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The hydrogenation on unmodified TiO, to create disorder layers on the surface of anatase nanocrystals (NCs) in order to enhance the
photocatalytic activity of TiO, has been widely investigated in recent years. In this contribution, we prepared hydroxylated and N-doped
anatase by controlling the degree of disorder of TiO, derived from amorphous hydrate through a traditional pathway of heating treatment,
which induced various colours in appearance and outstanding photocatalytic activities. The traditional method by heating to prepare
hydroxylated TiO, in this work is a reversed route comparing to the pathway by hydrogenation, which opens mind for the modification

of nano-dimention semiconductors derived from amorphous hydrates.

Introduction

As a versatile functional material, titanium dioxide (TiO,) has
grabbed appreciable attention over the past decades, due to its
powerful potential applications in photovoltaics, biomedicine,
and photocatalysis,' which has been widely used in solar-
hydrogen production, photocatalytic decomposition of organic
pollutants, solar cells, and so forth.*® However, one major issue
for bare TiO, is the wide band-gap (typically 3.0~3.4eV), it
makes TiO, effective only under UV light,” which accounts for
less than 5% of the total solar irradiation. Another limitation of
photocatalytic efficiency of unmodified TiO, is the low efficiency
of separation of photo-generated electrons and holes.” So the
methods for enhancing the photocatalytic activity of TiO, are
mainly based on decreasing the band-gap and inhibiting the
recombination of photo-generated electrons and holes.

In order to increase the limited optical absorption of TiO,
under sunlight, narrowing the band-gap by introducing suitable
heteroatoms has been actively pursued, there have been persistent
efforts to vary the chemical composition of TiO, by adding
controlled metal'®!® or nonmetal (such as N14'1°, c'? 18, Flg, SZO)
impurities that generate donor or acceptor states in the band-gap.
Liu at el. used a pre-doped interstitial boron gradient to weaken
nearby Ti—O bonds for the easy substitution of oxygen by
nitrogen, which prepared a red anatase TiO, microsphere with a
band-gap gradient varying from 1.94eV on its surface to 3.22eV
in its core by a conceptually different doping approach for
harvesting the full spectrum of visible-light.”' There also have
numerous surface modifications been devoted to reduce the
recombination of photo-generated electrons and holes, for
example, TiO,/semiconductor composites,”> ** metallic doping,**
heavy metal deposition upon TiO,.”

On the other hand, Tong at el. presented a doping-free strategy
that assembled TiO, NCs together by interfacial Ti-Ti electronic
bonding. The assembled TiO, NCs were bright yellow with
narrowed band-gap and greatly enhanced visible light
absorption.”® Chen at el. first developed an alternative approach
to improve visible and infrared optical absorption by engineering

50

w
b

=
S

=
S

85

the disorder on nanophase TiO, with hydrogenation treatment.”’
Hydrogenation on unmodified TiO, created a disordered layer on
the nanoparticle (NP) surface. A shift in the onset of absorption
that lower to about 1.0eV (~1200nm) in such disorder-engineered
TiO, NPs was observed, accompanying with a dramatic colour
change from white to black and substantial enhancement of solar-
driven photocatalytic activity. After this report, the disordered
black TiO, that created by hydrogenation treatment has triggered
an explosion of interests in the application of TiO, in a diverse set
of solar energy systems. Some studies proved that hydrogenation
treatment induced the oxygen vacancies and Ti’" sites in TiO,,
resulting in the band-gap narrowing and the separation of photo-
generated electrons and holes, which remarkably improved the
photocatalytic activity of Ti0,.2*?> While Chen at el. indicated
that though Ti*" impurities and oxygen vacancy defects could
turn white TiO, to yellow or blue,* 3 Ti*" here was not
responsible for the visible and infrared absorption of black TiO,,
and there was evidence of mid-gap states above the valence band
maximum (VBM) due to the hydrogenation-engineered
disorders.’? In addition, Zheng at el. ascribed the enhanced
photocatalytic activity to the improved optical absorption and
efficient photo-generated electron-hole separation induced by the
unique surface structure.*® Naldoni et al. fabricated the black
TiO, NPs with crystalline core/disordered shell morphology, and
ascribed its narrowed band-gap to the synergistic presence of
oxygen vacancies and surface disorder.”> More examples showed
the decisive role of defects such as oxygen vacancy in
hydrogenated black TiO,. Wang at el*® and Zhang at el.”’
showed that oxygen vacancies served as electron donors and were
primarily responsible for wide optical absorption and enhanced
photocatalytic activity of TiO,. Liu at el. performed calculations
based on the density functional theory (DFT) and the Perdew-
Burke-Ernzerhof (PBE) functional, which indicated the lattice
disorder in black TiO, could originate from the hydrogenation
that helped to break up Ti-O bonds on the surface by forming Ti-
H and O-H bonds, and the surface lattice disorder could blue-shift
the VBM of TiO, by introducing mid-gap states while leaving its
conduction band minimum (CBM) almost unchanged.®
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However, there are some arguments about Chen at el.’s work.
Leshuk at el. showed that hydrogenation-induced bulk defects
could significantly degrade photocatalytic activity of black TiO,,
which was significantly different from the original study by Chen
et al., they proposed that high-temperature hydrogenation was the
wrong approach to attempt to increase TiO, photocatalytic
activity, as high temperatures were more likely to induce bulk
vacancy defects.” Sun at el. also proved that heavy disorder was
not observed under their hydrogenation conditions, probably due
to the high temperature employed in the hydrogenation and
showed the important role of predominant facets played in
hydrogen incorporation.” The same point was mentioned by Yang
at el.** and Gordon at el.*' as well.

In the present work, we took amorphous hydrate that
synthesized by Ti(SO,), and ammonia water through one-step
aqueous reactions as the precursor, followed by heating treatment
to prepare hydroxylated anatase. The traditional pathway of wet
chemistry with heating has been widely used in TiO, synthesis.**
* Here we used the simple traditional method instead of other
modification processes such as hydrogenation for their multiple
steps, harsh synthesis conditions, or expensive facilities.*’
Through which we prepared hydroxylated and N-doped anatase
NCs with various colour and continuous changes in the structures
and properties.

Results and discussion

Powders of TiO, after heating treatment had significantly
different colours in appearance. A photo of these kinds of
colorized TiO, that prepared after heating at a series of
temperatures, as compared to original white TiO, without heating
treatment, is shown in figure 1. Diffusive absorbance
spectroscopy (figure 5a) reveals the much stronger optical
absorption in visible-light and near infrared regions of brown
TiO, that heated at 200°C comparing with TiO, heated at other
temperatures, which indicates a large localized band bending for
this sample. And for yellow TiO, that heated at 400°C, there is an
abrupt change in optical absorbance at 455nm (2.73eV), which
probably caused by a mid-gap state above the VBM. While gray
TiO, heated at 600°C only has slightly enhanced visible-light
absorption than original white TiO,, indicating a weak localized
band bending. The treated TiO, with lower heating temperature
had larger enhanced optical absorbance, which accorded with the
darker colour in appearance.

The XRD patterns of the samples of colorized TiO, (figure 2)
demonstrate that their crystal phase had a continuous turning
from amorphism to crystalline anatase with the increase of the
heating temperature (200°C to 800°C). The percentages of
crystallization calculated through the height of diffraction peak of
each TiO, are displayed in the forth column of table 1. The XRD
patterns proved that heating treatment could realize the structural
control of TiO,, making the treated TiO, a mixed phase with
different degrees of disorder. And if the heating temperature got
further increasing, the crystal phase of TiO, would change to
rutile at 1000°C (figure S1).

For the further research of the structural properties, we
analyzed the chemical bonding of colorized TiO, by X-ray
photoelectron spectroscopy (XPS). The shapes of Ti 2p XPS
spectra evidence no significant differences for original
amorphous TiO, and treated TiO, after heating (figure 3a). The
symmetric Ti 2p;, peaks at 458.6eV and the Ti 2p;, peaks at
464.2¢V are attributed to the Ti*" of Ti-O bonds,% which
demonstrates that Ti atoms had a similar bonding environment

Figure 1. A photo comparing the appearances of original white
TiO, and colorized TiO, heated at a series of temperatures. The

65 colours of TiO, were white (original), dark brown (200°C), light
brown (300°C), yellow (400°C), light yellow (500°C), gray (600°C),
yellowish gray (700°C) and yellowish white (800°C).
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Figure 2. XRD patterns of colorized TiO, heated at a series of

70 temperatures.

Tablel. Structural parameters of original amorphous TiO, and
hydroxylated anatase heated at a series of temperatures.

Sample x/™ x,™ %! Eg/ev
original 0.65 0.67 0 3.37
200°C 039 045 0 3.02
300°C —— —— 12 _
400°C 0.36 0.32 51 3.09
500°C 035 030 6l 3.17
600°C 0.34 0.28 77 3.18
700°C 021 0.20 89 3.18
800°C 0.11 =~0 =100 3.19

[a] The values of x (moisture content) in TiO,.(OH),, that drawn
from XPS spectra.
75 [b] The values of x (moisture content) in TiO,_,(OH),, that drawn
from TG measurement.
[c] The percentages of crystallization of each sample.

before and after heating treatment. And there was no sign of Ti**,
which may take responsibility for the colorized appearance and
so less crystallization of TiO,, abound.
However, the O 1s XPS spectra of each treated TiO, are quite
different (figure 3b-3h). The single O 1s peak in each spectrum
can be divided into two symmetric peaks: one locates at 530eV is
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Figure 3. (a) Ti 2p XPS spectra of original amorphous TiO, and
treated TiO, that heated at 200°C, 400°C and 800°C. (b)-(h) O 1s
XPS spectra of original amorphous TiO, and hydroxylated TiO,
that heated at a series of temperatures.

typical for the oxygen of Ti-O bonds in TiO,, the other one that
locates between 530.9¢V and 532¢eV is assigned to the oxygen of
surface Ti-OH bonds.*’” As the area of Gauss peaks in each O 1s
XPS spectrum represents the amount of Ti-O or Ti-OH bonds in
treated TiO, respectively, it can be calculated that the ratio of Ti-
O/Ti-OH bonds grew larger when TiO, heated at a higher
temperature. The turning from Ti-OH bonds to Ti-O bonds in
treated TiO, actually proved our samples of treated TiO, as
hydroxylated anatase and indicated a process of dehydration in
the hydroxylated anatse by heating. Based on the results of O 1s
XPS, we should assume the accurate molecular formula of our
samples of hydroxylated anatase as TiO,,(OH),,, in which the
“x” represented the moisture content of each hydroxylated
anatase. Combined with the relationships that a TiO, molecule
contains two Ti-O bonds averagely and a H,O molecule was
transformed by two Ti-OH bonds, it can be easily calculated that
the value of x equals to the ratio of Ti-OH/Ti-O bonds. The
calculated values of x of each hydroxylated anatase drawn from
XPS spectra are displayed in the second column of table 1.

The Thermogravimetry (TG) was taken to confirm the
viewpoint of dehydration in the structural change of hydroxylated
anatase by heating. Based on the results in XRD patterns, the

sample would be highly crystalline anatase when heated at 800°C.

If we heated each sample at 800°C till constant weight, almost all
the Ti-OH bonds could seem to be transformed to Ti-O bonds by
dehydration and the losing weight was just the moisture content
of each sample. The results of moisture content (values of x) are

4
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Figure 4. HRTEM images of treated TiO, that heated at 200°C (a),
300°C (b), 400°C (c), 800°C (d). The red circles mark the anatase
NCs among the disordered structure.

displayed in the third column of table 1, which match well with
the calculated values of x drawn from XPS spectra.

High Resolution Transmission Electron Microscopy (HRTEM)
images in figure 4 show the process of the degree of disorder
decreasing of hydroxylated anatase by heating. The amorphous
brown TiO, heated at 200°C had totally disordered structure
(figure 4a), and when heated at 300°C, there were crystal lattices
emerging among the disordered structure (marked by red circles
in figure 4b). The degree of crystallization of hydroxylated
anatase was improved with the heating temperature increasing,
making the grains grow up and the configuration of crystal
lattices more regular (figure 4c and 4d). The images of HRTEM
confirm the results of percentages of crystallization (the forth
column of table 1) that drawn from XRD spectra approximately
and indicate the relationship between hydroxyl content and
degree of disorder. These images also indicate that our synthesis
of hydroxylated anatase derived from amorphous hydrate was just
contrary to the pathway of Chen at el.’s work that engineered
hydroxyls on the surface of anatase NCs, which prepared samples
of hydroxylated anatase with a larger scale of disorder.

The density of states (DOS) of valance band of hydroxylated
anatase was measured by VB XPS (figure 5b). And the direct
optical transition of each sample was calculated using the
equation: ahv=A(hv—Eg)”, where a is the absorption
coefficient, hv is the photon energy, Eg is the optical band-
gap, p is assumed to be 0.5 for the direct transition and A is a
constant concerning the transition probability. The direct
transition of TiO, was calculated based on report48, and this
transition was used to determine the Eg of our samples of
hydroxylated anatase. The fifth column of table 1 displays the
values of band-gap of hydroxylated anatase that transformed from
the locations of optical absorption edges. Combined with the
results of spectral absorbance and VB XPS spectra, we have
constructed the schematic illustrations of DOS of hydroxylated
anatase, which are shown in figure 5c. Because of the quantum
size effect, the electronic energy levels of original amorphous
TiO, were discrete instead of quasi-continuous energy bands,

This journal is © The Royal Society of Chemistry [year]
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Figure 5. (a) Spectral absorbance of original amorphous TiO, and treated TiO, heated at a series of temperatures. The dash line
indicates the abrupt change in absorbance of TiO, heated at 400°C. (b) VB XPS spectra of original amorphous TiO, and treated TiO,
heated at a series of temperatures. The thin black lines indicate the locations of VBM of each TiO,. (c) Schematic illustrations of DOS of

s original amorphous TiO,and treated TiO, heated at a series of temperatures.
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Figure 6. Schematic illustrations of frame work structure of original amorphous TiO, and hydroxylated anatase after heating treatment.

making the optical absorption edge of original amorphous TiO,
have a blue-shift*” > comparing with the other treated TiO, that
10 had lower degree of disorder (figure 5a), and it showed a widest
band-gap in all the samples. For amorphous TiO, that heated at
200°C, the optical absorption onset was over 1000nm, which
suggested a conduction band tail arising from disorder’” and a
valance band tail blue-shifting further toward the vacuum level®’,
15 that would induce a much narrower band-gap. For hydroxylated
anatase that heated at 400°C, the optical absorbance of its abrupt
change at 455nm (2.73eV) was induced by the mid-gap states’

up-shifting the VBM. In order to understand the unique shape of
UV-Vis spectroscopy of hydroxylated anatase heated at 400°C,
20 we used KOH, NaHCO; and NH4HCO; respectively to replace
ammonia water during synthesis (see the details in Supporting
Information). The results of the contrast experiments (figure S2)
indicated that the band tails were induced by the hydroxylation of
TiO,, which made the brown colour. While the mid-gap state that
25 caused the yellow colour of TiO, was attributed to nitrogen. The
N 1s XPS spectra in figure 7a and the S 2p XPS spectra in figure
7b show that all samples of TiO, contained a certain amount of

This journal is © The Royal Society of Chemistry [year]
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Figure 7. N 1s XPS spectra (a) and S 2p XPS spectra (b) of original
amorphous TiO, and treated TiO, that heated at 200°C, 400°C
and 800°C.

nitrogen and sulfate. The spectral peaks in both spectra only have
decreases in intensity without any locational offset except the N
Is spectral peak of yellow TiO, that heated at 400°C, which could
be divided into two peaks. The one that locates around
399~400eV is assigned to adsorbed radicals like NH; or NH,,'"
while the other one locates at 402eV is probably typical for
interstitial N in TiO,, which indicates the nitrogen was doped into
the crystal lattices of anatase under the condition of heating at
400°C and induced the mid-gap states above the VBM. And for
hydroxylated anatase heated at 600°C, the doped N had been
wiped off at high temperature, there were only slight band tails
because of a little visible-light absorption and less degree of
disorder, while no band tails existed for highly crystalline anatase
heated at 800°C, and its band-gap (3.19¢V) was typical for
crystalline anatase.” *’ This continuous change of the energy band
showed the effect of heating treatment on band-gap engineering
by controlling the hydroxylation, N-doping and degree of
disorder of hydroxylated anatase.

Considering the basic construction unit of TiO, was the TiOg
octahedron, we could deduce the frame work structure of our
hydroxylated anatase. Figure 6 shows the process of frame work
structural changes from the original amorphous TiO, to
crystalline anatase that heated at 800°C. It could be concluded
from the results of XRD and XPS that the original amorphous
TiO, consisted of the aggregates of several TiOg octahedrons by
random dehydration synthesis of the hydroxyls on surfaces,
which was the reason for its highest hydroxyl content and
disordered structure. After heating at 200°C, the dispersed
aggregates of TiO4 octahedrons would constitute little chains or

circles by dehydration synthesis, and there would be crystal

;s nucleus emerging among these connected aggregates when
heated at 300°C. The frame work structure would expand from
little chains or circles to disordered layers or bulks with the
increasing heating temperature, accompanying with the anatase
NCs’ growing up among the connected aggregates. The doped-N

40 (marked by black dots in figure 6) appeared at the interstitial sites
of the crystal lattices when they were growing up at 400°C,
making the lattices distortion, which would recover to be regular
when heated at 600°C because of the removing of doped-N.
Through the whole process of heating treatment, the aggregates

45 of TiOg octahedrons would connect together by dehydration
synthesis and expanded from lone islands to chains and bulks.
Accompanied with the gather of aggregates, crystallization of
anatase went on inside the disordered aggregates and would
replace the disordered structure gradually to form an integrated

so three-dimensional network finally at 800°C. This process
indicated that the heating treatment had an important control of
the continuous changes in frame work structure of hydroxylated
anatase.

The solar-driven photocatalytic activities of hydroxylated

ss anatase were ecvaluated by monitoring the change in optical
absorption of acid fuchsin (AF) solution during the process of its
decomposing under illumination. The evaluation results are
demonstrated in figure 8a and figure S3. For hydroxylated
anatase that heated at 400°C~700°C, their solar-driven

0 photocatalytic activities were enhanced successively by about 1.4,
1.75, 2.33 and 3.5 times than crystalline anatase that heated at
800°C respectively. The results apparently indicated that though
amorphous TiO, itself did not show good solar-driven
photocatalytic activities (figure S3), the disorder that induced by

os hydroxylation would enhance the solar-driven photocatalytic
activity of anatase, and the degree of disorder in hydroxylated
anatase that heated at 700°C made the best solar-driven
photocatalytic activity.

If settled a colour filter on the light source, the visible-light-

70 driven photocatalytic activities of the hydroxylated anatase could
also be evaluated by monitoring the change in optical absorption
of AF solution during the process of its decomposing under
illumination. The evaluation results are shown in figure 8b and
figure S3.

75 Compared to the results of solar-driven photocatalytic activity
in figure 8a, the sequence of each sample’s photocatalytic activity
had big differences under visible-light-driven. The amorphous
TiO, itself still had little visible-light-driven photocatalytic
activity, and the degree of disorder in hydroxylated anatase that

so heated at 600°C made the highest visible-light-driven
photocatalytic activity, followed by hydroxylated anatase that
heated at 400°C and 500°C. While highly crystalline anatase
(heated at 700°C and 800°C) had quite low visible-light-driven
photocatalytic activities. This phenomenon was probably because

ss that the reduction of organic molecules with the photocatalysis of
TiO, under UV light was attributed to the formation of holes in
valance band and hydroxyl radicals, and the disorder improved
the efficiency of recombination of photo-generated electrons and
holes. While there was no photo-generated hole under visible-

o0 light, TiO, was used to help to transmit the charges, and the
mixed phase of amorphism and anatase was in favor of the
separation of charges.”' The disorder in hydroxylated anatase
played a greater role under visible-light-driven photocatalysis
than it did under solar-driven. Both of the results also suggested

os the N-doped anatase, which was once recognized as an efficient
visible-light photocatalyst,'* hardly had effective enhancement on
photocatalytic activity due to the lower oxidation power of the
photo-generated holes in nitrogen levels than those in the VB,

This journal is © The Royal Society of Chemistry [year]
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Figure 8. Evaluations of solar-driven (a) and visible-light-driven
(b) photocatalytic activities (AF decomposition) of hydroxylated
anatase heated at a series of temperatures.

and the mid-gap states induced by N-doping served as the
recombination centers for the photo-generated charge carriers.”

Although original amorphous TiO, and amorphous TiO, that
heated at 200°C had a quite different energy band structure, both
of them did not present good photocatalytic activity neither under
solar-driven nor visible-light-driven because the low degree of
crystallization. However, based on the data of the surface area of
some samples by BET measurement in table S1, TiO, with higher
degree of disorder also had larger surface area, especially for
original amorphous TiO, and amorphous TiO, that heated at
200°C. So despite their low activity of photocatalysis, the surface
adsorption caused by the large surface area indicated these two
kinds of TiO, can be used as effective adsorbent.

Conclusions

In summary, we have shown a traditional method that using
heating treatment to continuously change the degree of disorder
by hydroxylation to prepare hydroxylated and N-doped anatase
derived from amorphous hydrate that synthesized through one-
step aqueous reaction, which is just a simple and reversed
synthetic route comparing to the pathway by hydrogenation.
Turning from Ti-OH bonds to Ti-O bonds by heating made the
frame work structure of TiO, transform from disordered
aggregates of TiOg octahedron to regular and integrated three-
dimensional network, and their crystal phase from amorphism to
crystalline anatase respectively. Hydroxylated anatase with
higher degree of disorder had stronger optical absorption and
narrower band-gap, which caused the darker colour in
appearance. The nitrogen that adsorbed on the surface of

s
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amorphous TiO, would be gradually wiped off by heating. But
some of them were doped into the crystal lattices of hydroxylated
anatase that heated at 400°C, making the yellow appearance. The
doped-N vanished when heated at 600°C. Although amorphous
TiO, only had low photocatalytic activity, the disorder induced
by hydroxylation could enhance both solar-driven and visible-
light-driven photocatalytic activities of hydroxylated anatase
effectively, especially for visible-light-driven photocatalysis,
while N-doped anatase showed no effective enhancement on
photocatalytic activity. Besides, high degree of disorder gave the
amorphous TiO, large surface area. This work provides a simple
heating treatment method to continuously change the structure
and properties of TiO, derived from amorphous hydrate, which
can be applied to some other semiconductors to create
hydroxylated NCs with various degrees of disorder. Through this
method can we prepare materials with outstanding photocatalysis.
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Controlling the degree of disorder to prepare hydroxylated and N-doped TiO, with
various colours and enhanced photocatalytic activity.
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