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Heteroatom-Modulated Switching of Photocatalytic
Hydrogen and Oxygen Evolution Preferences of Anatase

TiO, Microspheres

Gang Liu, Jian Pan, Lichang Yin, John TS Iwvine, Feng Li, Jun Tan, Philip Wormald,

and Hui-Ming Cheng*

Understanding and manipulating the two half-reactions of photoinduced
electron reduction and hole oxidation are key to designing and constructing
efficient photocatalysts. Here, how the spatial distribution of the heteroatom
modulates photocatalytic reduction (hydrogen evolution) and oxidation
(oxygen evolution) reaction preferences is investigated by moving boron from
the core to the shell of an anatase TiO, microsphere along [001] via thermal
diffusion control. The preference towards photocatalytic hydrogen and
oxygen producing reactions from splitting water can be switched by creating
a shell with an interstitial B°* (o < 3) gradient in the TiO, microsphere. This
switching stems from the downward shift of electronic band edges of the
shell by a band bending effect that originates from the extra electrons coming
from the interstitial B°*. These results create new opportunities for designing
and constructing efficient photocatalysts by spatial heteroatom engineering.

an overwhelming purpose of increasing
visible light absorption through nar-
rowing the bandgap or forming local-
ized states in the bandgap.*?!~28 In this
respect, the electronegativity and ionic
radius, chemical state and spatial distri-
bution of heteroatoms are the basic para-
meters of major concern. To date, several
encouraging advances have stimulated the
rapid development of heteroatom doping
in photocatalysts towards efficient utiliza-
tion of visible (solar) light;*?-2’l however,
the underlying role of heteroatom in fine-
tuning the photocatalytic reaction prefer-
ences has been unfortunately overlooked
and is little understood. Developing the

1. Introduction

Semiconductor photocatalysts have attracted increasing atten-
tion due to their great potential in applications of clean envi-
ronment and renewable energy.''®l The synergistic effects
of two half-reactions of photoinduced electron-reduction and
hole-oxidation, i.e. important hydrogen and oxygen evolutions
from water splitting, inherently determine photocatalysis effi-
ciency.'2% Although it is well recognized that the efficiency of
a photocatalyst is very sensitive to its electronic structure, the
effect of the changes in electronic structure on tuning photo-
reaction preferences is far from well understood and utilized.
Introducing heteroatoms into photocatalysts has long been
used to modulate the electronic structure of photocatalysts with
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ability of manipulating photoreaction

preferences will be critically important

for designing and constructing efficient
photocatalysts for targeted reactions.

The prerequisite to examine the true effects of heteroatom
on photoreaction preference is to obtain a suitable photocatalyst
that satisfies at least the following criteria: 1) the ability to host
sufficient heteroatoms without changing the crystal structure,
morphology and particle size of the photocatalyst so that the
role of heteroatom can be well revealed; 2) controllable diffusion
of the heteroatom in the bulk crystal along some certain crystal
orientations, which makes it possible to manipulate heteroatom
locations. However, heteroatoms in most photocatalysts, e.g. typ-
ical TiO,, usually prefer to locate in the surface/subsurface area
of a particle as a result of the poor diffusion ability and/or low
thermodynamic solubility of heteroatoms,?”28 particulatly for
those prepared by wet-chemistry routes. Therefore, it remains
a great challenge to obtain a suitable candidate for studying the
effects of heteroatoms on photoreaction preference.

Among the intensively investigated nonmetal dopants,
boron®! which has the smallest ionic radius might be an
ideal candidate to be accommodated and diffuse within bulk
TiO, under an external driving force. Inspired by the prepara-
tion of TiO, polymorphs from crystalline TiB, with H3;BO; as
a by-product,B% in this work we proposed an oriented agglom-
eration growth strategy to in situ synthesize TiO, microspheres
containing B dopant, as illustrated in Figure 1a and Figure S1
(Supporting Information). By controlling the spatial distribution
of boron, the effect and its origin of the heteroatom on modu-
lating photocatalytic reaction preferences towards hydrogen
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Figure 1. The morphology and inner structure of an anatase TiO, microsphere. a) Crystal struc-
tures of hexagonal TiB, and anatase tetragonal TiO,. b) Scanning electron microscopy (SEM)
image of a prepared anatase TiO, microsphere. c) A secondary SEM cross-sectional image of
an anatase sphere after cutting by focused ion beam (FIB). d) Argon ion sputtering dependent
XPS spectra of B 1s from the TiO, microspheres before thermal treatment.

and oxygen evolution from splitting water were demonstrated.
The results obtained provide some important implications in
designing and constructing efficient photocatalysts.

2. Results and Discussion
2.1. Morphology and Structure of TiO, Microspheres

X-ray diffraction analyses (Figure S2, Supporting Information)
confirm that the final sample synthesized from TiB, is 94.5 wt%
anatase and 5.5 wit% rutile TiO,. Representative SEM image
of the sample shows that most TiO, particles appear as well-
developed spheres with a predominant diameter of 24 um
(Figure S3, Supporting Information). Furthermore, both anatase
and rutile phases tend to agglomerate separately as indicated in
Figure S4 (Supporting Information). The surface of the anatase
microsphere in Figure 1b consists of nanosized truncated pyra-
mids with the top major {001} and lateral minor {101} facets as
characterized by Figure S5 (Supporting Information).’'32 The
cores of the spheres shown in Figure 1c are partially hollowed
as a result of the well-known Oswald ripening process during
crystal growth.’3] The morphology, crystal phase and size of
these microspheres show no detectable change after calcination
at 600 °C in air for 2 h. Inductively coupled plasma (ICP) atomic
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emission spectrometry measurements verify
the unchanged amount of boron at ca. 1.1 at%
(B/Ti) in the microspheres upon calcination.

2.2. Distribution and Chemical States
of Boron in the Microspheres

The distribution and chemical state of boron
in the TiO, microspheres was investigated
with X-ray photoelectron spectroscopy (XPS).
Prior to the thermal treatment, boron is
absent from the surface layer of the micro-
sphere shell, as indicated by the absence of
an XPS B 1s signal before 3360 s Ar* sput-
tering in Figure 1d. Boron with its B 1s level
binding energy at 187.9 eV, identified as sub-
stitutional boron (B®", § < 2) to replace lattice
oxygen to form Ti-B bond,??”! exists in the core
of microsphere. After the thermal treatment,
a boron gradient, with a maximum content
at the outer surface (Figure 2a) is formed in
the shell as a result of thermal diffusion of
boron from the core to the shell (The shell
thickness is estimated to be around 50 nm.).
Furthermore, the B 1s level binding energy
detected in the shell increases from 187.9 eV
to 192.2 eV, thus suggesting a conversion
from the substitutional boron B® to intersti-
tial boron (B, ¢ < 3),2) caused by heating.
Such conversion is consistent with the theo-
retical results that the substitutional boron is
much less stable than the interstitial boron,
and even the displacement of the boron atom
from the substitutional to the interstitial position has a net cost
with a sufficiently high temperature.?l The evolution of boron
distribution in the TiO, microsphere upon heating is illustrated
in Figure 2b. The detailed chemical coordination environment of
the boron in TiO, was clarified by solid state nuclear magnetic
resonance (NMR) spectroscopy. Consistent with XPS results, the
NMR spectrum of !B in TiO, with substitutional boron shows
different features from that in TiO, with the interstitial boron
due to different chemical environments of boron (Figure 2c).
Due to the fact that all bulk lattice oxygen atoms have a threefold
coordination ([OTis]),2* the chemical shift of the dominant signal
at —1.88 ppm, therefore, should correspond to substitutional
boron coordinated in trigonal unit [BTi;]. Two kinds of intersti-
tial boron, which are coordinated in tetragonal and trigonal units
[BO,] and [BO;], may exist in anatase TiO,.*¥ In this case, the
dominant signal at 1.72 ppm and the minor shoulder signal
originate from the interstitial boron coordinated in [BO,] and
[BO5] units, respectively.” It is worth noting that the interstitial
B in both units theoretically plays the same role in changing the
electronic structures of TiO,.

2.3. Electronic Band Structures of the Anatase TiO, Microsphere

We investigated the effect of boron on electronic structure of
TiO, by combining UV-visible absorption spectroscopy with XPS
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2.4. Photocatalytic Activities

We now estimate how the boron-dependent
spatial electronic structure affects the photo-
catalytic reduction and oxidation reactions
first by monitoring hydrogen and oxygen
evolution from water splitting in the pres-
ence of methanol and AgNO; as electron and
hole donors,B1%1] respectively. As shown in
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Figure 4, the boron-free shell leads to a 4-fold
improvement in hydrogen evolution compared
to the shell with a boron gradient. However,
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the boron-containing shell results in a 4.5-fold
improvement in oxygen evolution compared
to the shell with a boron gradient. That is,
the boron introduced in the shell has a totally
opposite effect on the hydrogen and oxygen
evolution from water splitting. Photocatalysis
requires a simultaneous occurrence of reduc-
tion and oxidation induced by the photoexcited
conduction band electrons and valence band
holes, respectively. In the presence of an elec-
. tron (hole) donor that easily consumes the
(i) photoexcited holes (electrons), the activity of

splitting water to produce hydrogen (oxygen)

468 464

Figure 2. Gradient distribution of boron within the TiO, microspheres and chemical state of Ti.
a) Argon ion sputtering dependent XPS spectra of B from the TiO, microspheres after thermal
treatment. b) Schematic of the evolution of boron distribution within an anatase microsphere
upon heating. c) Solid state NMR spectra of ''B recorded from the TiO, microspheres i) before
and ii) after thermal treatment. d) Ti 2p X-ray photoelectron spectra recorded from the pristine
surface of the TiO, microspheres i) before and ii) after thermal treatment.

valence band spectroscopy. The overlapping absorption edges in
Figure S6 (Supporting Information) suggest that the intrinsic
bandgap is independent of the chemical states of boron. This
is consistent with the reported theoretical results that both
interstitial and substitutional boron lead to no change in the
intrinsic bandgap of anatase TiO,.?¥ However, the valence band
maximum of the shell containing interstitial boron is appar-
ently shifted downwards by 0.26 eV from 1.98 eV to 2.24 eV
with respect to the boron-free shell (Figure S7, Supporting
Information). The origin of the downward shift is attributed to
the known band bending effect caused by the extra electrons
from donor defects,3% Ti** in this case. Introducing interstitial
boron in TiO, will cause the formation of Ti*" by contributing
valence electrons from boron to a neighboring Ti*, according
to the following defect equation: B + Ti*' — 1/6 B°" (6 < 3) +
Ti3+.3435 The existence of Ti** is validated by the appearance of
an additional shoulder from 457.6 eV to 456.0 eV in XPS spec-
trum of Ti 2p (Figure 2d), which is formally assigned to Ti**.3¢!
Based on these results, the respective surface band structure
of the boron-free and boron containing shell is illustrated in
Figure 3a. The bulk electronic structure of the whole shell with
a boron gradient can be then mapped from the surface elec-
tronic structure in Figure 3b. The basis of this mapping is the
linked distribution of B with that of Ti** due to the coexistent
relationship of Ti** with B,

Adv. Funct. Mater. 2012, 22, 3233-3238
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by the photoexcited electrons (holes) as the
rate-limiting step is determined by the redox
power of the electrons (holes). As indicated in
Figure 3b, the electrons from the boron-free
shell have a stronger reducing power than
those from the shell with a boron gradient,
while the holes from the latter have a stronger
oxidative power than those from the former.
This can well explain the hydrogen and oxygen

o |V vs. NHE

= H*/H, 0V
-0,/H,0 123V

B free (ii)

Figure 3. Boron distribution-dependent electronic structure. a) Surface
band structure alignments of the TiO, microspheres. b) The dependence
of spatial electronic structures on the distribution of boron within the
TiO, microspheres. The bands in the boron containing areas are high-
lighted in blue. i) TiO, microspheres with a boron-free shell and ii) TiO,
microspheres with a boron-containing shell.
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a b along the anatase [001] orientation. As
400 180 shown in Figure 5d, the most energetically

[ H, - half reaction (i)

0O, - half reaction (ji)

preferable pathway for interstitial B was
calculated to be [BOg];s — [BO;l,! — [BO;l,2
— [BOyps with a moderate energy barrier
(1.76 eV), which is much less than those
(3.69 eV and 3.16 eV) calculated for other
two pathways [BO,];s — [BOs),' — [BOs],! —
[BO4Jps and [BO4)is — [BOs),* — [BOs),> —

0 1 2 3 4 5
Irradiation time /h

Figure 4. Boron distribution-dependent photocatalytic activities. a) Photocatalytic hydrogen evo-
lution from 1 wt% Pt loaded TiO, microsphere photocatalysts in the presence of methanol as
an electron donor. b) Photocatalytic oxygen evolution from the TiO, microsphere photocatalysts

Irradiation time /h

[BO,Jgs (Figure S9, Supporting Information).
This moderate barrier can well explain the
high diffusion capability of boron under the
driving force of both the applied thermal field
and electric field.

in the presence of AgNO; as a hole donor: i) TiO, microspheres with a boron-free shell and

ii) TiO, microspheres with a boron-containing shell.

evolution preference of the TiO, microspheres by introducing
boron in the shell.

2.5. Diffusion Behaviors of Boron in the Microsphere

The above photocatalytic behaviors are modulated by the het-
eroatom of boron moving from the core to the shell within a
microsphere. Further in-depth understanding of boron diffu-
sion within a TiO, structure framework on a microscopic scale
is, therefore, desirable, and was studied by monitoring the
electrical conduction characteristics of a single microsphere.
I-V curves, which were recorded from a single microsphere
(Insets in Figure 5a,b), clearly demonstrate a direct depend-
ence of electrical conduction characteristics on the boron dis-
tribution. Independent of scanning times and direction, the
microsphere with boron in the shell shows the typical electron
conduction behavior of an ordinary semiconductor due to the
highly diluted distribution of interstitial boron in the whole
shell (Figure 5a). However, for a microsphere with boron in
the core, a cooperative conduction of an electron and a B°*
ion (applied electronic field will act as the thermal field in
converting substitutional B® to interstitial B®* before starting
boron diffusion as indicated by the facile conversion in
Figure S8, Supporting Information) emerges in the first scan-
ning, but then electron conduction alone appears in the second
and the following scans, under the applied increasing voltages
(Figure 5b). This phenomenon can be well explained in terms
of the occurrence of a directional diffusion of concentrated
B°* jons within the microsphere along the electric field, as
illustrated in Figure 5c. The exact contribution of B®* ion con-
duction to the electrical conductivity, derived by subtracting
the 1% (3'Y) curve from the 2™ (4) in Figure 5a,b, is indicated
by the dash lines. Two important features are observed from
Figure 5b: i) an extremely low threshold voltage for the trans-
port of B°*; ii) the maximum ion conductivity appearing at ca.
+3 V as a cooperative effect of the applied electrical field and
the amount of available B®* ions in the bulk for the transport.

We further tried to understand the interstitial boron
diffusion behavior at the atomic level by theoretically revealing
possible diffusion pathways between two nearest [BO,] sites

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3. Conclusions

We report a heteroatom-modulated switching of photocatalytic
reaction preference towards hydrogen or oxygen producing
reaction from water splitting with boron contained anatase
TiO, microspheres. This switching is sensitively controlled
by creating a shell with an interstitial B°* (6 < 3) gradient in
the TiO, microsphere. Such a modulating effect intrinsically
stems from the downward-shift of electronic band edges of
the shell by a band bending effect caused by the extra elec-
trons coming from the interstitial B°*. The results achieved
clearly demonstrate the strong capability of heteroatom in
modulating photocatalytic reaction preference of photocata-
lysts. The findings open up new opportunities for developing
photocatalysts with tunable photoreaction preferences based
on spatial heteroatom engineering.

4. Experimental Section

Synthesis of the TiO, Microspheres: Sodium sulfate (Na,SO, Aldrich
Chemical) was dissolved in 1 M hydrochloric acid (HCI) to a concentration
of 0.11 M. In a typical synthesis procedure, 55 mg of titanium diboride (TiB,)
was then added into 12 mL of the above aqueous solution to form a dark
grey suspension. The suspension was transferred to a Teflon-lined autoclave
and heated at 180 °C for 24 h. A white suspension containing the sample
was obtained after the reaction. The sample was collected by centrifugation
and fully washed with deionized water to remove any dissolvable impurity.
The sample was finally dried at 80 °C in air for further characterization.

Tuning the Distribution of Boron in the Microspheres: In order to move
the boron from the core to the shell of the resultant TiO, microspheres,
the sample obtained from the above procedure was heated at 600 °C in
air for 2 h with a heating rate of 5 °C/min. The sample was cooled to
room temperature naturally.

Processing the Microspheres by a Focused lon Beam (FIB): The
processing of TiO, microspheres were performed in a FIB workstation
(Nova 200, Nanolab) using a liquid metal ion source to generate ions
(typically Ga*) to sputter specimens. The Ga* ions were accelerated at a
high voltage (typically 30 kV) to sputter the TiO, microsphere. Thereby, a
cross section of the TiO, microspheres was obtained.

Photocatalytic Activity Measurements: Photocatalytic hydrogen and
oxygen evolution reactions were carried out in a top-irradiation vessel
connected to a glass-enclosed gas circulation system. 100 mg of the
TiO, powder was dispersed in 300 mL aqueous solution containing
10 vol% methanol for hydrogen evolution or 16.7 mM AgNO; for
oxygen evolution. The reaction temperature was maintained around

Adv. Funct. Mater. 2012, 22, 3233-3238
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Figure 5. Diffusion characteristics of boron within anatase TiO,. a,b) -V curves measured from a single anatase TiO, microsphere with a boron con-
taining and boron-free shell, respectively. The 1°t, 24, 3¢, 4t curves were recorded in turn, where the 1%t and 2"¢ were scanned from 0V to 10 V, while
the 3" and 4th were subsequently scanned from 0 V to -10 V. The dashed lines were derived by subtracting the 15t and 3 curves from the 2"¢ and 4"
curves, respectively. c) Proposed directional boron diffusion processes in the microsphere with initial boron in the core under different measurement
conditions. d) Calculated minimum energy path for the most energetically preferable interstitial boron diffusion along [001] in bulk anatase. Three
possible locations for the interstitial boron in bulk anatase, including two 3-coordinated B®*, ([BOs], and [BOs],, where a, b indicate two different con-
figurations) and one 4-coordinated B°* ([BO,4]) configurations, were considered according to ref. [34]. The structures for the initial state [BO,4] ([BO4];s),
local state [BOs],' and [BOs],% (1, 2 indicating two equal sites of [BOs]), and final state [BO,] ([BO4J¢s) are also presented. TS: transition state. Small

red and grey balls indicate O and Ti atoms, [BO,] and [BOs] groups are highlighted by large green (O) and blue (B) atoms.

20 °C. The amount of H, and O, evolved was determined using a gas
chromatograph (Agilent Technologies: 6890N).

Details of theoretical calculations, electrical property measurement of
a single anatase microsphere are given in Supporting information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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