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Flexible and transparent free-standing films with
enhanced magnetic and luminescent anisotropy†

Yibo Dou, Xiaoxi Liu, Mingfei Shao, Jingbin Han* and Min Wei

Flexible and robust free-standing films are fabricated via layer-by-layer (LBL) assembly of layered double

hydroxide (LDH) nanoplatelets, poly(vinyl alcohol) (PVA) and a styrylbiphenyl derivative (BTBS), and

show enhanced magnetic and luminescent anisotropy simultaneously. UV-vis absorption and

fluorescence spectra demonstrate a stepwise and regular growth of the films upon increasing the

number of deposition cycles. XRD, AFM and SEM indicate that the films possess a periodic layered and

uniform surface morphology. In contrast to the disordered LDH/PVA/BTBS film prepared by a solvent

evaporation method, the (LDH/PVA/LDH/BTBS)n films with ordered structures exhibit enhanced

magnetic and optical properties, including higher saturation magnetization, longer luminescence

lifetime and stronger polarized photoemission. Moreover, owing to the highly arrayed 2D-organized

structure formed through LBL assembly, the presence of the free-standing film means that the

alignment of the spins of the LDH nanoplatelets in random directions is avoided and imparts a high

level of dispersion and orientation to the BTBS, which displays enhanced magnetic and luminescent

anisotropy. Therefore, this work provides a facile method for the fabrication of anisotropic 2D-

organized materials based on the LDH/PVA/LDH/BTBS system, which can be potentially used in

magneto-optical sensors, magnetic data storage and magneto-resistive devices.
1 Introduction

Transparent magneto-optical materials have attracted tremen-
dous attention due to their high potential for magnetic data
storage, optical isolators, optical switches and magneto-resis-
tive devices.1–3 In order to achieve high-performance magneto-
optical materials, an oriented nanostructure with anisotropic
properties is generally required.4,5 Thus, the ability to direct the
orientation, conformation and interaction of nanoscale
building blocks is the key element in this research.6–8 However,
traditional processing techniques usually lead to lms with a
random orientation of building blocks in a wide variety of
conformations, creating essentially isotropic materials.9–11

Although researchers have rationally designed composites with
single magnetic or optical anisotropy, how to achieve lm
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materials with magnetic and luminescent anisotropy simulta-
neously still remains a challenging goal.

During the past decade, 2D nanostructured materials have
attracted intense research activity because of their unique
structural anisotropic properties.12–14 Layered double hydrox-
ides (LDHs) are one important type of layered material, whose
structure can be generally expressed as [MII

1�xM
III

x(OH)2]-
(An�)x/n$mH2O (MII and MIII are divalent and trivalent metals,
respectively, An� is an interlayered anion).15–17 Recently, LDH-
based functional materials have been widely used in biological,
optical and electrochemical elds, and display enhanced
mechanical, barrier and thermal properties.18–20 However, free-
standing anisotropic lms based on LDH and guest molecules
have not yet been achieved, due to the disordered stacking of
the LDH host matrix and the random distribution of guest
molecules in previously reported materials. From this view-
point, designing 2D hybrid structures with layer-by-layer (LBL)
characteristics constructed with magnetic LDH and uorescent
guests appears to be a feasible way in which to realize free-
standing lms with magnetic and uorescence anisotropy
simultaneously. The combination of a 2D inorganic matrix and
uorescent molecules for the fabrication of multifunctional
lms may result in the following advantages: rst, the ordered
magnetic LDH matrix would impart a high level of dispersion
and orientation to the uorescent molecule, which may endow
the lms with magnetic and luminescent anisotropy; second,
the highly arrayed 2D-organized structure would inhibit the
This journal is ª The Royal Society of Chemistry 2013
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alignment of the spins of the LDH nanoplatelets in random
directions and depress the aggregation of the uorescent
molecules, which is expected to enhance the magnetic and
uorescence properties.

Herein, exible and robust LDH/PVA/LDH/BTBS free-
standing lms are fabricated by LBL assembly and subsequently
the li-off method (Scheme 1), and display both magnetic and
luminescent anisotropy. Owing to the highly oriented 2D-orga-
nized structure, the free-standing lms exhibit largely enhanced
magnetic behavior and photoluminescence properties,
compared with a disordered LDH/PVA/BTBS sample prepared
by a solvent evaporation method. It is expected that this novel
material with magnetic and luminescent anisotropy may have
potential applications ranging from sensors to microuidics
and magneto-optical devices.
2 Experimental
2.1 Materials

The blue luminescent molecule, 2,20-(1,2-ethenediyl)bis[5-[[4-
(diethylamino)-6-[(2,5-disulfophenyl)amino]-1,3,5-triazin-2-yl]-
amino]benzene sulfonic acid]hexasodium salt (abbreviated as
BTBS, Scheme 1A) was purchased from Sigma-Aldrich. The
chemicals HCl, NaOH, Ni(NO3)2$6H2O, Fe(NO3)3$9H2O, PVA,
H2SO4, hydrouoric acid and methanol used were of analytical
grade and used without further purication. Deionized water
was used in all the experimental processes.
2.2 Synthesis of LDH colloidal suspensions

A colloidal LDH suspension was prepared according to the
separate nucleation and aging steps (SNAS) method reported by
Scheme 1 Chemical structures of (A) BTBS, (B) LDH and (C) PVA. (D) Schematic
representation of the LBL assembly of (LDH/PVA/LDH/BTBS)n films.
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our group.21,22 Typically, 100 ml of solution A (Ni(NO3)2$6H2O:
0.2 M and Fe(NO3)3$9H2O: 0.1 M) and 400 ml of solution B
(NaOH: 0.15 M) were simultaneously added to a colloid mill
with a rotor speed of 3000 rpm and mixed for 1 min. The
resulting LDH slurry was obtained via centrifugation and
washed with water and then dispersed in 400 ml of deionized
water. The aqueous suspension was transferred into a stainless
steel autoclave with a Teon lining. Aer hydrothermal treat-
ment at 110 �C for 24 h, a stable homogeneous NiFe–LDH
suspension with a narrow size distribution was obtained. The
concentrations of LDH nanoplatelets used for the fabrication of
the lm materials were 0.10%, 0.30% and 0.45% (wt%).

2.3 Fabrication of LDH/PVA/LDH/BTBS multilayer lms

Multilayer lms of (LDH/PVA/LDH/BTBS)n were fabricated by
applying the layer-by-layer (LBL) assembly procedure. Prior to
assembly, quartz glass slides were pretreated in a bath of meth-
anol/HCl (1/1, v/v) and then concentrated H2SO4 for 30min each
to make the surface of the substrate hydrophilic and negatively
charged. Thedeposition procedurewas performedwith a robotic
manipulator (DR-3, R&K Technologies, Germany) programmed
to carry out all the operations automatically for n ¼ 1–300. The
overall LBL process consisted of a cyclic repetition of the
following steps: (a) dipping the pretreated substrates into the
colloidal LDH suspension containing NiFe–LDH nanoplatelets
for 10min, followed by rinsing with deionized water thoroughly;
(b) immersing the substrates in an aqueous solution of PVA (Mw

z 77 000, 1 wt%) for 10 min and washing with deionized water;
(c) dipping the substrates into the colloidal LDH suspension
containing NiFe–LDH nanoplatelets for 10 min, followed by
rinsing with deionized water thoroughly; (d) immersing the
substrates in an aqueous solution of BTBS (0.025wt%) for 10min
and washing with deionized water. This series of operations was
repeated n times to obtain (LDH/PVA/LDH/BTBS)n multilayer
lms. The resulting lms were nally rinsed with deionized
water and dried at ambient temperature. The free-standing lms
were released from the substrates by immersing them in 0.20
wt% aqueous hydrouoric acid (pH adjusted to 5.5 with NaOH
solution) for 30min. The obtainedlmswere picked upwith a 60
mesh sieve and were nally dried under vacuum at room
temperature. The following LDH based lms were prepared as
comparison samples:(1) (LDH/PVA)n lm fabricated by an LBL
method similar to thatmentioned above, (2) LDH/PVA/BTBSlm
(LDH: 5.30 wt%; PVA: 92.75 wt%; BTBS: 1.95 wt%) obtained by a
solvent evaporationmethod, (3) disordered LDH tablet prepared
by a squash technique and (4) oriented LDH lm fabricated by a
spin-coating technique.

2.4 Characterization techniques

X-ray diffraction (XRD) patterns were recorded by a Rigaku XRD-
6000 diffractometer, using Cu Ka radiation (l ¼ 0.1542 nm) at
40 kV, 30 mA. UV-vis absorption spectra were collected in the
range 200–800 nm on a Shimadzu U-3000 spectrophotometer.
Transmission electron microscopy (TEM) images were obtained
using a JEOL JEM-2100 transmission electron microscope. The
morphologies of the lms were investigated using a scanning
J. Mater. Chem. A, 2013, 1, 4786–4792 | 4787



Fig. 1 Characterization of the NiFe–LDH: (A) powder XRD pattern; (B) FT-IR
spectrum; (C) TEM image (inset: the corresponding SAED pattern) and (D) digital
photograph of its colloidal suspension.
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electronmicroscope (SEM; Zeiss SUPRA 55) with an accelerating
voltage of 20 kV and a NanoScope IIIa atomic force microscope
(AFM) from Veeco Instruments. Fourier transform infrared (FT-
IR) spectra were obtained using a Vector 22 (Bruker) spectro-
photometer with a resolution of 2 cm�1. The loading of LDH in
the free-standing lms was measured by inductively coupled
plasma (ICP) emission spectroscopy (Shimadzu ICPS-7500).
Fluorescence emission spectra were recorded in the range
365–650 nm, and both the excitation and emission slit were set
to 3 nm. In situ uorescence measurements of the UV-resistant
capabilities of the lms were performed on an RF-5301PC
spectrouorometer. The excitation light source was a 150 W
xenon lamp (rated current: 7.5 A; maximal current: 8.0 A) with
an excitation wavelength of 360 nm; both the excitation and
emission slit were set to 3 nm. Steady-state polarized photo-
luminescence measurements of the lms were recorded with an
Edinburgh Instruments FLS 920 spectrouorometer. The
typical measurement mode was employed, with the excitation
beam parallel and vertical to the lm (glancing and normal
incidence geometry, respectively). Fluorescence decay proles
were measured by exciting the lms with a 360 nm laser in a
LifeSpec-ps spectrometer, and the uorescence lifetimes of the
total decay were calculated with F900 Edinburgh instruments
soware. The magnetism of the lms was measured on an LDJ
9600 vibration sample magnetometer. The mechanical proper-
ties of the free-standing hybrid lms were measured under
tensile mode in a universal mechanical testing machine (Ins-
tron, FastTrack 8800 Servohydraulic Systems) with a load speed
of 0.5 mm min�1. Free-standing specimens were obtained by
cutting the lm into 4 mm wide and 20 mm long strips. The
mechanical properties (tensile strength and strain at rupture)
recorded of the specimens were the average of ve different
strips of the same sample.
Fig. 2 (A) UV-vis spectra of the (LDH/PVA/LDH/BTBS)n (n ¼ 10–100) films (inset:
the linear relationship between the absorbance at 344 nm and n); (B) fluores-
cence spectra of the (LDH/PVA/LDH/BTBS)n (n¼ 20–100) films (inset: photograph
of the film irradiated by 365 nm UV-light).
3 Result and discussion
3.1 Assembly of the (LDH/PVA/LDH/BTBS)n lms

In this work, a colloidal suspension of magnetic NiFe–LDH was
prepared according to the separate nucleation and aging steps
method reported by our group.21,22 Fig. 1A shows the XRD
pattern of the NiFe–LDH sample, which can be indexed as a
hexagonal structure with 2q ¼ 10.2�, 22.5�, 33.8�, 37.5�, 45.5�,
58.8�and 61.1� (corresponding lattice parameters: d003 ¼ 8.67 Å,
d006 ¼ 3.95 Å, d009 ¼ 2.65 Å, d012 ¼ 2.40 Å, d018 ¼ 1.99 Å, d110 ¼
1.57 Å and d113 ¼ 1.54 Å). No other crystalline phase was
detected, indicating the high purity of the product. Moreover,
the FT-IR spectrum (Fig. 1B) provides evidence for the presence
of nitrate in the LDH interlayer (band at 1383 cm�1); no
absorption at 1356 cm�1 was observed, indicating the absence
of carbonate. The TEM image reveals the hexagonal LDH
nanoplatelets (Fig. 1C), and the corresponding selected-area
electron diffraction (SAED) pattern (inset) exhibits hexagonally
arranged bright spots, conrming the single-crystal nature of
the LDH phase. Clear Tyndall light scattering was observed
(Fig. 1D), and the well-dispersed suspension was stable without
any precipitation when stored in an N2 atmosphere for more
than one month.
4788 | J. Mater. Chem. A, 2013, 1, 4786–4792
The NiFe–LDH nanoplatelets were then used as building
blocks to fabricate (LDH/PVA/LDH/BTBS)n lms and (LDH/
PVA)n lms (for comparison) by the LBL assembly method. The
assembly process was monitored by UV-vis absorption and
uorescence emission spectroscopy. The (LDH/PVA/LDH/
BTBS)n lms exhibit a strong absorption band at 344 nm, which
is attributed to the characteristic absorption band of BTBS
(Fig. 2A), while the (LDH/PVA)n lms display no obvious
This journal is ª The Royal Society of Chemistry 2013



Paper Journal of Materials Chemistry A
absorption band in the range 200–800 nm (Fig. S1, ESI†). The
inset in Fig. 2A shows that the intensity of the characteristic
absorption band of BTBS at 344 nm increases linearly with the
tetra-layer number n. Furthermore, the uorescence emission
intensity at 445 nm attributed to BTBS also displays a consistent
enhancement as n is increased (Fig. 2B), in contrast to the (LDH/
PVA)n lms which do not display a uorescence emission band
in the range 370–650 nm (Fig. S2, ESI†), demonstrating a step-
wise and regular lm growth procedure. Meanwhile, the thin
lm under UV light irradiation (Fig. 2B) also reveals well-
dened blue luminescence. In addition, compared with the
uorescence spectrum of pristine BTBS solution, the uores-
cence spectrum of the LDH/PVA/BTBS lm prepared by solvent
evaporation technology reveals a red shi of 11 nm (Fig. S3,
ESI†), indicating the formation of BTBS aggregates. However, no
obvious red or blue shi was observed for the (LDH/PVA/LDH/
BTBS)n lms, illustrating the absence of BTBS aggregation
throughout the LBL assembly process.
3.2 Structural and morphological study of the (LDH/PVA/
LDH/BTBS)n lms

The XRD patterns (Fig. 3A) for the obtained (LDH/PVA/LDH/
BTBS)n (n ¼ 100, 200 and 300) lms display a peak at 2q ¼
10.2�, which is attributed to the (003) reection of the LDH
structure (the peak at 2q ¼ 15–30� is assigned to the amor-
phous reection of the quartz substrate).23,24 The absence of
any nonbasal reections (h, l s 0) compared with the LDH
powdered sample (Fig. 1A) indicates a preferred orientation of
LDH platelets with the ab plane parallel to the substrate. Aer
being released from the substrate, the (LDH/PVA/LDH/
BTBS)300 free-standing lm exhibits good uniformity, exibility
(Fig. 3B) and high transparency (50 to 70% across the visible
light region, Fig. S4, ESI†). The top view of the SEM image
displays a smooth and continuous surface (Fig. 3C), and the
cross-sectional SEM image (Fig. 3C, inset) reveals a well-
Fig. 3 (A) XRD patterns of the (LDH/PVA/LDH/BTBS)n (n ¼ 100, 200, 300) films;
(B) photograph of the (LDH/PVA/LDH/BTBS)300 free-standing film released from
the substrate; (C) top-view SEM image (inset: side-view SEM image) and (D) AFM
image for the (LDH/PVA/LDH/BTBS)300 free-standing film.

This journal is ª The Royal Society of Chemistry 2013
dened layered structure. The AFM image shown in Fig. 3D
with a value of the root-mean-square roughness of 12.4 nm
indicates a relatively smooth surface.

3.3 Magnetic properties of the (LDH/PVA/LDH/BTBS)n lms

The low-temperature (10 K) magnetic behaviors of the (LDH/
PVA/LDH/BTBS)300 lms with various weight fractions (see
details in the ESI, Table S1†) of LDH (WL) were investigated
(Fig. 4). The saturation magnetization (Ms) for the LDH/PVA/
BTBS lm (WL ¼ 5.30%) prepared by solvent evaporation
technology was measured as 0.49 emu g�1. In contrast, the
(LDH/PVA/LDH/BTBS)300 lm with the same WL value (WL ¼
5.30%) displays a higher Ms (0.89 emu g�1), which is probably
related to the ordered magnetic interaction and suitable
distance between the adjacent spins of the LDH nanoplatelets
in such a highly oriented 2D-organized structure. As the WL is
increased from 5.30% to 10.14%, the Ms of the (LDH/PVA/
LDH/BTBS)300 lm is enhanced from 0.89 to 2.18 emu g�1.
Although the magnetic properties of the (LDH/PVA/LDH/
BTBS)300 lm were enhanced, its Ms was lower than the typical
value of high performance magneto-optical lms (>30 emu
g�1).1a,2c,5c This is attributed to the limitation of the intrinsic
weak magnetic properties of the NiFe–LDH (Ms ¼ 8.23 emu
g�1, Fig. S5, ESI†). The hysteresis loops of the (LDH/PVA/LDH/
BTBS)300 lms at room temperature (300 K) (Fig. S6, ESI†)
display the typical “S” shape with a small detectable remnant
magnetization (Mr) and coercive force (Hc), indicating that the
free-standing lms are so magnetic materials. Moreover, the
lms have sufficient magnetization to be held up by a magnet
(inset of Fig. 4).

3.4 Magnetic and luminescent anisotropy of the (LDH/PVA/
LDH/BTBS)n lms

The magnetic and luminescent anisotropy of the (LDH/PVA/
LDH/BTBS)300 lm was further investigated. The hysteresis
Fig. 4 Low temperature (10 K) hysteresis loops measured in the perpendicular
direction for (a) LDH/PVA/BTBS films with LDH weight fractions (WL) of 5.30%
and (LDH/PVA/LDH/BTBS)300 films with various WL (b: 5.30%; c: 7.47% and d:
10.14%) (inset: photograph of the (LDH/PVA/LDH/BTBS)300 film held up by a
magnet).

J. Mater. Chem. A, 2013, 1, 4786–4792 | 4789
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loops of the lm measured at 10 K (Fig. 5A) and 300 K (Fig. S7,
ESI†) show that Hc and Mr are much higher in the perpen-
dicular direction than in the parallel direction, which
demonstrates the magnetic anisotropy of the (LDH/PVA/LDH/
BTBS)300 lm. Similar results have also been reported previ-
ously based on (CoFe–LDH/manganese porphyrin)n multilayer
lms.24c However, no magnetic anisotropy was found for the
LDH/PVA/BTBS lm (Fig. 5B). Meanwhile, the magnetic
anisotropy for the disordered LDH tablet (obtained by a
squash technique, Fig. S8, ESI†) and the oriented LDH lm
(fabricated by a spin-coating method, Fig. S9, ESI†) was
measured to investigate the intrinsic magnetic behavior of
the LDH nanoplatelets. The results revealed that only the
oriented LDH lms displayed magnetic anisotropy, and the
disordered LDH tablets did not, demonstrating that a high
level of orientation of the LDH nanoplatelets renders the
magnetic anisotropy of (LDH/PVA/LDH/BTBS)300 and spin-
coated LDH lms.

Moreover, the oriented LDH matrix and (LDH/PVA/LDH/
BTBS)n lms displayed similar magnetic anisotropy
behavior, illustrating that the magnetic anisotropy for the
(LDH/PVA/LDH/BTBS)n lms depended on the intrinsic
Fig. 5 Low temperature (10 K) hysteresis loops for both orientations for (A) the
(LDH/PVA/LDH/BTBS)300 film and (B) the LDH/PVA/BTBS film prepared by the
solvent evaporation method.

4790 | J. Mater. Chem. A, 2013, 1, 4786–4792
anisotropy of the oriented LDH matrix. Therefore, these
observations reveal that the oriented stacking of magnetic
LDH nanoplatelets is benecial to the anisotropic properties
of the (LDH/PVA/LDH/BTBS)300 lm. Moreover, anisotropic
photoluminescence spectroscopy demonstrates that the free-
standing lm exhibited strong polarized uorescence with an
anisotropy value of 0.20 (Fig. 6A). The uniform r value in the
range 420–550 nm indicates that the weight fraction of the
LDH imposes no obvious inuence on the macroscopic
polarized luminescence characteristics of the (LDH/PVA/LDH/
BTBS)300 lm throughout the whole fabrication process
(Fig. 6B, curves b, c and d). In addition, no polarization was
found for the disordered LDH/PVA/BTBS lm (Fig. 6B, curve
a). The polarized uorescence of the (LDH/PVA/LDH/BTBS)300
lms is attributed to an ordered distribution of the BTBS
cations between the LDH layers, resulting from the highly
oriented 2D-organized structure. Therefore, the (LDH/PVA/
LDH/BTBS)300 lms exhibit enhanced magnetic and optical
performances with anisotropy, and can serve as promising
candidates for magneto-optical materials.

3.5 Stability of the (LDH/PVA/LDH/BTBS)n lms

UV-resistance capability is a key factor for the practical
application of luminescent lms. Upon UV irradiation,
Fig. 6 (A) Polarized fluorescence profiles with glancing incidence geometry in
the VV, VH modes and (B) anisotropic value (r) for (a) the disordered LDH/PVA/
BTBS film with WL ¼ 5.30% and the ordered (LDH/PVA/LDH/BTBS)300 films with
various WL values (b: 5.30%; c: 7.47% and d: 10.14%).

This journal is ª The Royal Society of Chemistry 2013
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the normalized uorescence intensity of the (LDH/PVA/
LDH/BTBS)300 lm is systematically larger than that of the
LDH/PVA/BTBS lm prepared by the solvent evaporation
method (Fig. 7A). The results demonstrate that the UV-
resistance capability of BTBS is enhanced signicantly,
since the inorganic LDH host layers can reect and absorb UV
light effectively.25 Furthermore, the uorescence lifetime of
the (LDH/PVA/LDH/BTBS)300 lm is prolonged compared to
that of the LDH/PVA/BTBS lm (Fig. 7B). This remarkable
increase is related to the isolation effect imposed by the
rigid LDH layers, which prevents the formation of chromo-
phore aggregates and thus enhances the luminescent
properties. In addition, typical stress–strain curves
(Fig. S10, see details in the ESI†) demonstrate that the
(LDH/PVA/LDH/BTBS)300 lms exhibit high strength and
excellent ductility simultaneously, which is ascribed to
the arrayed incorporation of inorganic nanoplatelets into
the PVA organic matrix, which guarantees their practical
applications.
Fig. 7 (A) The decay of normalized maximal fluorescence intensity with
irradiation time (360 nm UV light) for probing the UV-light-resistance
capability and (B) comparison of the fluorescence decay profiles for the (a) the
disordered LDH/PVA/BTBS film and (b) the ordered (LDH/PVA/LDH/BTBS)300
film with the same composition (LDH: 5.30 wt%; PVA: 92.75 wt%; BTBS:
1.95 wt%).

This journal is ª The Royal Society of Chemistry 2013
4 Conclusions

In summary, transparent free-standing lms with magnetic and
luminescent anisotropy were fabricated by the LBL assembly
method. Structural and morphological studies show that the
lms were continuous and uniform with long range stacking
order. In contrast to the LDH/PVA/BTBS lm prepared by the
solvent evaporation method, the (LDH/PVA/LDH/BTBS)n lms
exhibited enhanced magnetic and optical properties, including
higher saturation magnetization, longer luminescence lifetime
and stronger polarized photoemission. More signicantly, the
2D-organized structure induced an ordered stacking of LDH
nanoplatelets and uniform dispersion of the BTBS anions,
which resulted in enhanced magnetic and luminescent anisot-
ropy. Therefore, this work provides a facile method for the
fabrication of anisotropic 2D-organized materials based on the
LDH/PVA/LDH/BTBS system, which can be potentially used in
magneto-optical sensors, magnetic data storage and magnetic
devices.
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C. Taviot-Guého, J. Mater. Chem., 2005, 15, 3628; (k)
W. Shi, S. He, M. Wei, D. G. Evans and X. Duan, Adv.
Funct. Mater., 2010, 20, 3856.

16 (a) M. C. Richardson and P. S. Braterman, J. Phys. Chem. C,
2007, 111, 4209; (b) J. W. Bocair and P. S. Braterman,
Chem. Mater., 1999, 11, 298; (c) D. Yan, J. Lu, M. Wei,
D. G. Evans and X. Duan, J. Mater. Chem., 2011, 21, 13128;
(d) S. Gago, T. Costa, J. S. de Melo, I. S. Gonçalves and
M. Pillinger, J. Mater. Chem., 2008, 18, 894; (e) S. Gago,
M. Pillinger, R. A. S. Ferreira, L. D. Carlos, T. M. Santos
and I. S. Gonçalves, Chem. Mater., 2005, 17, 5803; (f)
X. Hou and R. J. Kirkpatrick, Chem. Mater., 2002, 14, 1195;
(g) X. Zhao, F. Zhang, S. Xu, D. G. Evans and X. Duan,
Chem. Mater., 2010, 22, 3933; (h) J. L. Gunjakar, T. W. Kim,
H. N. Kim, I. Y. Kim and S. J. Hwang, J. Am. Chem. Soc.,
2011, 133, 14998; (i) J. A. Kim, S. J. Hwang and J. H. Choy,
J. Nanosci. Nanotechnol., 2008, 8, 5172.

17 (a) D. Yan, J. Lu, L. Chen, S. Qin, J. Ma, M. Wei, D. G. Evans
and X. Duan, Chem. Commun., 2010, 46, 5912; (b) A. Illaik,
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