
RSC Advances

PAPER

Pu
bl

is
he

d 
on

 0
1 

M
ar

ch
 2

01
6.

 D
ow

nl
oa

de
d 

by
 S

un
gk

yu
nk

w
an

 U
ni

ve
rs

ity
 o

n 
14

/0
3/

20
16

 0
5:

13
:2

0.
 

View Article Online
View Journal  | View Issue
Bioinspired polyd
Department of Chemistry, Sungkyunkwan

Sungkyunkwan University, Suwon 440-746,

edu

† Electronic supplementary information (
TEM elemental mapping data, Raman sp
nanocomposites are included. See DOI: 1

Cite this: RSC Adv., 2016, 6, 24952

Received 30th December 2015
Accepted 28th February 2016

DOI: 10.1039/c5ra28103b

www.rsc.org/advances

24952 | RSC Adv., 2016, 6, 24952–249
opamine-layered double
hydroxide nanocomposites: controlled synthesis
and multifunctional performance†

Hye Jin Nam, Eun Bi Park and Duk-Young Jung*

A biomimetic multifunctional nanocomposite was synthesized, in which a polydopamine (PDA) thin filmwas

deposited on a layered double hydroxide (LDH) through an interlayer polymerization. Kinetic controlled

polymerization of dopamine (DA) in a basic buffer solution under a nitrogen atmosphere provided

a synthetic pathway for the nanostructured PDA/LDH composites without polymer agglomerates,

allowing the crystallinity of the pristine LDH nanoparticles to be maintained. The contraction of the

interlayer spacing for the (00l) reflection of PDA/LDH nanocomposites demonstrated intercalation of

PDA into the LDH interlayer space. The catalytic activity of the PDA/LDH nanocomposites was evaluated

by observing the reduction of p-nitrophenol in the presence of NaBH4, in which the PDA layer acts as

a protection layer against surface contamination of the nanocomposites. Electrochemical capacitive

performance was also observed due to the strong adhesion of PDA to the Ni foam electrode. The

nanostructure of the PDA/LDH nanocomposites induced by interlayer polymerization drove the

incorporative organic–inorganic functional materials with blocked surfaces and improved the

electrochemical properties, providing a reliable synthetic pathway to prepare multifunctional nanohybrid

materials.
Introduction

Surface functionalized materials with enhanced activity and
stability have attracted signicant interest in both fundamental
research and applications in various elds of material science
and engineering. Over the past decade, polydopamine (PDA),
inspired by an adhesive foot protein of marine mussels, has
generated interest in research elds such as biology,1–3 energy
materials,4 and functional nanocomposite materials5–7 due to
its unique physical and chemical properties which include the
strong adhesion ability to various surfaces, strong absorption of
light, semiconductor-like behavior, and self-polymerization.
Through our recent research in opto-electronic devices, we
demonstrated that the PDA has special properties of charge
transfer4 and photo-switching,8 as well as semiconducting
property. Several challenges at the fundamental level remain for
applications in a wide range of research areas, such as under-
standing structure and solubility control in organic solvents.
Our focus on preparation of functional PDA materials was
driven by its unique set of advantageous properties which
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include cost-effectiveness, biocompatibility, and excellent
surface functionalization.

Layered double hydroxides (LDHs), known as hydrotalcite-
like materials, are a class of two-dimensional anionic clays
consisting of positively-charged host layers and exchangeable
anions that can incorporate or intercalate into the interlayer
galleries of the LDH layer. LDHs can be used as precursors or
templates for the formation of nanocatalysts,9,10 and also
effective supports for the immobilization of active anionic
species through anion exchange11–13 or intercalation procedures
in the interlayer space,14–16 facilitating the preparation of new
LDH-based functional materials with multifunctional proper-
ties. In recent years, polymer/LDH nanocomposites have
attracted considerable interest in the eld of nanollers,17 or
ame retardants.18 The specic architecture of the layered
nanocomposites, consisting of organic and inorganic blocks,
promotes a synergistic effect, producing new functional mate-
rials with enhanced chemical and physical characteristics when
compared with the isolated component. There have been some
reports concerning the electrochemical detection of DA using
LDHs;19 however, LDH-based nanostructures related to PDA are
rarely reported.20

Typically, the morphologies of conventional polymer–LDH
composites prepared via the encapsulation of polymer solution
into LDH nanoparticles are covered with polymer aggregates of
random size. This does not yield an intercalated form between
the LDH interlayers, but instead an aggregated one on the LDH
This journal is © The Royal Society of Chemistry 2016
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surface. The preparation of the intercalative nanocomposites
with conformal surfaces is a challenging issue due to the diffi-
culty of controlling the polymer solution preparation. Recent
studies demonstrate that the PDA coating can even be applied
to the surface immobilization of proteins21 or nucleic acids,22

and the functionalization of nanoparticles,23 indicating the
possibility for use as an active material in functional nano-
composites. However, current PDA coating methods under
aqueous aerobic conditions reveal some critical limitations,
including the inability to effectively control the solution, the
termination of dopamine polymerization, and a slow kinetic
process. In addition, PDA prepared via the self-polymerization
of DA produces melanin-like aggregates through rapid reac-
tion when it is exposed to an oxygen atmosphere, thus the
condition of the PDA is one of the most critical factors for novel
multifunctional hybrid nanostructures.

Here we report a synthetic strategy to prepare a novel PDA/
LDH nanocomposite with multifunctional characteristics. In
order to obtain homogeneous, well-dispersed inorganic mate-
rials within a polymer in nanocomposites, the inorganic
nanoparticles should be dispersed in a stable suspension and
blended with the polymer, enabling the formation of the
nanoscopically-conned nanocomposites. The coating method
using N2-saturated DA solution produced a homogeneous
polymer solution that effectively intercalated into the interlayer
space of the LDH nanoparticles, resulting in the preparation of
multifunctional nanocomposites with surface protection ability
and improved electrochemical properties.

Results and discussion

The reaction scheme in Fig. 1 shows the nanostructured PDA/
LDH composites with conformal surfaces synthesized via the
intercalative polymerization of DA in a metal hydroxide inter-
layer. PDA was used as an organic modier, and the nitrate-
form LDHs, CoAl-LDH-NO3 and MgAl-LDH-NO3 (denoted as
Fig. 1 Proposed schematic representation and SEM images showing the p
polymer with the LDH layer.

This journal is © The Royal Society of Chemistry 2016
CAN and MAN), were reactive precursors, which facilitated the
anion exchange and allowed the formation of PDA/LDH nano-
composites. Typical polymer–LDH composites produced by
mixing the LDHs with polymers in a solution or polymer melt
are referred to as phase-separated microcomposite. These
microcomposites are highly aggregated because the polymer is
unable to intercalate between the LDH sheets which results in it
being encapsulated into the LDHs. In contrast, the PDA in the
present nanocomposites was formed between LDH sheets as
well as outside the LDH layer, producing a well-ordered nano-
composite with alternating PDA and LDHs, leading to decreased
interlayer spacing in the LDHs via the intercalation of DA. In
addition, the covalent bonding of the PDA with the LDH sheets
through catechol groups can produce strong adhesion since the
OH groups of the catechol moiety can be modied and form
a strong bidentate complex with the metal hydroxides.24

The preparation of PDA/LDH nanocomposites was carried
out by the addition of DA solution into LDH colloidal solutions
dispersed in pH 8.5 tris(hydroxymethyl)aminomethane (THAM)
buffer. The products were denoted as CAN-PD1 and MAN-PD1
for the reactions of CAN and MAN with 0.2 mL of DA solu-
tions and as CAN-PD2 and MAN-PD2 for the reactions of CAN
and MAN with 1.0 mL of DA solutions, respectively. The use of
a DA solution higher than 69 mM produced PDA/LDH
nanocomposites with nanosized polymer aggregates on the
LDH surface. The use of a nitrogen stream was the most
important factor for preparing interlayer polymerization. The
present coating method using N2-saturated DA solution
produced a homogeneous polymer solution,4 enabling the
successful preparation of nanoscopically-conned PDA/LDH
composites through the effective intercalation of the homoge-
neous PDA into the interlayer spaces of the LDH.

The colour of the solution prepared in the air-exposed THAM
buffer solution changed from colourless to light brown within
several seconds when the reaction was carried out in atmo-
sphere, indicating the formation of PDA aggregates. The type of
reparation of two types of composites depending on the interaction of

RSC Adv., 2016, 6, 24952–24958 | 24953
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solvent used was critical; the use of DI water without THAM
buffer resulted in a ragged morphology due to the partial
dissolution of cobalt ion in water solvent, as shown in the SEM
images of Fig. S1.† In addition, the XRD data demonstrated that
the reaction of CAN-PD1 in water produced an anion exchange
into carbonate LDH form, in which the basal spacing changed
from nitrate to carbonate form. In contrast to this, the THAM
buffer solution resulted in the nitrate form being maintained
(Fig. S2†).

Fig. 2 shows photographs and SEM images of the PDA/LDH
nanocomposites, showing the colours of the colloidal solution
and the morphologies of the products. The reaction of PDA with
the colloidal suspension of the CAN in THAM buffer under
a nitrogen atmosphere produced PDA/LDH nanocomposites.
The suspension colours changed from pink for the pristine LDH
suspension to dark pink or brown for the nanocomposite
suspension depending on the content of PDA. The suspension
colours of the PDA/MAN nanocomposites changed from white
for the pristine LDH suspension to yellowish brown and light
brown as the PDA content increased. The nanocomposites with
higher PDA content exhibited darker colours than those with
lower PDA content, resulting in dark pink (CAN-PD1), dark
brown (CAN-PD2), yellowish brown (MAN-PD1) and a light brown
(MAN-PD2) powders. The MAN produced PDA/LDH nano-
composites regardless of PDA content, while the CAN exhibited
much greater colour change due to the oxidation of cobalt.
Fig. 2 Photographs and SEM images of the PDA/LDH nano-
composites showing the colors of the colloidal suspensions in THAM
buffer and the morphological features of the nanocomposites
collected by centrifugation: (a) CAN, (b) CAN-PD1, (c) CAN-PD2, (d)
MAN, (e) MAN-PD1, and (f) MAN-PD2.

24954 | RSC Adv., 2016, 6, 24952–24958
The pristine CAN andMAN have diameters ranging from 100
to 500 nm and thicknesses of approximately 100 nm, as shown
in Fig. 2a and d. Interestingly, the morphological features of the
PDA/LDH nanocomposites were not changed regardless of the
PDA content, indicating that the PDA was effectively adsorbed
on the surface and the interlayers of the CAN and MAN nano-
crystals. The nanocomposites demonstrated conformal surfaces
via the intercalation of PDA into the interlayer spacing of the
LDHs. The morphological changes of the nanocomposites were
investigated through SEM images. The nanocomposites
exhibited the same morphologies as those of the pristine CAN
and MAN in terms of particle size, shape, and conformal
surfaces without aggregates of PDA. The SEM images of CAN-
PD2 and MAN-PD2 show PDA, ve times more concentrated
than what was used for CAN-PD1 and MAN-PD1, which resulted
in successful thin-layer PDA coating on LDH particles which
was not viable using conventional polymer-based nano-
composites with aggregates on the surface ranging in size from
several nanometers to micrometers.

The intercalation of the self-polymerized PDA into LDH
layers was conrmed by XRD data. Fig. 3 shows the changes in
the basal spacing of the nanocomposites via the intercalation of
PDA into the LDH layers while maintaining the nitrate anions in
the composite structures, with a comparison to those of the
pristine CAN and MAN. The CoAl-LDH-CO3 resulted in 7.61 and
3.80 Å corresponding to (003) and (006) reections, respectively,
which increased to 9.28 and 4.54 Å through decarbonation and
subsequent anion exchange to a nitrate form.12 The nano-
composites exhibited d-spacing values smaller than those of the
pristine CAN due to the addition of PDA. The basal spacing of
9.28 Å for (003) reection of CAN decreased to 9.17 Å for CAN-
PD1 and 9.13 Å for CAN-PD2 depending on the PDA contents,
demonstrating the structural deformation by the intercalation
Fig. 3 XRD spectra and basal spacing (Å) for the PDA/LDH nano-
composites deposited on Si substrates: (a) CoAl-LDH-CO3, (b) CAN, (c)
CAN-PD1, (d) CAN-PD2, (e) MgAl-LDH-CO3, (f) MAN, (g) MAN-PD1,
and (h) MAN-PD2. The empty and filled circles correspond to the
peaks of the carbonate form LDHs, CoAl-LDH-CO3 and MgAl-LDH-
CO3, and the asterisks to the silicon, respectively.

This journal is © The Royal Society of Chemistry 2016
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of the PDA polymer into the interlayer gallery of the LDHs.25 The
p-stacked structure of the PDA with average interlayer spacing
of approximately 3.4–3.8 Å enabled the PDA to intercalate into
the empty space of the LDHs.3,26 The small peaks of the CoAl-
LDH-CO3 can also be observed as impurities. Similarly, the
basal spacing values of the MgAl-LDH-CO3 series changed from
7.56 and 3.76 Å to 9.30 and 4.55 Å by anion exchange to a nitrate
form, as shown in Fig. 3f. The reaction of the MAN with the PDA
polymer also led to a decrease in basal spacing values for (003)
and (006) planes to 9.26 and 4.55 Å for MAN-PD1 and 9.21 and
4.54 Å for MAN-PD2. The PDA–LDH compounds exhibited
shoulder peaks at approximately 8.77 and 4.24 Å, ascribed to the
disordered stacking of the intercalated PDA within the LDH
interlayer.

Fig. 4 shows high resolution transmission electron micro-
scopic (HRTEM) images of the nanocomposites, demonstrating
a well-dened hybrid nanostructure without nanosized PDA
agglomerates. These high-resolution images showed the lattice
fringes of the crystalline LDHs and the PDA layers deposited on
the LDHs. The PDA was deposited on both the inside and the
outside of the LDHs. Since the cobalt has greater oxidation
Fig. 4 HR-TEM images of PDA/LDH nanocomposites; (a) CAN, (b)
CAN-PD1, (c) CAN-PD2, (d) MAN, (e) MAN-PD1, and (f) MAN-PD2. The
right top insets show the fast Fourier transform (FFT) images for the
same area of the HR-TEM images. The red arrows indicate the PDA
layer deposited on LDH surface.

This journal is © The Royal Society of Chemistry 2016
ability than the magnesium, the CAN series showed larger PDA
layer thicknesses in the range of 1–3 nm than the MAN series
with layer thickness of 0.8–1.4 nm, consistent with the colour
changes of the nanocomposites shown in Fig. 2. The fast
Fourier transform (FFT) images of the top insets shown in Fig. 4
exhibited hexagonally arranged spots, indicative of the main-
tenance of the pristine LDH structure even aer the intercala-
tion of PDA. The measured lattice distances of the
nanocomposites were 0.45, 0.42, 0.26, and 0.25 nm corre-
sponded to the (006) and (012) planes of the LDH phase, which
include the d values induced by intercalation of PDA. These
results are consistent with the XRD analysis, demonstrating the
interlayer polymerization of DA. The clarity of the hexagonal
lattice spots decreased gradually as the PDA content increased.
The elemental mapping data shown in Fig. S3† indicated that
the PDA was well dispersed in the LDH layers.

Raman spectra shown in Fig. S4† provided evidence for the
intercalation of PDA into LDH. The Raman spectra of the
nanocomposites exhibited a strong band at 1065 cm�1 that is
assigned to the symmetry vibration peak of the nitrate ions.27

Band broadening for nitrate ions was observed in the nano-
composites, providing an additional evidence for the PDA,
enhanced disorder of LDH molecules via the intercalation of as
mentioned in the XRD data analysis.28 The nanocomposites
exhibited two broad peaks in the region between 1300 and 1700
cm�1, in which the bands centered at 1390 and 1590 cm�1

correspond to the aromatic C]C and C–N stretching mode of
the basic indole structure and also related to the vibrational
modes of the carbon atoms arranged in graphitic-like domains.
The small shoulder peaks at 1215 and 1510 cm�1 correspond to
phenolic C–O stretching and N–H bending, respectively.29

The time-dependent catalytic activities of the PDA/LDH
nanocomposites were evaluated by employing the reduction of
p-nitrophenol into p-aminophenol by NaBH4, and were moni-
tored using UV/Vis spectroscopy as shown in Fig. 5. As the
reduction proceeded, the 400 nm peak associated with the p-
nitrophenol was reduced as a function of time while the peak at
290 nm was gradually increased, indicating the formation of the
p-aminophenol ions (Fig. 5a–c). The alkaline NaBH4 solution
can reduce cobalt chloride, resulting in nanosized Co2B nano-
particles with excellent catalytic activity.30,31 The CAN nano-
particles can also produce Co2B nanoparticles via the partial
dissolution of the cobalt ions in an aqueous solution. We
employed the PDA as a protection material for preventing an
exposure of the active cobalt sites. The UV/Vis spectra compared
to p-nitrophenol demonstrated high catalytic activity in the CAN
with a conversion efficiency greater than 97%, even close to the
catalytic activity of the Pt nanoparticles for 6 min of reaction
time,32 while the CAN-PD1 exhibited an 87% conversion effi-
ciency for the same reaction time (Fig. 5d). Considering the
linear relationship between ln(Ct/C0) and reaction time, the
CAN-PD2 exhibited the slowest reduction rate among the three
catalysts, demonstrating the successful formation of a blocked
surface by PDA against the reduction of cobalt ions (Fig. 5e). In
contrast, the stable MgAl-LDH-PD1 and MgAl-LDH-PD2 nano-
composites did not show any catalytic activities as shown in
Fig. S5.†
RSC Adv., 2016, 6, 24952–24958 | 24955
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Fig. 5 Time-dependent UV/Vis spectra for the catalytic reduction of
p-nitrophenol with excess NaBH4 using (a) CAN, (b) CAN-PD1, and (c)
CAN-PD2 nanocomposites; (d) and (e) the plots of Ct/C0 and ln(Ct/C0)
versus reaction time (t), in which the Ct and C0 are associated with the
absorption peak at 400 nm initially and at time t.
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Cyclic voltammetry (CV) was carried out to study the elec-
trochemical capacitive performance of the pristine CAN and
PDA/LDH nanocomposites using a three electrode system and 1
M KOH aqueous solution as electrolyte. Fig. 6 shows CV curves
of the nanocomposites deposited on Ni foam electrode by dip-
Fig. 6 Cyclic voltammograms of CAN (:), CAN-PD1 (-), and CAN-
PD2 (;) nanocomposites deposited on the Ni foam electrodes at 10
mV s�1 scan rate in 1 M KOH aqueous solution, compared to that of the
Ni foam electrode (C). The photographs as shown in top inset show
the images of the Ni foam electrodes covered by CAN, CAN-PD1, and
CAN-PD2, respectively.

24956 | RSC Adv., 2016, 6, 24952–24958
coating for 3 min. The amounts of the nanocomposites depos-
ited on the Ni foam electrode via dip-coating are comparable to
those of CoAl-LDH-based supercapacitors with high loading
amounts created using a slurry coating with binder materials or
direct growth.33,34 To our surprise, the loading amounts of the
nanocomposites deposited on the Ni foam electrode via rapid
dip-coating increased remarkably to 150% for CAN-PD1 and
182% for CAN-PD2 when compared to that of the pristine CAN
depending on the PDA content without the use of any binder
materials. This conrms the strong adhesion ability of the PDA
on solid substrates. The faradaic reaction of nanocomposites
containing two pairs of anodic and cathodic peaks during the
potential sweep was observed, and can be attributed to the
reaction of Co2+/Co3+ (0.11 V) and Co3+/Co4+ (0.52 V).35 The
integral area of the CV curve for CAN-PD2 was the largest,
suggesting the highest electrochemical capacitance. The
specic capacitances for the CAN-PD1 and CAN-PD2 electrodes
calculated based on CV curve at a scan rate of 10 mV s�1 were
9.13 and 12.6 F g�1, larger than that of the pristine CAN with
a value of 6.98. Interestingly, the PDA-modied electrodes
maintained the pristine morphological characteristics aer
repeated CV cyclization processes (Fig. S6†). The modied and
collapsed shapes of the nanoparticle were observed for the CAN
electrode, indicating that the PDA played an important role in
prohibiting the surface modication of the nanocomposites via
electro-chemical reaction.

Conclusions

We have demonstrated a novel multifunctional nanocomposite
of PDA/LDH through the interlayer polymerization of DA in the
gallery space of the LDH nanoparticles. The homogeneous DA
solution prepared under N2-saturated THAM buffer and the
effective penetration of the solution into the LDH interlayer
were a critical factor in obtaining well-dened PDA/LDH
nanocomposites without the exfoliation of the LDH layer by
the intercalation of PDA. The intercalation of PDA into LDH was
conrmed by the XRD data, in which the decrease and splitting
of the d-spacing values for the (00l) reections demonstrated
variation in the coherent domain sizes of crystallites in the
stacking and lateral direction. The homogeneous dispersion
and strong adhesion ability of PDA polymer with nanocrystal-
line LDH played a decisive role in stabilizing and preventing the
reduction of cobalt ions. The PDA/LDH nanocomposite con-
taining the higher PDA content exhibited the best specic
capacitance value and maintained structural stability without
a collapse during the capacitance measurement. The synthetic
advantages of PDA such as dispersion stability, spontaneous
polymerization, and effective penetration into the interlayer
space of the layered nanostructures are benecial for the
preparation of multifunctional hybrid nanostructures.

Experimental
Syntheses of LDH nanoparticles

The carbonate form of CoAl-LDH nanoparticles, [Co4Al2(OH)12]
CO3$nH2O, denoted as CoAl-LDH-CO3, were prepared using
This journal is © The Royal Society of Chemistry 2016
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a hydrolysis method under a hydrothermal condition.12 First,
0.1 M CoCl2$6H2O and 0.05 M AlCl3$6H2O with the Co/Al ratio
of 2 : 1 were dissolved in deionized water to give 100 mL of
solution and then 0.175 M hexamethylenetetramine was added
to the solution. The aqueous mixture was placed in a 24 mL
Teon inner vessel within a stainless steel outer vessel and
allowed to react at 140 �C for 24 h in air-tight conditions. Aer
cooling to room temperature, the resulting pink products were
collected by centrifugation at 13 000 rpm, subsequently washed
with deionized water and anhydrous ethanol several times, and
nally dried in a vacuum.

The anion exchange of the CoAl-LDH from a carbonate to
a nitrate form was carried out by treating with a salt-acid mixed
solution.36 Typically, 0.5 g of the as-prepared CoAl-LDH-CO3 was
dispersed in 1 L of an aqueous solution containing 1 M NaCl
and 3.3 mMHCl in a nitrogen stream. The aqueous mixture was
stirred for 12 h to complete the decarbonation of CoAl-LDH-CO3

and thus obtained the Cl-intercalated CoAl-LDH-Cl. For anion
exchange from chloride to nitrate, 0.5 g of the CoAl-LDH-Cl was
dispersed into 500 mL of an aqueous solution containing 0.1 M
NaNO3. The nitrate form of the solid products (CoAl-LDH-NO3,
denoted as CAN) were collected by centrifugation at 13 000 rpm,
subsequently washed with deionized water and anhydrous
ethanol several times, and nally dried in a vacuum.

The carbonate form ofMgAl-LDH, [Mg4Al2(OH)12]CO3$nH2O,
denoted as MgAl-LDH-CO3, was prepared using the co-
precipitation method.11,37 A mixed solution of 2.0 M NaOH
and 0.2 M Na2CO3 was slowly added to an aqueous solution
containing 1.0 M MgCl2$6H2O and 0.5 M AlCl3$6H2O under
vigorous stirring, during which time the pH was maintained at
10.0 (�0.2). The resulting precipitates were collected by centri-
fugation and thoroughly washed with deionized water. The
products were then dried and resuspended in deionized water
for hydrothermal treatment. Hydrothermal treatment was
carried out at 180 �C for 24 h to obtain larger crystals and
improve the crystallinity of MgAl-LDH-CO3, followed by drying
in a vacuum oven. The nitrate form of MgAl-LDH (MgAl-LDH-
NO3, denoted as MAN) was prepared by anion exchange in
a salt-acid buffer treatment using the same procedures as those
described above.
Syntheses of PDA/LDH nanocomposites

The PDA/LDH nanocomposites were prepared by deposition of
PDA on LDH. PDA was prepared via the oxidative self-
polymerization of DA in basic conditions.38 The 0.01 M tris(h-
ydroxymethyl)aminomethane (THAM) buffer solution with a pH
of 8.5 was prepared using a stock solution of 0.1 M THAM
solution. The 0.065 g of DA (69 mM) was dissolved in 5 mL of
0.01 M THAM buffer with a pH of 8.5 in a nitrogen stream, and
was stirred at room temperature for 24 h. To prepare the PDA/
LDH nanocomposites, the 0.05 g of CAN and MAN were
dispersed into 10 mL of 0.01 M THAM buffer with a pH of 8.5 in
a nitrogen atmosphere. The 0.2 mL and 1.0 mL of DA solutions
were added dropwise to the CAN and MAN colloidal suspen-
sions in THAM buffer and allowed to react for 2 h under
vigorous stirring. The resulting precipitates were collected by
This journal is © The Royal Society of Chemistry 2016
centrifugation at 13 000 rpm and washed with deionized water
three times, followed by drying in a vacuum oven. The products
were denoted as CAN-PD1 and MAN-PD1 for the reactions of
CAN andMAN with 0.2 mL of DA solutions and as CAN-PD2 and
MAN-PD2 for the reactions of CAN and MAN with 1.0 mL of DA
solutions, respectively.

Kinetic study of catalytic activity

The catalytic reduction of the PDA/LDH nanocomposites was
carried out in a 10 mL vial. The aqueous solutions of 1.7 mM p-
nitrophenol and 0.8 M NaBH4 were freshly prepared. In this
study, an excess amount of NaBH4 was added to exclude the
inuence of NaBH4 concentration on the reduction rate. In
a typical reaction procedure, 1.0 mL of NaBH4 solution was
added to the vial containing 3.0 mL of p-nitrophenol solution.
Subsequently, 0.2 mL of as-prepared nanocomposites (0.011 g, 2
mL H2O) was added. 0.1 mL of the reaction mixture was
immediately transferred to an UV/Vis cell containing 2.0 mL of
deionized water to record the UV/Vis absorption spectra at room
temperature.

Electrochemical measurements

All electrochemical measurements were carried out in
a conventional three-electrode system consisting of a working
electrode, a platinum wire counter electrode, and Ag/AgCl
reference electrode at room temperature. To measure the
capacitance, 0.85 mg (4.2 wt%) of samples of CAN, CAN-PD1
and CAN-PD2 were dispersed in THAM buffer, respectively.
Three samples were then prepared by dip-coating the Ni foam
electrodes into the three colloidal solutions for 3 min. Finally,
the nanocomposites deposited on the Ni foams were washed
and dried under vacuum.

Characterization

X-ray diffraction (XRD) patterns of the LDH nanoparticles and
PDA/LDH nanocomposites were measured with a Rigaku X-ray
diffractometer, D/MAX-2000 Ultima, in the q–2q scanning
mode at 30 kV and 40 mA using Cu-Ka radiation (l ¼ 1.5405 Å).
Raman spectra were measured using a Micro-Raman spec-
trometer (Renishaw) with a 514.4 nm line of argon laser as an
excitation source. Phase contrast TEM images of the PDA/LDH
nanocomposites were obtained using a side-entry JEOL High
Resolution TEM operating at 300 kV. UV/Vis spectra were
measured using a UV/Vis spectrophotometer (Schimadze UV-
3600). Cyclic voltammetry was carried out to measure capaci-
tance in 1 M KOH solution as the electrolyte using a computer-
controlled PGSTAT128N Autolab (EcoChemie, Utrecht, The
Netherlands) potentiostat. The conventional three-electrode
conguration was employed, which consists of a platinum
counter electrode and an Ag/AgCl (3 MNaCl) reference electrode
at a scan rate of 10 mV s�1.

Acknowledgements

This work was nancially supported by the Basic Science
Research Program (NRF-2013R1A1A2007482), the Center for
RSC Adv., 2016, 6, 24952–24958 | 24957

http://dx.doi.org/10.1039/c5ra28103b


RSC Advances Paper

Pu
bl

is
he

d 
on

 0
1 

M
ar

ch
 2

01
6.

 D
ow

nl
oa

de
d 

by
 S

un
gk

yu
nk

w
an

 U
ni

ve
rs

ity
 o

n 
14

/0
3/

20
16

 0
5:

13
:2

0.
 

View Article Online
Human Interface Nano Technology (NRF-2009-0083540), and
the Fusion Research Program for Green Technologies (NRF-
2012M3C1A1048862).

References

1 H.-W. Chien, W.-H. Kuo, M.-J. Wang, S.-W. Tsai and
W.-B. Tsai, Langmuir, 2012, 28, 5775–5782.

2 H. Lee, J. Rho and P. B. Messersmith, Adv. Mater., 2009, 21,
431–434.

3 Y. Liu, K. Ai and L. Lu, Chem. Rev., 2014, 114, 5057–5115.
4 H. J. Nam, M. Jin, B.-E. Kim, M. J. Ko, J. M. Kim and
D.-Y. Jung, Chem.–Eur. J., 2012, 18, 14000–14007.

5 R. Liu, Y. Guo, G. Odusote, F. Qu and R. D. Priestley, ACS
Appl. Mater. Interfaces, 2013, 5, 9167–9171.

6 L. Guo, Q. Liu, G. Li, J. Shi, J. Liu, T. Wanga and G. Jiang,
Nanoscale, 2012, 4, 5864–5867.

7 M. Zhang, X. He, L. Chen and Y. Zhang, J. Mater. Chem.,
2010, 20, 10696–10704.

8 H. J. Nam, J. Cha, S. H. Lee, W. J. Yoo and D.-Y. Jung, Chem.
Commun., 2014, 50, 1458–1461.

9 F. Song and X. Hu, J. Am. Chem. Soc., 2014, 136, 16481–16484.
10 K. Teramura, S. Iguchi, Y. Mizuno, T. Shishido and

T. Tanaka, Angew. Chem., Int. Ed., 2012, 51, 8008–8011.
11 S. Miyata, Clays Clay Miner., 1983, 31, 305–311.
12 Z. Liu, R. Ma, M. Osada, N. Iyi, Y. Ebina, K. Takada and

T. Sasaki, J. Am. Chem. Soc., 2006, 128, 4872–4880.
13 J. H. Lee, S. W. Rhee and D.-Y. Jung, Chem. Mater., 2004, 16,

3774–3779.
14 A. I. Khan and D. O'Hare, J. Mater. Chem., 2002, 12, 3191–

3198.
15 G. R. Williams, A. J. Norquist and D. O'Hare, Chem.

Commun., 2003, 1816–1817.
16 J.-M. Oh, T. T. Biswicka and J.-H. Choy, J. Mater. Chem., 2009,

19, 2553–2563.
17 S. P. Lonkar, A. Leuteritza and G. Heinrich, RSC Adv., 2013, 3,

1495–1501.
18 Z. Matusinovic and C. A. Wilkie, J. Mater. Chem., 2012, 22,

18701–18704.
19 Z. Zhu, L. Qu, Y. Guo, Y. Zeng, W. Sun and X. Huang, Sens.

Actuators, B, 2010, 151, 146–152.
24958 | RSC Adv., 2016, 6, 24952–24958
20 X. Zhang, Y. Wang, S. Dong and M. Li, Electrochim. Acta,
2015, 170, 248–255.

21 K. Sun, Y. Xie, D. Ye, Y. Zhao, Y. Cui, F. Long, W. Zhang and
X. Jiang, Langmuir, 2012, 28, 2131–2136.

22 X. Ding, C. Yang, T. P. Lim, L. Y. Hsu, A. C. Engler,
J. L. Hedrick and Y. Y. Yang, Biomaterials, 2012, 33, 6593–
6603.

23 J. Zhou, B. Duan, Z. Fang, J. Song, C. Wang,
P. B. Messersmith and H. Duan, Adv. Mater., 2014, 26,
701–705.

24 Q. Ye, F. Zhou and W. Liu, Chem. Soc. Rev., 2011, 40, 4244–
4258.

25 F. Leroux and J.-P. Besse, Chem. Mater., 2001, 13, 3507–3515.
26 J. Ryu, S. Hee Ku, M. Lee and C. B. Park, SoMatter, 2011, 7,

7201–7206.
27 J. T. Kloprogge, L. Hickey and R. L. Frost, J. Raman Spectrosc.,

2004, 35, 967–974.
28 F. J. Bartoli and T. A. Litovitz, J. Chem. Phys., 1972, 56, 404–

412.
29 J. H. Kim, M. Lee and C. B. Park, Angew. Chem., Int. Ed., 2014,

53, 6364–6368.
30 G. N. Glavee, K. J. Klabunde, C. M. Sorensen and

G. C. Hadjipanayis, Langmuir, 1993, 9, 162–169.
31 C. Wu, F. Wu, Y. Bai, B. Yi and H. Zhang, Mater. Lett., 2005,

59, 1748–1751.
32 J. H. Lee, H. Kim, Y. S. Lee and D.-Y. Jung, ChemCatChem,

2014, 6, 113–118.
33 Y. Wang, W. Yang, S. Zhang, D. G. Evans and X. Duan, J.

Electrochem. Soc., 2005, 152, A2130–A2137.
34 S. Huang, G.-N. Zhu, C. Zhang, W. W. Tjiu, Y.-Y. Xia and

T. Liu, ACS Appl. Mater. Interfaces, 2012, 4, 2242–2249.
35 J. Han, Y. Dou, J. Zhao, M. Wei, D. G. Evans and X. Duan,

Small, 2013, 9, 98–106.
36 N. Iyi, T. Matsumoto, Y. Kaneko and K. Kitamura, Chem.

Mater., 2004, 16, 2926–2932.
37 L. Hickey, J. T. Kloprogge and R. L. Frost, J. Mater. Sci., 2000,

35, 4347–4355.
38 H. Lee, S. M. Dellatore, W. M. Miller and P. B. Messersmith,

Science, 2007, 318, 426–430.
This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/c5ra28103b

	Bioinspired polydopamine-layered double hydroxide nanocomposites: controlled synthesis and multifunctional performanceElectronic supplementary...
	Bioinspired polydopamine-layered double hydroxide nanocomposites: controlled synthesis and multifunctional performanceElectronic supplementary...
	Bioinspired polydopamine-layered double hydroxide nanocomposites: controlled synthesis and multifunctional performanceElectronic supplementary...
	Bioinspired polydopamine-layered double hydroxide nanocomposites: controlled synthesis and multifunctional performanceElectronic supplementary...
	Bioinspired polydopamine-layered double hydroxide nanocomposites: controlled synthesis and multifunctional performanceElectronic supplementary...
	Bioinspired polydopamine-layered double hydroxide nanocomposites: controlled synthesis and multifunctional performanceElectronic supplementary...
	Bioinspired polydopamine-layered double hydroxide nanocomposites: controlled synthesis and multifunctional performanceElectronic supplementary...
	Bioinspired polydopamine-layered double hydroxide nanocomposites: controlled synthesis and multifunctional performanceElectronic supplementary...
	Bioinspired polydopamine-layered double hydroxide nanocomposites: controlled synthesis and multifunctional performanceElectronic supplementary...
	Bioinspired polydopamine-layered double hydroxide nanocomposites: controlled synthesis and multifunctional performanceElectronic supplementary...

	Bioinspired polydopamine-layered double hydroxide nanocomposites: controlled synthesis and multifunctional performanceElectronic supplementary...


