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Photocatalytic water splitting is a promising route to achieve renewable hydrogen production. In this
work, a series of AsB40¢5 (A=Ca, Sr, Ba; B=V, Nb, Ta) layered perovskite materials, were investigated
through density functional theory computations. We revealed that changing B ions can modify the band
gap, and A-ion substitution can tune the band-edge position. Therefore, through A/B ion combination, we
can realize the band engineering of AsB,0;5 materials. Electron/hole effective mass and water adsorption
of AsB4045 materials were also explored. Further investigations suggest that CasV4015 nanosheet, with an
appropriate band gap and an optimal band-edge position, would be a promising photocatalyst for visible-

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Photocatalytic water splitting has attracted tremendous atten-
tion as a potential route to address energy and environment re-
lated issues [1,2]. Since the first realization of water splitting
without any applied electric power by Fujishima and Honda [3],
significant breakthrough has emerged to boost the performance
[4-7]. However, currently most industrial hydrogen is still pro-
duced from fossil fuels, and present photocatalytic systems are not
economical for industrial hydrogen production [8]. The absence of
stable photocatalysts that can operate under visible light with high
efficiency is a critical obstacle for commercial photocatalytic water
splitting [9,10].

Perovskite materials stand out as promising photocatalysts for
water splitting [8,11-13]. The high stability of perovskite-like
structures enables myriad A- and B-site ion combinations, and
offers enormous flexibility for performance optimization [12]. For
example, water splitting activity was found in ATaO3; (A=Li, Na,
and K) [14], Sr,M;07 (M=Nb and Ta) [15], AnBmO3m 2 (m=4, 5;
A=Ca, Sr, La; B=NDb, Ti) [16], and A, _xLa;Tiz_4xNbxOqo (A=K, Rb,
Cs; x=0, 0.5, 1) [17]; visible-light-driven photocatalytic perfor-
mances were also observed in NaBiOs; [18], Cu(II)-(Sr;_yNay)
(Ti; —xMoyx)Os3 [19], and (Ago.755T0.25)(Nbg.75Tig.25)03 [20].

As layered perovskite materials with B-site vacancies [21,22],
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AsB4015 is of particular interest as water splitting photocatalysts.
In 2005, water splitting activity was found for both SrsTa;O15 [23]
and BasTas0;5 [24]. Later, a quantum yield as high as 17% was
achieved for NiOy/BasNb4O5 by Miseki et al., who systematically
investigated AsNbsO15 (A=Sr, Ba), and ALasTi4O¢5 (A=Ca, Sr, Ba)
[25,26]. By comparison, the quantum yield of nanocrystalline TiO,
is 16% [27]. Further, the H, production rate was improved in
BasTasO,5 with 0.2 wt% nitrogen doping, due to the enhanced
visible light absorbance [28]. Chen et al. revealed that H, evolution
on Pt/SrsTas015_xNy and O, evolution on CoOy/SrsTas015_xNx
under visible light irradiation [29]. Enhanced photocatalytic ac-
tivity for BalLasTi4O,5 was reported by Negishi et al. [30,31] by
loading ultra-small gold clusters. Li et al., proposed that P-Mo co-
doped BasNb40;5 could own visible light activity [32]. Experi-
mentally, Marschall et al. [33] prepared BasTa;01s, BasTa;Nb,Oq5
and BasNb40O;5 nanofibers and demonstrated their ability to gen-
erate hydrogen without cocatalysts.

The realization of two-dimensional (2D) nanosheet morphol-
ogy, which shows several advantages as water splitting photo-
catalysts [9,34-37], is feasible for AsB40;5 materials due to the
layered structure. Zhu et al. [38] reported that BasTa;O;5 mono-
layers prepared through a hydrothermal route under low tem-
peratures without templates exhibited better photocatalytic per-
formance than the bulk. Park et al. investigated the H, evolution
on bulk BasNb4045, BasNb40O15 nanosheets with ~30 nm thickness
and BasNb,40;5 nanosheets with ~6 nm thickness, and revealed
that the water splitting activity increased with decreasing the
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nanosheet thickness [39]. The reduced physical dimension facil-
itates the diffusion of electron/hole to the surface to participate
the photocatalytic reaction; therefore, 2D materials generally
shows lower electron-hole recombination rate than their bulk
counterparts [40]. Also, 2D nanosheets have much larger surface
areas that could promote the adsorption of H,O, H* and OH™ [34].

AsB4015 materials have versatile structures of perovskites and
can also be fabricated into monolayer nanosheets, which makes
them rather promising as water splitting photocatalysts. However,
few studies have been performed on the electronic structure of
AsB4O15 and several questions remain open. For example, how
would A/B ions influence the electronic structure and how would
quantum confinement effect modify the band gap of AsB;0¢5?
Does the material possess visible light absorption capability?
Especially, the band edge positions of AsB40,5, which are critical
for photocatalysts, are unexplored. In this work, we systematically
investigated the electronic properties of AsB40:5 (A=Ca, Sr, Ba;
B=V, Nb, Ta) bulks and nanosheets through density functional
theory (DFT) computations. The lattice parameters and band
structures between bulk and nanosheets were compared to illus-
trate their relation. The influence of changing A/B ions on band gap
and band edge position was investigated, as well as effective mass
and water adsorption. In light of these analyses, we predicted that
CasV40;5 nanosheets are promising visible light photocatalysts for
water splitting.

(a)

BO, octahedron

Aion

2. Computational details

All DFT computations were performed by using projector aug-
mented wave (PAW) [41] method as implemented in Vienna ab
initio simulation package (VASP) [42]. Lattice parameters and
atomic coordinates were optimized with generalized gradient
approximation (GGA) as implemented by Perdew, Burke and
Ernzerhof (PBE) [43]. Spin polarization and plane-wave energy
cutoff of 550 eV were employed for all computations. Spin-orbital
coupling shows trivial influence on band gaps; therefore, it is not
adopted in our computations. HSE06 hybrid functional [44,45] was
applied for the computation of band edge positions and accurate
band gaps. K-point separation of 0.025 A~! for PBE calculations
and 0.04 A~ for expensive HSEO6 computations was employed.
The band edge position relative to the vacuum level was evaluated
by electrostatic potential alignments. For the calculations of con-
vex hull, a correction scheme of formation enthalpy proposed by
Jain et al. [46] was adopted. Effective mass for both electrons and
holes was evaluated through the equation:

1
m* = n? E
dk?

The calculated effective mass was represented in the unit of mq
(electron rest mass). For the calculation of water adsorption,
2 x 2 x 1 supercells and Monkhorst-Pack grids of 3 x 3 x 1 k-points
were adopted for nanosheets.

(b)

Fig. 1. Crystal structures of AsB40,5 (a) bulk and (b) nanosheet.
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Fig. 2. Color map of tolerance factor, lattice constant, band gap, average B ion off-center value and average B-O-B angle of AsB40;s. The evaluation method for B ion off-center

value is presented in Fig. S1.

3. Results and discussion

AsB4015 has B-site vacancies compared with ABO3 perovskites
as shown in Fig. 1a. For AsB4015 nanosheets, at least 15-A vacuum
space was inserted between layers to avoid artificial interactions
(Fig. 1b). For perovskite materials, due to their geometrical con-
figurations, there is a relationship between the ionic radii of A, B
and O, which is represented as tolerance factor (t) by Goldschmidt
[47]. The tolerance factor is defined by the following equation:

t= @y + 1)N2 05 + 1)

generally, perovskite structures satisfy t=0.7-1.1 [48]. As shown in
Fig. 2, all investigated structures satisfy the restriction mentioned
above. Lattice constants (a) are also presented in Fig. 2. For A ions,
heavier elements have larger lattice constants because of their
larger radii. For B ions, V has the smallest lattice constant; due to
lanthanide contraction, Nb and Ta have almost the same radius
[49]; therefore, the corresponding structures also show similar
lattice constant.

Clearly, compared with A ion, B ion is the major influential
factor for band gap variation (Fig. 2). Larger electronegativity dif-
ference between B ion and oxygen leads to larger band gap [50].
The electronegativity decreases from V (1.63) to Nb (1.6) to Ta
(1.5); therefore, the band gap increases from V to Ta. A ion also has
influence on band gap [51]. Previous investigations demonstrated
that, larger B off-center enlarges the band gap [50], and with the
B-0O-B angle closer to 180°, the band gap decreases [48,52,53]. Our
results demonstrate that, with larger radius of A ion, B ion is more
off-center, but the B-O-B angle becomes closer to 180°. Therefore,
the influence of A ion on the band gap becomes ambiguous be-
cause of the above two reverse factors. Note that the band gap of
BasNb4O1s is also slightly smaller than that of SrsNb4O;s in ex-
periments [26], in agreement with our results.

The partial density of states (PDOS) of A and B ions is shown in
Fig. 3; the valence band maximum (VBM) of all AsB40,5 materials

is dominated by the p orbital of oxygen, and the conduction band
minimum (CBM) consists of d orbital of B ion and p orbital of
oxygen. Previous studies on Sr,Ta;0; and Sr,Nb,0- show that 4p
orbital of Sr contributes to the VBM [54,55]. Our results demon-
strate that AsB4045 shows different behaviors, since A ion does not
contribute to either VBM or CBM. The consequence is also
straightforward; the choice of B ion has obvious influence on band
gaps, while A ion only has marginal influence. The band gap in-
creases as B ion changes from V to Ta, in agreement with previous
experimental results, which demonstrate that BasNb4O;s has
smaller band gap than BasTa 045 [33].

Unlike other 2D materials, several properties of AsB40;5 na-
nosheets are surprisingly similar to those of their bulk counter-
parts. All lattice constants (Table 1) only have < 1% deviation
compared with bulk structures. The formation energy of na-
nosheets, which is defined as the energy difference between na-
nosheets and bulks per formula, was also calculated. For compar-
ison, the formation energy of experimentally available BasTa401s
nanosheets is 2.00 eV [38]. Therefore, the synthesis of Cas5V40;s,
SrsV4045, SrsTaz015, BasV4045 and BasNbsO45 nanosheets should
be feasible, because they have lower formation energies than
BasTa4015 nanosheets, while the synthesis of CasNb4015, CasTa4015
and SrsNbsO;5 nanosheets might be difficult due to the strong
interlayer interaction.

The band gap of AsB40¢5 nanosheets is quite close to that of the
bulk material. Certain nanosheets even have slightly smaller band
gaps (Fig. S5), such as BasTa4045, which also experimentally shows
smaller band gap in its nanosheet form [38]. The results contradict
to the general observation that the quantum confinement effect
enlarges band gaps. To further illustrate the band gap difference
between bulks and nanosheets, the charge density of VBM and
CBM of bulk SrsNb40;5 was calculated and is shown in Fig. 4a. The
CBM consists of d,? orbital of Sr and 2p orbital of O, and the VBM is
mainly contributed by the 2p orbital of O. The results are in
agreement with the PDOS calculations (The DOS and band struc-
tures of nanosheets are all shown in Figs. S2-S4). Both CBM and
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Fig. 3. DOS of AsB40,5s materials (A=Ca, Sr, Ba; B=V, Nb, Ta), in which black lines
are the total DOS, blue lines are d orbital of B ions and red lines are p orbital of
oxygen. Fermi levels are set to zero and denoted with dashed lines.

Table 1
Formation energies, lattice constants and band gaps of AsB40;5 nanosheets.

Nanosheet  Lattice constant (A)  Formation energy (eV)  Band gap (eV)
CasV4015 5.305 1.80 114
CasNbsOy5  5.623 3.14 2.40
CasTas0q5 5.593 3.38 2.85
SrsV401s 5.454 1.54 1.25
SrsNb4O15 5.740 2.62 2.46
Srs5Tas0;5 5.684 192 2.83
BasV40;5 5.651 111 131
BasNbsO15  5.890 193 2.54
BasTas015 5.855 2.00 2.89

VBM show no obvious covalent interaction between layers. Also,
the nearly flat conduction and valence bands in I'-A of bulk
SrsNb4O;5 indicate strong wavefunction localization; thus, similar
band structures are observed in nanosheet (Fig. 4b) and bulk
(Fig. 4c) forms.

Band edge positions are critical factors for photocatalysts. To
obtain accurate VBM and CBM positions of AsB4015, HSEO6 hybrid
functional was adopted. CasNb4O;5, SrsNbsOi5, BasNb4Ojs,
BasV40;5 and BasTa405 nanosheets were considered first to reveal
the influence of A and B ions. As shown in Fig. 5, the calculated
band gap and band edge position of single-layer MoS; is in good
agreement with previous investigations [56]. The experimentally
measured band gap for bulk BasNbsO;5 is 3.9 eV [33], and our

calculated band gap for the nanosheet is 3.78 eV; several experi-
mentally estimated band gaps of bulk BasTa;O;5 have been re-
ported, including 3.9 eV [24], 4.1 eV [38], and 4.5 eV [33], and our
calculated band gap for BasTa;O5 nanosheet is 4.11 eV. The cal-
culated HSEO6 band gaps are in good agreement with experi-
mental results (Detailed band structures are shown in Fig. S6). The
trend of band gaps revealed by HSEO6 further confirmed the re-
sults of PBE calculations: A ion only has slight influence on the
band gap, while the band gap increases with changing B ion from
V to Ta.

However, for band edge positions, by comparing CasNb401s,
SrsNb4O15 and BasNb4045, we found that the band edge position
shifts upward when A ion changes from Ca to Ba. The results are
rather intriguing, since DOS calculations show that the PDOS of A
ion do not contribute to either VBM or CBM. Previous theoretical
investigations revealed that work function decreases with lattice
elongation [57]. In our computations, different ionic radii of alkali
earth elements lead to different lattice constants. Lattice constants
increase from CasNb,O5 (5.623 A) to SrsNb,O;5 (5.746 A) and
BasNb40+5 (5.892 A), and work function decreases accordingly. For
B ions, Nb shows lower CBM and VBM than Ta, while V shows
lower CBM but higher VBM than Nb.

Inspired by these results, we further investigated the properties
of CasV,405 nanosheets. The choice of V can reduce the band gap
to visible light region, and the choice of Ca can lower band edge
positions when compared with BasV40,5 nanosheets. Fig. 5 shows
that the band edge positions of CasV,40;5 nanosheets straddle H*/
H, and 0O,/H,O with a moderate band gap of 2.24 eV, which de-
monstrates its ability to generate both H, and O, within visible
light region. Moreover, we investigated the thermodynamic
properties of CasV40¢5 in Ca-V-O phase diagram, as shown in
Fig. 6. The formation energy of bulk CasV40;5 is 127 meV/atom
above the hull. For comparison, the formation energy of diamond
is 136 meV/atom above the hull [58]. Still, the high formation
energy indicates that the synthesis of CasV40,5 might be chal-
lenging. BasTa40,5 nanosheets have been successfully prepared by
low-temperature hydrothermal method [38]; therefore, we sug-
gest that bottom-up method would be a feasible routine to pre-
pare CasV4015 nanosheets.

Effective masses for both electrons and holes of AsB40:5 ma-
terials are summarized in Table 2. Even though certain trend can
be observed in Table 2, for example, smaller A ion leads to reduced
effective mass of both electrons and holes; however, all AsB4015
materials manifest heavy electron/hole effective mass. The calcu-
lated effective mass is comparable to that of NaTaOs, in which the
effective mass of both electrons and holes is about 8 mg [59].
Therefore, we propose that it is necessary to synthesize materials
with small particle sizes for performance optimization. For layered
materials like AsB4045, the ideal morphology should be 2D na-
nosheets [38,39].

Water adsorption was further investigated to understand the
interaction between water and AsB4O;5 nanosheets. Three ad-
sorption positions were considered (Fig. 7), and the adsorption
energy was calculated through the following equation:

Eyq= Ewater—A5B4015 - EA5B4015 = Evater

where  Eyater_asB,0050 Easpyops a0 Eyarer are the total energy of
AsB4015 nanosheet with adsorbed water, pristine AsB4O;5 na-
nosheet and a single water molecule, respectively. The largest
adsorption energies are found in Position A. Also, for Position A,
the distance between water and the nanosheet is the shortest
(Fig. 7). It is also observed that water adsorption at Position O for
BasTa40¢5 and Position B for CasNb4O;5 is not stable, and water
would migrate to Position A spontaneously, which further con-
firms the stronger water binding at Position A. The interaction
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Table 2
Calculated water adsorption energy and effective mass of electron/hole for AsB4015
nanosheets.

Nanosheets Effective Effective Water adsorption energy (eV)

mass of elec- mass of hole

tron (my) (myo)

-M TI-K r-M 1K A B 0]
CasV4055 1031 10.60 13.64 13.59 -—-1.08 —-0.14 —-0.10
CasNbsO;s 871 874 1364 1362 -3.18  unstable —124
CasTas045 912 863 1246 1246 -—-2.07 —-0.17 —-0.18
Sr5V4015 11.59 11.83 18.86 1748 —-0.63 —-0.13 -0.11
SrsNbsO¢5  8.61 777 1478 1424 -0.76 —0.68 —0.47
SrsTa,O;5s 785 797 13.02 1311 -156 —1.50 125
BasV4045 1412 1440 6052 43.78 -0.61 —0.28 —0.50
BasNbsO15 9.66 948 1660 18.99 -0.85 —0.21 -0.17
BasTa;O;5 805 795 1454 1426 -090 —0.73 unstable

between A ion and oxygen of water should be the main reason for
the strong adsorption. Since the Coulomb interaction of Ca-O is
stronger than that of Nb-O and Ta-O due to the smaller ionic radius
of Ca, CasB4045 exhibits stronger adsorption for water, which could
benefit for higher catalytic activity. Note that, in order to gain
comprehensive insights into catalytic performances, further ex-
perimental investigations, such as charge transfer rate between
water and the nanosheet, quantum yield and reaction mechanism,
are required.

4. Conclusions

In conclusion, for AsB4,0,5 materials, changing A ion only has
trivial influence on the band gap, and band gap becomes larger
when changing B ion from V to Ta. DOS analysis shows that the
VBM of AsB4015 is mainly contributed by 2p orbital of O, and the
CBM consists of d orbital of B ion and 2p orbital of O. Bulk AsB4015
and the nanosheet counterpart show similar band gaps. HSE
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Position A

Position B

Position O

Fig. 7. Three positions for water adsorption. Gray triangles are drawn to indicate the adsorption position, and blue dot lines to indicate assumed interaction. Position A:
hydrogen interacts with two oxygen in the surface and oxygen of water interacts with A ion. Position B: hydrogen interacts with oxygen atoms from one BOg octahedron.

Position O: hydrogen interacts with oxygen atoms from three BOg octahedrons.

calculations revealed that the band edge position shifts upward
when A ion changes from Ca to Ba, even though it only has trivial
impact on the band gap. Our results demonstrate that the band
engineering of AsB40,5 materials is possible by A/B ion combina-
tion. Inspired by these results, we predict that CasV40,5 nanosheet
is a potential visible-light water splitting photocatalyst, with ap-
propriate band gap and optimal band edge position. Thermo-
dynamic analyses suggest that it is preferable to prepare CasV401s
nanosheets through bottom-up routes. The effective mass eva-
luation indicates that 2D nanosheets morphology is desirable for
performance optimization. Computations also indicate that
CasB40;5 displays stronger binding for water. Our investigations
pave the way for the realization of AsB40¢5 visible-light water
splitting photocatalysts, and further experimental investigations
are welcome to confirm the prediction.
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