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ABSTRACT: Anisotropic two-dimensional (2D) nanosheets
of the layered perovskite, Ba5Nb4O15, with thicknesses of 5−10
nm and lateral sizes of 300−1200 nm, were synthesized by a
hydrothermal route. The influences of the 2D morphology of
the material on the crystal and electronic structures, light
absorption properties, and photocatalytic activity were
investigated. The ultrathin nanosheets showed much-enhanced
photocatalytic activity compared to both thick nanosheets
(∼30 nm) and micrometer-sized particles for the evolution of H2 from water splitting under UV light illumination. This
enhanced activity is predominantly attributed to the larger surface area, higher optical absorption, and charge separation ability of
the 2D nanosheet, which results from the variation of the local crystal structure arising from the ultrathin morphology of the
Ba5Nb4O15.
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1. INTRODUCTION

Recently, nanomaterials such as nanoparticles, nanorods,
nanowires, nanotubes, and nanosheets have been of great
interest as novel photocatalysts because they can provide
diverse morphological advantages that are beneficial to
photocatalytic reactions: large surface areas, relatively short
diffusion distances from bulk to surface reactive sites, and
enhanced light absorption.1−7 Nanosheets are one of the most
promising candidates, providing high-energy facets, large
surface areas, short charge diffusion distances, high charge
separation, single-crystalline quality, and diverse chemical
composition, all of which lead to high photocatalytic
activity.3,8,9 Cu2O, Ca2Nb3O10, WSe2, and MoS2 nanosheets
have all been demonstrated as excellent photocatalysts for water
splitting.10−13 However, the development of two-dimensional
(2D) nanosheets with designed morphologies and chemical
components, especially multicomponents, remains a significant
challenge because of the lack of effective synthesis methods.
Moreover, the influences of the 2D anisotropic morphology on
the photophysical and photocatalytic properties of nanosheet
materials remain relatively unexplored compared with one-
dimensional nanomaterials.
Among various photocatalysts, layered perovskite materials

have been found to possess attractive crystal structures for the
photocatalytic evolution of H2 from water splitting. The corner-
shared octahedral structure leads to bond angles of metal−
oxygen−metal (M−O−M) approaching 180° and the delocal-
ization of excited energy, while the interlayer between
perovskite layers can act as a reaction site and also separate
oxidation and reduction reaction sites from each other.14−16

More interestingly, layered perovskite materials are advanta-
geous to form 2D morphologies as a result of the layered nature
of the structure.8,17,18 Layered perovskite structures can be
classified into (100), (110), and (111) plane-type structures,
depending on the plane of the perovskite layer that is parallel to
the interlayer.16 Various 2D nanosheets with the layered
perovskite structure have been reported, including
HCa2Nb3O10,

12 KCa2Nb3O10,
19 K4Nb6O17,

20 Ba5Ta4O15,
17

and Sr2Ta2O7.
21 However, reports on nanosheets with the

(111) plane-type layered perovskite structure and the photo-
catalytic H2 evolution activity of these materials are rare.17

Ba5Nb4O15 (BNO) has a hexagonal perovskite crystal structure
(space group P3m1) with the (111) plane-type structure, which
has a high photocatalytic activity for H2 production from water
splitting.16,22−25 Previous reports have shown that BNO can be
synthesized with diverse morphologies by sol−gel, polymer-
izable complex, or hydrothermal methods, but most of these
synthesized materials have large particle sizes or thick-
nesses.24−27

In the present study, ultrathin BNO nanosheets with average
thicknesses of ∼6 nm were synthesized by a modified
hydrothermal method, and the crystal structure, light
absorption, electronic structure, morphological features, and
photocatalytic activity of the 2D layered perovskite were
investigated. The photocatalytic activity was examined by
measuring the evolution of H2 from water splitting under UV-
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light irradiation and compared with that of thick nanosheets
(∼30 nm) and bulk powders of BNO (∼1 μm).

2. EXPERIMENTAL SECTION
Synthesis of BNO Nanosheets. Powders of the BNO nanosheets

were prepared by a previously reported hydrothermal route with
modifications.24 Key differences are the use of ethanol/water mixture
solvent and niobium chloride (NbCl5) precursor, which is beneficial to
synthesize ultrathin BNO nanosheets. All reagents were of analytical
grade and used without further purification. In a typical synthesis of
the BNO nanosheets, 9.9 mmol of barium nitrate (Ba(NO3)2, Aldrich
Chemicals, 99.0%) and 6.6 mmol of niobium chloride (NbCl5, Aldrich
Chemicals, 99.0%) were dissolved in 50 mL of distilled water and 50
mL of absolute ethanol (99.9%), respectively, under constant magnetic
stirring. After stirring for 10 min, the NbCl5 solution was slowly added
to the Ba(NO3)2 solution with continued magnetic stirring. The mixed
solution was transparent and had a very low pH of <1. The pH of the
solution was adjusted very slowly to 13.0 using 1 M NaOH solution.
The mixture was then poured into a sealed stainless-steel autoclave
with a capacity of 300 mL, heated to 200−250 °C, and held at this
temperature for 12 h without stirring. After cooling naturally to room
temperature, the product was collected by centrifugation, washed with
distilled water and absolute ethanol, and finally dried at 50 °C in an
oven. In order to optimize the growth conditions, different growth
conditions of temperature (200, 230, and 250 °C), pH (12.0, 12.5, and
13.0), and Ba/Nb ratios (1.5, 1.25 and 1.0) were also investigated. For
the purpose of comparison, a bulk BNO powder of micrometer-sized
particles was prepared by a solid-state reaction method.28 Stoichio-
metric mixtures of BaCO3 (High Purity Chemicals, 99.9%) and Nb2O5
(High Purity Chemicals, 99.9%) were homogenized by ball milling
with zirconia media for 24 h followed by drying, grinding, and
calcination at 1200 °C for 2 h in air.
Characterizations. The crystal structures of the synthesized

powders were determined using an X-ray powder diffractometer
(XRD; D8-Advance, Bruker Miller Co). The morphologies and
microstructures were investigated using a field emission scanning

electron microscopy (FESEM; JEOL, JSM-6330F). Transmission
electron microscopy (TEM) images and selected area electron
diffraction (SAED) patterns were recorded on a JEOL JEM-3000F
microscope at an accelerating voltage of 300 kV. The thickness of a
nanosheet was measured by atomic force microscopy (AFM, model
SPA-400, Seiko, Japan). The UV−visible diffuse reflectance spectra
were obtained using a UV−vis spectrophotometer (Hitachi, U-3501).
The Raman spectra were recorded using a UV micro Raman
spectrometer (Renishaw inVia Reflex). X-ray photoelectron spectros-
copy (XPS) spectra were collected using an ESCA spectrometer (Al
Kα X-ray source, SIGMA PROBE). The specific surface area
measurements were performed using a Brunauer−Emmett−Teller
(BET) surface area analyzer (BELSORP-mini II, BEL Japan, Inc.). In
order to calculate the electronic band structures of the BNO
nanosheets and micrometer-sized particles, both unit cell parameters
and atomic coordinates that are determined by the Rietveld refinement
were used. The band structure calculations, based on plane wave
density functional theory (DFT), were investigated using the CASTEP
package program. The applied convergence criteria were 10−6 eV for
the total energy change per atom. Geometric optimization was
performed using a cutoff energy of 380 eV and 4 × 4 × 2 k-point
sampling. Generalized gradient approximation (GGA) using Per-
dewe−Burkee−Ernzerhof (PBE) functionals and ultrasoft pseudopo-
tentials were calculated, and then basis set corrections were conducted.

Photocatalytic Activity Measurements. The photocatalytic
reactions were conducted at room temperature in a closed gas
circulation system and an outer-irradiation type quartz reactor (200
mL).29−32 Notably, the light power of outer-irradiation-type systems is
much lower than that of the inner-type systems used in previous work
on this subject.31 A 450 W high-pressure mercury lamp was used as the
UV light source. The photocatalyst powder (0.1 g) was dispersed in
distilled water (120 mL) by magnetic stirring after 10 min of
sonication. The amount of H2 evolved was determined using a gas
chromatograph (Donam, DS6200), which was connected to a gas
circulating line. NiOx cocatalysts were loaded by an impregnation
method from an aqueous Ni(NO3)2 solution.

28,32 For the NiOx-loaded
BNO powders, pretreatment by reduction with a H2 (5%)/Ar (95%)

Figure 1. (a, b) SEM images and (c) XRD pattern of the synthesized Ba5Nb4O15 nanosheets. (d, e) Layered perovskite structure of Ba5Nb4O15 and
(f) growth mechanism of the nanosheet. The OH− adsorbed onto the (001) planes hinders growth along the [001] direction and thus facilitates
growth to form the nanosheet morphology. The arrow indicates growth directions.
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gas mixture at 500 °C for 2 h and oxidation with O2 gas at 200 °C for
1 h was performed.28

3. RESULTS AND DISCUSSION

Synthesis of Ultrathin BNO Nanosheets. Parts a and b of
Figure 1 show typical SEM images of the BNO nanosheets
prepared by the modified hydrothermal method at 230 °C for
12 h and a pH of 13.0. The synthesized BNO is observed to
have nanosheet morphology and a contorted hexagonal shape
with lateral sizes ranging from 300 nm to ∼1.2 μm. In order to
obtain phase-pure and ultrathin nanosheets, synthesis param-
eters such as Ba/Nb ratio, pH, and growth temperature were
also investigated (Figures S1−S3 in Supporting Information);
the optimal growth conditions were determined to be a Ba/Nb
ratio of 1.5, a pH of 13.0, and a temperature of 230 °C. It
should be noted that the concentration of the OH− ions, i.e.,
high pH (>12.5), is crucial not only for the phase-pure BNO
formation but also for the nanosheet (Figure S2). XRD pattern
of the synthesized BNO nanosheets is shown in Figure 1c. The
BNO nanosheets show peaks correlating to a single-phase
perovskite Ba5Nb4O15 structure, in good agreement with the
standard diffraction pattern for the material (JCPDS 14-0028).
In addition, the (h0l) reflection peaks are broadened in the
pattern from the nanosheets, compared to those in the pattern
from the micrometer-sized spherical particles prepared by the
solid-state reaction method (Figure S4). The intensity ratio of
the (110)/(103) peaks for the nanosheets is much higher than
that for the micrometer-sized particles, suggesting that the
BNO nanosheets have a preferred growth direction along the
{110} plane.8,17 In general, the 2D growth morphologies of
materials are associated with the layered crystal structure of the
material.8,17,18,24,25 In the layered compound, the interaction
energy between atoms in the same layer usually exceeds that
between atoms in adjacent layers; as a result, the nanosheets
grow mostly along the edges of individual layers.17,18 Figure 1d
and Figure 1e depict the crystal structure of BNO with the
(111) plane-type layered structure along the c axis of the
structure. The anisotropic growth of the 2D BNO nanosheets
can be interpreted in terms of the intrinsic layered structure and
the high concentration of OH− ions in solution.8,17 The layered
BNO structure contains four NbO6 octahedral layers separated
from each other by Ba2+ ions (Figure 1d). Thus, OH− ions
would be preferentially adsorbed on the (001) plane of the
nanosheets, i.e., at the exposed Ba2+ ions, during the
hydrothermal reaction by the Coulombic forces between the
positive and negative ions. This adsorption of OH− would
suppress the crystal growth along the ⟨001⟩ directions, as
depicted in Figure 1f. It has been reported that OH− ions are
crucial for crystallization because the growth seed is shielded by
the OH− ions, which hinders thickening and facilitates the
lateral growth of the nanosheets.8,17

In order to understand the formation process of the BNO
nanosheets, reaction-time-controlled experiments were con-
ducted at 230 °C and a pH of 13.0. SEM images of the
intermediate products, as well as a schematic of the formation
process of the nanosheets, are shown in Figure S5. In the first 1
h of the reaction, amorphous nanoparticles were precipitated;
these subsequently self-assembled to form nanosheets by
oriented attachment after 3 h of reaction.33−35 After a
prolonged reaction time of 6 h, these nanosheets grew laterally
because of the hindering effect by the adsorbed OH− ions on
the (001) planes. Finally, the nanosheets were enlarged by
Ostwald ripening (12 h). Similar growth processes in layered-

structured materials, such as metal niobates, tantalates, and
tungstates, have been reported previously.33,36

Characterizations of Ultrathin BNO Nanosheets.
1. Thickness and BET Surface Area. The crystal structure
and thickness of the synthesized BNO nanosheets were further
characterized by TEM and AFM, respectively. Figure 2a shows

a TEM image of the ultrathin BNO nanosheets. This confirms
the 2D nanosheet morphology of the BNO. A high-resolution
TEM image, taken from the region marked in Figure 2a, shows
clear lattice fringes even at the edge of the nanosheet, indicating
the high crystallinity of the synthesized BNO nanosheets
without an amorphous layer. Interplanar spacings of 0.58 and
0.29 nm were observed, which corresponded to the (100) and
(110) lattice spacings, respectively, of hexagonal Ba5Nb4O15.
The SAED pattern obtained from an individual nanosheet with
a zone axis of [001] shows that the nanosheet is single-
crystalline and laterally grown along the [100], [010], and
[110] directions (Figure 1c). The thickness of a single layer of
the BNO nanosheet was measured by AFM images, revealing
that a single layer of the BNO nanosheet has a thickness of
∼5.4 ± 1.5 nm (Figure 2d and Figure S6). The surface areas of
the ultrathin BNO nanosheets were measured by the BET
method. The BNO nanosheets were shown to have a BET
surface area of 10.9 m2/g, 7 times higher than that of the
micrometer-sized particles (1.6 m2/g).

2. Crystal Structure Analysis. The influence of the
nanosheet morphology on the crystal structure was investigated
by XRD and Raman analysis (Figure 3 and Figure S4). The
lattice parameters of the micrometer-sized particles and the
nanosheets were calculated from the XRD pattern refinement
using the TOPAS software package,37,38 with results shown in
Table 1. As revealed, the nanosheets have smaller c values than
the micrometer-sized particles, indicating that the interplanar
spacing of the (001) plane in the ultrathin BNO nanosheets is
smaller than that of the micrometer-sized particles, correspond-
ing to a reduced unit cell volume. Figure 3a shows the Raman
spectra (measured at 25 °C) of the BNO micrometer-sized

Figure 2. Crystal structure and thickness characteristics: (a) TEM, (b)
HR-TEM images, (c) SAED patterns, and (d) AFM image and
corresponding height profile of the Ba5Nb4O15 nanosheet on a Si/SiO2
substrate.
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particles and nanosheets. The two strongest bands at 308 and
773 cm−1 are observed in the spectrum of the micrometer-sized
particles, which are associated with symmetric stretching modes
in BNO.39 The correlation between the Raman wavenumbers
for stretching and the Nb−O bond lengths in crystalline
inorganic niobate compounds has been established; higher
wavenumbers of the Raman stretching bands correspond to
shorter Nb−O bond lengths.32,40 Therefore, the Raman peaks
at 308 and 773 cm−1 are correlated to the longer and shorter
Nb−O bond lengths in the NbO6 octrahedra, respectively.
Interestingly, as shown in Figure 3b and Figure 3c, these two
stretching peaks for the nanosheets are shifted toward the
longer and shorter wavenumber regions, respectively, reflecting
slight changes in the Nb−O bond lengths in the nanosheets
compared with those in the micrometer-sized particles. As
shown in Figure 3d, the nanosheets, compared to the

micrometer-sized particles, have slightly shorter Nb1−O1 and
Nb2−O2 bond lengths and longer Nb1−O2 and Nb2−O3
bond lengths. The XRD and Raman results both indicate some
variation in local crystal structure of the nanosheets, compared
with the uniformity of the structure of the micrometer-sized
particles.

3. Light Absorption Property and Electronic Band
Structure. Figure 4 compares the optical absorption properties
of the BNO nanosheets and micrometer-sized particles. The
absorption edge of the micrometer-sized particles is estimated
to be ∼316 nm, which is in good agreement with an earlier
report.28 Meanwhile, the absorption edge of the nanosheets is
slightly red-shifted to ∼342 nm. In addition, the absorption
spectrum of the BNO nanosheets shows a small shoulder at
∼380 nm, which may be attributed to defects such as oxygen
vacancies.25−27,41 To obtain a more exact measurement of the
band gaps of the BNO nanosheets and micrometer-sized
particles, the transition type was characterized from the
electronic band structure calculations (discussed later and
shown in Figure 5), which revealed that both structures
possessed direct band gaps. The optical band gaps were
estimated using the following equation:

α ν ν= −h A h E( )m
g

where α, ν, Eg, and m are the absorption coefficient, frequency,
band gap, and characteristic value of the transition (m = 0.5 for
a direct band gap), respectively. As shown in Figure 4b, the

Figure 3. (a) Raman spectra of Ba5Nb4O15 micrometer-sized particles and nanosheets. Enlarged view of symmetric stretching bands at (b) 780 and
(c) 310 cm−1. (d) Bond lengths in NbO6 octahedra for Ba5Nb4O15.

Table 1. Calculated Crystal Structure Parameters and BET
Surface Areas of the Ba5Nb4O15 Powders

lattice parameter, Å

morphology a b c γ (deg)

unit cell
volume,

Å3

surface
area,
m2 g−1

micrometer-
sized
particles

5.800 5.800 11.799 120 343.8 1.6

nanosheets 5.797 5.797 11.754 120 342.1 10.9

Figure 4. Comparison of light absorption properties of Ba5Nb4O15 micrometer-sized particles and nanosheets: (a) UV−vis diffuse reflectance spectra
and (b) corresponding Kubelka−Munk plot.
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estimated band gap of the nanosheets is 3.84 eV, slightly
smaller than that of the micrometer-sized particles (3.92 eV).
This implies that the nanosheets have an improved light
absorption property compared to the micrometer-sized
particles. In addition, another sub-band gap of 2.91 eV is
observed in the nanosheets, which is considered to arise from
the higher amounts of oxygen vacancy defects in the BNO
nanosheets (Figure S7).42,43

In general, the NbO6 octahedra in metal niobate compounds
affect the band gaps because the O 2p and Nb 4d orbitals
mainly contribute to the formation of the valence and
conduction bands, respectively. Therefore, changes in the
NbO6 local structure, such as variations in the bond lengths,
could induce changes in the band structure and thus affect the
optical band gap of the nanosheets. The effect of the local
crystal structure variation on the optical absorption properties
of the BNO nanosheets was further investigated by calculating
the electronic band structure and density of states (DOS) by
applying density functional theory (DFT) using the CASTEP
program package.44 The unit cell parameters and atomic
coordinates determined by the Rietveld refinement were used
for the calculations. Figure 5 shows the electronic band
structures and DOS of the BNO nanosheets and micrometer-
sized particles. Both nanosheets and micrometer-sized particles
have direct band gaps. Additionally, the O 2p and Nb 4d
orbitals mostly contribute to the formation of the valence and
conduction bands, respectively, which reflects that variations in
the local crystal structure, such as Nb−O bond lengths or
angles, influence the band gap in BNO, as shown by previous

works.45−49 Therefore, the BNO nanosheets, which have
different Nb−O bond lengths, show smaller band gaps (2.55
eV) than the micrometer-sized particles (2.75 eV), which is
consistent with the observations in the light absorption
measurements (Figure 4). While more intensive studies remain
to be performed on the relationship between the Nb−O bond
length and the BNO band gap, it can be concluded that the
improved light absorption and smaller band gap are related to
the local crystal structure variation in the BNO nanosheets,
compared with the regularity of the crystal structure of the
micrometer-sized particles.

Evaluation of Photocatalytic Activity. Figure 6 shows
the photocatalytic activity of the BNO nanosheets and bulk
powders for H2 evolution from water splitting under UV light
irradiation. Similar to the previous report,28 the BNO
nanosheets also showed a nearly stoichiometric H2 and O2
evolution (H2/O2 = 2:1, Figure S8) and the H2 evolution rate is
over 35.2 μmol·h−1·g−1, which is about 2.3 times higher than
that of the micrometer-sized particles (15.0 μmol·h−1·g−1). This
indicates the higher photocatalytic activity of the BNO
nanosheets compared to the micrometer-sized particles.
However, it should be noted that although the BNO
nanosheets show visible light absorption (Figure 4), it does
not show any H2 evolution under visible light irradiation (>420
nm, Figure S9). Moreover, in comparison with ∼30 nm thick
BNO nanosheets (synthesized at 250 °C, Figure S3), the
ultrathin BNO nanosheets (∼6 nm) exhibit a photocatalytic
activity 1.5 times higher. These results indicate that the
morphology and thickness of the BNO largely affect its

Figure 5. Electronic band structure and density of states (DOS) of (a) micrometer-sized particles and (b) nanosheets.

Figure 6. Photocatalytic activity for H2 evolution using Ba5Nb4O15 micrometer-sized particles and nanosheets under UV light irradiation: (a)
photocatalysts only (nanosheet1, ∼6 nm; nanosheet2, ∼ 30 nm; micrometer-sized particles), (b) nanosheet1 with NiOx cocatalyst loading, and (c)
stability measurements over 15 h.
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photocatalytic activity. As a cocatalyst, NiOx was loaded on the
surface of the micrometer-sized particles and the nanosheets by
impregnation methods28,32 and the photocatalytic activities of
these paired catalysts were also evaluated. As shown in Figure
6b, the photocatalytic activities of both the micrometer-sized
particles and the nanosheets increased when the NiOx
cocatalyst is loaded. More interestingly, the photocatalytic
activity of the ultrathin BNO nanosheets is greatly increased
from 35.2 to 321.6 μmol·h−1·g−1, which is 3.4 times greater
than that of the NiOx-loaded micrometer-sized particles (94.5
μmol·h−1·g−1). It is well-known that the photocatalytic activity
is mainly determined by the surface area, optical absorption
properties, and separation and transport properties of
electron−hole pairs.46−51 The higher surface area increases
the number of surface active sites, and the higher light
absorption properties (corresponding to the smaller band gap)
effectively improve the generation of charge carriers. As shown
above, the nanosheets have much larger surface areas and
smaller band gaps from the morphological features. Further-
more, the smaller thickness and anisotropic 2D morphology are
advantageous for charge separation and transport, which
reduces charge recombination and thus facilitates surface
charge transfer for water splitting (Figure S10).52,53 Addition-
ally, the nanosheets have a reduced lattice parameter, and thus a
smaller unit cell volume, induced by the variation in the local
NbO6 octahedra along the c axis, which broadens the valence
band and thus eases the separation of electron−hole pairs along
the c axis. Furthermore, the BNO nanosheets have exposed
facets of (001) planes, compared to the micrometer-sized
spherical particles, as shown in TEM analysis (Figure 2), which
also contributes the higher photocatalytic activity of the BNO
nanosheets by enhancing the charge transfer reaction and
adsorption of water molecules on the facets.54−58 Therefore, all
morphological characteristics of the BNO nanosheets, including
the larger surface area, improved light absorption, and {001}
exposed facets, enhance the photocatalytic activity of the
material for H2 evolution from water splitting. Finally, the
stability of the photocatalytic performance was examined by
repeating H2 evolution measurements. As shown in Figure 6c,
the BNO nanosheets show stable photocatalytic activity for up
to 15 h.

4. CONCLUSIONS
In summary, single-crystalline ultrathin Ba5Nb4O15 nanosheets
with thicknesses of ∼6 nm and lateral sizes of 300−1200 nm
were synthesized by a facile hydrothermal method via
controlling the reaction temperature, pH, and Ba/Nb ratio.
TEM analysis showed that the ultrathin nanosheets had
exposed facets of (001) planes and high degrees of crystallinity.
The XRD, Raman, and XPS analysis revealed that the
nanosheets had variations in local crystal structure and larger
amounts of oxygen vacancies compared with the structures of
micrometer-sized spherical particles, by which the light
absorption properties were improved. In addition, the ultrathin
nanosheets showed BET surface areas 7 times larger than the
micrometer-sized particles as a result of the 2D anisotropic
morphology of the nanosheets. These structural and morpho-
logical features of the nanosheets promoted superior photo-
catalytic activity for H2 evolution from water splitting under UV
light irradiation compared to that of the micrometer-sized
particles. The photocatalytic activity was further enhanced by
NiOx cocatalyst loading on the surface; stable H2 evolution was
observed during repeated operations for up to 15 h.

Considering the 2D ultrathin nanosheet morphology and
high photocatalytic activity of Ba5Nb4O15, we believe that
combining the material with other photocatalysts having
smaller band gaps to form type II heterojunctions will enable
further improvements in the photocatalytic activity, even
permitting H2 evolution under visible light irradiation.
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