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Direct overall water splitting with semiconductor-based
photocatalysts is one of the most ideal routes for hydrogen
production using solar energy.? However, most of the
semiconductor photocatalysts thus far investigated show only
low activity for overall water splitting, the simultaneous
splitting of water into H, and O,. One of the key issues related
to this problem is the limited charge separation efficiency
upon photo-excitation, which largely depends on the intrinsic
electronic and structural properties of semiconductors.”) To
improve the photocatalytic activity of overall water splitting,
it is highly desirable to develop approaches that can
efficiently promote charge separation in semiconductor
based photocatalysts.”) Fabrication of junctions (such as
p—n junctions) between different semiconductors has been
demonstrated to be an effective strategy for promoting charge
separation in photovoltaics.”) Proper junctions formed in
semiconductor-based photocatalysts could also lead to
enhanced activity in either hydrogen or oxygen half reac-
tions.”) However, fabricating efficient junctions for the overall
water splitting reaction still remains a challenge. More
importantly, the essential relation between the junction and
the photocatalytic activity is far less well understood. An in-
depth understanding of junction-related issues may be a great
aid in the design and preparation of efficient semiconductor
based photocatalysts.

Herein, we report that Ga,O; with tuneable a—f3 phase
junctions can stoichiometrically split water into H, and O,
with drastically enhanced activity over those with o or 5 phase
structures alone. The enhanced photocatalytic performance is
shown to be due to efficient charge separation and transfer
across the a—f phase junction. Rational design and fabrica-
tion of phase junctions is therefore demonstrated to be an
attractive strategy for the development of efficient photo-
catalysts for overall water splitting.

Gallium oxide is an n-type semiconductor with five
polymorph phases, including commonly seen o and
B phases.””! Ga,05 semiconductors with different phase struc-
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tures were prepared by phase transformation from a-Ga,0O;
into p-Ga,0; at elevated temperatures. The phase trans-
formation was followed by XRD and UV Raman spectros-
copy. As shown in Figure 1, both the XRD patterns and the
UV Raman spectra suggest that the original a-Ga,O; under-
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Figure 1. a) XRD patterns, and b) UV Raman spectra (excitation line at
266 nm) of different samples prepared by calcination of 0-Ga,0; at
different temperatures for 1.5 h in air. The samples obtained by
calcining a-Ga,O; at 673 and 1073 K are a-Ga,O; and $-Ga,0;,
respectively, as determined by a comparison of the XRD patterns with
the JCPDS card numbers 06-0503 and 41-1103.

goes gradual a to § phase transformation upon increasing the
calcination temperature from 673 to 1073 K, and Ga,O; with
different phase structures could be obtained during the phase
transformation. However, some discrepancies are observed in
the results between the UV Raman spectra and the XRD
patterns for the samples obtained by the calcination of
a-Ga,0; at 863 and 903 K (denoted as Ga,0;-863 and Ga,0;-
903, respectively) owing to the greater sensitivity of UV Ra-
man spectroscopy to the outer region of the solid samples
than XRD." For Ga,0;-863, the presence of characteristic
B-Ga,0; bands in the UV Raman spectral® and the absence of
characteristic §-Ga,O; diffraction peaks in XRD indicate that
B-Ga,0; is formed in the outer region. For Ga,05-903, the
characteristic Raman bands of a-Ga,0,"' disappear, whereas
the characteristic diffraction peaks of a-Ga,O; are still clearly
detected by XRD, which indicates that the outer region of
Ga,05-903 is fully covered with 3-Ga,O; while maintaining an
inner bulk region of a-Ga,0; (see Figure S1 in the Supporting
Information for more details). Overall, by finely tuning the
phase transformation temperature in the range of 863-903 K,
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a series of Ga,O; samples with different compositions of
a-Ga,0; and B-Ga,0; have been prepared.

The phase structures of Ga,0;-863 and Ga,0;-903 were
investigated by high resolution transmission electron micros-
copy (HRTEM). For Ga,0,-863, the images in Figure 2a,b
show that small (3-Ga,O; nanoparticles are sporadically

Figure 2. a) Low-magnification image of Ga,0;-863. The inset is the
SAED pattern taken from area A, showing that area A contains both

o and P phases. b) HRTEM image taken from area B in (a). c) A
simplified cartoon depicting the 0—f phase junctions according to (b).
d)—i) TEM images taken at different tilt angles for one cross-section of
a Ga,0;-903 particle. The insets are the corresponding SAED patterns.
The areas in (d)—(h) and (i), which show darker contrast owing to
satisfaction of the Bragg reflection condition, are identified as 3-Ga,O;
and a-Ga,0s, respectively.

patched onto the surface of the original a-Ga,O; particle,
resulting in the exposure of both o and [} phases on the
surface. Moreover, it can be observed in Figure 2b that the
phase junction between a-Ga,O and -Ga,0; is composed of
well-matched lattice fringes between the (110) plane of
a-Ga,0; and the (310) plane of B-Ga,O; with a lattice
mismatch of only 3% (Figure 2¢). UV Raman and XRD also
revealed that the surface of the Ga,05-903 sample is fully
covered by

B-Ga,0;, whereas the inner bulk is still a-Ga,O;. To confirm
this phase structure, a randomly selected Ga,0;-903 particle
was milled halfway through its thickness with a focused ion
beam and the exposed cross section was characterized with
TEM. As shown in Figure 2d—i, an a/f core/shell structure
with

0-Ga,0; in the inner core and $-Ga,0; in the surrounding
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shell is observed. This confirms that the phase transformation
has been completed on the outer region of Ga,0;-903,
resulting in the exposure of only f-Ga,O; on the surface.
Moreover, a well-structured a—f3 phase junction is also seen at
the boundary of the o phase core and the {3 phase shell
(Supporting Information, Figure S2). These observations
clearly demonstrate that atomically well-defined o—f phase
junctions of Ga,0; can be tailor-designed and obtained by
phase transformation.

The photocatalytic overall water splitting reactions were
carried out on the different phase-structured Ga,0Os;-based
photocatalysts, and the photocatalytic activities are shown in
Figure 3. All of these photocatalysts can truly split water into
H, and O, in a ratio of approximately 2:1. However, the

160

hv
0] 2H0 2 2H,+0, [l H;
1204 = o,

Gas evolved / pmol h™' m? —

673 773 863 873 883 893 903 973 1073 a+f
Calcination temperature /| K ——>

Figure 3. Specific H, and O, evolution activities (normalized by
specific surface area) of a-Ga,0; samples calcined at different temper-
atures as a comparison of their photocatalytic activity. The notation
o+ indicates the mechanically mixed sample with a 1:1 ratio of
0-Ga,05/p-Ga,05. For the photocatalytic reaction experiments, photo-
catalysts (0.5 g) loaded with NiO, (2 wt %) co-catalyst were dispersed
into deionized water (500 mL) and irradiated with a 450 W mercury
lamp (USHIO UM452).

photocatalytic activities of these samples are quite different.
The samples in the a phase (calcined from 673 to 773 K) or
the P phase (calcined from 973 to 1073 K) alone have
relatively low photocatalytic activities, whereas the samples
prepared by the calcination of a-Ga,0; at 863-893 K show
much higher photocatalytic activity. Typically, the photo-
catalytic activity of Ga,0;-863 with both a and P phases
exposed on the surface reaches up to three or seven-fold
greater than that of a-Ga,0; or $-Ga,0; alone, respectively.
Furthermore, the photocatalytic activity of Ga,0;-863 is
much higher than that of mechanically mixed a-Ga,O; and
B-Ga,O; samples, which is nearly equal to the simple sum of
the activities of a-Ga,0; and B-Ga,O; alone. The different
photocatalytic activities are not due to differences in particle
size or surface area, as there are no distinct changes among
these samples (Table S1). It is only the o—f phase junction
formed between two different phases that is responsible for
the considerable enhancement in the photocatalytic activity
for overall water splitting.

One may notice that although the a—f3 phase junction is
formed, the samples obtained by calcination of a-Ga,O; at
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temperatures above 863 K show lower photocatalytic activity
relative to Ga,0;-863. Typically, Ga,0;-903 shows photo-
catalytic activity nearly as low as that of $-Ga,0O;. From XRD
and UV Raman spectroscopy, we know that the amount of
-Ga,O; on the surface gradually increases as the calcination
temperature increases. This leads to an o/f core/shell
structure with only the § phase exposed on the Ga,05-903
surface formed, whereas both a and 3 phases are exposed on
the Ga,05-863 surface. This suggests that the presence of the
o—f3 phase junction and the exposure of both phases on the
surface are essential for the enhancement of photocatalytic
activity.

To further understand the role of a—f3 phase junctions in
the photocatalytic reaction, the kinetics of photogenerated
charge carriers in samples with different phase structures
were investigated by ultra-fast transient absorption spectros-
copy and time-resolved IR spectroscopy. As shown in Fig-

a-f junction

a-B junction

a-Ga,0, (673 K)
— B-Ga,0; (1073 K)
o=@ junction (863 K)

likely responsible for the enhancement in the photocatalytic
activity.'!

It should be mentioned that not all long-lived charge
carriers can contribute to the course of the photocatalytic
reaction. Only those that reach the surface have an oppor-
tunity to participate in the surface reactions. A time-resolved
in situ FT-IR experiment was specially conducted to probe
the photogenerated holes on the surface of the Ga,O; samples
using methanol as electron donor. The initial IR absorption
intensity, shown in Table 1, originates from the photogener-
ated electrons, and the increase in the IR absorption intensity
after introducing methanol vapor onto the Ga,O; sample is
due to the capture of holes by methanol. There are two
competition processes for the photogenerated holes, either
recombination with photogenerated electrons or trapping by
methanol on the surface. Therefore, the increase in the IR
absorption intensity directly reflects the amount of the
charges available on the surface for the
photocatalytic  reaction. Interestingly,
Ga,0;-863, with o3 phase junctions,
shows a larger increase in the initial IR
absorption intensity than o-Ga,O; and
B-Ga,O; samples, which suggests that
there are more holes available to partic-
ipate in the surface reaction on Ga,05;-863.
These results further demonstrate that the

o—f phase junctions in Ga,0;-863 can
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Figure 4. a) Normalized time profiles of transient absorption spectra at 850 nm of Ga,O,
samples excited by a 255 nm laser with a 50 fs pulse duration. b) Normalized transient
absorption profiles of average mid-IR absorption of Ga,O; samples excited by a 266 nm

more effectively promote charge separa-
tion. As a consequence, more long-lived
photogenerated charges contribute to the
photocatalytic water splitting reaction.
The band structures of a-Ga,O; and
B-Ga,O; were further examined by Mott—
Schottky measurements and XPS. As

1 1
i i
1 1
i i
<. . | %;? v shown in Figure 4c,d, the flat band poten-

tial of 0-Ga,0O; is more negative than that
of -Ga,05;, and the valence band potential
of B-Ga,0; is more positive than that of
a-Ga,0;. By further taking into account
the band gaps (Figure S4), a band structure
diagram of an o—f phase junction can be
drawn (Figure 4e). Upon irradiation of

laser pulse of 6-8 ns duration; a—f} junction: Ga,O; with an o—f phase junction obtained by
calcining an a-Ga,0; sample at 863 K. c) Mott—Schottky curves of a-Ga,O; and -Ga,0;
electrodes measured in Na,SO, solution (0.3 m, pH ca. 7.0). d) XPS valence band spectra of
0-Ga,0; and $-Ga,0s. e) lllustration of charge transfer cross the o—f3 phase junction.

Ga,0; with a—f3 phase junctions, the pho-
togenerated electrons tend to transfer from
the o phase to the [} phase, while the

ure 4a, the o—f phase junction in Ga,0;-863 results in an
ultrafast transfer at approximately 3 ps (see Table S2 for
details). This ultrafast transfer is much faster than the
recombination (> 1000 ps)'” and the trap processes (14—
32 ps),'! which indicates a much more efficient charge
separation for the Ga,0;-863 with the a—f3 phase junctions.
Furthermore, the electron-hole recombination Kkinetics
observed by time-resolved IR spectroscopy (Figure 4b)
show that the lifetime of the long-lived photogenerated
electrons in the microsecond time-scale for Ga,0;-863 with
o—f phase junctions is much longer than those in either
a-Ga,0; or B-Ga,0; alone. Such long-lived electrons are most
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Table 1: Time resolved in situ FT-IR absorptions of Ga,0; samples with
different phase structures.

Entry  Sample Initial intensity Increase in initial intensity
I 1 (le=1) I/l

1 a 5.4 16 10.6 2.96

2 p 90 101 1 1.12

3 a-p 4.7 40 353 8.51

The absorbance at 0 us of a sample measured in [a] vacuum and

[b] methanol vapor. [c] An a-phase Ga,0; sample obtained by calcination
of 0-Ga,0; at 673 K; [d] A B-phase Ga,0; sample obtained by calcination
of 0-Ga,0; at 1073 K; [e] A Ga,0; sample with a—f phase junctions on
the surface; obtained by calcination of a-Ga,O; at 863 K.
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photogenerated holes transfer from the f phase to the
a phase, driven by the potential difference caused by the
differing band levels of a-Ga,0; and (3-Ga,0;. Although such
a potential difference is small, it can still serve as the driving
force for efficient charge separation and transfer.’! As
a result, the photogenerated electrons and holes can be
spatially separated into two different phases and thus charge
recombination is drastically inhibited, which is of great
benefit for enhancing activity in the photocatalytic reaction.

In summary, the photocatalytic activity of Ga,O; for water
splitting has been found to be related to its surface structure,
and can be significantly enhanced by tailored a—f3 phase
junctions on the surface. The enhanced photocatalytic per-
formance has been shown to be due to efficient charge
separation and transfer across the a—f3 phase junction. Simul-
taneous exposure of both phases in the outer region is crucial
for the fulfillment of the phase junction function in charge
separation. As polymorphic semiconductors are quite
common in nature, an atomically well-matched phase junc-
tion can be conveniently fabricated by fine-tuning the phase
transformation conditions. The phase-junction approach
described here will open new avenues for the development
of efficient photocatalysts for overall water splitting, as well as
photoelectronic devices.

Experimental Section

Preparation of Ga,O; and photocatalytic reactions: a-Ga,O; was
prepared by the precipitation method. Other samples were prepared
by calcining an a-Ga,O; sample for 1.5 h at elevated temperatures
(from 673K to 1073 K). Photocatalytic overall water splitting
reactions were performed in an inner irradiation reaction vessel
connected to a closed circulation system under 450 W high-pressure
mercury lamp irradiation. A NiO, (2wt %) co-catalyst was loaded
onto the Ga,0; samples. The evolved gases were analyzed by an on-
line gas chromatograph.

Time-resolved spectroscopy: The powdered Ga,O; was dispersed
on a CaF, plate for measurement. Transient absorption measure-
ments were carried out in an air atmosphere, and time-resolved FT-IR
was carried out in a quartz cell equipped with BaF, windows. The IR
cell was connected to the vacuum system, which can be used to
introduce water or methanol vapor into the cell. Before each run of
the experiment at room temperature, the system was thoroughly
evacuated. Detailed procedures can be found in the Supporting
Information.
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