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Barium niobium phosphate compounds (BaNb,P,O;; and
BazNb,P,O45), with corner-sharing NbOg octahedra as well
as PO, tetrahedra, were prepared by a conventional solid-
state reaction method, and their optical properties, electronic
band structure, and photocatalytic activity were investigated.
The powders were characterized by X-ray powder diffraction
(XRD), field-emission SEM (FESEM), high-resolution TEM
(HRTEM), and UV/Vis and fluorescence spectroscopy. Both
compounds exhibit similar optical band gaps, 3.55eV for
BaNb,P,04; and 3.58 eV for BazNb,P,0O,5. However, photo-
luminescence spectra revealed that a radiative recombina-

tion process of charge carriers is dominant in BazgNb,P,O4g
(strong blue-white emission at 300 K) under UV irradiation,
whereas no obvious emission was observed from
BaNb,P,04;. The photocatalytic activity for the evolution of
H, from the splitting of pure water was evaluated.
BaNb,P,04;, which has a smaller photon emission at room
temperature, exhibited a much higher photocatalytic activity
than BasNb,P,0;g. The difference in the photocatalytic ac-
tivity of the two compounds is attributed to their different
electronic band structures, resulting from their different crys-
tal-structure environments.

Introduction

In recent years, photocatalysis using solar energy has at-
tracted considerable attention, because it is considered to be
a promising “green” technology that can provide renewable
energy as well as solve environmental problems.'-?! The
photocatalytic splitting of water using oxide semi-
conductors under light irradiation has received much atten-
tion in the quest to produce clean hydrogen from water
cleavage. Extensive studies have been conduced in an at-
tempt to develop efficient photocatalysts that can split
water into hydrogen and oxygen. Among the photocata-
lysts, however, phosphate-based compounds that operate
under the irradiation of UV or visible light have been rarely
reported and are still limited.>#!

Titanium-, niobium-, and tantalum-based wide band-gap
semiconductors have proven to be effective photocatalysts
due to their special structure, in which a layered crystal
structure composed of MOg (M = Ti, Nb, Ta) octahedra is
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formed, and the fairly high energy level of the metal d orbit-
als, which could be beneficial for the production of H, gas
from water splitting.[>>-8]

The crystal structures of BaNb,P,O;; and Ba;Nb,P,O5
have been individually reported by Murashova et al.” and
Wang et al.l'%7 Both compounds contain corner-sharing
NbOg octahedra as well as PO, tetrahedra. In the structure
of BaNDb,P,0,;;, each NbO¢ octahedron shares its corner
oxygen atoms with three NbOg octahedra and three PO,
tetrahedra. Conversely, BasNb,P,O5 is composed of NbOg
octahedra connected to five PO, tetrahedra. The crystal-
structure parameters are listed in detail in Table 1. Our
group recently reported the densification behavior and mi-
crowave dielectric properties of these two compounds.['!]
However, there have been no reports on their optical, pho-
tophysical, and photocatalytic properties.

Table 1. Crystal structure parameters of BNP122 and BNP324.

Compound Crystal . [Jnit cell _parameters
system alA]  b[A] c[A] o[ BT 7[]

BNP 122 trigonal 5.072 5072 59.1 90 90 120
(R3c)

BNP 324 triclinic ~ 4.8898  9.076 9.521 88.82 78.64 78.49
(PD)

In this study, two barium niobium phosphate com-
pounds, BaNb,P,O;; (BNP122) and Ba3Nb,P,O3
(BNP324), were prepared by a conventional solid-state re-
action, and their optical properties, electronic band struc-
ture, and photocatalytic activity for the evolution of H,
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from pure water under UV irradiation were investigated. In
this way, the differences in their photocatalytic activity were
elucidated from their crystal-structure environment and
electronic band structure.

Results and Discussion

Crystal Structure and Powder Morphology

Figure 1 shows the XRD patterns of BNP122 and
BNP324 powders prepared by a solid-state reaction
method. Both powders exhibited single phases, and all of
the reflection peaks were clearly indexed as the trigonal
phase (JCPDS No. 40-0107) for BNP122 and triclinic phase
(ICSD No. 90878) for BNP324.
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Figure 1. XRD patterns of (a) BNP122 and (b) BNP324 powders
prepared at 1200 °C and 1100 °C, respectively.

Typical TEM images of the two powders are shown in
Figure 2(a) and (d). The BNP122 powder exhibited a larger,
irregular, and spherical morphology with an average size of
3 um, whereas the BNP324 powder exhibited an aniso-
tropic, faceted rod-like morphology with a size range of
0.5-3 um. Both powders contained broken pieces resulting
from the mechanical milling process (Figure S1). Fig-
ure 2(b) and (c¢) show an HRTEM image and the corre-
sponding selected-area electron diffraction (SAED) pattern
on a single particle of BNP122, respectively. The SAED
pattern indexed to the [001] zone axis of the single particle
and the HRTEM image shows lattice fringes with a width
of 0.51 nm, corresponding to the (100) or (010) plane of
trigonal BNP122.

For BNP324, the SAED pattern [Figure 2(f)] indexed to
the [0-21] zone axis and the HRTEM image [Figure 2(e)]
shows lattice fringes with widths of 0.47 and 0.41 nm, which
correspond to the (100) and (012) planes, respectively, of
triclinic BNP324. Moreover, the interplanar spacing of the
lattice fringes along the length of the rods is 0.36 nm, which
corresponds to the interplanar spacing of the (112) plane.
Therefore, the anisotropic growth direction of BNP324 par-
ticles is considered to be in the [112] direction. The BET
surface area measurements showed that the BNP122 pow-
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Figure 2. TEM, HRTEM images, and corresponding SAED pat-
terns of (a)-(c) BNP122 and (d)—(f) BNP324 powders. [001] and
[0-21] zone axes in (c¢) and (f), respectively, were identified.

der had a smaller surface area (1.14 m?/g) than the BNP324
powder (5.01 m?/g), which is consistent with the FESEM
results (Figure S1).

Optical Properties and Electronic Band Structure

Figure 3(a) shows the diffuse-reflectance spectra of the
BNP122 and BNP324 powders. Both powders exhibited a
similar absorption band in the UV/Vis region, i.e. the ab-
sorption edges were 350 and 346 nm for BNP122 and
BNP324, respectively.

The estimated band gap of BNPI122 (3.55¢V) was
slightly smaller than that of BNP324 (3.58 ¢V). Figure 3(b)
shows the excitation and emission spectra of both powders
at 300 K.

BNP324 exhibited a strong blue-white emission when ex-
cited at wavelengths less than 300 nm, whereas only a very
weak emission peak was observed for BNP122 at 480 nm.

This result indicates that the recombination process of
the excited charge carriers, especially radiative recombina-
tion (photon emission), is dominant in BNP324 when it is
irradiated by UV light, i.e. almost all of the excited charge
carriers recombine with each other, leading to a strong pho-
ton emission.

The crystal structures of BNP122 and BNP324 were con-
structed from published data (Figure 4).>!9 In these two
compounds, both NbOg octahedra and PO, tetrahedra co-
exist. However, their connection schemes are quite different,
i.e. BNP122 has a layered structure, and BNP324 has a
chain structure along the a-axis.
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Figure 3. (a) UV/Vis diffuse reflectance spectra and (b) photolumi-
nescence spectra of BNP122 and BNP324 powders at 300 K.

Figure 4. Perspective view of the crystal structures of (a) BNP122
(layered structure along the c-axis) and (b) BNP324 (chain struc-
ture along the a-axis).
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The effect of the different crystal structures on the elec-
tronic band structures of the two compounds was investi-
gated by DFT. Figure 5 shows the band structures and den-
sity of states (DOS) of trigonal BNP122 and triclinic
BNP324.
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Figure 5. Electronic band structures and DOS of (a) BNP122 and
(b) BNP324.

The calculated band gap of BNP122 (2.57 eV) is smaller
than that of BNP324 (3.07 eV), which is in agreement with
the tendency estimated from the absorption edges. In both
compounds, moreover, the valence band comprises the O
2p and P 3p orbitals.

In the construction of the conduction band, the Nb 4d
and Ba 5d orbitals are hybridized in BNP122. In constrast,
these two orbitals are split in BNP324 and form two distinct
additional bands between the valence and conduction
bands. From the bond valence theory calculation,[''-13] the
average bond strength of the Nb-O and P-O bonds in both
compounds is similar, whereas that of the Ba—O bonds is
quite different. The average strength of the Ba—O bonds in
BNP324 (indicated by shorter bonds) is much higher than
that of BNP122, which indicates the possibility of strong
interactions between the Ba 5d orbital and the O 2p orbital.
The band splitting is considered to be related to the strong
interaction between the Ba 5d and O 2p orbitals resulting
from the higher Ba—O bond strength.!'4

According to Blasse et al., self-luminescence properties
in niobate compounds originate from charge transfer in the
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MOg (M = W and Nb) octahedra.['] Similarly, the strong
luminescence in BNP324 (with intensity and emission wave-
length comparable to those of CaNb,Oy) is also considered
to originate from the NbOg group, which induces additional
sub-bands below the conduction band.

Photocatalytic Activity

The photocatalytic activities of BNP122 and BNP324
were evaluated by comparing their effect on the evolution
of H, from pure water under UV irradiation. Figure 6(a)
shows the obvious evolution of H, for BNP122, whereas H,
evolution for BNP324 was barely detectable, in spite of its
larger surface area.
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Figure 6. (a) Comparison of photocatalytic activity between
BNP122 and BNP324 for H, evolution from pure water under UV
light irradiation; (b) effect of cocatalyst (NiO,) on the photocata-
lytic activity of BNP122.

Generally, the most important factors that affect the
photocatalytic activity of a powder photocatalyst are its op-
tical absorption capability (optical band gap), surface area,
and the separation/diffusion rate of the photogenerated
charge carriers (mobility).[l-7-16201' A" smaller band gap is
more effective in generating charge carriers, and a higher
surface area provides a larger number of active sites on the
surface, allowing more water molecules to be adsorbed.
Moreover, the higher mobilities of the charge carriers indi-
cate that there is a higher probability of transferring the
photogenerated charge carriers from the bulk to the surface,
i.e. more charge carriers can participate in the photocata-
lytic reaction. As discussed above, the UV-excited charge
carriers in BNP324 were mostly consumed by photon emis-
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sion, whereas those in BNP122 were not. Therefore, the
higher photocatalytic activity of BNPI122, despite its
smaller surface area, can be mainly attributed to its smaller
photon emission, i.e. the higher separation/diffusion rate of
the charge carriers, due to its unique layered crystal struc-
ture.21]

After the photocatalytic reactions, both powders were re-
checked by XRD and FESEM (Figures S2 and S3). No
changes in their crystal structures or morphologies were de-
tected, indicating the stability of the powders against UV
irradiation.

The photocatalytic activity of BNP122 was further inves-
tigated by loading it with cocatalysts. There was no signifi-
cant morphology change after cocatalyst loading (Fig-
ure S4). Figure 6(b) shows the effects of the NiO, cocatalyst
on the H, evolution rate. It was found that the photocata-
lytic activity of BNP122 was greatly enhanced by the NiO,
cocatalyst loading and that the optimum loading was
0.5 wt.-%. Moreover, the stoichiometric evolution of H,
and O, was checked for all the samples (Figure S5). The
photocatalytic activities of BNP122 and BNP324 for the
evolution of H, and O, from pure water are summarized in
Table 2. It is considered that the enhanced photocatalytic
activity afforded by the NiO, cocatalyst loading is related
to the efficient charge separation caused by the minimi-
zation of the bulk recombination.?? The NiO, cocatalyst is
more effective than Pt as cocatalyst in enhancing the photo-
catalytic activity of BNP122.

Table 2. Photocatalytic H, and O, evolution rate from pure water
by using BNP122 and BNP324 with cocatalysts under UV irradia-
tion.

Compound  Cocatalyst Cocatalyst loading [wt.-%]  Activity [pumol/gh]

HZ 02
BNP122 none 0 2.1 1.2
NiO, 0.2 13.1 6.9
0.5 16.7 7.9
1.0 11.6 6.2
1.5 11.2 6.7
Pt 0.5 7.1 38
BNP324 none 0 0.1 -
NiO, 1.0 0.2 0.1
Conclusions
The  barium  niobium  phosphate = compounds

BaNb,P,0,; (BNP122) and Ba3;Nb,P,0,5 (BNP324) with
corner-sharing NbOg octahedra and PO, tetrahedra were
prepared by a conventional solid-state reaction method,
and their electronic band structure, optical properties, and
photocatalytic activity were investigated.

Both compounds have similar optical band gaps (ca.
3.6 eV). Compared with BNP122, however, BNP324 exhib-
ited a higher photoluminescence intensity at room tempera-
ture under UV irradiation, indicating that it has a higher
radiative recombination rate of UV-excited charge carriers.
From the electronic band structure calculation, it has been
inferred that the strong photon emission of BNP324 at
2209
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room temperature is related to the splitting of the conduc-
tion band, due to the shorter Ba-O bond. Although
BNP122 has a smaller surface area than BNP324, it exhib-
ited a higher photocatalytic activity for the evolution of H,
from water, and its photocatalytic activity was enhanced by
loading it with an NiO, cocatalyst.

Experimental Section

Preparation of Powders: BaNb,P,O;, and Ba;Nb,P,O,g were pre-
pared by a conventional solid-state reaction method. BaCOs;,
Nb,Os (High Purity Chemicals, 99.9%, Japan), and (NH4),HPO,
(Junsei Chemicals, 99%, Japan) were used as the raw materials.
Stoichiometric mixtures of the starting materials were homoge-
nized by ball milling with zirconia media for 24 h using absolute
ethanol (99.9%), and the mixtures were rapidly dried, then calcined
at 1100 or 1200 °C in air for 4 h with a heating rate of 5 °C/min.
After the calcination process, the obtained powders were milled
again for 6 h by using absolute ethanol.

Measurements and Characterizations: The crystal structures and
phase purity of the powders were determined by using XRD
(M18XHEF, Mac-science). The powder morphologies and micro-
structures were investigated by using FESEM (JSM-6330F, JEOL)
and TEM (JEM-3000F, JEOL). The UV/Vis diffuse-reflectance
spectra were obtained by using UV/Vis/NIR spectroscopy (U-4001,
Hitachi), and the photoluminescence spectra were obtained by
fluorescence spectroscopy (LS 55, Perkin—-Elmer) at room tempera-
ture. The specific surface areas of the powders were measured with
a  Brunauer-Emmett-Teller (BET) surface-area  analyzer
(BELSORP-mini II, BEL). The band-structure calculation based
on plane wave DFT was performed by using the CASTEP pro-
gram.!?3l The convergence criteria applied were 1 X 10°¢ eV for the
total energy change per atom. The gradient corrections were per-
formed by the generalized gradient approximation using Perdew—
Burke-Ernzerhof functionals and ultrasoft pesudopotentials.

Photocatalytic Reactions: The photocatalytic reactions for H, or
O, evolution were conducted at room temperature in a closed gas
circulation system with an outer-irradiation-type quartz reactor
(200 mL). A 450 W high-pressure mercury lamp was used as the
UV light source. It was positioned inside a cylindrical vessel sur-
rounded by a circulating water jacket, which was used to cool the
lamp. The distance between the reactor and the lamp was 15 cm.
The photocatalyst powder (0.3 g) was dispersed in distilled water
(150 mL) by magnetic stirring after sonication (10 min). Before ir-
radiation, the closed gas circulation system and the reactor were
degassed with high-purity Ar gas (99.999%). The amount of H, or
O, evolved was determined by using gas chromatography (Donam,
DS6200, Korea). The Pt cocatalyst was loaded on the surface of
the powder samples by an in situ photodeposition method using
an aqueous H,PtClg:6H,O solution. The NiO, cocatalysts were
loaded by an impregnation method using an Ni(NO;), ethanol
solution. The NiO,-loaded powders were reduced by an H, (5%)/
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N, (95%) gas (300 sccm) at 500 °C for 2 h and subsequently oxid-
ized by O, (20 scem) at 350 °C for 2 h [sccm = standard cubic
centimeters per minute (cm*/min)].

Supporting Information (see footnote on the first page of this arti-
cle): Additional XRD, FESEM images, and stoichiometric H, and
O, evolution results.
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