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Abstract We have developed a sensor for 4-
aminophenylarsonic acid (4-APhAA) by coating a glassy car-
bon electrode (GCE) with a composite prepared from an ionic
liquid and dahlia-like carbon nanohorns (CNHs). The good
electric conductivity, large surface area and high pore volume
of the CNHs, and the synergistic action of the ionic liquid
(which is a good dispersant with excellent ion conductivity)
result in efficient electrocatalysis towards oxidation of 4-
APhAA. The effect was investigated by various electrochem-
ical methods, and the electron transfer coefficient, diffusion
coefficient, standard heterogeneous rate constant and thermo-
dynamic activation energy were determined. The response
range of 4-APhAA was evaluated using an i-t plot. If operated
at a working voltage of 900 mV (vs Ag/AgCl), the sensor
responds to 4-APhAA over the 0.5 1M to 3.5 M concentration
range.
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Introduction

Carbon nanohorn (CNH) is a top sealed conical carbon
nanomaterial with the diameter of conical bottom 2-5 nm,
height of 40—50 nm and cone angle of approximately 20°
[1]. In addition, CNHs of high purity and high yield can be
synthesized by CO, laser ablation of graphite as a carbon
source under Ar atmosphere at room temperature [1]. CNHs
have many advantages over other carbon nanomaterials.
Firstly, aggregated cluster structure, dahlia-like carbon
nanohorns, with thousands of outward horns perform many
excellent properties, such as porous offered more sites to
electro-active substances, admirable conductivity caused by
center emitting horns, supercapacity with large specific sur-
face area etc. [1]. Furthermore, a metal-free method of synthe-
sis can produce highly pure material without purification and
avoids interference [2], which was disputed among CNTs [3].
In addition, no toxicity was reported in various studies [4].
Due to these striking features, CNHs have attracted great in-
terest with respect to potential applications, such as biomedi-
cine, electrochemistry [5,6], supercapacitors [7], gas storage
[8] and catalyst support [9]. For example, Bekarova et al. re-
ported that a CNH-based sensing platform had a more sensi-
tive response to fibrinogen than one based on MWCNTs [10].
Nevertheless, application of CNHs in electrochemistry is still
limited and the potential applications await further exploration
[11]. As is well known, ionic liquid (IL) possesses many
unique physicochemical properties, for example a high ionic
conductivity, low toxicity, wide electrochemical window, and
good thermal stability [12]. Functionalization could further
enhance the capabilities of ionic liquid; functionalized IL ex-
hibits the merits of both the functionalized reagent and the
original ionic liquid, such as improved nanomaterial
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dispersibility, enhanced thermal stability, distinct mechanical
properties and ionic conductivity. Furthermore, functionalized
IL also facilitates application in biosensing [13,14]. Owing
to their unique capabilities, IL have received much at-
tention and are employed in various fields. For example,
IL have proved to be an excellent stabilizer and modi-
fier in the synthesis and functionalization of many
nanomaterials, such as carbon nanomaterials and noble
metal nanoparticles [15,16]. With the modification of
IL, the mixture not only had the properties of
nanomaterials, but also displayed better conductivity, ex-
cellent hydrophilicity, and other structural properties,
which have reciprocity with the 7t conjugation structure
of some nanomaterials. In this report, the mixture of
CNHs and IL was modified on the glassy carbon elec-
trode (GCE), as a result, the modified layer was
endowed with both the properties of the modified com-
positions, for instance large surface area, good conduc-
tivity, stability etc. [17].

Most of the sensors developed need to be exploited in prac-
tical applications in order to demonstrate their advantageous
features. As a detection target, arsenic species attract much
interest in analysis detections. In comparison with inorganic
arsenic compounds, organic arsenic compounds have always
been considered have lower toxicity, therefore, the applica-
tions of organic arsenic compounds is much wider.
However, recent reports indicate that they may harm human
health and environment, because of their ease of bioaccumu-
lation and slow metabolism [18]. 4-aminophenylarsonic acid
as a common organic arsenic compound is usually used as a
feed additive for increasing the rate of weight gain, improving
feed efficiency, and preventing and treating coccidial intesti-
nal parasites [9]. Therefore, it can be taken up by plants and
subsequently transferred into the human food chain [19].
This can lead to demyelination and gliosis of peripheral
nerves and optic nerve, so there is a limit of addition
and the allowable amount of addition is from 50 to
100 mg/kg [20]. Therefore, it is imperative to find a
method for achieving the quantitative detection of 4-
aminophenylarsonic acid. Up to now, there have been
many methods for detecting 4-aminophenylarsonic acid
[21,22], and many coupling technologies [19,23,24], for
example ATR-FTIR, HPLC-MS. Compared to the above
detection techniques, the electrochemical method shows
more promise for in-situ and real-time detection, be-
cause of the simplicity of the instrument, quick test
process and straightforward sample treatment. However,
electrochemistry has not been used for the quantifica-
tional detection of 4-aminophenylarsonic acid.

Herein, a stable and easily structured electrochemical sen-
sor modified with CNHs and carboxylic IL (CIL) was built to
achieve the fast detection of 4-aminophenylarsonic acid. The
sensor was evaluated using many electrochemical techniques,
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including cyclic voltammetry, linear sweep voltammetry and
amperometric i-t Curve. Results obtained have shown that the
modified layer of mixture composition had large surface
area and charge capability, good conductivity and stabil-
ity, wide linear response range and fast electrochemical
response which is closely related to pH and temperature
during the 4-aminophenylarsonic acid oxidation process.
These excellent properties of the electrochemical sensor
architecture proved the prominent detection platform for
4-aminophenylarsonic acid detection and its potential for
applications to real sample analysis.

Experimental
Reagents

4-aminophenylarsonic acid was purchased from Aladdin Inc.
(Shanghai, China). Methylimidazole was bought from
HWRK Chem Co. (http://www.hwrkchemical.com/, Beijing,
China). 4 mg-mL™' homogeneous CNHs mixture was
prepared by separating CNHs into N,N-dimethylformamide
with vigorous shaking and sonication. CNHs were obtained
by synthesis as outlined in our previous report [25]. Briefly,
CNHs were gained from the evaporation of pure graphite rods
by the direct current arc-discharge method, with the current
held at 120 A, and a pressure of 400 Torr in CO, atm. 0.1 M
phosphate buffer solution of varying pH was obtained by
mixing 0.1 M Na,HPO, and NaH,PO, with pH meter. Other
reagents were analytical reagents. The ultrapure water used to
prepare solution was purified using a Water Purifier (http://
www.instrument.com.cn/netshow/SH101210/, Sichuan Water
Purifier Water treatment Equipment Co., Ltd., China)
purification system.

Apparatus and electrodes

All electrochemical process was performed using a CHI760
Electrochemistry workstation (http://www.chinstr.com/
d1479.htm, Shanghai Chenghua Instrument Co., China) with
a three electrode system consisting of a platinum auxiliary
electrode, a Ag/AgCl reference electrode (sat. KCl) and a
glassy carbon working electrode (GCE, ¢=3 mm) or modi-
fied GCE. The pH values were confirmed with a PHS-3C
exact digital pH meter (http://www.lei-ci.com/, Shanghai
Leici Co. Ltd., China).

Prepared carboxylic ion liquid

Carboxylic IL (CIL) were synthesized using the following
processes [26]. Briefly, 0.04 mol methylimidazole and
0.06 mol chloroacetic acid was mixed in 20 mL toluene and
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refluxed for 24 h; then, recrystallization was used to gain
higher purity Carboxylic IL.

Preparation of the glassy carbon electrode modified with ionic
liquid and carbon nanohorns

A clean GCE was obtained by polishing with chamois leather
with 0.3 and 0.05 wm alumina particles, then washing with
ethanol and water in sequence and natural drying in air. As the
schematic diagram shows, the electrode was modified as fol-
lows: first, 3 uL 4 mg-mL ™' CNHs dispersed by DMF were
dripped onto the clean GCE. The modified electrode was then
set under an infrared lamp to dry to produce CNHs/GCE. 3 uL.
10 mg-mL ™" IL was then dripped onto the modified electrode
again, which was set under the infrared lamp to dry, cooled
down to room temperature and in order to produce IL-CNHs/
GCE.

Results and discussion
Choice of materials

CNHs combined with IL possess unique physicochemical
properties [12] and were hence chosen to construct the elec-
trochemical sensor. The micro-morphology of CNHs is shown
in Fig. S1 (Electronic Supplementary Material, ESM). In the
figure evenly dispersed dahlia-like CNHs cluster with central
emitting horns are clearly observed.

The properties of different electrodes modified with vari-
ous composites were compared. The CVs of different elec-
trodes with and without the modified layer are shown in
Fig. la. As evident from Fig. la for the modified IL on
GCE, both oxidation and reduction potentials of Fe (CN)¢>”’
“ clearly turned negative, which might be because of the good
conductivity of the IL and the decrease in interface resistance
in electrochemical reactions. The coordination between elec-
trons of CIL and the vacant orbital of Fe (CN)¢>"* decreased
the diffusion resistance of Fe (CN)63'/ * arriving at the elec-
trode interface, and thus lower energy was needed during
electrochemical reaction process. Due to the large sur-
face area and good electrical conductivity the modified
CNH/GCE lead to magnification of the currents.
Figure la also displayed that peak current and back-
ground current of IL-CNHs/GCE significantly increased
when CNHs were added to the modified layer. With a
mixture of CNHs and IL, there are synergistic effects in
the modified layer, resulting in increased numbers of
electrochemically active sites, increased effective elec-
trode area and increased adsorption. The active areas
of the electrodes were calculated using the slope of
the linear relationship between the charge and the square
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Fig. 1 a CVs of different electrodes (GCE (a), IL/GCE (b), CNHs/GCE
(¢),JL-CNHs/GCE (d)) in 5 mM K;[Fe(CN)g] at 0.1 Vss~'. b Relation-
ships (Q-t"?) of different electrodes (GCE (a), IL/GCE (b), CNHs/GCE
(¢),JL-CNHs/GCE (d)) in 5 mM K;[Fe(CN)g]. ¢ CVs of GCE (a), IL-
CNHs/GCE (b) in 1 M KCl at 1 Ves™'. d CVs of different electrodes
(GCE (a), IL/GCE (b), IL-CNHs/GCE (c)) in 0.1 M phosphate buffered
solution containing 1 mM 4-aminophenylarsonic acid at 0.1 Ves ™'

roots of the scan time as measured using Chronocoulometry
and shown in Fig. 1b. The linear relationship follows Anson
equation [27]:

2nFAcDY*1'/?
(t) = Ry, R + Quds

Where A is electrode area, F, ¢, D, n are the Faradic con-
stant, concentration, diffusion coefficient and transferred elec-
tron number of detected object, respectively. For c=5 mM, n=
1 and Dox=7.63x10"° cm?-s™! for K5 [Fe(CN)g] the elec-
trode areas could be calculated to be 0.0773, 0.313,
0.498 cm? for IL/GCE, CNHs/GCE and IL-CNHs/GCE, re-
spectively. The active area of structured sensor is much larger
than the geometrical surface area of the bare GCE. As is well
known, the thickness of the outer Helmholtz plane (OHP)
plays a crucial role in electrode kinetics, where the electro-
chemical reactions occur. By introducing the IL functional
CNHs composite onto the electrode interface, the nanocom-
posites could effectively extend the OHP of this sensing inter-
face and accelerate the electrochemical reaction. Thus, this
nanomaterial architecture design for biosensor might possess
unique analytical properties.

The capacitance capability of the modified layer was eval-
uated by CVs of GCE and IL-CNHs/GCE in 1 M KCI as
shown in Fig. 1c¢ and corresponding values of were calculated
according the equation [28]: Ccp=i/(sv), where i, s, v are
average charge or discharge current (A), electrode area (cm?)
and scan rate (V/s), respectively. The Ccy of GCE and IL-
CNHSs/GCE were calculated to be 23.09 and 392.7 pF-cm >
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respectively. In other words, capacitance of IL-CNHs/GCE
was over 17 times that of GCE, meaning that CNHs having
sp” conjugate structure and electrons moving through the
whole conjugate system contributed to a high capacitance
[29]. This capability indicates that CNHs can be used to as
supercapacitor materials for designing sensors and other ap-
plications in the future. To further corroborate this character-
ization, electrochemical impedance spectroscopy was used to
test the different electrodes, and a Bode-plot was produced to
show the frequency dependent change in the phase angle in
Fig. S2 (ESM). The nearly —90° phase angle represents a
highly capacitive behavior [30], as confirmed by CV
measurements.

The modified layer was coated onto an electrode to create a
sensitive sensor for the quantificational detection of 4-
aminophenylarsonic acid. Corresponding electrochemical be-
haviors of 4-aminophenylarsonic acid on different electrodes
are shown in Fig. 1d. The current of 4-aminophenylarsonic
acid on IL/GCE was a slightly higher than that of GCE, which
may contribute to good conductivity and hydrophilicity and
the large electrode area of IL/GCE. In addition, increases in
current response also contributed to the existence of hydrogen
bonds between the carboxyl group of CIL and the amino
group of 4-aminophenylarsonic acid. Because the zwitterionic
form of 4-aminophenylarsonic acid is predominant the elec-
trostatic repulsion between rich electrons CIL and —-HAsO3-
hinder the target molecules to reach the electrode interface. As
a result of this the electrochemical oxidation peak potential of
4-aminophenylarsonic acid on IL/GCE is slightly moved pos-
itive. It should be noticed that the current for 4-
aminophenylarsonic acid rapidly increased and the po-
tential of 4-aminophenylarsonic acid became more neg-
ative, with modified CNHs. This is due to the excellent
properties of CNHs, such as large surface area, good
conductivity, large absorption and prominent synergistic
effect of CNHs and IL. Therefore, CNHs combined with
IL could be used to create sensitive sensors for analysis
detection of the target.

Diffusion coefficient of 4-aminophenylarsonic acid

The effect of scan rate on the oxidation process of 4-
aminophenylarsonic acid was investigated. CVs in Fig. 2 were
obtained by scanning 4.5 mM 4-aminophenylarsonic acid
with different scan rates. In Fig. 2a, the oxidation peak cur-
rents and potentials of 4-aminophenylarsonic acid increased
as scan rate increased. The corresponding relationship be-
tween oxidation peak potentials and the natural logarithm of
scan rates was also investigated and was in accordance with
the equation which follows [31]:
r g0, RT, RTK’  RT
pa +anFnoan +oan‘nV

@ Springer

0.4

-0.21 -«
0.0 0.3
<
E-ﬂ.d a = 041
~ 08 é ~ 0.5
| —
’ 0.6
-121 9 0.7 b
0.0 03 06 09 12 15 75 90 105 12.0
E/V vs.Ag/AgCI v2/(mv s)"?
_ - 0.0
Zon NN
b 0.90 ~-0. .
30 0.87 E 02
4 0.84 o 03
0.81 0.4
> . c 0419 b
= 0.78
39 42 45 48 51 02 03 04 05
Inv (v/mV-s™) t'y §"

Fig.2 a CVsof IL-CNHs/GCE in 4.5 mM 4-aminophenylarsonic acid at
0.1 M phosphate buffered solution with different scan rates, scan rates
from a to e were 50, 75, 100, 125, 150 mVes . b Corresponding rela-
tionship between oxidation peak currents and square roots of scan rates. ¢
Corresponding relationship between oxidation peak potentials and natural
logarithm of scan rates. d Relationships (Q-t'?) of GCE (a), IL-CNHs/
GCE (b) in 1 mM 4-aminophenylarsonic acid

Where « is the electron transfer coefficient, Kk° is the het-
erogeneous rate constant, v is scan rate, and the values select-
ed for R, T and F were 8.314 J'(mol~K)71, 298 K, 96,500 C-
mol ! respectively. For the total irreversible electrochemical
reaction, the value of « is 0.5. The number of transferred
electrons n=1 of electro-oxidation 4-aminophenylarsonic
acid was derived from the slope of Ep-Inv in Fig. 2c.
The result allows us to speculate on the mechanism of
the 4-aminophenylarsonic acid oxidation process, as it
was an electron oxidation process, so it should be that
the amino group of 4-aminophenylarsonic acid was ox-
idized. The corresponding oxidation process is shown in
the schematic diagram. As expected, this oxidation pro-
cess was similar to the oxidation of the amino groups of
p-aminobenzene sulfonic acid and p-phenylenediamine
[32,33]. The final product looked like an excited mole-
cule, while the conjugated structure provided stability.
The two molecules produced may combine to form a
more stable dipolymer as a product.

The good linear relation between oxidation peak currents
and square roots of scan rates indicates that electrochemical
oxidation of 4-aminophenylarsonic acid on IL-CNHs/GCE
was a typical diffusion controlling process. The diffusion co-
efficient of 4-aminophenylarsonic acid was calculated using
the following equation:

2nFAcD'/?¢'/?
o(t) = a7 + Qs

Where A=0.498 cm?, ¢ is 4.5 mM, n=1, and D is calcu-
lated to be 2.5x 10> em?-s ', indicating a very fast diffusion
rate.
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Effect of pH

Figure 3 shows the effect of pH on the electrochemical oxida-
tion of 4-aminophenylarsonic acid in buffer solution with dif-
ferent pH values. With the pH value gradually increased, the
corresponding oxidation peak potential gradually decreased,
in accordance with the following equation:

E,(V) = —0.056pH + 1.36(R* = 0.9888)

The slope of 56 mV per pH approaches 57.6 mV per pH,
which indicates that the number of transferred electrons was
equal to the number of protons taking part in the reaction. In
Fig. 4c, the electrochemical current increases with increasing
pH until pH=7.0. When the pH exceeds a value of 7.0, the
electrochemical current decreases. This is probably due to the
fact that 4-aminophenylarsonic acid at this pH usually exists as
a zwitterion. At higher and lower pH 4-aminophenylarsonic acid
does not diffuse to the electrode to take part in the reaction. Thus,
pH 7.0 was chosen as the best buffer solution pH for subsequent
reactions.

Activation energy of 4-aminophenylarsonic acid

The Linear Sweep Voltammetry (LSV) shown in Fig. 4a and b
shows the electrochemical oxidation process of 4-
aminophenylarsonic acid on GCE (A) and IL-CNHs/GCE (B)
respectively at different temperatures. With the increase in tem-
perature, the corresponding current response amplified both
GCE and IL-CNHs/GCE. Moreover, oxidation peak potential
tended to negative, suggesting that oxidation of 4-
aminophenylarsonic acid is preferred at higher temperature.
The relationship between the natural logarithm of the oxidation
peak currents and the reciprocal of temperature is also shown in
Fig. 4, and a line of best fit acquired by use of the Arrhenius
equation In/ = % + In4 gave the following results:

Inl, = —248.01/T—0.0845(GCE)

Inl, = —151.13/T—0.385(IL-CNHs/GCE)

From the equations above, combined with the Arrhenius
equation, the activation energies of 4-aminophenylarsonic ac-
id of GCE and IL-CNHs/GCE were calculated to be 2.062 and
1.256 kJ-mol'. The lower activation energy of IL-CNHs/
GCE shows that electrochemical oxidation of 4-
aminophenylarsonic acid on IL-CNHs/GCE was easier than
GCE [34], because molecules become active molecules more
easily by needing less energy.

Heterogeneous catalytic rate constant ky,

An amperometric i-t Curve was used to evaluate the hetero-
geneous catalytic rate constant ky,, which is a dynamic con-
stant for evaluating the catalytic rate of the solid modified
layer for 4-aminophenylarsonic acid in this paper, using the
relationship between I/I; and "%, according to the equation
[35]:

e/l = 7'/ = 712 (thtl/z)

Where I is the catalytic current of 4-aminophenylarsonic
acid at the modified electrode, I; is the limited current of the
blank solution (buffer solution), C is the concentration
of 4-aminophenylarsonic acid and t is time elapsed (s).
Using the slope of the I¢/I; - t'? plot presented in
Fig. 5b, the value of k;, was calculated to be 4.12x
10° cm®-mol™'+s™!, which is larger than the value given
in the work of Jahan Bakhsh Raoof et al. [36], indicat-
ing that the electro-oxidation of 4-aminophenylarsonic
acid had a fast catalytic rate.

Sensitivity, selectivity, reproducibility and stability

An amperometric i-t Curve was used to demonstrate the linear
response range of 4-aminophenylarsonic acid by gradually
adding standard solution to a 0.1 M phosphate buffer solution
at 900 mV. Changes of current response with concentration
were used for the quantitative analysis (see Fig. 5). The linear
regression equation is: I (mA)=—-19.1C (mM) —2.73 (R=
0.9975). The linear range was from 0.5 uM to 3.48 mM,
crossing 5 orders of magnitude, thus displaying a broad linear

Fig. 3 a CVs of IL-CNHs/GCE - 1.4
in 4.5 mM 4-aminophenylarsonic el 0.154 /
acid at 0.1 M phosphate buffered éﬂ
solution with different pH, pH < 1.00 0204
from a to ¢ were 6, 6.5, 7, 7.5, 8, i > <
respectively. Corresponding <. E.025
changes of oxidation peak poten- « 0.96 ~
tials b and peak currents ¢ along ’ =030
with pH ’ ) b 0
N 035 ¢
&
03 06 09 12 1§ 60 65 7.0 75 80 60 65 70 75 80
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Fig. 4 LSVs of GCE (a) and IL-
CNHSs/GCE (b) in 4.5 mM 4-
aminophenylarsonic acid con-
cluding 0.1 M phosphate buffered
solution pH=7.0 at different tem-
peratures. (B) Corresponding re-
lationships of GCE («) and IL-
CNHs/GCE (b) between currents
and 1/T

Cc

02 04 06 08 10 12
E/VvsAg/AgCl

range for the quantitative detection of 4-aminophenylarsonic
acid. The detection limit of 4-aminophenylarsonic acid was
0.5 uM which is close to the value reported by Li when using
LVSS-CE/UV [23]. A compilation of comparable methods for
the determination 4-aminophenylarsonic acid is given in
Table S1 (ESM). Due to separation and preconcentration other
methods have very low limits of detection, but they also need
complex preparation and large equipment which are disadvan-
tageous for practical applications. For the practical application
of this sensor, feed sample solution was tested with this sensor
and a concentration of 91.46 mg-kg ' was determined
using a parallel test of four different modified electrodes
(RSD=2.18 %). To investigate reproducibility, five dif-
ferent modified electrodes were tested at 3 days in se-
quence with an overall RSD of 3.79 %. Accuracy was
checked by adding standard solution and the recovery
rate found was 101.4 % (n=5). Some inorganic ions, for
example, 200-fold concentrations of Na', K', Fe**, Ca®",
Mg*", AP, Zn**, SO,%, CI", NO; ™ and PO,* had no influ-
ence on the determination of 4-aminophenylarsonic acid. A
50-fold excess of sucrose, glucose and starch, calcium gluco-
nate, fibrin (Carboxymethylcellulose sodium), a 10-fold ex-
cess of bovine serum albumin and a 5-fold excess of 4-
Hydrox-3-nitrobenzenenearsonic acid had negligible effects

torpcentrlationzlmmgl LA

, : , , 3.6 K ; ;
0 300, 600 900 1200 22 24 26 28

a time / s ¢ /"

Fig.5 al-tcurve of IL-CNHs/GCE in 0.1 M phosphate buffered solution
pH 7.0 at 900 mV with incremental increase of 4-aminophenylarsonic
acid concentration. Insets: the lower magnified concentration and corre-
sponding relationship between currents and concentrations. b Linear re-
lationship of I¢/I; to t%3 of I-t curve
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on the precision of the determination of a 0.1 mM stan-
dard solution. The stability of the sensor prepared was
tested by measuring the response of this sensor in
1 mM 4-aminophenylarsonic acid solution every 2 days.
The results demonstrated that this sensor could maintain
91.9 % of its initial response after 12 days.
Additionally, the relative standard deviation of five par-
allel measurements for | mM 4-aminophenylarsonic acid
when using this sensor was 3.9 %. All these results
suggest that ionic liquid and CNH-based sensors have
good reproducibility and stability.

Conclusion

In summary, based on the excellent properties and synergistic
effects of CNHs and IL, unique sensor architecture was built
for the quantitative detection of 4-aminophenylarsonic acid.
The electrochemical responses of the CNH modified
electrode were superior to those of other sensors, indi-
cating that CNHs may be a good modified material for
improving the performance of sensing interfaces. In this
report, both kinetic and thermodynamic parameters ob-
tained by electrochemical methods showed that this sen-
sor possesses many excellent characteristics. In particu-
lar the current response of 4-aminophenylarsonic acid is
significantly enhanced and the sensor shows wide linear
response range over five orders of magnitude. Owing to
these excellent capabilities, target molecules could
quickly react on this electrode interface which presented
good sensitivity, selectivity, reproducibility and stability
during the process of sensing.
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