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Synthesis of NiGa,0, Octahedron Nanocrystal with
Exposed {111} Facets and Enhanced Efficiency of

Photocatalytic Water Splitting

Shi-Xiong Zhou,™® Xiao-Jun Lv,*® Chen Zhang,” Xing Huang,” Lei Kang,'® Zhe-shuai Lin,“

Yong Chen,* and Wen-Fu Fu**"!

For the first time, octahedral NiGa,0, nanocrystals having reac-
tive pH-dependent {111} facets are synthesized through a facile
hydrothermal route without using any template or organic sur-
factant. The {111} facets of octahedral NiGa,0, display clearly
enhanced photocatalytic generation of hydrogen and oxygen
from water splitting and good photocatalytic stability. Density
functional calculations suggest that mixed statistically occu-
pied Ga/Ni (fourfold- and sixfold-coordinated Ga/Ni) are most
likely to be exposed at the (111) surface of NiGa,0, which is
very favorable for enhancing the photocatalytic activities, and
the photoelectrochemical properties show that the NiGa,0, oc-
tahedron displays a better photocurrent than NiGa,0, nano-
rods with the [100] growth direction. The transient photocur-

Introduction

Semiconductors have attracted great attention over the past
few decades owing to their suitable physical and photochemi-
cal properties for the photocatalytic splitting of water." The
structure and morphology of specially exposed high-reactivity
facets of semiconductors nano- or microcrystals usually give
them high photocatalytic activities owing to the particular sur-
face atomic arrangements and unsaturated dangling bonds.”
As a typical example, the {111} facet of semiconductors has
been demonstrated to be possess a superior surface atomic
structure and electronic band structure, which contribute sig-
nificantly to the enhanced photocatalytic activity. Ye™ and co-
workers have successfully prepared {111}-facet-exposed ana-
tase TiO, single crystals by using both F~ and ammonia as the
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rent decay scan results demonstrate that the NiGa,0, octahe-
dron exposed {111} facet electrode exhibits a transient decay
time of 4 s, whereas this time is only 2 s for NiGa,0, nanorod
electrodes with the [100] growth direction. This longer transi-
ent decay time indicates that the charge-carrier recombination
rate is lower in the NiGa,O, octahedron electrode, which will
contribute to the enhancement of the photocatalytic activity.
The present study also demonstrates that designing nanostruc-
tures with the appropriate morphology and surface structures
is a feasible approach for enhancing the photoexcited charge-
transfer lifetime and developing highly active semiconductor
photocatalysts.

capping reagents, and the {111} facet exhibits a much higher
photocatalytic activity than the TiO, sample with dominant
{010}, {101}, or {001} exposed facets. Guo™ etal. prepared
three types of AgBr nanocrystals, evolved from cubes, through
truncated cubes, and finally to high-symmetry octahedra, with
an increased surface area ratio of {111} to {100}. More impor-
tantly, the as-prepared AgBr nanocrystals exhibited very clear
facet-dependent catalytic properties, and the {111}-dominated
octahedra showed the highest photocatalytic activities. How-
ever, owing to the rapid diminishing of highly reactive facets
during the crystal growth process as a result of the minimiza-
tion of surface energy, the synthesis of these highly reactive
facets of nano- or microcrystals is still a difficult and challeng-
ing task.”

Recently, gallate compounds have attracted attention in the
areas of photocatalysis, adsorption, ion exchange, porous ma-
terials, and so on, owing to their high stability, high-energy
laser systems, and high photocatalytic activities.”’ NiGa,0, crys-
tallizes in the spinel structure, and is well known as a stable
photocatalyst for photocatalytic hydrogen evolution from
water. Hollow rods of nanocrystalline NiGa,O, were prepared
from Ga,0; and Ni.”? However, the NiGa,0, exposed high-reac-
tivity facets showed a high photocatalytic hydrogen evolution
activity that had not been reported previously. Furthermore,
the development of template- and surfactant-free hydrother-
mal solution routes for the preparation of high-purity NiGa,O,
nanocrystals with controllable crystallographic facets still re-
mains a great challenge.
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Here, for the first time, we synthesize the pH-dependent
high-reactive {111} facets of octahedral NiGa,O, nanocrystals
through a facile hydrothermal route without using any tem-
plate or organic surfactant, and the growth mechanism is in-
vestigated in detail. More importantly, in the absence of a coca-
talyst, these {111} facets of octahedral NiGa,O, display en-
hanced photocatalytic hydrogen and oxygen generation activi-
ties from water splitting and good photochemical stability,
which has not been reported previously. In addition, we use
first-principles calculations to study the surface structure and
energy of the NiGa,0, octahedrons, and the photoelectro-
chemical properties show that the NiGa,0, octahedron dis-
plays a better photocurrent than NiGa,0, nanorods with the
[100] growth direction.

To the best of our knowledge, few investigations have fo-
cused on the effect of surfaces in different facet systems on
photoexcited charge transfer as the fundamental process dom-
inating chemical reactions and photoelectronic and photocata-
lytic processes,® although a few reports have shown signifi-
cant differences in electron transfer for different facet systems
based on {101} and {001} of TiO,.** Herein, we use the transi-
ent photocurrent decay scan to demonstrate that the elec-
trode of NiGa,0, octahedrons with exposed {111} facets exhib-
its a transient decay time of 4 s, whereas this time is only 2 s
for NiGa,0, nanorod electrodes with the [100] growth direc-
tion. This longer transient decay time indicates that the
charge-carrier recombination rate is lower in the NiGa,0, octa-
hedron electrode, contributing to the enhancement of its pho-
tocatalytic activity.

Results
Morphology and structure of octahedral NiGa,0,

The X-ray diffraction (XRD) pattern of octahedral NiGa,O, in
Figure 1a, shows that the diffraction peaks can be indexed
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Figure 1. XRD patterns of as-prepared NiGa,O, at pH 12.0.

easily to cubic NiGa,0, with the spinel structure” (JCPDS cards
No.10-0114) with space group Fd-3m (227), and lattice con-
stants of a=b=c=8269A and a=pf=y=90°. Compared
with the relative strength shown in the standard pattern (Fig-
ure 1b), the dominant (222) diffraction peak suggests that the
as-synthesized products have a preferred orientation along the
(111) planes, and the diffraction intensity ratio of (222)/(311) for

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the NiGa,0, octahedron is 1.24, which is enhanced significantly
from the standard ratio of 0.21, revealing that these crystals
are enclosed by eight well-defined {111} facets;™ this is further
demonstrated below by high-resolution transmission electron
microscopy (HRTEM) and selected-area electron diffraction
(SAED).

The size and morphology of the as-prepared NiGa,O, were
characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images. Figures 2 A-C

Figure 2. A) SEM image, B) enlarged SEM image, C) TEM, and D) HRTEM
and SAED (inset) patterns of NiGa,0, prepared at pH 12.0.

show that the as-synthesized NiGa,0, consisted of a well-de-
fined octahedral structure with {111} facets. Furthermore, on
the basis of the analysis of the high-resolution TEM image (Fig-
ure 2D) taken from the red frame area indicated in Figure 2C,
the interfacial angle between the (202) and (022) atomic
planes (the same lattice spacing of 0.29 nm) of the NiGa,O, oc-
tahedron is 60°, so we can confirm that the exposed crystal
plane of NiGa,0, is the {111} facet”) The corresponding SAED
pattern (inset in Figure 2D) confirms that the octahedron-
shaped crystal is a single crystal, and the zone axis is indexed
to be [111]. To the best of our knowledge, this is the first
report on single-crystalline NiGa,O, with exposed {111} facets.
Energy-dispersive spectrum (EDS) analysis and X-ray photoelec-
tron spectroscopy (XPS) confirmed the formation of the stoi-
chiometric NiGa,0, compound and displayed only the pres-
ence of Ga, Ni, and O elements (Figures S3, S4 in the Support-
ing Information). The UV/Vis absorbance spectrum of the
NiGa,0, octahedron was measured, and the bandgap was esti-
mated to be 3.85eV by extrapolating the linear region of
a plot of the absorbance squared versus energy (Figure S5).
The pH value of the solution would clearly influence the
structure and composition of NiGa,O,. With pH values in the
range 4.0-10.0, the XRD and TEM results demonstrated that
the precipitate was NiGa,O, nanoparticles and that there was
no octahedral NiGa,0, with exposed {111} facets precipitated
(Figure 3 A-C). Figure 3D shows that the crystalline diffraction
peaks became strong and narrow with increasing pH of the
precursor solution, indicating the better crystallization of
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Figure 3. A-C) TEM images of the products obtained at pH values of 4.0, 7.0,
and 10.0, respectively; D) corresponding XRD patterns of NiGa,O, prepared
at different pH values.

NiGa,0,. In addition, with the longer hydrothermal time of
36 h at pH 10, well-defined nanorods were obtained (Figure 4).

Figure 4. A) TEM image of NiGa,0, nanorods. B) HRTEM image and SAED
pattern taken from the white frame area indicated in Figure ST0A. From the
HRTEM image and the corresponding SAED pattern we can see that the
nanorod is grown along the [100] direction.

Table 1 and Figure S6 show
that the surface area of synthe-
sized NiGa,0, changes signifi-
cantly as the pH increases, which
indicates that the OH™ concen-
tration influences the process of
cation exchange. Several re-
search groups have discovered
that kinetic control is very im-
portant for the nucleation and
growth of nanocrystals."? At
pH 12.0, a well-defined NiGa,0,
octahedron was obtained. How-
ever, at pH > 13, hexagonal
sheet Ni(OH), (JCPDS cards No.
14-0117) with the space group

NaGaO,
solid powder

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 1. Physicochemical characterization of synthesized NiGa,0, at dif-
ferent pH values.
Sample pH Reaction temperature Reaction time  SBET
value  [°C] th] m*g™1
1 pH 4 180 15 49
2 pH7 180 15 81
3 pH10 180 15 46
4 pH12 180 15 17

Second. Ni(CH;COO),

First. H,O,
hydrolysis

P-3m1 (164) was precipitated, with lattice constants of a=b=
3.126 A, c=4.605A, a==90° and y=120° (shown in Fig-
ure S7). The SEM image shows that the hexagonal Ni(OH), has
diameters of 100-400 nm, and the EDS pattern exhibits only Ni
and O elements, with no Ga element (Figure S8). The reaction
temperature and reaction time of the hydrothermal solution
play an important role in the formation of the octahedral
NiGa,0, (FiguresS9, S10). With increasing pH value, the
number of free Ni*" ions in the solution decreased because
Ni** hydrolyzed into the hydrate, resulting in the slow nuclea-
tion of NiGa,0, crystals.

Formation mechanism of different crystals of NiGa,0,

A possible formation mechanism of different crystals of
NiGa,0, precipitated from precursor solutions of different pH
in the hydrothermal process was supposed on the basis of ob-
servation of the effect of various experimental conditions and
data in the literature (Scheme 1). The cations in the NaGaO,
colloidal suspensions (for example, Na® and H) would first ex-
change with Ni** from the Ni(CH,COO), solution in the hydro-
thermal process." In an acidic environment (pH 4), the
NaGaO, would react with H* to form GaOOH, and the NiGa,0,
would be obtained through ion exchange of GaOOH and Ni**
[Egs. (1) and (2)].'? In a neutral environment (pH 7), the
NaGaO, would also react with Ni*" according to Equation (3)
to form NiGa,0, In an alkaline environment (pH 10), the
Ni** with the solution of the hydroxide reaction would gener-
ate nickel hydroxide, which would react with NaGaO, to form
NiGa,0, [Egs. (4) and (5)].7”" Kinetic control is very important for
the nucleation and growth of the nanocrystals."? If the nuclea-

Third. HC1 or NaOH
solution control the pH

180°C, 15h
Hydrothermal

colloidal suspension

Scheme 1. Growth mechanism for NiGa,0O, synthesized in solutions of different pH values.
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tion becomes substantially slow, the nucleation and growth of
the nanocrystals will be under kinetic control, and the final
product can take a range of shapes that deviate from the ther-
modynamic ones. Therefore, the control of the nucleation ki-
netics was the key for the synthesis of octahedral NiGa,0,, and
only if the conditions became favorable in a slow reaction pro-
cess, would these highly anisotropic structures be formed. In
general, at pH 12.0, the conditions are favorable to grow the
NiGa,O, octahedron.

NaGaO, + H* — GaOOH + Na* (1)
2 GaOOH + Ni*" — NiGa,0, + 2H* (2)
2NaGaO, + Ni** — NiGa,0, + 2Na" 3)
Ni?* + 20H~ — Ni(OH), (4)
Ni(OH), + 2 NaGaO, — NiGa,0, + 20H"~ + 2Na* (5)

Photocatalytic activity

The photocatalytic activities of different structures of NiGa,O,
were evaluated by monitoring the H, evolution from methanol
aqueous solution under irradiation from a 300 W high-pressure
mercury lamp. Considering the surface area effect on the pho-
tocatalytic activity, the Brunauer-Emmett-Teller (BET) specific
surface areas were 49, 81, 46, and 17 m?g™"' for the photocata-
lysts prepared at pH 4.0, 7.0, 10.0, and 12.0, respectively (see
Table 1). We tested the photocatalytic performances of the dif-
ferent photocatalysts experimentally, without loading any co-
catalyst,” and the octahedral NiGa,O, photocatalyst showed
the highest photocatalytic hydrogen evolution activity; the H,
evolution amount was 110 pmol after irradiation for 10 h with-
out any cocatalyst, which is about four times that with a TiO,
(P25) catalyst, three times that with NiGa,0, nanoparticles at
pH 7.0, 4.5 times that at pH 10.0, and six times that at pH 4.0
with NiGa,O,, demonstrating that the octahedral NiGa,O, pho-
tocatalyst shows good photocatalytic activity and is promising
for applications. In addition, the evolution of H, with different
photocatalysts was also measured, and the normalized photo-
catalytic activities per surface area using 1% RuO,-loaded
NiGa,0, (shown in Figure 5) show that the octahedral NiGa,O,
photocatalyst displays a higher photocatalytic hydrogen evolu-
tion activity than other photocatalysts."

The stability experiment results show that the hydrogen
evolution amount of octahedral NiGa,0, photocatalysts de-
creases only slightly after four photocatalysis cycles (40 h), and
retains 95% of the initial activity (Figure 6). The XRD pattern
confirmed the crystal structure of NiGa,O, did not change after
photocatalysis (Figure S11), indicating its good photocatalytic
stability. The higher photocatalytic activity and stability of octa-
hedral NiGa,O, could be attributed to the hydrophilic ability,
high surface energy of the {111} facet, and large percentages
of undercoordinated metal (Ni and Ga) atoms on the surface
of the {111} facet, which act as photocatalytic active sites in
NiGa,0,.”* In addition, the different synthesis conditions (time
and temperature) would affect not only the structure, but also

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Normalized photocatalytic activities for the different photocatalysts
(60 mg) using 1 wt% RuO,-loaded NiGa,0, and 1 wt% RuO,-loaded P25 in
methanol aqueous solution (30 mL) under UV/Vis light from a 300 W high-
pressure Hg lamp.
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Figure 6. Hydrogen generation capability of different photocatalysts (60 mg)
for H, evolution using methanol aqueous solution (30 mL) under UV/Vis
light from a 300 W high-pressure Hg lamp.

the photocatalytic H, evolution activity of the NiGa,0, nano-
crystals.

For purposes of comparison, the NiGa,0, nanorods were
also used as photocatalysts under the same experimental con-
ditions. The photocatalytic hydrogen evolution activity was
also compared with that of the NiGa,0, nanorods with the
[100] growth direction prepared at pH 10.0 under hydrother-
mal conditions for 36 h (Figure 7). Interestingly, although the
NiGa,0, nanorods possess a specific surface area (51.5 m?’g™")
more than three times that (17 m*g™") of the octahedral
NiGa,O,, their overall hydrogen evolution activity is lower than
that of the latter; the amount of hydrogen (140 umolh™") gen-
erated using the NiGa,0, octahedrons as photocatalysts is
clearly larger than that (78 umolh™") generated using the
NiGa,O, nanorods with the [100] growth direction. The hydro-
gen production per surface area of the octahedrons is
137 umolh™'m™2, whereas that of the nanorods is only
25 umolh™"'m~2, which suggests that the overall photocatalytic
activity of the octahedrons is more directly related to its sur-
face structure than to its specific surface area.

Control experiments were also performed in the absence of
light irradiation or photocatalysts with magnetic stirring in the
same quartz tube reaction vessel at room temperature, and no
appreciable hydrogen or oxygen gas was detected for any
system. This indicated that light irradiation was a prerequisite
for the photocatalytic water splitting, and NiGa,0, with 1 wt%
RuO, photocatalyst can effectively split water to hydrogen
under irradiation. The control experiments also demonstrated
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Figure 7. A) Photocatalytic hydrogen evolution from an aqueous methanol
solution (30 mL, Vi,0:Vewson=2:1). B) Photocatalytic water splitting from
pure water (30 mL) under UV/Vis light from a 300 W high-pressure Hg lamp
over octahedron and nanorod NiGa,0, photocatalysts (60 mg) with 1 wt%
RuO, cocatalyst.

that the hydrogen and oxygen

mixed statistical coordinations provide many more Ga/Ni
atoms on the surface, and all the Ga/Ni atoms are coordina-
tively unsaturated; one is located in three-coordinated sites
with three dangling bonds (corresponding to the brown sites),
and the other is located in three-coordinated sites with one
dangling bond (corresponding to the blue sites), which will
provide more catalytically active sites to enhance the photoca-
talytic activity of NiGa,0,.2*>** To expand the visible light ab-
sorption, we have synthesized NiGa,O, heterogenously with
stannous oxide, and showed robust H, evolution during visible
light irradiation; a detailed study is under way.

Photoelectrochemical methods to study the different charge
transfer for {111} and {001} facets

The photoelectrochemical (photocurrent-voltage) properties of
the electrodes (of the NiGa,0, octahedra and nanorods with
[100] growth direction) show that an enhanced photocurrent
is obtained over the entire potential range for the NiGa,0, oc-
tahedra (Figure 9). Figure 9a displays the linear sweep voltam-
mograms (at a scan rate of 20 mVs™") in the dark and under il-
lumination for the NiGa,0, octahedra and nanorod electrodes,
respectively. The results show that the currents were almost

was generated through the pho-
tocatalytic reaction process, and
not through the mechanocata-
lyst process.!"

Discussion

First-principles calculations
study of the surface energy

To investigate further the facet
effect on the photocatalytic
properties of the NiGa,0, materi-
al, we performed first-principles
calculations to study the surface
energy of the NiGa,0, {111}
facet. In this model, 14 atomic
layers for the {111} surface were
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Figure 8. Relaxed geometries for the (111) surfaces with a) O atom surfaces, b) sixfold-coordinated Ga/Ni, and

used. In particular, there are tWo () mixed fourfold- and sixfold-coordinated Ga/Ni based on a model of 14 atomic layers.

kinds of statistical occupancies

for Ga and Ni, that is, sixfold-co-

ordinated Ga/Ni (54% Ga and 46 % Ni) and fourfold-coordinat-
ed Ga/Ni (92% Ga and 8% Ni), corresponding to the brown
and blue atom balls, respectively (Figure 8). There are three
possible structures of the {111} surface of NiGa,0,: a surface
entirely constituted by O atoms; one consisting of sixfold-coor-
dinated Ga/Ni; and one of mixed statistically occupied Ga/Ni
(fourfold- and sixfold-coordinated Ga/Ni), that is, the 1st, 2nd,
and 3rd surfaces displayed in Figures 8a, b, and ¢, respectively.
The total energy calculation shows that the most stable mixed
statistically occupied Ga/Ni atoms are most likely to be ex-
posed at the {111} surface of NiGa,0, (Figure 8c). Furthermore,

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

negligible in the dark, whereas the photocurrents increased
steadily with applied positive potential under UV/Vis light illu-
mination. The photocurrent density of the NiGa,0, octahedron
is more than twice the value for the nanorods over the entire
potential range from 0.3 to 0.4 V. Clearly, the NiGa,O, octahe-
dron electrode shows a dramatically higher performance than
the NiGa,O, nanorod electrode. Figure 9b shows the linear
sweep voltammograms of the NiGa,0, octahedron and nano-
rod electrodes under chopped illumination, respectively. The
NiGa,0, octahedron electrode clearly exhibits a much more in-
tense response than the NiGa,0, nanorod electrode. These
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Figure 9. Linear sweep voltammograms of a) NiGa,0, octahedra and nano-
rods. b) Potentiodynamic scans under chopped illumination for NiGa,O, oc-
tahedra and nanorods under UV/Vis irradiation with a 300 W Xe lamp; in
chopping mode, in 0.1 molL~" NaClO, aqueous solution and 10% v/v meth-
anol.

measurements demonstrate that the exposed {111} facet of the
octahedron is more efficient than the nanorod with [100]
growth direction in terms of photoenergy conversion.

Electron transport in NiGa,O, octahedron and nanorod on
the basis of photocurrent transient analyses

To further understand the superiority of NiGa,O, octahedrons
with exposed {111} facets over the nanorod electrodes with
the [100] growth direction, we investigated the transient pho-
tocurrent decay observed immediately upon illumination to
yield a qualitative understanding of the charge recombination
behavior in the NiGa,O, octahedrons and nanorod electrodes.
Some researchers have investigated the charge recombination
behavior through transient photocurrent decay measurements,
for example, Amal et al. and our group have studied TiO,/re-
duced graphene oxide composite electrodes,"® and Zhang
et al. demonstrated the longer transient decay time for the
Bi,WO, 2D array."” Figure 10A shows a schematic profile of
a photocurrent transient response. Figure 10 Bshows the transi-
ent photocurrent scans obtained for the NiGa,O, octahedrons
with exposed {111} facets and the nanorod electrodes with the
[100] growth direction under chopped illumination. Upon illu-
mination of the electrode, we observe a relatively large photo-
current spike (I,,), which is attributed to the sudden photoin-
duced separation of electron-hole pairs. The spike then decays
as the charge carriers are transported to the surface of the
semiconductor and undergo the recombination process,®'”
that is, the holes that reach the NiGa,0, surface may accumu-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 10. A) Schematic illumination of a photocurrent transient response
curve. B) Photocurrent transient scans under chopped illumination over the
NiGa,0, octahedron electrode and nanorod electrode. Potential: 0 V applied
bias versus Ag/AgCl.

late at the surface and recombine with the photogenerated
electrons instead of capturing electrons from the electrolyte. In
other words, the decay is determined by the rate at which mi-
nority carriers trapped in surface states capture majority carri-
ers.'”'® Amal et al. proposed that the photocurrent decay rate
is determined by the degree to which recombination domi-
nates the charge generation process."* A steady-state current
(I) is achieved as the charge generation and recombination
rates reach equilibrium. Therefore, lower recombination rates
should give rise to longer transient decay times."**'"""¥ The
transient decay times 7 of the NiGa,O, octahedrons with ex-
posed {111} facets and the nanorod electrodes with the [100]
growth direction were calculated from a logarithmic plot of
the parameter D according to Equation (6).

D= It - lst (6)

Iin - Ist

Here, I, is the current at time t, I, is the photocurrent spike,
and I, is the steady-state current (Figure 10A). The method
allows a qualitative comparison of the electron lifetime within
the films."®'”" The transient decay time 7 is defined as the
time at which In D=—1.'"""9 The transient decay times of
the NiGa,0, octahedrons with exposed {111} facets and the
nanorod electrodes with the [100] growth direction were thus
calculated on the basis of the photocurrent profiles given in
Figure 10B. The electrode of NiGa,0, octahedrons with ex-
posed {111} facets exhibits a transient decay time of 4 s, where-
as the NiGa,0O, nanorod electrodes with the [100] growth di-
rection give a time of only 2 s (Figure 11). This longer transient
decay time indicates that the charge-carrier recombination rate
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Figure 11. Plots of In D as the transient decay time for the NiGa,0, octahe-
dra (red) and nanorod (blue) electrodes with no applied biases.

is lower in the NiGa,0, octahedron electrode, contributing to
the enhancement of the photocatalytic activity.

Conclusion

In conclusion, exposed {111} facets of octahedral NiGa,0, were
obtained through a facile hydrothermal synthesis for the first
time; these nanocrystals displayed a remarkable enhancement
of the photocatalytic water splitting for H, and O, evolution,
showing that the octahedral NiGa,0, photocatalyst has a good
photocatalytic activity. Density functional theory results sug-
gested mixed statistically occupied Ga/Ni atoms are most likely
to be exposed at the (111) surface of NiGa,O,; these are very
favorable for enhancing the photocatalytic activity. The photo-
electrochemical properties showed that the NiGa,O, octahedra
displayed a better photocurrent than NiGa,0, nanorods with
the [100] growth direction. Few investigations have focused on
the effect of surfaces in different facet systems on photoexcit-
ed charge transfer; here, we used the transient photocurrent
decay scan to demonstrate that the electrode of NiGa,0, octa-
hedra with exposed {111} facets exhibits a transient decay time
of 4s, whereas this value is only 2 s for the NiGa,0, nanorod
electrode with the [100] growth direction. This longer transient
decay time indicates that the charge-carrier recombination rate
is lower in the NiGa,O, octahedron electrode, contributing to
its enhanced photocatalytic activity.

Experimental Section
Preparation of samples

All chemicals were of analytical purity and used as received with-
out further purification. The NiGa,O, catalysis samples were pre-
pared through a modified ion-exchange method by modifying the
work of Zou et al.®’ The NaGaO, pioneer (Figures S1, S2) was first
prepared by calcining the mixture of Ga,0O; and Na,CO; (molar
ratio 1:1) at 700°C for 6 h; the resultant white solid was milled into
a powder and heated at 900 °C for a further 10 h. The NaGaO, col-
loidal suspension (0.2 molL™", 10 mL) was added to an aqueous so-
lution of Ni(CH;COO), (0.05 molL™', 20 mL) and stirred for 1h at
room temperature to form a homogeneous solution. The pH was
adjusted from 4 to 13 by using HCl (1 molL™") or NaOH (1 molL™")
solution, and stirring for 1 h. The obtained suspension solution was
transferred into a Teflon-lined autoclave and treated thermally at
180°C for 15 h. The obtained precipitate was washed several times

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

with HCI (0.1 molL™") and distilled water. The obtained precipitate
was subsequently dried in an oven overnight at 70°C.

The 1 wt% RuO,-loaded NiGa,O, was prepared through an impreg-
nation method using Ru;(CO),, (Aldrich, 99%) as the starting mate-
rial. The prepared NiGa,0, was impregnated with Ru;(CO),, in THF,
dried at 80°C, and oxidized in air at 500°C for 5 h to convert the
loaded Ru complex into dispersed RuO, particles.

Characterizations

The crystal structure was determined with a Bruker D8 focus
Powder X-ray diffractometer (XRD) with CuK, radiation (1=
1.5418 A) in the 20 range 10-80°. Transmission electron microsco-
py (TEM) images and selected-area electron diffraction (SAED) pat-
terns were collected with a JEM-2100F (JEOL) microscope with an
accelerating voltage of 200 kV. Scanning electron microscopy (SEM)
was performed with a field-emission scanning electron microscope
(Hitachi S$-4300). UV/Vis diffuse reflectance spectra (DRS) were ob-
tained on a Hitachi UV-3010 spectrophotometer using BaSO, as
a reference. The Brunauer-Emmett-Teller (BET) surface areas were
measured with a nitrogen physisorption Quadrasorb SI-MP surface
area analyzer. The desorption isotherm was used to determine the
pore size distribution by using the Barret-Joyner-Halender (BJH)
method, assuming a cylindrical pore model. X-ray photoelectron
spectroscopy (XPS) data were obtained with an ESCALab220i-XL
electron spectrometer from VG Scientific using 300 W AlK, radia-
tion. The base pressure was about 3.0x 10~° mbar. The binding en-
ergies were referenced to the C1s line at 284.8 eV from adventi-
tious carbon.

Photocatalytic activity evaluation

Hydrogen evolution was achieved in a 50 mL quartz tube contain-
ing photocatalysts in water and methanol solution (30 mL, v/v=
2:1). The quartz tube was sealed with a rubber septum and de-
gassed by bubbling N, through the solution for 30 min at atmos-
pheric pressure. Then, the mixture was irradiated with a 300 W
high-pressure Hg lamp. All the experiments were conducted at
room temperature with distilled water. The hydrogen generated
from the systems was measured by gas chromatography (GC-14C,
Shimadzu Co.); the chromatograph was equipped with a column
(3m x 2 mm) of 5A molecular sieves, a thermal conductivity de-
tector, and nitrogen carrier gas. The hydrogen evolution was calcu-
lated versus the external standard method. The cycle stability of
photocatalysts was determined by opening the sealed cuvette to
release the hydrogen after every cycle, and degassing again by
bubbling N, through the solution for 40 min, then sealing the cuv-
ette with a rubber septum for the next photocatalytic reaction.

Photoelectrochemical experiments

The film electrodes of NiGa,0, for the photoelectrochemical re-
sponse measurements were fabricated first. The powders and etha-
nol containing Nafion solution (20 pL, 2 wt%) were mixed homo-
geneously (150 mgmL™"), and the obtained paste was then spread
on the conducting fluorine-doped SnO, glass substrate (FTO, 15 Q/
square) with a glass rod, using adhesive tapes as spacers. Finally,
the resultant films had a thickness of about 4 um thickness and
active area of 1 cm?,

Photocurrent-voltage results were measured in a three-electrode
configuration; the different morphologies of NiGa,0, photoanodes

ChemPlusChem 0000, 00, 1-9
These are not the final page numbers! 27


www.chempluschem.org

CHEMPLUSCHEM

served as the working electrodes with an active area of about
1 cm?, platinum was used as the counter electrode, and Ag/AgCl
was used as the reference electrode; a 300 W Xe lamp was used as
the illumination light source. The electrolyte was 0.1 m NaClO, and
10 vol% methanol solution, and this was purged continuously with
N, for 20 min before the measurements. The photocurrents were
recorded on a Chenhua electrochemical workstation.

Photocurrent transient response spectra under chopped illumina-
tion were measured in a two-electrode configuration, in which the
NiGa,0, photoanodes served as the working electrodes with an
active area of about 1 cm? and a platinum wire was used as the
counter electrode. The generated photocurrent signals were col-
lected on a Chenhua electrochemical workstation. A 300 W Xe
lamp was used as the light source. The electrolyte was 0.1 M KNO,
aqueous solution.

Computational methods

The first-principles calculations for the NiGa,O, {111} facet were
performed through the plane-wave pseudopotential method” im-
plemented in the CASTEP package®’ on the basis of density func-
tional theory (DFT).”? The ion-electron interactions were modeled
by the optimized normal-conserving pseudopotentials® for all
constituent elements, and the 02s?2p”, Ni3d®4s? and Ga3d'’4s%4p’
electrons were treated as the valence electrons. The local density
approximation (LDA)?¥ with a high kinetic energy cutoff of 750 eV
and medium Monkhorst-Pack k-point meshes™ with a spanning
of less than 0.05 A® in the Brillouin zone was adopted for the calcu-
lations. The virtual crystal approximation (VCA)*® was adopted to
take into account the weight average of the potential of each
atomic species, because the occupancies for all Ga and Ni atoms
were distributed statistically in the NiGa,O, crystal. Our tests re-
vealed that the above computational setups were sufficiently accu-
rate for the present purposes.
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Photocatalytic activity: Octahedral
NiGa,0, with highly reactive pH-depen-
dent {111} facets have been synthesized
through a facile hydrothermal route
without using any template or organic
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surfactant. The {111} facets of octahedral
NiGa,0, display enhanced photocatalyt-
ic generation of hydrogen from water
splitting and good photocatalytic stabil-
ity (see figure).
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