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Monochromatic visible light-driven photocatalysis
realized on 2D ZnO shell arrays†

Fei Wang,ab Dongxu Zhao,*a Zhikun Xu,ab Zhongkui Zheng,a Ligong Zhanga

and Dezhen Shena

Using sunlight to solve energy shortage and pollution problems is still a hot but challenging issue. Because

of this, we have demonstrated a novel and simple approach to fabricating a 2D shell array structure to

enhance the interaction between incident light and the material. The enhancement remarkably

increased the two-photon excitation efficiency of the material and, utilizing the two-photon induced

electron–hole pairs in ZnO, we realized photocatalysis under monochromatic visible light for the first

time. The method and theory described in this paper provide the basis for realizing high-efficiency

sunlight-driven photocatalysts and also show a new way to improve the performance of photoelectric

and photonic devices.
1 Introduction

For the increasingly severe energy shortage and environment
problems, semiconductors were expected to play an important
role in photocatalysis, such as in hydrogen production and
pollutant degradation. Photocatalysts based on the semi-
conductors TiO2 and ZnO have been successfully fabricated and
widely used.1–9 However, owing to their wide band gaps (3.2 eV
for TiO2 and 3.37 eV for ZnO), their photocatalytic applications
could only be performed under ultraviolet (UV) illumination,
which occupies a small part of sunlight and needs an extra UV
source. In order to develop solar-driven photocatalysts without
the need for extra light sources, several approaches were taken
to break through this inherent restriction of the materials, such
as doping to narrow the band gap,2,3 modication by plasmonic
nanoparticles to obtain light absorption in visible region,4,5

surface hydrogenation6 and formation of a reverse opal struc-
ture7–9 to enhance the light harvesting. These reports did
improve the photocatalytic performance of the materials under
the light of a broad band from ultraviolet to visible. However,
there are few reports about monochromatic visible light-driven
photocatalysis, and the exact mechanism of the improvement is
unclear, which are the fundamental problems that must be
solved to realize high efficiency photocatalysis working under
the solar light.
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In this report, we used polystyrene (PS) nanospheres as a
template to build ZnO 2-dimensional (2D) shell arrays. In
previous work, TiO2 3-dimensional (3D) shell arrays, or 3D
photonic crystals of the reverse opal strucrure, have been
fabricated,7–9 and there is a Bragg diffraction in the lattices
according to:

mlmin ¼ 2d(n2 � sin2 q)1/2 (1)

where m is the order of diffraction, l is the wavelength of the
stop band, n is the mean refraction index of the 3D crystal and d
is the periodical constant along the normal of the sample plane.
From the equation we can see that the stop band is very sensi-
tive to the incident angle q, which is a disadvantage in photo-
catalytic applications, but 2D shell arrays are almost
q-independent.10 Meanwhile, the layer number of the 3D
structure is more difficult to control, and the template tech-
nique using PS spheres to form 2D array structures has been
reported by Li et al.11–13 Furthermore, two-photon excited ZnO
photoluminescence has been observed by some research
groups,14–16 which means that visible light-induced electron–
hole pairs in ZnO are realizable. Considering the above points
we fabricated 2D ZnO shell array structures.

2 Results and discussions

The 2D arrays of PS spheres with diameters of 200 nm, 500 nm,
750 nm and 1000 nm were fabricated. As an important char-
acterization method of band structures, the optical trans-
mission spectra will show us information on the stop band gaps
and the changing regularity of the band gap in the different
fabrication steps, which are similar to the photonic band
structures of 3D photonic crystals. We show the optical trans-
mission spectra of the samples in Fig. 1. In Fig. 1, the peaks
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 The optical transmission spectra of 2D arrays consisting of 200 nm,
500 nm, 750 nm PS spheres.
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located at 300 nm can be attributed to the characteristic
absorption of the polystyrene material. The array of 200 nm PS
spheres only has one peak located at 530 nm on the curve, and
the arrays of 750 nm and 1000 nm PS spheres have complicated
and unclear optical transmission spectra (the optical trans-
mission spectra of 1000 nm PS spheres is shown in Fig. S2†).
Only the 500 nm PS spheres array has a characteristic and
distinct band structure in the visible light region, so we inves-
tigated it in this work. Fig. 2a and b show the FESEM images of
the 500 nm sample aer removing the PS spheres. The thick-
ness of the ZnO shell is about 50 nm, and it can be seen that the
ZnO shell can perfectly hold the sphere shape with the absence
of the PS spheres and maintain the hexagonal array. Fig. 2c
Fig. 2 (a) and (b) SEM images of the ZnO 2D shell array after removing the PS spher
The black curve is the spectrum of the 500 nm PS sphere array. The red curve is the s
curve is the spectrum after removing the PS spheres from the sample. The blue cu
extinction spectrum of the 500 nm PS sphere array.

This journal is ª The Royal Society of Chemistry 2013
shows the optical transmission spectra of the samples. The
black curve in Fig. 2c is the transmission spectrum of the 2D
array self-assembled by the PS spheres. There are many char-
acteristic peaks on the curve. The peak located at 300 nm is due
to the characteristic absorption of the polystyrene material, and
the 4 other major peaks are related to the positions of forbidden
bands. In 3D photonic crystals, each PS sphere is regarded as a
point of crystal lattices and a modied Bragg's law (eqn (1)) is
widely used to calculate the photonic band gap.6–9 However, this
method has some disadvantages: it only considers the diffrac-
tion in the photonic crystal, and ignores the scattering and
reection of the PS sphere arrays. This means the result could
only show one of the photonic forbidden bands and has a
certain deviation from the experimental values. Herein, we have
successfully simulated the accurate stop bands which t our
experimental results well.

In our 2D arrays the Bragg diffraction will no longer take
effect, and light passing through the structure will only be
affected by the monolayer of the PS sphere array. The dielectric
spheres are efficient scatterers and the reection of the sphere
array is very limited, so the scattering by the spheres plays the
dominant role in forming the band structures. According to
scattering theory, when the size of the sphere is comparable to
the incident light wavelength, the Rayleigh scattering model
will break down, and Mie's scattering model can be used to
determine the intensity of the scattered radiation. Mie's model
is the exact mathematical solution of light scattering by
homogeneous spheres on the basis of Maxwell's equations. For
incident light of wavelength l, the scattering behavior of a
system, which consists of spherical particles, can be fully
es. (c) Optical transmission spectra of the sample in the different formation stages.
pectrum of the sample after coating the PS spheres with ZnO shells, and the green
rve is the transmission spectrum of ZnO thin film for comparison. (d) Simulated

J. Mater. Chem. A, 2013, 1, 9132–9137 | 9133

http://dx.doi.org/10.1039/c3ta11742a


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
9 

M
ay

 2
01

3.
 D

ow
nl

oa
de

d 
by

 C
ha

ng
ch

un
 I

ns
tit

ut
e 

of
 O

pt
ic

s,
 F

in
e 

M
ec

ha
ni

cs
 a

nd
 P

hy
si

cs
, C

A
S 

on
 1

7/
03

/2
01

4 
03

:0
0:

49
. 

View Article Online
described by the particle radius r, the refractive indices, ns and
na, of the sphere and ambient medium respectively.17,18 The
complex Mie coefficients an and bn can be calculated using
complex Bessel–Riccati functions j and x:

an ¼ j0
nðmxÞjnðxÞ �mjnðmxÞj0

nðxÞ
j0
nðmxÞxnðxÞ �mjnðmxÞx0nðxÞ

(2)

bn ¼ mj0
nðmxÞjnðxÞ � jnðmxÞj0

nðxÞ
mj0

nðmxÞxnðxÞ � jnðmxÞx0nðxÞ
(3)

wherem¼ ns/na and is the relative refractive index of the sphere,
and x is taken as

x ¼ 2pnar/l. (4)

From the model we know that in a 2D array structure of PS
spheres, r, ns, and na are constant. However, with different
incident wavelengths l, the degrees of scattering are different,
which means that for light of different wavelengths, our 2D
sphere array will extinct the light that has a strong scattering
intensity, and be transparent to other light with relatively weak
scattering effects. This results in the band gap in our 2D PS
sphere array. The scattering and extinction efficiencies are
derived as:

QSca ¼ 2

x2

XN
n¼1

ð2nþ 1Þ
�
janj2 þ jbnj2

�
(5)

QExt ¼ 2

x2

XN
n¼1

ð2nþ 1ÞReðan þ bnÞ: (6)

In order to simulate the band structure of the 2D sphere
array, rstly we need to know the relation between the wave-
length and extinction efficiency. We treated the wavelength of
the incident light as a variable, and QExt is a function of l. When
l increases from 300 nm to 800 nm, the extinction efficiency will
change accordingly. Fig. 2d is the simulation of the extinction
spectrum. Since the light transmittance is inversely propor-
tional to the extinction efficiency, we reversed the y axis for a
direct contrast. There are 4 peaks in the spectrum, located at
560 nm, 460 nm, 380 nm and 330 nm, which are in good
agreement with the experimental data in Fig. 2c (black curve).
Additionally, the errors between the experimental results and
simulated values are less than 5 nm, which is more accurate
than the errors of about 20 nm in the Bragg diffraction method.
Moreover, this method can simulate the complex band struc-
ture of the sphere array, instead of only one band as in the
previous method. There are also other factors which insigni-
cantly inuence the band structure, such as the diffraction and
reection of light by the sphere array. All of these factors form
the nal band structure of the 2D sphere array shown in Fig. 2c.

The red curve in Fig. 2c is the transmission spectrum aer
coating the PS spheres with ZnO. Compared with the black
curve, we can see that the spectrum blue-shied integrally, and
the absorption peak at 460 nm was enhanced. Due to the rough
surface of the ZnO spheres shown in Fig. 2a and b, the scat-
tering at the surface of the spheres becomes more irregular and
9134 | J. Mater. Chem. A, 2013, 1, 9132–9137
complicated, and the Mie scattering theory is no longer suitable
for asymmetrical and non-uniform spheres. For deducing the
changing regularity of the band structure, the geometrical
optics theory was adopted. Because the scattering mainly occurs
at the interface between the spheres and the ambient medium,
we use the relative refraction index of the spheres,

nr ¼ ns/na, (7)

for the dispersion relation:

v ¼ fl (8)

n ¼ vc/v. (9)

From this we can obtain

vc/f ¼ nrl ¼ nsl/na (10)

where nc and n are the light velocity in vacuum and medium
respectively, and f is the frequency of light. nc is constant and f
depends on the light source, so nc/f is constant. According to
eqn (10), when the sphere is coated with ZnO, na increases from
1 to 2.45, and l will increase, leading to a red-shi, but in the
transmittance spectra, l is the wavelength of external light, so
the red-shi of l results in the red-shi of the x-axis and the
blue-shi of the curve, which explains the change of the red
curve. The green curve is the spectrum of the ZnO sphere array
aer removing the PS spheres. On the curve, the peaks from the
2D PS sphere array have vanished, but the absorption peak
located at 430 nm remains. According to eqn (10), without the
PS spheres, ns decreases from 1.579 to 1, so lwill increase again,
which results in the peak located at 430 nm blue-shiing to
410 nm on the green curve. Due to the 2D structure of the ZnO
hollow sphere array, we extended the transmission edge of ZnO
into the visible region (the blue line is the transmission curve of
ZnO thin lm for comparison, and the transmittance spectra for
other PS sphere conditions were shown in the ESI† and are in
accord with our deductions).

Since the 2D array structures extend the transmission edge of
ZnO to the visible light region, the ZnO hollow sphere array could
be used as a superior photocatalyst. Methylene blue is a water
contaminant from dyeing processes, and the visible light-driven
photocatalytic activity of the shell array was measured by moni-
toring the change of the optical absorption of the methylene blue
solution. According to the band gaps of the green curve in Fig. 2c,
monochromatic visible light centered at 400 nm and 470 nm was
used in the experiment. The ZnO shell array used as the photo-
catalyst was cut into 0.5 cm� 0.5 cm size, and the ZnO thin lm
used for comparison was 1.0 cm � 1.0 cm, so we can ignore the
surface area difference of the ZnO material. The photocatalytic
degradation is shown in Fig. 3a. From Fig. 3a we can see that
under the illumination of 400 nm light (2 mW cm�2), the
absorption peak of the methylene blue decreased, which means
that the decomposition of methylene blue has indeed taken
place. However, as shown in Fig. 3b, the photocatalysis reaction
did not occur under 470 nm light (4 mW cm�2), which is the high
transparent region in the band gap (shown in Fig. 2c). In
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 (a) The optical absorption of the methylene blue solution after different
degradation times. (b) The photocatalytic activity of the sample under different
reaction conditions. (c) The room temperature PL spectra of the ZnO thin film and
ZnO 2D sphere array after removing the PS spheres. The cyan curves are the
Gaussian fitting results of the black curve.
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addition, for the ZnO thin lm without the 2D array structure, no
reaction was observed. From the above experiment we can infer
that the 2D shell array structure of ZnO plays an important role in
the visible light-driven photocatalysis.

The photocatalysis may caused by two-photon excitation in
ZnO.14–16 For a photon with energy less than the band gap of the
material, the hole–electron pairs can not be generated in the
material. But, if an electron in the valence band of ZnO absorbs
more than two photons, it will transit to a higher state in the
This journal is ª The Royal Society of Chemistry 2013
conduction band, and generate a hole in the valence band at the
same time. This electron–hole pair will assist in oxidizing
absorbed organic pollutants.19 For the wavelength in the band,
the incident light strongly scatters at the surface of the ZnO
hollow spheres and the interface between the ZnO shell and the
air core. The scattered light then transfers to neighboring spheres
and will be scattered or absorbed by the neighboring sphere,
which causes a strong resonant mode among the spheres in the
array.20–22 Furthermore, the velocity of electromagnetic pulse
propagation is determined by the group velocity ng, where

vg ¼ vu

vk
¼ c

�
nþ u

dn

du

��1

: (11)

In photonic crystals, the slope of the bands, u(k), decreases
when approaching the band edges, that is, the derivative of u(k)
tends to zero. This means that the group velocity is considerably
reduced when approaching band gaps.23–27 Both the resonant
mode and the slow photon effect will drastically enhance the
interactions between light andmatter, and increase the chances
of two-photon excitation.

In order to further prove the two-photon excitation process in
the ZnO 2D shell array, up-conversion photoluminescence
measurements were performed by using a frequency-doubled
femtosecond laser with a wavelength of 400 nm as the excitation
source. Fig. 3c shows the room-temperature photoluminescence
spectra. A near-band-edge emission peak of ZnO located at
385 nm is observed in the array structure, but no emission peak
was observed for the ZnO thin lm. This experiment supports our
opinion that the 2D shell array structure of ZnO can increase the
two-photon excitation efficiency. However, when the wavelength
of the incident light is not located in the range of the band gap,
the crystal is almost transparent to the light. This is why the array
of ZnO spheres did not work under 470 nm illumination, as
presented in Fig. 3b.

It is worth noting that the sample still containing the PS
spheres has a strong absorption peak located at about 430 nm
on the red curve in Fig. 2c, which results from the combination
of the band gaps of the ZnO spherical shell array and the inner
PS spheres. Will the ZnO hollow spheres together with inner PS
spheres have stronger resonance and slow photon effects? To
conrm this, their photocatalytic capability was evaluated and
shown in Fig. 4a. When under the illumination of 430 nm light
(0.5 mW cm�2), the sample presented good photocatalytic
performance. We used the degradation rate constant k to
compare the photocatalytic activity of the samples with and
without PS spheres. From Fig. 4b we can see that the photo-
catalytic process of the ZnO sphere array tends to slow down
obviously aer the reaction time of an hour, but the 2D array
containing the PS spheres still has a fast degradation rate even
when driven by a low power density light of 0.5 mW cm�2.
According to the mechanism of photocatalysis,28 the excited
photocatalysts can only decompose the organic species absor-
bed on the surface. We now take the absorbing velocity nab and
degradation velocity nde into consideration. With a certain
absorbing velocity nab, the slowing of the photocatalytic process
in the ZnO sphere array indicates that the photocatalysts can
J. Mater. Chem. A, 2013, 1, 9132–9137 | 9135
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Fig. 4 (a) The photocatalytic activity of the sample containing the PS spheres. (b)
The degradation rate constant of the samples without the PS spheres and con-
taining the PS spheres.
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not degrade all of the absorbed organic pollutants, and the
excessive organic species on the surface isolated the photo-
catalysts from the solution, corresponding to nde < nab. The
excited electron–hole pairs are low in number. However, for the
2D array containing the PS spheres, the degradation rate is
maintained even aer 3 hours, meaning the degradation
velocity of the sample must be faster than the absorbing
velocity, so nde $ nab. This means more electron–hole pairs are
induced due to the high two-photon excitation efficiency.
Therefore we can infer that due to the combined deeper dip in
the transmittance spectrum, the photonic effects caused by the
PS sphere array could also act on ZnO. The ZnO spherical shell
array, together with the inner PS spheres, has stronger photonic
effects and leads to a higher excitation efficiency, which
conrms that the photocatalysis of our samples is the result of
photonic effects, and stronger effects will result in superior
photocatalytic properties.
3 Conclusions

In summary, 2D shell arrays of ZnO were successfully fabricated
by a simple PS microsphere-assisted templating technique. The
band gaps of the array structure were investigated by the optical
transmission spectra. According to Mie's scattering theory, we
accurately deduced the band structure and changing regularity
9136 | J. Mater. Chem. A, 2013, 1, 9132–9137
that t the experimental results well. The photocatalytic capa-
bility of the crystals was evaluated by the photocatalytic degra-
dation of methylene blue, and we realized monochromatic
visible-light driven photocatalysis by two-photon excited elec-
tron–hole pairs in ZnO. It was proved that the 2D array struc-
tures could change and enhance the performance of
optoelectronic devices based on semiconductors. This work not
only shows a way to achieve high-efficiency, sunlight-driven
photocatalysis to solve environmental and energy problems, but
also provides a new method to improve the properties of
photoelectric and photonic devices in the future.
4 Experimental

Glass substrates were cut into 1 cm � 1 cm pieces, and ultrason-
ically cleaned in acetone, ethanol and deionized water separately,
each for 15minutes. Subsequently, the substrates were placed in a
solution of 7% NH4OH, 30% H2O2, and deionized water (1 : 1 : 5)
by volume for 60 minutes at 80 �C, then rinsed in deionized water
and dried at room temperature. Polystyrene sphere suspensions
(200 nm, 500 nm, 750 nm, 1000 nm in diameter, purchased from
Alfa Aesar corporation and used as received) were spin-coated on
the glass, and then heated at 90 �C to make the PS spheres melt
slightly and stick to the substrates. ZnO was deposited onto the
samples by a radio-frequency magnetron sputtering technique
with a deposition time of 30 minutes. To coat the microspheres
with ZnO wholly and uniformly, we tilted the sputtering source of
ZnO at a certain angle to the sample holder, and rotated the
sample holder with a speed of 20 r min�1. Finally, we immersed
the samples in toluene for 5minutes and annealed them at 400 �C
for 30 min to entirely remove the PS. The samples used for
comparison were fabricated by the same method but without
coating the PS spheres onto the substrates. The ZnO shell and thin
lm were about 50 nm thick, and the thickness of ZnO will not
affect the band structures of our samples.

The photocatalytic activities of the samples were evaluated
by the degradation of methylene blue aqueous solution (1 mM)
in a quartz cuvette in a darkroom. The monochromator (Shi-
madzu RF-520) equipped with a 150W Xe lamp and commercial
LEDs (400 nm, 450 nm) served as the visible light sources. The
UV-vis absorption spectra of the substrates as a function of time
were recorded. The morphology of the samples was investigated
by eld-emission scanning electron microscopy (FESEM, Hita-
chi S-4800), and the absorption spectra were carried out using a
Shimadzu UV-3101 PC spectrophotometer. When testing, we
used a glass substrate as a reference. The photoluminescence
(PL) measurements were performed using a frequency-doubled
femtosecond laser with a wavelength of 400 nm as the excitation
source. The power densities of driven light were measured by an
Ophir PD300R-UV power meter.
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