
lable at ScienceDirect

Dyes and Pigments 89 (2011) 149e154
Contents lists avai
Dyes and Pigments

journal homepage: www.elsevier .com/locate/dyepig
Preparation and characterization of bi- and trimetallic titanium based oxides

Mukesh K. Yadav, Ajay V. Kothari, Virendra K. Gupta*

Catalyst & Materials Reliance Technology Centre, Reliance Industries Limited, Hazira, Surat 394 510, India
a r t i c l e i n f o

Article history:
Received 13 October 2009
Received in revised form
8 October 2010
Accepted 12 October 2010
Available online 21 October 2010

Keywords:
Pigment
Glycolates
TiO2

CoTiO3

Rutile
* Corresponding author. Tel.: þ91 261 4135381; fax
E-mail address: virendrakumar_gupta@ril.com (V.

0143-7208/$ e see front matter � 2010 Elsevier Ltd.
doi:10.1016/j.dyepig.2010.10.004
a b s t r a c t

Rod shaped titanium based glycolates are synthesized by reaction of titanium butoxide with metal
acetate (M ¼ Co, Sb, Mn, Ni, Cr) and excess mono ethylene glycol. The products are characterized for
composition, morphology and crystalline characteristics. Thermal treatment of metal glycolates led to
the preparation of inorganic oxides. Replicated morphology of glycolates is observed for inorganic oxide.
Mixed metal oxides are highly crystalline in nature and showed good color characteristics.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Metal oxides are important class of compounds among the
inorganic pigments for different end use applications [1e7]. Tita-
nium dioxide is one of the most widely used pigments due to
better light scattering properties, chemical stability and biological
inertness. Anatase, rutile and brookite phases of titanium dioxide
are synthesized by hydrolysis of titanium precursor such as tita-
nium halides, titanium sulfate, titanium alkoxide using sol-gel,
hydrothermal and emulsion methods [8e19]. Further chemical
modification of TiO2 is achieved by incorporation of other metal
ion such as Co, Sb, Cr, Mn, Ni [20e22]. Green color cobalt titanate
[23,24] is synthesized by solid phase route at elevated tempera-
ture [25,26]. Morphological improvement in form of spherical
shape is achieved through inorganic precursor methodology [27].
The research is more focused on shape and size control of
monometallic materials such as titanium oxide, cobalt oxide and
magnesium oxide [28e31]. In present paper, we describe the
synthesis and characterization of bimetallic (TieCo, TieSb) and
trimetallic (TieSbeMn, TieSbeCr, TieSbeNi) glycolates and its
oxides.
: þ91 261 4135879.
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2. Experimental

2.1. Materials

Titanium n-butoxide (SigmaeAldrich), cobalt acetate (Labort),
antimony acetate (Labort), manganese acetate (Labort), chromium
acetate (Labort), ethylene glycol (EG, Reliance Industries Ltd.) and
polyvinyl alcohol (PVA, molecular weight 9000e10000, Sigmae
Aldrich) were used as received.
2.2. Synthesis

Titanium n-butoxide and metal acetate(s) in stoichiometric
amount (Table 1) were mixed with 500 ml of EG. The reaction
mixture was stirred for 3 h at 170 �C. The solid product was isolated
by centrifuge. It was washed with methanol and dried at 80 �C for
6 h. The synthesized solid product was then heated at 800 �C for 6 h
to convert into respective oxide.

Solution stability of the aqueous mixture of bimetallic glycolates
is checked under different pH conditions (i.e. 5, 7 and 9). Mixture
was stirred for 2 h and the filtrate is checked for metal composition
(Table 2). The analysis indicated <5 ppm titanium and <1 ppm
cobalt or antimony.
2.3. Characterization

FTeIR spectrum of solid was recorded as KBr pellet using
a PerkineElmer GX Fourier transform infrared spectrometer with

mailto:virendrakumar_gupta@ril.com
www.sciencedirect.com/science/journal/01437208
http://www.elsevier.com/locate/dyepig
http://dx.doi.org/10.1016/j.dyepig.2010.10.004
http://dx.doi.org/10.1016/j.dyepig.2010.10.004
http://dx.doi.org/10.1016/j.dyepig.2010.10.004


Table 1
Synthesis of bimetallic glycolates.

Ti(OC4H9)4 m mol Metal acetate m mol Ti:Co or Sb in productc

20.5 0a e

15.4 5.1a 3.6:1
10.3 10.3a 1:1
6.8 13.7a 1:1.9
0 20.5a e

10.3 10.3b 100:0.2

a cobalt acetate.
b Sb acetate.
c atomic ration by EDX.

Table 2
Elemental composition (ppm) of filtrate of bi- and trimetallic glycolates.

Elements Ti Co Ni Cr Mn

pH treatment 5 pH 9 pH 5 pH 9 pH 5 pH 9 pH 5 pH 9 pH 5 pH 9 pH

Ti:Co ¼ 1:1 2 <1 <1 <1 e e e e e e

Ti:Co ¼ 3.6:1 5 <1 2 <1 e e e e e e

Ti:Co ¼ 1: 1.9 2 <1 3 <1 e e e e e e

Ti:Sb:Ni ¼ 650:1:1 5 <1 e e <1 <1 e e e e

Ti:Sb:Cr ¼ 700:2:1 3 <1 e e e e <1 <1 e e

Ti:Sb:Mn ¼ 80:10:1 1 <1 e e e e e e 1 <1

Fig. 1. IR spectrum of bimetallic glycolates of various ratios.
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Fig. 2. UVeVis of bimetallic glycolates of different composition.
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a resolution of 2 cm�1 in the range of 4000 to 400 cm�1.Wide-angle
X-ray diffraction (XRD) of samples were carried out using a Bruker
D8-Advance diffractometer in the reflection mode at 40 kV and
40 mAwith a Cu Ka (l ¼ 1.5405 Å) as a radiation source in 2q range
from 2 to 90. SEM images of samples were obtained with FEI
Inspect S scanning electron microscope operated at an accelerated
voltage of 10e20 kV with working distance of 10 mm. Surface
elemental composition of samples were obtained using Oxford
INCA EDX analyzer attached with scanning electron microscope at
20 kV. Diffuse reflectance spectra of samples were recorded over
Perkin Elmer (Lambda 35) UVeVis spectrophotometer in the range
of 200e1100 nm. Thermal gravimetric analysis (TGA) of samples
was conducted in the range of 50e750 �C using Perkin Elmer
thermal analyzer under air atmosphere. Color measurement
studies were conducted by Hunter lab colorimeter using D25M
optical sensor.
2-Theta
5 10 20 30 40 50 60 70 80 90

Ti:Co=1:1

Ti:Co=3.6:1

Ti:Co=1:0
2.4. Pigment coating

The synthesized pigment was mixed with 10% aqueous solution
of PVA. The mixture was disperse on polymer surface after ultra-
sonication for 15 min. Coated polymeric surface was dried at 50 �C
for 2 h and analyzed for color characteristics.
Fig. 3. XRD of bimetallic glycolates of different composition.

3. Results and discussion

Bimetallic glycolates (TieM; M ¼ Co, Sb) were synthesized by
reaction of titanium n-butoxide with metal acetate and ethylene
glycol (Scheme. 1). The isolated complexes were found to be stable
in acidic as well as alkaline solution (pH from 5 to 9).
Ti(OBu)4  +  M(OOCCH3)x     Ti-M

M=Co, Sb; x = 2 for Co and 3 for Sb 

EG

Δ

Scheme. 1. Synthesis of bimeta
The prepared bimetallic glycolates were characterized for spec-
troscopic (UV, FTeIR), thermal (TGA) and morphological (SEM)
characteristics. The FTeIR spectra (Fig. 1) showed absence of C ¼ O
absorption at 1750e1650 cm�1 assignable to acetate moiety and
 glycolate  Ti-M oxide     
Δ

llic glycolates and oxides.



Fig. 4. Morphology of bimetallic glycolates and their oxides (a) Ti:Co-3.6:1 glycolate,
(b) Ti:Co-1:1 glycolate, (c) Ti:Co-1:1.9 glycolate, (d) Ti:Sb-1:0.1 glycolate, (e) Ti:Co-
3.6:1 oxide, (f) Ti:Co-1:1oxide, (g) Ti:Co-1:1.9 oxide, (h) Ti:Sb-1:0.2 oxide.
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Scheme. 2. Growth of TieCo particles.
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Fig. 5. TGA of TieCo bimetallic glycolates of different composition.
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Fig. 6. UVeVis of bimetallic oxides of different composition.
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Fig. 7. XRD pattern of bimetallic oxides.

Table 3
Color studies of bimetallic and trimetallic oxides.

Atomic ratio of cation Color L a b

TiO2 White 89.37 �0.69 4.05
Ti:Co ¼ 3.6:1 Green 47.05 �16.96 2.03
Ti:Co ¼ 1:1 Green 49.74 �17.5 3.21
Ti:Co ¼ 1: 1.9 Black 19.16 �0.60 0.60
Ti:Sb:Ni ¼ 650:1:1 Yellow 90.42 �3.32 9.08
Ti:Sb:Mn ¼ 80:10:1 Brown 35.21 0.22 10.24
Ti:Sb:Cr ¼ 700:2:1 Buff 76.38 �1.45 27.05
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Fig. 8. Coating of pigments over polymeric surface using PVA binder.

Table 4
Synthesis of trimetallic glycolates.

Ti
(OC4H9)4 m
mol

Sb
(ac)2 m
mol

Mn
(ac)2 m
mol

Ni
(ac)3 m
mol

Cr
(ac)3 m
mol

Ti:Sb:X in
producta

18.1 1.8 1.7 e e 80:10:1
18.7 1.8 e 1 e 650:1:1
19.1 0.7 e e 1.3 700:2:1

a atomic ration by EDX.

Fig. 9. FTeIR of trimetallic glycolates.
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Fig. 10. UVeVis spectra of trimetallic pigments.
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Fig. 11. XRD pattern of trimetallic oxides.
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presence of vibration band at 1073e1065 cm�1 due to CeOeMbond
due to formation of metal glycolates. The UVeVis spectra (Fig. 2) of
TieCo glycolates showed strong absorptions at 250e350 nm and
430e690 nm due to O2� / Ti4þ charge transfer transition and
tetrahedron Co2þ species, respectively. The TieSb complex showed
absorption only at 310 nm assignable to O2� / Ti4þ charge transfer
transition. XRD pattern showed (Fig. 3) diffraction lines assigned to
TieMglycolates species [32]. TGA results of TieCo glycolates (Fig. 5)
indicated w10% weight loss up to 220 �C attributable to physical
adsorbed EG. Theweight loss of 30e35% and 35e50%were observed
in the temperature range of 240e300 and 300e450 �C, respectively.
The reduction in weight can be attributed to the decomposition of
glycolatemoiety to yieldmetal oxides. Themorphology of the TieCo
glycolate complexes showed rod shaped characteristics with
diameter from 50 nm to 2 mm (Fig. 4). It is proposed that polymeric
bimetallic glycolate is produced (Scheme 2, for TieCo glycolate) in
rod shaped morphology due to higher growth rate in one direction.
Cobalt glycolates are reported to exhibit spherical shape [30] due to
uniformgrowth rates in all the directions. The chain like growth rate
is reported for titanium glycolates with rod shapemorphology [29].

Mixed oxides were produced by thermal treatment of bimetallic
TieCo glycolates at high temperature. SEM Studies indicated the
replication of rod morphology from glycolate to oxides. IR spectra
of calcinied products showed no peaks in the range of
3000e900 cm�1 (Fig. 1) indicating decomposition of organic
moiety to form inorganic oxides. The UVeVis spectrum (Fig. 6)
showed absorption in the range of 300e500 nm assigned to octa-
hedral Co2þ / Ti4þ inter-valance charge transfer in CoTiO3 [33,34].
Another band in the region of 500e700 nm with lmax at 385 and
602 nm due to 4A2 (F)/ 4T1 (F) and 4A2 (F)/ 4T1 (P) transitions
indicated the presence of tetrahedral Co2þ species [34,35]. XRD
patterns showed highly crystalline nature of TieCo Oxides (Fig. 7).
All diffraction lines are well defined and comparable to ICDD
database for phase identification. The diffraction pattern of calcined
solid with TieCo ratio of 3.6:1 showed heterogeneous phases
consisting of rutile TiO2 and CoTiO3. The change of TieCo ratio to
1:1 is resulted in the formation of CoTiO3 phase only. CoTiO3 lattice
is rhombohedral with R-3 symmetry group having
a ¼ b ¼ 5.06831 Å, c ¼ 13.92200 Å. This is in accordance with PDF
pattern no 00-015-0866 and single crystal data [36]. Further change
Ti(OBu)4 + Sb(OOCCH3)3 + M(OOCCH3)x       Ti-Sb-M glycolate  Ti-Sb-Moxide     

M=Mn, Ni, Cr; x = 2 for Ni, Mn and 3 for Cr 

EG

Δ

Δ

Scheme. 3. Synthesis of trimetallic glycolates and oxides.



Table 5
Color studies of bi- and trimetallic oxides treated with sunlight.

Pigment L a b

Time (hrs) 6 12 48 6 12 48 6 12 48

TiO2 90.01 89.92 90.31 0.21 0.52 0.82 3.95 4.25 4.72
Ti:Co ¼ 3.6:1 47.83 48.21 48.68 �16.48 �16.25 �16.68 2.12 2.08 2.41
Ti:Co ¼ 1:1 48.06 48.23 48.46 �18.01 �18.62 �19.15 0.92 0.29 �0.21
Ti:Co ¼ 1: 1.9 19.76 20.18 20.46 �0.46 �0.58 �0.22 0.68 0.54 0.95
Ti:Sb:Ni ¼ 650:1:1 90.89 91.02 91.28 �1.28 �1.83 �1.56 9.51 9.84 9.71
Ti:Sb:Mn ¼ 80:10:1 36.52 37.01 37.77 0.88 0.65 1.02 10.12 10.59 10.97
Ti:Sb:Cr ¼ 700:2:1 76.81 77.41 78.21 �1.01 �1.32 �1.22 27.55 27.09 27.85
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in Ti:Co ratio to 1:2 in the precursor showed the formation of Co3O4

phase. The presence of CoTiO3 phase is reported to be important for
various applications such as pigments [23,24], catalytic materials
[33,37,38], high-k gate dielectrics materials [39e42] and sensors for
humidity and gas detection [43e46].

Ti:Co oxides are found to exhibit greenish and blackish color
characteristics depending on stoichiometric ratio of titanium and
cobalt. The color parameter i.e. L, a, b value, of the pigments are
shown in Table 3. The TieCo oxide with PVA (Polyvinyl alcohol)
solution is resulted in the uniform dispersion of pigment over the
Fig. 12. Morphology of trimetallic glycolates and their oxides (a) TieSbeNi glycolate,
(b) TieSbeCr glycolate, (c) TieSbeMn glycolate, (d) TieSbeNi oxide, (e) TieSbeCr
oxide, (f) TieSbeMn oxide.
polymeric surface (Fig. 8). The color characteristics of coated
material showed comparable data with respect to pigments.

The calcinations of prepared TieSb glycolates are resulted in
synthesis of titanium oxide as indicated by XRD pattern. This has
led us to synthesize trimetallic complexes (TieSbeCr, TieSbeNi,
and TieSbeMn) shown in Scheme 3. The trimetallic glycolateswere
found to be stable under studied pH conditions (Table 2). EDX
analysis of trimetallic products showed the presence of Sb, Cr, Ni
and Mn (Table 4). FTeIR (Fig. 9), UVeVis (Fig. 10) and XRD patterns
(Fig. 11) confirmed the formation of trimetallic glycolates. Rod
shape morphology is observed for trimetallic glycolates (Fig. 12).

The calcinations of trimetallic glycolates at 800 �C produced
mixed oxides. The absence of absorption in the IR spectrum indi-
cates the formation of oxides. The shifting of absorption peak in
UVeVis spectrum towards lower wavelength compared to pure
TiO2 indicates the incorporation of metal ion (Fig. 10). XRD pattern
showed crystalline nature of the product (Fig. 11). SEM images
(Fig. 12) of the metal oxide indicate the replication of rod-like
morphology. Trimetallic oxide showed yellow, buff or brown color
depending on metal composition (Table 3).

The trimetallic oxides were dip-coated over polymeric surface
using PVA as binder. Color of the pigment is retained after dip
coating (Fig. 8). The exposure of coated slide to sunlight indicated
the stability of color pigments (Table 5). The addition of moisture
on the color surface is, however, found to weaken the coating
strength as compared to non-polar solvents such as pentane,
hexane due to soluble characteristic of PVA in aqueous medium.
4. Conclusion

Titanium based bimetallic and trimetallic glycolates (TieCo,
TieSbeCr, TieSbeNi, and TieSbeMn) of rod shape are found to be
suitable precursor for corresponding oxide by thermal treatment.
Morphology replication phenomenon is observed inmixedmetallic
oxide from metal glycolates to mixed metallic oxide. The color
properties of the mixed oxides are found to be dependant on the
composition of the product. Furthermore, inorganic oxides are
found to be good pigment for coating over polymeric surface.
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