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Anovel inorganic-organic composite ultrathin film was fabricated by layer-by-layer assembly of naphthol
green B (NGB) and layered double hydroxides (LDHs) nanoplatelets, which shows remarkable electrocat-
alytic behavior for oxidation of ascorbic acid. LDHs nanoplatelets were prepared using a method involving
separate nucleation and aging steps (particle size: 25+ 5nm; aspect ratio: 2-4) and used as building
blocks for alternate deposition with NGB on indium tin oxide (ITO) substrates. UV-vis absorption spec-
troscopy and XRD display regular and uniform growth of the NGB/LDHs ultrathin film with extremely
c-orientation of LDHs nanoplatelets (ab plane of microcrystals parallel to substrates). A continuous and
uniform surface morphology was observed by SEM and AFM image. The film modified electrode dis-
plays a couple of well-defined reversible redox peaks attributed to Fe?*/Fe3* in NGB (AE, =68 mV and
Ia/I.=1.1). Moreover, the modified electrode shows a high electrocatalytic activity towards ascorbic acid
in the range 1.2-55.2 wM with a detection limit of 0.51 wM (S/N =3). The Michaelis-Menten constant was
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calculated to be K;FP = 67.5 wM.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Ascorbic acid (AA) plays a key role in participating several bio-
logical reactions and preventing many diseases including mental
illness, infertility and cancer, as a result various techniques have
been employed for its detection [1-3]. Electrochemical sensors
have attracted much attention among these analytical tools due
to their excellent sensitivity, rapid response, low cost and well
convenience [4-6]. However, the electrochemical reaction of AA
at bare electrodes is irreversible with poor sensitivity and selectiv-
ity; therefore, considerable interest has been focused on modified
electrodes with redox enzymes owing to their high selectivity and
activity [7,8]. Unfortunately, it is difficult to attain an efficient elec-
tron transfer between enzyme and electrode since the electroactive
centers are usually embedded within the macromolecule. There-
fore, considerable attention has been paid to develop nonenzymatic
electrodes to solve this problem.

Naphthol green B (NGB, Fig. 1A), a kind of small molecule
dye, has been widely used as electroactive material owing to
its high electron transfer efficiency in electrocatalysis reaction
[9,10]. However, its long-term stability, toxicity and pollution
remain unresolved in practical applications. Inorganic nanopar-
ticles, owing to their small size, unique chemical, physical and
electronic properties that are different from those of bulk mate-
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rials, have been applied as electron transfer mediator or carrier for
electroactive substance in chemically modified electrodes [11-13].
Therefore, the incorporation of electroactive organic species within
inorganic matrix can be an effective solution for the purpose of
obtaining durable solid electrochemical sensors with high stability
as well as repeatability.

Layered double hydroxides (LDHs), also known as hydrotal-
cites or anionic clays, are a class of naturally occurring and
synthetic materials, which can be described by the general for-
mula [M";_,M!,(OH), #* (A"~ ),/ yH,0 (M and M!!" are divalent
and trivalent metals respectively; A"~ is the interlayer anion com-
pensating for the positive charge of the metal hydroxide layers).
Based on the 2D-organized structure, flexibility in composition
and unique ion-exchange property, LDHs materials have shown a
wide variety of potential applications in catalysis, electrochemistry,
medicine and environmental remediation [14-16]. Furthermore,
compared with other inorganic materials, LDHs exhibit many
advantages: nanoplatelet crystallinity, easy control of particle
size, high stability and biocompatibility. These intrinsic proper-
ties provide a suitable microenvironment for the immobilization of
electroactive substances and accelerate the direct electron transfer
between redox species and the underlying electrode [17,18].

In this work, a novel ultrathin film was fabricated by alter-
nate assembly of NGB and LDHs nanoplatelets on indium tin oxide
(ITO) electrode via the layer-by-layer (LBL) method [19-21], which
shows a good electrocatalytic activity for the oxidation of AA. The
ultrathin film exhibits an ordered architecture at the nanometer
level, whose thickness and composition sequence can be con-
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Fig. 1. (A) Chemical structure of NGB and (B) assembly process for the (NGB/LDHs), multilayer film.

trolled precisely. The electrochemical behavior of the NGB/LDHs
film attributed to Fe?*/Fe3* in NGB was obtained (AE, =68 mV
and I,/I- =1.1), owing to the high dispersion and uniform arrange-
ment of NGB molecules within the LDHs matrix. In addition,
the NGB/LDHs film modified electrode exhibits excellent elec-
trocatalytic performance for AA with a low detection limit, high
sensitivity and stability as well as good selectivity in the presence
of interfering compounds. Therefore, this work demonstrates a suc-
cessful paradigm for the fabrication of ultrathin films based on
organic electroactive species and inorganic nanoplatelets, which
can be potentially applied in electrocatalysis and electrochemical
sensor.

2. Experimental
2.1. Reagents and materials

Naphthol green B (NGB) was purchased from Alfa Aesar Chem-
ical Co. Ltd. All other chemicals were of analytical grade and used
without further purification. All the solutions were prepared using
water purified in a Milli-Q Millipore system (>18 M2 cm).

2.2. Fabrication of the NGB/LDHs nanoplatelets film modified
electrode

The colloidal suspension of Ni-Al LDHs nanoplatelets was
prepared by the method developed by our group [22,23]. The mul-
tilayer films of NGB/LDHs were fabricated by applying the LBL
method. Briefly, the substrate (ITO) was firstly dipped into the col-
loidal LDHs suspension (0.6 g/L) for 10 min followed by rinsing with
deionized water thoroughly, and then immersed into a solution of
NGB (1.0 g/L) for 10 min and washed extensively. Subsequently, a
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series of these operations for LDHs nanoplatelets and NGB were
repeated n times to obtain multilayer films of (NGB/LDHs), (Fig. 1B).
The resulting films were dried with nitrogen gas flow. All experi-
ments were performed at room temperature.

2.3. Characterization techniques

Powder XRD patterns were recorded by a Shimadzu XRD-6000
diffractometer, using Cu Ko radiation (A=0.15418 nm) at 40kV,
30mA. UV-vis spectra were collected on a Shimadzu U-3000
spectrophotometer. The morphology of thin films was investi-
gated using a scanning electron microscope (SEM Hitachi S-4700)
with the accelerating voltage of 20kV. The surface roughness
was studied using the atomic force microscopy (AFM) software
(Digital Instruments, Version 6.12). The electrochemical mea-
surements were performed using a CHI 660C electrochemical
workstation (working electrode: modified ITO; auxiliary elec-
trode: a platinum foil; reference electrode: KCl saturated Ag/AgCl
electrode). Electrochemical impedance spectroscopy (EIS) mea-
surements were performed on (NGB/LDH), modified electrodes
in 0.1 M KCl with 5mM Fe(CN)g3-/4- solution at a potential of
+0.22V vs. Ag/AgCl. The EIS dispersions were recorded in the fre-
quency range 0.01-100kHz. A 0.1 M phosphate buffer solution
(PBS, pH=7.5) was used as electrolyte that saturated by N, in
advance. All measurements were performed at room temperature.

3. Results and discussion
3.1. Characterization of the ultrathin films

The Ni/Al-LDHs nanoplatelets were prepared by a method
involving separate nucleation and aging steps developed by our

Fig. 2. (A) XRD pattern and (B) SEM image of the Ni/Al-LDHs nanoplatelets.
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Fig.3. UV-visabsorption spectraofthe (NGB/LDHs), films (n=1-11) on quartz glass
substrates. Inset displays the plots of absorbance of the multilayer films at 241 and
294nmvs. n.

group [22,23], whose XRD pattern is shown in Fig. 2A. All the reflec-
tions can be indexed to a typical hydrotalcite-like structure (Joint
Committee on Powder Diffraction Standards file No. 48-0594).
Fig. 2B exhibits the SEM image of the obtained LDHs nanoplatelets
with round-like shape and narrow particle size distribution (par-
ticle size: 2545 nm; aspect ratio: 2-4), which is favorable for the
assembly of uniform ultrathin films. The subsequent growth of the
NGB/LDHs multilayer film was monitored by means of the UV-vis
absorption band at 241 and 294 nm attributed to the m—7* tran-
sition in the naphthoquinone structure of NGB (Fig. 3). Compared
with the pristine NGB in aqueous solution (235 and 283 nm, Fig. S1),
a red-shift for the multilayer film was observed, as a result of the
interactions between individual molecules in the densely packed
films. The intensity of the absorption bands at 241 and 294 nm cor-
relates nearly linearly with the increase of bilayer number n (Fig. 3,
inset), indicating a stepwise and regular deposition of (NGB/LDHs),
multilayer films.

Successful fabrication of the ultrathin film was further con-
firmed by XRD patterns (Fig. 4A: the broad reflection in the 260
range 20-30° is due to the scattering of the substrate). The as-
prepared (NGB/LDHs);, films display a characteristic 003 reflection
of CO3-type LDHs with a basal spacing of 0.78 nm, whose intensity
increases gradually upon increasing the bilayer number. Further-
more, reflections (h, k # 0) at high angle were not observed,
indicating a well c-oriented assembly of LDHs nanoplatelets in
the film [24]. SEM images (Fig. 4B and C) show that the LDHs
nanoplatelets are stacked with ab-plane parallel to the substrate,
consistent with the XRD results in Fig. 4A. The film is continuous
and uniform with an average increment of ~8.3nm per depo-
sition cycle, which is obtained from the slope of film thickness
vs. bilayer number (inset in Fig. 4C and Fig. S2). The AFM image
(5wm x 5 wm) of the (NGB/LDHs);g film is shown in Fig. 4D. The
average root-mean-square (rms) roughness for the ultrathin films
increases slowly from 14.2 nm (n=5) to 20.9 nm (n=20) (Fig. S3),
indicating a relatively smooth surface of the films.

3.2. Electrocatalytic performance of the ultrathin film

The direct electrochemistry behavior of the modified electrode
was investigated in PBS solution (pH 7.5) by cyclic voltammetry
(Fig. 5A). Compared with the bare ITO and LDHs nanoplatelets
modified ITO electrode, a pair of well-defined and reversible peaks
located at 0.632 and 0.564V (AE,=68mV and Iq/I.=1.1) were
observed for the (NGB/LDHs)4/ITO electrode, which can be ascribed

to the reversible one-electron redox reaction of the Fel!l/Fe!! couple
in NGB (AEY =0.598 V)

Fe' = NGB + e « Fe!l - NGB (1)

Moreover, the electroactivity of NGB in solution was investi-
gated as well (Fig. S4). No CV behavior of NGB at a bared ITO
was found and a pair of irreversible peaks were observed at the
LDHs/ITO electrode. Compared with the CVs of (NGB/LDHs),4/ITO
electrode (Fig. 5A), it is concluded that the LDHs matrix effectively
immobilizes the NGB molecules in the (NGB/LDHs),4/ITO electrode
and accelerates the electron transfer between NGB and electrode
surface. Furthermore, for the (NGB/LDHs),,/ITO modified electrode,
the peak current increases firstly with the deposition cycles up to
4 bilayers (Fig. 5A, inset d), which is attributed to the enhancement
of NGB content; while it decreases from 4 to 6 bilayers due to the
increase in the resistance of multilayer films [25] (Fig. 5A, inset
e). In addition, the peak potential (AEp) increases in the whole
range from n=1 to n=6, as a result of the increase in the film
resistance (see below Fig. S5) which limits the electron transfer
between NGB and electrode surface. Considering the peak current
and the peak potential, the (NGB/LDHs)4/ITO was chosen as the
working electrode in this work. Fig. S5 displays the electrochem-
ical impedance spectroscopy (EIS) of the electrodes modified by
ultrathin films with different bilayers (n=1-6), demonstrating the
impedance changes of the electrode surface during the fabrica-
tion process. It was found that the diameter of the Nyquist circle
increased linearly along with the bilayer number n (Fig. S5: inset),
indicating a successful LBL growth of the (NGB/LDHs), ultrathin
film on the surface of ITO with almost the same amount of NGB
in each cycle. The effect of pH on the electrochemical behavior
of the (NGB/LDHs)4/ITO electrode was studied in the range from
pH=6.5 to 8.5 (Fig. 5B). The results show that the peak potential
is nearly independent on the pH value, indicating that no proton
but electron is involved in the redox process. This further verifies
the electrode reaction described in Eq. (1). Taking into account the
feasibility and versatility of a physiological environment, the PBS
solution (pH=7.5) was selected as the electrolyte in this work.

Fig. 6A displays the effect of scan rate on the electrochemical
response of the (NGB/LDHs)4/ITO. It was found that both anodic
and cathodic peak current increased linearly with the increase of
scan rate from 0.02 to 0.16 Vs—!, suggesting the redox reaction is a
surface-controlled electrochemical process. Based on Laviron the-
ory [26,27], if the value of nAE, >200 mV, the electron transfer rate
constant (ks) and charge transfer coefficient () can be determined
by the following equations:

AEp = AE? — 2303 (%) log(v) )

RT  nFAEyu(1 —a)
log ks = o log(1 — o) + (1 —«)log o — logm - TS5 303RT

(3)

where « is the charge transfer coefficient; ks is the electron transfer
rate constant; v is the scan rate; n is the number of transferred elec-
tron; Ris the gas constant; Fis the Faraday constant; Tis the absolute
temperature; AE? is the apparent formal potential. According to
the linear relationship between E, and log v (Fig. S6), it was cal-
culated that «=0.44 and ks;=3.5s"! for the (NGB/LDHs), ultrathin
film modified electrode. The large value of electron transfer rate
constant is indicative of high capability of LDHs nanoplatelets
for promoting electron between NGB and the electrode surface.
In addition, the stability of the (NGB/LDHs)4/ITO was evaluated
by consecutive voltammetric sweep method (Fig. 6B). After 200
consecutive cycles, the anodic and catholic current decreased by
3.8% and 2.6% respectively, indicating an excellent stability of the
(NGB/LDHs)4 modified electrode.
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Fig. 4. (A) XRD patterns of the (NGB/LDHs), films deposited on quartz glass substrates, (B) top view, (C) cross-sectional SEM image of the (NGB/LDHs);¢ film; inset of C: plot
of film thickness vs. bilayer number n and (D) tapping-mode AFM image of the (NGB/LDHs); film.

To verify the advantage of the modified electrode for the AA oxi-
dation, several comparison studies were carried out. Figs. S7 and S8
display the CVs of AA at a bare ITO, at the LDHs/ITO electrode in PBS
solution (pH="7.5) and NGB solution (2 uM) respectively, display-
ing a poor electrocatalytic activity with low sensitivity and large
overpotential of AA oxidation under the identical conditions. Fig. 7
exhibits the electrocatalytic behavior of the (NGB/LDHs),4/ITO elec-
trode for the oxidation of AA. The anodic peak current enhances
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linearly along with the increase of AA concentration. The linear
response ranges in 1.2-55.2 uM with a regression equation of
ipa (LA)=3.9+1.1C (10-5M), r2=0.998, and a detection limit of
0.51 wM for AA was obtained based on S/N =3 (Fig. 7, inset a). The
detection limit in this work is lower than that of the (NGB/PPy),
organic-organic film modified electrode, the carbon fiber micro-
electrode and the ascorbate oxidase biosensor [28-30]. It’s known
that the Michaelis-Mentel model was initially proposed to account
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Fig. 5. (A) CVs of (a) a bare ITO, (b) the LDHs nanoplatelets/ITO and (c) the (NGB/LDHs)4/ITO in PBS (pH 7.5) at 0.1V s~'; the inset d and e display the CVs of (NGB/LDHs),/ITO
with different bilayer number (n=1-4 and n=4-6 respectively) and (B) CVs of the (NGB/LDHs),/ITO in PBS with pH=6.5, 7.5 and 8.5 respectively at 0.1V s~!. The inset shows

the variation of E,, and Ej as a function of pH value.
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Fig. 6. (A) CVs of the (NGB/LDHs)4/ITO with scan rate ranging from 0.02 to 0.16Vs~! in PBS (pH 7.5); inset: plots of peak current vs. scan rate and (B) the stability of the

(NGB/LDHs)4/ITO in PBS (pH 7.5) at 0.1V s~! for 200 consecutive cycles.

for the enzyme kinetics; subsequently, this model was gradually
accepted as a fundamental method for many catalysis systems
besides enzymatic reactions [31-33]. Herein, a stimulant constant
was used to evaluate the electrocatalytic activity of NGB for AA.
The Michaelis—-Menten constant K,‘\lfp can be calculated from the
Lineweaver-Burk equation:

1 1 K7PP
== M (4)
ISS Imax ImaxC

Iss is the steady-state current after addition of AA, I;max is the maxi-
mum current measured under saturated condition and C is the AA
concentration. Based on the slope and intercept of the linear cor-
relation between the reciprocals of Iss and C (Fig. 7, inset b), the
apparent K;*P was calculated to be 67.5 wM for the (NGB/LDHs),
electrode. This value is smaller than that of the reported biosensors
modified by ascorbate oxidase (157 wM and 166 M respectively)
[29,34], indicating the (NGB/LDHs),4/ITO electrode exhibits a high
electrocatalytic activity for AA. Furthermore, hydrogen peroxide,
dopamine, uric acid and glucose as interferences were investigated
under the same conditions, and the results showed that the per-
cent recovery of the modified electrode was 101.7%, 101.3%, 100.8%
and 100.5% respectively for the measurement of AA (10 wM) with 5
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Fig. 7. CVs of the (NGB/LDHs)4/ITO electrode with different concentration of AA
at a scan rate of 0.1Vs~!; inset a: the linear relationship between the anodic peak
current and concentration of AA; inset b: the Lineweaver-Burk plot for the response
of (NGB/LDHs)4/ITO electrode towards AA.

times concentration of the interferences, demonstrating the good
selectivity to AA for the modified electrode. Moreover, eight repli-
cate measurements of 10 wM AA on one modified electrode yielded
areproducible current with the relative standard deviation (R.S.D.)
of 2.6%; additionally, five independent modified electrodes were
prepared using the same procedure and used for the determina-
tion of AA (10 wM) with the R.S.D. of 2.1%, demonstrating the good
repeatability and reproducibility of the electrochemical sensor.
The long-term stability was investigated by measuring the current
response of 10 WM AA after one month and the percent recovery
was 96.8%, indicating the long lifetime stability of the modified
electrode. To evaluate the ability of the modified electrode for prac-
tical analysis, the proposed sensor was applied to determine AA in
three normal human urine samples by utilizing standard addition
method (10,20and 40 wM, respectively; pH="7.5, adjusted by dilute
HCl). The determined value was 10.5,20.9 and 41.3 wM for the three
samples, and the percent recovery was 105%, 104.5% and 103.3%
respectively. This demonstrates that the modified electrode in this
work can be used for the detection of AA in biological samples.

The excellent electrocatalytic performance of the modified
electrode indicates that LDHs nanoplatelets provide a favorable
microenvironment for facilitating the electron transfer between
NGB and electrode surface which could be used as good candidates
for the fabrication of reagentless electrochemical sensors. Addi-
tionally, the NGB molecules are immobilized in the film via LBL
approach with high dispersion and uniform arrangement, account-
ing for the enhancement of electron transfer.

4. Conclusions

In summary, a highly sensitive AA electrochemical sensor has
been fabricated based on the alternate assembly of NGB molecules
with LDHs nanoplatelets via the LBL technique. Structural char-
acterizations show that the well-ordered (NGB/LDHs), film is
continuous and uniform. The (NGB/LDHs), ultrathin film modified
electrode exhibits an excellent electrocatalytic activity for the oxi-
dation of AA with high sensitivity, anti-interference and long-term
stability. Hence, this work provides a facile and efficient strategy for
the immobilization of organic dyes into an inorganic nanoplatelets
matrix, for the purpose of potential applications in electroanalysis
and electrochemical sensor.
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