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LDH/TiO2 one-dimensional photonic crystals (1DPCs) covering

the whole visible light range were fabricated by alternate

deposition technique. The switchable color of LDH/TiO2

1DPCs can be achieved by repeating calcination–rehydration

cycles, as a result of the associated changes in thickness and

refractive index of the LDH slabs.

One-dimensional photonic crystals (1DPCs), also known as Bragg

reflectors have a diverse range of applications, including ultra-high

reflectivity mirrors and frequency selective filters. Their optical

properties arise from the periodic modulation in refractive index n of

alternating layers with high (nH) and low (nL) refractive indices.1–3

Films composed of such stacks exhibit brilliant colors when their

one-dimensional photonic band gap (stop band) falls in the visible

region, responsible for their application as effect pigments.4,5 For

applications in displays, sensors and information storage, however, it

is necessary to develop next-generation smart 1DPCs in which the

position of the stop band can be tuned or switched as required. The

way in which this might be achieved follows from the equation6

lmax = 2(nLdL + nHdH) (1)

(where dL and dH are the thicknesses of the low refractive index

and high refractive index regions in the film, respectively), which

shows that the first-order reflected wavelength (lmax) of a

structure with a periodic refractive index profile can be tuned by

varying the optical thicknesses (the product of the thickness and

the refractive index) of the two slabs.

Conventional 1DPCs are fabricated by spin-coating or layer-by-

layer assembly of pairs of oxides which possess a very large difference

in refractive index, such as SiO2 (n = 1.45) and TiO2 (n = 2.44).7–9

While the stop band of such materials can be tuned by changing the

layer thickness of the individual components (dL or dH), this

obviously does not provide a means of reversible modulation of the

wavelength. Although the refractive indices of materials such as pure

SiO2 and TiO2 are fixed, there have been a few reports of reversibly

tunable 1DPCs based on the reversible modulation of the effective

refractive indices of nanoporous SiO2 and TiO2 by repeated

infiltration and extraction of solvents or dyes from the nano-

pores.10,11 A more robust and environmentally-friendly device

should be obtainable by replacing either SiO2 or TiO2 with a single

material which undergoes a reversible change in refractive index as a

result of a reversible structural transformation.

Layered double hydroxides (LDHs) or hydrotalcites, are

layered anionic clays generally expressed by the formula

[M2+
12xM3+

x(OH)2](A
n2)x/n?mH2O, where M2+ and M3+ are metal

cations and An2 is a charge-compensating anion.12–14 Recently,

LDH nanoparticles have been used as building blocks to fabricate

nanoscale composite materials, which show interesting photolumi-

nescent and mechanical properties.15 Unlike other types of clays

(such as montmorillonite, kaolinite and illite), LDHs can undergo a

reversible structural change, since calcination at moderate tempera-

tures leads to the formation of mixed metal oxides (MMOs), which

on subsequent rehydration regenerate the LDH phase.16 Here we

show how this unique feature of LDHs can be exploited to fabricate

a new 1DPC based on a multilayer system composed of LDH and

TiO2 nanoparticles. The optical response of the 1DPC can be

tailored either by changing the physical thickness of the individual

slabs or by tuning the refractive index through triggering the

structural transformation between LDHs and MMOs.

Stable colloidal suspensions of anatase TiO2 (particle size

y10 nm) and MgAl–NO3–LDH with a basal spacing of y8.7 Å

(particle size y40 nm) were synthesized according to the literature

and characterized by transmission electron microscopy (TEM) and

X-ray diffraction (XRD) (Fig. S1, ESI{). The 1DPCs were fabricated

on Si wafers by alternate deposition of LDH and TiO2 nanoparticles

via the spin-coating technique, with a TiO2 layer as outermost slab.

The thickness of both slabs can be tailored by appropriate choice of

coating parameters (Fig. S2, ESI{). A field emission scanning

electron microscope (SEM) image (Fig. 1A) of the LDH slab shows

that the LDH platelets tend to stack face-to-face. A cross-sectional

image of a six-slab LDH/TiO2 multilayer film shows well-defined

interfaces between the two components (inset of Fig. 1A). The

average thicknesses of the TiO2 and LDH slabs are 142 ¡ 16 and

156 ¡ 20 nm, respectively. Atomic force microscopy (AFM)
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measurements (Fig. S3, ESI{) give a root-mean-square (RMS)

roughness of 15–23 nm, indicating that the LDH/TiO2 multilayer

films have a relatively smooth surface. Fig. 1B shows that the

reflectance intensity of the LDH/TiO2 stacks increases monotonically

with slab number, as expected from the following equation:17

R~
n0{ns nL=nHð Þ2N

n0zns nL=nHð Þ2N

" #2

(2)

where R is the reflectivity; n0 and ns are the refractive indices of the

surrounding environment and the substrate, respectively; N is the

number of slabs. The maximum value of reflectance (at 520 nm)

reached 73% when six slabs were deposited.

Tailoring of the optical response of the LDH/TiO2 1DPC was

achieved by varying the thickness of the LDH slabs, while keeping the

TiO2 slabs at a constant thickness (Fig. 2A). In all cases, the well-

defined shape and high intensity of the reflectance band (Fig. 2B)

demonstrates the excellent optical quality of the multilayer stacks. The

maximal stop bands correspond to the first-order Bragg diffraction,

resulting from the constructive interference of incident beams reflected

at each interface; the band position is determined by the optical

thickness of the stacks. With increasing thickness of the LDH slabs,

the peak position of the six-slab films shifted from 462 to 695 nm,

without much variation in intensity, with a corresponding change in

film color from blue to red (Fig. 2C). Likewise, the slab thickness of

TiO2 could also be tailored over a wide range, allowed the position of

the stop band to be tuned across the whole visible range (Fig. S4).

The optical response of the LDH/TiO2 1DPC can be switched

reversibly by taking advantage of the reversible phase transforma-

tion between LDH and MMO during a calcination–rehydration

cycle, as schematically illustrated in Fig. 3A. The reflectance peak of

the as-prepared LDH/TiO2 film (N = 6) shifted from 520 nm

(Fig. 3B, curve a) to 455 nm (curve b) after the calcination process,

with an accompanying visual color change from green to blue (insets

a and b in Fig. 3B). When the calcined film was rehydrated through

hydrothermal treatment it recovered its original color completely,

with a corresponding change in its reflectance spectrum. Moreover,

the reversible switching between the green and blue states was

reproducible by repeated calcination–rehydration over a number of

cycles (the inset c of Fig. 3B).

In order to provide further insight into the structural changes in

the LDH/TiO2 1DPC over a whole calcination–rehydration cycle,

separate spin-coated LDH and TiO2 films were characterized using a

spectroscopic ellipsometer (Table 1). For the LDH film, both an

obvious decrease in thickness (from y104 to y94 nm) and a

Fig. 2 (A) Schematic representation of the optical tuning of 1DPCs by

means of increasing LDH slab thickness (from a to d); (B) optical spectra

and (C) digital photographs showing that colors covering the full visible

range could be obtained by modulating the thickness of the LDH stack in

1DPCs with N = 6 (sample size: y1 6 1 cm).

Fig. 3 (A) Schematic illustration of the optical switching of LDH/TiO2

stacks during a calcination–rehydration cycle; (B) optical response and digital

photographs showing the reversible changes in reflectance spectra and visual

color. The inset c displays the reversible conversion of the stop band position

with repeated calcination–rehydration cycles.

Fig. 1 (A) Field emission SEM image of LDH slab as the first layer; the

inset shows a cross-sectional SEM image of six-slab LDH/TiO2 multilayer

film; (B) evolution of the reflectance spectra of the LDH/TiO2 films with the

number of stacked slabs (N).
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significant enhancement of porosity (from 14% to 39%) were

observed after calcination, resulting in a marked reduction in the

refractive index (from 1.53 to 1.22). After the rehydration treatment,

the above three parameters all reverted to their original values. For

the TiO2 film however, no obvious changes in the thickness,

refractive index or porosity were found over a whole cycle indicating

that, as expected, the TiO2 nanoparticles do not undergo any

chemical or physical transformation. The reversible changes in the

film thickness and refractive index of the LDH slabs translate into

tunability of the optical thickness nLdL, which triggers the switching

of the photonic stop band position, as shown by eqn (1).

The phase transformations of LDH/TiO2 1DPC during a

calcination–rehydration cycle were investigated by XRD (Fig. 4).

The as-prepared LDH/TiO2 film (N = 6) displayed two series of

reflections which can be indexed to LDH and TiO2 phases (Fig. 4a).

The characteristic 003 reflection (2h = 10.1u) of the NO3-intercalated

LDH indicates a basal spacing of y8.7 Å, consistent with that of the

as-prepared LDH suspension. Calcination at 450 uC resulted in the

disappearance of the LDH phase and the appearance of peaks which

can be attributed to the (200) and (220) reflections of a periclase

MgO phase (Fig. 4b);18 while the TiO2 reflections remained

unchanged. After rehydration, the MMO phase was reconverted to

an LDH structure (Fig. 4c). The LDH (003) reflection (2h = 12.3u)
corresponding to a basal spacing of 7.2 Å indicates that an OH-

intercalated LDH was formed. Both the XRD and ellipsometry

results demonstrate that the calcination–rehydration cycle leads to

the interconversion of LDH and MMO films accompanied by

reversible changes in film thickness and refractive index, which

endows the LDH/TiO2 1DPC with switchable structural color.

Long-term stability is extremely important for practical applica-

tion of 1DPCs. The mechanical stability was examined by

continuous sonication of the Si substrate coated with the LDH/

TiO2 film in water containing detergent. After sonication (100 W) for

1 h, the optical properties remained unchanged (Fig. S5, ESI{).

Furthermore, no delamination or peeling occurred on cross-cutting

the surface, indicating the strong adherence of the film to the

substrate (Fig. S6, ESI{). The high durability and strong adhesion of

the LDH/TiO2 film to the substrate should guarantee the long-term

application of the 1DPCs under practical conditions.

In summary, 1DPCs have been fabricated by alternate deposition

of TiO2 and LDH nanoparticles on a Si substrate. The optical

response of the resulting LDH-based 1DPCs can be tailored by two

approaches: (i) a tunable 1DPC whose color covered the whole

visible range was obtained by changing the thickness of the TiO2 or

LDH slabs; (ii) a reversible shift of the photonic stop band was

achieved by tuning the refractive index of the LDH stacks via

inducing the reversible phase transformation between LDHs and

MMOs in a calcination–rehydration cycle. It is expected that such

LDH/TiO2 1DPCs with high stability as well as sensitivity to external

stimuli will find applications in intelligent optical sensing and smart

windows. Further investigation of 1DPCs containing LDHs as an

‘‘active layer’’ are in progress, with the purpose of detecting and

discriminating specific chemical/biological molecules.
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