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Unique Electronic Structure in a Porous Ga-In Bimetallic Oxide Nano-
Photocatalyst with Atomically Thin Pore Walls
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Xuri Huang, Dejun Wang, Tewodros Asefa,* Wei Chen,* and Xiaoxin Zou*

Abstract: A facile synthetic route is presented that produces
a porous Ga-In bimetallic oxide nanophotocatalyst with
atomically thin pore walls. The material has an unprecedented
electronic structure arising from its ultrathin walls. The bottom
of the conduction band and the top of the valence band of the
material are distributed on two opposite surfaces separated
with a small electrostatic potential difference. This not only
shortens the distance by which the photogenerated charges
travel from the sites where they are generated to the sites where
they catalyze the reactions, but also facilitates charge separa-
tions in the material. The porous structure within the walls
results in a large density of exposed surface reactive/catalytic
sites. Because of these optimized electronic and surface
structures, the material exhibits superior photocatalytic activity
toward the hydrogen evolution reaction (HER).

P hotocatalysis has long been considered one of the most
promising routes to provide synthetic fuels from renewable
sources in a sustainable way.!"! At the heart of photocatalysis
are materials called photocatalysts, which have the ability to
capture light and use the light to facilitate chemical con-
versions. Photocatalysis generally involves three key process-
es (Figure 1 A): 1) light absorption, followed by generation
of electron-hole pairs (also known as excitons or charge

[¥] H. Chen,"! Prof. G.-D. Li, Prof. T. Xie, Prof. D. Wang, Prof. X. Zou
State Key Laboratory of Inorganic Synthesis and Preparative
Chemistry, International Joint Research Laboratory of Nano-Micro
Architecture Chemistry, College of Chemistry, Jilin University
Changchun 130012 (P.R. China)

E-mail: xxzou@jlu.edu.cn

Prof. G. Yu," Y. Sun, J. Liu, H. Li, Prof. X. Huang, Prof. W. Chen
Institute of Theoretical Chemistry, International Joint Research
Laboratory of Nano-Micro Architecture Chemistry, Jilin University
Changchun 130023 (P.R. China)

E-mail: xychwei@gmail.com

Prof. T. Asefa

Department of Chemistry and Chemical Biology & Department of
Chemical and Biochemical Engineering

Rutgers, The State University of New Jersey

Piscataway, NJ 08854 (USA)

E-mail: tasefa@rci.rutgers.edu

H. Chenl*l

Department of Materials Science and Engineering, Jilin University
Changchun 130022 (P.R. China)

Prof. D. Wang
Department of Chemistry, Tsinghua University
Beijing 100084 (P.R. China)

[*] These authors contributed equally to this work.

(@ Supporting information for this article can be found under:
http://dx.doi.org/10.1002/anie.201605367.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

A B
Reduction O% (i)  Reds Reduction
. Ox,
5 y N BCB
c @@ k2 L

) e ¥
Mo O ;
Py @ N\t
Red,
Oxidation Ox, @) Red, Oxidation

Figure 1. A) Some of the key processes involved in semiconductor
photocatalysis. B) A proposed nanophotocatalyst with atomically thin
pore walls and the photocatalytic processes expected to undergo in it.
Red and Ox denote oxidized and reduced species, respectively. BCB
and TVB represent the bottom of a conduction band and the top of
a valence band, respectively. E,,q represents the electrostatic potential
difference between BCB and TVB.

carriers); 2) separation of charge carriers, followed by charge
migration to the photocatalyst surfaces; and 3) chemical
conversion of adsorbate molecules on the photocatalyst
surface with the charge carriers. While the light absorption
and carrier transport processes are closely linked to the
electronic structures of the photocatalyst, the surface chem-
ical reactions and inhibition of carrier recombination rely
largely on the photocatalyst surface structures.*l Hence, for
a material to be an ideal photocatalyst, it has to have
optimized electronic as well as surface structures that can
promote the aforementioned three key photocatalytic pro-
cesses while simultaneously suppressing photoexcited charge
carrier recombination.

To this end, we conceptually hypothesized that these kinds
of photocatalysts could be realized by making porous semi-
conducting nanofibers with atomically thin pore walls (Fig-
ure 1B). Such nanostructure should result in synergistically
optimized electronic and surface properties, and thereby
significantly enhanced photocatalytic activity in the material.
In particular, the atomically thin pore walls might generate an
unprecedented electronic structure in the material by making
the bottom of its conduction band and the top of its valence
band to be distributed on opposite sides of the material with
some electrostatic potential difference. This type of electronic
structure can, in turn, facilitate the separation of charge
carriers, besides minimizing the distances that the photo-
generated charges have to travel from the sites they are
generated to reach to the sites they catalyze the reactions.
Furthermore, the porous structure, together with the ultrathin
pore walls, can render such materials a large density of
catalytically active sites exposed to reactants.
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To demonstrate this idea, we chose -Ga,0Os, which has
been studied for photocatalysis (for example, the hydrogen
evolution reaction and decomposition of organic pollu-
tants).”! Several theoretical and experimental studies
showed that the photocatalytic activity of $-Ga,O; could be
improved by doping it with other elements or introducing in it
surface heterostructures.”” However, as the previously
reported 3-Ga,O; materials had relatively low surface areas
and inherently limited exposed reactive sites, the improve-
ments in catalytic performance achieved in them were
suboptimal. Conversely, 3-Ga,O;-based materials with atomi-
cally thin structures, which can potentially generate electroni-
cally confined structures and much higher photocatalytic
activity, have never been realized or demonstrated so far.

Herein we report, for the first time, a facile synthetic route
that produces novel porous In-doped B-Ga,O; nanofibers
(dubbed Ga,In,O;, where x+y=2 and 1.8>x2>1.0) with
atomically thin pore walls and excellent photocatalytic
properties. This work also demonstrates the realization of
our conceptual idea above, namely that porous nanophoto-
catalysts with atomically thin pore walls would constitute
optimized electronic and surface structures, and thereby high
photocatalytic activity.

The synthesis of Ga,In,O; involves two major steps (see
the Supporting Information for details): 1) synthesis of Ga-
and In-embedded polyvinylpyrrolidone (PVP) nanofibers
(the precursors) via an electrospinning method (Figure S1)
and 2) thermal treatment of the Ga- and In-embedded PVP
nanofibers in air at 600°C. Among the many possible
Ga,In,O; we tried to synthesize, Ga, ;In,;05 has been found
to show the best catalytic activity, and thus most of the
characterizations and discussions here focus on this particular
material.

The typical scanning electron microscopy (SEM) image of
Ga, ;In,;0; (Figure 2 A) reveals that this material has a 1D
nanofiber-like morphology, with a length of several um and
a width of 50-150 nm. Further analysis by transmission
electron microscopy (TEM) indicates that the material has
a highly porous foam-like nano-network structure (Fig-
ure 2B,C). The presence of porosity in the material is
confirmed by N, porosimetry (Supporting Information, Fig-
ure S2). The latter further reveals the co-presence of meso-
pores and macropores and a BET surface area of ca. 35 m*g ™!
in the material. TEM images (for example, Figure 2C) show
that the pores in the material are built from randomly but
spatially interconnected ultrathin nanosheet walls. High-
resolution TEM (HRTEM) images (Figures 2D,E; Support-
ing Information, Figure S3) indicate that the thickness of the
ultrathin pore walls is 0.85-2.00 nm. Parallel to the pore walls,
lattice fringes (0.282 nm in dimension) exist that can be
attributed to the (002) crystallographic planes of Ga, ;In, ;0.
These results imply that the exposed facets in the ultrathin
pore walls are of the (002) type. The ultrathin pore walls as
seen to contain 3-7 atomic layers, with 5 atomic layers being
the most prominent one (Supporting Information, Figure S4).
Additionally, elemental mapping of the material shows that
all the elements, that is, Ga, In, and O, are homogeneously
distributed at the nanoscale over the entire Ga,;Iny;0;
nanofibers. It is worth emphasizing here that such a type of
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Figure 2. A) SEM image, B),C) TEM images, and D),E) HRTEM images
of Ga, ;Ing;0;. F) A scanning transmission electron microscopy
(STEM) image of Ga, ;Iny;0; and the corresponding elemental map-
ping images of the different elements present in the material.

nanomaterial with atomically thin pore walls have not been
reported for Ga-/In-oxides before. Notably also, attempted
synthesis using other dopants, such as Zn, Cd, Fe, and Al,
failed to generate porous metal-substituted $-Ga,O; nano-
fibers with atomically thin pore walls (Supporting Informa-
tion, Figure S5). This indicates that In is unique in its ability to
generate the type of ultrathin walled In-doped Ga,O; nano-
material reported here.

Furthermore, the porous Ga,In,O; nanofibers with atomi-
cally thin pore walls form only with Ga:In atomic ratios
ranging from 1.0:1.0 to 1.8:0.2 in the precursor (Figure 2).
When the Ga:In atomic ratio is lower than 1.0:1.0, Ga-doped
In,0; nanofibers comprising densely packed nanoparticles
form instead (Supporting Information, Figures S6 and S7).
On the other hand, when the Ga:In atomic ratio is larger than
1.8:0.2, -Ga,0; nanotubes form with walls having more than
8 atomic layers possessing some nanoparticles in their inner
parts (Supporting Information, Figure S8). The crystal struc-
tures adopted by the materials prepared from different Ga:In
ratios here are in agreement with those formed by bulk Ga-
and In-based bimetallic oxides.® The above results also
indicate that the presence of a certain amount of In dopants
significantly alters the nanoscale morphology of -Ga,0;,
something that has also never been reported for Ga-In
bimetallic oxides before.

To further assess the structure of the ultrathin pore walls
of Ga,n,O;, detailed theoretical studies are performed
(Supporting Information, Figures S9-S11). Specifically, two
basic questions are posed: 1) where do the In dopants reside
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in the ultrathin pore walls and 2) why do the pore walls prefer
to take a 5 atomic-layer-thick ultrathin wall? To answer the
first question, the structural models of $-Ga,O; with 5 atomic
layers are constructed, and then the substituted energy (Eqy,)
of In atoms at any possible Ga sites in the models is
determined. Interestingly, the computed results reveal that
the prominent, 5 atomic-layer 3-Ga,O; nanosheet has two
different exposed surfaces, denoted as surface-1" and surface
2', possessing intrinsic compressive and tensile strains, respec-
tively (Supporting Information, Figure S10 and discussion
therein). Owing to these differences in strain, the In dopant
atoms, which are larger in size than Ga atoms, tend to replace
the Ga atoms in surface-2'. This is revealed by the fact that the
E, values in the surface-2’ are much lower than those in
other four atomic layers (Figure 3 A) as well as those in bulk
B-Ga,0s.

B Gal HGa2 M Ga3 M Ga4

12 L3 L5
The Substituted Ga Sites

B Gal WNGa2 W Ga3 M Ga4

N3 N4(1) N4@2) N5
Numbers of Atomic Layers

N6(1) N6(2) N7

Figure 3. A) Effect of the location of In dopant atoms (Ga-1 to Ga-4 at
different layers, L1 to L5) on the value of E,, in the 5 atomic layer-thin
B-Ga,0; nanosheet. B) Effect of the number of atomic layer on the
value of E,, for 3-Ga,O; nanosheets, where several thicknesses with
odd and even layers are sampled, namely three (N3), five (N5), and
seven (N7) layers and four (N4(1) and N4(2)) and six (N6(1) and
N6(2)) layers. The numbers 1 and 2 in parenthesis indicate surface-

1 and surface-2, respectively (see also the Supporting Information,
Figure S8).

After determining the location of In dopants in the
ultrathin pore walls, we examined why the ultrathin pore walls
with five-atomic-layers is favored in Ga, ;In,;05. For this, four
more structural models of [3-Ga,O; nanosheets with three,
four, six, and seven atomic-layers are constructed (Supporting
Information, Figure S11), and the effect of the number of
atomic layers on the value of £, of In dopants is investigated.
Note that the nanosheets have two similar surfaces when the
atomic-layers are even (that is, four and six) but have
different surfaces when the atomic-layers are odd (that is,
three, five, and seven). The values of E, for In dopants for
these nanosheets are evaluated by replacing Ga atoms with In
dopant atoms (Supporting Information). Figure 3 B shows the
comparison of the computed E,, of In dopants as a function
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of the number of atomic layers in the nanosheets, from which
two conclusions can be made: 1) the Eg, values (1.028-
1.620 eV) for the even atomic-layered nanosheets are much
larger than those for the odd atomic-layered nanosheets
(0.256-0.661 eV), owing primarily to the absence of tensile
strain at the surfaces of the even-layered structures; and 2) for
the odd-layered nanosheets, the E,, values are the smallest
for the 5 atomic-layer nanosheet owing to its most favorable
tensile strain. These might also well be the reasons behind the
preferred formation of 5 atomic-layer-thin pore walls in
Ga,In,0;.

As the electronic structures of photocatalytically active
materials dictate their catalytic performances (as mentioned
above), the total density of states (TDOS) and local density of
states (LDOS) of Ga,;;In,;0; possessing unique ultrathin
pore walls are computed. For comparison, the TDOS and
LDOS of structurally relevant bulk -Ga,0O; are also com-
puted. The results (Figure 4 A) reveal that the conduction
band of Ga,;In,;0; is lower in energy than that of bulk (-
Ga,0;, but the valence band of Ga, ;In,;0; is equal in energy
as that of bulk -Ga,0;. The results also suggest that the band
gap in 3-Ga,0; decreases upon doping with In atoms, in good
agreement with experimental results (Supporting Informa-
tion, Figure S12).

A " TDOS
' Bulk p-Gay0,
i~ Ga atoms P-Gay03
h 0 atoms.
©n \
(=) i P
a ——TDos B-Gay 7Ing 303
i All the Ga and In atoms at the uppermost surface
i—— All the O atoms at the uppermost surface
i—— All the O atoms at the lowest surface

i—— All the Ga atoms at the lowest surface

0 1
Energy/eV 00 O0Ga ©In

Figure 4. A) Computed density of states (DOS) of 3-Ga, ;In,;0; with
five atomic layers and bulk $-Ga,O;. Note that the band gap values
determined by density functional theory-based computations are
usually smaller than those determined by experiments.” B) Electro-
static potentials of the uppermost and lowest surfaces of p3-

Ga 71ng30;.

Besides the decrease in band gap, an unexpected band
structure is observed in Ga, ;Iny;0; (Figure 4 A). Specifically,
the bottom of the conduction band (BCB) and the top of the
valence band (TVB) in the material are distributed at the two
opposite sides of the ultrathin nanosheets. While the BCB is
mainly composed of In and Ga atoms, the TVB is mainly
composed of O atoms. However, this unique electronic
structure in Ga,;In,;0; may have to do with the ultrathin
nanostructure rather than the In dopants present in it,
because the same type of electronic structure is also observed
in -Ga,0; possessing 5 atomic layers (Supporting Informa-
tion, Figure S13).

Owing to its unique band structure, the photogenerated
electron-hole pairs formed in Ga, ;In,;0; upon photoexcita-
tion can reside at the two outermost surfaces of the material,
facilitating the separation of electron-hole pairs. Further-
more, the structure can minimize the barriers that the
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electrons and holes have to overcome to make it through from
the sites at which they are generated to the sites at which they
catalyze the reactions. Additionally, the computed results
reveal that the upper surface of Ga,;In,;0; has a higher
electrostatic potential than the lower surface (Figure 4B),
indicating the existence of an internal electric field between
the upper and lower surfaces. This electric field can further
aid with the separation of electron-hole pairs because it can
inhibit their potential recombination. This is confirmed by
transient photovoltage measurement with UV irradiation,
which shows that the photovoltage response of Ga, ;In;;0; is
much higher than that of pristine (-Ga,O; (Supporting
Information, Figure S14).

Given their porous nanostructure, ultrathin pore walls and
advantageous electronic structure for catalysis, the Ga,In,O;
nanofibers synthesized above are expected to serve as good
photocatalysts. As a proof-of-concept, their photocatalytic
activity toward room temperature hydrogen evolution reac-
tion (HER) from water using methanol as a sacrificial reagent
is measured (see the Supporting Information for details). To
evaluate their intrinsic photocatalytic activity, co-catalysts,
which are often used with conventional (-Ga,0O;-based
materials,®” are avoided in our case. First, two control
reactions, without a photocatalyst or light, are performed. As
expected, in both cases no HER is detected. Next, the effect
of Ga:In atomic ratio used to synthesize the materials on the
rate of HER is examined (Supporting Information, Fig-
ure S15), and two conclusions can be made from the results:
1) when the Ga:In atomic ratio is < 1.2:0.8, the materials do
not show photocatalytic activity toward HER; this is because
these materials mainly adopt a cubic In,O; crystal structure,
whose conduction band edges are lower than the H'/H,
potential; 2) when the Ga:In atomic ratio is >1.6:0.4, all
the materials show significant photocatalytic activity for
HER; in particular, the material with Ga:In=1.7:0.3 gives
the best catalytic activity.

Figure 5 A shows the photocatalytic HER in the presence
of Ga;;Iny ;05 for 25h under UV light with intermittent
evacuation every 5 h. The result displays a stable hydrogen
evolution at a rate of 2295 umolh™'g~!, which is about three
times higher than the value obtained for Ga,0;
(850 umolh'g™'). As expected, In,O5 does not show photo-
catalytic activity. The apparent quantum efficiency (AQE) of
Ga, ;In,;0; measured by using a 313 nm band-pass filter is ca.
3.9%.

To further assess the photocatalytic activity of
Ga, ;Iny;0;, three Ga,0;-based control materials, namely
Ga, ;In,;05-NP (NP stands for nanoparticles), Ga,0;-NP, and
0-pB-Ga,0; are synthesized (see the Supporting Information
for synthetic details). Both Ga,;In,;05-NP and Ga,O;-NP
adopt a B-Ga,Oj structure, with a porous structure comprising
circa 5 nm nanoparticle aggregates (Supporting Information,
Figures S16 and S17). They both have a BET surface area is
about 40 m?g~'. a-p-Ga,0,, whose BET surface area is
18 m*g~!, is synthesized according to a previous report
(Supporting Information, Figure S18).7 This material is
a highly active photocatalyst owing to its mixed-phase
junction, which helps the separation of electron—hole
pairs.”"! A comparison of the mass and specific activities of
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Figure 5. A) HER photocatalyzed by Ga, ;In,;0;, Ga,O;, and In,05
under UV light irradiation. B) Comparative rates of HER over

Ga, 51305, Gay 7Ing30;-NP, Ga,05-NP, a-p-Ga,0;, and TiO, (P25)
under UV irradiation. The error bars represent standard deviations
based on five measurements.

the different control materials with respect to that of
Ga,;Iny;0; is shown in Figure SB. The mass and specific
activities are obtained by normalizing the rate of hydrogen
evolution with respect to the mass and BET surface area,
respectively, of the material. The mass and specific activities
of Ga,;In ;05 are at least 8 times higher than those of
Ga,;In;;05-NP, and the mass and specific activities of
Ga,;In;;05-NP are about 2 times higher than those of
Ga,0;-NP. These results indicate that In-doping is not the
only reason behind the superior photocatalytic activity
exhibited by Ga,;Iny;0;. In other words, the unique elec-
tronic structure in Ga,;In,;0;, owing to its unusual nano-
structure, must have also contributed to the superior photo-
catalytic activity of the material. On the other hand, the mass
activity of Ga,;In;;0; is 3 times higher than that of a-f3-
Ga,0;, suggesting that the highly porous nanostructure and
high surface area of the former may have partially accounted
for its excellent photocatalytic activity. It is worth adding that
Ga, ;Iny;0; also exhibits >3 times higher mass and specific
catalytic activities than TiO, (P25), which is one of the most
common UV photocatalysts.

In conclusion, a porous Ga and In containing bimetallic
oxide nano-photocatalyst with atomically thin pore walls has
been synthesized. The material has a unique electronic
structure that is highly useful for photocatalysis, as demon-
strated here with its ability to efficiently photocatalyze the
HER. The findings may provide new insights into the
fundamental chemistry and physics of atomically thin nano-
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structures, and could open a door for the rational design of
other highly active nanophotocatalysts.
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