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A novel red pigment displaying consistent properties up to a
heating temperature of 1000 �Cwas synthesized, which indicates
that the multilayer silica coating actually minimizes the agglom-
eration of the nanoparticles.

In the ceramic industry, there is a restricted choice for red/
yellow colors because Cd-based pigments can affect the environ-
ment and human health. Recent investigations reveal that these
toxic pigments can be replaced by nontoxic pigments such as
CaTaO2N.

1 �-Fe2O3 belongs to an important class of inorganic
red pigments which are composed of nontoxic and safe ele-
ments.2,3 Ceramic pigments must possess thermal and chemical
stability at high temperature.4 However, it has been shown that
the tonality of hematite changes due to agglomeration at high
temperature. To minimize agglomeration and oxidation, we pro-
posed a multilayer coating system with silica. The silica-coating
approach is particularly attractive because silica surfaces are
easy to functionalize and nontoxic.5–9 In addition, silica has
transparency which is applicable to bio and optical applica-
tion.10,11 Recently silica and surface-modified hydrophobic
nanoparticles are important for dispersion and bio-applications.
In contrast, hydrophilic nanoparticles were easily coated with
silica using tetraethylorthosilicate (TEOS) in ethanol solution.12

However, some particles have weakly interaction with silica,
which is necessary to modify the surface of nanoparticles.13,14

In the present study, we chose cetyltrimethylammonium bro-
mide (CTAB) as a surface modifier and successfully synthesized
�-Fe2O3@CTAB@SiO2 (Scheme 1).

The starting materials, FeCl3.6H2O (97%), NaH2PO4

(99.999%), tetraethylorthosilicate (TEOS, 99.999%), NH4OH
(28% solution in water, 99.99%), and cetyltrimethylammonium
bromide (CTAB, 99%) were purchased from Aldrich. All mate-
rials were used as received without further purification. The red-
dish spindle �-Fe2O3 nanoparticles were prepared via a hydro-
thermal method as described previously.2,15 The size distribution
and shape of the as-prepared nanoparticles are homogeneous.
The length of spindle hematite was determined to be around
300 nm (Figure 1a). The prepared �-Fe2O3 (0.15 g) nanoparti-

cles were dispersed in a mixture of 9mL of ethanol and 12mL
of water by sonication for 5min, followed by the addition of
CTAB (15mg) and NH4OH (28%, 50mL). After about 30min,
30mL of TEOS was added dropwise to the �-Fe2O3 solution
at room temperature. After the formation of a thin intermediate
layer in basic solution, TEOS was added directly to the solution
for further silica growing, without any purification.

Silica thickness can be controlled through the various syn-
thetic conditions.16 We were able to reliably control thickness
by changing reaction time. Figures 1b–1d show the TEM images
taken at various stages of the coating process with different reac-
tion times. The thickness of the silica coating increased with
time, as long as there was sufficient TEOS in the ammonia solu-
tion. Thickness of the silica layer was 5, 26, 32, and 41 nm at 0.5,Scheme 1. The formation of �-Fe2O3@CTAB@SiO2.

Figure 1. SEM image of (a) spindle �-Fe2O3 particles (bar =
100 nm) and TEM image of (b) silica-coated Fe2O3. (c) TEM
images of �-Fe2O3@SiO2 with a SiO2 shell thickness of 5 nm,
(d) 20 nm, (e) effect of reaction time on the SiO2 shell thickness
of silica-coated iron oxide.
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3, 24, and 70 h, respectively (Figures 1b–1e). For this study, 24-h
reaction time samples were chosen and characterized.

Core–shell type hematite nanoparticles contain surfactants
CTAB which were assigned by IR and TGA. The thermal behav-
ior of the �-Fe2O3 and silica-coated �-Fe2O3 samples were stud-
ied by thermogravimetric analysis in oxygen/nitrogen atmo-
sphere at a heating rate of 5 �Cmin�1.

In the case of silica-coated �-Fe2O3, the first step was visi-
ble between 350–400 �C, which might be derived from the ther-
mal decomposition of CTAB molecules that were used prior to
the silica coating on �-Fe2O3 (Figure S1).17 The infrared spec-
trum of silica-coated nanoparticles exhibits several bands from
2920 to 2950 cm�1 and from 1480 to 1490 cm�1, characteristic
regions for �as(–CH3) and �as(–CH2–) bands from CTAB mole-
cules, respectively. For silica-coated nanoparticles, a band is ob-
served around 1200 cm�1 (Figure S2).17 The XRD patterns show
that silica-coated �-Fe2O3 nanoparticles have diffraction peaks
similar to that of the parent �-Fe2O3 nanoparticles. There is a
small peak around 2� ¼ 22� corresponding to the amorphous
SiO2 (Figure S3)17 which means the iron oxide particles were
well retained in the silica matrix.

There are several methods for color measurement, but in
ceramic practices the CIE Lab method is usually accepted to
specify the color of a product. Three parameters, L�, a�, and
b�, measure brightness, red/green and yellow/blue color inten-
sities, respectively. Table 1 shows the value of the CIE Lab
measurements of three different samples. The commercial �-
Fe2O3 powder that is used as a red pigment for Japanese porce-
lain enamel was used as a reference. The L�, a�, and b� CIE Lab
values of �-Fe2O3 nanoparticles by Katsuki were published.2

The L�, a�, and b� CIE Lab value of spindle �-Fe2O3 are higher
than those of commercial �-Fe2O3. Silica-coated hematite has a
similar value to that of �-Fe2O3 which means silica does not af-
fect red color tonality. In the case of commercial and spindle
nanoparticles, especially samples which were heat treated at
1000 �C, a0� and b0� factors evidently decreased (Figures 2a
and 2b, Table 1). However, in the case of silica-coated hematite,
there is not a big difference observed after heating at 1000 �C
(Figure 2c, Table 1).

In summary, we have reported the successful synthesis of
uniform silica-coated �-Fe2O3 nanoparticles using a CTAB
which could be helpful to grow TEOS over CTAB-modified par-
ticle surfaces. The thickness of the silica layer was reproducibly
controlled using reaction time as the main parameter. Nanosized
silica-coated �-Fe2O3 showed higher tonalities of reddish-to-

yellow than those of commercial powders. In addition, after cal-
cinations at 1000 �C, the tonality of silica-coated red pigment
was not changed.
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Table 1. The CIE Lab values of three different samples as a
function of calcination

Samplea
CIE Lab valueb

L� L0� a� a0� b� b0�

1 55.3 53.0 9.5 6.2 5.5 1.2
2 56.6 56.2 14.6 8.0 10.0 4.5
3 55.9 55.1 16.9 15.3 10.3 9.2

a1: commercial �-Fe2O3, 2: 300-nm nanosized �-Fe2O3, and
3: silica-coated 300-nm nanosized �-Fe2O3.

bL�, a�, and b�:
values before heating at 1000 �C. L0�, a0�, and b0�: values after
heating at 1000 �C.

Figure 2. Color of red pigments prepared from three different
samples at room temperature and 1000 �C. CIE Lab values
before and after heating at 1000 �C results of (a) commercial
�-Fe2O3, (b) 300-nm nanosized �-Fe2O3, and (c) silica-coated
300-nm nanosized �-Fe2O3.
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