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Potassium chloride was used as flux to prepare tabular crystals of both potassium lithium titanate and
Fe-doped potassium lithium titanate employing an optimum mass ratio of flux:raw materials. The effects
of the dopant and its concentration and the calcination temperature on the morphology of the Fe-doped
potassium lithium titanate were investigated. The crystal phases and optical properties of Fe-doped
potassium lithium titanate were characterized using X-ray diffraction analysis and UV–vis spectropho-
tometry, respectively. The influence of dopant concentration on the colour, band gap narrowing and lattice
constants of Fe-doped potassium lithium titanate are discussed.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Hitherto, layered materials have been widely used as adsorbents,
catalysts, catalyst supports and hosts for various functional species,
owing to their high chemical stability. Of these compounds, layered
transition-metal oxides have been the subject of considerable
attention due to their cation exchange [1,2], semiconducting [3,4]
and swelling properties [5]. Lepidocrocite titanates (AxTi2-yMyO4

where A is an interlayer cation and M, the metal ion or vacancy)
are a popular layered transition-metal oxide material owing to their
versatile composition [6,7]. Lepidocrocrite titanates, especially
potassium lithium titanate (PLT), have been used as starting material
for the preparation of various shape-controlled functional materials
[8–10]. The synthesis of inorganic materials for application as UV-
shielding materials has been reported by the present authors [11–17].
As nanoparticulate inorganic materials generally cannot provide
good coverage and are uncomfortable on human skin because of their
agglomeration, plate-like particles are often required to enhance
their covering ability and comfort. This can be accomplished by the
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combination of the inorganic nanoparticle with a plate-like titanate
such as PLT [18–20]. It is noteworthy that the particle size of the plate-
like titanate plays an important role in such functional applications.
As colour is also an important consideration for such cosmetic
applications, optimization of the preparation conditions for plate-like
PLT is required to obtain particles of the desired size, shape and
colour.

The aim of this paper was to optimize the reaction conditions
used to prepare well-defined, tabular PLT and to synthesize Fe-
doped PLT using a flux melting method. To this end, PLT of various
colours and sizes was synthesized and the effects of flux quantity on
the morphology of PLT and of dopant (Fe3þ) concentration on the
morphology and colour of Fe-doped PLT were investigated.

2. Experimental

2.1. Synthesis of plate-like potassium lithium titanate-the
optimization of flux dosage

The typical procedure to prepare PLT using a flux method was:
K2CO3, Li2CO3 and TiO2 (anatase form) in the molar ratio of 3:1:13
and an appropriate amount of KCl flux (employing mass ratios of
flux:raw materials of 0, 0.09, 0.5, 1.0, 2.1 and 4.0) were ground in an
agate mortar. The mixture was placed in a platinum crucible and
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Fig. 1. Typical SEM images of PLT prepared at 1000 �C for 5 h with different mass ratio of flux/raw materials: a) 0.0; b) 0.09; c) 0.5; d) 1.0; e) 2.1; f) 4.
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then heated to 1000 �C at a heating rate of 600 �C h�1. The
temperature was maintained at 1000 �C for 5 h and the ensiung
mixture was allowed to cool to room temperature. Thereafter,
the default mass ratio of flux to raw materials was fixed at 1.0. The
product was washed with boiling water and filtered to remove
the KCl flux and was finally dried at 150 �C for 2 h.

2.2. Synthesis of Fe-doped plate-like potassium lithium titanate

K2CO3 (1.355 g), Li2CO3 (0.24 g) and TiO2 (3.405 g) (anatase form) in
the molar ratio of 3:1:13 were roughly pre-mixed in an agate mortar.
The appropriate iron salt or iron oxide (iron(III) nitrate enneahydrate
(FeNO3$9H2O), iron (III) acetylacetonate (Fe(CH3COCHCOCH3)3),
iron(II) chloride tetrahydrate (FeCl2$4H2O), iron(III) chloride hexahy-
drate (FeCl3$6H2O), Iron (III) oxide hydroxide (FeOOH), iron oxide
(Fe2O3) and iron sulfate heptahydate (FeSO4$7H2O)) was added. Then,
KCl flux was added and the ensuing intimately ground, placed in
a platinum crucible and heated to 1000 �C at a heating rate of
600 �C h�1. The temperature was held at 1000 �C for 5 h and then
allowed to cool to room temperature. The product was rinsed with
boiling water and filtered to remove the KCl flux and vacuum dried at
150 �C for 2 h. The concentration of iron dopant in PLT was calculated
from the molar ratios of Fe/(Fe þ PLT).

2.3. Characterization

In order to confirm the crystal phase and investigate the solid
solubility limit, X-ray diffraction (XRD) measurement was carried
Fig. 2. Typical Images of Fe-doped PLT 6.6% calcinated for
out using graphite monochromatized, CuKa radiation. The lattice
parameters of typical samples doped with FeNO3$9H2O in various
concentrations were determined by using pure silicon as an inner
standard. The morphologies of samples were evaluated by a field-
emission scanning electron microscope (Hitachi, FE-SEM S-4800).
The particle size distributions of typical samples were measured by
using a laser diffraction particles size analyzer (SHIMADZU, SALD-
7000). The catalytic abilities of typical samples for oxidation of
organic material were determined by a conductometric determi-
nation method (Rancimat method) [18–20] using cosmetic grade
castor oil as an oxidized material. UV–vis reflectance spectra were
measured using an UV–vis–NIR spectrophotometer (JASCO, V-670).

3. Results and discussion

3.1. The effect of mass ratio of flux/raw material
on the morphology of PLT

In order to determine the optimum quantity of KCl flux, PLT
was prepared in different mass ratio of flux/raw materials. For the
convenience of comparison all the samples were prepared under the
same reaction condition, calcination at 1000 �C for 5 h. Typical SEM
images of PLT with different mass ratio of flux/raw material are
shown in Fig. 1. It is clear that large irregular unshaped particles of
PLT were obtained in the absence of KCl flux. Tabular PLT particles
with irregular size and morphology could be obtained when the
molar ratio is up to 0.09 and or equal to 0.5. When the mass ratio is
higher than 0.5, such as 1.0, 2.1 or 4.0, uniform tabular PLT particles
5 h at a) 950 �C; b) 1000 �C; c) 1050 �C; d) 1100 �C.



Fig. 3. Typical SEM images of 6.6% Fe-doped PLT particles with different species of iron salts: a) FeCl2; b) FeCl3; c) Fe(CH3COCHCOCH3)3; d) FeSO4$9H2O; e) Fe2O3; f) FeOOH.
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could be obtained. So in order to get well-defined tabular PLT
particles the mass ratio of flux/raw materials should not be less than
0.5, and when the mass ratio is higher than 0.5, the further increase
has no obvious influence on the morphology change of PLT particles.

3.2. The influence of calcination temperature on the
size of Fe doped PLT

In order to investigate the effect of calcination temperature
on the morphology and size of sample, parallel experiment was
carried out. Typical SEM images of the parallel samples are shown
in Fig. 2. It is clear that the average size of sample gradually
increased with the enhancement of calcination temperature.
However, when the temperature was 1100 �C the size was abruptly
increased to more than 100 mm and the morphology was also
turned into irregular big particles. So, well-defined tabular sample
could be obtained under a calcination temperature below 1100 �C.
Hereafter, the 1000 �C was used as the general temperature in the
following experiment.
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Fig. 4. Typical XRD patterns of 6.6% Fe-doped PLT with different species of iron salts: a)
FeCl2; b) FeCl3; c) Fe(CH3COCHCOCH3)3; d) FeSO4$9H2O; e) Fe2O3; f) FeOOH.
3.3. The effect of doping-salt species on the morphology
of PLT (1000 �C, 5 h)

Typical SEM images of PLT particles doped with various species
of iron salts with the same doping concentrations of 6.6% are shown
in Fig. 3. The images of representative tabular sample, PLT doped
with FeNO3$9H2O, will be shown in the following Section 3.4.
As we can see that the samples doped with FeCl2 and FeCl3 are
multi-morphologies, including tabular sheets, large rod-like sticks
and long wires. Both of the samples were repeatedly prepared to
confirm the reproducibility and exclude the incidental reason.
However, other the samples doped with Fe(CH3COCHCOCH3)3,
FeSO4$9H2O, Fe2O3 and FeOOH respectively are singly tabular
sheets with various sizes. The XRD patterns of samples are shown
in Fig. 4. Two standard patterns of K1.28Ti8O16 (the first line (olive)
from bottom, PDF Card 84–2058) and K0.8Li0.27Ti1.73O4 (the second
line (yellow) from bottom, PDF Card 89–5420) are used as the
references. Both the tetragonal K1.28Ti8O16 and the orthorhombic
K0.8Li0.27Ti1.73O4 are tabular-layered structure. The samples doped
with FeCl2, FeCl3, Fe(CH3COCHCOCH3)3, and FeSO4$9H2O are double
crystal phases, especially the main crystal phase of Fe(CH3COCH-
COCH3)3 doped PLT is K1.28Ti8O16, the main crystal phase of others is
K0.8Li0.27Ti1.73O4. The little peaks located around at 2q¼ 10� in FeCl2
and FeCl3 doped samples indicated that there should be an inter-
layer distance expanding to some extent. The samples doped with
Fe2O3 and FeOOH are single crystal phase, K0.8Li0.27Ti1.73O4. From all
the above mentioned it may be concluded that chloride salts of
iron maybe cause the formation of rod-like sticks and wires and
the valent difference of iron salts seems no obvious effect on the
morphology of PLT particles. Although morphologies of samples
doped with Fe(CH3COCHCOCH3)3, Fe2O3, FeSO4$9H2O and FeOOH
are all singly tabular, doping species of iron have some influence on
the crystal phases of according samples.
3.4. The effect of doping concentration on the size, morphology
and crystal structure of FeNO3$9H2O doped PLT

Typical SEM images of PLT doped with various contents of
FeNO3$9H2O are shown in Fig. 5. It is clear that the average size of



Fig. 5. Typical SEM images of FeNO3$9H2O-doped PLT with different doping concentrations a) 0%; b) 1%; c) 3%; d) 6.6%; e) 11.5%; f) 15%; g) 21%; h) 30%; i) 40%; j) 50% and size
distribution patterns of FeNO3$9H2O-doped PLT with concentrations of k) 1% and l) 30%.
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samples decreases gradually upon increased doping concentrations
of iron. However, when the doping concentration was up to 40% the
size increases slightly instead, and sporadic irregular particles was
found in the sample. When the doping concentration was up to 50%
considerable part of the sample became irregular and big particles.
Typical particle size distribution patterns (Fig. 5k,l) shows that the
average sizes of FeNO3$9H2O-doped PLT with a doping concentra-
tion of 1% and 30% are ca. 50 mm and 12 mm, respectively. As a result,
well-defined tabular FeNO3$9H2O-doped PLT particles can be
obtained in a wide range of doping concentration.

Typical XRD patterns of FeNO3$9H2O-doped PLT particles are
shown in Fig. 6A. All the samples, the doping concentration from 0%
to 50%, show a good single crystal phase as pure PLT, not any impure
peaks are found in them. That means all the iron ions were doped
into the crystal lattice. Although the shape of partial particles of
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Fig. 6. A) Typical XRD patterns and B) curves of lattice constan
FeNO3$9H2O-doped PLT with doping concentrations of 40% and 50%
became irregular, no peaks of impurities were found in XRD
patterns. That means higher doping concentration has no obvious
influence on the crystal phase but on the morphology. According to
the curves of the lattice constants relative to doping concentrations
shown in Fig. 6B, it seems that even the 50% doping concentration
has not yet reached the solubility limit of iron in PLT, which should be
attributed to the mild ionic radii difference between six-coordinated
Fe3þ (0.645 Å) and Ti4þ (0.605 Å) [21]. This also should be the reason
for the increase of lattice constants of FeNO3$9H2O-doped PLT upon
the increased doping concentrations. In other words, the interlayer
space was gradually enlarged due to the larger ionic radium of the
Fe3þ than that of equally six-coordinated Ti4þ. Accordingly, with the
increase of doping concentrations a slight shift of the strongest peaks
(020) to lower 2q can also be found (Fig. 6A).
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Fig. 7. a) diffraction reflectance spectra; b) Schuster-Kubelka-Munk absorbance plot and c) variation of (ahy)2 with hy of FeNO3$9H2O-doped PLT with various concentrations.
The inset of b) is the digital scanning photos of PLT and Fe-doped PLT with various doping concentrations.
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3.5. The effect of doping concentration on the colour
and band gap of FeNO3$9H2O-doped PLT

The UV–vis diffuse reflectance spectra of typical samples are
shown in Fig. 7a. The absorption spectra obtained from the diffuse
reflectance spectra using Kubelka-Munk analysis and digital scan-
ning photo of FeNO3$9H2O-doped PLT with various doping
concentrations are shown in Fig. 7b. It is clear that the absorption
shifts from the UV to the visible region with increasing dopant
concentrations. The colour of the samples gradually changes from
white to red, which is accompanied by a reduction in lightness. In
addition, the intensity of pearlescent luster gradually decays owing
to the corresponding reduction in average size, which is consistent
with the SEM results obtained. Unfortunately, due to limit of the
scanning quality the pearlescent luster of the sample is not clear.

Generally, in order to shift the band gap transition to the visible
spectral region so as to utilize solar energy more efficiently, metal
ion doping is a promising methods used for semiconductors [22].
The metal ion dopant alters the intrinsic electronic structure and
acts as electron or hole trap which increases the photoinduced
electron/hole charge recombination lifetimes, which, in turn,
enhance photocatalytic activity. Owing to its particular electronic
structure and its similar ionic radii size to that of titanium (IV),
doping with iron (III) has been widely investigated [23,24]. The
optical band gap Eg can be determined by the following equation
for a semiconductor: (ahy)n ¼ B (hy � Eg), where hy is the photo
energy, a is the absorption constant, B is a constant relative to the
material, and n is either 2 for a direct band gap or 1/2 for an indirect
band gap. The (ahy)2 w hy curves of various FeNO3$9H2O-doped
PLT are shown in Fig. 7c. The band gap of pure PLT is about 3.82 eV.
The spectra show a red shift in the band gap transition with
increased doping concentrations. The red shift should be attributed
to the charge-transfer transitions between the metal ion d electrons
and the PLT conduction or valence band [25,26], and the band gap
narrowing caused by the heavy-doping effect [27].
Table 1
CIE L*a*b* values and Eg of as-prepared pigments.

Fe content L* a* b* Eg (eV)

Fe 0% 96.08 �1.03 2.74 3.82
Fe 1% 91.45 0.22 9.75 3.43
Fe 3% 87.37 1.79 14.23 3.38
Fe 6.6% 85.70 2.79 15.48 3.32
Fe 11.5% 82.48 4.80 18.03 3.24
Fe 15% 78.44 7.40 21.09 3.00
Fe 21% 74.38 9.40 22.53 2.88
Fe 25% 62.82 14.76 22.46 /
Fe 30% 58.33 14.56 18.68 2.58
Fe 40% 51.39 11.78 11.91 2.46
The CIE L*a*b* (under illuminant D65) and Eg values of
FeNO3$9H2O-doped PLT in various doping concentrations are listed
out in Table 1, according to which, an increase in dopant concen-
tration reduces lightness and the colour becomes redder.

4. Conclusions

Calcination temperature and dopant concentration influence the
size of both PLT and Fe-doped PLT. Owing to the similar ionic radii of
Fe3þ and Ti4þ, it was possible to dope PLT with Fe over a wide range
of concentrations ranging from 1% to 50% to secure red, tabular,
pearlescent, Fe-doped PLT.
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