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Abstract

Turquoise blue Li1.33Ti1.66O4 is an environmentally friendly inorganic pigment, it was synthesized using the sol–gel method. The particle size

was determined by X-ray diffraction (XRD) pattern and through high-resolution transmission electron microscopy (HRTEM), obtaining an average

diameter of 27.5 � 3 nm. The pigment shows a brilliant turquoise blue color, due to Ti3+–Ti4+ intervalence charge transfer transitions and presents

thermal stability up to 1000 8C. The Li1.33Ti1.66O4 nanoparticles were characterized by using X-ray diffraction, Raman scattering and UV–vis

absorption spectroscopy. The color properties and the thermal stability of this pigment suggest that it has potential to be applied as a satisfactory

pigment for cosmetics, plastics, glasses and inks.
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1. Introduction

In the last years the study of spinel oxides nanostructured

materials has attracted increasing interest due to its rich

catalytic, color, electrical and magnetic properties. These

materials are of special interest thanks to its improved

properties such as lower temperature sinterability and great

thermal stability [1–3].

Spinel oxides materials are also known to be very useful in

the ceramic pigment industry. Inorganic pigments have been

applied in various applications such as paints, ceramics,

plastics, enamels, and glasses [4], however, most of the

conventional inorganic pigments applicable for the above

applications contain toxic elements such as Cd, Co, Cr, Hg, Pb,

Sb and Se, that can adversely affect environmental and human

health. Therefore, development of safe inorganic pigments has

been required in order to replace toxic inorganic pigments [5].

The most straightforward way to obtain blue colors in ceramics

is by means of cobalt, which has been used since antiquity [6].

Available industrial blue pigments are Co2SiO4, CoAl2O4,
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vanadium doped zircon V-ZrSiO4 [7–10] and the turquoise blue

pigments of Ni doped CaAl12O19 reported by Costa et al. [11].

In this way, turquoise blue Li1.33Ti1.66O4 is an environmen-

tally friendly inorganic pigment that can be applied to glass,

plastics, paints, cosmetics and inks. In the family of oxide

spinels only the Li1+xTi2�xO4 (0 � x � 1/3) solid solution

series become superconducting, while LiTi2O4 is metal-like

with a superconducting transition temperature of 12.7 K, the

end member Li4/3Ti5/3O4 is a good insulator with rather high

resistivity [12,13]. This solid solution was originally synthe-

sized and structurally characterized by Deschanvres et al. [14].

Research in the late 1970s and early 1980s was focused on the

development of lithium oxide spinel electrodes for recharge-

able lithium batteries [15].

The general formula for the normal spinel structure is

AB2O4, where A refers to cations in the tetrahedral sites and B

represents the cations in octahedral positions in a cubic

geometry with symmetry Fd3m [16]. The normal structure

presents the A(B2)O4 distribution and the inverse one the

B(AB)O4, in both cases the parentheses represent the

octahedral positions. In fact, there are many possible

intermediary cation distributions. This complicated crystal-

lographic structure, has a unique perspective for studies of

substitution and their relationships with the chemical and
d.
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Fig. 1. Proposed reaction scheme for obtaining Li1.33Ti1.66O4 nanoparticles.

Table 1

Prepared pigment formulations.

Reference Composition TiO2 Ti2O3 LiNO3 Atmosphere

Molar ratio 1.66 1.5

2Li–Ti wt (%) 56.7 43.2 Air

3Li–Ti wt (%) 56.7 43.2 Argon

Molar ratio 0.83 0.41 1.5

4Li–Ti wt (%) 28.9 25.9 45.1 Air
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physical properties [17,18]. For Li1.33Ti1.66O4 in particular,

Ti3+ and Ti4+ ions occupy the octahedral sites, Li1+ ions occupy

the tetrahedral sites, and the additional Li1+ ions also occupy

octahedral sites [19–21]. The crystalline structure can be

determined by the XRD pattern because of the difference in

atomic scattering factors between titanium and lithium ions

[22,23].

Titanium is predominantly a tetravalent ion on Earth,

whereas the relatively unstable Ti3+ ions are more abundant in

extraterrestrial minerals, Moon rocks and some meteorites. The

3d1 configuration of Ti3+ ions octahedrally coordinated results

in a ground-state (t1g)1 (eg)0 and an excited state (t2g)0 (eg)1,

configurations represented by 2T2g and 2Eg crystal field states,

respectively. Therefore, one spin-allowed crystal field band

(2T2g! 2Eg transition) is expected in optical spectra [24].

In general, the synthesis of wide ranges of bulk lithium

titanium oxides involves wet chemical techniques such as co-

precipitation, sol–gel, hydrothermal; solid state reaction and

Pechini process [25,26].

In this work, the sol–gel route based on the modified Pechini

method was employed to obtain turquoise blue Li1.33Ti1.66O4

nanocrystalline. The polymeric precursor method reduces

individualities of different metal ions, which can be achieved by

encircling stable metal complexes with growing polymer nets.

The immobilization of metal complexes in such rigid organic

polymeric networks can reduce the segregation of particular

metals, thus ensuring compositional homogeneity on a

molecular scale. This method is specially useful for stoichio-

metric composition control [27,28].

2. Experimental procedure

2.1. Sample preparation

Li1.33Ti1.66O4 pigment was synthesized as follows: 2.4488 g

of lithium acetate dihydrate (C3H3O2Li�2H2O) (99.8% Sigma–

Aldrich) was dissolved in 20 ml of 2-metoxyethanol CH3O(-

CH2)2OH (99.9% Sigma–Aldrich) stirring for 30 min, 7.1172 g

of titanium (IV) isopropoxide Ti(OCH(CH3)2)4 (99.8%

Aldrich) were then added to this solution. Afterwards, 5 ml

of ultra-pure water (ultra-pure water (18 MV) obtained from

Barnstead E-pure deionization system) were added, obtaining a

white gel.

This gel was dried at room temperature for five days and,

when it was completely dry, it was ground in agate mortar and

annealed in air for 2 h at 200 8C, 300 8C, 400 8C, 500 8C,

600 8C, 700 8C and 800 8C, respectively. After each annealing,

the sample was analyzed with X-ray powder diffraction.

The polymeric gel has been obtained from the reaction of

lithium acetate with titanium alkoxide, a fraction of Ti4+ ions

are reduced to Ti3+ because lithium hydroxide is a valuable

reducing agent in organic synthesis. The formulas of the

polymeric gels are found from chemical analysis and can be

confirmed by IR and NMR spectroscopies [29]. Fig. 1 shows a

reaction scheme proposed.

In order to compare the sol–gel method with another typical

procedure for obtaining these pigments, we follow a conven-
tional solid-state reaction method (the ceramic route), to

prepare a batch composition of TiO2–Ti2O3–LiNO3 system

(Table 1). The mixtures were calcined in an electric kiln at

800 8C for 2 h.

2.2. Experimental techniques

X-ray diffraction patterns of the samples were recorded at

room temperature with Cu Ka radiation in a D5000 Siemens

diffractometer. Intensity was measured in the 2u range between

2.58 and 708. The average crystallite size was approximately

estimated by the Scherrer’s equation using the full width at half

maximum (FWHM) of the most intense peaks. As reported in

the literature [30] the Scherrer’s equation is described as

follows:

D = 0.9l/B cos u, where l is the wavelength of Cu Ka

(1.54056 Å), u is the angle of Bragg diffraction and B is the

FWHM, without using any material for the estimation of

instrumental broadening.



Fig. 2. X-ray diffraction patterns of the sample prepared by sol–gel heated at

temperatures between 400 and 800̊ C.
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Raman spectra were obtained from 200 to 12 000 cm�1 with

a Nicolet Almega XR dispersive Raman spectrometer, using a

scan time of 25 s and a resolution of �4 cm�1. An Nd: YVO4

532-nm laser was used for excitation and the incident power on

the sample was �10 mW.

The UV–vis electronic absorption spectra of the powdered

samples were performed by diffuse reflectance technique, in an

Ocean Optics HR4000 spectrometer equipped with an

Integrating Sphere for reflectance, the powders are pressed

against the sample port of the Integrating Sphere using BaSO4

as a reference.

The color properties of the sample were estimated by

measuring the CIE L* a* b* parameters using diffuse

reflectance spectroscopy data in the visible range.

High-resolution transmission electron microphotographs

(HR-TEM) were obtained in a JEOL 2010 FasTEM analytical

microscope, operating at 200 kV, by deposition of a drop of the

powdered transition metal oxide dispersed in N,N0-dimethyl-

formamide (DMF) onto 300 mesh Cu grids coated with a

carbon layer.

3. Results and discussion

3.1. Phase composition and crystal structure

Fig. 2 illustrates the XRD patterns for the dried polymeric

gel calcined at various reaction temperatures, from 100 to

800 8C.

The XRD patterns of the sample sintered at 400 and 500 8C
show the TiO2 anatase phase, while the samples annealed at

temperatures higher than 500 8C the anatase phase was

transformed into the rutile phase and also displays the

diffraction peaks characteristics of Li1.33Ti1.66O4 compound.

Finally, when the sample was heated up to 800 8C,

Li1.33Ti1.66O4 nanocrystalline turquoise blue pigment corre-

sponding to a single spinel phase, was obtained (Fig. 3). This

sample was named 1Li–Ti.

In its corresponding XRD pattern all peaks can be

perfectly indexed to the crystalline Li1.33Ti1.66O4 (JCPDS
Fig. 3. X-ray diffraction pattern of the samp
26-1198) with Fd3m space group, and a cell parameter of

8.357 Å. The observed broad hump in the 15–358 range,

implies the occurrence of an amorphous phase in the sample

due to residual organic impurities of the polymeric gel

decomposition.

In order to determine the average crystallite size, a peak

broadening method was applied using the Scherrer’s equation

over (1 1 1), (3 1 1) and (4 0 0) reflections, finding it to be of

29.3, 33.5 and 19.8 nm, respectively.

3.2. Thermal stability

In order to study the thermal stability of Li1.33Ti1.66O4

nanocrystalline compound prepared by the sol–gel method

(1Li–Ti), it was heated in air for 2 h at 800 8C, 900 8C and

1000 8C, respectively. After each annealing, the sample was

analyzed with X-ray powder diffraction. Fig. 4 shows their

corresponding X-ray diffraction patterns.

This phase (1Li–Ti) remains stable even after annealing the

sample at 1000 8C, but it decomposes at 1014 8C into Li2TiO3

and Li2Ti3O7 solid phases.
le prepared by sol–gel heated 800̊ C/2 h.



Fig. 4. X-ray diffraction patterns of Li1.33Ti1.66O4 prepared by sol–gel heated

for 2 h at temperatures of 800, 900 and 1000̊ C.

Fig. 6. Raman spectra of Li1.33Ti1.66O4prepared by sol–gel and the ceramic

method.
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Fig. 5, meanwhile, shows the corresponding XRD patterns

of 2Li–Ti, 3Li–Ti and 4Li–Ti samples, prepared using the

conventional ceramic route.

2Li–Ti and 3Li–Ti samples are identified as single phase of

Li1.33Ti1.66O4 while 4Li–Ti is a powder corresponding to

Li1.33Ti1.66O4 and TiO2 (rutile) phases.

The sample 4Li–Ti was prepared by heating TiO2, Ti2O3 and

LiNO3 powders. In the X-ray diffraction patterns of this sample,

peaks of Li1.33Ti1.66O4 began to appear at 700 8C increased in

height with increasing temperature from 700 to 800 8C whereas

those of Ti2O3 and LiNO3 decreased, in the X-ray diffraction

pattern of the powder obtained at 800 8C, Li1.33Ti1.66O4 was the

main phase with a small amount of TiO2 and no Ti2O3 and

LiNO3 were detected. We expect with a temperature above

800 8C, the TiO2 phase will disappear, and a single phase of

Li1.33Ti1.66O4 will be obtained.

3.3. Raman spectroscopy

It is commonly accepted that normal AB2O4 spinel exhibits

a cubic structure with space group Fd3m with Z = 8. Cations
Fig. 5. XRD patterns of the samples prepared using the ceramic route.
occupy only 1/8 of the tetrahedrally coordinated sites (8a

Wyckoff position) and 1/2 of the octahedrally coordinated sites

(16d Wyckoff position), A atoms are located on tetrahedral sites

of Td symmetry and B atoms on octahedral sites of D3
d

symmetry, whereas oxygen atoms occupy C3 sites (32e

Wyckoff position).

In spinel lithium titanium oxides for a regular octahedral

TiO6
2� with Oh symmetry, three stretching modes n1 (A1g), n2

(Eg) and n3(F1u) and three bending modes n4(F1u), n5(F2g) and

n6(F2u) are allowed, where n1, n2, and n3 are Raman-active

modes, n3 and n4 are infrared active modes and n6 is a silent

mode. The assignment of modes observed in the Raman

spectrum of Li1+xTi2�xO4 has been reported previously [31].

Fig. 6 shows the Raman spectra of 1Li–Ti, 2Li–Ti, 3Li–Ti

and 4Li–Ti in the spectral region between 200 and 900 cm�1.

A common feature of these spectra is the presence of a

strong band around 670 cm�1 and a group of bands between

200 and 500 cm�1 with weaker intensity. In spinel oxides and in

other titanium oxides, energies of �600–670 cm�1 are

characteristic of vibrations involving the motion of oxygen

atoms inside the octahedral unit TiO6 [32]. The Raman band

located at about 670 cm�1 is viewed as the symmetric Ti–O

stretching vibration of TiO6 groups. This high-wave number is

assigned to the A1g species in the Oh
7 spectroscopic symmetry.

Its broadness is related to the cation–anion bond lengths and

polyhedral distortion occurring in Li1+xTi2�xO4. As the

titanium ion of the spinel structure exhibits a charge

disproportionation such as Li (Ti3+Ti4+) O4, there are isotropic

Ti4+O6 octahedra and locally distorted Ti3+O6 octahedra due to

the Jahn Teller effect. Thus we expect to observe stretching

vibration of TiO6
9� and TiO6

8� octahedral which provides the

broadness of the A1g mode.

The RS peak with medium intensity located a 419 cm�1 has

the F2g
(2) symmetry, while the weak bands located at 354 and

271 cm�1 have the Eg and F2g
(3) symmetry, respectively. The

F2g
(3) mode is related to the Li–O motion, connected to the

tetrahedral cation movements. The low-wavenumber band at

300 cm�1 which appears in 3Li–Ti is a unexpected mode,

which could be Raman-active due to the cationic disorder.
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It can be stated that in the cubic spinel Li Ti2O4 the Ti3+ and

Ti4+ ions are considered as crystallographically equivalent (16d

sites) in agreement with XRD data, therefore, occupation

probabilities of 0.5 must be affected for each cation in the 16d

position. Hence, a loss of translation invariance certainly occurs

due to local lattice distortion around the Ti3+ cations which

exhibit a JT effect [33].

As the series of spinel-type lithium titanium oxides

Li1+xTi2�xO4, or (Li)tetr [LixTi2�x]oct O4 in spinel notation,

and for 1Li–Ti, Li [Li0.33Ti3+
0.83Ti4+

0.83] O4 contain Li ions in

vacant 16d octahedral sites, and Ti3+ ions exhibit JT effect we

can expect a slight tetragonal distortion, however according to

the XRD pattern, presents cubic spinel structure. Further-

more, this would be consistent with the fact that the spectral

features in the RS spectra of Li1.33Ti1.66 O4 (1Li–Ti, 2Li–Ti,

3Li–Ti) are not markedly different from those of LiTi2O4,

where a significant increase of the peak located at 354 cm�1

occurs.

It was speculated that this Raman band is partly related to the

stretching vibration of Li ions in octahedral coordination [34].

The 4Li–Ti sample also displays rutile peaks.

3.4. UV–vis absorption spectroscopy

The UV–vis diffuse reflectance spectra of the samples 1Li–

Ti, 2Li–Ti and 3Li–Ti are shown in Fig. 7.

1Li–Ti presents a broad absorption band between 550 and

750 nm, in this range there are three bands at 580, 610 and

660 nm.

The spectrum of 1Li–Ti (Li1.33Ti1.66O4) in addition to

possessing Ti3+ crystal bands at 580 and 610 nm assigned to

dynamic Jahn Teller splitting of the 2Eg level or the occurrence

of Ti3+ ions in distorted octahedral sites, contains a Ti3+! Ti4+

intervalence band centered near 660 nm involving adjacent Ti3+

and Ti4+ cations in edge-shared octahedral sites in the spinel

structure.

Absorption spectra of synthetic Ti3+ doped Al2O3 crystals

show two spin allowed crystal field bands occurring at
Fig. 7. UV–vis spectra of Li1.33Ti1.66O4prepared by sol–gel (1Li–Ti) and by the

ceramic route (2Li–Ti and 3Li–Ti).
18 450 cm�1 and 20 300 cm�1. These originate from Ti3+ ions

in the trigonally distorted, symmetry C3, octahedral site of the

corundum structure. Absorption bands at similar energies also

occur in optical spectra of blue sapphire [35], it is Al2O3 with

traces of Fe2+, Fe3+, Ti3+, Ti4+, when Fe2+ and Ti4+ ions occupy

two adjacent sites in a corundum crystal, the transfer of an

electron occur:

Fe2þ þTi4þ ! Fe3þ þTi3þ

Intervalence charge transfer is a process that produces a strong

colored appearance at a low percentage of transition metal

cations.
The green clinopyroxene, is particularly interesting because

it is devoid of iron and contains coexisting Ti3+ and Ti4+ ions.

The spectra of this pyroxene, Ca (Mg, Ti3+, Ti4+, Al) (Si,

Al)2O6, shows two well defined bands around 16 000 cm�1 and

20 000 cm�1 assigned to crystal field transitions in Ti3+ ions

located in the distorted octahedral site, and an additional

inflexion around 15 000 cm�1 assignment as Ti3+! Ti4+

intervalence charge transfer, involving adjacent Ti cations

separated by 315 pm in edge-shared octahedral sites in the

pyroxene structure [36].

By analogy with the Fe2+! Fe3+ charge transfer band in

vivianite, the energy of this pyroxene Ti3+! Ti4+ charge

transfer bands have been identified in a number of synthetic Ti

compounds; the weak broad band around 12 500 cm�1 in the

spectra of Ti3+ doped Al2O3 crystals may also originate from

electron transfer between Ti cations only 269 pm or 297 pm

apart in face shared or edge shared octahedral of the corundum

structure [37]. Coexisting Ti3+ and Ti4+ ions frequently,

suggesting that charge transfer transition may occur between

the cations when they are situated in adjacent coordination sites

in the crystal structure [38].

However, 2Li–Ti and 3Li–Ti do not present absorption

bands in the visible range of the electromagnetic spectrum

(Fig. 6). They are white powders, because we think Ti3+ and

Ti4+ do not occupy adjacent octahedral sites in the spinel

structure, cation disorder is present in octahedral sites.

The local order in the sample prepared using the sol–gel

method (1Li–Ti) is described by representative octahedra,

made of oxygen ions in its vertices and titanium ions near the

center, arranged alternatively (Ti3+, Ti4+). The long-range order

is given by the way these octahedra interact between each other

[38]. There is an interaction between these octahedra, allowing

a Ti3+! Ti4+ intervalence band, responsible for the color in

this pigment.
The color turquoise is achieved in the 1Li–Ti sample,

as shown by the negative values for the chromatic

parameters b* (blue) and a* (green), as well as the L*

(brightness). 1Li–Ti exhibits the color turquoise blue with a

blue component (b* = �3.8), greener (a* = �13) and bright-

ness L* = 95.8.

The HR-TEM micrograph (Fig. 8) shows an isolated

Li1.33Ti1.66O4 nanocrystallite with dimensions of about

20.5 nm. The interplanar distances determined from their

corresponding electron diffraction patterns confirm that the

nanocrystals are composed of L1.33Ti1.66O4.



Fig. 8. HRTEM of 1Li–Ti (prepared by the sol–gel method).
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4. Conclusions

Nanocrystalline Li1.33Ti1.66O4 was synthesized using two

different methods: sol–gel and the ceramics route. The color

developed in this pigment depends on the synthesis route. The

sol–gel method, with titanium alkoxide and lithium acetate

dihydrate as precursors, allows the development of a local order

in the crystalline structure, generating a turquoise blue color.

This method produces crystalline material of Li1.33Ti1.66O4.

The optical properties and thermal stability of this pigment

suggest that this material has the potential to be applied as an

environmentally friendly coloring agent for cosmetics, glasses,

plastics and inks.
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