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The first Ba-containing hydrated vanadate as nonlinear optical (NLO) material, BaV,0¢H,0, was synthesized by
facile hydrothermal method. The single-crystal X-ray diffraction result shows that this compound crystallizes in
the acentric orthorhombic space group of P2,2,2; with cell parameters a = 7.3993(6) A, b =8.9934(7) A, and
¢ =9.7206(8) A. UV—vis-IR diffuse reflectance spectrum shows that the compound has a large bandgap of
4.60 eV and moderate transparency range. The title compound shows second-harmonic generation (SHG) effi-

ciency about 0.5 times of KH,PO,4 (KDP). The structure-property relationship of BaV,0¢H,0 was clarified by the

first-principles studies.

1. Introduction

Nonlinear optical (NLO) materials have received extensive com-
mercial and academic interest due to their all-round scientific and
technological applications [1-7]. The materials are pivotal components
of solid-state lasers, which produce coherent light from the ultraviolet
(UV) to the infrared (IR) through a frequency conversion. In recent
years, many outstanding NLO materials have been discovered from the
UV to the IR regions [8-16]. Vanadates have attracted much attention
owing to their possible applications such as optical, photoluminescence,
electrical and catalytic materials [7,17,18]. The survey demonstrates
that a host of good performance NLO vanadates have large SHG and
wide transparency range to mid-IR. For example, K(VO),0,(103)3 [15],
NaVO0,(I03),(H,0) [18], KySrVBsOp5, [19], Zny(VO4)(I03) [20],
NagV0,B6011 [211, A4(VO5)5(Se03)4(Sez0s) (A = Sr** or Pb?™) [22]
and so on.

Since vanadium is typically observed in VO,4, VOs, and VOg poly-
hedra coordination environments and is found in oxidation states of
2+, 34,4 + or 5+ [23], it can form diverse vanadium-containing
new structures and own many attractive properties. Since vanadium
can constitute distorted tetrahedra, pentahedra or octahedra, this
polyhedron with distortion d° transition metals maybe generate great
SHG responses. Therefore, it may promote the formation of new NLO
materials through introducing d° transition metal V atoms. The NLO
vanadates can be separated into two types: multiple vanadates, such as
NaV0,(I03),(H,0), NagVO,B¢0,1, KoSrVBs04,, and so on; Vanadates
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only with covalent tetrahedral VO0,43~, such as LizVO,4 [24,25], a- and S-
AgsVO, [26], and so on.

So far, the majority of NLO vanadates are subjected to the main
barriers that are little bandgaps and low laser damage thresholds
(LDTs), which severely impede their applications. As we all known that
a large bandgap maybe lead to a high LDT [25,27,28]. The increase of
bandgap can availably reduce the occurrence of two-photon and mul-
tiphoton absorptions, thereby increasing LDT [29,30]. Therefore, syn-
thesizing efficient NLO vanadates with large bandgaps is necessary and
still ongoing.

It is common knowledge that combining with alkali metal or alka-
line earth metal ions may enlarge bandgaps of compounds [31-37],
owing to the strong ionicity of these ions that can enhance the inter-
action between the anionic groups and cations [38]. According to such
an idea, we synthesized the first NLO material of Ba-containing hy-
drated vanadate by facile hydrothermal method, BaV,0sH,0. The
structure of BaV,04H,0 was first reported by Ulické et al. [39]. In this
paper, we focused on the comprehensive linear optical and NLO prop-
erties of the title compound. Then, theoretical studies were carried out
to further deepen the comprehending of the origins of the optical
properties. The compound has a moderate transparency range
(0.268-2.748 um) and large experimental bandgap of 4.60 eV. In ad-
dition, expatiations of the paper are crystal structure, thermal analysis,
elemental analysis and powder SHG measurements on BaV,04H,O0.
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Fig. 1. (a) Photograph of BaV,0¢H,O crystal. (b) Experimental and calculated XRD patterns of BaV,0¢H>O.

2. Experimental section
2.1. Synthesis

Analytically pure BaCOj3, V,0s and H3PO, were available from
commercial sources without further purification. BaV,0sH,0 was
synthesized by a facile hydrothermal reaction. The mixture of BaCO3
(0.5920g, 3mmol), V,0s (0.3638g, 2mmol), H3PO, (0.0980g,
1 mmol) in deionised water (2 mL) was sealed in a 23 mL Teflon-lined
stainless steel reactor. Then the reactor was heated to 200 °C, held at
200 °C for 3 days and cooled to 30 °C at a rate of 5°Ch~"'. Finally,
colorless and transparent crystals of BaV,0gH,O (Fig. 1a) were ob-
tained, cleaned with deionised water, then air-drying overnight at room
temperature. Here, H3PO, acted as the mineralizer in synthesizing Ba-
V206'H,0 crystals.

2.2. Single-crystal X-ray diffraction

Single-crystal X-ray diffraction data of BaV,0¢H>0 were collected
on a Bruker Smart APEX II charge-coupled device (CCD) single crystal
diffractometer (graphite monochromatic Mo-K, radiation,
A = 0.71073 A) at room temperature. The SADABS program is used for
the numerical absorption corrections [40]. The structure was solved by
direct methods and then refined by the full-matrix least squares method
with anisotropic displacement parameters in SHELXTL-97 system [41].
In addition, structure was verified with the aid of the program PLATON
[42]. Relevant crystal parameters and structure refinement informa-
tions are given detailedly in Table 1. Atoms coordinates, isotropic or
equivalent displacement parameters and bond valence are summarized
in Table S1 in the Supporting Information (SI). Selected bond distances
and angles are listed in Table S2 in the SI.

2.3. Powder X-ray diffraction

Powder X-ray Diffraction (PXRD) data were collected on a Bruker
D8 Advance X-ray diffractometer with graphite-monochromatic Cu-K,
radiation (A = 1.5418 [o\). The 26 range was 10-70° with a step width of
0.02° and a fixed time of 1s. The experimental PXRD pattern of
BaV,0¢H>0 showed agreement with the calculated one from the single
crystal model (Fig. 1b).

643

Table 1
Crystal data and structure refinement for BaV,0¢H20.

Empirical formula BaV,06'H,0
Formula weight 353.24
Temperature [K] 296(2)
Wavelength [A] 0.71073
Crystal system Orthorhombic
Space group P2,2,2,

a = 7.3993(6) A
b = 8.9934(7) A
¢ = 9.7206(8) A
Volume [A®] 646.86(9)

VA 4

Unit cell dimensions

Calculated density [Mg/m®] 3.627

Absorption coefficient [mm~'] 8.830

F(000) 640

Crystal size [mm?] 0.250 x 0.100 x 0.050

Theta range for data collection [°] 3.09 to 27.54

Limiting indices —-9<h=<9, -5=<k=<11,
-12=<1<12

Reflections collected/unique 3891/1469 [R(int) = 0.0164]

Completeness to theta = 27.54 [%] 99.2%

Refinement method Full-matrix least-squares on F,>

Data/restraints/parameters 1469/2/98

Goodness-of-fit on F,? 1.071

Final R indices [F,2 > 20(F,%)]™
R indices (all data) ¥

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole [e~1°\’3]

R, = 0.0128, wR, = 0.0263
R; = 0.0134, wR; = 0.0265
0.000(16)

0.0064(2)

0.305 and —0.321

[a]l Ry =Z||F,| - |F.||/Z|F,] and wR, = [Zw(F,> - F2?/TwF,*1"? for
F2 > 20(F,2).

2.4. Thermal analysis

Thermal gravimetric (TG) and differential scanning calorimetry
(DSC) analyses were performed on a HITACHI STA 7300 thermal ana-
lyzer instrument. The crystal sample (5-10 mg) was placed in a pla-
tinum crucible and heated from 30 to 700 °C at a rate of 5°C min~!
under a constant flow of argon atmosphere.

2.5. Spectroscopy analysis

The optical transmission range of the compound was recorded on a
UV-vis—-NIR spectrophotometer (SolidSpec-3700DUV) for the range of
190-2600 nm (0.19-2.6 um) and a MIR spectrophotometer (VERTEX
70) for the range of 400-4000cm ™' (2.5-25um) with the sample
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embedded in KBr matrix. Reflectance spectrum was transformed to
absorbance spectrum by the following Kubelka-Munk function [43],

a-Rr? _K

F®) ="—x¢ 5

where R is the reflectance, K is the absorption, and S is the scattering.

2.6. Elemental analysis

Elemental analysis of the single crystal was carried out by using a
LEO-1430VP scanning electron microscope (SEM) equipped with en-
ergy-dispersive spectroscopy (EDS). For BaV,0¢H,0, calculated: Ba,
38.88%; V, 28.84%; O, 31.71%; H, 0.57%. Found: Ba, 39.46%; V,
29.64%; O, 30.90%.

2.7. Second-harmonic generation

The second-harmonic generation (SHG) response of BaV,0¢H,0
was carried out using an improved Kurtz-Perry system [44] with a
1064 nm Q-switched Nd:YAG laser. Particulars of the equipment and
methodology have been published [45,46]. In order to make relevant
contrast with known SHG materials, crystalline potassium dihydrogen
phosphate (KDP) and BaV,0¢H,0 samples were ground and sifted into
the same particle sizes ranges.

2.8. Computational descriptions

The electronic properties were calculated by using CASTEP package
[47]. The generalized gradient approximation (GGA) using Perdew-
Burke-Ernzerhof (PBE) functional was chosen in the calculations [48].
On the basis of the norm-conserving pseudopotential (NCP) [49], the
valence electrons of the component elements were treated as Ba
5s%5p%6s2, V 3d%4s2, O 25°2p*, H 1s’. The kinetic energy cutoff was set
at 830 eV and Monkhorst-Pack 3 X 3 x 3 k-point meshes were used.
The other convergent criteria and calculation parameters were the de-
fault values of the CASTEP code. According to the electronic band
structure, the birefringence and refractive indices were theoretically
determined [50]. The detailed calculation formulas of the SHG coeffi-
cients and refractive indices can be found elsewhere [51].

3. Results and discussion
3.1. Crystal structure

BaV,04H,0 crystallizes in the acentric orthorhombic space group
of P2;2;2; (No. 19) with cell parameters a = 7.3993(6) 10\,
b = 8.9934(7) [o\, and ¢ = 9.7206(8) A. In the asymmetric units, there
are one unique barium atom, two unique vanadium atoms, seven un-
ique oxygen atoms and two unique hydrogen atoms (Fig. S1 in the SI).
All V atoms are coordinated to four oxygen atoms to create the VO,
tetrahedra. The V(1)O, is connected with V(2)O4 by corner-sharing to
form the V,0, unit. A stretch of successive V,0, units was observed to
constitute the infinite twisted spiral [V;0¢].. chains by sharing O(3)
and O(4) (Fig. 2a). The Ba atoms are coordinated to ten oxygen atoms
to create irregular BaO;o polyhedra. Stretches of continuous BaO;q
polyhedra are observed to form infinite jagged [BaOgl.. chains by
sharing O atoms (Fig. 2b). The [V,0¢].. and [BaOg].. chains are in-
terlaced to form two-dimensional (2D) layers (Fig. 2c). Adjacent layers
are further connected by the O atoms to form three-dimensional (3D)
framework. It is two-thirds or one-third for the occupancy of H atoms in
connection with O atoms, so it is hard to accurately determine the
positions of H atoms. The average values of the bond valence sums for
the Ba atoms, the V atoms, the O atoms and the H atoms were de-
termined to be 2.06, 5.16, 2.08 and 1.08 (Table S1 in the SI) respec-
tively, which are in good agreement with the ideal valences.
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Fig. 2. The structure of BaV,0¢H,0: (a) spiral [V,Ogl.. chain, (b) jagged
[BaOg] .. chain, (c) two-dimensional layer. The BaOg polyhedra are show in sky
blue. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 3. TG-DSC cruves of BaV,04H,0.

3.2. Thermal analysis

TG-DSC curves (Fig. 3) showed the thermal properties of Ba-
V,0¢H>0. TG studies indicated that BaV,0¢H,O was stable up to
120 °C. When heating was continued, the crystalline water started to
decompose that ends at 350 °C. The total weight loss of 4.98% is close
to computed value of 5.10% corresponding to the mass content of water
molecules in the title compound.

3.3. Spectral analysis

Transparency range for BaV,0¢'H>O is shown in Fig. 4. Obviously,
little absorptions occur in UV-vis-NIR region; it exhibits obvious ab-
sorptions from 2.748 to 3.275 um in mid-IR region and these peaks are
connected with water, which means that hydrate water leads to minish
the transparency range. Otherwise, the transparency range of the title
compound will be broadened from 0.268 to 6.233 um. Consequently,
the title compound exhibits moderate transparency range from the
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Fig. 4. The UV—vis-IR diffuse reflectance spectrum of BaV,0¢H,O and an ap-
proximate bandgap of 4.60 eV.

near-UV to the near-IR region (0.268-2.748 um) and an absorption edge
about 268 nm.

In the F(R)-E plot, extrapolating the linear part of the rising curve to
zero provides an approximate experimental bandgap of 4.60 eV (Fig. 4).
The bandgaps and LDTs of some typical IR NLO materials are listed in
Table S4 in the SI. From the table we can see, the LDTs go up with the
increase of bandgaps in general. The bandgap of BaV,0sH>O is the
largest among NLO vanadates in Table 2, which indicates that the title
crystal maybe lead to a high LDT. Guided by these thoughts, we are
further exploring new NLO materials with large bandgaps and wide
transparent range in the non-aqueous vanadates.

The IR spectrum of BaV,0¢H,0 was shown in Fig. S2 in the SI
exhibiting the following absorption peaks. The absorption bands range
from 592 to 944 cm ™!, which were assigned to the stretching and
bending vibrations of the V—0O and O—V—O0 groups. The OH™ groups in
the material were also clearly confirmed by the broad absorption peak
centered at around 3366 and 3506 cm ™. A strong peak at 1604 cm ™!
confirms the presence of H—O—H bending mode, this means that water
is contained in this compound. The results are in agreement with pre-
vious reports [23,52].

3.4. Second-harmonic generation

Due to the NCS space group, we studied the SHG properties of
BaV,0¢H>0. As shown in Fig. 5, as particle sizes increases, the SHG
intensity of BaV,0¢H,O increases firstly and then decreases. It is
clearly shown that BaV,04H,0 exhibits no phase-matching response
and SHG intensity is the largest in the particle size range of 88-105 um.
Therefore, the SHG efficiency of BaV,04¢H50 is about 0.5 times of KDP.

Table 2
Bandgaps and LDTs comparison with some NLO vanadates.

Compounds Eg QN LDT (MW/cm?)
Zny(VO4)(103) 2.26 -
K(V0)20,(105)3 2.66 -
Na3VO,BsO11 3.35 -

KaSrVBs0; 4.13 -

LizVO, 4.27 125.5
BaV,0sH,0 4.60 -

[b] Eg is the experimental bandgap.
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Fig. 6. The electronic band structure of BaV,0¢H0.

3.5. Electronic structure calculation

Following the method described above, the electronic band struc-
ture of BaV,04H,0 was analyzed. As shown in Fig. 6, the valence band
(VB) maximum is found at the G point, and the conduction band (CB)
minimum is found at the S point, manifesting that it is an indirect
bandgap compound. The calculated bandgap of 3.23eV is slightly
smaller than the experimental value of 4.60 eV, which may have rela-
tion with the derivative discontinuity of the exchange-correlation en-
ergy [53].

In order to further comprehend the electronic structure and struc-
ture-property relationships, the projected density of states (PDOS) of
title compound was calculated using Gaussian broadening method with
smearing width 0.01 eV. The obtained PDOS is shown in Fig. 7. As
shown in Fig. 7, there are isolated Ba-p states (nearby —9.5eV), the
hybrid V—O states and the H-s states (nearby —8eV) at the energy
range from —10 to Fermi level. The states at the top of valence band
(from —4 eV to Fermi level) are mainly from the O-p states and the V-d
states, then for the bottom of conduction band the states are also mainly
from the O-p states and V-d states. As we all know that the optical
properties are determined by electron transition nearby the Fermi level,
therefore authors believe that the VO, groups have a major role in
deciding refractive indices, birefringence and SHG response. The ar-
rangement of the V(1)O,4 and V(2)O4 groups is shown in Fig. S3 in the
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Fig. 8. The calculated refractive indices of BaV;0¢'H20.

SI. The arrangement of the V(1)O,4 groups is roughly the same direction
along the a axis, whereas the interdigitated V(2)O,4 groups are arranged
in opposite directions each other. Therefore, the macroscopic polarity
of the compound almost comes from V(1)O,4 groups, which maybe the
main factor leading to small SHG effect of the compound.

The refractive indices and the birefringence of the title compound
are also calculated. The obtained refractive indices along different op-
tical axis are shown in Fig. 8. The BaV,0¢H,0 crystallizes in orthor-
hombic crystal system P2,2,2; space group, hence it should be biaxial
crystal. As shown in Fig. 8 the obtained refractive indices along x, y and
z axis are about 1.94-2.28 at 300-1100 nm. One can also find out that
the obtained birefringence is very small due to the similar values of n,,
ny, and n,. The relative smaller birefringence made that BaV,0¢HO is
not phase-matchable, which is also coincided with the result of SHG
research.

Using the refractive indices obtained by the first principles method,
the SHG efficiency of BaV,0gH>O was further roughly evaluated ac-
cording to Eq. 18 shown in Ref. [44] (0.5[(n*-1)/(n+1)1°(1.,/10)%). The
obtained SHG efficiency of BaV,0¢H,O is about 0.44 times that of KDP
compound, which is in good agreement with the experimental value
(about 0.5 times of KDP compound).

4. Conclusion

To summarize, we have successfully synthesized the first NLO ma-
terial of Ba-containing hydrated vanadate BaV,OgH,O by a
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straightforward hydrothermal method. According to the optical prop-
erties and calculated electronic structures, the title compound shows
moderate transparent range and a large bandgap of 4.60 eV, which
implies that it may exhibit high LDT. Moreover, the SHG efficiency of
the crystal is illustrated by theoretical calculation and structural ana-
lysis. Guided by the conclusions, we are carrying out exploring new
NLO materials with large bandgaps, phase-matching conditions and
wide transparent range among the vanadates.
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