area, nanostructured, and/or mes-
oporous materials.14–23 This can be explained by the fact that
small nanoparticles or mesoporous materials have a small bulk
volume and large accessibility to the electrolyte. This means
that photogenerated carriers only have to diffuse a short
distance before they can reach the electrolyte interface where
the catalytic reactions occur.

For TiO2-based materials in particular, the role of crystal-
linity has been revisited especially in the context of under-
standing the effect of defects on the photocatalytic activity and/
or visible light absorption. There has also been much interest
recently in disordered TiO2, wherein features such as amor-
phous or off-stoichiometric surfaces, “self-dopants” like Ti3+,
and/or oxygen vacancies can increase the visible light absor-
bance, electron carrier density, and photocatalytic activity of
TiO2 (in addition to introducing a blue or black color to the
material).24–27 Recent in situ transmission electron microscopy
experiments have further shown that the surfaces of anatase
nanocrystals form an amorphous, several monolayers thick
disordered phase during light irradiation in the presence of
water,28 suggesting that highly crystalline surfaces may not be
needed.

The introduction of Ti3+ species into crystalline TiO2 nano-
materials, typically through hydrogenation at high tempera-
tures and/or pressures, has shown to be effective for improving
the photocatalytic activity for degradation of organic molecules
and H2 production.26,29 However, the degree of hydrogenation
must be carefully controlled since it can lead to highly
concentrated bulk defects that can decrease the photocatalytic
activity, with the Ti3+ sites acting as recombination
centers.24,30,31 Other methods to generate the Ti3+ species, such
as with plasma treatment;32 with laser, electron, or neutron
beam irradiation;33–36 or with vacuum activation;37,38 are costly
and impractical for the large-scale preparation of materials.

Recently, Grewe et al. reported the preparation of amorphous
tantalum oxide-based photocatalysts through ultraviolet (UV)
light-assisted hydrolysis using a one-step direct injection (DI)
approach to form metal oxo-hydroxo [MOx(OH)y] compounds
with higher H2 production rates compared to their nano-
crystalline, ordered mesoporous, and bulk crystalline counter-
parts.23 The aim of this work is the further investigation of this
synthetic process to amorphous titanium oxide-based mate-
rials, which may help to shed light on why some previous
reports of amorphous titania photocatalysts show inferior
activity to crystalline TiO2, whereas others show similar or
improved performance. Different titanium alkoxide precursors
were injected directly into the reaction solution inside a photo-
reactor, and then allowed to undergo hydrolysis, condensation,
and polycondensation (Scheme 1).39

Detailed materials characterization was performed using
Raman spectroscopy, high-resolution transmission electron
microscopy (TEM), N2 physisorption, UV-vis absorption, Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD),
and X-ray photoelectron spectroscopy (XPS). The activity of the
photocatalysts for H2 evolution from aqueous solutions con-
taining methanol as a sacricial agent was studied.
10958 | J. Mater. Chem. A, 2017, 5, 10957–10967
We nd that all of the amorphous materials prepared using
this DI synthesis method display high surface areas of 400–500
m2 g�1 and H2 production rates higher than the commercial
crystalline TiO2 photocatalyst, Evonik P25, which is attributed
to the rapid hydrolysis of the alkoxide and promotion of
amorphization under UV-irradiation. In addition to reducing
protons to form H2, photogenerated electrons can become
trapped by Ti4+ and form Ti3+ species. Not only do the Ti3+

species cause the photocatalyst to turn blue, but they can also
participate in the reduction of protons to form H2 in the
absence of light irradiation. We also show that these trapped
Ti3+ species can be exploited for the reduction of Pt2+ to form Pt
nanoparticle co-catalysts. The Pt-decorated amorphous titania
photocatalysts prepared through the Ti3+-mediated pathway
display smaller and more dispersed Pt nanoparticles than
materials prepared using conventional photodeposition,
leading to higher H2 evolution rates. These results show that
this DI method is a facile and simple synthesis procedure
effective for the preparation of high surface area titania pho-
tocatalysts containing Ti3+ species for the production of H2.

Experimental

Detailed descriptions of the photocatalyst preparation and
materials characterization methods are included in the ESI.† A
home-built reactor (Fig. S1†) was used for the UV-light (150 W
middle pressure Hg-lamp)-mediated preparation of the photo-
catalysts. The same reactor was also used for the photocatalytic
H2 production experiments. Briey, the titanium alkoxide
precursor [Ti(OR)4, R¼ ethyl (Et), isopropyl (iPr), butyl (Bu)] was
injected directly into the reaction solution and allowed to
undergo hydrolysis, condensation, and polycondensation fol-
lowed by irradiation with the UV lamp, during which the H2

evolution rate was simultaneously monitored. The temperature
of the reaction solution was maintained at 20 �C during the
entire process using a cryostat. Samples prepared in this
manner are given the prex “DI” to indicate “direct injection”.

To study the role of UV-light irradiation on the material
properties of the amorphous photocatalysts, samples were also
prepared in the same reaction solution without UV-irradiation.
Samples prepared in this manner are given the prex “ES” to
indicate “ex situ”, since the hydrolysis occurred outside of the
photoreactor. For both types of samples, the sample names are
appended with “–OR” where R is the ligand of the precursor
species. Unless otherwise noted, all photocatalytic H2 genera-
tion measurements were performed in a 200 mL solution con-
taining 10 v/v% methanol (MeOH) in de-ionized water using
2.5 mmol Ti(OR)4.

Platinum nanoparticle co-catalyst deposition (nominally, 1
wt% loading) was performed on the DI-OEt photocatalysts from
potassium tetrachloroplatinate (K2PtCl4) in two different ways:
(1) the Pt precursor was added to the reaction solution con-
taining the hydrolyzed Ti(OEt)4 and allowed to mix prior to
turning the UV-lamp on (sample called “DI-OEt/Pt”); (2) the
K2PtCl4 was added to the Ti(OEt)4 solution aer the hydrolyzed
Ti(OEt)4 had already been irradiated with UV-light for 30 min
(sample called “DI-OEt-UV/Pt”).
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Formation of amorphous photocatalysts through (A) hydrolysis, (B) condensation, and (C) polycondensation of titanium ethoxide.
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Results
Materials characterization

The materials prepared according to the process in Scheme 1
were amorphous based on XRD and Raman spectroscopy
analysis. The XRD patterns of DI-OEt and ES-OEt samples dis-
played broad reections characteristic of amorphous materials
(Fig. 1A). Fig. 1B shows the Raman spectra of the Ti-OEt samples
compared to the rutile and anatase crystalline forms of TiO2.
While the DI-OEt and ES-OEt samples recovered aer photo-
catalytic testing displayed Raman spectra with broad features
characteristic of amorphous materials, small peaks corre-
sponding to modes from anatase (B1g at 393 cm�1, A1g + B1g at
513 cm�1, and Eg at 635 cm�1) and rutile (E1g at 436 cm�1 and
A1g at 606 cm�1)40,41 were observed in the as-prepared ES-OEt
sample that had not yet been exposed to UV-irradiation.
Fig. 1 (A) XRD patterns of the as-prepared ES-OEt prior to UV-irra-
diation; ES-OEt, DI-OEt, DI-OEt/Pt, and DI-OEt-UV/Pt after UV-irra-
diation. The reference patterns of anatase (PDF 00-021-1272), rutile
(PDF 00-021-1276), and platinum (PDF 00-004-0802) are displayed
for comparison. (B) Raman spectra of DI-OEt and ES-OEt after UV
irradiation for 2 h; the as-prepared ES-OEt without UV-irradiation. The
spectra of rutile and anatase powders are shown for comparison.

This journal is © The Royal Society of Chemistry 2017
Similarly, the direct injection samples prepared from titanium
isopropoxide and butoxide precursors displayed amorphous
Raman spectra (Fig. S2A†), while the anatase and rutile modes
were observed in the corresponding ES samples that were not
irradiated (Fig. S2B†). This indicates that the amorphous titania
prepared using hydrolysis of the alkoxide precursor contained
small regions with highly distorted anatase and rutile-like
coordination, but these regions were no longer present aer
irradiation by UV light.

UV-vis spectroscopy measurements of the DI samples
showed the typical UV-absorption features expected for titania-
based materials (Fig. S3A†). The absorbance of DI-OEt and ES-
OEt samples are shown in Fig. 2A compared to that of P25.
The indirect bandgap of DI-OEt obtained from the Tauc plots
using the Kubelka–Munk theory (Fig. 2B) was determined to be
3.2 eV, which was a little larger than the 3.14 eV bandgap
determined for P25.42

FTIR characterization of the amorphous titania revealed
a very intense Ti–O–Ti stretching band at 641 cm�1 (Fig. S4A†).43

The other prominent absorption band at around 3000 cm�1 was
due to the presence of OH groups (Fig. S4B†). The two bands
between 1100 and 1250 cm�1 (more noticeable in the DI
sample) are attributed to the Ti–O–C bonds from incompletely
hydrolyzed alkoxides.44–46 The C–H stretching bands, which
Fig. 2 (A) Diffuse reflectance of amorphous titania samples compared
with that of P25; (B) Tauc-plot of DI-OEt for bandgap determination, fit
to an indirect bandgap.

J. Mater. Chem. A, 2017, 5, 10957–10967 | 10959
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Fig. 3 (A) Schematic illustration of the preparation of amorphous
titania photocatalysts. DI-OEt preparation by direct injection of
Ti(OEt)4 into the reaction solution in a photoreactor followed by UV-
irradiation; platinum deposition by direct injection of Ti(OEt)4 and
K2PtCl4, followed by UV-irradiation (DI-OEt/Pt); platinum deposition
by addition of K2PtCl4 to the blue DI-OEt formed after UV-irradiation
(DI-OEt-UV/Pt). (B) Photographs of the photoreactor with amorphous
photocatalyst suspension (without Pt decoration) before and after UV-
irradiation.
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would be expected at y z 2900 cm�1 were barely visible due to
the overlap with the broad O–H band. The vibrations of adsor-
bed H2O and atmospheric CO2 could be seen at y z 1600 cm�1

and y z 2200 cm�1, respectively.
As shown in Table 1, the physisorption measurements per-

formed on the amorphous materials prepared from the various
Ti(OR)4 precursors aer UV-irradiation indicated high surface
areas of 400–500 m2 g�1 and total pore volumes of �0.3 cm3 g�1

on average. The rather large standard deviation from the mean
indicates the sensitivity of the morphology of the formed
materials to the synthesis parameters. The N2 adsorption/
desorption isotherm (Fig. S5A†) showed characteristics of
a type-IV curve with a negligible hysteresis loop, and the pore-
size distribution plots showed that the pores were predomi-
nately less than 5 nm in size (Fig. S5B and C†).

Photocatalytic properties

The in situ preparation of the photocatalysts is illustrated
schematically in Fig. 3A. As shown in the photographs in
Fig. 3B, a notable characteristic of the amorphous titania
materials is that the suspensions changed color from white to
deep blue upon UV-irradiation, indicating the formation of Ti3+

species.47 Both DI and ES samples exhibited the blue coloration
during the H2 evolution measurements and this was observed
for all of the titanium alkoxide precursors tested. Once formed,
the blue photocatalysts were stable if kept under the protection
of Ar aer the UV-light was turned off. Fig. S3B† shows the UV-
vis spectroscopy results obtained from the suspension of the
photocatalyst when it was still blue colored, showing increased
absorption in the visible region of light compared to the pho-
tocatalyst aer it was oxidized (white colored) through exposure
to air. X-ray photoelectron spectroscopy (XPS) measurements of
the materials conrmed that the titanium was in the +4 oxida-
tion state aer the photocatalyst was exposed to air, although
some presence of residual Ti3+ was also identied30,48 (Fig. S6†),
which is consistent with the formation of Ti3+ species during
the UV irradiation. When the photocatalytic reaction was per-
formed in water that did not contain MeOH as a hole scavenger,
the H2 evolution rate was signicantly decreased (Fig. S7†). The
blue coloration was also signicantly less intense and more
gradual to develop. The samples had similar BET surface areas,
indicating that the absence of MeOH did not have a detrimental
Table 1 Average surface area and total pore volume of DI and ES
samples after UV irradiation from different titanium alkoxide
precursors

BET surface area
(m2 g�1)

Total pore volume
(cm3 g�1)

DI-OEt 501 � 16 0.284 � 0.006
DI-OBu 502 � 43 0.263 � 0.012
DI-OiPr 431 � 63 0.367
ES-OEt 459 � 50 0.251 � 0.026
ES-OBu 427 � 10 0.258
ES-OiPr 393 —
DI-OEt/Pt 512 � 23 0.300 � 0.006
DI-OEt-UV/Pt 496 0.291

10960 | J. Mater. Chem. A, 2017, 5, 10957–10967
effect on the surface area of the photocatalyst. Therefore, the
lower H2 production in the electrolyte without MeOH can be
attributed to the recombination of photogenerated carriers in
the absence of a hole scavenger.

The H2 evolution rates of the amorphous samples were
signicantly higher than that of the P25 reference given the
same amount of photocatalyst (2.5 mmol), but the measured H2

evolution rates showed somewhat large variability among the
different samples. This variability may be related to the fact that
many factors can have an impact on the hydrolysis and poly-
condensation reactions. Without any structure-directing agent
or template, the particle formation is solely dependent on the
experimental parameters such as ambient temperature, stirring
speed, precursor injection speed, etc. Nonetheless, the observed
H2 evolution rate did show a positive trend with the BET surface
area. While different H2 evolution rates were observed
depending on the particular Ti(OR)4 precursor used (Fig. S8A†),
these variations are also likely due to differences in the surface
areas of the prepared materials.

The Ti-OEt samples were chosen as the focus of further study.
As shown in Fig. 4A, two different DI-OEt samples prepared in an
identical fashion displayed different H2 production rates (ca. 109
and 80 mmol h�1 aer 2 h), but still followed the trend based on
the surface area (504 and 477 cm2 g�1, respectively). In
comparison, the P25 reference sample only displayed a H2

production rate of 50 mmol h�1. The DI-OEt samples also in
general displayed higher H2 rates than the initial rate displayed
by the ES-OEt sample. A similar trend was also observed when
comparing the H2 evolution rates of DI-OBu with ES-OBu
samples (Fig. S8B†). An increase in the H2 evolution rate as the
irradiation time increased, as seen in the ES-OEt sample in
Fig. 4A, was observed in some samples and is attributed to
a restructuring of the ES-samples under light irradiation.

A longer-term stability test performed for DI-OEt over 8 h of
irradiation revealed that over long periods of time, the catalyst
deactivates slightly, with most of the deactivation occurring
over the rst 2 h of irradiation (Fig. S9†). This may be caused by
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Photocatalytic H2 production rates from samples prepared using Ti(OEt)4. (A) Comparison of DI-OEt and ES-OEt with the activity of P25
shown for comparison (2.5 mmol of the photocatalyst used for each sample). (B) H2 evolution of Pt-coated DI-OEt samples compared to DI-OEt
without Pt. (C) Stability test of DI-OEt compared to Pt-coated DI-OEt samples; the inset shows the H2 produced over DI-OEt after the UV-light
was turned off.
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a UV-induced restructuring of the catalyst, or by the slow
depletion of residual hydrocarbons from the precursor mate-
rial, which act as additional hole scavengers. Aer turning off
the UV-lamp, the H2 evolution rate for the catalyst did not drop
to zero immediately. Due to the continuous ow conguration
of the photoreactor, all of the H2 produced during the photo-
catalytic reaction was typically evacuated from the cell within
30–60 min of the UV lamp being turned off. However, a “tailing”
feature was also observed beyond the time required to purge the
photogenerated H2, with the H2 rate steadily decreasing and
only reaching zero aer many hours, suggesting the continuous
formation of H2 in the absence of UV-irradiation. This is illus-
trated in Fig. 4C for DI-TiOEt, where the H2 rate reached zero
aer about 8 h in the dark. During this time, a slow decoloration
of the deep blue suspension was also observed, pointing to
a Ti3+-mediated process that will be discussed in more detail in
the following section.

The use of platinum nanoparticles as co-catalysts to improve
the H2 production rate was also investigated. As shown in
Fig. 4B, addition of Pt to the photocatalysts led to much higher
H2 evolution rates, but the degree of improvement depended on
the method used to introduce the Pt into the photocatalyst. The
H2 rate was higher when the Pt deposition occurred aer the
photocatalyst became blue colored (DI-OEt-UV/Pt in Fig. 3A).
Upon addition of the K2PtCl4 solution to the blue photocatalyst,
the suspension color changed from blue to whitish/grey within
less than 10 s (ESI Video 1†). On the other hand, for DI-OEt/Pt,
in which the K2PtCl4 was added to the reaction solution aer
the injection of Ti(OR)4 (Fig. 3A), no blue coloration was
observed during UV-irradiation. Aer the photocatalytic tests,
both types of platinized photocatalysts were grey in appearance
(Fig. S10†). XPS analysis of both samples revealed that the
This journal is © The Royal Society of Chemistry 2017
Pt 4f7/2 and Pt 4f5/2 doublet was found at binding energies of
around 70.8 and 74.2 eV, respectively, corresponding to Pt(0)49,50

and conrming that K2PtCl4 was successfully reduced to
metallic platinum in both preparation methods (Fig. S11†).

To better understand the differences between these two Pt
deposition methods, the samples were further characterized.
The XRD patterns of the platinized samples did not display
signicant differences from those of their undecorated coun-
terparts other than the presence of broad peaks at 2q � 39�

corresponding to the (111) reections of platinum (Fig. 1A). The
Raman spectra showed that the photocatalysts were still
amorphous aer Pt deposition (Fig. S2D†), and the total pore
volume and BET surface areas also remained the same (Table 1).
The diffuse reectance spectra of the Pt-decorated samples also
looked similar to those of others reported for Pt/TiO2 materials,
with the signicant background in the visible region consistent
with the absorption properties of metal/semiconductor
composites.51,52

High-resolution TEM characterization revealed that the
different Pt deposition procedures led to different Pt particle
sizes and dispersion on the photocatalyst, while the
morphology of the photocatalyst was largely unchanged. Fig. 5A
shows the TEM image of a DI-OEt sample without the Pt co-
catalyst, showing the porous morphology and amorphous
structure. For DI-OEt/Pt, the TEM micrographs clearly conrm
the presence of Pt nanoparticles (�20 nm in size) on the titania
surface as regions with dark contrast; however the distribution
appears to be inhomogeneous and some regions/surfaces
appear to exhibit no Pt nanoparticles (Fig. 5B, low magnica-
tion images in Fig. S12A and B†). On the other hand, for DI-OEt-
UV/Pt, the Pt particles are found as smaller clusters (<�10 nm)
that are distributed more uniformly throughout the sample
J. Mater. Chem. A, 2017, 5, 10957–10967 | 10961
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Fig. 5 Transmission electron microscopy images of (A) DI-OEt, (B) DI-
OEt/Pt, and (C) DI-OEt-UV/Pt. Insets: zoom-in of Pt co-catalyst
nanoparticles.
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(Fig. 5C, low magnication images in Fig. S12C†). The differ-
ences in the Pt particle size and dispersion may help to explain
the differences in the observed H2 evolution rates in the plati-
nized samples (Fig. 4B).

Discussion

Direct injection of Ti(OR)4 precursors coupled with UV-assisted
hydrolysis and polycondensation is a simple, facile way to
prepare amorphous titania photocatalysts with high surface area.
Although it is possible to prepare nanocrystalline anatase colloids
through the hydrolysis of Ti(OR)4 precursors, this process usually
requires temperatures >60 �C (ref. 53 and 54) or acid/base-
catalyzed conditions,55 none of which were used in our system.

The N2 physisorption measurements further revealed
differences regarding the textural parameters of the amorphous
10962 | J. Mater. Chem. A, 2017, 5, 10957–10967
titaniamaterials prepared using the DImethod compared to the
amorphous tantalum oxide-based materials reported in the
previous work by Grewe et al.23 In the Ta-based materials, type
IV isotherms with hysteresis features indicating capillary
condensation above P/P0 ¼ 0.8 were observed, indicating a high
degree of porosity, and the BET surface area and pore volume
were 65 m2 g�1 and 0.1 cm3 g�1, respectively.23 In contrast, the
higher surface areas of 400–500 m2 g�1 and pore volumes in the
titanium oxide-based materials may be due to the differences in
the hydrolysis characteristics of the metal alkoxide precursors.
These surface areas obtained using the UV-assisted method are
also much higher than those observed in amorphous titania
materials prepared by other methods, e.g. hydrolysis of TiCl4 in
concentrated ammonia (237 m2 g�1),8 hydrolysis of Ti(OBu)4 in
the presence of dodecylamine, a structure directing agent (221
m2 g�1),56 hydrolysis of Ti(OiPr)4 in water at 25 �C for 12 h (301
m2 g�1),9 and templating of Ti(OiPr)4 into an ordered meso-
porous structure (370 m2 g�1).12 The surface areas we obtained
are comparable to that reported (534 m2 g�1) for amorphous
titania prepared by UV-irradiation of titanium glycolate,57 which
suggests that UV-irradiation of titanium alkoxide precursors is
a promising route for the preparation of high surface area,
amorphous titania.

We propose that the charged species created during UV-light
excitation (Ti3+, oxygen vacancies, Ti–OH+ from trapped holes,
etc.) act to inhibit the condensation processes, similar to how
TiO2 prepared from hydrolysis in acidic solutions is gel-like or
colloidal due to the formation of Ti–O–OH2

+ species that cause
electrostatic repulsion and block particle growth/agglomera-
tion.58 Due to the “in situ” component of the direct injection
method, it is difficult to study the evolution of the photo-
catalytic structure and morphology during irradiation.
However, comparison of the DI and ES samples, particularly
using Raman spectroscopy, enables us to draw some inferences
about the formation mechanism of the amorphous catalysts.
The as-prepared ES samples displayed anatase and rutile-like
features in the Raman spectra (see Fig. 1B for ES-OEt and
Fig. S2B† for ES-OBu and ES-OiPr), which was also observed in
amorphous titania materials prepared by the hydrolysis of
titanium alkoxide precursors in water55 and is consistent with
the tendency of the amorphous particles to eventually form
small crystallites upon aging. However, these anatase and rutile
peaks in the Raman spectra signicantly decreased aer UV-
light exposure (as shown in Fig. 1B aer 2 h of irradiation),
resulting in spectra that looked very similar to the one for DI-
OEt that is consistent with an amorphous material. Further-
more, crystallite formation was not observed aer long reaction
times, as shown in Fig. S2C† for DI-OEt aer 8 h of irradiation.
This suggests that the UV-irradiation could be promoting
amorphization, which is consistent with the in situ TEM
observations reported by Zhang et al.28 This UV-induced
amorphization is opposite to what was reported by Krylova
and Na, in which light irradiation (from a 1000 W Xe lamp) was
used to transform the outer �10 nm layer of amorphous titania
into rutile nanocrystallites.59 The authors furthermore propose
that the photoactivity of amorphous titania photocatalysts arise
from the rutile formed as a consequence of the
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ta01614j


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 2

/2
0/

20
26

 3
:4

8:
40

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
photocrystallization reaction. However, based on our Raman
spectroscopy results and the short induction times required to
obtain a stable H2 evolution rate, we do not believe that
a similar phenomenon is occurring in our system. This is likely
due to the rapid hydrolysis imparted due to the use of the direct
injection method and also the role of the UV-irradiation to
suppress crystallization, both of which combine to yield porous
materials with high surface area.

The blue coloration displayed by the amorphous titania pho-
tocatalysts is indicative of the photo-induced formation of Ti3+

species via reduction of Ti4+ by conduction band photogenerated
electrons (eCB

�), as depicted in eqn (1), with holes reacting with
the MeOH. This phenomenon has been reported in other titania
photocatalysts that usually have disordered structures or
colloidal morphologies.47,57,60–62 We note that P25 does not show
this blue coloration when tested in the same photoreactor. The
Ti3+ trap states have been shown to be long-lived.58,63,64 In our
materials, however, the blue coloration slowly disappears when
the photocatalytic suspensions are exposed to air due to the role
of oxygen acting as an electron scavenger (eqn (2)).

The production of H2 simultaneous to the blue coloration as
soon as the UV-lamp is turned on is consistent with the
reduction of protons to H2 (eqn (3)); however, the Ti3+ species
are not formed from the reduction of Ti4+ by the generated H2.
The absence of blue coloration when simply exposing the ES-
OEt sample to H2 gas at room temperature further supports
the photo-induced coloration mechanism. This result is also
consistent with previous studies showing little formation of Ti3+

in TiO2 while in the presence of H2 unless heating at tempera-
tures greater than 450 �C.65 Despite the assumption that aer
charge carrier separation, the photogenerated electrons can
react in the two competing reactions shown in eqn (1) and (3),
the H2 production rate over the amorphous titania photo-
catalysts was fairly constant over time and the blue color was
stable when the suspension was maintained in an inert
atmosphere.

Ti4+ + eCB
� / Ti3+ (1)

Ti3+ + O2 / Ti4+ + O2c
� (2)

2Hþ þ 2eCB
�
�����!TiO2

H2 (3)

2Ti3+ + 2H+ / 2Ti4+ + H2 (4)

PtCl4
2� + 2eCB

� / Pt(s) + 4Cl� (5)

2Ti3+ + PtCl4
2� / 2Ti4+ + Pt(s) + 4Cl� (6)

As shown in Fig. 4C for DI-OEt, the slow decrease in the H2

rate when the light irradiation was stopped, along with the
gradual decolorization of the photocatalyst, points to the
reduction of protons by the surface Ti3+ in the absence of UV-
irradiation (eqn (4)). We note that previous studies on crystal-
line TiO2/Cu2O bilayer lms also described H2 production aer
irradiation was ceased by the same mechanism.63,66 However, in
these bilayer lms, the heterojunction promotes efficient
This journal is © The Royal Society of Chemistry 2017
charge separation and enables the transfer of photogenerated
electrons from Cu2O to TiO2 to reduce Ti4+ to Ti3+. The mech-
anism of the H2 generation in the dark over the amorphous
titania can be explained by the Ti3+-mediated transfer of elec-
trons and protons,64 which has been applied towards the
hydrogenation of nitroarenes to aminoarenes in the absence of
light irradiation.57,67 To maintain electroneutrality, the forma-
tion of photogenerated Ti3+ species is accompanied by the
adsorption of protons by oxygen species to form Ti–OH+ surface
groups nearby.57,64 In our case, the protons are abstracted from
the MeOH that is oxidatively decomposed during the photo-
catalytic reaction. We propose that the subsequent electron
transfer from the Ti3+ to nearby protons results in the produc-
tion of H2 when the UV-light is turned off. The inset in Fig. 4B
shows the accumulated amount of H2 produced during this
tailing period. By integrating the H2 generation rate, the
amount of Ti3+ species was approximated, assuming a 2 : 1
stoichiometry between Ti3+ and H2 as described by eqn (4).
Considering that 2.5 mmol of Ti were in the photocatalyst and
a total of 0.096 mmol of H2 were produced aer the light was
turned off, this corresponds to 0.192 mmol of Ti3+ that were
reacting, or 7.68 mol% of Ti3+ generated out of all of the total Ti
(76.8 mmol Ti3+/total mol Ti). This is similar to other values,
which were quantied through titration with chemical oxidants,
of photogenerated Ti3+ reported in other amorphous titania
studies, i.e. 10–16% Ti3+ reported by Schrauben et al. using
phenoxyl radicals or ferrocenium64 and 112 mmol Ti3+/mol re-
ported by Zou et al. using dichromate.57

Our studies on photocatalysts decorated with Pt nano-
particles also point to a different Ti3+-mediated role. In the
platinized materials, rather than reducing the Ti4+, the photo-
electrons transfer to the Pt nanoparticles and reduce protons on
the Pt surface to form H2. For amorphous photocatalysts, it is
particularly important that the Pt nanoparticles should be well
dispersed throughout the sample because recombination can
occur if the photogenerated electrons have to travel long
distances to reach the Pt. Our results show that exposing the Pt
precursor to the oxidized (white) vs. the reduced (blue) forms of
the titania photocatalyst led to different Pt nanoparticle prop-
erties and hence H2 evolution rates.

When adding the K2PtCl4 to the white photocatalyst, the Pt
nanoparticles would form under UV-irradiation through the
photodeposition mechanism described in eqn (5) (E0¼ 0.755 vs.
NHE), with the electrons for the reduction of Pt2+ originating
from the photoexcited titania photocatalyst.68 The sample
prepared in this manner (DI-OEt/Pt) did not display blue
coloration aer UV-irradiation, indicating that the photo-
generated electrons were not participating in the formation of
Ti3+. Based on this observation, we infer that the H2 production
in DI-OEt/Pt predominately results from the transfer of photo-
generated electrons to protons at the Pt co-catalysts, similar to
conventional Pt-decorated photocatalysts.69

On the other hand, the addition of the K2PtCl4 solution to
the reduced photocatalyst caused the blue coloration to disap-
pear immediately (ESI Video 1†), which can be explained by the
oxidation of Ti3+ by PtCl4

2� and the corresponding formation of
Pt on the photocatalyst (eqn (6)). The Ti3+ defect energy level was
J. Mater. Chem. A, 2017, 5, 10957–10967 | 10963
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reported to be 0.3–0.8 eV below the bottom of the conduction
band in calculations performed on bulk anatase,70 while
experimental studies have reported the level at 0–0.35 V and 0–
0.25 V below the conduction bands of anatase and rutile,
respectively.71 These potentials are cathodic enough for the
oxidation of Ti3+ by PtCl4

2�. The formation of small Pt nano-
particles distributed throughout the material conrms that the
Ti3+ species were generated throughout the entire sample and
supports the porous morphology of the photocatalyst and
abundant interfacial surface area with the electrolyte. The
higher H2 evolution rate of DI-OEt-UV/Pt can be explained by
the smaller, more distributed sizes of the formed Pt nano-
particles, whereas those in DI-OEt/Pt tend to be larger (some as
large as 20–30 nm) and concentrated near the surface of the
photocatalyst. Generally, using photodeposition to decorate
light absorbers with co-catalysts usually promotes high disper-
sion of the metal nanoparticles since the deposition occurs at or
near the sites of photoexcitation.72 However, our results indicate
that this method of deposition is less effective for amorphous
catalysts, compared to the indirect route of using the photo-
generated Ti3+ to reduce the Pt ions.

We further note that by comparing the H2 generation rates of
the amorphous photocatalysts with that of P25, we can see that
on a molar basis, the amorphous materials display higher H2

evolution rates than P25. However, with the surface area of P25
only ca. 50 m2 g�1,42 we see that the roughly 8–10� increase in
the surface area in the amorphous materials leads to only
a roughly double increase in the H2 evolution rate for the
photocatalysts without Pt decoration. This observation is likely
due to the increased recombination of photogenerated carriers
in the amorphous titania compared to that in the P25. Thus, the
amorphous photocatalysts are not “intrinsically” better in
activity than P25, which is readily apparent when comparing the
H2 evolution rates by normalizing to the surface area (Fig. S13†).
Rather, the amorphous photocatalysts take advantage of the
unique porous morphology with a high surface-to-volume ratio
and accessibility to the electrolyte to overcome the limitations
presented by the increased likelihood for charge carrier
recombination in the amorphous materials due to internal
defects. Additionally, the generation of H2 aer the UV-
irradiation was ceased, observed in the amorphous photo-
catalysts but not in P25, is enabled by the Ti3+-mediated
reduction of protons to H2. This is greatly facilitated by the
ability of the porous and disordered structure of the amorphous
photocatalyst to allow adsorption of charge-balancing protons
close to the photogenerated Ti3+ species.

Conclusions

The results presented here demonstrate how amorphous titania
photocatalysts can be prepared using a simple direct injection
of titanium alkoxide into a photoreactor in order to obtain high
photoactivity for H2 generation, with superior H2 evolution rates
compared to P25 on a molar basis of the catalyst. The blue
coloration observed in the amorphous titania upon light irra-
diation, which is associated with the formation of Ti3+ species
that can catalyze the reduction of protons to form H2, is
10964 | J. Mater. Chem. A, 2017, 5, 10957–10967
facilitated by the porous and disordered structure of the
amorphous photocatalyst. In the absence of Pt co-catalysts, the
H2 generation rate correlates with the BET surface area. The
higher H2 evolution rate when adding the K2PtCl4 solution aer
the catalyst was already exposed to UV light inside the UV-
reactor can be explained by the Pt2+ reduction by the Ti3+

ions, leading to smaller and better dispersed Pt nanoparticles.
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