
Journal of Solid State Chemistry 312 (2022) 123279
Contents lists available at ScienceDirect

Journal of Solid State Chemistry

journal homepage: www.elsevier.com/locate/jssc
Optical properties of brannerite-type vanadium oxides,MV2O6 (M ¼ Ca, Mg,
Mn, Co, Ni, Cu, or Zn)

N. Lakshminarasimhan a,b, Jun Li a, Hua-Chien Hsu a, M.A. Subramanian a,*

a Department of Chemistry, Oregon State University, Corvallis, 97331, OR, USA
b CSIR-Central Electrochemical Research Institute, Karaikudi, 630003, Tamil Nadu, India
A R T I C L E I N F O

Keywords:
Brannerites
Vanadium oxides
Solid solutions
Optical properties
* Corresponding author.
E-mail address: mas.subramanian@oregonstate.e

https://doi.org/10.1016/j.jssc.2022.123279
Received 13 May 2022; Received in revised form 2
Available online 25 May 2022
0022-4596/© 2022 Elsevier Inc. All rights reserved
A B S T R A C T

The optical properties of brannerite-type oxides MV2O6 (M ¼ Ca, Mg, Mn, Co, Ni, Cu, or Zn) and solid solutions
synthesized by conventional high temperature solid state reaction method are compared in the present study. The
structural phase transformation from pseudo-brannerite to brannerite was found at x � 0.6 in the solid solution
Ca1-xMnxV2O6 (x ¼ 0 - 1). In the new solid solution of Zn1-xCoxV2O6 (x ¼ 0 - 1), the phase transformation from
brannerite to NiV2O6-type occurred at x � 0.8. A systematic decrease in the optical band gap with increasing Mn
content in Ca1-xMnxV2O6 resulted in the change in the colors of the samples. In Zn1-xCoxV2O6, the prominent d-
d transitions of Co2þ ion in addition to the band gap narrowing altered the colors. The variation in the colors of
brannerite-type oxides can be understood based on the changes in the optical band gap, ligand-to-metal (O2--V5þ)
and/or metal-to-metal (M2þ-V5þ) charge transfer transitions, and d-d transitions.
1. Introduction

Inorganic pigments are an important component of paints. Finding
environmentally benign, highly stable, and cost-effective pigments is
always a challenging task. The serendipitous discovery of Y(In,Mn)O3
blue pigment with a high near infrared (NIR) reflectivity has opened up
Pandora's box in searching for new colors based on oxides [1]. Efforts
were made in finding new shades of colors in the hexagonal perovskite
YInO3 using various transition metal ions at the B-site [2]. In the struc-
ture of Y(In, Mn)O3, Mn3þ is five-coordinated by oxygens forming a
trigonal bipyramid (TBP) that is responsible for the observed intense blue
color of the sample. In this perspective, the Mn3þ-substituted oxides
ScAlMgO4, ScGaMgO4, ScGaZnO4, LuGaMgO4, LuGaZnO4, and
LuGaO3(ZnO)2 with YbFe2O4-type crystal structure having Mn3þ in TBP
coordination were found to be blue in color [3,4]. Similarly, YAlO3 with
In, Mn, Ti, and Zn substitutions at the Al site resulted in various shades
ranging from violet to purple depending on the Mn content [5]. Oxides
such as La(Ga,Mn)Ge2O7, YGa1-xMnxO3, transition metal substituted
α-LiZnBO3 and LiMgBO3 exhibiting blue, purple, and beige-red colors
were also reported [6–9]. Thus, the crystal field control around the
chromophore through proper choice of crystal structures allows one to
fine tune the colors of these transition metal containing inorganic
compounds.
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Among various oxides, vanadium oxides offer certain advantages like
the yellow color due to O2� to V5þ charge transfer (c.t.) transition, ease of
synthesis, less expensive, and eco-friendly nature. The structural varia-
tions are possible due to the different coordination polyhedra such as
–VO4, -VO5, -VO6, and –V2O7 that can be adopted by V5þ ion. Within this
context, the present work focuses on understanding the optical properties
of vanadium oxides with the general formula MIIV2O6 [M ¼ Ca, Mg, Mn,
Co, Ni, Cu, and Zn] and their solid solutions are attempted in the present
work. These oxides crystallize in four different structures, namely,
columbite, brannerite, pseudo-brannerite, and NiV2O6-type structures
[10]. They exhibit temperature- and pressure-dependent polymorphism
with phase transition among these structures. For example, the columbite
structure is known only under high pressures. In an ideal brannerite
structure, the divalentM ion is six-coordinated and the pentavalent V ion
is also six (5 þ 1) coordinated by oxygens where one of the V–O bonds is
longer. However, in CaV2O6, the V5þ ion is five-coordinated with dis-
torted trigonal bipyramidal geometry and this structure is known as
pseudo-Brannerite type [10]. The unit cell structures of CaV2O6 and
MnV2O6 are shown in Fig. 1 [11,12]. Both the MO6 and VO5/VO6 form
chains along the b-axis by edge-sharing of their respective polyhedra and
these chains are interconnected by corner-sharing of the polyhedra.
These structural features resulted in realizing interesting properties from
these vanadium oxides. Recently, CaV2O6 has been studied as a
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Fig. 1. The unit cell structures of (a) CaV2O6 and (c) MnV2O6 and the coordi-
nation polyhedra of V are also shown. The Ca, V, Mn and O are shown as red,
blue, pink, and green spheres, respectively. The structure was drawn using
VESTA software [20] based on the atomic coordinates available with Refs. 11
and 12.
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spectral-converter phosphor with red emission at 630 nm [13]. Such a
long wavelength emission is a unique feature ascribed to the VO5 trigonal
bipyramid with longer V–O bonds and this distinguishes CaV2O6 from
other vanadate phosphors containing tetrahedral -VO4 groups [13]. The
compounds MnV2O6, NiV2O6, and CuV2O6 have been studied for their
photocatalytic, photoelectrochemical, and magnetic properties [14–18].
CoV2O6 single crystal exhibited an unusual 1/3 magnetic plateau due to
competition between interchain antiferromagnetic and ferromagnetic
interactions [19]. However, the optical properties have not been studied
in detail for these oxides. Thus, it is of interest to explore the optical
properties of brannerite-type vanadium oxides with different transition
metal ions and their solid solutions to understand the roles of band gap,
charge transfer, and d-d transitions as well as the structure-optical
property relationships. With this objective, here we compared the opti-
cal properties of brannerite-typeMV2O6 (M ¼ Ca, Mg, Mn, Co, Ni, Cu, or
Zn) oxides, solid solution Ca1-xMnxV2O6, and a new solid solution series
Zn1-xCoxV2O6.

2. Experimental

2.1. Synthesis

The samples were synthesized by conventional high temperature
solid state reactionmethod. The startingmaterials used were CaCO3 (Alfa
Aesar, 99.99%), MgO (Baker, 97%), V2O5 (Johnson Matthey, 99.9%),
MnCO3 (Alfa Aesar, 99.9%), Co(OH)2 (Alfa Aesar, 99.9%), NiO (Alfa
Aesar, 99.998%), CuO (Aldrich, 99.99%), and ZnO (Aldrich, 99.99%).
Stoichiometric amounts of the starting materials were thoroughly
ground, pelletized, and heated in air. The samples CaV2O6, MgV2O6,
MnV2O6, NiV2O6, and the solid solutions Ca1-xMnxV2O6 (x ¼ 0 - 1) were
synthesized by heating twice at 700 �C for 12 h with an intermittent
grinding. In the case of CoV2O6, CuV2O6, ZnV2O6, and the solid solutions
Zn1-xCoxV2O6 (x ¼ 0 - 1), the synthesis temperature was 600 �C to avoid
their melting [10].
Fig. 2. Powder XRD patterns of MV2O6 (M ¼ Ca, Mg, Mn, Co, Ni, Cu, or Zn)
phases. The vertical lines below each pattern correspond to the standard pat-
terns of CaV2O6 (01-073-0186), MgV2O6 (00-034-0013), MnV2O6 (01-072-
1837), CoV2O6 (00-051-0130), NiV2O6 (01-076-2592), CuV2O6 (00-045-1054),
and ZnV2O6 (01-074-1262).
2.2. Characterization

The phase formation was confirmed using powder X-ray diffraction.
XRD patterns were obtained with a Rigaku MiniFlex II diffractometer
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using Cu Kα radiation and a graphite monochromator on the diffracted
beam. Silicon powder was used as an internal standard to ensure accurate
determination of unit cell dimensions. Lattice parameter refinements
were carried out by Le Bail fitting using GSAS software [21,22]. The
diffuse reflectance UV–Vis (DRUV-Vis) spectra of the powder samples
were recorded using a spectrometer (V-600, Jasco). The L*a*b color
parameters were obtained from the reflectance spectra using the spectra
analysis software available with Jasco spectrometer.

3. Results and discussion

3.1. Phase formation

The phase formation of MV2O6 (M ¼ Ca, Mg, Mn, Co, Ni, Cu, or Zn)
samples was confirmed by powder XRD. The reflections in the XRD
patterns were indexed based on the standard patterns available in the
ICSD database (Fig. 2). From the difference in the XRD patterns, it is
understood that CaV2O6 belongs to pseudo-brannerite structure and the
samples MgV2O6, MnV2O6, and ZnV2O6 crystallize in the ideal brannerite
structure [10]. CoV2O6 and NiV2O6 have NiV2O6-type structures whereas
CuV2O6 exhibits the brannerite structure with a slight triclinic distortion
[10,23]. Further, attempts were made to synthesize the solid solution
series Ca1-xMgxV2O6 (x¼ 0 - 1) and their powder XRD patterns are shown
in Fig. 3. The samples exhibit CaV2O6 structure up to x¼ 0.5 andMnV2O6
phase in the composition region x ¼ 0.7–1.0. The sample with x ¼ 0.6
consists of both CaV2O6 (major) and MnV2O6 (minor) phases. Solid so-
lutions among ideal brannerite and pseudo-brannerite structures
MgV2O6–CaV2O6, ZnV2O6–CaV2O6, and CaV2O6–MnV2O6 were reported
[24,25]. The lattice parameter refinement results of the CaV2O6 and
MnV2O6, revealed larger lattice parameters and cell volume (Table 1) for
the former compound due to the larger ionic radius of Ca2þ (1.0 Å) when
compared to that of Mn2þ (0.83 Å) [26]. Compared to the MnV2O6

structure, one of the V–O bonds in CaV2O6 becomes extremely elongated
owing to the larger unit cell dimensions, resulting in the bond breaking
and the 5-fold coordination around V5þ with a distorted trigonal bipyr-
amidal geometry as shown in Fig. 1. On the other hand, distorted VO6
octahedral units are present in MnV2O6. The variations in the lattice
parameters in the solid solution Ca1-xMnxV2O6 are shown in Fig. 4. As x
increases, cell edge a contracts the most upon Mn substitution, while cell



Fig. 3. Powder XRD patterns of solid solutions Ca1-xMnxV2O6 and the standard
patterns of MnV2O6 (01-072-1837) and CaV2O6 (01–073-0186) are also shown.

Table 1
Lattice parameters of select compositions in the solid solution Ca1-xMnxV2O6.

x a (Å) b (Å) c (Å) β (�) Space Group

0 10.049 3.671 7.033 104.85 C2/m
0.2 9.947 3.652 7.010 104.90 C2/m
0.5 9.806 3.624 6.970 104.73 C2/m
0.6 9.759 3.619 6.948 104.71 C2/m
0.7 9.334 3.553 6.851 112.56 C2/m
0.8 9.328 3.545 6.816 112.60 C2/m
1.0 9.301 3.532 6.752 112.58 C2/m

Fig. 4. Variations in the lattice parameters and unit c
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edge c decreases more than cell edge b. This lattice contraction is pre-
sumably leading to the formation of an additional V–O bond and the
alteration of V coordination from VO5 to VO6 as approaching the Mn-rich
end of the solid solution. An abrupt change in the lattice parameters can
be found in the solid solution while moving from x ¼ 0.6 to x ¼ 0.7. It is
known that CaV2O6 and MnV2O6 belong to different segments of mor-
photropic series and the solid solution Ca1-xMnxV2O6 exists for x ¼ 0 -
0.63 [25]. Thus, our results are in good agreement with the earlier report
[25].
ell volume with x in Ca1-xMnxV2O6 solid solution.

Fig. 5. Powder XRD patterns of solid solutions Zn1-xCoxV2O6 and the standard
patterns of CoV2O6 (00-051-0130) and ZnV2O6 (01-074-1262) are also shown.



Table 2
Lattice parameters of select compositions in the solid solution Zn1-xCoxV2O6.

x a (Å) b (Å) c (Å) α (�) β (�) γ (�) Space Group

0 9.245 3.528 6.573 90.00 111.38 90.00 C2/m
(monoclinic)

0.2 9.249 3.526 6.583 90.00 111.46 90.00 C2/m
0.5 9.243 3.520 6.591 90.00 111.53 90.00 C2/m
0.7 9.247 3.519 6.601 90.00 111.58 90.00 C2/m
0.9 7.169 8.896 4.811 90.14 93.52 102.17 P-1 (triclinic)
1.0 7.168 8.892 4.807 90.11 93.73 102.09 P-1
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Similarly, a new solid solution series Zn1-xCoxV2O6 was also synthe-
sized and their powder XRD patterns are shown in Fig. 5. ZnV2O6 belongs
to a monoclinic system (space group C2/m) while CoV2O6 has a triclinic
(space group P-1) structure [27,28]. From the XRD patterns, it is clear
that the phase transformation from brannerite to NiV2O6-type structure
occurs when x � 0.8. In the composition range x ¼ 0.1 to 0.7, the
monoclinic structure of ZnV2O6 is maintained and the triclinic structure
of CoV2O6 was found for x ¼ 0.9 while the composition x ¼ 0.8 has a
mixed phase. The variations in the lattice parameters in the Zn1-xCoxV2O6
series follow different trend in the two regions x¼ 0 - 0.7 and x¼ 0.9 and
1.0 (Table 2 and Fig. 6). For solid solution of x ¼ 0 - 0.7, cell edge c
increases with x, cell edge b decreases with x (less change than c), while
cell edge a varies the least with slightly scattered data points. Based on
the ionic radii of Zn2þ (0.74 Å) and Co2þ [0.65 Å (LS) and 0.735 (HS)],
the lattice variation along c axis is somewhat unexpected. It is likely that
Co2þ is more ionic than Zn2þ and the cation-cation repulsion induced by
Co substitution would be minimized upon lattice expansion. The cell
Fig. 6. Variations in the lattice parameters with x in Zn1-xCoxV2O6 s
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evolution in the Co-rich end (x ¼ 0.9 and 1.0) of the solid solution is
consistent with the prediction of Shannon's radii [26].

3.2. Optical properties

The MV2O6 (M ¼ Ca, Mg, Mn, Co, Ni, Cu, or Zn) samples exhibited
different colors as shown in Fig. 7. CaV2O6 is yellowish-green while
ZnV2O6 is yellow and MgV2O6 is orange-yellow. The samples MnV2O6
and CoV2O6 are dark in color. The diffuse reflectance UV–Vis (DRUV-Vis)
spectra of all these samples were recorded and the results are shown in
Fig. 7a along with the spectrum of V2O5. In general, the colors can
originate from d-d transitions, c. t. [ligand to metal c. t. (LMCT) or metal
to ligand c. t (MLCT) and interband electron transfer], or intervalence c. t.
(IVCT) [29]. For example, the red color of the Wolfram salt is due to the
IVCT between PtII and PtIV [30]. In brannerite-type vanadium oxides,
CaV2O6, MgV2O6, and ZnV2O6 both the band gap and O2--V5þ LMCT are
responsible for their green, orange-yellow, and yellow color, respec-
tively. With brannerite vanadium oxides based on transition metal ions
like Mn2þ, Co2þ, Ni2þ, and Cu2þ with partially filled 3d orbitals, the d-d
transitions are also expected to influence the colors. The absorption edge
observed at 520 nm in the spectrum of CaV2O6 can be attributed to the c.
t. band of -VO5 and the absorption onset lies in the visible region
revealing a narrow band gap. In the case of MgV2O6 and ZnV2O6, the
absorption edge is red shifted when compared to that of CaV2O6. The
absorption onset of MnV2O6 is further red shifted towards a higher
wavelength revealing a decrease in the band gap. The largest red shift in
the absorption edge accompanied by intense absorption in the near
infra-red (NIR) region can be seen in the spectrum of CoV2O6. Except for
olid solution for x ¼ 0 - 0.7 (a & b) and x ¼ 0.9 & 1.0 (c & d).



Fig. 7. (a) DRUV-Vis reflectance spectra and Tauc plots for estimation of the (b)
direct and (c) indirect band gaps of V2O5 and MV2O6 (M ¼ Ca, Mg, Mn, Co, Ni,
Cu, or Zn). The photographs of the powder samples exhibiting different colors
are also shown.

Table 3
The obtained optical band gap values of MV2O6 compounds and V2O5.

Compound Band gap (eV)

Direct Indirect

V2O5 2.30 2.06
CaV2O6 2.83 2.58
MgV2O6 2.30 2.06
MnV2O6 1.44 1.31
CoV2O6 1.31 1.23
NiV2O6 1.78 1.49
CuV2O6 1.69 1.40
ZnV2O6 2.60 2.09

Table 4
Color L*a*b parameters of MV2O6.

Compound L a b

CaV2O6 85.069 -9.258 16.917
MgV2O6 67.147 8.567 27.891
MnV2O6 38.344 1.350 0.741
CoV2O6 37.058 0.073 -0.733
NiV2O6 38.019 6.082 1.103
CuV2O6 39.203 2.650 -1.619
ZnV2O6 78.514 -1.907 31.59
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CaV2O6, all the other compounds consist of six-fold coordinated V5þ ion
while it is the distorted TBP in the former compound. CaV2O6 and
ZnV2O6 have a reflectance of 75–80% in the NIR region. MgV2O6 and
MnV2O6 exhibit about 65% NIR reflectance while CoV2O6, NiV2O6, and
CuV2O6 exhibit a strong absorption in the NIR region. To understand the
changes in the electronic structures with the nature of the divalent metal
ions, the direct and indirect band gaps were estimated using the Tauc
plots as shown in Fig. 7b. The obtained band gap values are listed in
Table 3. The direct band gap of V2O5 is 2.30 eV and this is in agreement
with the earlier reports [31,32]. It can be seen that the indirect band gap
5

values of V2O5 and MV2O6 (M ¼ Ca, Mg, Mn, Co, Ni, Cu, or Zn) com-
pounds are smaller than those of the direct gap. Such an observation is
similar to the earlier reported values from both the experimental and
theoretical electronic structure calculations as in the case of MnV2O6
[14]. The band gap decreases in the order CaV2O6 > ZnV2O6 > MgV2O6

> NiV2O6 > CuV2O6 > MnV2O6 > CoV2O6. The obtained color L*a*b
parameters are listed in Table 4.

A comparison of colors of complex nickel oxides including NiV2O6
suggested that the color and absorption in the visible region is due to the
extension of charge transfer from Ni2þ to easily reducible V5þ ion into the
visible region [33]. Similarly, the difference in the optical properties of
NiV2O6, Ni2V2O7, and Ni3V2O8 was attributed to the different nature of
vanadium polyhedra in these compounds [34]. The vanadium polyhedra
(VO5) form a chain along the b-axis by edge-sharing in NiV2O6 while
isolated –VO4 tetrahedra and –V2O7 polyhedra are present in Ni3V2O8
and Ni2V2O7, respectively. The different chains formed by edge sharing
NiO6 octahedra and VO5 polyhedra along the same direction results in
the d-band formation in NiV2O6 [34]. Hence, the electronic structures
will be different among these nickel vanadates. According to ligand field
theory, Ni2þ in an octahedral environment gives rise to three main ab-
sorptions at 1400, 800, and 400 nm due to optical transitions from
ground state 3A2g to 3T2g, 3T1g(F), and 3T1g(G), respectively [33]. The
absorptions observed in the present study with NiV2O6 are in good
agreement with this. The electronic structure calculations of CaV2O6 and
MnV2O6 show that the conduction band is made up of V 3d orbitals [14,
35]. In the case of MnV2O6, it has been found that the optical transitions
are from half-filled Mn 3d orbitals and O 2p orbitals to empty V 3d or-
bitals [14]. Similarly, metal-to-metal charge transfer (MMCT) transitions
are responsible for the observed different colors in wolframite AWO4 (A
¼ Mg, Mn, Co, Ni, Cu, or Zn) compounds [36]. The color of these com-
pounds depends on the nature of the transition metal ions and their
partially occupied 3d orbitals (Mn, Co, Ni, or Cu) act as the highest
occupiedmolecular orbital (HOMO) instead of O 2p orbitals. Similarly, in
the case of CoV2O6, NiV2O6, and CuV2O6 we can attribute the charge
transfer from filled 3d orbitals of transition metal ions (Co2þ/Ni2þ/Cu2þ)
and O 2p orbitals to the empty V 3d orbitals responsible for the observed
colors. On the other hand, the colors of samples containing metal ions
with d0 or d10 electronic configurations such as CaV2O6, MgV2O6, and
ZnV2O6 can be due to band gap and charge transfer within the VO6 (or
VO5) groups.

To observe the influence of d-d transitions and c. t. transitions on the
colors of CaV2O6 and ZnV2O6, transition metal ions with 3d electrons
were substituted in Ca0.99M0.01V2O6 and Zn0.99M0.01V2O6 (M ¼ Mn, Co,
Ni, or Cu). The changes in the optical properties of the samples are shown
in Fig. 8a and b. In the case of Ca0.99M0.01V2O6, only Mn2þ showed a
drastic change in color while Co2þ, Ni2þ, and Cu2þ showed pale yellow
colors. This can be understood from the optical reflectance spectra in
which the Ca0⋅99Mn0⋅01V2O6 showed a distinct shift in the absorption
onset when compared to other samples. On the other hand, in
Zn0.99M0.01V2O6, a clear change in the colors with the introduction of
different M2þ ions was observed and this is due to the shifts in the ab-
sorption edge to a different extent. Again, the shift is the largest for Mn2þ

containing sample. The color change can be understood based on the
introduction of d-d transitions of the substituted transition metal ions.
Among these different transition metal ions, Mn2þ was chosen to further



Fig. 8. DRUV-Vis spectra of (a) Ca0.99M0.01V2O6 and (b) Zn0.99M0.01V2O6 (M ¼
Mn, Co, Ni, or Cu). The variations in the colors of the samples with different
metal ions are seen from the photographs shown inside.

Fig. 9. (a) DRUV-Vis reflectance spectra and (b) Tauc plots showing the shift in
the direct band gap of Ca1-xMnxV2O6 samples. The photographs of the samples
are also shown.
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study the variation in the color by making the solid solution series Ca1-
xMnxV2O6. Similarly, Co2þ was chosen for the solid solution series Zn1-
xCoxV2O6 (x ¼ 0–1.0) as it induced a better red shade.

In the solid solution series Ca1-xMnxV2O6, the samples exhibited a
color change from yellowish-green (x ¼ 0) to orange-red to dark brown
with increasing Mn content. To understand this change in the optical
properties, the DRUV-Vis reflectance spectra of the samples were recor-
ded and the results are shown in Fig. 9a. Changes in the intensity of the c.
t. absorption band of the VO5 group in CaV2O6 in the region 500–1050
nm were observed with increasing Mn content and this band was almost
absent in MnV2O6. A systematic red shift in the absorption edge with
increasing Mn content is visible in Fig. 9a. This change is rationalized
based on the difference in the band gaps of CaV2O6 (Eg ¼ 2.83 eV) and
MnV2O6 (Eg ¼ 1.44 eV). The variation in the direct band gap is also
shown in Fig. 9b for select compositions. The photographs of the samples
show the variation in the color (Fig. 9). These variations can be due to the
change in the coordination around V5þ from TBP to the octahedron
resulting from the structural transformation from pseudo-brannerite to
brannerite with higher Mn content (see XRD results, Fig. 3). Also, the
inclusion of MMCT from half-filled Mn 3d orbitals to empty V 3d orbitals
in addition to O 2p - V 3d c. t. alters the electronic structure as well as the
6

colors of the samples [14]. Thus, the variation in the colors of the samples
in the solid solution is due to the band gap reduction, structural changes
(VO5/VO6 groups), and changes in the nature of c. t. transitions. The
obtained color L*a*b parameters of the compositions in the series
Ca1-xMnxV2O6 are listed in Table 5.

The DRUV-Vis reflectance and absorption spectra of Zn1-xCoxV2O6 (x
¼ 0–1.0) are shown in Fig. 10a and b. The samples Zn1-xCoxV2O6 (x ¼
0.01–0.8) exhibited optical absorption bands in the regions 660–760 nm
and 770–1050 nm with absorption maxima at 710 and 860 nm, respec-
tively. These transitions can be attributed to Co2þ in octahedral coordi-
nation [37]. The absorption intensity systematically increased with
increasing Co2þ content. When Co2þ occupies tetrahedral and/or



Table 5
Color L*a*b parameters of Ca1-xMnxV2O6.

x L a b

0.0 85.069 -9.258 16.917
0.01 71.248 8.295 22.099
0.05 60.388 12.277 17.672
0.1 50.163 12.956 13.485
0.2 43.187 11.279 8.627
0.3 40.106 9.038 5.944
0.4 39.028 6.031 4.071
0.5 40.478 7.576 6.292
0.6 37.63 3.347 1.437
0.7 38.385 0.565 -0.986
0.8 38.977 0.359 -1.014
0.9 38.623 0.461 -0.462
1.0 38.344 1.350 0.741

Fig. 10. (a) DRUV-Vis reflectance and (b) corresponding absorbance spectra of
solid solution series Zn1-xCoxV2O6 showing the absorptions of Co2þ in the region
between 600 and 1050 nm. The photographs in (a) reveal the change in the
colors of select compositions.

Table 6
Color L*a*b parameters of Zn1-xCoxV2O6.

x L a b

0.0 78.514 -1.907 31.590
0.01 63.925 12.125 22.661
0.05 49.956 15.951 13.048
0.1 45.239 14.847 9.039
0.2 42.172 12.953 6.268
0.3 41.573 10.922 4.728
0.4 40.364 10.638 4.298
0.5 39.972 9.721 3.314
0.6 40.028 8.981 2.746
0.7 39.260 9.032 2.910
0.8 37.410 4.233 1.400
0.9 38.028 0.258 -0.604
1.0 37.058 0.073 -0.733

Fig. 11. A comparison of powder XRD patterns of MnV2O6 samples obtained by
furnace cooling and air quenching. The standard pattern (01-072-1837) is also
shown as a reference.
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trigonal bipyramidal coordination, the optical absorption occurs between
500 and 675 nm giving rise to intense blue color as observed in hibonite,
CaAl12-2xCoxTixO19 [38]. Thus, the presence of Co2þ in octahedral co-
ordination in the brannerite-type oxide is confirmed from the absence of
7

any blue color in Zn1-xCoxV2O6. Further, the spectra of Zn0⋅1Co0⋅9V2O6
and CoV2O6 are different from other samples and the optical absorption
onset is at 950 nm and there are no specific absorption bands of Co2þ as
observed in the spectra of other compositions. This difference is due to
the difference in the crystal structures (monoclinic vs. triclinic) as the
phase transformation between brannerite and NiV2O6-type structure
occurs when x � 0.9 in Zn1-xCoxV2O6 (Fig. 5, XRD). The corresponding
variations in the color L*a*b parameters of the compositions in the series
Zn1-xCoxV2O6 are listed in Table 6.

Further, MnV2O6 is known to exhibit a reversible phase trans-
formation from brannerite to pseudo-brannerite at 540 �C [10]. To
observe the influence of the structural changes on the optical properties,
MnV2O6 was also prepared by air quenching from 700 �C. The powder
XRD pattern of this sample (Fig. 11) is similar to the sample obtained by
furnace cooling as the variation is expected only in the coordination
geometry from VO6 to VO5. The DRUV-Vis reflectance spectra of these
two samples are compared in Fig. 12 and it can be seen that the %
reflectance is much lower for the air quenched sample when compared to
that of MnV2O6 obtained by furnace cooling. The absorption edge
showed a red shift in the case of air quenched sample and the estimated
direct band gap values are 1.44 and 1.40 eV for samples obtained by
furnace cooling and air quenching, respectively. The changes in the co-
ordination geometry around V5þ ions influence the optical properties.
Thus, our study reveals the possibility of tuning the colors of



Fig. 12. DRUV-Vis reflectance spectra of MnV2O6 samples obtained by furnace
cooling and air quenching. The inset shows the Tauc plot used for the estimation
of direct band gap of these samples.
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brannerite-type vanadium oxides through solid solutions to alter the local
coordination environment of V5þ and phase transformation that results
in a complex combination of change in the band gap, c. t. transitions, and
introduction of d-d transitions. Further solid solutions in the brannerite
oxides with other transition metal ions and their combinations will result
in more color hues.

4. Conclusions

The optical properties of brannerite-type vanadium oxidesMV2O6 (M
¼ Ca, Mg, Mn, Co, Ni, Cu, or Zn) with marginal variations in the crystal
structures have been studied. The optical band gap and O2--V5þ charge
transfer (LMCT) transitions are responsible for the observed variations in
the colors of samples containing metal ions with no d electrons (CaV2O6
and MgV2O6) and with d10 electrons (ZnV2O6). The introduction of
transition metal ions with partially filled 3d orbitals alters the colors due
to the presence of d-d transitions as observed in the case of
Ca0.99M0.01V2O6 and Zn0.99M0.01V2O6 (M ¼ Mn, Co, Ni, and Cu). The
decreasing optical band gap, presence of d-d transitions of Mn2þ, MMCT
transitions, and change in the coordination polyhedral (VO5/VO6)
groups due to the phase transformation resulted in the change in the
colors of samples in the solid solution series Ca1-xMnxV2O6 (x ¼ 0 - 1).
Similarly, the presence of prominent d-d transition of Co2þ, band gap
narrowing, and the structural changes resulted in the observed variation
in the colors in Zn1-xCoxV2O6 (x ¼ 0 - 1). Thus, the complex combination
of changes in the band gap, LMCT and MMCT, and d-d transitions are
responsible for tuning the colors of the brannertie-type vanadium oxides.
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