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thesis of mesoporous SnO2 with
a tunable ferromagnetic response through Ni
loading†

Junpeng Fan,a Jin Zhang,a Pau Solsona,a Santiago Suriñach,a Maria Dolors Baró,a

Jordi Sortab and Eva Pellicer*a

Undoped and Ni-doped ordered mesoporous SnO2 powders ([Ni(II)]/[Sn(II)] ¼ 0 : 100, 5 : 95, 15 : 85, 20 : 80)

were synthesized by nanocasting from mesoporous KIT-6 silica. The resulting Ni content in the Ni-loaded

powders ranged between 1 at% and 9 at%. Successful replication of the silica template was verified by

scanning electron microscopies for all samples. Residual silicon content did not surpass 4 at%. X-ray

diffraction analyses showed that the powders were nanocrystalline, being the rutile-like phase of SnO2 the

dominant structure. Changes in the lattice constants depending on the Ni content were observed, suggesting

that Ni enters the rutile structure of SnO2 to some extent. No extra phases attributed to Ni were detected in

the powders except for the sample synthesized from 20 : 80 [Ni(II)]/[Sn(II)], for which NiO as secondary phase

was observed. The oxidation state and spatial distribution of Ni in the powders was investigated by X-ray

photoelectron spectroscopy (XPS) and electron energy loss spectroscopy (EELS) measurements, respectively.

For 6 at% and 9 at% Ni content, the presence of Ni2+ was established. The corresponding EELS mapping

showed that a fraction of Ni (the one not forming part of the rutile phase) tended to accumulate at the pore

edges, forming a nanometer-thick NiO layer. Compared to undoped SnO2, Ni-containing powders exhibit

a ferromagnetic response at low and room temperatures. Uncompensated spins at the surface of NiO are

likely to contribute, in part, to the observed ferromagnetic properties.
Introduction

Both architecture and specic surface area are known to signi-
cantly impact the properties of materials. Indeed, exploiting the
different pathways for which material architecture (or geometry)
can be precisely controlled is one of the most attractive topics in
materials science and, more recently, in nanoscale materials
science. To date, many synthetic approaches have been devised
and novel nanomaterials with different morphologies and
structures have been prepared.1,2 Among them, mesoporous
materials (with pore sizes ranging from 2 nm to 50 nm) have
captured wide attention due to the occurrence of internal con-
necting channels forming a network and their resulting large
specic surface area. Thanks to their favourable architecture,
mesoporous materials can show outstanding catalytic proper-
ties,3–5 excellent optoelectronic effects,6,7 visible uorescence8 and
gas storage capabilities,9 to name a few. Different methods such
as sol–gel,10,11 self-assembly,12 dealloying,13,14 and nanocasting15
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tion (ESI) available. See DOI:

hemistry 2016
are currently employed to obtain mesoporous products.
Compared with other approaches, nanocasting is the preferred
choice to prepare ordered mesoporous powders because the
characteristics of the parent template, typicallymesoporous silica
or carbon, can be tailored on-demand by changing the type of
precursor and its concentration, heat treatment temperature,
and reaction time.16 The morphology of the replica is determined
to a great extent by the characteristics of the pre-fabricated
template (pore topology, pore size, pore wall, and surface area).

Transition metal oxides are exciting materials with a wide
range of technological uses in optoelectronic devices, super-
conductors, chemo-resistive gas sensors, and eld emitting
devices. Among metal oxides, tin dioxide (SnO2), with a large
band gap (Eg ¼ 3.6 eV at 300 K), is an important n-type semi-
conductor. SnO2 powders with mesoporous characteristics were
rstly prepared by Ulagappan and Rao.17 Since then, meso-
porous SnO2 has attracted signicant attention because of its
large specic surface area, thermal stability, and potential
applications in different elds. Dimitrov et al. found that mes-
oporous SnO2 prepared by sol–gel exhibited signicant catalytic
activity toward ethyl acetate oxidation and high selectivity
towards CO2.18 Hossain et al. successfully synthesized meso-
porous SnO2 spheres, with different sizes, by electrochemical
anodization followed by aging. The resulting SnO2 spheres
were applied in CdSe-sensitized solar cells as a photoanode
RSC Adv., 2016, 6, 104799–104807 | 104799
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material.19 According to Qi and co-workers, the large surface
area and highly active surface of mesoporous SnO2 nanospheres
endowed effective binding of phosphopeptides.20

Doping oxide semiconductors with transition or noble
metals can enhance the properties of these materials or even
provide them with new functionalities. For instance, meso-
porous Ag-doped SnO2 synthesized by nanocasting from SBA-15
silica showed enhanced humidity sensing performance.21

Likewise, transition metal-doped mesoporous CeO2 nano-
particles exhibited enhanced catalytic activity for CO oxida-
tion.22 Recently, Co-, Fe- and Mn-doped In2O3 mesoporous
powders have been reported to show room temperature ferro-
magnetic properties, hence constituting mesoporous oxide-
diluted magnetic semiconductors (MODMS).23 Actually, since
the prediction of room-temperature ferromagnetic (RTFM)
response in Mn-doped ZnO,24 great efforts have been devoted
toward the preparation of oxide-diluted magnetic semi-
conductors by doping wide band gap semiconductors with
transition metal cations. Many groups have reported the
occurrence of RTFM in nanowires,25,26 thin lms27 and nano-
particles28 by controllably doping semiconductor matrices
made of TiO2, ZnO, In2O3 and CaO with suitable transition
metals. However, the occurrence of RTFM in MODMS has been
very scarcely reported. The magnetic behavior of MODMS can
be tuned by adjusting the transition metal doping level and the
amount of oxygen vacancies.23 Secondary phases (i.e., TMxOy

where TM ¼ transition metal) were actually found to also play
a role on the magnetic properties, even though the secondary
phases are typically antiferromagnetic (AFM) transition metal
oxides. Nonetheless, AFMmaterials are encountering a renewed
interest in spintronics, beyond their use in spin valves or
tunnelling junction architectures, as essential elements in spin-
transfer torque devices or encrypted magnetic memories.29,30

In this paper, the preparation of magnetically active meso-
porous Ni-doped SnO2 powders by means of nanocasting is
presented. Notably, only Ag and Pd have been used as dopants in
mesoporous SnO2, andmostly for the purpose to improve its gas-
sensing capabilities.21,31 The replicas derived from KIT-6 silica
show long-range order and feature low amounts of residual
silicon. Different characterization methods have been used to
investigate the morphology, crystallographic structure, and the
oxidation state and distribution of Ni in the samples, namely
by electron microscopies, X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS). The occurrence of ferromag-
netism has been investigated by magnetometry. Interestingly,
Table 1 [Ni(II)]/[Sn(II)] molar ratio used in the synthesis, nominal Ni conten
detected by EDX, and crystallite size, microstrains and cell parameters o

[Ni(II)]/
[Sn(II)]

Ni nominal
content (%)

Ni determined
by EDX (%)

Si determined
by EDX (%)

Crystallite s
SnO2 phase
(�0.5)

0 : 100 0 0 2 8.5
5 : 95 2 1 4 8.1
15 : 85 5 6 3 9.2
20 : 80 7 9 3 10.6

104800 | RSC Adv., 2016, 6, 104799–104807
appropriate doping of SnO2 leads to an interesting ferromagnetic
behaviour, both at low and room temperatures, whereas undo-
ped SnO2 does not show any ferromagnetic response regardless
of the measuring temperature. For sufficiently high Ni doping
level, the formation of a NiO nanocoating, surrounding the SnO2

pore walls, is observed. By adjusting the thickness of this nano-
coating, the ferromagnetic properties can be tailored. Larger
saturation magnetization is observed for relatively thin NiO
coatings, where the amount of surface uncompensated spins in
NiO is maximized. This corresponds to intermediate Ni2+ doping
concentration. For higher Ni2+ content, the thickness of the NiO
coating increases and the saturation magnetization decreases, as
the relative contribution of uncompensated spins to the
ferromagnetic-like behaviour is reduced.

Experimental section
Synthesis of silica template

KIT-6 silica was chosen as the hard template to prepare meso-
porous undoped and Ni-doped SnO2. All the reagents were
purchased from Sigma-Aldrich and used without further puri-
cation. In a typical synthesis, P-123 (6 g) was dissolved in
a mixture of deionized water (220 g) acidied with 37 wt% HCl
(12 g) by vigorous stirring (300 rpm) at 35 �C for 4 h. Then,
1-butanol (6 g) was added into the solution whilst stirring for
another hour. Thereaer, 12.49 g of tetraethyl orthosilicate
(TEOS) as the silicon source were added drop by drop into the
solution and stirred for 24 h at the same temperature. The
reaction vessel (sealed) was introduced in an oven at 80 �C for
24 h under static conditions. Aer the hydrothermal treatment,
the resulting suspension was ltered and washed with deion-
ized water several times. Finally, the collected powder was
calcined in a tubular furnace at 550 �C under air owing for 4 h.

Synthesis of undoped and Ni-doped mesoporous SnO2

SnCl2$2H2O (stannous chloride dihydrate, Sigma-Aldrich
99.99%) was used as SnO2 precursor. Firstly, KIT-6 silica
(0.4 g), SnCl2$2H2O (0.6 g) and different amounts of NiCl2
(nickel chloride, Sigma-Aldrich 99.99%) were nely ground in
an agate mortar and pestle. The nominal [Ni(II)]/[Sn(II)] ratios
used in the synthesis are listed in Table 1. The mixture was
placed in a crucible and heated up to 85 �C inside a vacuum
furnace (pressure < 10�4 mbar) to promote the inltration of tin
and nickel precursors within the KIT-6 silica host.32,33 Aer 24 h,
the samples were taken out and transferred into a tubular
t in the resulting powers, corresponding actual percentages of Ni and Si
f the SnO2 phase

ize
(nm)

Microstrains of
SnO2 phase
(�1 � 10�5)

a (Å) of SnO2 phase
(�1 � 10�4)

c (Å) of SnO2 phase
(�1 � 10�4)

1.8 � 10�4 4.7385 3.1885
3.5 � 10�3 4.7397 3.1875
3.4 � 10�3 4.7428 3.1854
3.7 � 10�3 4.7416 3.1846

This journal is © The Royal Society of Chemistry 2016
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furnace for high temperature solid state reaction under air
atmosphere. The temperature and heat treatment time were set
at 700 �C and 2 h, respectively. Following the conversion of tin
and nickel precursors, the silica template was selectively etched
away using 1 M NaOH aqueous solution. Finally, sample
powders were cleaned with deionized water and dried in oven.
Characterization of materials

Scanning and transmission electronmicroscopies (SEM and TEM,
respectively) were used to investigate the morphology and
microstructure of the powders. SEM observations were carried out
on a Zeiss Merlin microscope operated at 3 keV whereas TEM
analyses were performed on a Jeol-JEM 2011 operated at 200 kV.
For the latter, the powders were dispersed in ethanol through
sonication in an ultrasonic bath for 5min. Then a few drops of the
suspension were placed dropwise onto holey carbon TEM Cu
grids. Electron energy loss spectroscopy (EELS) analyses were
performed on a Tecnai F20 HRTEM/STEM microscope. Wide-
angle X-ray diffraction (XRD patterns) were recorded on a PAN-
alytical X'Pert Powder diffractometer equipped with Cu Ka radi-
ation (l ¼ 0.154 nm) in the 20� to 80� 2q range with step time of
0.78 s and step size of 0.026�. Rietveld renements of the XRD full-
patterns using the “Materials Analysis using Diffraction” (MAUD)
soware34 were performed to extract the values of crystallite size,
microstrains and lattice parameters as a function of Ni doping.
The chemical composition and actual concentration of Ni in the
doped SnO2 powders were determined by energy dispersive X-ray
spectroscopy (EDX) coupled to the SEM. Contents are given in at%
throughout the manuscript and correspond to the averaging of
minimum three independent measurements. XPS analyses (PHI
5500 Multitechnique System) were carried out with a mono-
chromatic X-ray source (Ka Al line of 1486.6 eV energy and 350 W)
under ultra-high vacuum (UHV), with pressure between 5 � 10�9

and 2 � 10�8 Torr, placed perpendicular to the analyser axis and
Fig. 1 TEM image of KIT-6 silica template. The inset shows an SEM
image.

This journal is © The Royal Society of Chemistry 2016
calibrated using the 3d5/2 line of Ag with a full width at half
maximum (FWHM) of 0.8 eV. The analysed area was a circle of 0.8
mm diameter for each sample. Peaks were charge corrected to
adventitious C 1s set to 284.50 eV.35 Experimental core-level
spectra were tted using Gaussian curves. Magnetic hysteresis
loops were acquired on a superconducting quantum interference
device (SQUID) at cryogenic (10 K) and room (300 K) temperatures.
Results and discussion
Morphology and crystallographic structure of undoped and
Ni-doped SnO2

Prior to the synthesis of the SnO2-based replicas, the morphology
of KIT-6 silica template was examined. A representative TEM
Fig. 2 Morphology of undoped and Ni-doped SnO2 after KIT-6 silica
template removal. (a) and (e), (b) and (f), (c) and (g), and (d) and (h) are
the SEM and TEM images, respectively, of the powders obtained from
different [Ni(II)]/[Sn(II)] molar ratios (0 : 100, 5 : 95, 15 : 85 and 20 : 80,
respectively).

RSC Adv., 2016, 6, 104799–104807 | 104801
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image of the bicontinuous cubic SiO2 matrix is shown in Fig. 1.
The quality of the template was judged as acceptable and pore
size was estimated to be around 10 nm. The morphology of the
derived SnO2-based powders is depicted in Fig. 2. Both SEM
(Fig. 2(a–d)) and TEM (Fig. 2(e–h)) images indicated that the
powders exhibit an ordered arrangement of mesopores irre-
spective of the Ni loading. Indeed, the level of doping did not
seemingly have a deleterious impact on the mesostructure of the
SnO2 replica. Relatively large ordered mesoporous domains were
visible at the surface of the mesoporous particles by SEM.

Representative EDX patterns are shown for undoped and Ni-
doped SnO2 in Fig. 3a and b, respectively. The amounts of Ni
and Si for all samples are listed in Table 1. For the doped
powders, it was clear that Ni was successfully loaded into the
SnO2 matrix. The highest deviation (ca. 2%) between the
nominal and actual Ni percentage was found for the sample
with the highest dopant amount. Nevertheless, considering that
the error in EDX measurements is about 1 at%, this is not
a signicant difference. Residual silicon content was kept below
4% in all cases. Probably the formation of strong Si–O–Sn bonds
precludes a complete removal of the silica host, compared to
other transition metal oxides. Si and Sn belong to IV-group
elements; they possess the same number of outermost elec-
trons and, in turn, similar chemical properties. In fact, SnO2/
SiO2 composites can be simply obtained by solid–vapour reac-
tion of mesoporous silica with tin vapour at 700 �C.36 In this
Fig. 3 EDX patterns of (a) undoped and (b) Ni-doped mesoporous
SnO2 obtained from [Ni(II)]/[Sn(II)] molar ratio of 15 : 85.

104802 | RSC Adv., 2016, 6, 104799–104807
work, authors detected Sn4+ bonded to the silica wall by bridged
oxygen atoms. Nevertheless, our residual silicon amounts can
be regarded as fairly low. This was possible through two
consecutive cleaning steps of the SiO2@SnO2 composites with
large volumes of NaOH solution to etch the silica template.
Besides the formation of Si–O–Sn bonds, the presence of
numerous nanochannels in the interior of the mesoporous
particles likely hampers the effective dissolution of the silica
host as the etching solution has to reach their inner space.
Complementary XPS analyses indicated that although Si was
present in all samples, its content was much lower than that
determined by EDX. According to XPS analyses, the highest Si
amount detected in the powders was 0.7%. Since XPS is
a surface-sensitive technique, the detection of a larger amount
of Si by EDX indeed suggests that the residual silicon is mainly
concentrated in the inner cavities of the SnO2 particles.

As shown in Fig. 4, all the samples are nanocrystalline. The
main peak positions of the undoped and Ni-doped SnO2

samples correspond to the rutile type tetragonal structure
(JCPDS card no. 88-0287). No extra peaks are observed except for
the sample produced from [Ni(II)]/[Sn(II)] of 20 : 80. In this case,
additional diffraction peaks attributed to NiO are observed,
which match those of JCPDS card no. 47-1049. Notice that these
peaks are much narrower since a few big NiO particles had
grown outside the mesoporous SnO2 particles, as observed by
TEM (not shown). Chaudhary and co-workers detected the
Fig. 4 XRD patterns of undoped and Ni-doped mesoporous SnO2

obtained from varying [Ni(II)]/[Sn(II)] molar ratios.

This journal is © The Royal Society of Chemistry 2016
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formation of NiO in nanocrystalline thick SnO2 lms with Ni
contents beyond 5%,37 which is in agreement with our ndings.
The crystallite size of the SnO2 phase, together with the
microstrains and cell parameters, were calculated using MAUD.
The calculated values are listed in Table 1. In broader strokes,
both crystallite size and microstrains increased with the Ni
doping although not in a monotonous manner. Crystallite size
slightly decreased for the sample with the lowest Ni amount but
increased thereaer. The level of microstrains rose signicantly
Fig. 5 (a) HRTEM image of the Ni-doped mesoporous SnO2 powder
synthesized from [Ni(II)]/[Sn(II)] molar ratio of 15 : 85. The insets show
the FFT of the regions enclosed in the purple boxes. Underlined in
white, some spots of the rutile-type tetragonal SnO2 are indicated,
along with the Miller indices of the corresponding crystallographic
planes. (b) TEM image of the powder synthesized from [Ni(II)]/[Sn(II)]
molar ratio of 20 : 80. The selected area electron diffraction pattern is
shown in the inset. Circled spots can be unambiguously assigned to
NiO phase.

This journal is © The Royal Society of Chemistry 2016
when SnO2 was doped with 1% and then remained fairly
constant for higher loadings. The “a” and “c” lattice parameters
increased and decreased, respectively, with the Ni doping level,
in agreement with other works.38 Fig. 5(a) is a HRTEM image of
the 6%-doped SnO2 powder. The SnO2 skeleton consist of
nanocrystals of about 5 nm in diameter, in agreement with XRD
and other works in the literature.39 The fast Fourier transform
(FFT) of selected regions in the image shows spots whose
interplanar distance matches tetragonal SnO2. Selected area
electron diffraction (SAED) analyses of the sample doped with
higher Ni amount (9%) showed spots attributed to the NiO
phase (Fig. 5(b)). In such a case, only the electron diffraction
coming out from mesoporous particles was captured, avoiding
the response of any big NiO crystal nearby.

In order to conrm the mesoporous long-range order of the
samples, low-angle XRD analysis was carried out. Fig. 6 shows
representative patterns of mesoporous KIT-6 silica, undoped
SnO2 and 6% Ni-doped SnO2. The KIT-6 silica shows two well-
resolved reections attributable to (211) and (220) reections.
However, different from previous works,32,40 the intensity of
(211) peak is weaker than (220). Aer replication the peaks
become inconspicuous, suggesting a partial loss of the long-
range mesoporous order and concomitant decrease of the size
of the ordered domains.

The samples with 6% and 9% Ni were subjected to XPS
characterization to determine the oxidation state and the local
chemical environment of the Ni element. At the same time, the
effects induced by Ni to the SnO2 matrix were investigated.
Undoped SnO2 was taken as the reference sample. Fig. 7(a)
shows the XPS survey spectrum of the sample with 6% Ni. Sn 3d
high resolution XPS spectra are displayed in Fig. 7(b). Upon Ni
Fig. 6 Low-angle XRD patterns corresponding to KIT-6 silica template
and mesoporous replicas obtained from [Ni(II)]/[Sn(II)] molar ratio
0 : 100 and 15 : 85.

RSC Adv., 2016, 6, 104799–104807 | 104803
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doping, Sn 3d peaks shi toward lower binding energy
compared with undoped SnO2. It is conjectured that a larger
number of oxygen vacancies and dangling bonds arise in the
SnO2 skeleton due to the introduction of Ni.41 As a result, the
relative number of electrons in the external electronic shell of
Sn increases, which in turn causes a decrease of the binding
energy of Sn compared to the undoped case.
Fig. 7 (a) XPS survey spectrum of the powder obtained from [Ni(II)/[Sn(II)]
and 20 : 80 (9%Ni); (c) and (e) O 1s, and (d) and (f) Ni 2p for 15 : 85 (6%Ni)
undoped SnO2 is shown for comparison. ‘Sat’ denotes satellite peaks.

104804 | RSC Adv., 2016, 6, 104799–104807
The O 1s and Ni 2p XPS spectral windows of 6% Ni-doped
SnO2 are shown in Fig. 7(c) and (d), respectively. The O 1s
spectrum can be deconvoluted into three main bands. The
peaks at 530.51 eV and 529.41 eV correspond to the O 1s core
level of the O2� anions in the SnO2 and NiO, respectively.42–44

The peak at 532.07 eV is possibly attributed to chemisorbed
oxygen at the defect sites of oxide crystal45 or hydroxyl groups.44
molar ratio of 15 : 85 (6%Ni). High resolution (b) Sn 3d for 15 : 85 (6%Ni)
and 20 : 80 (9%Ni), respectively. In (b) the core-level Sn 3d spectrum of

This journal is © The Royal Society of Chemistry 2016
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In Fig. 7(d), the separation distance between the peaks at
855.83 eV and 873.43 eV, which matches the binding energies
expected for Ni 2p3/2 and Ni 2p1/2, is 17.60 eV. This difference is
broader than the binding energy difference for metallic nickel,
which is around 17.30 eV.46 Furthermore, the position of the
peaks exhibit some shi to higher binding energy compared
with Ni0.47,48 This result excludes the occurrence of metallic Ni
clusters in the 6%Ni-doped SnO2. Based on the analysis, Ni ions
possess a chemical valence of 2+. Experimental binding ener-
gies for Sn and O also indicate that their valences are 4+ and 2�,
respectively. The O 1s and Ni 2p spectra for the sample with 9%
Ni is very similar to that of 6% Ni (Fig. 7(e) and (f)), so the same
reasoning applies.
EELS characterization

Taking into account the results previously obtained, the
powder with 6% Ni (for which NiO phase was not detected in
the XRD pattern but XPS data indicated it was denitely
present) and that with 9% Ni (for which NiO as a secondary
phase was clearly detected by XRD) were selected for EELS
characterization. The goal was to investigate the spatial
distribution of Ni in order to get further insight into the
structural and magnetic characteristics of these two opposed
samples. Fig. 8 shows the STEM and corresponding EELS
mapping of a selected region for both cases. For the sample
with the lower Ni content, Ni is detected mostly near the pore
edges forming a kind of nanocoating, although red coloured
Fig. 8 STEM images and corresponding EELS mapping of the regions e
varying [Ni(II)/[Sn(II)] molar ratios. Oxygen is in green while Ni is in red.

This journal is © The Royal Society of Chemistry 2016
pixels superimposed to the green background are also
observed at the inner region of the pore walls. For the sample
with 9% Ni, a larger amount of Ni concentrated at the pore
region was seemingly found. Orange coloured pixels result
from the mixing of red (Ni) and green (O) colours. Neverthe-
less, the presence of big NiO particles outside the mesoporous
particles should not be omitted in this case. When the amount
of Ni largely exceeds the solubility limit, part of it can form the
NiO skin around the pores but another fraction cannot be
hosted and forms separate crystals outside. Although the
coating surrounding the pores looks redder in the sample with
6% Ni, this does not mean it is made of metallic Ni. The pixels
are not 100% red and indeed the L3/L2 ratio calculated from
the EELS spectra taken at this region gives a value of 2.8 (see
ESI, Fig. S1†), hence closer to NiO (for which the ratio is 3) than
metallic Ni (for which the ratio is 1.5). This is in agreement
with XPS analyses and, in fact, it makes sense considering that
the conversion of precursors was carried out by heat-treatment
in air.

In any case, the fact that NiO tends to accumulate at the
pore/air interface makes the nanocasting route appealing
toward ordered mesoporous nanocomposites. Actually, partial
coating of mesoporous oxides has been reported in recent years
by using successive impregnation and calcination procedures
with different precursors.49 Here, oxide semiconductor (SnO2)/
antiferromagnetic (NiO) nanocomposites are obtained in situ
in one-step nanocasting process.
nclosed in the dashed squares for Ni-doped powders obtained from
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Magnetic properties of Ni-doped SnO2 powders

The magnetic properties of the samples with varying Ni
concentration were studied by acquiring hysteresis loops at 10 K
and 300 K. The undoped SnO2 exhibits inconspicuous para-
magnetic behaviour at 10 K and typical diamagnetic behaviour
at 300 K (Fig. 9). Meanwhile, the Ni-doped samples show a clear
ferromagnetic signal at both temperatures although the satu-
ration magnetization (MS) does not scale with the Ni amount.
The sample with 6% Ni possesses the largest MS both at 10 K
(5.88 emu g�1) and 300 K (0.05 emu g�1). A reduction of the MS

values is observed for the sample with 9 at% Ni. The ferro-
magnetic response observed in the Ni-containing powders is
likely due to two contributions: (i) doping with the transition
metal and concomitant formation of oxygen vacancies,50 and (ii)
uncompensated spins at the surface of the NiO nanocoating.51,52

Notice that NiO is an antiferromagnet in bulk form, with a Néel
temperature of 520 K.53,54 However, it has been described that
when the size of NiO decreases so that it falls well in the
nanosize domain (e.g. nanoparticles), it might exhibit a ferro-
magnetic signal due to the presence of uncompensated spins at
their surface. This would explain whyMS is higher in the sample
with 6% than for 9% Ni. For the former, a larger amount of
Fig. 9 Magnetic hysteresis loops of mesoporous undoped and Ni-
doped SnO2 powders obtained from varying [Ni(II)/[Sn(II)] molar ratios
(the corresponding experimental Ni percentages are in parentheses).

104806 | RSC Adv., 2016, 6, 104799–104807
uncompensated spins is expected from the very thin layer
surrounding the SnO2 pores. Meanwhile, for the latter, as the
size of the NiO nanoparticles/nanoclusters has increased, the
number of uncompensated spins decreases and so does the
corresponding MS.

Conclusions

In summary, we have successfully synthesized ordered meso-
porous Ni-doped SnO2 powders with tunable room-temperature
ferromagnetic response as a function of the Ni loading. The
optimum [Ni(II)]/[Sn(II)] molar ratio to guarantee the formation
of a fully mesoporous product with the highest MS is 15 : 85.
This corresponds to a Ni content of 6%. At larger [Ni(II)]/[Sn(II)]
molar ratio, the growth of a few NiO crystals outside the mes-
oporous structure could not be avoided. XRD analyses revealed
that all samples possess the SnO2 rutile structure irrespective of
the Ni amount. Meanwhile, 2+ was the oxidation state of Ni,
according to XPS data. Although dissolution of Ni ions in the
SnO2 lattice was proven by XRD, EELS analyses indicated that
part of the dopant ions tended to accumulate at the pore edges.
Hence, the observed room-temperature ferromagnetic response
is attributed to both the Ni doping and the concomitant
formation of oxygen vacancies, and to the occurrence of
uncompensated spins at the surface of the NiO nanocoating.
The present work demonstrates that by carefully controlling
the doping level, ordered mesoporous semiconductor/
antiferromagnetic nanocomposites can be obtained through
one-step nanocasting process.
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