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Rutile TiOy-coated mica—titania pigments were prepared by hydrolysis of TiCl4 ethanolic solution in
water at 70 °C. MnO; as a rutile promoting additive was deposited onto mica prior to TiO;. X-ray
diffraction and Raman spectra analysis verified that use of only 2.07 wt% MnO, with respect to mica
weight began to provide a complete rutile TiO, coating without calcination. The rutile promoting effects
of MnO, could be ascribed to the structural similarity of rutile and pyrolusite. Scanning electron

microscopy analysis showed that MnO; also had a pronounced effect on the morphology of TiO, coatings.
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The prior deposition of MnO, onto mica lead to the formation of rutile TiO, films composed of highly
oriented fine needles on the mica surface and nanoflower structures on the needle structures. The as-
obtained rutile-TiO, coated mica—titanium pigments are shown to exhibit a high photostability under

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Pearlescent pigments, which can be natural or synthetic, show
outstanding qualities of luster, brilliance and iridescent color effects
resulting from light interference or multiple reflections [1,2]. These
pigments are synthesized by coating low refractive index materials
like mica and silica, with high refractive index materials such
as metal oxides [3]. The metal oxides often used for coating are
TiO,, Fey03, Cry0s3, Sn0O,, ZnO, ZrO, or a complex of these
oxides [4,5].

Pearlescent pigments are widely applied for functional and
decorative purposes, such as optical filters, cosmetics, plastics,
printed products, ceramic, industrial coatings, and car paints for
their effects [6—10]. Some have also been used due to such prop-
erties as electrical conductivity, magnetic properties and IR
reflection [11-13]. The best known examples are mica—titania
pigments that are based on TiO, precipitated onto platelets of
mica [5].
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There are various methods for depositing TiO, onto mica flakes,
including homogeneous hydrolysis, titration, sol—gel technique,
and chemical vapor deposition [1,11,14,15]. Calcinations at 800 °C to
900 °C convert the amorphous TiO, precipitate to crystalline TiO;
thin layer [2]. It is well known that TiO, is a polymorphous
compound, crystallizing as: rutile, anatase, or brookite. All of these
polymorphs have the same fundamental structural octahedral units
with different arrangements [16]. In contrast with the other two
phases, rutile TiO, is the most stable phase even in strongly acidic
or basic conditions [17]. The refractive index of rutile (2.93) is
higher than that of anatase (2.488), so that the effect of strong color
and luster can be achieved when mica—titania pigments consist of
complete rutile layers [18]. Furthermore, rutile has been found to
show poor photocatalytic activities in most case [19,20], which may
help to solve the problem of ‘chalking’ (photooxidation of
surrounding polymeric binders in outdoor weathering initiated by
the pigment) that has been besetting the coatings industry [21—23].
For the foregoing reasons, rutile modification of titanium dioxide
in a pearlescent pigment is more desirable than the anatase
modification.

The synthesis of phase-pure rutile form under low temperature
is generally believed to be very difficult because most of the
techniques adopted for the synthesis of titania produce the
kinetically favorable polymorph of anatase [16,24]. Moreover, due
to the anatase directing effect of mica [25], anatase still exist
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Table 1
Elemental analysis of materials.

Sample Component (wt %)

TiO, Si0, MgO Al,05 K>0 F Na,O MnO, Fe,03 CeO,
mica—TiO, 32.61 29.45 19.71 8.8 6.49 2.21 04 - 0.05 0.13
mica-2.07%Mn0,—TiO, 47.92 22.51 15.41 6.92 5.18 135 - 0.31 0.07 0.13

when the calcination temperature increases to 1000 °C [18,26].
Rutile modification of mica—titania pigments can be obtained via
doping and high-temperature calcination as we reported previ-
ously [27]. However, high-temperature calcination leads to the
formation of cracks in the coating layer, finally leading to the
decline of pearl luster [5,26,28]. So fabrication of rutile TiO;
coated mica—titania pigments at low temperatures is a great
challenge.

In this paper, a novel method of depositing rutile TiO, onto
a mica substrate at 70 °C without calcinations was described. Rutile
TiO; coated mica—titania pigments were synthesized by hydrolysis
of titanium tetrachloride and the effect of MnO; on the
anatase—rutile transformation was investigated.

2. Experimental
2.1. Materials

The mica used as the substrate in this study was synthetic mica,
supplied by Sanbao Pearl Luster Mica Tech CO., LTD, China. Dry mica
flakes were sieved to obtain narrow size distribution. Analytical
grade titanium tetrachloride (TiCls), manganese chloride (MnCly),
absolute ethanol (C;HsOH), sodium hydroxide (NaOH), and
hydrochloric acid (HCl) were used in the experiments, throughout
which distilled water was used.

The starting material in this study to deposit TiO; layer on mica
was TiCly ethanolic solution. In general, concentrated TiCly gives
a sudden reaction with water at room temperature, and Ti(OH)4
forms [29]. In order to prevent such formation, TiCly was added
dropwise into absolute ethanol to obtain the precursor. The main
components of the precursor are TiCly(OCH,CH3)4_x complex
species [30].

A mica
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Fig. 1. XRD patterns of mica—titania pigments with different amounts of MnO;: (a)

mica—TiO,, (b) mica-0.69% MnO,—TiO,, (c) mica-1.38% MnO,—TiO,, (d) mica-2.07%
MnO,—TiO,, (e) mica-2.76% MnO,—TiO,.

2.2. Preparation method

2.2.1. Preparation of pure mica—titania pigments

The preparation of pure mica—titania pigments was carried out
in the following way [18,31]. First, 10 g of mica was dispersed with
1 L distilled water. The batch was then heated to 70 °C under stir-
ring and pH value was adjusted to 1.0 with diluted hydrochloric
acid. Then 0.120 L precursor was introduced into the agitated slurry
at a constant speed of 0.5 mL/min. The pH value of the slurry was
kept constant by simultaneous addition of NaOH solution. After the
addition was completed, the slurry was aged for 1 h and then
allowed to settle and cool to room temperature. Lastly, the particles
were separated, washed with distilled water, and dried at 70 °C for
24 h. This sample was labeled as mica—TiO5.

2.2.2. Preparation of mica—titania pigments with a prior deposition
of MnO;

The introduction of MnO; in order to obtain rutile phase of TiO;
onto mica substrate was achieved using MnCl, solution. First, mica
was suspended in distilled water and heated to 70 °C, and the pH
value of the slurry was adjusted to 2.0 using HCl. Then, MnCl;
aqueous solution (15 g/L) was added dropwise while the pH value
was held constant by simultaneous addition of NaOH solution for
1 h. Weight ratios of MnO, to mica were 0.69%, 1.38%, 2.07% and
2.76% respectively. Then, the pH value was adjusted to 1.0, and the
TiO; coating was deposited on mica by addition of precursor the
same way as described in 2.2.1. The final samples were labeled as
mica-x% MnO,—TiO; (x = 0.69, 1.38, 2.07 or 2.76).

2.3. Characterization
2.3.1. X-ray diffraction analysis

X-ray powder diffraction (XRD) analysis was performed using
a PANalytical X'Pert Pro diffractometer using Cu Ko radiation at
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Fig. 2. Mass fraction of rutile phase of the mica—titania pigments with different MnO,
loadings.
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Fig. 3. Raman spectra of (a) mica and (b) mica-2.07%MnO,—TiO-.

40 kV and 40 mA for the crystal structure determination of TiO, on
mica. XRD patterns were recorded in the 26 range from 20° to 60°
with a step size of 0.01° and a scan step time of 0.3 s.

The percentages of anatase and rutile in the TiO, layer were
calculated from X-ray powder diffraction intensities corresponding
to anatase (101) and rutile (110) reflections. Then, the mass fraction
of rutile, Xg, was determined by following equation [32,33].

1
T 111.26(/Iy)

where I5 and I are the intensities of anatase (101) reflection and
rutile (110) refection, respectively.

Xr x 100% (1)

2.3.2. Scanning electron microscopy analysis

The samples were examined by scanning electron microscopy
(SEM, Nova NanoSEM 430, FEI Company) to characterize the
morphology of TiO; coatings. The operation voltage was 10 kV.

2.3.3. X-ray fluorescence spectrometry analysis

Chemical composition of mica—titanium pigments was deter-
mined by X-ray fluorescence spectrometry using a model PAN-
alytical Axios.

2.3.4. Raman spectroscopy analysis

Raman spectroscopy was done on a LabRAM Aramis (HORIBA
Jobin Yvon) with spectral resolution of 1 cm~". The laser line of the
exciting source was at 532 nm.

2.3.5. Optical properties

To investigate the optical properties of the pigments, the
pigment powders were pressed into a wafer with a diameter of
1.5 mm. Then, the spectral reflectance and the CIE L*a*b* of the
pigment samples under 10°were measured by the X-Rite Inc model
spectrophotometer (D65 illuminant).

2.3.6. Photocatalytic activity test

The photocatalytic activities of the samples were evaluated by
the degradation of Rhodamine B (RhB) in an aqueous solution. Each
sample containing 150 mg of TiO, was suspended in a 150 mL of
aqueous solution of 20 mg/L RhB. The solution was continuously
stirred for about 1 h to ensure the establishment of an
absorption—desorption equilibrium among the pigments, RhB, and
water before irradiation. Then the solution was illuminated by
a 160 W high pressure mercury lamp (Philips, UV wave-length of
the maximum intensity: 365 nm) in a black box. The distance
between light source and the top of the solution was about 10 cm.
The concentration of RhB solution was monitored by using a Cary
60 UV—VIS spectrophotometer (Agilent Ltd.)

3. Results and discussion
3.1. The effect of MnO; on the anatase—rutile (A—R) transformation

Table 1 presents the chemical composition of mica—TiO, and
mica-2.07%Mn0,—TiO, determined by XRF. SiO;, Al;03 and MgO
are the main components of mica. The loading of TiO; in
mica—MnO,—TiO; is higher than that of mica—TiO,. The reason
may be that the prior deposition of MnO, increases the surface
roughness of mica, and higher surface roughness favors the
absorption of TiO, nuclei onto mica surface.

The XRD patterns of mica—titania pigments prepared with
different amounts of MnO, are shown in Fig. 1. The XRD peaks
appearing at 26 = 25.1° corresponds to (001) plane of anatase TiO;
(JCPDS 21-1272) and the XRD peaks with 26 values of 27.1, 40.9°,
54.0°, 56.2° correspond to (110), (111), (211), (220) planes of rutile
TiO, (JCPDS 21-1276). It is found that when the sample is not
treated with any additives, only anatase appears (Fig. 1(a)).
However, the peaks of rutile phase appear when mica particles are
deposited with MnO,. Then the intensity of rutile increases and the
peaks of rutile sharpen with increasing loadings of MnO, while the
intensity of anatase decreases. When the loading of MnO; is
increased to 2.07%, the TiO; in the mica—titania pigments is in the
rutile phase, so anatase transforms to rutile completely.

Fig. 2 shows the graphical illustration of the change of mass
fraction of rutile phase with varying MnO, loadings. It is clear that
the mass fraction of rutile phase goes up gradually with increasing
MnO; loadings, which is followed by a leveling off at 100%.

In order to further confirm the surface coating is in rutile phase,
Raman spectroscopy was used. The anatase and rutile phase of TiO;
can be sensitively identified by Raman spectroscopy based on their
Raman spectra. The major Raman bands of anatase phase are at 144,
197, 399, 515, and 639 cm™ .. These bands can be attributed to the
five Raman-active modes of anatase phase with the symmetries of
Eg, E; (low-frequency), Big, A1g, and Eg (high-frequency), respec-
tively [34,35]. The typical Raman bands of rutile phase appear at
143, 235, 447, 612 cm™!, which can be ascribed to the Big, two-
photo scattering, Eg, and Az modes, respectively [36,37]. As can

Table 2
The lattice parameters of anatase, rutile, and pyrolusite, respectively. The unit of all
the values is angstrom (A).

Phase Lattice parameters

a

Anatase (TiO,) 3.7852 9.5139
Rutile (TiO3) 4.5933 2.9592
Pyrolusite (MnO;) 43999 2.8740
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Fig. 4. (a) SEM images of mica particles, (b) higher resolution SEM image of the surface of a mica particle.

be seen from Fig. 3(b), the peaks appearing at 253, 437, and
609 cm ™! are typical rutile bands, and the other two weak peaks
appearing at 196 and 681 cm~' can be ascribed to mica. So the
Raman spectra confirm that the TiO, coating is in the pure rutile
phase when the loading of MnO; is increased to 2.07%, which is
consistent with the XRD result.

In general, anatase—rutile transformation requires a fairly high
temperature, varying from 400 to 1200 °C in a solid-state reaction
[38,39]. So it is unusual to observe the transformation of anatase to
rutile at the low temperature of 70 °C, for which there must be
a different mechanism involved in the low temperature
transformation.

In order to understand how MnO, affects the anatase—rutile
transformation of TiO,, crystal structures of the phases can be

examined (Table 2). It can be seen that the lattice parameters of
rutile and pyrolusite are strikingly close to each other along both
a and c axes, while anatase has an elongated unit cell along c-axis
and a slightly smaller unit cell along a-axis. Besides, rutile TiO; and
pyrolusite both have a tetragonal structure. Therefore, MnO, as
crystal seeds can decrease the activation energy of the reaction of
formation of rutile in the liquid hydrolysis of TiCl4 and promote the
growth of rutile TiO,, leading to the low temperature formation of
rutile TiO».

3.2. Morphology of mica—titanium pigments

The SEM images of the naked mica show that the mica powder
has a flaky shape with a fairly smooth surface (Fig. 4). These

Fig. 5. SEM micrographs of mica—titanium pigments: (a,b) mica—TiO,, (c,d) mica-2.07%Mn0O,—TiO,.
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Fig. 6. The spectral reflectance curves of mica—titania pigments with different MnO,
loadings: (a) 0, (b) 0.69%, (c) 1.38%, (d) 2.07%.

particles are of 10—70 pm in length and less than 1 um in thickness.
Fig. 5 shows SEM images of TiO, thin layers deposited on mica. The
TiO, thin layers on mica for mica—TiO; appear to be a smooth and
uniform plate. The TiO, coating layers are composed of anatase TiO;
nanoparticles with an average particle size of 15 nm. However,
the surface morphology changes remarkably for mica-2.07%
MnO,—TiO;. Uniform rutile TiO, films are composed of highly
oriented fine needles on mica surface. The diameter of the nano-
rods ranges from 10 to 35 nm. The film is so dense that it was
difficult to evaluate the length of the nanorods. In addition nano-
flower structures can be observed on the needles. These flowerlike
structures are composed of many nanoplates. These nanoplates are
of 23—60 nm in width and 120—240 nm in length.

3.3. Optical properties of mica—titanium pigments

Fig. 6 shows the reflectance of the mica—titanium pigments
with varying MnO- loadings. It’s clear that when the sample is not
treated with any additives, the pigment shows a high reflectance in
the whole visible region, so it has a white color. Then the reflec-
tance decrease sharply in the region of 400—500 nm while
remaining a high level in the region of 600—700 nm with
increasing loadings of MnO,, indicating the color becomes redder.

In order to further investigate the color characteristics of the
pigments, CIE L*a*b* values of the pigment samples are measured.
As shown in Table 3, an increase in MnO, loading leads to the
reduction of lightness and the increase in red and saturation, which
is consistent with the reflectance result.

3.4. Photocatalytic properties of mica—titanium pigments

To demonstrate the potential applicability in coatings or poly-
mers of the as-obtained rutile TiO, coated mica—titanium

Table 3
Color characteristics of the samples.

Sample Color coordinates

L* a b* c
Mica—TiO, 99.07 0.15 1.99 1.99
Mica-0.69%Mn0O,—TiO, 89.97 3.20 9.30 9.84
mica-1.38%MnO,—TiO, 84.09 6.24 16.17 17.33
Mica-2.07%Mn0O,—TiO, 83.14 7.58 19.15 20.59

L", lightness; a*, red-green index; b", yellow-blue index; C*, Chroma.
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Fig. 7. The photocatalytic degradation of RhB in the presence of mica—TiO, and mica-
2.07%Mn0O,—TiO,.

pigments, the photocatalytic activity was investigated by exam-
ining the photocatalytic degradation of Rhodamine B (RhB). Fig. 7
shows that nearly all of the RhB was decomposed by mica—TiO;
whilst only a small amount of RhB was degraded by mica-2.07%
MnO,-TiO, in 5 h. So the as-obtained rutile-TiO, coated
mica—titanium pigments exhibit a high photostability under UV
illumination, which may help to enhance the durability of organic
substrates such as polymers and coatings.

Several reasons may account for the poor photocatalytic activities
of rutile-TiO, coated mica—titanium pigments prepared in this study.
First, due to rutile’s slightly lower Fermi level, low capacity to absorb
oxygen and lower degree of hydroxylation (i.e., number of hydroxy
groups on the surface), rutile shows lower photocatalytic activity than
that of anatase [40]. Moreover, Mn** may enter the crystal structure of
TiO,, which is accompanied by the formation of defects [41]. Such
defects may act as the recombination center for electron—hole pair,
further reducing the photocatalytic activity of rutile TiO,.

4. Conclusions

Nanometer titanium dioxide (TiO,) was deposited on mica flakes
using a chemical liquid deposition method. Under normal circum-
stances, anatase is the crystalline phase of TiO, deposited, such as
the mica—TiO, sample. Increasing amounts of MnO; deposited onto
mica prior to TiO; coatings lead to an increasing mass fraction of
rutile phase with respect to anatase. The use of only 2.07 wt% MnO-
to the weight of mica was found to begin to provide a complete rutile
TiO, coating without the need for calcination. Due to the remarkable
epitaxial match between the unit cell dimensions of pyrolusite and
rutile phases, MnO> could act as crystal seeds, favoring the low
temperature formation of rutile. Moreover, MnO; also had
a pronounced effect on the morphology of TiO, coatings. The prior
deposition of MnO, onto mica lead to the formation of rutile TiO,
films composed of highly oriented fine needles on mica surface and
nanoflower structures on the needle structures. The as-obtained
rutile-TiO, coated mica—titanium pigments are shown to exhibit
a high photostability under UV illumination.
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