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Three in one: a cadmium bismuth vanadate NLO
crystal exhibiting a large second-harmonic
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Inorganic nonlinear optical (NLO) crystals have attracted considerable attention due to their profound
applications in laser technology. In this study, we present the synthesis of a novel cadmium bismuth vana-
date crystal, Cd,BiVOg, through a spontaneous crystallization approach. The title compound, containing
d® V5", d'° Cd?*, and stereo-active lone pair effect (Bi**) cations, crystallizes in the non-centrosymmetric
orthorhombic space group Cmc2; (No. 36), characterized by isolated [VO,] tetrahedra, twisted 1D chains
[Bi>Ogls and pseudo-2D layers [CdgOsz0le.. Remarkably, the structural characteristics endow Cd,BiVOg
with a strong second harmonic generation response of around 1.4 x KDP (25-53 pum), and a notably
enlarged birefringence of 0.127 at 1064 nm, exceeding 6 times that of the vanadate NLO crystal LisVO4
(~0.021). Thermophysical analyses unveil its exceptional thermal stability up to 900 °C with a commend-
able congruent nature. Moreover, Cd,BiVOg features a wide transparency range, with the UV and IR cutoff
absorption edges observed at 0.395 and ~5.8 pm, respectively. Besides, the observed optical character-
istics associated with the microstructure of Cd,BiVOg are explained through electronic structure
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Introduction

Inorganic vanadate materials hold prominence in electro-
chemical energy storage, catalysts, electronic devices, and laser
science as they exhibit good ionic conductivity, catalytic abil-
ities, electrical properties, and nonlinear optical (NLO) pro-
perties, rendering them a subject of sustained interest."™*
Structurally, vanadate exhibits a variety of coordination geome-
tries, including [VO,] tetrahedra, [VOs] pyramids, and [VOg]
octahedra, capable of forming frameworks spanning zero-
dimensional (0D) to three-dimensional (3D) ones.>” It is
worth noting that the combined characteristics and spatial
arrangement of these structural primitives influence certain
intrinsic properties associated with the structure, particularly
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as exemplified in the realm of NLO crystals.* ' Moreover, the

d° transition metal V> is susceptible to second-order Jahn-
Teller (SOJT) effect distortion, which contributes significantly
to second order polarizability and optical anisotropy.'*™*
These intricate structural chemistry and distortion character-
istics enable the production of favorable second harmonic
generation (SHG) activity and birefringence. Accordingly, vana-
date-based materials have emerged as a promising class of
candidates for exploring NLO crystals.

In recent years, a multitude of vanadate-based NLO
materials have been synthesized. For example, the alkali metal
vanadates, including LizVO,, Cs,V30g, A3V5014 (A = K, Rb),
A,LiVO, (A = Rb, Cs), and Cs,VgO,,, are characterized by favor-
able NLO properties because of the stable covalent interactions
within the V-O bonds.">™*° Notably, Cs,V30,, demonstrates a
strong phase-matchable SHG intensity of 12.0 X
KDP@1064 nm, largely attributed to the [V,0,,], layers com-
posed of [VO,] and [VO;] polyhedra. The borate vanadates
K,SrVB;0;, and NazVO,Bs0,;, comprising [VO,] tetrahedra
and [BO;] triangles, show SHG intensities comparable to those
of KDP.>>?! The rare earth vanadates CaoRE(VO,4), (RE = La,
Yb, Y) crystallize into a polar space group and exhibit favorable
SHG activities of 4 x KDP.”> Additionally, the main group d°
transition metal vanadates SrM,V,0,; (M = Nb, Ta) feature
unique [M,V,0.;]*" anionic layers, resulting in high SHG
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efficiencies.”® These investigations predominantly introduce
one or two types of NLO-active units within a single com-
pound.?* However, the incorporation of three distinct NLO-
active chromophores in one compound is rarely studied. To
date, only one NLO crystal, namely Cd,V,Te;0;5, containing a
d° transition metal cation, a stereochemically active lone-pair
cation, and a polar displacement d'® cation, has been reported
in the vanadate family.>® Hence, the investigation of vanadates
with multiple chromophores holds great significance not only
for the advancement of novel NLO crystals but also for unveil-
ing the interplay between the structures and properties of
these materials.

In this study, we devoted particular attention to the
cadmium bismuth vanadate Cd,BiVOs (CBVO), due to the pres-
ence of d°-d'° stereochemically active lone-pair (SCALP)-effect
cations, serving as fundamental building blocks. The d° tran-
sition metal cation V>*, the SCALP cation Bi*", and the d'°
cation Cd*>" with polar displacement demonstrate flexible
asymmetric coordination modes, thereby enhancing second-
order microscopic polarizability and structural anisotropy.>®?”
Moreover, the heavy element attributes of these cations effec-
tively extend the infrared transmittance range. In 2000, Sleight
et al. evaluated the cell parameters of CBVO solely using
powder X-ray diffraction.”® Nevertheless, the structural refine-
ment, crystal growth, optical characteristics and the structure-
performance correlation of CBVO have remained unexplored.
Inspired by this, we synthesized CBVO crystals via spontaneous
crystallization methods for the first time. Single crystal X-ray
diffraction analysis of CBVO was performed, revealing a
unique 3D structural framework composed of isolated [VO,]
tetrahedra, twisted 1D chains [Bi,Og], and pseudo-2D layers
[CdeO30]e- The thermal stability and congruent melting nature
of the title compound were evaluated. Moreover, optical
characterization demonstrated that CBVO exhibits a strong
SHG response, a notably large birefringence, and a wide trans-
mission range, indicating its good potential as NLO crystals.
Besides, the origin of the optical performances for CBVO was
also elucidated through electronic structure calculations.

Experimental section
Materials preparation

The reagents, namely CdO, Bi,Os, and V,0s of analytical pure
grade, were procured commercially. The CBVO polycrystalline
compound was synthesized using a high-temperature solid-
state reaction method. The reagents CdO, Bi,O; and V,0s,
with a molar ratio of 4:1:1 were thoroughly ground in a
mortar and subsequently placed into a Pt crucible. The
mixture was heated up to 780 °C at a rate of 10 °C min™" in a
muffle furnace, followed by sintering for 60 hours, and then
cooling to room temperature at a rate of 5 °C min~'. The
purity of the resulting compound was verified using powder
X-ray diffraction (PXRD) analysis. CBVO single crystals were
prepared via the spontaneous crystallization technique. The
CBVO polycrystalline powder, held in a Pt crucible, was heated
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to 950 °C, and maintained at this temperature for no less than
24 hours to ensure a uniform melt. The solution was then
gradually cooled to 650 °C at a rate of 5-10 °C h™" before being
further lowered to room temperature through air-cooling,
yielding the crystals of CBVO.

Characterization

PXRD measurements of CBVO were performed at room temp-
erature utilizing a Rigaku SmartLab 9 kW diffractometer (4 =
1.5418 A). The data were captured within the 26 range from
10° to 70° with a scanning step size of 0.01° s™*. Single crystal
X-ray diffraction data were acquired using a Bruker SMART
APEX III CCD diffractometer at 293 (2) K with Mo Ka radiation
(A =0.71073 A) and processed using the SAINT program.>® The
preliminary structural model and atomic positions of CBVO
were determined employing the direct method within the
SHELXTL system.*® The structure was scrutinized for potential
missing symmetry using the PLATON program.*' Tables S1
and S2 (ESIt) show the detailed crystallographic data, includ-
ing atomic coordinates, equivalent isotropic parameters,
selected bonds and angles as well as valence calculations. The
coexistence and distribution of the Cd, Bi, V, and O elements
were detected using a field emission scanning electron micro-
scope (Quanta FEG 250) with an energy dispersive X-ray spec-
troscope. Thermal assessment of CBVO was carried out by
employing a NETZSCH STA 449F5 TG/DSC thermal analyzer
instrument. Milligram samples were placed in an Al,O; cruci-
ble and heated from room temperature to 1000 °C at a rate of
10 °C min™' under a constant nitrogen atmosphere. The
UV-Vis-NIR diffuse reflectance spectra of CBVO was executed at
room temperature employing a UH4150 spectrophotometer
covering a range from 200 to 2000 nm, with barium sulfate uti-
lized as a reference. The optical band gap was estimated using
the Kubelka-Munk equation.®” The infrared spectra of CBVO
were characterized using a Nicolet iS50 FT-IR infrared spectro-
meter at room temperature across a wavelength range of
400-4000 cm™'. The powder second-harmonic generation
(SHG) response of CBVO was measured using the Kurtz-Perry
approach on a Q-switched Nd: YAG laser (1064 nm).** CBVO
polycrystalline samples were meticulously ground and sieved
into a particle size range of 25-53 pm. Concurrently, the
KH,PO, (KDP) samples with the same particle sizes were also
prepared as a reference. The birefringence of CBVO was
detected using a Nikon Eclipse E200MV POL polarizing micro-
scope with a visible light source and determined by the follow-
ing criterion:** R = |Ne — No| x d = An x d, where R, An, and T
represent the optical path difference, optical birefringence,
and the thickness of the crystal, respectively.

Computational methods

To elucidate the electronic structures, we employed density
functional theory (DFT) in conjunction with the CASTEP
program to conduct atomic-level theoretical computations on
CBVO.*>?® The generalized gradient density approximation
with the Perdew-Burke-Ernzerhof (GGA-PBE) functional was
implemented throughout the calculations.>’*® The valence
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electron configurations, as elucidated by the norm-conserving
pseudopotential (NCP), are as follows: Cd 5s* 4d*°, Bi 6s> 6p°
5d'°, v 3d® 4s% and O 2s® 2p®. To ascertain the plane wave
number of CBVO, a kinetic energy cutoff of 830 eV was speci-
fied, with the numerical integration of the Brillouin zone con-
ducted using a 4 x 3 x 6 Monkhorst-Pack k-point.

Results and discussion
Synthesis and thermal properties

The CBVO compounds were experimentally prepared through
the conventional ceramic calcination process, employing a
suitable mixture of CdO, Bi,O; and V,05; raw materials. As
shown in Fig. 1a, the resultant product demonstrates high
purity, as evidenced by powder X-ray diffraction (PXRD) pat-
terns, and the experimental observations agree well with those
derived from the structural model. The thermal characteristics
of CBVO were evaluated through TG/DSC examinations. As
illustrated in Fig. 1b, CBVO displays notable thermal stability,
as indicated by a single endothermic peak at around 900 °C in
the DSC pattern, without a corresponding weight loss in the
TG curve. Moreover, as demonstrated in Fig. S1,T no distinct
discrepancy is discernible in the PXRD patterns before and
after the melting of CBVO, implying its commendable congru-
ent melting feature.

Structural analyses

Owing to the challenging nature of the crystal growth of CBVO,
the structural analysis of CBVO has thus far been confined to
the powder X-ray diffraction characteristic, rendering its struc-
tural data incomplete.”® Our prior studies demonstrated that
the title compound exhibits congruent melting properties.
Accordingly, we synthesized the CBVO crystals by melting pure
polycrystalline powder and inducing its spontaneous crystalli-
zation through programmed slow cooling. Following numer-
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ous attempts at crystal growth, small single crystals of CBVO
were successfully extracted. Subsequently, we selected well-
formed crystals with regular and transparent features for
implementing single-crystal X-ray diffraction analyses. Our
examinations revealed that CBVO crystallizes in the asym-
metric orthorhombic space group, Cmc2; (No. 36), with the fol-
lowing unit cell parameters: a = 8.6516(16) A, b = 11.4740(2) A,
¢=5.6533(13) A and Z = 4 (Table 1). Additional structural infor-
mation including the atomic coordinates, bond lengths/
angles, the equivalent displacement parameters, and valence
bond calculations for CBVO is summarized in Tables S1 and
S2.1 Within the asymmetric unit of CBVO, there exist one dis-
tinct Cd site, one distinct Bi site, and one distinct V site. As
shown in Fig. 2a, the V°" cation is coordinated to four oxygen
atoms, forming irregular [VO,] tetrahedra with a spread of V-O
bond distances varying from 1.693(11) to 1.740(10) A. The Bi*"

Table 1 Crystallographic data and structural refinement of CBVO

Empirical formula Cd,BiVOg
Formula weight 580.72
Temperature (K) 293(2) K
Wavelength (A) 0.71073 A
Crystal system Orthorhombic
Space group Cmc24
a(A) 8.6516(16)
b(A) 11.474(2)
c(4) 5.6533(13)
Volume (A*) 561.2(2)
zZ 4

Pealea (g cm™) 6.873

F (000) 1000
Completeness 100%

R (int) 0.0310
GOF (F?) 1.129

Final R indices [F,> > 26(F,>)]*
R indices (all data)
CCDC number

“Ry = T [Fo| = |Fel [/ X|Fol; WRy = [ZW(Fs” = FY Zw(Fo")'T.

R, = 0.0209, WR, = 0.0525
R, = 0.0218, WR, = 0.0527
232670171
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Fig. 1 (a) Experimental and calculated PXRD patterns of CBVO. (b) Presentation of DSC-TG analysis of CBVO.
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Fig. 2 Presentation of the structure of CBVO. (a) Functional building units [VO4], [BiOs], and [CdOgl. (b) Antiparallel arrangement of 0D [VO,4] units,
a 1D twisted [Bi»Ogl,, chain, and a pseudo-2D layer parallel to the bc plane. (c) A [Bi,V,Cd4O57] fragment and a 1D briquette-like [Bi,V,Cd;4027].
channel structure. (d) 3D structural network viewed from the ab and bc planes, respectively.

cation is connected with five oxygen atoms, resulting in a dis-
tortive pyramidal geometry [BiOs], with the Bi-O bond lengths
falling within the range of 2.210(2)-2.616(13) A. The Cd*'
cation is bound to six oxygen atoms, yielding [CdOg] octahe-
dra, and displaying a spread of Cd-O bond distances ranging
from 2.241(18) to 2.405(10) A. As depicted in Fig. 2b, all [VO,]
tetrahedra exist in isolation distinguished by an antiparallel
arrangement, and display zero-dimensional (0D) character-
istics. Meanwhile, the neighboring [BiOs] polyhedra are inter-
connected via edge-sharing, giving rise to a twisted one-dimen-
sional (1D) [Bi,Og], chain that extends infinitely along the
a-axis. Additionally, the adjacent [CdOg] polyhedra are bridged
by shared oxygen atoms, yielding the formation of a pseudo-
two-dimensional (2D) layer parallel to the bc plane. As shown
in Fig. 2c, the functional building motifs [VO,], [BiOs] and
[CdOg] are interlinked to form a [Bi,V,Cd,0,,] fragment,
which further extends indefinitely along the c-axis, yielding a
1D briquette-like [Bi,V,Cd;0,;]., channel structure. The
channel-like structure continues indefinitely along the a and
b-axes, contributing to the 3D structural framework of CBVO,
as presented in Fig. 2d.

Furthermore, bond-valence sum (BVS) calculations were
performed, yielding the anticipated valence states of CBVO
(Table S271). EDS measurements, as illustrated in Fig. S2,T were
also performed to ascertain the elemental distribution of
CBVO, resulting in an average Cd/Bi/V/O atomic ratio of
2.07:1.06 :1.0:5.9, in line with that derived from single-
crystal XRD data. Clearly, these aforementioned analyses

This journal is © the Partner Organisations 2024

further confirm the validity of the observed structure of the
CBVO crystal.

Second-harmonic generation measurements

Given the absence of a symmetrical center in the structure of
the title compound, the SHG behavior of a polycrystalline
powder of CBVO was investigated utilizing a laser with a wave-
length of 1064 nm, with KDP serving as a reference material. It
is noteworthy that the dispersion of the CBVO polycrystalline
compound exhibits considerable strength, rendering it a great
challenge to maintain its compactness and shape. This pre-
sents significant hurdles in the preparation of SHG test
samples with various particle size ranges. As a result, for the
purposes of this SHG test experiment, our preparation was
limited to a specific particle size range for the title compound.
As shown in Fig. 3a, CBVO demonstrates a strong powder SHG
activity, approximately 1.4 times that of the KDP within the
25-53 pm particle size range. This substantiates the non-
central symmetry of the CBVO structure, signifying its charac-
terization as an NLO crystal.

Spectroscopy characterization

The UV-Vis-NIR diffuse reflectance spectra of CBVO polycrys-
talline samples are displayed in Fig. 3b, revealing an extension
of the UV absorption cut-off edge to approximately 395 nm.
Analysis using the Kubelka-Munk equation yielded a corres-
ponding band gap of 2.78 eV, which aligns with the observed
light-yellow color (Fig. S3t). Furthermore, the IR spectrum,

Inorg. Chem. Front,, 2024, 1, 2384-2391 | 2387
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Fig. 3 Optical characterization. (a) SHG intensity of the CBVO compound compared to that of the KDP reference. (b) UV-vis-NIR diffuse reflectance
spectra and band gap of CBVO. (c) IR spectrum of CBVO. (d) Calculated refractive indices of CBVO.

ranging from 4000 to 400 cm™", was employed to elucidate its

optical transmission characteristics. Clearly, Fig. 3c shows neg-
ligible absorption across a broad region from 4000 to
860 cm™!
5.8 um determined by the two-phonon approximation.*
Taking into account the potential variation in the IR cutoff
edge resulting from multiphonon absorption in powder and

, which implies an IR cut-off edge of approximately

crystal measurements, we made adjustments by eliminating
50% of the data. The optical features indicate that CBVO pos-
sesses a broad transmission range encompassing the crucial
3-5 um atmospheric window, exceeding that of the commonly
used vanadate crystal YVO,.*>*' These attributes highlight the
potential of CBVO for applications as NLO crystals in a favor-
able wavelength range. Specifically, the characteristic absorp-
tion peaks at 860 and 708 cm™' primarily arise from the
stretching vibrations of [VO,] tetrahedra, while that observed
at 452 cm™"' stems from the V-O-V vibrations. Additionally,
the absorption bands located at around 529 em™" are attribu-
ted to the Bi—O vibrations in CBVO. As expected, these spectral
analysis results align with the structural characteristics and are

consistent with previously reported findings.***’

Birefringence properties

The birefringence of a material can be regarded as a manifes-
tation of its inherent structural anisotropy. We examined the
birefringence of the CBVO crystal using a polarizing micro-
scope. Fig. S4a and bt demonstrate the appearance of the
CBVO crystal before and after extinction under orthotropic
polarized light, respectively. Furthermore, the actual observed

2388 | /norg. Chem. Front., 2024, 1, 2384-2391

microscopic morphology and theoretical morphology of the
crystal CBVO are provided in Fig. S4c and d,} respectively. The
retardation R and the thickness of the CBVO crystal were
found to be 2.475 pm and 19.1 um, respectively. Accordingly,
the birefringence of CBVO was determined to be approximately
0.130 in the visible wavelength range using the equation R =
An x d. Additionally, the theoretical birefringence of CBVO was
also revealed based on first principles calculations (Fig. 4a),
with a birefringence value of 0.127 @1064 nm, which agrees
well with the experimental findings. Notably, this birefrin-
gence of CBVO is larger than those of many other vanadate
NLO crystals, such as LizVO, (0.021), LiCs,VO, (~0.028),
LiRb,VO, (~0.025), and BaV,04-H,0 (~0.005)."*®*° The bire-
fringence properties exhibited by CBVO not only ensure its
ability for phase matching, but also signify its potential as a
birefringent crystal.

Theoretical calculations

To shed light on the origin of the optical performances of
CBVO, an analysis of its band structure and density of states
characteristics was performed. As depicted in Fig. 4a, the dis-
parity in location between the bottom of the conduction band
and the top of the valence band suggests that CBVO is an
indirect semiconductor compound, yielding a band gap value
of 2.26 eV. Moreover, the total density of states (TDOS) and the
corresponding partial density of states (PDOS) are also shown
in Fig. 4b, revealing that the bottom of the conduction band
(CB) is predominantly ascribed to the V 3d, Cd 5s, and Bi 6p
orbitals, while the top of the valence band (VB) primarily orig-

This journal is © the Partner Organisations 2024
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Fig. 4 (a) Band structure of CBVO. (b) Partial and total density of states of CBVO.

inates from the O 2p and V 3d orbitals. The valence bands
within the energy range of —15 to —20 eV are composed of the
Bi 5d and O 2s orbitals, indicating a negligible impact on the
band gaps of CBVO. According to criteria, the optical pro-
perties of a material are substantially influenced by its elec-
tronic states in close proximity to the forbidden band.>
Consequently, the NLO activities originate from the synergistic
effect of the [VO,] tetrahedra, [CdOg] octahedra, and [BiOs] pyr-
amids of CBVO.

Conclusions

To summarize, the bismuth vanadate bismuth crystal, CBVO,
has been successfully extracted via modified spontaneous crys-
tallization for the first time. Single-crystal X-ray diffraction
unveiled that it features a distinctive 3D structural network
comprising 0D [VO,4] groups, 1D [Bi,Os]., chains, and pseudo-
2D [Cds0,6] layers. Thermal assessments indicated that
CBVO has high thermal stability with favorable congruent
melting behavior. Notably, optical measurements demon-
strated that it exhibits strong powder SHG effects, approxi-
mately 1.4 times that of the KDP, and achieves a notably large
birefringence of 0.127 at 1064 nm. Moreover, the title com-
pound displays an extended transmission window from 0.395
to 5.8 pm, encompassing the significant atmospheric window
of 3-5 pm. Additionally, theoretical investigations of CBVO
suggested that the observed optical features are primarily gov-
erned by the [VO,] tetrahedra, [CdOg] octahedra, and [BiOs]
pyramids. The findings not only unveil the intrinsic character-

This journal is © the Partner Organisations 2024

istics of CBVO associated with its structure, but also highlight
its potential as a NLO crystal.
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