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In this article, we reported a facile and effective strategy for assembling hybrid
ZnAl-layered double hydroxide/carbon nanotubes (ZnAl-LDH/CNTs) nanocomposites
through noncovalent bonds, for the first time, in the presence of L-cysteine molecules.
The materials have been characterized by powder X-ray diffraction (XRD), energy
dispersive X-ray spectroscopy (EDS), transmission electron microscopy (TEM),
thermogravimetry and differential scanning calorimetry (TG-DSC), X-ray photoelec-
tron spectra (XPS) and specific surface area measurement. The results indicate that
L-cysteine as bridging linker plays a key role for enhancing both adhesion and disper-
sion of LDH nanocrystallites onto the surface of CNTs matrix through the interfacial
interaction, and effectively inhibits the in situ growth of LDH crystallites, thus result-
ing in remarkably reduced LDH crystallite sizes; the Eu(Ill) fluorescence quenching in
intercalated-Eu(lll )complex LDH/CNTs nanocomposite can occur because of the inter-
action between LDH crystallites and CNTs matrix. Furthermore, it is found that
as-assembled hybrid LDH/CNTs nanocomposites exhibit excellent performance for
photodegradation of methyl orange molecules under UV irradiation, which is closely
related to the unique hybrid nanostructure and composition of composites. © 2009
American Institute of Chemical Engineers AIChE J, 56: 768-778, 2010
Keywords: nanocomposite, layered double hydroxide, carbon nanotube, hybrid,

photodegradation

Introduction

Nowadays, considerable attention has been drawn to the
water pollution which becomes more and more serious prob-
lem facing the world. Effluents discharged from industries
contain many categories of dyestuffs, such as azo dyes,
which are resistant to chemical decomposition and can be
converted to the toxic compounds.l’2 Up to now, photocatal-
ysis is widely utilized to deal with pollutants in this field.?

Additional Supporting Information may be found in the online version of this
article.
Correspondence concerning this article should be addressed to F. Li at
lifeng_70@163.com.
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The use of heterogeneous prolonged-photocatalytic oxidation
for wastewater treatment has been the subject of a wide
range of investigations. Much attention has been paid to the
photocatalytic degradation of dyes with semiconductor com-
pounds especially like TiO, under UV or visible light.*

The assembly of carbon nanotubes (CNTs)-based hetero-
sturctures or hybrids with the desired nanoscale guests, as an
emerging and quickly developing field in the past decade,
has been stimulated for tuning the properties of versatile
materials and achieving a broad range of practical applica-
tions. A variety of functional materials, including metals,”™’
semiconductors,® metal hydroxides or oxides,’ and magnetic
materials,'® have been successfully assembled onto CNTs
matrix by covalent!! or noncovalent'? interactions, which are
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Scheme 1. Schematic illustration of the synthesis pathway for in situ growth of ZnAl-LDH onto the modified CNTs

in the presence of L-cysteine.

of utmost importance to enhance affinity of guests to host
CNTs. Furthermore, it is well known that CNTs are ideal
and excellent support for catalytic particles, such as RuO,,"
Ru,14 Pd,15 iron oxide,16 due to high aspect ratio, high
surface area, superior chemical stability, extremely high
mechanical strength, and good electronic conductivity. The
common strategy for efficient assembly of nanoblocks onto
CNTs is to utilize surface modification of CNTs with func-
tional groups or reagents, which facilitates enhancing the
interactions between host CNTs and guest functional materi-
als through electrostatic force or covalent bonds.'” However,
due to the incompatibility of the crystal structure of two
phases, it remains a challenge to control the assembly proc-
esses and conditions for obtaining high-quality CNT-based
heterostructures or hybrids despite a lot of endeavor.

Layered double hydroxides (LDHs), also known as a fam-
ily of synthetic anionic clays, consist of positively charged
brucite (Mg(OH),)-like layer and charge-balancing anion
(A"7) in the hydrated interlayer galleries.'®'? LDHs can be
expressed by the general formula [M" MM (OH),[*"(A""),,-
mH>0O, where M" and M™ are divalent and trivalent cati-
ons, respectively, and A"~ represents the anions interca-
lated into the interlayer space together with the x value
varying over a wide range. Therefore, a variety of isostruc-
tural materials with versatile physicochemical properties
can be obtained by tailoring the types of cations, the molar
ratios of cations and as well the types of the interlayer
anions. Because of the flexible ion-exchangeability and tun-
able composition, LDHs have a wide range of applications
as catalysts or catalyst precursors,”* microcontainer, and
microreactor,”*® additives in polymers or medicines and
precursors to functional materials.?’

It is well documented that the actually active sites partici-
pating in catalysis are located the edges of LDH platelets.19
As the number of exposed edge sites increases with decreas-
ing particle sizes, attempts have been made to synthesize
LDHs with reduced particle sizes for improving their physi-
cochemical activity.”*° On the other hand, the catalytic per-
formance of LDHs could also be enhanced by depositing
LDHs on appropriate supports with high dispersion. A num-
ber of literatures have reported on immobilization of LDH
on planer or porous substrates. For example, LDH nanocrys-
tals or nanoparticles were deposited on Si and glass sub-
strates.>*? MgAIl-LDH nanocrystallites were synthesized
within the mesopore channels of silica material.*? Recently,
in situ growth technique has been developed for depositing
LDHs on aluminum and/or alumina,>*>> copper or zinc sub-
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strates.’® Besides, LDHs has also reported to be randomly
deposited on CNTSs by a coprecipitation method.?” The effect
of host CNTs-LDH particle interaction was not studied in
the work. In fact, the affinity between LDH and CNTs is
unambiguously weak owing to the conventional preparation
way, i.e., simple impregnation of CNTs into the starting salt
solution and subsequent precipitation by alkali. Hence, there
is a need for new approaches to the assembly of hybrid
nanocomposites comprised of LDH nanoparticles and CNTs
matrix where the dispersion of nanoparticles is uniform and
stable, in order to achieve improved physicochemical per-
formance of materials.

Herein, we develop a facile and effective approach to
assemble ZnAl-layered double hydroxide (ZnAl-LDH) onto
the CNTs matrix during in situ growth of ZnAl-LDH, for the
first time, using L-cysteine molecule as interfacial bridging
linker through noncovalent bonds. The assembly pathway of
hybrid ZnAI-LDH/CNTs nanostructure is illustrated in
Scheme 1. Here, nanoscale ZnAl-LDH crystallites and CNTs
matrix could adhere firmly to each other via several types of
functional groups in L-cysteine molecules, giving rise to
hybrid ZnAl-LDH/CNTs nanocomposite with good disper-
sion and remarkably reduced crystallite size of ZnAl-LDH.
To the best of literature knowledge, the assembly of LDH
materials and CNTs in such desired and controlled noncova-
lent manner has not been reported. Furthermore, the photo-
degradation investigation revealed that as-assembled hybrid
LDH/CNTs nanocomposites exhibit excellent performance
for photodegradation of methyl orange molecules in aqueous
solution under UV irradiation, which gives great insight into
the effect of hybrid nanostructure.

Experimental
Materials

CNTs, having diameters of 40-60 nm and lengths of 5—
15 pm, were purchased from Shenzhen Nanotech Port. The
pristine CNTs were treated with concentrated nitric acid by
refluxing them in a round-bottom flask. As a result, the
hydroxyl and carboxy groups were introduced onto the sur-
face of CNTs. And the other chemicals (analytical grade)
were used as received.

Assembly of ZnAl-LDH/CNTs nanocomposites
L-cysteine (0.6058 g) along with CNTs of different
weights was dissolved or dispersed into 50 ml salt solution
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of Zn(NO3), (0.20 M) and AI(NO3)3 (0.05 M) in an ultraso-
nication bath for 30 min under N, atmosphere. Subsequently,
the solution was titrated with an alkali solution of NaOH
(0.4 M) and Na,CO;5 (0.1 M) under vigorous stirring at room
temperature until pH = 10.0. The suspension was aged at
333 K for 6 h. The resultant was washed with deionized
water and ethanol, respectively, and then dried under vac-
uum at 333 K for 12 h. The obtained product was defined as
LDH-cy-CNTs,, in which x means the weight of CNTs
added (in gram). Especially, LDH-cy-CNTs represented
LDH-cy-CNTsgs. For comparative study, ZnAl-LDH/CNTs
composite (LDH-CNTs) without addition of rL-cysteine and
pure ZnAl-LDH were prepared under identical reaction
conditions.

Preparation of intercalated ZnAl-LDH/CNTs
nanocomposites

Before the preparation of intercalated composite, the
50 ml aqueous solution containing L-cysteine (0.6058 g) and
acid-treated CNTs (0.5 g) were agitated vigorously under N,
atmosphere and dried under vacuum after filtration. The
resultant product was dispersed into 50 ml salt solution of
Zn(NO3), (0.20 M) and AI(NO3); (0.05 M) in an ultrasoni-
cation bath for 30 min under N, atmosphere. The aforemen-
tioned solution was titrated with an alkali solution of NaOH
(0.4 M) and ethylene diamine-N,N-tertraacetate disodium
(Na,Y) (0.1 M) under vigorous stirring at room temperature
until pH = 10.0. The suspension was aged at 333 K for 6 h.
The resultant was washed with deionized water and ethanol,
and then dried under vacuum at 333 K for 12 h. The interca-
lated-ethylene diamine-N,N-tertraacetate ZnAIl-LDH/CNTs
nanocomposite was defined as LDH(Y)-cy-CNTs. Europium
nitrate (0.1467 g, 3.3 mmol) was dissolved in 50 ml decar-
bonized water containing 0.5 g LDH(Y)-cy-CNTs. The sus-
pension was stirred at 333 K for 6 h under the atmosphere
of N,. The resultant was washed with deionized water and
ethanol, and then dried under vacuum at 333 K for 12 h.
The intercalated-europium(IIl) ethylene diamine-N,N-tertraa-
cetate  ZnAl-LDH/CNTs nanocomposite was defined as
LDH(EY)-cy-CNTs. In comparison, intercalated-europium
ethylene diamine-N,N-tertraacetate ZnAl-LDH, defined as
LDH(EY), was also prepared with no addition of CNTs and
L-cysteine under the identical conditions.

Characterization

Powder X-ray diffraction(XRD) data were collected at
room temperature on Shimadzu XRD-6000 diffractometer
with graphite-filtered Cu Ko source (4 = 0.15418 nm),
40 kV, 30 mA. The samples, as unoriented powders, were
step-scanned in steps of 0.040 (20) using a count time of
10 s/step.

Thermogravimetric (TG) and differential scanning calori-
mentry (DSC) analyses were carried out using a NETZSCH
STA 499C thermal analysis system under argon flow at the
ramping rate of 5 K/min.

The specific surface areas of samples were measured by
Quantachrome Autosorb-1C-VP Analyzer using a Brunauer-
Emmett-Teller (BET) method. Before measurement, samples
were firstly degassed at 373 K for 2 h.
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The morphology and compositions of samples were char-
acterized by scanning electron microscopy (SEM) on a
Hitachi S4700 instrument combined with energy dispersive
X-ray spectroscopy (EDS).

Transmission electron microscopy (TEM) observation was
carried out on a Philips FEI TECNAI-20 instrument at an
accelerating voltage of 120 kV. High-resolution transmission
electron microscopy was recorded on a JEM 3010 HRTEM
at an accelerating voltage of 300 kV.

X-ray photoelectron spectra (XPS) was recorded on a
Thermo VG ESCALAB2201-XL X-ray photoelectron spec-
trometer at a base pressure of 2 x 10~ Pa using Al Ku
X-ray as the excitation source.

The fluorescence spectra were recorded at room tempera-
ture by using a Shimadzu RF-5301 PC fluorescence spec-
trometer. The excitation source was from a Xenon lamp of
150 W.

UV-vis absorption spectra were recorded at room temper-
ature on a Shimadzu UV-2501 PC spectrometer with an
integrating sphere attachment using deionized water as
background.

Photodegradation experiments

The photodegradation abilities of samples were evaluated
by measuring the degradation of methyl orange (MO) in
aqueous solution under UV irradiation. The UV light was
irradiated from two 36 W H-type lamps with an emission
maximum at 254 nm (Beijing Electric Light Sources Insti-
tute). Typically, 100 ml aqueous solution of MO (10 mg/l)
containing 0.02 g solid sample was vigorously agitated for
0.5 h in the dark to reach absorption-desorption equilibrium
before the irradiation. Subsequently, the suspension was irra-
diated under UV light. At the given time interval, 1 ml of
suspension was collected to dilute to 10 ml and centrifuged
to remove the solid residue. The concentration of supernatant
liquid was determined by absorbance at 465 nm in UV-vis
absorption spectrum to estimate the conversion of MO with
irradiation time.

Results and Discussion
Assembly of hybrid ZnAl-LDH/CNTs nanocomposites

The XRD patterns of LDH-cy-CNTs, LDH-CNTs and
pure ZnAl-LDH samples (Figure 1) display the characteristic
reflections corresponding to hydrotalcite-like LDH family
i.e., (003), (006) and (110) in each case.*® The interlayer dis-
tance of dyys is ca. 0.76 nm, indicative of carbonate as
charge compensating anions in the interlayer.'” The reflec-
tion at about 26° in Figures 1b and c is assigned to the (002)
reflections of graphitic carbon with a d-spacing of 0.34 nm
(JCPDS No. 41-1487), which confirms the existence of
CNTs. Additionally, the intensive and sharp reflections of
LDH phase in the ZnAl-LDH and LDH-CNTs samples
reveal high-crystalline nature and layered feature of LDH
phase. In contrast, the broadened characteristic reflections of
LDH-cy-CNTs composite appear almost at the same 20 posi-
tions as those of other two samples. Furthermore, EDS anal-
ysis of LDH-cy-CNTs (Figure 2) reveals that the sample is
mainly composed of C, O, and Zn elements, and the atomic
ratio of Zn to Al is 3.77, very close to their feedstock ratio.
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Figure 1. XRD patterns of ZnAl-LDH (a), LDH-CNTs (b)
and LDH-cy-CNTs (c).

Also, the presence of the small amount of S (1.0, at. %) and
N (0.8, at. %) elements confirm that rL-cysteine has been
introduced to LDH-cy-CNTs sample indeed.

On the other hand, the crystallite size in a and ¢ directions
for samples can be estimated from the values of full-width
at half-maximum (FWHM) of the (110) reflection by means
of the Scherrer formula [L = 0.89//f(0)cos 01,%® where L is
the crystallite size, 4 is the wavelength of radiation used
(0.15418 nm), 0 is the Bragg angle, and f(0) is obtained as
difference of the sample width profile (FWHM) and the
instrumental contribution. Therefore, the lateral crystallite
sizes for ZnAl-LDH, LDH-CNTs and LDH-cy-CNTs samples
are estimated to be 21.2, 16.2, and 11.6 nm, respectively
(listed in Table 1). A distinct shrinkage of the crystallite sizes
of LDHs in LDH-cy-CNTs sample may be attributable to the

28 4 o Element  Wit%
C 54.87 73.20
c N 00.71 00.81
= 0 18.18 18.21
KCnt Al 02.39 01.42
S 02.00 01.00
bl | 8 Zn 21.85 05.35
Matrix Correction | ZAF
o.7 4 Al o Zn
o0 2.00 4.00 s‘[“—ﬂr 3.00 10.00
Energy - keV

Figure 2. EDX spectrum of LDH-cy-CNTs sample.
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Crystallite Crystallite

Size in a Size in ¢

doos dioo Direction Direction
Sample (nm) (nm) (nm) (nm)
ZnAl-LDH 0.767 0.154 21.2 13.3
LDH-CNTs 0.762 0.154 16.2 12.5
LDH-cy-CNTs 0.769 0.154 11.6 53
LDH(EY) 1.402 0.153 13.4 9.8
LDH(EY)-cy-CNTs 1.435 0.152 8.1 7.8

segregation and inhibition effects of L-cysteine on the growth
of ZnAl-LDH crystallite onto CNTs matrix.

Usually, the interfacial bridging between two phases using
functional surfactants or the compatibility of two phases is
necessary to form the heterointerface. In the case of LDH/
CNTs system, due to the remarkable mismatch of LDH and
CNTs in the crystal structure and geometric shape, the pres-
ence of L-cysteine should play an important role in the
formation of LDH/CNTs hybrid nanostructure. There are
several types of functional groups, including —NH,,
—COOH, and —SH, within L-cysteine molecule. When
mixed with the nitrate salts at an initial pH of 3.24, L-cyste-
ine exists in the ionic form of —(COO‘)NH;r on the basis of
its pK, value.?® Therefore, the electrostatic interaction
between —NH; of L-cysteine and —COO™ on the modified
CNTs contributes greatly to the immobilization of L-cysteine
onto the surface of CNTs. On the other hand, —COO
groups of immobilized L-cysteine can selectively coordinate
and/or electrostatically interact with Zn>" cations in the
solution. That is, L-cysteine plays a bridging linker role
between CNTs and Zn®" cations. Subsequently, with the
successive titration of alkali, LDH nucleates in situ onto
CNTs through coprecipitation process. Here, hydrogen bond-
ing between carboxyl groups of L-cysteine and hydroxyl
groups of ZnAl-LDH on the brucite-like layers further facili-
tates the adhesion and dispersion of ZnAl-LDH nuclei onto
the surface of CNTs. As a result, the growth of ZnAl-LDH
crystallites can be effectively inhibited owing to the anchor-
ing of crystallites on the surface of CNTs matrix through
L-cysteine as interfacial linker, giving thus rise to the
reduced ZnAl-LDH crystallite sizes.

Generally, the thermal stability of LDH materials depends
on several factors such as the nature of cations, cationic
compositions, the nature of interlayer anions, the crystallinity
of materials, etc.'® Note from the TG and DSC profiles of
three different samples (Figures 3 and 4) that in each case
the weight loss occurs essentially in two steps, which are
accompanied with two endothermic peaks.*® The first weight
loss in the temperature range from room temperature up to
ca. 453 K corresponds to removal of water intercalated in
the interlayer galleries of ZnAl-LDH, as well as water physi-
sorbed on the external surface of samples, which correspond-
ingly is related to a endothermic event in the DSC at around
423-453 K. Besides, it can be seen from Table 2 that the
specific surface areas of LDH-cy-CNTs sample reaches 112
m?/g, much larger than that of LDH-CNTs (50 m%/g), owing
to the smaller crystallite sizes of LDH confirmed by XRD.
The feature of high specific surface area facilitates water
molecules to absorb onto the external surface of composite.
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Figure 3. Thermogravimetry (TG) curves for ZnAl-LDH
(a), LDH-CNTs (b), and LDH-cy-CNTs (c).

Consequently, larger weight loss (8.0%) of LDH-cy-CNTs
are observed compared with those of LDH-CNTs (6.3%)
during the first stage, although pristine ZnAl-LDH sample
has a largest weight loss for water (10.6%) due to the ab-
sence of CNTs. In addition, owing to the hydrogen-bond
interaction between adsorbed water and L-cysteine on the
surface of CNTs, LDH-cy-CNTs sample displays higher
endothermic peak temperature than LDH-CNTs. As for
ZnAl-LDH sample, its highest endothermic peak temperature
should be correlated with the dominant interlayer crystal
water. The second weight loss involves dehydroxylation of
the brucite-like layers and loss of volatile species arising
from decomposition of the interlayer carbonate anions. This
process is accompanied by an endothermic event in the DSC
between 493 and 518 K. Furthermore, it is observed that
there is a notable decrease in the endothermic peak tempera-
ture for composite LDH-cy-CNTs compared with other two
samples, which contributes to the presence of smaller ZnAl-
LDH crystallite size. It is generally accepted that when
the crystallite size is reduced, the enhanced lattice deforma-
tion can lower the strength of chemical bonds in the crystal
structure.*!

Microstructure of hybrid ZnAl-LDH/CNTs
nanocomposites

To achieve the information about the microstructure of as-
assembled samples, TEM observations are carried out. It is
clearly noted that a large amount of flake-like LDH aggre-
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Figure 4. Differential scanning calorimetry (DSC)

curves for ZnAl-LDH (a), LDH-CNTs (b), and
LDH-cy-CNTs (c).

gates appear in the LDH-CNTs sample (Figure 5a). Some of
ZnAl-LDH crystallite aggregates are adjacent to CNTs and
the other ones are isolated. Additionally, the surface of most
CNTs is bare, suggestive of the poor affinity between ZnAl-
LDH and CNTs. In contrast, a low-magnified TEM image of
the LDH-cy-CNTs sample presents that nanosized LDH par-
ticles locate onto the surface of CNTs, and self-nucleated,
isolated ZnAl-LDH nanoparticles are barely observed in the
sample (Figure 5b). The surface of CNTs is discontinuously
coated by ZnAl-LDH nanocrystallites. Besides, one can see
from Figure Sc that a number of tiny ZnAl-LDH crystallites
are sticking onto the surface of CNTs, confirming strong
interaction between them. Occasionally, a few platelet-like
crystallites are found inside the nanotubes, demonstrating
that a small amount of feedstock can penetrate into the tubes
and crystallize besides in situ growth of ZnAl-LDH on the
surface of nanotubes. A high-resolution TEM observation
further reveals a distinguished interfacial feature of the nano-
composite, indicative of the high affinity between the ZnAl-
LDH nanoparticle and the CNTs (Figure 5d).

TEM images of as-assembled LDH-cy-CNTsg,s and
LDH-cy-CNTsg 75 composites with different mass ratios of
CNTs (Figure 6) indicate different aggregate state of ZnAl-
LDH particles onto CNTs matrix, compared with that of
LDH-cy-CNTs. For LDH-cy-CNTs 5 with the lowest CNTs
content, the dispersion of ZnAl-LDH particles is apparently
poor. It is found from Figure 6a that a few ZnAl-LDH

Table 2. The Specific Surface Areas (S) of Samples

Sample CNTs ZnAl-LDH LDH-CNTs LDH-cy-CNTs LDH-cy-CNTsg 25 LDH-cy-CNTsg 75
S (m%/g) 61 58 50 112 50 152
772 DOI 10.1002/aic Published on behalf of the AIChE March 2010 Vol. 56, No. 3 AIChE Journal
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Figure 5. TEM photographs of LDH-CNTs (a) and LDH-

cy-CNTs (b, c¢), and high-resolution TEM
image of LDH-cy-CNTs (d).

particles present accumulation on CNTs owing to a small
amount of CNTs, although most ZnAl-LDH particles can
adhere to the surface of CNTs and separate or isolated LDH
crystallites are less observed, thus resulting in the low spe-
cific surface area of LDH-cy-CNTs,5 (50 mz/g), close to
those of pure CNTs (61 m?/g) and ZnAl-LDH (58 m?%/g).
Here, control over the growth of ZnAl-LDH nanoparticles to
obtain stable hybrid nanocomposite with uniform dispersion
of ZnAl-LDH nanoparticles on CNTs are difficult. For LDH-
cy-CNTsg 75, ZnAl-LDH crystallites may be not enough to
coat CNTs thoroughly due to the largest surface area of
CNTs (152 mz/g) and the highest CNTs content, but most
ZnAl-LDH particles can well-dispersed on the CNTs in spite
of the presence of a few isolated LDH particles. The afore-
mentioned result demonstrates that the specific surface area
increases with the CNTs content, proceeding from the
improved dispersion of ZnAl-LDH particles.

The surface/near-surface chemical states of as-assembled
sample are analyzed by XPS within binding energy range of
0-1200 eV (Figure 7a). The binding energy (BE) calibration
of all spectra was referenced to the C 1s signal at 284.6 eV,
arising from adventitious carbon for pristine LDH and sp’-
hybridized carbon of CNTs for LDH-cy-CNTs, according to
the literatures.*>** Core levels of Zn2p, Al2p, Ols, Nls,
S2p, and Cls for LDH-cy-CNTs can be identified, and no
contaminant species are detectable within the sensitivity of
the technique. The insert of Figure 7a for Cls spectrum was
fitted with three contributions: the first one at 284.6 eV is
due to the sp>-hybridized carbon.*> The peak at 285.9 eV is
assigned to the sp® carbon as in disordered carbon and/or
structural defect in the graphene sheets. The third one at
290.2 eV is associated to the —COO™ group. The fine spec-
tra of Zn2p, Al2p, and Ols for LDH and LDH-cy-CNTs are

AIChE Journal March 2010 Vol. 56, No. 3
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displayed in Figures 7b—d, respectively. For LDH, the BE
for Zn2p;3,, locates 1022.2 eV, indicative of the presence of
Zn*" species.*® And AI2p BE at 74.3 eV signifies the bind-
ing of Al—OH.*” From the Ols spectra, it is seen that only
one fitted peak at 531.8 eV appears, originating from lattice
oxygen species. Compared with those for LDHs, it is noted
that the BE of Zn2p, Al2p, and Ols for LDH-cy-CNTs shifts
to the higher value of 1023.5, 75.6, and 533.2 eV, respec-
tively. Such high positive BE shifts of metal and oxygen ele-
ments are similar to those reported in the case of TiO,/CNTs
composite.** It is known that the BE shift of elements can
be associated with the chemical circumstances of elements
and the BE value increases as decreasing electron density.
Therefore, the shift toward higher BE for LDH-cy-CNTs is
possibly ascribed to the charge transfer from the surface
LDH to CNTs through L-cysteine due to the well-dispersed
nature of LDH nanoparticles in the LDH-cy-CNTs and the
stronger electronic interaction between LDH and CNTs. The
above result confirms the role of L-cysteine as linker, which
facilitates efficient interaction between LDH nanocrystallites
and CNTs matrix.

To further insight the interaction between ZnAl-LDH crys-
tallites and CNTs matrix in the type of LDH-cy-CNTs mate-
rial, the fluorescence tests were carried out on [Eu(EDTA)]™
complex intercalated LDH-cy-CNTs composite, LDH(EY)-
cy-CNTs. As shown in Figure 8, the presence of characteris-
tic reflection lines of LDH with (00l) and (110) harmonics
indicates the two resultant samples remain layered structure.
Intercalation of EuY results in an increase in interlayer
spacing from 0.76 for ZnAl-LDH carbonate intercalated to
1.40 nm for LDH(EY) and 1.43 nm for LDH(EY)-cy-CNTs,
as shown by the shift of (003) reflection to lower angle. It is
also observed that whereas for the ZnAl-LDH(EY) sample
the intensity of the (006) reflection is greater than that of the
(003) reflection, the reverse is true for the EuY intercalate.
This is consistent with a considerable increase in electron
density in the interlayer region associated with the presence
of the Eu’" ions.** The slight weakness of [lyos/lpoe for
LDH(EY)-cy-CNTs indicates that electron density of inter-
layer anion is also different from that of LDH(EY). The
characteristic fluorescence peaks of Eu(Ill) species in
LDH(EY) sample are similar to those in [Eu(EDTA)]™
anions in aqueous solution by the typical characteristic pho-
toluminescence peaks of Eu(Ill) with SDy—"F; (i = 0-5)
emission spectra and "Fo—>D, and 'Fo—°L¢ excitation

Figure 6. TEM photographs of LDH-cy-CNTsq »5 (a) and
LDH-cy-CNTsq 75 (b)-
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Figure 7. XPS spectra of LDH-cy-CNTs survey (insert: C1s) (a), Zn2p (b), Al2p (c), and O1s (d) of LDH and LDH-cy-

CNTs.

spectra. This demonstrates that the intercalation does not
affect characteristic emissions associated with Eu(IIl) ion.
However, the fluorescence emissions of Eu(IIl) disappeared,
whilst an emission related to CNTs appeared in LDH(EY)-
cy-CNTs sample (Figure 9). The fluorescence quenching of
fluorescent molecule/CNTs nanocomposites has been
observed because of the energy trapping effect at the surface
sites of CNTs.**° Therefore, the occurrence of Eu(IIl) fluo-
rescence quenching by CNTs should explicitly be correlated
with strong interaction between LDH crystallites and CNTs
matrix in LDH(EY)-cy-CNTs composite. However, on the
basis of finding present here, the detailed study is still
required to clarify the inherent relationship between the
hybrid nanostructure and its fluorescence characteristic.

Photodegradation performance of
ZnAl-LDH/CNTs composite

Aiming to further insight the structural uniqueness of the
hybrid LDH-cy-CNTs nanocomposite, the structure-perform-
ance relationship was preliminarily investigated through pho-
todegradation experiments of methyl orange (MO) in aque-
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ous solution. When the suspension containing MO and
ZnAl-LDH was irradiated by UV light, a discoloration phe-
nomenon occurred. The temporal evolution of the UV-vis
spectral changes taking place during the photodegradation of
MO for LDH-cy-CNTs sample is displayed in Figure 10. A
gradual decrease in the intensity of two strong absorption
bands at 465 and 270 nm for MO solution, assigned to the
azo band under the strong influence of the electron-donating
dimethylamino group and the m—m* transition related to
aromatic rings,”’ respectively, can be observed during the
course of the photodegradation, indicating that the azo
groups and aromatic rings has been destroyed. Therefore, the
significant temporal changes in the concentration of MO
clearly indicate the degradation of MO in the presence of
LDH-cy-CNTs nanocomposite under UV irradiation.

Figure 11 shows the degradation percentage of MO corre-
sponding to different samples with the irradiation time.
Direct photolysis in the absence of any additives brings
about a decrease of 19 % in concentration after 7-h irradia-
tion. This is because high-energy UV irradiation can lead to
direct photolysis of MO molecules themselves.>> The degra-
dation percentage was about 55% in the presence of ZnAl-

March 2010 Vol. 56, No. 3 AIChE Journal
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Figure 8. XRD patterns of LDH(EY) (a) and LDH(EY)-cy-
CNTs (b).

LDH, indicating that ZnAl-LDH can promote the degrada-
tion of MO. Because of the fact that ZnAl-LDH has no
apparent absorption in the spectral region of UV irradiation,
ZnAl-LDH itself does not act as an actual photocatalyst to
induce the production of active radicals for degradation of
MO. In fact, the ZnAl-LDH sample can absorb MO mole-
cules in the solution, resulting thus in the increase of MO
concentration in a local area. The enrichment of MO mole-
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Figure 9. Fluorescence spectra of CNTs (a), LDH(EY)-
cy-CNTs (b), and LDH(EY) (c) at room temper-
ature. iem = 616 and Aoy = 395 nm. (The
intensities of CNTs and LDH(EY)-cy-CNTs
were magnified by 10 times).
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Figure 10. The temporal evolution of the UV-vis spectral
changes of MO solution taking place during
the photodegradation process over LDH-
cy-CNTs sample under UV-light irradiation.

cules on solid nanoparticles could enhance photoabsorption
of sample and thus energy-induced degradation. Furthermore,
the relatively large specific surface area of nanoparticles
ensures full exposure of MO molecules to the UV light and
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Figure 11. Degradation percentage of methyl orange
with the irradiation time under UV irradiation
without any additives (a), in the presence of
ZnAl-LDH (b), LDH-CNTs (c), and LDH-cy-
CNTs (d).
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provides numerous effective sites for entrapping photons.*
The degradation percentage of MO for LDH-CNTs sample
(50%) 1is slightly lower than that for pristine ZnAl-LDH,
although there is a large decrease of actual amount of ZnAl-
LDH in LDH-CNTs sample. Further, as for LDH-cy-CNTs
sample with smaller crystallite size of LDH and higher spe-
cific surface area, the degradation percentage reaches as high
as 82%, due to the fact that the presence of highly dispersed
ZnAl-LDH nanoparticles on the surface of CNTs matrix pro-
motes the adsorption of MO molecules and thus enhances
photoabsorption of sample. The result indicates that the
unique hybrid nanostructure, where ZnAl-LDH nanoparticles
can be uniformly dispersed and firmly anchored on the sur-
face of CNTs in a given composite because of the strong
interaction through interfacial bridging, plays a key role for
the enhanced photodegradation performance for MO.

On the other hand, EDS analysis of the LDH-cy-CNTs
sample collected after the photodegradation of MO for 7 h
reveals the presence of S and N elements in the used
composite catalyst, which indicates cysteine molecules still
should remain in composite sample (See Supporting Infor-
mation Figure 1). Also note from TEM image of used com-
posite sample (See supporting information Figure 2) that
LDH nanoparticles still adhere to the surface of CNTs, and
the separated LDH particles are hardly observed. Further-
more, the LDH-cy-CNTs sample was reused and examined
for the photodegradation of MO under the identical experi-
mental conditions. It indicates that the degradation percent-
age reaches 81% after 7 h, almost equal to that upon the first
use (See supporting information Figure 3). The aforementioned
results confirm the high stability of hybrid nanostructure of
LDH-cy-CNTs composite.

Concerning the effect of CNTs content in composites on
degradation, the catalytic performance of LDH-cy-CNTs 55
and LDH-cy-CNTsg 75 samples with different mass ratios of
CNTs was investigated under the same experimental condi-
tions. It is noteworthy that LDH-cy-CNTs(,5 displays the
fastest degradation rate and the highest degradation percent-
age (~93%) for MO molecules after 7 h, while the degrada-
tion percentage of LDH-cy-CNTs( ;s with the highest CNTs
content is the lowest (ca. 73%) among three composites
(Figure 12). The findings indicate that the degradation effi-
ciency of nanocomposite is improved with increasing ZnAl-
LDH content. As for LDH-cy-CNTsg 75 sample having high-
est surface area (Table 2), a smaller amount of LDH in
nanocomposite inevitably gives rise to less adsorption sites
for MO molecules, thus leading to the lower photodegrada-
tion activity. In the case of LDH-cy-CNTsg s, in spite of the
presence of some isolated ZnAl-LDH particles grown outside
CNTs and lower specific surface area, higher degradation
percentage of MO molecules can be achieved due to high
dispersion of a larger amount of existing ZnAl-LDH nano-
particles onto the surface of CNTs in the composite. In addi-
tion, because a few isolated LDH crystallites are found to be
present in the hybrid composites in the aforementioned cases
of the LDH-cy-CNTsy,5 and LDH-cy-CNTs( 75, they may
affect the photogradation of MO to some extent.

As a result, the aforementioned result indicates that there
is an important and complex factor of the hybrid nanostruc-
ture of the LDH/CNTSs composites that substantially drives
the efficiency of photodegradation. Apart from the principal
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Figure 12. Degradation percentage of methyl orange
with the irradiation time with LDH-cy-
CNTsp»5 (a), LDH-cy-CNTsy5 (b) and LDH-
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role of the intensive interaction between LDH and CNTs in
composite confirmed in this study, other qualitative parame-
ters can include the chemical composition of the composites
and the LDH nanoparticle dispersion.

Conclusions

The present study provides a facile and effective approach
for noncovalent assembly of hybrid ZnAl-LDH/CNTs nano-
composites with excellent photodegradation performance.
The nanoscale ZnAl-LDH crystallites are uniformly dis-
persed and firmly anchored onto CNTs matrix, resulting
from the interfacial bridging effect of L-cysteine molecule
during in situ growth of ZnAl-LDH. The crystallite sizes of
ZnAl-LDH in ZnAl-LDH/CNTs nanocomposites are greatly
reduced in the presence of L-cysteine, indicative of its inhibi-
ting effect on the growth of LDH crystallites. Furthermore, it
is found that the photodegradation activity of as-assembled
nanocomposites is dependent on their hybrid nanostructure
and composition. The assembly strategy described here
needs neither the participation of specialized surface chemi-
cal reactions concerned with CNTs nor complicated assem-
bly procedure. It can be extended to various specific LDHs
concerned with hybrid systems based on the prevailing
CNTs materials, such as NiAI-LDH/CNTs, CoAl-LDH/CNTSs
and CoFe-LDH/CNTs, which are expected to exhibit the
enhanced performance in catalysis, decontamination, and
sensing.
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