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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF VARIOUS
BOROPHOSPHATE AND VANADATE MATERIALS
PHD THESIS
GULDEN OZEN KAHVECI
BOLU ABANT IZZET BAYSAL UNIVERSITY
INSTITUTE OF GRADUATE STUDIES
DEPARTMENT OF CHEMISTRY
(SUPERVISOR: PROF. DR. AYSE MORKAN)

BOLU, JANUARY 2023
(xv + 151)

In this thesis, two different synthesis methods namely, Solid State and Solution
Combustion Synthesis Methods were used.

First part of this study covers the synthesis of rare earth borophosphate compounds,
LnB(PO4)2 (Ln= Nd, Ce, Pr, Sm, Eu, Yb, Th, Ho, Tm, Lu) prepared by solid state
method. The characterization studies were carried out by XRD, FT-IR, TG/DTA,
SEM and EDX techniques. Monazite (Ln= Nd, Ce, Pr, Sm, Eu) and xenotime
(Ln=Yb, Tb, Ho, Tm, Lu) type borophophates were successfully synthesized. From
these compounds, YbB(POas)2, HoB(POs), and LuB(POs)> were indexed in
tetragonal crystal system, space group: 141/amd. Their refined unit cell parameters
were calculated as a=6.820(3) ¢=5.975(2), V=277.945 (YbB(POs).), a=6.891(5)
€=6.031(7), V=286.46 (HoB(PO4)2) and a= 6.798(9) c= 5.962(6) V= 275.62
(LuB(PQOs4)2). The characteristic bands of POs and BOs units of the obtained
materials were examined with FT-IR.

In the second part of this work, the fabrication of pyrovanadates (M.V207, M= Cu,
Ni, Co, Zn, Mn) and orthovanadates (M3V20g, M= Cu, Ni, Co, Zn, Mn, Mg) was
studied by solution combustion synthesis method. Characterization studies showed
that the orthorhombic a-Cu2V207, monoclinic B-Cuz2V207, a-Zn2V207 and B-
Mn2V207 as single phase whereas Co2V207 and Ni2V207 pyrovanadates were
produced as multiphase products. For the orthovanadate compounds, NizV20g and
Co3V20g in orthorhombic structures were found as a single phase while in the
synthesis process of M3V20g containing Mg, Cu and Zn metals, the products were
determined as mixture with pyrovanadates, M2V207 (M=Mg, Cu, Zn). During the
synthesis process of Mn3V20g compound, o and § Mn2V207 were obtained.

KEYWORDS: Borophosphate, Solid state method, Solution combustion synthesis
method, Pyrovanadate, Orthovanadate.



OZET

CESITLi BORFOSFAT VE VANADAT MALZEMELERIN SENTEZi VE
KARAKTERIZASYONU
DOKTORA TEZi
GULDEN OZEN KAHVECI
BOLU ABANT iZZET BAYSAL UNIVERSITESI
LISANSUSTU EGITIiM ENSTITUSU
KIMYA ANABILIM DALI
(TEZ DANISMANI: PROF. DR. AYSE UZTETIK MORKAN

BOLU, OCAK - 2023
(xv + 151)

Bu tezde, kat1 hal yontemi ve ¢ozeltide yanma sentezi yontemi olmak iizere iki
farkli sentez yontemi kullanilmigtir.

Bu calismanin ilk boliimii, kat1 hal yontemiyle hazirlanan nadir toprak borfosfat
bilesiklerinin LnB(POa)2 (Ln=Nd, Ce, Pr, Sm, Eu, Yb, Th, Ho, Tm, Lu) sentezlerini
kapsamaktadir. XRD, FT-IR, TG/DTA, SEM ve EDX yontemleri ile
karakterizasyon caligmalar1 gerceklestirilmistir. Bu ¢alisma sonunda, monazite
(Ln=Nd, Ce, Pr, Sm, Eu) ve xenotime (Ln=Yb, Th, Ho, Tm, Lu) yapil1 borfosfatlar
basarili bir sekilde elde edilmistir. Bu bilesiklerden YbB(PO4)2, HoB(POs4)2 ve
LUuB(POa4)2, tetragonal kristal sistemde indekslenerek uzay gruplari:141/amd, birim
hiicre boyutlar1 ise a=6.820(3) ¢=5.975(2), V=277.945 (YbB(POa)2) ve a=6.891(5)
€=6.031(7), V=286.46 (HoB(PO4)2), a= 6.798(9) c= 5.962(6) V= 275.62
(LuB(PQOa4)2) olarak hesaplanmistir. Ayrica elde edilen malzemelerin PO4 and BO4
birimlerinin karakteristik bantlar1 FT-IR ile incelenmistir.

Bu ¢aligmanin ikinci kisminda, ¢ozeltide yanma sentezi yontemi ile pirovanadatlar
(M2V207, M= Cu, Ni, Co, Zn, Mn) ve ortovanadatlar (MsV20g, M= Cu, Ni, Co, Zn,
Mn, Mg) elde edilmistir. Karakterizasyon g¢alismalari, tek fazli ortorombik a-
Cuz2V207 (blossite) ve monoklinik B-Cu2V207 (ziesite) faz gegislerinin meydana
geldigini gostermistir. Ayrica monoklinik a-Zn2V207 ve B-Mn2V207 de saf olarak
elde edilmistir. Co2V207 ve NiV207 ise karisik faz olarak bulunmuslardir.
Ortovanadat bilesikleri i¢in, ortorombik yapidaki NizV.Og ve Co3V20g saf halde
bulunurken, M3V20g in Mg, Cu ve Zn metallerini igerdigi iirlinlerin pirovanadatlar
M2V207 (Mg, Cu ve Zn) ile karisim halinde olduklart belirlenmistir. Mn3V20g
bilesiginin sentez siirecinde, a-f Mn2V207 yapilar1 elde edilmistir.

ANAHTAR KELIMELER: Borfosfat, Kat1 hal metodu, Cozeltide yanma sentezi
metodu, Pirovanadat, Ortovanadat.
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1. INTRODUCTION

Borophosphate and vanadate compounds have been synthesized by many
different methods until now. Some of these methods are solid state method,
hydrothermal method, sol gel method, flux method, solution combustion synthesis
(SCS) method etc. In our study, solid state method is used for borophosphates,
solution combustion synthesis (SCS) method were preferred for vanadates.

1.1 Borophosphates
Borophosphates have drawn many attentions in the last decade due to their

interesting properties which allow them to be used in various areas as redox
catalysts, ion exchangers, and molecular sieves [1,2]. Due to their structural
properties which includes a great variety of anionic partial structures pattern
connections such as oligomers, isolated species chains, ring, and layers to
frameworks with different ratio of Boron and phosphate [3].

Kniep et al. (1997), have determined a new group of isostructural
borophophate which consist of only a one-dimensionally linked anionic partial
structure [cited by 4, p.131]. This new borophospates is M'M"'(H.0)2[BP.0s].H.0
where M' = Na, K and M'' = Mg, Mn, Fe, Co, Ni, Zn, respectively. The three-
dimensional tetrahedral borophosphate compound open framework was also first
synthesized by the same scientist in 1999 [5]. As reported by Kang et al., (2014),
borophosphates compounds could be applied as microporous materials, such as
K[ZnBP,Os] and A[ZnBP.0s] (A=NH**, Rb*, Cs*) because of their exceptional
thermodynamic properties [cited by 6, p.131]. These compounds were synthesized
according to the studies of Kniep et al. (1999) under mild hydrothermal
conditions[cited by 5, p.131].

Fe(H20)2BP20g.H20, the first zeotype ferriborophosphate was reported by
Yilmaz et al. (2000) with chiral tetrahedral framework topology|[cited by 7, p.131].

Up to now, numerous borophosphates have been prepared by applying
hydrothermal or solid-state methods. It was reported that under hydrothermal
conditions, OH- and/or H2O are contained in the structures.

Ln706(BO3)(PO4). (Ln=La, Nd, Gd and Dy) which is the isomorphical rare
earth consisted borophosphates were synthesized by Shi et al. (1997) and their
vibrational spectra were examined [cited by 8, p.131].



Barium borophosphate, BaBPOs including isotopic compound was obtained
by standard solid state reactions. The thermal decomposition and the crystal
structure of BaBPOs were determined [9].

Two different methods, solid state reactions and hydrothermal method were
applied in the preparation of The obtained compounds were compared and
characterized [10].

A three-dimensional network of Cos[BPO7] was synthesized via the flux
method. The crystal structure analysis indicated the three metal consisted in this
borophosphate such as tetrahedral P centers, triangular B centers and polyhedral Co
centers were linked [11].

(NHz)(Fe(111)o053V(I111)0.47[BP20s(OH)] and  (NHz)M(II1)[BP20g(OH)]
(M=V or Fe), the isostructural chain borophosphates were prepared by
hydrothermal methods [12]. The {(NH4)xCo(3-x)2)}(H20)2[BP20Og]. (1-x)H20 (x =
0.5) which is known as a borophosphate hydrate was also synthesized by mild
hydrothermal conditions (T = 170°C) [13]. LiCd(H20)2[BP20s].H.0 was also
obtained hydrothermally and the crystal structure of this compound was reported
[14].

The NH4Cd(H20)2(BP20s).0.72H,0 was also first fabricated by Ge et al.
(2005). The properties and structures of this borophosphate were also investigated
[cited by 15, p.132]. Two different single crystals Mg(H20)2[B2P20s(0OH).].H20
and Mg2(H20)(BP30g(OH)4] were also successfully synthesized for the first time
under hydrothermal conditions [16].

M'"(H20)2[B2P20s(0OH)2].H.0 (M" = Fe, Co, Ni), three novel isotypic
transition metal borophosphates were obtained by hydrothermal route [17].

Yilmaz et al. (2005), synthesized the new borophospates with chiral
tetrahedral topology. These two novel borophosphates were reported, where Co(ll)
and Mn(I1) substituted to (H)o.sM1.25(H20)1.5[BP20g].H20 [cited by 18, p.132].

Another borophosphate compound, (NH2)xMnxy2)(H20)2[BP20g]. (1-
x)H20 was also well investigated by Birsoz et al. (2007) using a mild hydrothermal
route. This compound is known to be the first sample of a borophosphate which
consist of NH4* and Mn?*. Because of its open-framework structure, it is reported
that this borophosphate might be used as ion exchangers, molecular sieves or
catalyst [cited by 19, p.132].



Xiong et al. (2007) have been succeeded the synthesis and characterizatios
of one dimensional structure of two sodium borophosphates, NasBsPO13 and
NasBP20s. These new borophosphates were prepared for the first time using low-
temperature molten salts techniques [cited by 20, p.132].

Solid state NMR investigations have been succeed in the preparation of
K3[BP3Og(OH)3], NH4[ZnBP.Og], and Rb3[B2P3011(OH)2]. The local
environments in the three crystalline model compounds have also been
characterized [21].

SrFe[BP.0g(OH)2] was first prepared successfully by Menezes et al. (2009).
This borophospate was determined to be in an unbranched trimeric oligomer. Also,
it represents the novel borophosphates where a divalent (M") and a trivalent (M'")
cation balanced the anionic partial structure charge [cited by 22, p.132].

Zhao et al. (2009) have been accomplished the synthesis of two new isotypic
3D diamond-like framework anhydrous borophosphates compounds, KMBP2Og
(M=Sr, Ba) via high temperature solution growth (HTSG) [cited by 23, p.132].

Yang et al. (2010) have succeeded in obtaining the new
Pb'4{Co,[B(OH)2P20s](PO4).}Cl via hydrothermal method containing both Pb*
cations and CI" anions. The crystal structure and characterization of the compound
were also studied [cited by 24, p.132].

Fe:BP3O12 and In2BP3012 anhydrous borophosphates have been attained
under solid state method and their structural features were investigated [25].

The  synthesis, structure, and physical characterization  of
KsLn[OB(OH)2]2[HOPOs3]. (Ln=Yb, Lu) which is known to be the hydrated rare-
earth borate phosphates, were prepared under mild hydrothermal synthesis
conditions firstly [26].

Three novel isostructural transition metal borophosphates in organo
templated were prepared  successfully.  The  borophosphates are,
(C3H12N2)[FeB2P3012(OH)] noted as FeBPO-CJ30A, (CsH12N2)[FeB2P3012(0OH)]
noted as FeBPO-CJ30B and (C3H12N2)[MnB2P3012(OH)] noted as MnBPO-CJ30
[27].

Wang et al. (2012) were reported the first sample of varied alkali-metal
anhydrous borophosphates by using solid state method. These four new anhydrous
borophosphates are Li>2Cs2B2P4O15, LiK2BP2Osg, LisK2BP4+O14 and LizRb2BP4O14.



It is also stated that all the compound except LiK2BP20s, define two unusual anionic
partial structures [cited by 28, p.133].

Using molten hydrated flux method a new Cus[B2P3012(OH)s] have been
synthesized by Duan et al. (2014) and its magnetism property was also determined.
It was reported that the combination of isolated PO4 tetrahedral and two different
types of polymeric chains resulting on the formation of the three-dimensional
framework of this compound [cited by 29, p.133].

Li et al. (2013) have been synthesized the first KPbBP.Og by using the top
seed growth method from a K20O-PbO-B,03-P20s system [cited by 30, p.133].

Hasegawa and Yamane (2014) have been reported the single crystals of
lithium borophosphate, LisBP2Os and characterized the electrical properties [cited
by 31, p.133].

(NH4)2(C4H12N2)[C02B4P6024(OH)2].H20 have been reported firstly with
the 3D anionic partial borophosphatic network formed by the introduction of the
varied templates of NH4* and piperazine using hydrothermal method by Liu et al.
(2011). Pure Nas[B2P3013] was reported to synthesize with microwave-assisted and
hydrothermal method by Hauf et al., (1998) [cited by 32,33, p.133].

1.2 Vanadates
According to Cotton et al. (1999), vanadate is a compound that consists of

the highest oxidation state of vanadium oxianion is +5. The simplest of vanadate
ion is in tetrahedral structure which known as orthovanadate, VO4* e.g. sodium
orthovanadate which found to be strong base (pH>13) in V20s solution. Most
vanadates are brittle and occur in small crystals and heavy and can be classified into

three catagories metavanadates, pyrovanadates and orthovanadates [34].

1.2.1 Pyrovanadates

Pyrovanadate compounds with the general formula X>Y.O7 structures are
classified two different categories, depending on the Y-O-Y angle of the anions
Y207". These structures are known as “thortveitite” (Sc2Si20O7) and the other is
“dichromate” (K2Cr207) structures. The fundamental distinction between these two
structures is based on the arrangement of the two linked YO, groups and the Y-O-Y
angle between them. In the thortveitite structure the Y>O7;" anion is staggered with
the Y-O-Y angle of ~180°, while in the dichromate structure, the Y>O-;" anion

appears in an eclipsed conformation as the Y-O-Y angle is found around 130°.


http://en.wikipedia.org/wiki/Sodium_orthovanadate
http://en.wikipedia.org/wiki/Sodium_orthovanadate
http://www.minerals.net/Mineral_Glossary/brittle.aspx

Many pyrovanadate compounds (CaxV207, Cu2V207, Sr2V207, Co2V207,
Ni2V207, Mg2V207, Mn2V207 and ZnV207) have been obtained by different
methods. The crystal structures of these transition metal pyrovanadates are
determined as Mg2V207, Mn2V207, Cu2V207 and Zn2V20y in thortveitite structure
while Co2V207 and Ni>V207 found to be crystallize in dichromate structure [35].

The structure of pyrovanadates could be also varies according to its
transition metal. It is state that Co2V207 and Ni2V207 have only one polymorph
where as Mn2V207, CuzV207 and Zn,V.07 have more than one polymorph. The
structural form of these pyrovanadates could be a-form, B-form or y-form.
According to He Z. et al. (2009) the V-O-V angle of pyrovanadates crystal structure
(V207)* anion is approximately 117.5° (Figure 1.1) [cited by 36, p.133].
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Figure 1.1. Structure and V-O-V angle of pyrovanadate anion

Crystal structures and magnetic properties of M2V207 (M = Co, Ni and Cu)
compounds were also investigated by Touaiher et al., (2004). It is reported that Ni-
compound is antiferromagnetic, Co compound is ferromagnetic. The two varities
of Cuz2VV207 compounds are observed to have different magnetic properties: the -
CuzxV207 is antiferromagnetic whereas a-Cu.V207 is canted antiferromagnetic
[cited by 35, p.133].

Mn2V207 single crystals were prepared by using hydrothermal synthesis. In
this work, Liao J. H. et al. (1996) were identified structural changes ( a-p phase
transition) of Mn2V205. They showed that owing to the bending of V-O-V moieties,
the structure of a-Mn2V207 different from the B-Mn2V207.The magnetic properties
of a-Mn2V207 was also determined and behave as antiferromagnetic at room
temperature [37]. Further studies of Mn.V207 was also done of these pyrovanadate
magnetic properties. It is reported that a-p Mn2V207 exhibits the anisotropy
antiferromagnetic behavior [38]. ZnMV>07 (M=Cu, Ni, Cu) have been prepared via



solid state method and it observed that these ZnMV.0O; are found to be in
antiferromagnetic compounds [39].

In this studies, two pyrovanadates were observed which are blossite (-
CuzV207) and Ziesite (B-CuzV207). a-Cu?*2VV°*,07 is an anhydrous copper vanadate
mineral called as Blossite [40]. Blossite and ziesite were discovered by two
mineralogist Donald F. Bloss and Hughes J.M. and Birnie R.W. (1980),
respectively. Blossite was found alongside with several high-temperature minerals
such as ziesite (B-Cu2V20y7), mcbirneyite, fingerite (Cu1102(V0s)s, and stoiberite
[41,42]. Ziesite (B-Cu2V207) minerals that was discovered in lzalco Volcano, El
Salvador was presented in Figure 1.2.

Figure 1.2. Ziesite (B-Cu2V20y) (Izalco Volcano, El Salvador)

Brisi and Molinari (1958) was studied the CuO-V20s binary system and
identified it first synthetic compound. It is reported that Blossite, a-Cuz2V207 is
transformed into ziesite, f-Cu2V207 at higher temperature. These two minerals are
observed in two different crystal structure which are a-Cuz2V207 in orthorhombic
crystals form and B-Cu.V207 in monoclinic crystal form. Blossite and Ziesite have
similar physical properties and consist of same chemical composition [cited by 43,
p.134]. The phase diagram of the system is also investigated by Fluery P. (1966)
and five melting compounds between the CuO and V20s end members were
observed. In the studies of Cu-V complex oxide on the aerobic oxidation of
isobutane, it is showed that the catalytic activity of the complexes are decreased in
the order CuO, V,0s5, CuV207 > CuV20e > CuzV20g > CusV2010. The rate
formation of the isobutene are also reported to be decreased in the order Cu.V207
> CuV206 > V205 > CuzV20g > CusV2010 > CuO at 623K. Anionic groups of

pyrovanadates, [V207]* in blossite, a-Cu,V-O7 are showed parallel to (100) planes.


http://en.wikipedia.org/wiki/Copper
http://en.wikipedia.org/wiki/Vanadate
http://en.wikipedia.org/wiki/Mineral
http://en.wikipedia.org/w/index.php?title=Donald_F._Bloss&action=edit&redlink=1
http://en.wikipedia.org/wiki/Ziesite
http://en.wikipedia.org/w/index.php?title=Mcbirneyite&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Fingerite&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Stoiberite&action=edit&redlink=1
http://www.mindat.org/loc-824.html
http://www.mindat.org/loc-824.html
http://www.mindat.org/loc-824.html
http://en.wikipedia.org/wiki/Orthorhombic
http://www.mindat.org/photo-286162.html

Adjacent (100) planes of tetrahedra are linked by Cu atoms in five fold coordination

with oxygen. Cu atoms not shown. (Figure 1.3) [40,44,51].

Figure 1.3. Arrangement of [V207]* anionic groups in blossite, a-CuzV207

Cu2V207 has three polymorphs; a-Cu2V207, B-Cu2V207 and y-Cu2V20y,
which are similar in structure but differ in the kinetics of their formation. Their

transformations are reversible [40].

Table 1.1. Crystal Symmetry of Cu,V207 Polymorphs

Structure a-CuzV207 B-Cu2V207 v-Cuz2V207
Crystal Symmetry Orthorombic Monoclinic Triclinic
a=20.645A | a=7.685A a=5.087A
b=28.383A b=28.077A b=5.823A
C=6.442A c=10.09A c=9.402A
Unit cell parameters a=99.780°
- B=110.27° B=97.253°
y=97.202°
Z=8 Z=2 Z=2
Space group Fdd2 C2/c P1

The phase transition between the a-p (blossite-ziesite) copper vanadate
phases occurs approximately 710°C [46]. Table 1.1 represents the crystal symmetry
of different kinds CuxV207 polymorph a-Cu2V207 [45], B-Cu2V207 [46], y-
Cu2V207 [40].



Copper vanadate (Cu2V207) nanoparticles were synthesized by a simple
thermal decomposition method and investigated their electrochemical sensing
property [47].

Transition metal pyrophosphates, pyroarsenates and pyrovanadates (X=3d-
transition metal Ni, Co, Cu; Y=P, As, V) adopt the thortveitite structure but on
cooling undergo the dichromate structure. The magnetic properties and magnetic
structures of the transition metal pyroarsenates M2As,O7 (M=Ni, Co, Mn) were
investigated by magnetic susceptibility measurements [48].

Cu2V207 was obtained by a solid-state method and its magnetic properties
were studied by Ponomarenko et al. (2000). They saw that the inverse magnetic
susceptibility of Cu2V207 is depend on the temperature [cited by 49, p. 134].

Due to its applications in mobile and satellite communications areas,
microwave dielectric materials have been widely researched. Cu.V»07 effect on the
microwave dielectric properties of BiTaO4 ceramics was studied by Kim et al.,
(2001). 1t is observed that the dielectric constant is slightly changed with the
increase of CuzV207 content [cited by 50, p. 134].

In the anaerobic oxidation of isobutane over Cu-V complex oxides, high
oxidizing activity of V20s, CuV20e and Cu,V207 were observed. At the beginning
of the reaction (within 30 min.), formation of the CO2 occured rapidly but sharply
decreased. Formation of isobutene reached a maximum at 30-45 min. and then
decreased until 180 min. Cu2V207 should be applicable in a thin-layer reactor in
which isobutane and oxygen are supplied to opposite sides of a thin-layer catalyst
[51].

Magnetic and thermal properties of f-Cuz.x ZnxV207 (x = 0, 0.05, 0.1, 0.15,
0.2, 0.3, 2) were investigated [52].

Sanchez-Andujar et al. (2011) have synthesized M,V20; (M?*=Co?" and
Cu?") divanadates. They reported dielectric behavior of this divanadates. In the
CuzV20y7, due to the existence of weak ferromagnetism in a polar crystal structure,
magnetodielectric couplings were observed. In the Co.V20y7, the magnetodielectric
effect occurs because of the magnetic anisotropy of Co?* cations, which resulting
in different arrangement of magnetic: a noncollinear arrangement inside the chains
and magnetostriction which caused electrical polarization [cited by 53, p.135].

The study of Cu2V207 were also done by Camargo L.P. et al. (2020) via

combustion synthesis method by mixing two different solution of A



(Cu(NO3)2.3H20 and citric acid dissolved in HNO3 solution) and B (citric acid and
NHsVOs in distilled water) which then evaporated to form gel-like solution at 80°C
for 32 h. The Cu2V207 were obtained after annealed at 400°C for 1 h. Different
crystal structure were observed in the preparation of Cu,V207 using various fuel
such as citric acid, glycine and urea. It reported that the highest proportion of f3-
CuxV207 was observed by the used of urea fuel, highest specific surface area found
by citric acid fuels and the most gas evaporates was observed by the used glycine
fuel. According to the XRD results there is no single-phase CuzV.0O7 were obtained
and all the fuels produced multi-phase Cu2V207, CuossV20s, V205 and CuV20e
[cited by 54, p.135].

The effect of non magnetic Mg and magnetic Co ion on the structural,
dielectric and magnetic properties of a-Cu2V207 have been examined. It stated the
a-Cu2V207 was discovered in the honeycomb like structure that is formed by CuOs
polyhedra which attached to two mutually perpendicular spin chains that is isolated
by pyrovanadate ion containing edge-sharing VO4 tetrahedra [55]. Furthermore,
Tsirlin A A. et al. (2010) has also studied the microscopic model and the band
structure of B-Cu2V207, based on its theoretical calculation it is also found that the
B-Cu2V207 mignt be consider as a spin-1/2 anisotropic honeycomb lattice model
[cited by 56, p.135].

Structural characterization of the (Zn2xCux)V207 solid solutions were
investigated by Schindler and Hawthorne (1999) and they show that the solid-
solution series between a-Zn2V.07 and B-Cu2V207 is complete and there is no
phase transition [cited by 57, p.135].

Kataev et al. (2004) have investigated the magnetic exchange in a low-
dimensional complex oxide (Cu, Zn).V207 [cited by 58, p.135].

Ni2V20y7 thin films were synthesized by using a physical vapor deposition
technique [59].

[Ni(NH3)s][VO(O2)2(NH3)]. compound was prepared and after thermal
decomposition of this compound up to 600°C, Ni2V.07 and V20s solid products
were obtained [60].

The pyrovanadates, M2V207 (M=Mn, Co, Ni, Cu and Zn) were investigated
for the oxidative dehydrogenation of isobutane from 300°C to 450°C. Ni2V207 was
the most stable pyrovanadate according to Almukhlifi and Burns (2015). It reported

the catalytic performance data was investigated by using pyrovanadate phases f-



Mn2V207, C02V207, Ni2V207, a-Cu2V207 and a-ZnaV207. In these transition
metals the most active catalyst is Ni2V.07 [61].

Monoclinic Ni2V20y7 and triclinic FeVO4 vanadium transition metal oxides
were obtained a very simple physical vapour deposition technique and they have
been studied in thin-film form [62].

He Z. and Ueda Y. (2008) have synthesized B-Mn2V207 single crystals via
flux method. The honeycomb-like structure of Mn,V>07 was reported and exhibits
two forms such as a-form (a low-temperature) and p-form (high temperature) [cited
by 63, p.136].

The convertible phases transition of a and B Mn2V.07 structure were
investigated by He Z. et al. (2008). They found that martensitic-like transformation
which is known as thermoelastic solid-solid phase transition at first order is
occupied by lattice deformation at critical temperature. These martensitic
transformation from austenite (monoclinic B-phase) to martensite (triclinic a-phase)
and they noted that martensitic-like transformation observed in Mn;V.07was found
to be independent of magnetic fields, heating/cooling rates, and frequencies. It also
stated that the different arrangement of plane which paralel to honeycomb-like
structure is the most significant differences between these to phases, (001) plane
and (110) in B-phase and a-phase, respectively [cited by 64, p.136].

Krasnenko T. I. and Rotermel M. V. (2013) have studied thermally activated
MnyV207 structural deformation at temperature between -180-1000°C. They
showed that under normal atmospheric pressure, Mn2V>07 can be crystallized in
two polymorphic forms: triclinic a-Mn2V207 and monoclinic B-Mn2V20y7 [cited by
65, p.136].

SrV207:Eut and BaxV207:Eu®* nanophosphors have been prepared via
solution combustion synthesis with urea fuel. It showed to possess red-emitting
property owing to their luminescent properties attractive to a wide range of potential
applications in electronic devices [66].

Eu doped calcium pyrovanadate nanoparticles (CazV207:Eu®") which are
excellent red emitting phosphors have been synthesized using combustion process
[67].

Polycrystalline metavanadates M2V207 (M=Ca, Sr, and Ba) as a new
vanadate phosphor system were synthesized by a solid-state method and their

photoluminescent properties were investigated [68].

10



Vanadium compounds (AVOs4, A=Bi, Fe, Cr and Co2V207) have been
prepared to exemined its structure and thermal expansion properties. At room
temperature both BiVOsand Co2V207are monoclinic structure. Crystal structure of
CrVO4 and FeVOqare orthorombic and triclinic, respectively [69].

Single-phase Co.V207 were synthesized by solid state method and calcined
at various temperatures in the interval of 150°C from 150°C to 450°C for 24 h.
Followed by further annealing process at 600°C for 1 week and the final product
was obtained at 700°C for 24 h [70].

1.2.2 Orthovanadates
Conventionally the orthovanadate anion is a tetrahedron containing four
equivalent oxygen atoms and represented with single double bond. For this reason

it can be arranged as resonance form (Figure 1.4).

- O - 3_
1
V"H

ZN\'"0O

O \O

Figure 1.4. Structure of the orthovanadate anion

The compound with general formula of M3V.0g (M=divalent metal) are
known to have orthorhombic structures with various Kagome staircase lattice. The
alkaline earth metal orthovanadates have been investigated because of their
interesting transport, ferroelectric properties, and use in solid-state lasers.
Furthermore, these types of orthovanadates have found potential usage in television
tubes, luminescent lamp coatings and flat panel displays [71-75].

Kagome type lattice or also known as kagome staircase structure have
attracted attentions due to its unique magnetic for creating quantum-spin-liquid
states. The Kagome structure is consisted of edge-sharing of octahedra MOg which
detached by non-magnetic VO in tetrahedral. Anisotropic variation of the ideal

kagome net was represented by buckled planes of corner sharing isosceles triangle
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from magnetic ions [76]. The Kagome net can be accomplished in some spin like
as spin-5/2, spin-3/2 ans spin-1 showing the frustrated magnetic geometric. The
reduction on the symmetry of kagome staircase geometry lowered the degree of
frustration which resulting in the low ordered of magnetic structure and attractive
magnetic properties [77].

CusV20s have been synthesized by many researchers due to its great
photocatalytic, electrochemical properties and reversible phase transition
consequent to temperature increase. The phase transition is expected to happen at
range of 450-550°C; a-CusV20s (453-510°C), B-CusV20s (535-545°C) and v-
CuzV20g (>545°C) [78].

The Cupper vanadates compound was also succesfully synthesized by three
different methods which are in-situ co-precipitation, wet chemical and ex-situ co-
precipitation. It reported that the solvent, temperature and time are affected the
morphology and the particle sized of the as-obtained product. The mixture of
monoclinic-CusV20g and monoclinic-CuV2O7 were obtained during the
preparation process for all methods [79].

Rahni S G and Kakhki R M (2019), have been succeed in the preparation of
CusV20gs by a green synthesis method with moringa seed’s extract. The effect of
initial concentration, the pH, light illumination and the amount of used catalyst were
examined. It is also reported that the as-obtained products can be applied as
adsorption and photodegradation as organic pollutant [cited by 80, p.137].

Kagome-like layers of NizVV2Og were prepared by flux method. It is reported
that the octahedral arrangement of NiOe are isolated with VO, tetrahedra. The
Magnetic and heat capacity measurement of this compound presenting a very good
magnetic property. The crystal growth of the NizV20g was analyzed and best quality
of product was acquired by the mixture of SrCOs and V20s which then calcined at
900°C for 40 h. the grinding and the reheating process were done to obtained single-
phase NisV20g[81]. The morphologies of this synthesized product have also been
investigated. The pillar-like morphology was detected in a closed crucible and the
plate like morphology was observed upon high vertical temperature in open crucible
[82].

Multiferroic material has synthesized by preparing the NizV2Og using
sputter deposition method using various substrates. The multiferroic film of
NizV20sg was obtained after annealing at 900°C for 16 h [83].
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The two isostructural kagome staircase compounds, NizV20g and Co3V20sg
were prepared by solid state reaction with NiO, CoO and V»0Os as starting materials.
Both Ni and Co compounds were firstly heated at 800°C for a day. Further heating
was applied at 1050°C (2 days) for Co compound and the at 900°C (1 day) for Ni
compound [84].

The effect of Mg?* and Co?* doping in the kagome staircase compound was
investigated. NizV20s, Niz-3xC03xV20g and Cos-3xMgsxVV2Og were prepared and the
chemical disorder in the compounds caused by Mg?* and Co?* reportly to affect the
magnetocrystalline properties of the Kagome system [85].

Due to its great properties as excellent magnetic anisotropy, magnetic phase
transition and low temperature ferroelectricity, another well known Kagome
staircase compound, CozV20sg was also successfully synthesized and characterized.
It was prepared by microwave method and introduced to microwave treatment
(2.45GHz750W) for 10 mins. The final product was crystallized in cubic system
[86].

A high-quality Mg doped Co3V20g has been obtained by applying the
optical floating zone technique. The final product was acquired after three times of
annealing process applied. Firstly, the annealing process was done at 935°C for a
day followed by 950°C and 975°C for a day, respectively [87].

Single phase NisV20g has also been grown via the flux method. The
physical, magnetic properties and the phase transition of NisV.Og were determined
[88].

The phase diagram of magnetic compositon-temperature of Kagome mixed
type (CoxNix)3V20s were examined by applying single crystal heat capacity and
neutron powder diffraction. The changed on the magnetic structure was observed
twice below 5.5K. Both antiferromagnetic and ferromagnetic reflections of the
orthovanadate were detected in the diffraction pattern and these behaviors are
affected by different concentration of cobalt substitution [89].

The precipitation method has also applied in the preparation of Ni3V20s
and the as prepared product was obtained after annealed at 500°C for 3 h. Before
annealing process, the unknown phase was detected which might be the vanadium
oxide/hydroxide. The structure of single-phase nickel orthovanadate is in
orthorhombic crystal structure and the particle size is reported to be in the range of
20-50 nm [90].
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Kagome staircase compound, CosV20s and NisV20g have been analyzed
and their magnetic phase diagram has been determined. For CosV20s, there is no
critical magnetization behavior at zero fields and different antiferromagnetic and
ferromagnetic structured are presented [91].

The reactions occurring in the solid state of FeVOa4in Ni2V207 and NizV20g
were investigated by using conventional sintering method. Different compositions
of FeVO4 were applied and affected the final products [92].

NisV20s and MgsV20s have been synthesized via flameless oxy-
combustion technique where VOSOs, NiSO4 and MgSQO4 are used as vanadate,
nickel and magnesium sources. The as-prepared product was obtained at 1300°C.
During the preparation process the MgO and NiO was also observed at first which
then transform to Mg»V.07, MgzV20s and NisV20s after reacting with V207 [93].

Co-precipitation method was applied in the preparation of NizV.0Og and
CosV20g which known as high pseudocapacitive material. It is reported that
NizV20s and CozV20s have a excellent specific capacitance and higher rate
capability/exceptional cycle stability, respectively. These two orthovanadates were
successfully combined by growing the cobalt orthovanadates on nickel
orthovanadates compound. By these two orthovanadates combination, superb
electrochemical performance materials was obtained [94].

Solid state reaction method were used in the preparation Raw material
Co3V:0gs for crystal growth. The homogenized mixture was calcined at 900°C (40
h) and followed by several regrinding and reheating process. The CozV20g Crystal
growth was also done done by using V20s, SrCO3 and BaCOs as flux, separately
and kept the mixture for 10 h at 1000°C. During this process Co2V.0y is found as a
second phase [95].

Hierarchiral CosV20s mesoporous microsphere has been successfully
acquired via co-precipitation method followed by post annealing treatment. The as-
prepared CosV.0g was obtainen at 450°C (8 h) with 2°C/min heating rate. It
reported that the CosV.Og conveya high reversible capacity, exceptional rate
capability, and high cyclebility [96].

Zhang Q, et al. (2017), have reported the fabrication of hexagonal pyramid