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a b s t r a c t

We reported on the synthesis and application of ionophore–gold nanoparticle conjugates in Agþ

graphene paste electrode. Ionophore was a novel graphene oxide nanosheets (NGO) covalently grafted

2-thiophenecarboxylic (TPC) hybrid material. The hybrid material NGO–TPC decorated with gold

nanoparticles was used as both a receptor and an ion-to-electron transducer to fabricate Agþ graphene

paste electrode. The developed electrode was highly selective to Agþ over other tested cations and

exhibited an excellent Nernstian slope of 59.3 mV dec�1 ranging from 8.4�10�7 to 1.0�10� M with a

detection limit of 6.3�10�7 M. Moreover, it also showed a fast response time and a long lifetime.

Importantly, the new method of immobilizing ligands on NGO nanosheets to construct electrode

successfully solved the universal problem of the electrode components loss from ion-selective

electrode.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

The focus of ion-selective electrodes (ISEs) research has been
redirected from liquid contact ISEs toward solid contact
ion-selective electrodes (SC-ISEs) during recent years [1]. Nowadays,
SC-ISEs are recognized as the most promising potentiometric sensors
because of their excellent analytical performance, such as robustness
and easy handling. And the most important aspect for SC-ISEs is that
solid material transducers can reversibly and efficiently convert a
chemical event into an electronic signal [2]. Conducting polymers as
the traditional transducers are often introduced into the polymeric
membrane with non-covalent bond form, which results in improving
stability and lower impedance in comparison with coated wire
electrodes [3–5]. Several types of carbon nanotubes have also been
used as ion-to-electron transducers in SC-ISEs due to their special
physicochemical properties, such as high surface-to-volume ratio
and high electrical conductivity [6–10]. Compared with conducting
polymers and carbon nanotubes, graphene, an atomical layer of sp2

carbon atoms in a densely packed honeycomb two-dimensional
lattice, possesses a much larger surface area of 2630 m2 g�1 and
excellent electrical conductivity of 7200 S m�1 [11]. And it has been
substantially applied in the areas of electrochemical sensors [12–15].
But, to the best of our knowledge, the application of graphene hybrid
ll rights reserved.

ax: þ86 23 6825 3172.
material in the fabrication of potentiometric sensors has not been
reported before.

In recent years, gold nanoparticles (Au NPs) have gained
significant popularity as membrane materials in ISEs, because
they can remarkably improve sensitivity, selectivity and potentio-
metric stability of the sensors. In general, there are two alternative
reported approaches for the use of Au NPs in ISEs. One is that Au
NPs are used as solid contact layers by dropping Au NPs solution
on the prepared electrodes [16]. The other is that ligands contain-
ing the –SH radical are immobilized on Au NPs [17–19]. However,
these approaches are still awkward to construct ISEs. In the first
approach, the recognition and transduction events are divided into
two layers in the electrodes. In the second approach, the selection
of the ligands is restricted, which must contain –SH radical in their
structures.

The leaching of membrane components affects potentiometric
stability and contaminates test sample, which is seen as a serious
problem for potentiometric sensors. To solve this problem, earlier
efforts have been made by the covalent immobilization of the
ionophore on the functional groups of the polymeric membrane
[20] or the covalent linkage of the ionophore to gold nanoparticles
[21]. Nevertheless, these approaches require compromise of the
sensitivity and selectivity of the potentiometric sensors [2].

For the first time, we reported on the synthesis and analytical
application of ionophore–gold nanoparticle conjugates (NGO–
AuNP–TPC) with both recognition and transduction properties
in solid Agþ graphene paste electrode (GPE). Graphene hybrids
(NGO–TPC) were obtained by ligands TPC covalently linking to
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graphene oxide nanosheets (NGO). This new approach of immo-
bilizing ligands on planar sheet NGO can overcome the problem of
ligands leaching from GPE and further improve the sensitivity and
selectivity of the potentiometric sensors. Gold nanoparticles (Au
NPs), because of their fascinating optical and surface properties
for catalytic and nanotechnology applications, were loaded onto
the NGO–TPC nanosheets to obtain NGO–AuNP–TPC. The advan-
tages of this novel method were as follows: (i) NGO–AuNP–TPC
can be used as an integrated ionophore-transducer material in
Agþ GPE. (ii) The selection of ligands was not restricted. (iii) The
performance characteristics of the electrode were also substan-
tially improved.
2. Experimental

2.1. Apparatus and reagents

Potentiometric measurements were performed with a MP230
pH meter (Metter Toledo, Switzerland) and a pHS-3C digital ion
analyzer (Shanghai Dazhong Analytical Instruments, Shanghai,
China). The AC impedance was recorded with an impedance
measurement unit (IM6e, ZAHNER elektrick Co., Germany) and
the frequency range used was 10�2–106 Hz (25 1C). UV–visible
absorption spectra were obtained on a UV/vis spectrophotometer
(Lambda 17, Perkin-Elmer, USA). IR spectra of three ionophores
were recorded with a Spectrum GX FTIR instrument (Mattson RK-
6000, USA). FT-Raman spectra were recorded using a Nd-YAG
laser, at wavelength 1064 nm, power 200 mW and a germanium
diode detector (RFS-100/ S, Bruker Co., Germany). The surface
morphologies of graphene materials were identified by the scan-
ning electron microscope (SEM, S-4800, Hitachi, Tokyo, Japan)
Atomic force microscopy (AFM) images were taken using scan-
ning probe microscope (Veeco, USA).

Graphene Oxide, 1-(3-Dimethylaminopropyl)-3-ethylcarbodii-
mide hydrochloride (EDC), N-Hydroxy succinimide (NHS) and
2-thiophenecarboxylic were bought from Sigma Chemical Co.
(St.Louis, MO, USA). NaOH was purchased from Chengdu organic
chemicals Co. Ltd. of the Chinese Academy of Science. Nitric acid
Fig. 1. Schematic representation of the prep
was purchased from Chongqing chemicals (Chongqing, China).
Reagent grade paraffin oil, graphite powder, chloroacetic acid and
the nitrate salts of the used cations were purchased from
Shanghai Chemicals (Shanghai, China). All of the chemicals used
were of analytical-reagent grade. All aqueous solutions were
prepared with deionized distilled water.

2.2. Preparation of ionophore–gold nanoparticle conjugates

We developed a simple route to prepare the ionophore–gold
nanoparticle conjugates NGO–AuNP–TPC (Fig. 1). The preparation
process of NGO–AuNP–TPC was as follows.

For the preparation of nanoscale graphene oxide (NGO):
100 mg of GO and 50 mL of deionized distilled water were mixed
in a bath, and then the bath was sonicated for 1 h, obtaining a
clear NGO solution (2 mg/mL) [22].

The conjugation of TPC with NGO: Firstly, to increase the
amount of –COOH groups on the surface of NGO, –OH groups on
the NGO sheets were converted to –COOH groups via conjugation
of acetic acid moieties of chloroacetic acid using the method
reported by Sun et al. [23]. Second, TPC conjugated with
NGO–COOH by reaction between the –COOH groups from the
NGO–COOH and –NH2 groups from the TPC molecules.

NaOH (12 g) and chloroacetic acid (10 g) were added to the
above NGO suspension and the bath was sonicated for 3 h to
convert the –OH groups into -COONa groups. NGO–COOH, the
resulting product, was obtained through adding dilute nitric acid
and purified by repeated rinsing and centrifugation with deio-
nized water. After that, all of the NGO–COOH was added to
water/ethanol (1:1, v/v) mixture solution. NHS (182.5 mg) and
EDC (125 mg) were added to the above NGO–COOH suspension
(10 mL), and the mixture was treated by ultrasonication for 2 h.
300 mg of TPC were added and the mixture was stirred over-
night. The unreacted materials were separated out by repeated
rinsing and centrifugation with water/ethanol (1:1, v/v) mixture
solution. The final products, so-called ionophore (NGO–TPC), were
obtained.

Preparation of ionophore–gold nanoparticle conjugates (NGO–
AuNP–TPC): Gold nanoparticles (Au NPs) with mean size of 16 nm
aration procedure for NGO–AuNP–TPC.
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(the graph not shown) were prepared by reducing gold chloride
tetrahydrate with sodium citrate at 100 1C for half an hour [24].
Then, to prepare the Au NP-decorated NGO–TPC, the aqueous
dispersion of Au NPs (2 mL) was mixed with the aqueous disper-
sion of 50 mg GO–TPC under sonication for 30 min, and the
mixture solution was stirred overnight. After five cycles of
washing with a water/ethanol (1:1, v/v) mixture and centrifuga-
tion to remove the free Au NPs, the integrated ionophore-
transducer material NGO–AuNP–TPC was obtained [25].

2.3. Preparation of graphene paste electrode

The graphene paste electrodes (GPEs) were prepared by
thoroughly hand-mixing NGO–AuNP–TPC, graphite powder and
paraffin oil. The homogeneous paste was carefully packed into the
end of a disposable polyethylene syringe (diameter of 3 mm and
3 cm in length) and intensively pressed by using glass rod to
avoid possible air gaps that often enhance the electrode resis-
tance. A copper wire was inserted into the opposite end to
establish electrical contact. The electrode surface was polished
on a soft paper until the surface had a shiny appearance. A new
surface can be obtained by scrapping out the old surface. The
electrodes were finally conditioned for 24 h in HNO3 solution
(pH 3.0).

2.4. EMF measurements

EMF measurements were performed through a digital ion
analyzer Model pHS-3C at room temperature. A double junction
saturated calomel electrode was used as the reference electrode
for the Agþ-measurements. The galvanic cell can be represented
as follows:
Fig. 2. AFM images of the (a) NGO and (b) NGO–AuNP–TPC nanosheets
Hg–Hg2Cl2, KC1 (satd.)91.0 M KNO39test solution99graphene paste
electrode9Cu

The activities of metal ions were calculated according to the
Debye–Hückel equation [26].
3. Results and discussion

3.1. Characteristics of ionophore–gold nanoparticle conjugates

Morphological information of the NGO and the NGO–AuNP–TPC
was observed by atomic force microscopy (AFM) and scanning
electron microscope (SEM) images (Fig. 2). Fig. 2a and c show the
AFM and SEM images of NGO, respectively. Fig. 2d shows the SEM
image of the NGO–AuNP–TPC nanosheets obtained from an aqueous
dispersion. Obviously, the Au NPs were successfully loaded onto the
NGO–TPC nanosheets. Sphere-like or particles-like nanostructures
distributed on the surface or edge of NGO–TPC nanosheets in the
AFM image of NGO–AuNP–TPC (Fig. 2b), which further indicated
that the Au NPs were decorated on NGO–TPC nanosheets.

The conjugation of TPC with NGO–COOH was confirmed by
UV/vis and FTIR measurements. In the UV/vis spectra (Fig. 3a), the
peak of NGO disappears at 232 nm, while a new peak at 245 nm
appears due to the conjugation of TPC with NGO–COOH. An
obvious peak at 1593 cm�1 in the FTIR spectrum indicates the
presence of thiophene ring in NGO–TPC (Fig. 3b) [27]. Fig. 3c
shows the Raman spectra of NGO, NGO–COOH, NGO–TPC and
NGO–AuNP–TPC. The Raman spectrum corresponding to the
functionalized graphene was very similar to that of raw NGO.
The spectra show the carbon D and G band peaks at �1310 cm�1

and �1600 cm�1, respectively, which is in agreement with that
reported in literature [28]. It is notable that the intensity ratios
, SEM images of the (c) NGO and (d) NGO–AuNP–TPC nanosheets.



Fig. 3. (a) UV/vis spectra of the NGO, NGO–COOH and NGO–AuNP–TPC in aqueous solution, (b) FT-IR spectra of the NGO, NGO–COOH and NGO–TPC measured in KBr

pellets, (c) Raman spectra of NGO (A), NGO–COOH (B), NGO–TPC (C) and NGO–AuNP–TPC (D).
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D/G from NGO to NGO–AuNP–TPC display slight differences
(1.093; 1.083; 1.072; 1.071 for raw NGO, NGO–COOH, NGO–TPC
and NGO–AuNP–TPC respectively). The ID/IG ratio of the NGO–
COOH was smaller than that of the pristine NGO, indicating that
preparation of NGO–COOH had no detrimental effect on the
structure of pristine NGO. Rather, converting the hydroxyl,
epoxide, and ester groups of the NGO into the –COOH groups
improved the original defect sites on the surface of the pristine
NGO. The ID/IG ratios of the NGO–TPC and NGO–AuNP–TPC were
almost same, indicating that decoration of the NGO–TPC
nanosheets with Au NPs had no detrimental effect on the
structure of NGO–TPC.

3.2. Composition and potential response characteristics of the GPE

Prior to experiments, various NGO–AuNP–TPC GPEs were pre-
pared and electrode No. 3 (Table 1) was used for the detection of
different cations (Fig. 4a and b). As can be seen, the developed
electrode exhibited a Nernstian behavior and the most sensitive
response toward Agþ among different tested cations. Hence, NGO–
AuNP–TPC was selected as the integrated ionophore-transducer
material for the fabrication of Agþ GPE. It is well known that the
sensitivity and linearity of the electrode significantly depend on the
amount of ionophore in the electrode composition [29–31]. Thus,
the effect of the percent of NGO–AuNP–TPC in the paste composi-
tion on the potential response of GPE was investigated (Table 1).
The results suggested that the electrode with composition of NGO–
AuNP–TPC/graphite powder/paraffin oil in (w/w, %) 6.3/65.1/28.6
(No. 3) exhibited higher sensitivity (slope: 59.3 mV dec�1), wider
linear range (8.4�10�7 to 1.0�10�1 M) and lower detection limit
(6.3�10�7 M) than others. The electrode without NGO–AuNP–TPC
showed a very small response to Agþ , it was probably due to the
sorption of a small amount of Agþ on the electrode surface, and the
small response can be neglected. Therefore, the No. 3 electrode was
selected as the optimal electrode composition in the further
experiments.

3.3. Effect of pH on electrode performance

In order to investigate the pH effect on the potential response
of the electrode, the NGO–AuNP–TPC GPE was tested at two Agþ

concentrations (1.0�10�2 and 1.0�10�3 M) over the pH range
between 1.0 and 11.0 (adjusted with HNO3 and NaOH). It is clear
from Fig. 5 that the potential plateau appears in a pH range from
3.0 to 9.0, beyond which a gradual change in potential is
observed. At pH higher than 9.0, the decreased potential seemed
ascribable to the formation of some hydroxy complexes of Agþ

ion in solution [32]. While the potential cannot keep constant at
pHo3, this may be the high concentration of Hþ that can
exchange with Agþ adsorbed on the NGO–AuNP–TPC molecules
[33,34]. It was concluded that pH range 3.0–9.0 was a suitable
working range for Agþ NGO–AuNP–TPC GPE.

3.4. Electrode selectivity

In this context, the unbiased potentiometric selectivity coeffi-
cients were measured by the separate solution method (SSM)
according to IUPAC recommendations [35–38]. The resulting
values of potentiometric selectivity coefficients for the NGO–
AuNP–TPC GPE are shown in Table 2. It reveals that the electrode
exhibits fairly high selectivity towards Agþ ion over a large
number of other cations.



Table 1
Optimization of membrane ingredients of NGO–AuNP–TPC GPE.

No. Composition (%) Electrode characteristics

Carrier GP PO Slope (mV dec�1) LR (M) DL (M)

1 – 71.4 28.6 – – –

2 4.7 69.5 25.8 57.0 1.7�10�5–1.0�10�1 1.0�10�5

3 6.3 65.1 28.6 59.3 8.4�10�7–1.0�10�1 6.3�10�7

4 7.4 65.4 27.2 64.8 7.4�10�6–1.0�10�1 5.0�10�6

5 8.9 65.4 25.7 64.9 5.2�10�5–1.0�10�1 3.1�10�5

GP: graphite powder, PO: paraffin oil, LR: linear range, DL: detection limit, Carrier: NGO–AuNP–TPC.

Fig. 4. Potential responses of NGO–AuNP–TPC GPE for different metal ions

(a and b).

Fig. 5. pH effect of the test solution on the potential response of the Agþ

NGO–AuNP–TPC GPE.

Table 2
Selectivity coefficients of various interfering cations based on NGO–AuNP–

TPC GPE.

Interfering ion LogKpot

Agþ ,J
Interfering ion LogKpot

Agþ ,J

Naþ �5.19 Co2þ
�5.59

Kþ �5.32 Ni2þ
�5.69

Liþ �5.36 Sr2þ
�5.71

NH4
þ

�5.24 Mn2þ
�5.68

Ba2þ
�5.69 Cu2þ

�5.54

Cd2þ
�5.54 Cr3þ

�5.05

Ca2þ
�5.63 Ce3þ

�5.75

Mg2þ
�5.71 Al3þ

�5.56

Pb2þ
�5.71 La3þ

�5.64

Zn2þ
�5.63
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The other two GPEs were prepared to compare potentio-
metric selectivity coefficients of four interference ions (Liþ ,
Cu2þ , Sr2þ , La3þ). The preparation of NGO–TPC GPE was
similar to that of NGO–AuNP–TPC GPE, except that NGO–TPC
was used instead of NGO–AuNP–TPC. Free receptor GPE
(NGOþTPC GPE) was prepared by NGO and TPC instead of
NGO–AuNP–TPC. The potentiometric selectivity coefficients of
three GPEs were compared and the result showed in Fig. 6. It
was obviously seen that the selectivity coefficients dramati-
cally increased by two to three logarithmic orders of magnitude
when the NGO–TPC was used instead of NGO and TPC in GPE.
The grafting of TPC on the NGO is mainly localized at the
surface of functionalized graphene, so the ligand molecules
are close to each other. This is benefit for the formation of
sandwich complexes between two ligand molecules and the
silver ion. This specific configuration, in which ligands cova-
lently linked to functionalized graphene, maybe impress selec-
tivity coefficients for the reported ion. Moreover, the selectivity
coefficients for NGO–AuNP–TPC GPE are higher than those for
NGO–TPC GPE without Au NPs. Hence, Au NPs decorated on the
surface of NGO–AuNP–TPC nanosheets can also improve selec-
tivity of the electrode.

The effect of common sample matrix components on the
electrode’s potential responses was also investigated. The cell
potentials of silver nitrate and silver sulfate were obtained in the
same condition, respectively. No significant changes in the EMF
versus log[Agþ] plots were observed, indicating that these anions
(NO3

� and SO4
2�) did not cause any interference.



Fig. 6. Potentiometric selectivity coefficients of Agþ GPEs determined by the SSM.

The first column shows free receptor GPE, the second column the NGO–TPC GPE

and the third column the NGO–AuNP–TPC GPE.

Fig. 7. Potential stability of the three different GPEs over 13 h for an change from

pH 3.0 HNO3 solution to 10�2 M Agþ solution, (A) NGO–AuNP–TPC GPE, (B) NGO–

TPC GPE and (C) free receptor GPE.

Fig. 8. UV–visible spectra: (A) pH 3.0 HNO3 solution, (B) aqueous solution of TPC,

(C) conditioning solutions of free receptor GPE in pH 3.0 HNO3 for 7 days and

(D) conditioning solutions of NGO–AuNP–TPC GPE in pH 3.0 HNO3 for 7 days.

Fig. 9. Dynamic response time of the Agþ GPE. (A) NGO–TPC GPE and (B) NGO–

AuNP–TPC GPE.
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3.5. Stability of GPE and diffusion property analysis of ionophore–

gold nanoparticle conjugates from the GPE.

The potential stability was evaluated by measuring the EMF
for 12 h using a 10�2 M Agþ solution (Fig. 7). Standard deviation
(SD) of potential readings for the NGO–AuNP–TPC GPE was
1.05 mV (n¼60), which was similar to that of the NGO–TPC GPE
(1.20 mV). In contrast, the SD of the potential stability for the free
receptor GPE was almost twice as much (SD¼1.87 mV), confirm-
ing the increase of the stability for the NGO–AuNP–TPC GPE. The
increased stability observed for the NGO–AuNP–TPC GPE with
respect to the NGOþTPC GPE was related to the loss of the GPE
components. The presence of leaching components for the free
receptor GPE was evidenced by UV–visible spectra (Fig. 8). The
NGO–AuNP–TPC GPE and free receptor GPE were conditioned in
HNO3 solution for 7 days (pH 3.0), respectively. Their conditioning
solutions were used for UV–visible spectra analysis. The UV–vis
spectrum of conditioning solution for NGO–AuNP–TPC GPE
showed one peak (line D) at the same wavelength of HNO3

solution (line A). But other two peaks in the UV–vis spectrum of
conditioning solution for free receptor GPE (line C) may attribute
to TPC (line B). This proved that ligand molecules TPC leached out
from the free receptor GPE, in which ligands TPC were not
immobilizied on the NGO nanosheets. On the contrary, the
components in NGO–AuNP–TPC GPE were not lost, because the
TPC molecules were covalently linked to NGO nanosheets.

3.6. Dynamic response time, reproducibility and lifetime

Dynamic response time is an important factor for ion selective
electrode. In this report, the response times of the NGO–AuNP–
TPC GPE and NGO–TPC GPE were recorded by measuring a serious
of Agþ solutions from 1.0�10�6 to 1.0�10�1 M, respectively.
Fig. 9 clearly indicates that the potentiometric response time of
the NGO–AuNP–TPC GPE (10 s) is faster than that of the NGO–TPC
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GPE (22 s). This may be the decoration of Au NPs which can
enhance the membrane conductivity. In order to evaluate the
reproducibility of GPE, the NGO–AuNP–TPC GPE dipped alterna-
tively into Agþ ion solutions of 1.0�10�3 M and 1.0�10�2 M
demonstrated a SD of 0.73 mV (n¼12) over 2 h. We periodically
recalibrated the potentiometric response to Agþ ion in standard
silver nitrate solutions. The electrode could be used for at
least 3 months without any divergence. Moreover, the lifetime
of the electrode was also studied in a lake water sample.
The electrode was repeatedly tested 10 times a day over half
month, the potential of the water sample did not change
significantly and the SD was 1.39 mV (n¼150). It indicates that
the electrode exhibits fast response time, good reversibility and
long lifetime.
3.7. Comparison of the response characteristics of different Agþ GPE

Potential response characteristics of different Agþ GPEs were
compared. As can be seen in Table 3, GPE based on matrix (NGO–
COOH) did not exhibit a Nernstian response to Agþ . And shiny
surface of the electrode was broke during the experiment.
This may be that the matrix was hydrophilic material. The
NGO–AuNP–TPC GPE showed a closer to Nernstian slope
(59.3 mV dec�1) and wider linear range with lower detection
limit than those of NGO–TPC GPE. This result indicated that Au
NPs on NGO–AuNP–TPC nanosheets can remarkably improve
sensitivity, linear range and detection limit of Agþ GPE.
Fig. 10. Impedance plots of the (a) NGO–TPC GPE and (b) NGO–AuNP–TPC GPE

in 10�4–10�1 M Agþ solution.
3.8. Impedance characterization

The electrochemical characterizations of NGO–TPC GPE and
NGO–AuNP–TPC GPE were performed by electrochemical impe-
dance spectroscopy (EIS Fig. 10a and b). The EIS measurements
were operated at open-circuit with amplitude of 25 mV and a
frequency range from10�2 to 106 Hz. The high-frequency semi-
circle was related to the bulk impedance of the membrane, and
Warburg impedance was observed at the low frequency. As can
be seen in Fig. 10a and b, the bulk resistance of the NGO–TPC GPE
decreases with the increasing of Agþ concentration, the change of
bulk resistance for NGO–AuNP–TPC GPE is the same as that of
NGO–TPC GPE. These results show that both NGO–TPC and
NGO–AuNP–TPC could dominate Agþ across the membrane and
the transfer process is controlled by diffusion [39]. The GPE
response is attributed to the electron-exchange mechanism at
the membrane–contact interface and the ion exchange at the
membrane–solution interface [40].
Table 3
Comparison of the response characteristics of different Agþ GPE.

Electrode materials Slope

(mV dec�1)

LR (M) DL (M)

NGO–COOH, 7.0 mg – – –

GP, 75.3 mg

PO, 26.4 mg

NGO–TPC, 7.0 mg 57.3 1.4�10�5–

1.0�10�1

1.2�10�5

GP, 75.0 mg

PO, 27.1 mg

NGO–AuNP–TPC,

7.0 mg

59.3 8.4�10�7–

1.0�10�1

6.3�10�7

GP, 75.1 mg

PO, 27.0 mg

GP: graphite powder, PO: paraffin oil, LR: linear range, DL: detection limit.
3.9. Comparison of the different Agþ ion-selective electrodes

The proposed electrode was compared with recently reported
electrodes (Table 4). It shows that the proposed electrode based
on NGO–AuNP–TPC is superior to mostly reported silver ion
selective electrodes with regard to the sensitivity, pH range,
response time and selectivity. Lindfors et al. reported polyaniline
nanopartice-based solid-contact silicone rubber Agþ electrode
[1], the construction of the electrode needed extra transducer
layer. In contrast, NGO–AuNP–TPC, which owned the properties
of both recognition and transduction, was used as an integrated
ionophore-transducer material in Agþ GPE for the first time.
And the new method of immobilizing ligands on NGO nanosheets
can solve the problem of ligands leaching from ion-selective
electrodes.
4. Conclusion

In this work, graphene hybrid material was used on ion-
selective electrodes (ISEs) for the first time. By using the hybrid
system of immobilizing ligands on graphene nanosheets, both
molecular recognition and ion-to-electron transduction in ISEs



Table 4
Comparison of the different Agþ ion-selective electrodes.

Electrode material Slope (mV dec�1) LR (M) DL (M) pH range RT (s) Log Kpot
A,B

Ref no.

Diazo-thiophenol-functionalized

silica gela

60.4 1.0�10�6–

1.0�10�1

9.5�10�7 4–9 50 Liþ(�5.12), Ba2þ(�4.88), Cd2þ(�4.75), Ca2þ(�4.90),

Mg2þ(�4.78), Pb2þ(�4.83), Zn2þ(�4.91),

Co2þ(�5.36), Ni2þ(�4.98), Sr2þ(�4.80), Mn2þ(�4.67),

Cu2þ(�3.11), Al3þ(�2.26), La3þ(�4.35), Cr3þ(�3.10),

Nd3þ(�3.47), Ce3þ(�4.33), e

[41]

Dipyridyl-functionalized silica gela 58.7 5.0�10�7–

1.0�10�2

1.0�10�7 3–6 o60 Kþ(�5.1), Naþ(�5.2), Tlþ(�3.1), Ca2þ(�4.3),

La3þ(�3.4), Ce3þ(�3.4), Co3þ(�3.6), Cr3þ(�3.5),

Ba2þ(�4.5), Mg2þ(�4.1), Fe2þ(�3.5), Cu2þ(�2.5),

Zn2þ(�3.0), Ni2þ(�3.1), Pb2þ(�3.3), Hg2þ(�3.2),

Cd2þ(�2.7),e

[42]

O-xylylenebis(N,N-diisobutyl

dithiocarbamate)

Polyaniline

Nanoparticle

Silicone Rubberb

54.7 1.0�10�7–

1.0�10�4

– – – Naþ(�9.5), Kþ(�9.2), Mg2þ(�11.1), Hþ(�8.6),

Ca2þ(�10.9), Cu2þ(�8.8) f

[1]

NGO–AuNP–TPCa 59.3 8.4�10�7–

1.0�10�1

6.3�10�7 3–9 10 Liþ(�5.36), Naþ(�5.19), Kþ(�5.32), NH4
þ(�5.24),

Sr2þ(�5.71), Ba2þ(�5.69), Zn2þ(�5.63), Mn2þ(�5.68),

Ni2þ(�5.69), Co2þ(�5.59), Cd2þ(�5.54), Cu2þ(�5.54),

Pb2þ(�5.71), Mg2þ(�5.71), Ca2þ(�5.63), Al3þ(�5.56),

Cr3þ(�5.05), La3þ(�5.64), Ce3þ(�5.75)e

LR: linear range, DL: detection limit, RT: response time.
a Carbon paste electrode.
b Glass carbon electrode.
e Conventional selectivity coefficients.
f Unbiased selectivity coefficients.

C. Yang et al. / Talanta 97 (2012) 406–413 413
were successfully carried out on a single material, and the
problem of membrane components leaching in traditional ISEs
was overcome. Gold nanoparticles loaded onto the graphene
hybrids nanosheets can improve the performances of the elec-
trode in terms of sensitivity, selectivity, detection limit and
response time. Additionally, this work opens up a new route for
providing a much-needed hydrophobic environment to ISEs by
immobilizing hydrophilic receptors on hydrophobic material.
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