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Abstract
Mn-doped TiO2 nanocrystals encapsulated in a carbon layer (Ti1−x Mnx O2 @C) were
synthesized by the one-pot RAPET (reaction under autogenic pressure at elevated temperature)
technique. Manganese was doped into the body-centered tetragonal TiO2 anatase phase to give
a Mn:Ti atomic ratio of 1%, 5% and 10%. The surface modification by carbon was achieved in
order to make the cubic/tetragonal nanocrystals non-toxic and biocompatible. Electron
paramagnetic resonance (EPR) studies revealed a broad resonance (centered at g = 1.9977 due
to the interacting spins in the oxide matrix) with increased dopant concentration and the
resonance due to carbon. Manganese is mainly present as +II or +III oxidation states. The
magnetic behavior was found to be very dependent on the manganese concentration with a
ferromagnetic behavior of the 1% doped sample due to the coupling between carriers and
manganese spins. A predominant paramagnetic behavior was observed for the higher Mn-doped
samples. This study opens up a new dimension for the carbon encapsulation of
room-temperature ferromagnetic diluted magnetic semiconductor (DMS) nanomaterials.
(Some figures in this article are in colour only in the electronic version)

doping results in a TC much below room temperature [1].
Nevertheless, the magnetism was found to be sensitive to
the synthetic method. Doping manganese into semiconductor
nanocrystals is very difficult and controversial due to the
self-purification process whereby the Mn has a tendency
to be expelled to the nanocrystal surface [4].
In this
context, transition-metal-doped titanium dioxide (TiO2 ) single
crystals, thin films, and nanoparticles have been extensively
studied in recent years [1, 5–10].
TiO2 exists in a
variety of crystal structures, namely, anatase (tetragonal),
rutile (tetragonal), and brookite (orthorhombic), and it is an
important oxide semiconductor with a high intrinsic band
gap (3.2 eV for anatase and 3.0 eV for rutile) [7]. It
has also been proved theoretically that transition-metal-doped
anatase TiO2 is highly suitable for spintronic applications [11].

1. Introduction
The diluted magnetic semiconductors (DMS) consist of
semiconductors doped with spin as a new degree of freedom
of an electron, and they have attracted much attention for
their potential applications in spintronics [1]. The Mn
ion is often used as a spin injector since Mn2+ acts as a
paramagnetic center ( S = 5/2), and an sp–d exchange
interaction exists between the electron/hole band states of
the semiconductors and the Mn2+ 3d5 electron states [2].
The major aim in realizing spintronic devices is to develop
DMS with a ferromagnetic Curie temperature (TC ) at/above
room temperature [3]. However, the electron density is
limited to only 1019 cm−3 , and the difficulty of hole
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The nature of magnetism is observed to vary in the
reports on Mn-doped TiO2 samples, in regard to roomtemperature ferromagnetism [7–9], superparamagnetism [5],
paramagnetism [6], and antiferromagnetism with a Néel
temperature TN = 41–65 K [10].
Moreover, TiO2 nanomaterials are biocompatible and are
used in a variety of bioapplications such as the selective
photo-killing of cancer cells, to provide corrosion resistance
in biofluids, and as platforms for localized drug delivery [12].
Nevertheless, the toxic effects from the use of nanomaterials
pose a limit to the wide range of bioapplications. On this
note, various forms of carbon such as carbon nanotubes,
disordered, amorphous, diamond, or graphitic carbon have
been proven over the years as successful coating materials
to increase the biocompatibility for biological/biomedicinal
applications [13]. Hence, this potential application led us
to encapsulate anatase TiO2 nanocrystals within a carbon
layer and to study their magnetic properties. To the best
of our knowledge, this has never been attempted before in
the case of anatase nanoparticles and transition-metal-doped
TiO2 nanocrystals. Obviously, the surface modification of
nanocrystals with coating agents is important for achieving
better control over magnetization [5]. The carbon layer over
the Ti1−x Mnx O2 nanocrystals was formed without the use of
any template by the one-pot, solvent-free RAPET (reaction
under autogenic pressure at elevated temperature) approach.

2.3. Characterization
The products obtained were structurally characterized using
powder x-ray diffraction (XRD, Cu Kα = 1.5418 Å
radiation, Bruker AXS D8), inductively coupled plasma atomic
emission spectroscopy (ICP-AES; spectroflame module E ),
energy-dispersive x-ray spectroscopy (EDS, JEOL, 2010),
a high resolution scanning electron microscope (HRSEM,
JSM, 7000F), and a low/high resolution transmission electron
microscope (TEM/HRTEM, JEOL, 2010).
The EPR
experiments were performed at the X band ∼9.5 GHz on
a Brucker ESP300 spectrometer with microwave powers
between 0.02 and 200 mW. Temperature studies from 100 to
300 K were carried out using an Oxford gas-flow cryostat.
Magnetic properties were measured using a superconducting
quantum interference design (SQUID) magnetometer MPMS
XL7, in the temperature range 2–300 K and applied fields of
0–5 T. The temperature-dependent susceptibility was measured
using a DC procedure. The sample was cooled to 2 K under a
zero magnetic field. A low magnetic field (20 mT) was applied
and data were collected from 2 to 300 K (zero-field-cooled,
ZFC). Field-cooled (FC) measurements were performed from
2 to 300 K with an applied field during the cooling. High
temperature magnetic measurements were performed on a
MagLab (Oxford Instruments) vibrating sample magnetometer
(VSM) operating at T = 300–1000 K under a field of
μ0 H = 2 T.

3. Results and discussion
2. Experimental details
The Ti1−x Mnx O2 @C products with Mn:Ti atomic ratios of 0
(T0), 0.009 (T1), 0.049 (T2), and 0.098 (T3) were examined
by ICP-AES (inductively coupled plasma atomic emission
spectroscopy) analysis, after the samples were dissolved upon
prolonged digestion in hot concentrated aqua regia. The
corresponding Mn:Ti atomic ratios matched perfectly with the
EDS analysis performed on the samples (discussed later). The
XRD patterns of the Ti1−x Mnx O2 @C products are shown in
figure 1. All the reflection peaks in the products were readily
indexed to the body-centered tetragonal TiO2 anatase phase
with space group I 41/amd , which agree well with the reported
data in JCPDS card no. 89-4921. The XRD results indicate the
formation of a single-phase compound without any impurity.
The reaction conditions were controlled and optimized to
eliminate any manganese oxide impurity phase formation, and
such peaks were not detected in the XRD patterns. Reflections
from a carbon crystalline phase are not observed, which might
be due to the amorphous or semi-crystalline nature of carbon.
The lattice parameter a was calculated as 0.377, 0.378, 0.378,
and 0.378 nm, and c as 0.947, 0.951, 0.953, and 0.956 nm, for
T0, T1, T2, and T3, respectively. Accordingly, the c/a ratio
increases continuously from 2.51 (T0) to 2.53 (T3). This slight
change in the lattice parameter would suggest substitutional
doping, with manganese occupying the Ti4+ tetrahedral site.
The radii of Mn cations are very dependent on the oxidation
state (Mn2+ : 80 pm, Mn3+ : 72 pm, Mn4+ : 53 pm) compared
to titanium (Ti4+ : 56 pm). The lattice unit expansion is an
evidence of the Mn2+ or Mn3+ oxidation state in the titania
matrix with consequent oxygen vacancies.

2.1. Materials
Titanium (IV) isopropoxide [Ti(OCH(CH3 )2 )4 , Aldrich, 97%,
density = 0.955 g ml−1 , 20 ◦ C] and manganese (II) acetate
tetrahydrate [C4 H6 O4 Mn·4H2 O, Fluka, >99%] were used as
received.
2.2. Synthesis
Mn-doped TiO2 nanocrystals coated with carbon were
prepared in a cell made of a Swagelok union. 1 ml of
Ti(OCH(CH3 )2 )4 and a stoichiometric amount of C4 H6 O4 Mn·
4H2 O (according to the Mn:Ti atomic ratio of 0, 0.01, 0.05
and 0.1) were mixed and introduced into a quartz tube placed
within the 2 mL stainless steel Swagelok reactor inside a N2 filled glove box. The quartz tube was used to eliminate the
impurities from the Swagelok body components such as Fe,
Co, Ni, or Cr. The filled Swagelok reactor was tightly closed
with the other plug and placed at the center of the tube’s
furnace. The temperature of the furnace was raised to 800 ◦ C
at a rate of 10 ◦ C min−1 and maintained for 4 h. The Swagelok
reactor was gradually cooled (∼5 h) to room temperature and
opened. The products were sonicated in an ultrasound bath
with ethanol for 2 h, separated, and dried under vacuum,
to remove the free carbonaceous species that might act as a
contaminant layer on the nanocrystals. The yield of the gray
colored product was ∼91%.
2
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because the carbon forms an overlapping layer on top of the
nanocrystals. In fact a ubiquitous homogeneous carbon shell
on the individual TiO2 nanocrystals could not be envisaged.
The cross-sectional dimensions of the tetragonal nanocrystals
are 57 ± 5, 40 ± 6, 36 ± 7, and 41 ± 4 nm for T0, T1, T2,
and T3, respectively. The ellipsoidal nanostructures of T3 are
41 ± 5 nm in diameter and 160–170 nm in length and they
are encapsulated by a carbon shell (figure 2(c)). Apart from
the carbon layer over the nanocrystals, carbon microstructures
(spheres/ellipsoids) were observed in all the products. The
carbon ellipsoids have an average diameter, D = 2.8 μm and
length, L = 3.9 μm. The carbon ellipsoids can be separated
from the Mn-doped TiO2 nanocrystals by heat treatment in
air 500 ◦ C, which will, however, alter the oxidation states
of the Mn dopant. The C, H, N analysis of the products
revealed a carbon wt% of 33.8, 37.7, 34.3, and 36.0 in T0–
T3, respectively. The overlapping carbon layer is confirmed
from figure 3, which shows the elemental dot mapping (WDX)
of a section of the product in T3, comprised of carbon
microstructures and the nanocrystals. A highly sensitive, wavedispersive x-ray analyzer (WDX) was coupled to the HRSEM
instrument. The sample was dispersed on a Si wafer. The
contents of C, Ti, O, and Mn are presented in figures 3(b)–(e),
respectively. The carbon signal is observed everywhere within
the sample region, which confirms the encapsulating carbon
layer over the Ti1−x Mnx O2 nanocrystals. The Ti, O, and Mn
signals are detected within the position of the nanocrystals.
Although manganese is found to be uniformly distributed
within the nanocrystals, the few dense spots indicate the
segregation of Mn. The energy-dispersive x-ray spectroscopy
(EDS) spectra were recorded at six different locations of the
samples to ascertain the homogeneity in stoichiometry (Mn:Ti)
of the nanocrystals. The results confirmed the homogeneity of
the products. The Mn:Ti atomic ratios of 0.009(1), 0.049(2),

Figure 1. X-ray diffraction (XRD) patterns taken from the
synthesized products.

The structure and morphology of the products were
examined using high/low resolution SEM/TEM images.
Figure 2 shows the HRSEM images of the products. From
T0 to T2, the majority of the nanoparticulates are partially
cubic/tetragonal in shape. Few of the nanocrystals are
irregular, while in T3 the nanorod-like ellipsoidal structures
are mixed with the tetragonal-shaped nanocrystals. The
carbon shell is not very distinct in the HRSEM images

Figure 2. HRSEM images of the representative (a) T2, (b) T3, (c) T3 ellipsoidal nanostructures, and (d) carbon micro-ellipsoids.
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Figure 3. (a) Selected image of T3 for x-ray dot mapping, x-ray dot mapping for (b) C, (c) Ti, (d) O, and (e) Mn on the selected 3(a) image,
and (f) the bulk EDS spectrum of T3.

Figure 4. Bright-field TEM images of (a) T0, (b) T3, (c) T3 ellipsoidal nanostructures, and (d) HRTEM image of T1.

and 0.098(2) for T1, T2 and T3, respectively were calculated as
an average of the results from the six different locations. The
representative EDS result for T3 is shown in figure 3(f).

The HRSEM images are corroborated by the TEM
micrographs shown in figure 4. The tetragonal/cubic shape
of the nanocrystals is observed in the TEM images. The
4

Nanotechnology 19 (2008) 495711

S Bhattacharyya et al

nanocrystals are 52 ± 6, 30 ± 8, 34 ± 4, and 54 ± 9 nm
in cross-section for T0, T1, T2, and T3, respectively. The
ellipsoidal/nanorod structures observed in T3 (figure 4(b)) and
figure 4(c) present a close view of two such ellipsoids/nanorods
with D = 34 ± 3 nm and L = 60–80 nm. The
HRTEM image of the nanocrystal in T1 (figure 4(d)) further
verifies the identification of the tetragonal phase with a perfect
arrangement of the atomic layers. The distance measured
between the (101) lattice planes is 0.35 nm, which matches
well with JCPDS card no. 89-4921.
The formation of Mn-doped TiO2 nanocrystals with the
encapsulating carbon layer occurred with the decomposition
of the Ti(OCH(CH3)2 )4 and C4 H6 O4 Mn·4H2 O precursors into
their gaseous state, when heated to 800 ◦ C inside the Swagelok
reactor. Titanium (IV) isopropoxide decomposed to form TiO2
along with the hydrocarbons such as C3 H8 , CH3 CH=CH2 ,
(CH3 )2 CHOH, and H2 O [14].
At a high temperature
such as 800 ◦ C, the hydrocarbons ultimately decomposed
to form carbon. Manganese (II) acetate tetrahydrate was
pyrolyzed simultaneously to form Mn(CH3 COO)2 , which
further dissociated into MnCO3 and CH3 COCH3 [15]. MnCO3
forms Mn–O (Mn species) and CO2 whereas CH3 COCH3
ultimately decomposed to carbon and CO2 . Manganese was
successfully doped into the TiO2 lattice in the gaseous phase
and the products solidified right after they were formed.
Since carbon has a slower solidification rate, it formed the
encapsulating layer over the nanocrystals. As a consequence
the partially reduced surface of the transition-metal oxide
acted as a highly reactive adsorbent for alkene molecules
formed on high temperature thermolysis of isopropanol
and/or di-isopropyl ether (primary products of the thermal
decomposition) and led to alkene polymerization on the
surface and dehydrogenation processes [16]. Sometimes,
the polymerization and carbonization processes occurred to
a lesser extent in the absence of an anisotropic metal oxide
crystal and this led to partially isotropic/anisotropic carbon
spheres (figure 2(d)).

4. Dopant state by EPR probe
In the Mn-doped titania, the location of Mn at different possible
sites (core or surface, substitutional or interstitial site) present
in a nanocrystal can be envisaged from EPR measurements,
and hence EPR spectra act as a probe to study the Mn state,
coordination, and Mn–Mn interactions [17]. EPR analysis
was performed at room and low temperature (100 K) for all
samples (figure 5). The undoped sample displays a narrow
band associated with the free radicals on the surface of the
carbon coating. The value of the g -factor (g = 1.9977) and the
line width of 0.8 mT are in agreement with the values found in
the literature [18].
In general, the hyperfine interaction between the 55 Mn
nucleus ( I = 5/2) and the electron spin gives rise to the sixline EPR spectrum in Mn-doped oxides with a low amount of
dopant [19]. While Mn2+ ( S = 5/2) and Mn4+ ( S = 3/2)
are visible and discernible, Mn3+ is usually silent in X-band
EPR (9–10 GHz) mainly due to a large zero-field splitting.
Interestingly, in our case, we did not observe any resonance

Figure 5. EPR spectra for T0–T3 recorded at T = 100 K (black line)
and T = 300 K (dot-dash line).
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even at low temperature for T1, except the resonance due to
the carbon. The absence of the resonance of Mn2+ is certainly
due to the presence of the dopant in the +III state in the
substitutional site [5].
Upon dopant increase, this band is superseded by a second
broadened band, centered at g = 1.9977, which increases in
intensity with the increase in Mn concentration, and nearly
overwhelms the narrow band for T3. This broad resonance
(bandwidth 13.2 mT) corresponds to spins in interactions
within the oxide matrix. This bandwidth increases at low
temperature, which is typical of a collective effect in the
solid state. Only a slight decrease in intensity was observed
on increasing the temperature from 100 to 290 K. Unlike
previous reported results [20, 21], no EPR resonance was
observed at g = 4–5, which could rule out the presence of
Mn4+ species [22, 23]. Therefore, the observed line could
be due to Mn in the +II or +III oxidation state. The EPR
spectra of Mn2 O3 and Mn3 O4 nanocrystals were reported
before [24, 25]. Even if the XRD analysis does not show the
presence of any impurity, EPR could be sensitive to traces.
However, the experimental bandwidth does not correspond
to the one reported for Mn2 O3 (H = 44.0 mT) [24]
and Mn3 O4 (H = 7.0 mT) [25]. Contrary to CdSe,
where Mn2+ can only substitute the Cd2+ ion [26], the titania
matrix allows Mn to substitute Ti4+ as the Mn2+ , Mn3+ , or
Mn4+ ion. The stabilities of the three species are close and
mainly depend on the synthetic procedure and post-synthesis
treatment. Although the Mn molecular precursor is in the +II
state, with the extreme synthetic conditions (high temperature
synthesis from acetate) leading to a carbon by-product, the
release of an oxidative agent is very likely and this leads
to the formation of Mn3+ to accommodate the oxide matrix.
However, there should exist an overall reducing environment
in the closed Swagelok reactor, considering the presence of a
reasonably high H/O ratio in the mixture due to the starting
Ti(OCH(CH3 )2 )4 and C4 H6 O4 Mn·4H2 O precursors and the
ultimate formation of Ti1−x Mnx O2 , H2 O, and carbon. This
is the probable reason for the absence of Mn4+ species in
the final products. When indirect spin interactions occur,
the broad resonance reveals a collective magnetic behavior.
In a sense, this could be compared to the EPR of Mn2 O3
nanoparticles. The absence of substitutional Mn2+ for T1 does
not imply the absence of interstitial Mn2+ for T2 and T3,
when the concentration of dopants reaches the solubility limit.
Our attempt to verify the oxidation state of manganese by xray photoelectron spectroscopy (XPS) failed, since the thick
carbon layer on the nanocrystals generated scattered signals,
which made the determination of the exact location of XPS
peaks difficult.

Figure 6. (A) ZFC/FC curves for T1 (plain squares), T2 (open
circles), and T3 (open triangles) at μ0 H = 2.0 mT, (B) high field
susceptibility measurements for T1 at μ0 H = 2.0 T.

albeit less marked, is also visible for samples T1 and T2. We
did not observe any characteristic behavior of manganese oxide
phases (Mn3 O4 undergoes a transition to ferromagnetism at
44 K, MnO a transition to antiferromagnetism at 118 K, and
α -Mn2 O3 becomes antiferromagnetic below 90 K).
At low temperature, the paramagnetic contributions
certainly arise from free magnetic centers in the oxide matrix.
The ZFC/FC curves have been plotted in a log scale to stress
the discrepancy in intensity between the samples. T1 presents
a large magnetic moment until room temperature with a very
low variation, typical of a ferromagnet. Upon increasing the
concentration, the magnetic moment per manganese decreases.
The ZFC/FC curves could therefore account for the presence
of three different magnetic phases: one paramagnetic, one
ferromagnetic with TC = 84 K present in all samples,
and one ferromagnetic with a Curie temperature above room
temperature. The latter phase is predominant in the low doped
sample T1, and its proportion decreases upon concentration
increase.
The magnetization curves indicate a small ferromagnetic
signal superposed on an important paramagnetic contribution,
mainly visible at low temperature (figure 7(A)). The hysteresis
loop is much more marked for T1 raising a magnetization
at saturation of 2.0 μB /Mn, lower than the expected values
for Mn2+ (5.92 μB ), Mn3+ (4.90 μB ), and Mn4+ (3.87 μB ).

5. Magnetic properties
The magnetic properties of the samples were investigated by
using a ZFC–FC routine at low field (μ0 H = 20.0 mT) and
by the analysis of the magnetization curve measured at low
(2 K) and room (300 K) temperature. Figure 6(A) shows
the magnetic susceptibility versus temperature. Sample T3
displays a deviation from the Curie law at 84 K; this transition,
6
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carriers and manganese spins, not from manganese clusters.
The more concentrated samples (T2 and T3), which are more
likely to present Mn clusters, do not exhibit ferromagnetic
behavior due to an incomplete coupling between carriers and
spins.

6. Conclusions
Ti1−x Mnx O2 @C nanocrystals were synthesized by the RAPET
technique. The nanocrystals crystallized in the body-centered
tetragonal TiO2 anatase phase. The carbon content in the
products was 34–38%, and the thick carbon encapsulation
is a novel approach to render the 36–57 nm nanocrystals
biocompatible. The EPR studies reveal the presence of +II
or +III oxidation states of Mn and the absence of Mn4+
species. Room-temperature ferromagnetism is observed for
the 1% doped sample, with a Curie temperature at 820 K.
However, the 5% and 10% doped samples are paramagnetic,
with TC = 84 K.
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