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Enhancement of visible light photocatalysis by grafting ZnO

nanoplatelets with exposed (0001) facets onto a hierarchical substratew
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A ZnO nanocatalyst with a high percentage exposure of (0001)

facets embedded on a hierarchical flower-like matrix has been

prepared by an in situ topotactic transformation of a layered

double hydroxide precursor, and exhibits significantly higher

visible light photocatalytic performance than other ZnO nano-

materials with fewer exposed (0001) facets.

Recently, the chemistry of semiconductors has attracted intense

interest in terms of both fundamental research and for their

technological applications in photocatalysis, solar energy con-

version, and water splitting.1–3 Among various semiconductors,

zinc oxide (a schematic illustration of the structure of hexagonal

wurtzite ZnO is shown in Scheme S1, ESIw) with a direct band

gap of 3.37 eV has been widely used as a photocatalyst because

of its high quantum efficiency, thermal and chemical stability

as well as its nontoxicity.4,5 Because a photocatalytic reaction

occurs at the interface between the catalyst and the reactant,

the photocatalytic activity is strongly dependent on the surface

morphology and electronic structure.6 Recently, the important

influence of the nature of the exposed surfaces of ZnO crystals

on photocatalytic efficiency was reported by Jang et al. and

McLaren et al., who demonstrated that the terminal polar

(0001) facet of ZnO is mainly responsible for its photocatalytic

activity.7,8 It is therefore to be expected that preferential

growth leading to a high degree of exposure of the (0001)

facets of ZnO is one key to enhancing its catalytic activity. In

addition, the aggregation of nanoparticles in a reaction system

is a serious problem for nanocatalysts, and leads to low dispersion

and suppresses the effective exposure of such highly active facets.9

Therefore there are two prerequisites for obtaining ZnO

nanocatalysts with high efficiency: a high degree of orientation

and high dispersion. The fabrication of nanoscale ZnO photo-

catalysts simultaneously satisfying these two requirements

remains a long-standing and fundamental scientific problem.

Layered double hydroxides (LDHs) are a class of two-

dimensional (2D) anionic clays consisting of positively

charged brucite-like host layers and exchangeable interlayer

anions.10,11 The calcination of LDHs at a moderate tempera-

ture leads to a topotactic transformation to mixed metal

oxides (MMOs), which have been widely used as catalysts,

supports and adsorbents for environmental remediation.12,13

This topotactic transformation provides an effective approach

for the fabrication of metal oxide nanoparticles which are

grafted within an amorphous matrix, giving rise to a high

dispersion of immobilized nanoparticles since agglomeration

is effectively inhibited. Recently, hierarchical semiconductors

(e.g., Bi2O3, TiO2, ZnO) with controllable morphology, orien-

tation, and dimensions have been fabricated via various

chemical and physicochemical methods, and shown to exhibit

superior photocatalytic behavior to bulk materials.14 In our

previous work, a method of atomic layered deposition followed

by in situ growth on a biological substrate was shown to offer a

means of fabricating hierarchical MMO materials with high

photocatalytic activity.15

In this work, we report the preparation of ZnO nanoplate-

lets with a high degree of exposure of (0001) facets embedded

in a hierarchical flower-like matrix using the in situ topotactic

transformation of an LDH precursor, and show that this leads

to an enhancement of photocatalytic performance under visible

light irradiation when compared with other ZnO nanocatalysts

with fewer exposed (0001) facets.

In a typical procedure, amorphous Al2O3 microspheres as

both support and Al source were added to a solution of

NH4NO3 and Zn(NO3)2�6H2O and the mixture was hydro-

thermally treated in an autoclave at 80 1C for 48 h. The

resulting product (denoted as F-LDH) was separated by

centrifugation and washed thoroughly with water and ethanol.

Fig. S1 (ESIw) shows the XRD patterns of the amorphous

Al2O3 microspheres and the as-synthesized F-LDH. A series

of reflections which can be indexed to a pristine ZnAl-LDH

phase were observed for F-LDH (Fig. S1b, ESIw). Scanning
electron microscope (SEM) images (Fig. S2, ESIw) show that

the amorphous Al2O3 microspheres have a particle diameter of

2–4 mm, while the as-synthesized F-LDH sample is composed

of numerous frizzy nanoflakes (B1 mm in width and B20 nm

in thickness) intercrossing with each other and grafted to

the substrate. The sectional image of an F-LDH microsphere
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(Fig. S2d, ESIw) confirms that the LDH flower-like shell

(B1.5 mm in height) is grafted to the amorphous Al2O3 core.

The growth of the F-LDH can be explained by a homogeneous

nucleation mechanism as described in our previous work.16

High resolution transmission electron microscopy (HRTEM)

also shows the presence of the flower-like LDH shell and the

amorphous Al2O3 core (Fig. S3a, ESIw). The TEM image of a

single nanoflake is shown in Fig. S3b (ESIw) and a hexagonal

lattice with spacing 0.30 nm, corresponding to the (100) planes

of a ZnAl-LDH phase,15 was observed in the lattice fringe

image (inset in Fig. S3b, ESIw).
The changes in crystal structure and morphology during

calcination of the F-LDH precursor were investigated in

detail. The XRD reflections of the resulting F-MMO material

(Fig. S4, ESIw) can be indexed to a hexagonal wurtzite ZnO

phase (JCPDF 36-1451). The mass percentage of the ZnO

phase in F-MMO was found to be 34% (wt%) by means of

inductively coupled plasma–atomic emission spectroscopy

(ICP–AES). Furthermore, the SEM images of the resulting

F-MMO (Fig. 1a and b) show that it inherits the original

flowerlike morphology of the F-LDH precursor, and no

agglomeration or sintering of adjacent nanoflakes was observed.

More interestingly, Fig. 1c shows that there is an abundance

of well-dispersed nanoplatelets on both sides of the MMO

nanoflakes. The high magnification SEM image (Fig. 1d) of a

single MMO nanoflake reveals that hexagonal nanoplatelets

with diameter of 10–50 nm and thickness of 6–8 nm (inset in

Fig. 1d) were immobilized on the nanoflake substrate with

high dispersion.

HRTEM was employed to confirm the structure of the

hexagonal nanoplatelets on the F-MMO nanoflake. It can be

observed from Fig. 2a that hexagonal nanoplatelets are

immobilized on the substrate with a high degree of orientation,

consistent with the SEM image (Fig. 1d). A single hexagonal

nanoplatelet is shown in Fig. 2b, and the clear lattice fringes

(Fig. 2c) indicate the single crystalline nature of the nano-

platelet. The interplanar spacing is 0.28 nm, which corresponds

to the (10%10) plane of a hexagonal ZnO phase. The selected area

electron diffraction (SAED) pattern (inset in Fig. 2c) along the

[0001] zone axis has regular and clear hexagonal diffraction

spots and reveals that the top and bottom surfaces of each

ZnO nanoplatelet are the �(0001) facets, whilst the side

surfaces parallel to the c-axis can be attributed to the {10%10}

facets of a single crystal. Both the HRTEM and SAED results

indicate that the preferred growth direction of ZnO is along

{10%10}, which leads to the formation of hexagonal ZnO

nanoplatelets with a high degree of exposure of (0001) facets. In

contrast, most reported synthetic procedures of wurtzite ZnO

nanomaterials result in hexagonal rods elongated along the

c-axis,7 since the Zn-terminated (0001) plane has the highest

energy among all the facets, and promotes one-dimensional

growth along the c-axis leading to a preponderance of exposed

low energy {10%10} planes.8,17

The reason for the formation of nanoplatelets of ZnO in our

case can be understood as follows. During the structural

evolution of the F-LDH precursor into the final F-MMO

(Scheme S2, ESIw), a topotactic transformation based on the

hexagonal structure of LDH is believed to occur, resulting in

the formation of hexagonal ZnO nanoplatelets embedded on

the F-MMO surface (Fig. S5, ESIw). As a result, hexagonal

crystals of ZnAl-LDH nanoflakes serve as both a Zn source

and a rigid template, which restrains the fast growth rate of

ZnO along the c-axis and induces the preferred growth of the

nanoplatelets along the {10%10} direction. This results in the

top surface of the ZnO nanoplatelet being terminated by the

Zn (0001) facet (as shown in Fig. 2d). The average aspect ratio

(0001/10%10) observed from Fig. 2d is B5, corresponding to

nearly 50% of the total exposed facets being (0001). The

nitrogen adsorption–desorption isotherms and porosity data

(see Fig. S6 and detailed discussion in ESIw) show that F-MMO

has a rather wide distribution of mesopores (2–25 nm, with a

maximum at 4.0 nm) and a specific surface area of 84 m2 g�1.

The photocatalytic decomposition of Rhodamine B (RhB)

under visible light irradiation (l 4 400 nm) was studied as a

probe reaction using the F-MMO sample, with MMO powder

Fig. 1 SEM images of the as-obtained F-MMO sample: (a) an over-

all view of the F-MMO microspheres; (b) a single F-MMO micro-

sphere; (c) the nanoflakes of a F-MMOmicrosphere; (d) a portion of a

F-MMO nanoflake with hexagonal ZnO nanoplatelets embedded on

its surface (inset: the cross section of the F-MMO nanoflake).

Fig. 2 HRTEM images of the F-MMO sample: (a) a F-MMO

nanoflake with ZnO nanoplatelets on its surface; (b) a single-

crystalline ZnO nanoplatelet; (c) HRTEM image of (b) (inset: the

corresponding SAED pattern of (b) along the [0001] zone axis); (d) the

cross section of a ZnO nanoplatelet with exposed (0001) facet

embedded on the F-MMO substrate.
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prepared by calcination of a powdered LDH precursor, ZnO

nanoplates and ZnO nanorods samples for comparison (see

details in ESIw). In control experiments, it was found that both

the self-degradation of RhB and photodegradation of RhB

by the amorphous Al2O3 microspheres under visible light

irradiation were negligible (Fig. S7, ESIw). Fig. 3A shows the

pseudo-first order kinetics (eqn (1), ESIw) of the degradation of

RhB by the four ZnO samples with the pseudo-first order rate

constants (k) decreasing in the order: F-MMO 4 MMO 4
ZnO nanoplates 4 ZnO nanorods (see Table S1 in ESIw). The
F-MMO showed high photocatalytic efficiency with RhB being

fully decomposed after 180 min (Fig. S8, ESIw). The results

clearly demonstrate that the F-MMO sample—with its high

dispersion and high degree of exposure of (0001) facets—

possesses superior visible light photocatalytic activity to ZnO

nanorods (with fewer exposed (0001) facets), ZnO nanoplates

(with equal exposure of Zn (0001) and O (000%1) facets) and

the MMO powder sample (with a high degree of aggregation;

Fig. S9, ESIw).
As shown in Fig. 3B, the absorption edge of ZnO-based

F-MMO is shifted into the visible light region and shows

stronger absorption in the range 400–450 nm compared with

the three other ZnO samples. The band gap of the F-MMO is

estimated to be B2.90 eV based on the UV-visible diffuse

reflectance spectrum (inset of Fig. 3B), lower than that of the

MMO (3.0 eV), ZnO nanoplates (3.04 eV) and ZnO nanorods

(3.12 eV). The high visible light photocatalytic behaviour of

F-MMO is possibly related to the oxygen defects (e.g., Vo�� and

Oi0 0 defects) present in the exposed (0001) facet. A typical

HRTEM image (Fig. S10, ESIw) shows that bending of lattice

fringes (Fig. S10a, b1 and 2) and edge dislocation (Fig. S10c

and d) were observed, confirming the presence of defects

(including oxygen defects) in the (0001) polar surface. It has

been reported that a large fraction of polar planes of ZnO

favours the formation of more oxygen defects,18a,b,c which have a

significant impact on the electronic properties, and enhance

the efficient separation of electron–hole pairs.8,18 Therefore,

the observed red-shift of the band gap for F-MMO can be

explained by the formation of oxygen defects during the in situ

topotactic transformation of the F-LDH precursor. Furthermore,

the ZnO nanoplatelets embedded in the hierarchical F-MMO

architecture exhibit a high degree of dispersion and high

stability, with the matrix effectively preventing aggregation

of nanoparticles and enhancing the efficiency of electron–hole

separation. In addition, density functional theory (DFT) calcula-

tions were carried out (see details in ESIw) in order to give

further insight into the electronic structure. The results show

that a lower band gap was obtained for the (0001) surface

relative to bulk ZnO and (10%10) and (000%1) surfaces, accounting

for its high visible light photocatalytic activity, in accordance

with the experimental results. Furthermore, when the F-MMO

catalyst was reused, it maintained a constant photocatalytic

activity over 10 consecutive cycles (Fig. S12, ESIw). No obvious

changes in its morphology or structure were observed after the

reaction (Fig. S13 and S14, ESIw), demonstrating that it can

serve as a stable, effective and recyclable photocatalyst.

In summary, a ZnO nanocatalyst with high percentage

exposure of (0001) facets grafted on a hierarchical MMO

architecture can be prepared by an in situ topotactic transfor-

mation approach, and the material exhibits excellent photo-

catalytic performance under visible light irradiation. It is

expected that this facile approach can be extended to the

preparation of other immobilized metal or metal oxide nano-

catalysts with preferential exposure of highly active facets.
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