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This paper reports the fabrication of layered double hydroxide nanosheets (LDH nanosheets)/Au

nanoparticles (AuNPs) ultrathin films (UTFs) via the layer-by-layer (LBL) assembly technique, and

their electrocatalytic performance for the oxidation of glucose was demonstrated. UV-vis absorption

spectra show the uniform growth of the UTFs and the enhancement of interlayer plasmon coupling of

AuNPs upon increasing deposition cycle. The XRD results indicate that the (LDH/AuNPs)n UTFs

possess long-range order stacking in the normal direction of the substrate, with AuNPs accommodated

between the LDH nanosheets as a monolayer arrangement. SEM, TEM and AFM images reveal a high

dispersion of AuNPs on the surface of the LDH nanosheets without aggregation. The electrochemical

behavior of the UTF modified fluorine-doped tin oxide (FTO) electrode was studied by cyclic

voltammetry and electrochemical impedance spectroscopy. The (LDH/AuNPs)n UTF shows improved

electron transfer kinetics, owing to the formation of electron tunneling junctions resulting from the

interlayer plasmon coupling. This leads to new channels for facilitating electron transfer within the

UTFs. In addition, the (LDH/AuNPs)8 electrode displays significant electrocatalytic performance for

glucose with a linear response range (50 mM–20 mM), low detection limit (10.8 mM), high sensitivity

(343 mA mM�1 cm�2), good stability and reproducibility. Therefore, this work provides a feasible

method to immobilize metal nanoparticles using the LDH nanosheet as a 2D matrix, which is

promising for the development of enzyme-free sensors.
1. Introduction

Electrocatalytic oxidation of glucose has attracted much interest

over past years for the construction of glucose-oxygen biofuel

cells,1 abiotically catalyzed fuel cells,2 especially for the devel-

opment of glucose sensing in human blood which has long been

recognized as an important clinical test for diagnosing diabetes

mellitus.3 Biosensors with high selectivity and sensitivity for

glucose based on the corresponding oxidases or other enzymes

have been reported.4 However, such sensors usually suffer from

long-term stability due to the intrinsic nature of enzymes.5

Therefore, considerable attention has been focused on direct

electrocatalytic oxidation of glucose at noble metal-based6 and

alloys-based7 electrodes for the purpose of achieving enzyme-free

sensing with fast amperometric response, high stability and

reproducibility.

Gold as an attractive material for the oxidation of glucose has

been extensively studied in the field of electrocatalysis, electro-

analysis and biosensors due to its stable chemical properties,
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good biocompatibility, high catalytic activity and, more impor-

tantly, no observable surface poisoning during the electro-

chemical process compared with other metals.8 To date, several

nanofabrication techniques have been applied for the assembly

or incorporation of AuNPs into the desired 2D or 3D nano-

structures for the fabrication of electronic and electrochemical

devices.9,10 The layer-by-layer (LBL) assembly method was

commonly used to tailor the composition, thickness and archi-

tecture of AuNPs-based films by using polyelectrolytes,17b

bifunctional molecules9a and biomolecules4b as cross-linkers. In

these cases unfortunately, the aggregation of AuNPs is normally

inevitable due to the disordered morphology and the intertwist of

the cross-linkers, which lead to decreases in the utilization of

AuNPs active sites and the resulting catalytic and electrocatalytic

efficiency.11 Therefore, it is of crucial importance to develop new

approaches to obtain well-organized structures with highly

dispersed AuNPs in a suitable matrix which can provide a stable

microenvironment for electron transfer.

Layered double hydroxides (LDHs), whose formula can be

generally expressed as [M2+
1�xM

3+
x(OH)2]

x+[An�
x/n]

x�$mH2O

(M2+ and M3+ represent di- and tri-valent metal cations,

respectively; An� is an n-valent anion), are a class of two-

dimensional layered materials.12 Based on the attractive features

including intercalation property, non-toxicity, high stability and
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1jm12060c
http://dx.doi.org/10.1039/c1jm12060c
http://dx.doi.org/10.1039/c1jm12060c
http://dx.doi.org/10.1039/c1jm12060c
http://dx.doi.org/10.1039/c1jm12060c


biocompatibility, LDH materials play a vital role as a host

matrix in the fields of catalysis, biology, optical devices and

electrochemical sensors.13 Recently, LDHs have been exfoliated

into positively charged nanosheets with the ultimate 2D anisot-

ropy which are favorable for assembly into functional multilayer

nanostructures by employing an LB or LBL technique.14 This

therefore enlightens us to fabricate the electrochemical sensor by

the alternating assembly of positively charged LDH nanosheets

and negatively charged AuNPs on fluorine-doped tin oxide

(FTO) electrodes using the LBL approach, in which the LDH

nanosheets serve as both building block and cross-linker. In

contrast to previous studies with polyelectrolytes or bifunctional

molecules as cross-linkers, the use of LDH nanosheets offers

several advantages: firstly, the LDH nanosheets provide

a confined and stable microenvironment for the immobilization

of AuNPs with a long range order stacking; secondly, the

uniform dispersion of positive charge in the LDH nanosheets will

result in a high dispersion of AuNPs particles and suppress their

aggregation. Moreover, the film component and thickness can be

precisely controlled in the nanometre scale with simple manip-

ulation and versatility.

In this work, positively charged LDH nanosheets as building

blocks were assembled alternately with negatively charged

AuNPs on the FTO substrate via the electrostatic LBL deposi-

tion technique (Scheme 1). The obtained (LDH/AuNPs)n UTFs

show a long-range ordered structure in which highly dispersed

AuNPs were obtained. The formation of electron tunneling

junctions due to the interlayer plasmon coupling of AuNPs

facilitates the electron transfer throughout the UTFs. Moreover,

the modified electrode displays remarkable electrocatalytic

performance towards the oxidation of glucose with high sensi-

tivity, low detection limit as well as long-term stability. The

results demonstrate that LDH nanosheets can serve as one

promising material for the immobilization of metal particles

which can be potentially applied in the fields of electrocatalysis

and electrochemical sensors.

2. Experimental section

2.1 Materials

Hydrogen tetrachloroaurate hydrate (HAuCl4$3H2O, >99.9%)

was purchased from Aldrich Co. Ltd. Poly(styrenesulfonic acid)

(PSS, MW ¼ 70 000) was obtained from Alfa Aesar Chemical
Scheme 1 Schematic representation for the assembly process of the

(LDH/AuNPs)n UTFs.
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Co. Ltd. Analytical grade chemicals including Zn(NO3)2$6H2O,

Al(NO3)3$9H2O and urea were used without further purification.

Deionized water from aMilli-QMillipore system (>18.0MU cm)

was used in all the experimental processes.

2.2 Synthesis of AuNPs and Zn-Al LDH nanosheets

The AuNPs were synthesized by citrate reduction of aqueous

HAuCl4 at �100 �C.15 The synthesis of ZnAl-CO3 LDH was

similar to that described by Sasaki et al.14a In brief, ZnCl2$6H2O

(0.010 mol), AlCl3$9H2O (0.005 mol) and urea (0.035 mol) were

dissolved in aqueous solution (1 L), and it was stirred in a beaker

at 100 �C for 2 days. The solid product was washed with water

and dried in air at 60 �C. ZnAl-NO3 LDH was prepared by the

salt-acid method reported previously.12d The ZnAl-CO3 LDH

(1.0 g) was treated with aqueous salt-acid solution (1 L) con-

taining HNO3 (0.005 mol) and NaNO3 (1.5 mol) in a flask under

nitrogen flow and continuous stirring at ambient temperature for

24 h. The resulting ZnAl-NO3 LDH was filtered, washed and

vacuum-dried. Subsequently, a 0.1 g of ZnAl-NO3 LDH was

vigorously agitated in a 100 mL of formamide under N2 flow at

room temperature for 48 h. A colloidal suspension of positively

charged ZnAl-LDH nanosheets was obtained (1 mg mL�1) and

used directly for the assembly of multilayer films.

2.3 Fabrication of LDH/AuNPs multilayer films

FTO substrates (exposed geometry area 1.5 cm2) were cleaned in

turn in an ultrasonic bath containing soapy water, deionized

water, acetone, ethanol and deionized water for 10 min each, and

then immersed in saturated NaOH aqueous solution for 20 min.

After these procedures, the LBL assembly was performed by

sequential dipping of FTO substrates in positively charged LDH

nanosheets and negatively charged AuNPs colloidal suspension

for 10 min each, followed by thorough rinsing with deionized

water. The resulting films were dried in a vacuum oven at

ambient temperature and are referred to as (LDH/AuNPs)n. As

comparison samples, the (LDH/PSS/LDH/AuNPs)n UTFs were

performed by a similar assembly procedure in a sequence of

LDH nanosheets, PSS (1 mg mL�1), LDH nanosheets and

AuNPs aqueous solution. The AuNPs modified FTO (AuNPs/

FTO) and LDH modified FTO (LDH/FTO) were respectively

prepared by dropping 50 mL of AuNPs colloid suspension or 50

mL of LDH nanosheets colloid suspension onto the FTO surface

and dried in a vacuum oven at ambient temperature.

2.4 Characterizations and amperometric measurements

UV-vis absorption spectra were collected using a Shimadzu UV-

2501PC spectrometer. X-Ray diffraction (XRD) patterns were

recorded by a Rigaku XRD-6000 diffractometer, using Cu-Ka

radiation (0.15418 nm) at 40 kV, 30 mA. The morphology of thin

films was investigated using a scanning electron microscope

(SEMHitachi S-4700) with the accelerating voltage of 20 kV and

a NanoScope IIIa atomic force microscope (AFM) from Veeco

Instruments. TEM images were recorded on a JEOL JEM-2100

transmission electron microscope with the accelerating voltage of

200 kV. TEM grids of AuNPs and LBL films were prepared on

a 300 mesh lacey carbon-coated copper grids and dried in air

before imaging.
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A CHI 660B electrochemical workstation (Shanghai Chenhua

Instrument Co., China) was utilized for electrochemical

measurements. A conventional three-electrode cell was used with

a saturated Ag/AgCl electrode as the reference, a platinum wire

as the counter, and the modified FTO electrode as the working

electrode. Electrochemical impedance spectroscopy (EIS)

dispersions were recorded with the frequency range from 0.01

Hz to 100 kHz in a 0.1 M KNO3 with 1 mM Fe(CN)6
4�/3� or

Ru(NH3)6
2+/3+solution at a potential of +0.21 V or �0.20 V vs.

Ag/AgCl. The solutions were purged with highly purified

nitrogen for 20 min prior to measurement. All measurements

were performed at room temperature.
Fig. 2 (A) XRD patterns of (a) the ZnAl-CO3 LDH, (b) the ZnAl-NO3

LDH. (B) SEM image of the ZnAl-CO3 LDH. (C) TEM image of the

LDH nanosheets. (D) Digital photograph of a colloidal suspension of

LDH nanosheets.
3. Results and discussion

3.1 Characterization of AuNPs and LDH nanosheets

The synthesized spherical citric-capped AuNPs present a typical

single-particle plasmon resonance absorption band at 520 nm

due to the collective oscillation of the electrons in the conduction

band of the Au atoms under optical excitation (Fig. 1A), which is

in agreement with the values reported for small size particles of

ca. 14–20 nm.15 The well-dispersed colloidal suspension was

transparent and stable without any precipitation when stored at

room temperature for more than two months, as shown in the

inset of Fig. 1A. The TEM image of AuNPs is displayed in

Fig. 1B, from which it is observed that the as-prepared AuNPs

are of high quality in terms of size and uniformity. The size

distribution histogram shows that the diameter of the AuNPs is

14 � 2 nm (Fig. 1C). Fig. S1† displays the tapping-mode AFM

image of the AuNPs deposited on a Si wafer substrate. The

height profile measurement along the marked white line indicates

that the average particle size is �13.8 nm, which confirms the

TEM result.

The XRD patterns of the synthesized ZnAl-CO3 LDH and

ZnAl-NO3 LDH are displayed in Fig. 2A, all of which can be

indexed to a rhombohedral structure (LDH) with 2q 11.41� (d003
¼ 7.54 �A) for ZnAl-CO3 LDH and 2q 9.82� (d003 ¼ 8.95 �A) for

ZnAl-NO3. No other crystalline phase was detected, indicating

the formation of a well-crystallized hydrotalcite-like LDH phase.

A typical SEM image (Fig. 2B) reveals that the sample of ZnAl-

CO3 LDH displays a hexagonal plate-like morphology with
Fig. 1 (A) UV-vis spectrum of the colloidal AuNPs suspension (inset:

digital photograph). (B) TEM image of the AuNPs. (C) Size distribution

histogram of the AuNPs.
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a mean lateral dimension of 3�5 mm. The TEM image (Fig. 2C)

shows a thin platelet of morphologically irregular LDH

nanosheet with a lateral size of 1�2 mm. A clear Tyndall light

scattering effect was observed for the LDH nanosheets sol by

a side-incident light beam (Fig. 2D), and the well-dispersed

colloidal suspension is transparent and can be stored for more

than one month.
3.2 Assembly of the (LDH/AuNPs)n UTFs

The frequency of the surface plasmon resonance is significantly

affected by electron interactions of the AuNPs through changing

the environment and the level of the nanoparticles aggregation.16

The film fabrication process of the resulting (LDH/AuNPs)n
UTFs by alternate deposition of LDH nanosheets and AuNPs

was monitored by UV-vis absorption spectroscopy as depicted in

Fig. 3A. The strong absorption band at 520 nm originating from

the plasmon resonance of individual AuNPs linearly correlates

with the bilayer number n (inset of Fig. 3A), indicating a stepwise

and regular film growth procedure. This is further confirmed by

the visible color evolution with the increase of n (Fig. 3B).
Fig. 3 (A) UV-vis spectra of the (LDH/AuNPs)n (n¼ 2–10) UTFs (inset:

the linear relationship between absorbance at 520 nm and bilayer number

n). (B) Digital photograph of the (LDH/AuNPs)n UTFs.

This journal is ª The Royal Society of Chemistry 2011



Fig. 5 (A) XRD patterns of the (LDH/AuNPs)n UTFs (n¼ 2, 6 and 10).

(B) Top-view SEM image of the (LDH/AuNPs)8 UTF. (C) TEM image

of the (LDH/AuNPs)8 UTF. (D) TEM image and the corresponding

SAED pattern (inset) of the LDH nanosheets.
Importantly, a new band appearing at �595 nm was observed as

n ¼ 6 and its intensity enhances upon increasing the bilayer

number, which is associated with the interparticle plasmon

coupling resonance of AuNPs that strongly depends on the

distance/diameter ratio.17

The appearance of the band at �595 nm results from two

possibilities: the plasmon coupling resonance of AuNPs from

one layer (intralayer) and from adjacent layers (interlayer). To

further identify this point, a comparison study was carried out by

separating AuNPs layers with a thicker spacing. This was

accomplished by arranging an additional polyelectrolyte/clay

(PSS/LDH) bilayer between adjacent LDH/AuNPs bilayers as

a nanoscale spacer. As a result, the layered stacks with a repeat

unit of (LDH/PSS/LDH/AuNPs) were prepared and the UV-vis

spectra are shown in Fig. 4. It clearly shows that the increase in

distance between adjacent AuNPs layers reduces the electronic

interactions and the new band at 595 nm was therefore sup-

pressed. The results reveal that the band at 595 nm for the

(LDH/AuNPs)n UTFs mainly originates from the interlayer

plasmon coupling. In addition, the slight red-shift of the plasmon

maximum absorbance in Fig. 4 upon increasing n is related to the

change in dielectric environment, which has been normally

observed for the AuNPs coated with polymer layers or dissolved

in different solvents.18
3.3 The structural and morphological study of the (LDH/

AuNPs)n UTFs

The XRD patterns (Fig. 5A) of the (LDH/AuNPs)n UTFs were

recorded in order to study the periodic structure. The increasing

intensity of the reflection at about 2q¼ 0.62� upon increasing the

deposition cycle indicates that the (LDH/AuNPs)n UTFs possess

an ordered periodic structure in the direction normal to the

substrate with a period of ca. 14.23 nm, which is close to that of

the monolayer arrangement model of the (LDH/AuNPs)n system

(0.48 nm for a LDH nanosheet and 14 nm for the average size of

AuNPs). Fig. S2† illustrates the linear correlation of thickness of

the (LDH/AuNPs)n UTFs as a function of n, from which the

thickness augment per bilayer was observed to be�14.5 nm. This

is in accordance with the XRD results. The morphological

feature of the UTFs was characterized by SEM and TEM

images. A highly homogeneous and discrete distribution of dark
Fig. 4 UV-vis spectra of the (LDH/PSS/LDH/AuNPs)n (n ¼ 2–10)

UTFs.
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spherical spots corresponding to isolated AuNPs is clearly

observed in the SEM image of the (LDH/AuNPs)8 UTF

(Fig. 5B). The TEM image (Fig. 5C) confirms that the AuNPs are

immobilized on the surface of the LDH nanosheets and no

aggregation or fusing into larger particles is observed. Moreover,

the SAED (selected-area electron diffraction) pattern (Fig. 5D,

inset) of the LDH nanosheets exhibits hexagonally arranged

spots, indicating that the single-crystal structure of the LDH

layer is stable even after exfoliation and LBL deposition.13d,14a

The attenuated total reflection (ATR) FTIR spectra were also

recorded in order to study the interlayer interactions. The spec-

trum of citric-capped AuNPs (Fig. S3,† curve a) shows two

strong peaks centered at 1591 and 1394 cm�1 which can be

attributed to the asymmetric and symmetric stretching vibrations

of the COO� group (nas(COO�) and ns(COO�)) respectively;24e

while the nas(COO�) shifts to a higher frequency (from 1591 to

1605 cm�1) in the case of the (LDH/AuNPs)8 UTF (Fig. S3,†

curve b), indicating the electrostatic interaction between the

positively charged LDH layer and the negatively charged

AuNPs.12k

The deposition process of the (LDH/AuNPs)n UTFs was

further monitored by AFM (Fig. S4† and Fig. 6). The AFM

topographical image of the (LDH/AuNPs)1 UTF shows that the

AuNPs are monodispersive with a root-mean-square (RMS)

roughness of 3.254 nm (Fig. S4-A); LDH nanosheets can be

observed after one subsequent deposition accompanied with

a small increase in RMS (3.514 nm, Fig. S4-B and C). Fig. 6

illustrates that successive LBL deposition leads to a slight

increase in RMS of the UTFs without substantial aggregation.

These observations indicate that the positively charged LDH

nanosheets with a rigid and crystalline structure provide an

electrostatically-driven surface for anchoring and dispersing

of AuNPs. This behavior is rather different from that in the

AuNPs/organic cross-linker films wherein the particles
J. Mater. Chem., 2011, 21, 13926–13933 | 13929



Fig. 6 Tapping-mode AFM images of the (A) (LDH/AuNPs)4, (B)

(LDH/AuNPs)6, (C) (LDH/AuNPs)8 and (D) (LDH/AuNPs)10 UTF.

The scan size for each image is 2 mm � 2 mm.
agglomerated to form larger clusters upon increasing the

assembly bilayers.4b,9a,17b,27d
3.4 Electrochemical properties of the (LDH/AuNPs)n UTFs

The redox behavior of an electroactive species such as the

negatively charged Fe(CN)6
4�/3� couple and the positively

charged Ru(NH3)6
3+/2+ couple is a valuable and convenient tool

for testing the kinetic barrier of the modified electrode, because

electron transfer between the solution species and the electrode

occurs by tunneling either through the barrier or through pores

in the barrier.19 Fig. 7 shows the cyclic voltammograms (CVs)

of bare FTO, LDH/FTO, AuNPs/FTO, (LDH/PSS/LDH/

AuNPs)8/FTO and (LDH/AuNPs)8/FTO electrode in 0.1 M

KNO3 solution containing 1 mM Fe(CN)6
4�. A well-defined

cyclic voltammetric (CV) characteristic of a diffusion-controlled

redox process was observed at the bare FTO with a peak sepa-

ration (DEp) of 158 mV. However, the CV curve becomes
Fig. 7 Cyclic voltammograms of bare FTO, LDH/FTO, AuNPs/FTO,

(LDH/PSS/LDH/AuNPs)8/FTO and (LDH/AuNPs)8/FTO electrode in

0.1 M KNO3 solution containing 1 mM Fe(CN)6
4� at a scan rate of

20 mV s�1.
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distorted with a great decrease in peak currents at the LDH/FTO

electrode, implying that the modification of the LDH nanosheets

leads to a strong inhibition of electron transfer. As the immo-

bilization of AuNPs on the electrode dramatically affects the

electron transfer dynamics,20 a more reversible CV response was

noticed for the three AuNPs-based electrodes. Compared with

the AuNPs/FTO and the (LDH/PSS/LDH/AuNPs)8/FTO, the

(LDH/AuNPs)8/FTO exhibits an observable decrease in DEp

value (72 mV) accompanied with an increase in the peak

currents, which suggests that the probe is able to diffuse through

the LDH/AuNPs multilayers and undergoes a faster electron

transfer at the electrode surface. The good electrical communi-

cation was further confirmed by a similar behavior in the solu-

tion containing Ru(NH3)6
3+ (Fig. S5†), indicating the generality

of enhancement in electron transfer of redox probes at the (LDH/

AuNPs)8/FTO electrode.

Electrochemical impedance spectroscopy (EIS) is a useful

method on the interface property of surface-modified electrodes

and has been successfully used to characterize the formation of

multilayer films on different substrates.21 To obtain detailed

information about the electrode/electrolyte interface, the

impedance data were analyzed by using Randles equivalent

circuit (inset of Fig. 8A). The EIS response consists of the linear

portion at lower frequencies corresponding to the diffusion-

limited process and the semicircle part at higher frequencies

representing the electron-transfer-limited process.22 The Nyquist

plots of the bare and modified FTO electrodes are presented in

Fig. 8A. TheRct (the charge transfer resistance) value tested in Fe

(CN)6
4�/3� solution can be obtained by measuring the diameter

of the semicircle via simulation, which shows a sequence of

(LDH/AuNPs)8/FTO (12.8 U) < AuNPs/FTO (44.9 U) <

(LDH/PSS/LDH/AuNPs)8/FTO (191.8 U) < bare FTO (322.3 U)

< LDH/FTO (1110 U). A same sequence was found when the

positively charged Ru(NH3)6
3+/2+ redox probe was used

(Fig. S6†). This is consistent with their CV behavior shown in

Fig. 7 and Fig. S5,† further confirming that the modification of

the electrode with the array of (LDH/AuNPs)n dramatically

facilitates the electron transfer process regardless of the charge

state of the redox probe. Furthermore, the influence of the

bilayer number on the EIS response was also studied. Fig. 8B

shows that the Rct value decreases gradually upon increasing n

(n varies from 2 to 8); while it turns to increase with further

increasing the bilayer number (from 8 to 10) due to the blocking

effect of LDH nanosheets in a thicker film.

Long range electron transfer reactions between AuNPs and

the electrode surface separated by monolayer or multilayer films

have been recently observed.23 Interparticle interaction of

AuNPs in an electromagnetic field alters the plasmon absorption

greatly: if the quantum mechanical wave function overlap

between adjacent particles occurs, the electron density will build

up in the less shielded region between neighboring metallic cores.

The plasmon frequency increases with the increase of electron

density in a AuNP, resulting in the enhancement of plasmon

absorption.24 In the present study, it is proposed that the

enhancement of interlayer plasmon coupling in the (LDH/

AuNPs)n UTFs gives rise to the formation of electron tunneling

junctions between adjacent AuNPs layers, which provides new

channels for facilitating electron transfer throughout the

multilayers. This is confirmed by the appearance of the UV-vis
This journal is ª The Royal Society of Chemistry 2011



Fig. 8 (A) Nyquist plots of EIS for the (a) (LDH/AuNPs)8/FTO, (b)

AuNPs/FTO, (c) (LDH/PSS/LDH/AuNPs)8/FTO, (d) bare FTO and (e)

LDH/FTO. The Randles circuit is shown in the inset. (B) Nyquist plots of

EIS for the (LDH/AuNPs)n/FTO with various bilayer numbers (n ¼ 2, 4,

6, 8 and 10) in 0.1 M KNO3 solution containing 1 mM Fe(CN)6
4�/3� at

a potential of +0.21 V vs. Ag/AgCl.

Fig. 9 CVs of the (a) (LDH/AuNPs)8/FTO, (b) AuNPs/FTO, (c) (LDH/

PSS/LDH/AuNPs)8/FTO, (d) bare FTO, (e) LDH/FTO in 0.1 M NaOH

at 50 mV s�1.
absorption at �595 nm corresponding to the interparticle plas-

mon coupling resonance of AuNPs (Fig. 3A). In addition,

compared with the AuNPs/FTO, the improved electrochemical

performance of the (LDH/AuNPs)n/FTO is associated with the

high dispersion of AuNPs as well as the suitable microenviron-

ment imposed by the LDH nanosheets. In contrast, for the

(LDH/PSS/LDH/AuNPs)n/FTO, the existence of additional

inert spacer suppresses the interlayer plasmon coupling as evi-

denced by the disappearance of the band at 595 nm (Fig. 4),

making AuNPs become inactive.
3.5 Electrocatalytic oxidation of glucose

The CV measurements of bare FTO, LDH/FTO, AuNPs/FTO,

(LDH/PSS/LDH/AuNPs)8/FTO and (LDH/AuNPs)8/FTO elec-

trode were carried out in a 0.1 M NaOH solution in the absence

of glucose (Fig. 9). Compared with bare FTO and the LDH/FTO

(curves d and e), the (LDH/AuNPs)8/FTO gives one broad

oxidation peak in the potential range 0.36–0.44 V and one

distinct reduction peak at approximately 0.10 V (curve a), which

correspond to the redox process of AuNPs, according to the

following reaction:25

Au + OH� � me� 5 Au2O3$nH2O (1)
This journal is ª The Royal Society of Chemistry 2011
Compared with the (LDH/AuNPs)8/FTO electrode, the

AuNPs/FTO and (LDH/PSS/LDH/AuNPs)8/FTO also show CV

behavior with much lower currents and larger DEp value (curves

b and c). These results indicate that the array of (LDH/AuNPs)n
UTFs with single intervening LDH layers provides a confined

and stable microenvironment for the accommodation of AuNPs

and thus enhances the direct electrochemistry of AuNPs.

Fig. 10A shows the electrocatalytic activity towards the

oxidation of glucose at the bare and modified FTO electrodes.

No current response is observed at the bare FTO and LDH/FTO

electrode (curves d and e); both the AuNPs/FTO and (LDH/PSS/

LDH/AuNPs)8/FTO show no marked electrocatalytic activity

towards glucose as evidenced by the barely observable peaks

(curves b and c). As expected, the (LDH/AuNPs)8/FTO exhibits

significant sharpening of the anodic peaks both in the anodic and

cathodic scan as a consequence of the increased electroactivity of

AuNPs (curve a). This indicates that the (LDH/AuNPs)n UTFs

not only achieve a facile electron transfer process, but also

electrocatalyze the oxidation of glucose efficiently. The anodic

peak at 0.18 V presents the direct oxidation process of glucose. A

rapid inhibition of the oxidation reaction occurs at higher

potential corresponding to the formation of gold oxide which

competes for surface adsorption sites with glucose. During the

negative potential sweep, glucose can adsorb again and get

oxidized as soon as the Au surface becomes free from oxide,

resulting in the large cathodic reoxidation peak at 0.08 V.26,8a The

dependence of electrochemical response on the bilayer number of

the (LDH/AuNPs)n UTFs is depicted in Fig. 10B, from which

the reoxidation current shows a systematic enhancement as

n increases from 2 to 8; while a decrease in peak current was

observed with further increasing the bilayer number. This

inflection point at n ¼ 8 agrees well with the lowest Rct for the

EIS spectrum of the (LDH/AuNPs)8/FTO (shown in Fig. 8B).

Therefore, the (LDH/AuNPs)8/FTO was chosen as the optimum

electrode for the voltammetric determination of glucose.

The determination of glucose at the (LDH/AuNPs)8 modified

electrode was performed with CV measurements. The cathodic

reoxidation peak current of glucose was selected as the analytical

signal (Fig. 11A and B). The results show that the peak current is

proportional to the glucose concentration ranging from 50 mM to

20 mM (inset of Fig. 11B). The calibration equation can be
J. Mater. Chem., 2011, 21, 13926–13933 | 13931



Fig. 10 (A) CVs for the oxidation of glucose (1 mM) at the (a) (LDH/

AuNPs)8/FTO, (b) AuNPs/FTO, (c) (LDH/PSS/LDH/AuNPs)8/FTO,

(d) bare FTO, (e) LDH/FTO. (B) CVs for the oxidation of glucose

(1 mM) at the (LDH/AuNPs)n/FTO with various bilayer number (n ¼ 2,

4, 6, 8 and 10) in 0.1 M NaOH at 50 mV s�1.

Fig. 11 CVs of the (LDH/AuNPs)8/FTO in 0.1 M NaOH containing

different concentrations of glucose: (A) 0.05, 0.10, 0.15, 0.20, 0.25, 0.30,

0.35, 0.40 and 0.50 mM; (B) 0.5, 2, 4, 8, 13 and 20 mM. Scan rate:

50 mV s�1 (inset: calibration curve of catalytic current vs. glucose

concentration).
expressed as i (mA) ¼ �106.7 + 512.3c (mM), with a correlation

coefficient of 0.9992. The detection limit was estimated to be

10.8 mM (S/N ¼ 3), which is lower than that of the reported

AuNPs-based glucose sensors.27 In view of the physiological level

of glucose (3–8 mM), the linear concentration range (50 mM–20

mM) meets the requirement for clinical application. In addition,

the sensitivity of the sensor was calculated to be 343 mA mM�1

cm�2, which is much higher than those previously reported.27 The

results above demonstrate a high electrocatalytic activity and

a broad linear response range for the (LDH/AuNPs)8 modified

electrode, which can be potentially used for practical

applications.

The relative standard deviation (RSD) of the current response

towards 1 mM glucose was 2.9% for 10 successive measurements.

The long-term stability of the electrode was tested in 1 mM

glucose solution using the same electrode for seven times each

day over a continuous five-day period; the multilayer film retains

92% of its initial current response, indicating that the LDH

matrix effectively stabilizes the AuNPs.Moreover, five electrodes

were fabricated independently under the same conditions, which

showed an acceptable reproducibility in 1 mM glucose solution

with an RSD of 3.7%. The good stability and reproducibility in

this work is due to the well-organized structure with the

formation of highly dispersed AuNPs, illustrating the merits

of inorganic LDH nanosheets as 2D building blocks for the

immobilization of metal nanoparticles for electrochemical

sensors.
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4. Conclusions

In summary, we have successfully fabricated the LBLmultilayers

on FTO substrates containing AuNPs and LDH nanosheets

driven by the electrostatic interaction between the two compo-

nents. The structural and morphological studies indicate that the

(LDH/AuNPs)n UTFs exhibit long range stacking order, in

which the AuNPs are highly dispersed and immobilized with

a monolayer arrangement in the LDH gallery. The resulting

(LDH/AuNPs)n UTFs display improved electron transfer

kinetics and excellent electrocatalytic activity towards glucose.

Comparison studies demonstrate that the plasmon coupling of

adjacent AuNPs layers in the (LDH/AuNPs)n UTFs plays a vital

role in facilitating electron transfer across the multilayers. It is

anticipated that the method in this work can be used to immo-

bilize other metal or metal oxide nanoparticles within a 2D

inorganic matrix for the fabrication of nano-scale sensors and

electronic devices.
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