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bstract

Crystalline ZnO nanoparticles were synthesized via the templating method by taking advantage of the hydrophilic cavities of the Nafion ionomer
embranes. The ZnO-embedded Nafion film was characterized by various methods, including optical absorption, X-ray diffraction and high-

esolution transmission electron microscopy. The film was of high optical quality, and exhibited excellent photocatalytic activity toward rhodamine
degradation under UV irradiation. Unlike unprotected bulk ZnO nanocrystals, the ZnO nanocatalysts embedded in Nafion membranes were
ound to be highly stable against photocorrosion, with hardly any reduction in the activity even after 10 times of repeated reaction cycles. The
mplications of the results are discussed.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Zinc oxide (ZnO) is a well-known semiconductor with a
ide band gap and high exciton binding energy at room tem-
erature. It is one of the most important functional inorganic
aterials with unique catalytic [1,2], electrical [3,4], optoelec-

ronic [5,6], and photochemical [7] properties, stimulating wide
esearch interest in its potential applications. The use of ZnO
emiconductor for photocatalytic degradation of environmental
ollutants was believed to be advantageous over other materials
ue to its non-toxic nature, low cost, and high reactivity [8,9].
owever, the photocorrosion of ZnO in such applications has
een a significant issue [10,11].

Perfluorinated ionomer membranes, such as Nafion, are
idely used in the fields of electrochemistry and catalysis, such

s the plating industry, surface treatment of metals, batteries,

ensors, drug release, fuel cells, catalysts and so on [12–17].
he Nafion membrane is also excellent support for semiconduc-

or nanocrystals because of the superior chemical stability, high
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echanical strength, and high optical quality. The hydrophilic
avities in the perfluorinated ionomer membranes are conve-
ient templates for the nanoparticle formation. For example,
anoscale ZnS [18], CdS [19,20], PbS [21], Ag2S [22], Fe2O3
23], SiO2 [24], and TiO2 [25] have all been synthesized by using
his method. There are several distinct advantages for the Nafion-
emplating approach. First, the Nafion membrane provides a
table matrix to prevent the agglomeration and corrosion of
he nanoparticles embedded [25,26]. Second, the nanoparticles
mbedded in Nafion membrane are easy to handle and recycle for
atalytic purposes [26,27]. Third, Nafion membranes have low
bsorbance in the UV–vis region, and their hydrophilic cavities
nd channels possess strong polarity and excellent ion-exchange
roperties. These characteristics may enhance the adsorptive
apacity of the materials, leading to the enrichment of pollutants
n the surface of catalytic nanoparticles in water.

In this work, we report the synthesis of crystalline ZnO
anoparticles in Nafion membranes by using the templating
ethod. The ZnO-embedded Nafion film was characterized by
any instrumental methods, supporting the nanoscale nature of

he embedded ZnO species. The film showed excellent photo-

atalytic properties with the activity being stable over multiple
epeated uses.

mailto:xzfu@fzu.edu.cn
dx.doi.org/10.1016/j.molcata.2007.03.062
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. Experimental

.1. Materials

Zinc nitrate, sodium hydroxide, and rhodamine B were
urchased from Shanghai Chemical Reagents Company. All
hemicals were of analytical purity and used as received. Water
as deionized and purified by passing through a water purifica-

ion system.
Nafion-117 membranes (equivalent mass ∼1100 g mol−1)

ere purchased from DuPont Company. A membrane sample
thickness ∼0.178 mm) was cut into small pieces of suitable
izes and purified to remove colored impurities by following an
stablished procedure [28]. Briefly, the membrane pieces were
mmersed sequentially in concentrated (70%), 60%, 40%, and
0% nitric acid at 60 ◦C for 24, 2, 2, and 2 h, respectively, fol-
owed by thoroughly rinsing with deionized water until neutral.
he purified membrane samples were colorless and optically

ransparent down to 230 nm, and were kept fully hydrated before
se.

.2. Preparation of ZnO-Nafion membrane

In a typical experiment, a piece of purified Nafion mem-
rane film (1.5 cm × 6 cm) was soaked in an aqueous solution of
inc nitrate (50 mL, 0.5 mol L−1) overnight. The film was then
horoughly rinsed and immersed in deionized water for 24 h,
nd soaked in an ethanol solution of sodium hydroxide (50 mL,
.5 mol L−1) for 30 min at room temperature with stirring. After
gain thorough rinsing and immersing in deionized water for
4 h, a light-blue-colored ZnO-embedded Nafion sample (ZnO-
afion) was obtained.

.3. Photocatalytic activity measurements
The experimental set-up is shown in Fig. 1. The quartz pho-
oreactor was designed in the shape of a column (100 mm in
ength and 16 mm in diameter). Deionized water was passed
hrough the quartz jacket to maintain the reaction temperature

Fig. 1. The experimental set-up for photocatalytic activity.
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25 ± 1.0 ◦C) as well as UV transparency for the reactor. The
eactor was illuminated by four surrounding UV lamps (4 W,
hilips TL/05) which predominantly emit at 365 nm.

The photocatalytic activities of the membrane film samples
ere assessed by monitoring the decomposition rate of RhB. In
typical reaction, a piece of ZnO-Nafion membrane film was
rst immersed in an aqueous RhB solution (1.0 × 10−5 mol L−1,
0 mL) in the dark for ∼18 h to establish the adsorption equilib-
ium. The amount (in grams) of RhB adsorbed in the membrane
as calculated by the following equation: m = MV(C0 − Ct),
here C0 is the initial concentration of RhB solution, Ct the
nal concentration left in RhB solution, M the molecular weight
f RhB, and V is the volume of RhB solution used. C0 and Ct
ere calculated according to the absorbance at 554 nm of the

olution and known extinction coefficient of RhB. The film was
hen placed into the reactor full of deionized water, and irradiated
y UV light. The change of RhB absorbance in the membrane
as used to monitor the extent of reaction at given irradiation

ime intervals.

.4. Characterizations

X-ray diffraction (XRD) patterns were collected on a Bruker
8 Advance X-ray diffractometer with Cu K� radiation oper-

ted at 40 kV and 40 mA. The data were recorded in the 2θ range
f 25–70◦ with a step width of 0.02◦ and counting time of 5 s for
mproved signal-to-noise ratio. The high-resolution transmis-
ion electron microscopy (HR-TEM) images were obtained on
n FEI TECNAI G2 F20 microscope at an accelerating voltage of
00 kV. UV–vis absorption spectra were recorded on a Cary-500
V–vis–NIR spectrophotometer. Atomic absorption analysis
as carried out on a Varian Model SpectrAA-220 atomic absorp-

ion spectrophotometer with a deuterium background corrector
nd an 11-mA hollow cathode lamp.

. Results and discussion

.1. Preparation and characterization

The preparation of the ZnO-Nafion membrane film was
ased on a traditional strategy for the formation of nanopar-
icles by using the hydrophilic cavities of Nafion as templates
23,26]. Blank-Nafion was soaked in aqueous zinc nitrate solu-
ion overnight to facilitate Zn2+ ion exchange. The Zn2+-Nafion
as then soaked in sodium hydroxide ethanol solution to intro-
uce the hydroxide. Here, the ethanol solution swelled the
embrane film and made the entrance of hydroxide become

asily and uniformly.
The obtained ZnO-Nafion membrane film is also transparent

similar to Blank-Nafion), but with a light blue color, serving
s a visual indication for the presence of foreign species (ZnO)
n the Nafion film. Consistently, in the optical absorption spec-
rum of the ZnO-Nafion film (Fig. 2), the absorption threshold

s at ∼350 nm, in comparison to ∼230 nm for Blank-Nafion.
n addition, the absorption threshold for the ZnO-Nafion film is
omewhat blue shifted in comparison to those of large-sized ZnO
articles (∼380 nm [29]), indicating that there might be quan-
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ig. 2. UV–vis absorption spectra of ZnO-Nafion (curve A) and Blank-Nafion
curve B).

um confinement effect likely due to the presence of nanosized
nO species.

The XRD patterns of the ZnO-Nafion film (Fig. 3) showed
ultiple diffraction peaks over a broad Nafion background (peak

t ∼39◦). The peaks were found at 2θ ∼ 31.7◦, 34.4◦, 36.2◦,
7.5◦, 56.5◦, 62.8◦, and 67.9◦, which could be readily assigned
o (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), and (1 1 2) lattice
lanes of hexagonal ZnO crystal (JCPDS 89–1397), respec-
ively. These peaks are rather broad, indicating that ZnO crystals
xisted with nanosize, which was consistent with the result
btained from the HR-TEM measurements.

The presence of ZnO nanocrystals was further confirmed
y HR-TEM studies. For the analysis, the ZnO-Nafion film
as microtomed to obtain ultrathin (70–90 nm) cross-sectional

lices, which were placed onto carbon-coated copper grids to
e ready for imaging. Abundant well-dispersed nanosized ZnO
articles were found in the specimens. The average size for the
anoparticles was calculated to be 8 nm. The lattice fringes of
he ZnO nanocrystals could be clearly observed. For example, as

hown in Fig. 4, the individual spacing for the nanocrystal was
easured to be 0.192 nm, in agreement with the (1 0 2) plane of

exagonal ZnO.

ig. 3. X-ray diffraction patterns of (A) ZnO-Nafion, (B) Blank-Nafion, and (C)
nO from the JCPDS database.
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Fig. 4. High-resolution TEM image of ZnO-Nafion.

.2. RhB adsorption and photocatalytic degradation

After 18 h in the dark, the adsorption equilibrium of RhB in
he membrane was reached. Most of the RhB were adsorbed in
he Blank-Nafion and ZnO-Nafion films, and only 16.82% and
8.74% of RhB left in the solution. In other words, there were
.080 mg and 0.077 mg of RhB in the Blank-Nafion and ZnO-
afion, respectively. Due to the ZnO nanoparticles embedded

n the Nafion membrane, the amount of RhB adsorbed in ZnO-
afion was somewhat decreased, as compared to the adsorption

n Blank-Nafion.
The RhB-adsorbed Nafion membrane films exhibit typical

bsorption features due to RhB. As presented in Fig. 5, the
hB-adsorbed ZnO-Nafion film showed maximum absorption
t 547 nm (curve A), while that for the Blank-Nafion is at 554 nm
curve B). Similar blue shifts of RhB absorption band (K band)

ere also observed when lower the solvent polarity in solutions

30,31], which might share similar mechanistic origin to that in
he ZnO-Nafion film vs. Blank-Nafion film. More specifically,

ig. 5. A typical absorption spectra of Nafion membrane with rhodamine B: (A)
nO-Nafion for 18 h; (B) Blank-Nafion for 18 h.
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he blue shift of RhB absorption peak in the presence of ZnO
ould be attributed to the less polarizable excited state (�*) than
he ground state (�). Thus, there are smaller attractive (van der

aals) forces with larger system volume [31,32].
The progress of the UV (365 nm) photodegradation reaction

f RhB was monitored by the change of corresponding RhB
bsorption maximum. As shown in Fig. 6a, the RhB absorp-
ion in decreased ∼90.6% for the ZnO-Nafion film (curve B)
n the entire course of UV irradiation (210 min), while it hardly
hanged at all for the Blank-Nafion film (curve A). This result
ndicates that ZnO nanoparticles in the Nafion film are excel-
ent photocatalysts for RhB degradation under the experimental
onditions.

Watanabe et al. [30] used CdS as a photocatalyst to study
he photodegradation mechanism of RhB, and they found that
he absorption maximum of RhB solution shifted from 555 to
98 nm. Liquid chromatograph analysis showed that the inter-
ediates were rhodamine B, TER, DER, MER, and rhodamine,

espectively. The mechanism was further reconfirmed by Ma
nd Yao [33] using anatase TiO2 film as the photocatalyst.

esides, they used the film coated by P-25 as the photocata-

yst and found another mechanism of photodegradation of RhB.
imilar work was also done by other researchers. Here, the pro-
ressive spectral changes of RhB adsorbed in ZnO-Nafion upon

ig. 6. (a) Degradation of rhodamine B by UV light (365 nm): (A) Blank-Nafion;
B) ZnO-Nafion. (b) The progressive spectral changes of RhB upon UV light
365 nm) irradiation: (A) Blank-Nafion; (B) ZnO-Nafion.
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Fig. 7. Cyclic photodegradation of RhB under UV light for 10 times.

V irradiation (Fig. 6b) showed the progressive decrease of
pectral intensity (hardly observable after 210 min), indicating
hat the chromophoric structure of RhB was destroyed. No RhB
as detected in the deionized water during and after the pho-

oreaction, suggesting that there was no solute leach from the
embrane. However, there was neither any peak shift nor the

ppearance of any new peak, strongly suggesting that the lack of
-de-ethylation process which is common in P25 photocatalytic

ystems for RhB degradation [33,34].
Unlike traditional ZnO photocatalysts [11,35,36], the ZnO

anoparticles embedded in Nafion films are quite stable against
hotocorrosion, a common property shared by many nanocat-
lysts encapsulated in Nafion [25–27]. This allowed the
onvenient recycling of the catalysts with little reduction in their
hotocatalytic activity even after repeated uses [26]. As shown
n Fig. 7, the ZnO-Nafion film exhibited remarkable photosta-
ility without any appreciable loss of photocatalytic activity
ven after 10 cycles. Such stability was further supported by
he atomic absorption analysis results. For example, the concen-
ration of Zn2+ ions in the solution mixture after photoreaction
3 h) was measured to be ∼0.0148 mg L−1 for the ZnO-Nafion
lm, while the value was ∼0.2318 mg L−1 when commercial
ulk ZnO nanocrystals (average ∼59.8 nm) of the same mass
as used.

. Conclusions

Crystalline ZnO nanoparticles were synthesized via the tem-
lating method by taking advantage of the hydrophilic cavities
f the Nafion ionomer membranes. The ZnO-Nafion film was
haracterized by various methods, including optical absorption,
RD and HR-TEM. The film was of high optical quality, and

xhibited excellent photocatalytic activity toward rhodamine B
egradation under UV irradiation. Unlike unprotected bulk ZnO

anocrystals, the ZnO nanocatalysts embedded in Nafion mem-
ranes were found to be highly stable against photocorrosion,
ith hardly any reduction in their activity even after 10 repeated

eaction cycles. Such robust ZnO-Nafion membrane films might
nd unique applications in photocatalytic reactions.
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