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Abstract A sensitive and selective electrochemical sensor
based on carboxyl graphene (CG), polypyrrole (PPy), and
chitosan (CS) nanocomposite-modified glassy carbon elec-
trode (GCE) has been developed for nitrite determination.
The electrochemical performances of CG/PPy/CS/GCE were
characterized by cyclic voltammetry and electrochemical im-
pedance spectroscopy. Under the optimum experimental con-
ditions, CG/PPy/CS/GCE exhibited excellent differential
pulse voltammetry (DPV) response of nitrite. A linear rela-
tionship between DPV peak current and the concentration of
nitrite was obtained in the range of 0.2 to 1000 uM. The limit
of detection of nitrite was estimated to be 0.02 uM. Using
such modified electrodes, our method is quite reproducible
for nitrite determination, even for real water samples.

Keywords Carboxyl graphene - Polypyrrole - Chitosan -
Nitrite determination - Differential pulse voltammetry

Introduction

Nitrite anion (NO, ) is extensively used in food preservation
and fertilizer industry. However, it is a toxic pollutant in soil,
water, and physiological systems [1-3]. Nitrite concentration
serves as an important indicator of organic pollution in water
[4]. Excessive amount of nitrite anion in human blood will
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oxidize iron(Il) in hemoglobin to form methemoglobin and
inhibit oxygen transportation spontaneously, which causes
the “blue baby syndrome” disease in infants [S]. Moreover,
nitrite can also be converted to carcinogenic N-nitrosamines in
the stomach, causing cancer and hypertension [6]. The limit of
nitrite in meat products set by European Food Safety
Authority is 50-100 mg nitrites per kg for some meat products
[7]. The World Health Organization (WHO) has recommend-
ed the safe concentration of nitrite in drinking water of less
than 3.0 mg L! [8, 9], and the US Environmental Protection
Agency (EPA) has set the limit of nitrite in drinking water to
be around 1.0 mg L' [10]. Thus, as a safety measure, the
rapid extraction and low-level sensing of nitrite in environ-
mental, biological, and food samples is a priority area of re-
search. Up to date, a variety of techniques and various
instrument-based methods have been developed to detect ni-
trite, such as spectrophotometry [5, 11], fluorescence spec-
trometry [12], chromatography [13], chemiluminescence [,
14], and electrochemistry [2, 7, 8, 15]. Among these tech-
niques, due to their easy operation, low operating cost, simul-
taneous determination, quick response, high sensitivity, and
good stability, the electrochemical techniques have been wide-
ly applied for nitrite determination based on either oxidation
or reduction of nitrite at different electrodes [16, 17].
However, few studies about nitrite oxidation have been report-
ed owing to the relatively high overpotential [18]. Therefore,
there is a bigger demand for the development of more reliable
and efficient electrochemical sensor for sensitive analysis of
nitrite with low detection limit.

Carboxyl graphene (CG), which is a single layer of carbon
atoms and two-dimensional crystalline carbon material with
carboxylic groups at the lateral edge, has currently attracted
huge attention both in theoretical and practical research
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owning to its excellent electric, thermal, chemical, and me-
chanical properties [19, 20]. In particular, CGs are negatively
charged when dispersed in water due to the ionization of the
carboxylic acid and phenolic hydroxyl groups, which results
in that CG can form well-dispersed aqueous colloids ascribed
to the electrostatic repulsion of these graphene sheets [21].
The specific structure CG makes has been proposed as a novel
functional electrode material for developing electrochemical
sensors for some important biomolecules with their carboxyl-
containing functional groups [22, 23]. Liang and co-workers
developed a direct electron transfer biosensor for determina-
tion of glucose based on glucose oxidase self-assembled on
electrochemically reduced carboxyl graphene [22]. Huang
et al. demonstrated an electrochemical sensor based on car-
boxylic acid functionalized graphene for simultaneous detec-
tion of adenine and guanine in DNA [23]. Such carboxyl
functionalized graphene shows excellent electronic transport
properties and high surface areas, so it is a good candidate for
constructing electrochemical-based sensor. However, there
are few reports indicating that CG has been used for nitrite
sensor with direct electron transfer until now.

Accordingly, we fabricated an electrochemical sensor for
highly sensitive and selective determination of nitrite by dif-
ferential pulse voltammetry (DPV) analysis based on CG,
polypyrrole (PPy), and chitosan (CS) nanocomposite-
modified glassy carbon electrode (GCE) (Scheme 1). The
combination of PPy and CG not only provides large surface
area and numerous active sites but also improves the charge
transfer between the electrode and the reagent [24].
Meanwhile, the abundant amino groups of CS make it attract
negatively charged nitrite, which can effectively facilitate the
accumulation of nitrite on the electrode surface [25]. Hence, it
is possible to increase the selectivity and sensitivity for nitrite
determination by using CG/PPy/CS nanocomposite through
simple mixing CG, PPy, and CS. The fabricated CG/PPy/CS/
GCE showed low detection limit, wide linear range, high
specificity, and good stability. This CG/PPy/CS/GCE was suc-
cessfully applied for nitrite determination in real water sam-
ples, and the recovery results showed good accuracy of the
constructed CG/PPy/CS/GCE. This work demonstrates a

Scheme 1 Fabrication process of
CG/PPy/CS/GCE for sensitive
detection of NO,
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promising path for developing a highly sensitive method to
rapidly detect this important toxic anion.

Materials and methods
Reagents and apparatus

CG was purchased from Nanjing XFNANO Materials Tech.
Co. Ltd. (http://www.xthano.com/). Pyrrole (Py) and CS were
purchased from Aladdin (http://www.aladdin-e.com/us_en/).
NaNOz, KCl, K4[FC(CN)6], K3[FC(CN)6], N32C03, NaZSO4,
chlz, MnClz, CuClz, MgClz, A1C13, CaC12, ZIlClz, BaC12,
CoCls, FeCl;, and NaNOj3 were all purchased from
Sinopharm Chemical Reagent Factory (Shanghai, China).
All reagents were of analytical grade and used as received
without any further purification. Ultrapure water with a
resistivity of 18.2 M cm was produced by passing through
a RiOs 8 unit followed by a Millipore-Q Academic purifica-
tion set (Millipore, Bedford, MA, USA).

FT-IR spectra were recorded on a Nicolet iS10 spectrome-
ter (Thermo, USA). Scanning electron microscopy (SEM) im-
ages were taken on MERLIN Compact field emission scan-
ning electron microscope (ZEISS, Germany). Electrochemical
experiments were performed on a CHI-660E electrochemical
workstation (Shanghai Chenhua Instrument Co., Ltd., China)
equipped with a thermostatic bath (DKB501S, Shanghai Jing
Hong Laboratory Instrument Co. Ltd., China). A three-
electrode cell was employed and GCE or modified GCE was
used as working electrode. Ag/AgCl electrode served as the
reference electrode and platinum wire was employed as the
counter electrode. All pH measurements were made with basic
pH meter PB-10 (Sartorius Scientific Instruments Co., Ltd.,
China).

Synthesis of PPy and CG/PPy nanocomposite
For PPy preparation, Py monomers were mixed with 0.1 M

FeCl; solution. The mixture was centrifuged for several times
until the pH of the filtrate was adjusted to around 7.0 by

NO,
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adding 0.1 M NaOH solution or 0.1 M HCl solution. Then, the
precipitate was dried at 60 °C for 12 h to remove the
unpolymerized Py monomers. For CG/PPy nanocomposite
preparation, CG and Py monomers were immersed in an eth-
anol solution for 1 h under continuous stirring. Then, 0.1 M
FeCl; solution was added into the above suspension with con-
tinuous stirring for 1 h. After the polymerization of Py mono-
mers on CG surface, the mixture was centrifuged for several
times until the pH of the filtrate was adjusted to around 7.0 by
adding 0.1 M NaOH solution or 0.1 M HCI solution. The
precipitate was dried at 60 °C for 12 h to remove the
unpolymerized Py monomers.

Preparation of CG/PPy/CS/GCE

Prior to modification, bare GCE was polished with 1.0, 0.3,
and 0.05 um alumina slurry subsequently on a polishing cloth;
rinsed thoroughly with ultrapure water; and then sonicated in
0.5 M H,S0,, ethanol, and ultrapure water for 3 min. For the
preparation of CG/PPy/CS/GCE, 4.0 mg CG/PPy nanocom-
posite was homogeneously dispersed in 1 mL 0.5 wt% CS
solution at room temperature with the aid of ultrasonic agita-
tion. Then, 4 puL of the homogenous suspension was dropped
on the pretreated GCE surface by drop casting method and the
modified electrode was dried under an infrared lamp for
20 min. The obtained CG/PPy/CS/GCE was rinsed with ultra-
pure water to remove the loose adsorbed materials.
Alternatively, different kinds of modified electrodes such as
CG/GCE, PPy/GCE, CG/PPy/GCE, and CG/CS/GCE were
also fabricated with the above-mentioned similar procedure.
The obtained modified electrodes were preserved in a refrig-
erator at 4 °C before applications.

Preparation of real water samples

For real water sample analysis, tap water, commercial Nongfu
Spring water, salt water, and soybean milk samples were se-
lected. The tap water was obtained from our lab. All water
samples were purified by filtration with 0.22 um Millipore
filter three times to remove large solids and main impurities.
The supernatant liquid of 500 uL was diluted to 1 mL with
NaAc—HAc buffer (pH 4.0). After that, the solution was stored
in dark at 4 °C. The solution was diluted 20-fold with NaAc—
HAc buffer (pH 4.0) before analysis. Different amounts of
nitrite standard solution were added into the reaction system.
The final concentrations of nitrite were 5, 10, 20, 100, 200,
and 500 uM, respectively. The recovery of nitrite in real water
samples was examined by the method.

Procedures for nitrite determination

DPV responses of CG/PPy/CS/GCE to different concentra-
tions of sodium nitrite in NaAc-HAc buffer (pH 4.0) were

carefully investigated with instrumental parameters as poten-
tials range from 0.4 to 1.2 V; pulse amplitude 0.05 V; pulse
width 0.05 s; sampling width 0.0167 s; pulse period 0.5 s;
quiet time 2 s; scan rate 0.05 V s~'. Cyclic voltammetry
(CV) measurements and electrochemical impedance spec-
trometry (EIS) experiments were carried out in 5.0 mM
[Fe(CN)]* ™ solution containing 0.1 M KCI.

Results and discussion
Choice of CG/PPy/CS nanocomposite

CG possesses abundant negatively charged functional groups
and high surface areas, so it is a good candidate for constructing
electrochemical sensors for different important biomolecules
[22, 23]. Different kinds of graphene nanomaterials including
CG can be used to modify GCE through the strong 7 stack-
ing interaction. PPy, which is one of the most important
conducting polymers, has been utilized extensively in electro-
chemical assays [24]. Due to its strong adhesion ability and the
similar sp2 bond character with carbons, PPy can be adsorbed
on CG surface to form PPy layers [26]. FT-IR spectrometry can
be used to investigate the interaction between CG and PPy. As
shown in Fig. la, CG exhibits a very weak intensity and fairly
broad band of O-H group from 3000 to 3750 cm . This is
ascribed to the adsorbed water molecules and the residual car-
boxylic acid and phenolic hydroxyl functionalities on CG sur-
face. The absorption peaks at 1731 and 1614 cm ™" are assigned
to the stretching vibration of C=0 group and the bending vi-
bration of C=C group, respectively [27, 28]. Meanwhile, the
typical vibrations of Py are clearly observed at 1467 and
1547 cm ! both in PPy and CG/PPy, suggesting the symmetric
and the antisymmetric ring stretching of PPy [25]. The absorp-
tion peaks at 1180 and 1044 cm ™' in PPy are due to the plane
vibrations of C—H in the Py ring. It is noteworthy that the
characterized absorption peaks of PPy at 1467 and 1547 cm !
are shifted to 1474 and 1551 cm ' at CG/PPy nanocomposite,
and the stretching vibration of C=0 group at 1731 cm ' of CG
is shifted to 1728 cm ™' in CG/PPy nanocomposite, respective-
ly, which is ascribed to the strong 7w stacking interaction
between CG and PPy. Such interaction during CG/PPy nano-
composite leads to the broader absorption in high wavenumber
range from 3000 to 3750 cm ', suggesting the formation of
hydrogen bonds between CG and PPy.

CS is a class of linear hydrophilic polysaccharide obtained
by deacetylation of nature chitin. Since CS is an attractive bio-
compatible and nontoxic natural biopolymer, it has been widely
used as the immobilization matrix in bioelectrochemical pro-
cesses [29]. Due to its relatively weak conductivity and desir-
able properties, CS is usually combined with conductive
nanomaterials, such as graphene and carbon nanotubes [25,
30], to construct electrochemical sensing platforms. The
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constructed CG/PPy/CS nanocomposite has excellent conduc-
tivity for enhancing the charge transfer and a large surface area
for providing several active sites, which can increase the peak
currents of the modified electrode. Meanwhile, CS has abun-
dant primary amino and hydroxyl groups in the structure; the
abundant functional groups of CS can effectively enhance the
proton conductivity and attract negatively charged ions such as
NO, [25, 30], resulting in the accumulation of nitrite ions on
the electrode surface. Therefore, CS is utilized to not only en-
hance the conductivity of bulk-quantity CG/PPy nanocompos-
ite but also facilitate the accumulation of NO, , which increase
the sensitivity for NO,  determination tremendously.

Characterization of CG/PPy/CS/GCE

The microscopy technique is generally used to characterize
the surface modification of the electrode [25]. SEM images
of CG/GCE, CG/PPy/GCE, and CG/PPy/CS/GCE were re-
corded and illustrated in Fig. 2. As can be seen in Fig. 2a, a
sheet-like CG is formed on the surface of GCE with a crimple
effect. From Fig. 2b, the surface of CG is covered with fine
granules of PPy, indicating that CG is well coated with PPy.
However, the distribution of PPy in CG sheets is irregular,
ascribed to the insulating feature of CG and the random bind-
ing ability of PPy on CG sheets. This situation can be effi-
ciently improved in CG/PPy/CS/GCE, since a compact and
homogeneous CG/PPy/CS film is formed on GCE surface
(Fig. 2¢). The formation of CG/PPy/CS nanocomposite not
only maintains the strong binding ability of PPy on CG sheets
but also efficiently enhances the dispersive capacity of PPy.
Therefore, a compact and homogeneous CG/PPy/CS film is
established on GCE surface. From the SEM image of CG/
PPy/CS at lower magnification (Fig. 2d), compact and uni-
form fine granules can be observed, suggesting that CG/PPy/
CS film is well dispersed on GCE surface.

CV is a valid technique to obtain the surface information
about the modified electrodes [31, 32]. As evidenced in Fig.

a b

1b, the CV signals of 5.0 mM [Fe(CN)s]* *~ redox couple
(1:1) at bare GCE and different substance-modified GCE have
been examined in 0.1 M KCI solution. It is obvious that both
the anodic and cathodic peak currents of [F e(CN)s* ™ redox
couple at CG/GCE are much lower than those of [Fe(CN)6J? a
~ redox couple at bare GCE. Since the negatively charged CG
can form well-dispersed aqueous colloids on GCE surface [21],
the electron transfer ability between [Fe(CN)g]® ™ redox cou-
ple and electrode surface is reduced significantly. However, this
situation can be improved efficiently after the addition of PPy.
Since PPy can combine with CG through the strong 7 stack-
ing interaction, the charge transfer between [F e(CN)6* ™ re-
dox couple and electrode surface can be efficiently improved at
CG/PPy/GCE. As further evidenced in Fig. 1b, the surface
modification of PPy can increase the anodic and cathodic peak
currents slightly, proving the better conductivity of PPy than
that of CG. Therefore, the combination of CG and PPy can
improve the conductivity of the electrode significantly. On the
other hand, after the addition of CS into CG/PPy nanocompos-
ite, the stability of CG/PPy/CS/GCE increases dramatically,
and both the anodic and cathodic peak currents of [Fe(CN),]?
% redox couple at CG/PPy/CS/GCE increase dramatically
than those of [Fe(CN)6]37/ 4 redox couple at CG/PPy/GCE
(Fig. 1b), proving the good electron conductivity of
[Fe(CN)]* ™ redox couple at CG/PPy/CS/GCE.

EIS is further used to study the change of the interfacial
property of electrodes and provide information on the imped-
ance variations of electrode surface/electrolyte solution [33,
34]. Figure 1c shows the typical Nyquist plots of [Fe(CN),]?
" redox couple at bare GCE and different substances mod-
ified GCE in 0.1 M KCl solution with the frequencies swept
from 10* to 0.1 Hz. For common species, the typical EIS curve
includes a linear part and a semicircular part. Herein, the linear
part at lower frequencies suggests the diffusion-limited pro-
cess while the semicircular portion at higher frequencies im-
plies the electron transfer-limited process. The diameter of the
semicircular portion, which reflects the electron transfer
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Fig. 1 a FT-IR spectra of CG, PPy, and CG/PPy. b CVs response of
5.0 mM [Fe(CN)(,]H‘k redox couple (1:1) at bare GCE, CG/GCE, PPy/
GCE, CG/PPy/GCE, and CG/PPy/CS/GCE in 0.1 M KCI solution with
sweep rate of 50 mV s~ ¢ Nyquist plots of 5.0 mM [Fe(CN)g]> " redox
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Fig. 2 SEM images of CG/GCE a
(a), CG/PPy/GCE (b), and CG/
PPy/CS/GCE at higher

magnification (¢) and at lower
magnification (d)
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Signal A = InLens
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resistance Ry, refers to the electron transfer kinetics of the
redox probe at the electrode surface. As shown in Fig. Ic,
CG/GCE shows the biggest diameter of the semicircular part
than bare GCE, indicating the highest electron transfer resis-
tance at CG/GCE. Other three modified electrodes exhibit
much smaller diameter of the semicircular part than bare
GCE, implying that the modifications of PPy, CG/PPy nano-
composite, and CG/PPy/CS nanocomposite on the surface of
GCE can efficiently promote the electron transfer between
[Fe(CN)s] ™ redox couple and electrode interface. These re-
sults agreed well with the results obtained by CV (Fig. 1b).

a
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Meanwhile, the CG/PPy/GCE exhibits smaller R, than bare
GCE and PPy/GCE, suggesting that CG/PPy nanocomposite
is an excellent electric-conducting material to accelerate the
electron transfer on electrode surface. After the surface modi-
fication of CG/PPy/CS nanocomposite, a significant decrease
in R is observed due to the higher stability of CG/PPy/CS
nanocomposite and the facilitated electron transfer of CG/
PPy/CS nanocomposite. These results indicate that the electron
transfer rate between [Fe(CN)]® "+ redox couple and elec-
trode surface is very slow on CG/GCE. However, the presence
of CG/PPy nanocomposite and CG/PPy/CS nanocomposite
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Fig. 3 Plots of O — ¢ (a) and O — "2 (b) curves of 0.1 mM K3Fe(CN); at bare GCE, CG/GCE, CG/PPy/GCE, and CG/PPy/CS/GCE in 0.1 M KCI

solution with the potentials swept from 0.15 to 0.25 V
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can effectively improve the conductivity of the electrode and
significantly facilitate the electron transfer between [Fe(CN)q]®
~ redox couple and electrode surface.

Chronocoulometry is further used to calculate the effective
surface areas (A) of bare GCE and different substances mod-
ified electrodes. K;Fe(CN)g with concentration of 0.1 mM is
choosing as the model complex during chronocoulometry, and
the diffusion coefficient (D) of K;Fe(CN)g is reported to be
about 7.63 x 107¢ cm® s ' [35, 36]. The effective surface area
of the working electrode can be calculated through the follow-
ing equation [37]:

1/2,1/2
Q(f):%‘FQm‘*‘Qam (1)

Herein, QO(f) represents the electron transfer charge at the
specific time ¢, n is the electron transfer number, F is the
Faraday’s constant, and c is the concentration of the substrate,
respectively. Qg and Q,q4s represent the double-layer charge
and the Faradic charge, respectively. Therefore, the A value
can be calculated from the slope of the O — "% curve. Figure 3
exhibits the plots of O — 7 and O — ' curves of bare GCE,
CG/GCE, CG/PPy/GCE, and CG/PPy/CS/GCE in 0.1 mM
K;3Fe(CN)g solution containing 0.1 M KCI with the potentials
swept from 0.15 to 0.25 V. The calculated effective surface
area of CG/PPy/CS/GCE is 0.170 cm?, which is much higher
than the effective surface areas of bare GCE (0.041 cm?), CG/
GCE (0.025 c¢m?), and CG/PPy/GCE (0.131 c¢m?). Relative
high effective surface area of CG/PPy/CS/GCE may enhance
the peak current response signal, which is favorable for the
construction of highly sensitive electrochemical sensing plat-
form for NO, .

During the quasi-reversible reaction, the electron transfer
rate is comparable with diffusion rate and the peak potential
separation (AE,) increases with the increase of the sweep rate
(v). In particular, when the A, values are higher than 65 mV
above a certain sweep rate, the expected value for a one-
electron transfer reaction has a purely Nernstian behavior.
Thus, the standard electrochemical rate constant (ke) value
can be determined according to the Nicholson’s methods
[38, 39]:

Do\*? [ RT
=k9(== B 2
¥ <DR> TnFDgv @)
~ —0.6288 + 0.0021nAEp )
B 1-0.017nAEp

where 1) is the dimensionless kinetic parameter determined
from AE, and « is the charge transfer coefficient, respectively.
Do and Dy, are the diffusion coefficients of the oxidized form
K3Fe(CN)g and the reduced form K4 Fe(CN)g, respectively. F
is the Faraday constant, and R and T have their usual mean-
ings. The widely accepted values of D for K3Fe(CN)g and
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D for K4Fe(CN)y are 7.63 x 10 ¢ and 6.32 x 10 cm? s/,
respectively [36]. In most cases, the reduction and oxidation
kinetics are fairly symmetrical and the value of « is set as 0.5
[40]. Therefore, the k© value depends solely on the value of
(one-electron processes).

According to the above equations, the £ value can be
calculated from the slope of the 1) — v * curve. Figure 4
shows the CV curves and associated kinetic analyses of
[Fe(CN)¢]** redox couple at bare GCE and different
substance-modified electrodes. As shown in Fig. 4,
[Fe(CN)s]> ™ redox couple at bare GCE and three modified
electrodes all exhibit the characteristics of quasi-reversibility
with sweep rates increasing from 50 to 300 mV s '. The cal-
culated average £ values of [Fe(CN)q]? 4 redox couple at
bare GCE, CG/GCE, CG/PPy/GCE, and CG/PPy/CS/GCE
are about 5.29 x 107°, 7.15 x 107°, 2.26 x 10~°, and
1.88 x 1072 cm s ', respectively. The k° value of
[Fe(CN)s]> ™ redox couple at CG/PPy/CS/GCE is therefore
the lowest among those of [Fe(CN)(,]H 4" redox couple at bare
GCE and other substance-modified GCE, implying the slower
electron transfer kinetic for CG/PPy/CS/GCE.

The electron transfer ability of electrode is closely related
with the surface coverage of the electrode [41]. In summary,
the electron transfer ability of [Fe(CN)6]37/47 redox couple
may increase as the surface coverage increases until a critical
surface coverage and the further increase in surface coverage
can result in the decrease of [Fe(CN)G]H 4~ redox couple dif-
fusion coefficient. As shown in Fig. 5, the k° value of
[Fe(CN)s]>7* redox couple at CG/GCE increases as the con-
centration of CG increases from 1 to 3 mg mL ™" and then
decreases when the concentration of CG is higher than
3 mg mL™'. Herein, 4 mg mL™' CG is used for construct
CG/PPy/CS/GCE, so the surface coverage is more than the
critical surface coverage and the k° value of [Fe(CN)e]> 7
redox couple at CG/PPy/CS/GCE is naturally lower than the
maximum 4° value.

Electrochemical response of CG/PPy/CS/GCE to nitrite

The electrochemical response of CG/PPy/CS/GCE to
NO, can be demonstrated from DPV responses of 1 mM
NO, in 0.1 M NaAc-HAc buffer (pH 4.0). As shown in
Fig. 6a, NO, shows a tiny DPV oxidation peak current of
— 4.47 puA at peak potential of 0.904 V at bare GCE, and
NO, also shows tiny DPV oxidation peak current of
—3.96 nA at peak potential of 0.828 V at CG/GCE, which
are regarded as the blank responses. On the other hand,
NO,  exhibits relatively higher DPV oxidation peak cur-
rent of — 7.43 pA at peak potential of 0.952 V at PPy/GCE.
Furthermore, the addition of CG can affect the DPV re-
sponse of NO, at PPy/GCE to some extent. After the
successful modification of CG/PPy on the surface of same
GCE, the oxidation peak current of NO, is increased to
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Fig. 4 CVs and associated kinetic analyses of 5.0 mM [Fe(CN)6]37/47 redox couple (1:1) at bare GCE, CG/GCE, CG/PPy/GCE, and CG/PPy/CS/GCE
in 0.1 M KCl solution. Inserts were the corresponding plots of 1» — v *> curves. Sweep rates 50, 75, 100, 125, 150, 175, 200, 250, and 300 mV s '

— 8.43 uA at peak potential of 0.912 V. Most importantly,
further addition of CS on CG/PPy/GCE causes a signifi-
cant increase in the DPV response. The oxidation peak
current of NO,  on CG/PPy/CS/GCE is observed to be
— 12.7 pA at peak potential of 0.876 V. The DPV peak
current of NO, at CG/PPy/CS/GCE is obviously larger
than those of NO, at bare GCE and other modified elec-
trodes. The oxidation peak potential is observed in the less
positive side (i.e., 0.912 V at CG/PPy/GCE to 0.876 V at
CG/PPy/CS/GCE), and the oxidation peak current in-
creases by 1.5 times (i.e., — 8.43 pA at CG/PPy/GCE to
— 12.7 uA at CG/PPy/CS/GCE), which validates the en-
hancement of the electron transfer ability of NO, on the
surface of CG/PPy/CS/GCE. Compared with bare GCE,
CG/GCE, PPy/GCE, and CG/PPy/GCE, CG/PPy/CS/GCE
presents extra sharper peak current. In addition, due to the
better absorbability and the higher conductivity of CG/
PPy/CS nanocomposite toward target nitrite anion, the
peak current difference of NO, at CG/PPy/CS/GCE is
much higher than those of NO, at bare GCE and other
modified electrodes (Fig. 6b), indicating that the developed
CG/PPy/CS/GCE can be a promising excellent electro-
chemical sensing platform for NO, determination.

Electrochemical reaction of NO, may be dependent on the
diffusion and/or adsorption of NO,  to electrode surface, which
can be elucidated by the relationship between the oxidation peak
current and scan rate [42]. If the electrochemical reaction is
controlled by the adsorption process, the oxidation peak current
is linear to the scan rate; when the electrochemical reaction is
controlled by the diffusion process, the oxidation peak current is
linear to the square root of the scan rate [43]. As shown in Fig.
7a, the oxidation peak current of NO, at CG/PPy/CS/GCE
increases gradually and the oxidation peak potential of NO, at
CG/PPy/CS/GCE shifts more positive value with the scan rate
increasing from 25 to 300 mV s ', implying the typical irrevers-
ible electrochemical reaction [44]. As indicated in Fig. 7b, the
oxidation peak current of NO, is directly proportional to the
scan rate, and the regression equation is I, (uA) = — 0.1517 v
(mV s ') — 18.0043 with correlation coefficient of 0.9977.
Furthermore, the oxidation peak current of NO, is also directly
proportional to the square root of the scan rate, and the regression
equation is I, (MA) = — 3.3485 %> (mV s )" — 4.7268 with
correlation coefficient of 0.9996 (Fig. 7c). These results suggest
that the electrochemical oxidation of NO, on CG/PPy/CS/GCE
surface may be controlled by not only the adsorption process but
also the diffusion process.
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For the adsorption-controlled irreversible electrochemical
reaction, the relationship between £, and v is described by the
following equation [45]:

Ep= B+ (2 )i RTK + (AL,
pa ankF ankF’ ankF v
Herein, R, 7, and F have their usual meanings, respectively.
E® is the formal redox potential, k° is the standard rate

(4)
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Fig. 5 CVs and associated kinetic analyses of 5.0 mM [Fe(CN)¢]> 7+
redox couple (1:1) at CG/GCE in 0.1 M KCI solution with different
amounts of CG, and the plot of rate constant versus the amount of CG.
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constant of electrochemical reaction, « represents the electron
transfer coefficient, and » means the electron transfer number,
respectively. As shown in Fig. 7d, the oxidation peak potential
of NO, at CG/PPy/CS/GCE is directly proportional to the
natural logarithm of the scan rate. The fitted regression equa-
tion is £, (V) = 0.04305 In v (mV s 1) + 0.8344 with corre-
lation coefficient of 0.9968. Therefore, the value of an was
calculated to be around 0.6. Since the value of « is usually in
the range of 0.3 to 0.7 in absolutely irreversible electrode
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Inserts were the corresponding plots of ¢ — v > curves. Sweep rates 125,
150, 175, 200, 225, 250, 275, and 300 mV s '



Ionics (2018) 24:845-859

853

a
04
2
44
~—
-84 ——bare GCE
— CG/GCE
-104 — PPy/GCE
—— CG/PPY/GCE
129 __ CG/PPy/CSIGCE
-14 T T T
0.4 0.6 0.8 1.0 1.2

E vs. Ag/AgCl (V)

CG/PPy/CS/GCE

-8- CG/PPy/GCE
PPy/GCE

A (kA)
9

Bare GCE ¢ y/GCE

Fig. 6 a DPV curves of 1 mM NO,  at bare GCE, CG/GCE, CG/PPy/GCE, and CG/PPy/CS/GCE in 0.1 M NaAc-HAc buffer (pH 4.0). b DPV peak
current differences of 1 mM NO,  at bare GCE, CG/GCE, CG/PPy/GCE, and CG/PPy/CS/GCE in 0.1 M NaAc—HAc buffer (pH 4.0)

process [46], it is speculated that the values of o and n are 0.6
and 1, respectively. Thus, the electrochemical oxidation pro-
cess of NO,  at CG/PPy/CS/GCE surface is confirmed to be a
one-clectron transfer process [47].
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Fig. 7 a CVs of 1.0 mM NO, at CG/PPy/CS/GCE with different scan

rates. Curves were obtained at 25, 50, 75, 100, 125, 150, 200, 250, and
300 mV s, respectively. b Plot of DPV peak current of 1.0 mM NO,~

-
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o

The electrochemical catalyst of CG/PPy/CS nanocomposite
for the oxidation of NO, can be demonstrated from DPV
responses in 0.1 M NaAc-HAc buffer (pH 4.0) at different
temperatures using controlled thermostatic bath, and the results
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Fig. 8 a DPV responses of | mM NO,  at bare GCE in 0.1 M NaAc—
HAc buffer (pH 4.0) under several different temperatures. b DPV
responses of 1 mM NO, at CG/PPy/CS/GCE in 0.1 M NaAc-HAc
buffer (pH 4.0) under several different temperatures. ¢ Plots of In /

are shown in Fig. 8a, b. The relationships between the natural
logarithm of peak currents and the reciprocal of temperature are
further displayed in Fig. 8c. It is obvious that the peak currents
of NO, on CG/PPy/CS/GCE are all larger than those of NO,
on bare GCE during all the measuring temperatures, which
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Fig. 9 Influence of a CG amount, b amount ratio of Py to CG, ¢ addition

volume, d buffer pH value on the DPV responses of | mM NO, at CG/
PPy/CS/GCE in 0.1 M NaAc-HAc buffer (pH 4.0). Results were
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versus 77! for | mM NO, at bare GCE and CG/PPy/CS/GCE. Results
were expressed as the average of three independent experiments. Error
bars represent standard deviations

suggests ulteriorly that CG/PPy/CS nanocomposite has better
electrocatalytic performance. The oxidation peak potential
tends to be negative, suggesting that the oxidation of NO, is
preferred at higher temperature. Additionally, the relationship
between the catalytic rate constant (k) and the apparent
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expressed as the average of three independent experiments. Error bars
represent standard deviations
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Fig. 10 a DPV responses of CG/PPy/CS/GCE to NO,  at concentrations

0f 0 (a), 0.2 (b), 1 (¢), 5 (d), 10 (e), 50 (f), 100 (g), 200 (h), 500 (i), 800 (g),

1000 (k), 1500 uM (1), 1800 (m), and 2000 uM (n). b DPV peak currents
of NO, at 0.876 V versus NO, concentration. The insert was the

0.6

activation energy (E,) can be described according to the well-
known Arrhenius equation [48]:
E

Ink = hA—2
n RT

(5)

Since the response peak current / is directly proportional to
the rate constant & at fixed experimental conditions, the In &
can be replaced as In / in the Arrhenius formula. The fitted
regression equations are In/,, (InuA) = —813.11/T K™Y+
5.08 with correlation coefficient of 0.9945 for bare GCE and
Inf, (InuA) = =744.76/T (K1) + 4.70 with correlation coef-
ficient of 0.9978 for CG/PPy/CS/GCE. By linearly fitting the
relationships between In 7 and TI, it can be obtained that the
E, values for bare GCE and CG/PPy/CS/GCE are 6.19 and
6.76 kJ mol ', respectively. Therefore, the £, value becomes
higher on CG/PPy/CS/GCE. According to the theory of the
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corresponding calibration curve. Results were expressed as the average
of three independent experiments. Error bars represent standard
deviations

chemical kinetics, if the chemical reaction possesses higher £,
value, the reaction rate of this reaction will increase faster as
the increase of the reaction temperature [49]. Above a certain
temperature, the reaction rate of the reaction with higher E,
value can exceed that of the reaction having a smaller E,.
Herein, although the E, value of CG/PPy/CS/GCE is larger,
the reaction rates are much faster at all the measuring temper-
atures of NO, . Thus, the electrochemical catalyst of CG/PPy/
CS nanocomposite for the oxidation of NO, is greatly en-
hanced to a certain extent.

Detection of nitrite

In order to get the maximum sensitivity for NO,  detection with
CG/PPy/CS/GCE, the following parameters were optimized: (a)
amount of CG, (b) amount ratio of Py to CG, (c) addition

Table 1  Comparison of the electrodes modified with CG/PPy/CS nanocomposite and other materials for the determination of NO, -
Electrode Modifier Technique Linear range Detection limit Ref
(M) (M)

Glassy carbon electrode Carboxylated graphene oxide/lanthanum Amperometry 1-750 0.07 27

Carbon paste electrode Prussian blue Amperometry 25-1000 9 31

Glassy carbon electrode Liquid(1-(3-aminopropyl)-3-methylimidazolium Amperometry 0.05-0.35 0.019 7
bromide) and silicon carbide nanoparticles

Glassy carbon electrode Fe,O3/reduced graphene oxide Amperometry 0.05-780 0.015 33

Glassy carbon electrode Fe;04/reduced graphene oxide Amperometry 1-92 0.3 34

Glassy carbon electrode Graphene/hydroxyapatite SWv 3-950 0.025 28

Platinum electrode Zinc superoxide dismutase/nitrate CV 0.1-1000 0.05 32
reductase/carbon nanotubes/polypyrrole

Glassy carbon electrode Graphene/poly-cyclodextrin/MWCNTSs DPV 5-750 1.65 15
nanocomposite

Glassy carbon electrode Pd nanoparticles/reduced graphene oxide DPV 1-1000 0.23 8

Glassy carbon electrode CG/PPy/CS DPV 0.2-1000 0.02 This work

SWV square wave voltammetry, CV cyclic voltammetry
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Fig. 11 a DPV peak currents of CG/PPy/CS/GCE to different ions in
0.1 M NaAc—HAc buffer (pH 4.0). The concentration of NO, is 10 uM.
The concentrations of other ions are all 0.1 mM. b DPV peak currents of
CG/PPy/CS/GCE to 10 uM NO, in 0.1 M NaAc-HAc buffer (pH 4.0)

volume, (d) buffer pH value. As shown in Fig. 9, the following
experimental conditions are found to give the best results: (a)

100+

80 1
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& oY v Vo Vo VN Vo ¥
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with the addition of different ions. The concentrations of all ions are
1 mM. Results were expressed as the average of three independent

experiments. Error bars represent standard deviations

amount of CG of 4 mg mL ™", (b) amount ratio of PPy to CG of
4:1, (c) addition volume of 4 pL, (d) buffer pH value of 4.0.

Table 2 Detection of NO, in

real water samples (n = 5) Sample Added (uM) Found (uM) Recovery (%) R.S.D. (%)
Tap water 0 0 - -
5 4.81-5.15 96.2-103.0 24
10 9.73-10.2 97.3-102.0 2.8
20 19.6-19.9 98.0-99.5 1.7
100 101.7-103.1 101.7-103.1 0.6
200 190.8-197.3 95.4-98.7 1.6
500 487.4-500.1 97.5-100.0 1.3
ONGFU SPRING water 0 0 - -
5 4.97-5.14 99.4-102.8 3.9
10 9.7-10.3 97.0-103.0 2.6
20 19.1-20.8 95.5-104.0 44
100 95.9-102.4 95.9-102.4 44
200 189.8-197.0 95.0-98.5 1.9
500 494.6-505.7 98.9-101.1 1.1
Salt water 0 0 - -
5 49-52 98.0-104.0 25
10 9.6-10.3 96.0-103.0 4.1
20 19.3-20.8 96.5-104.0 33
100 100.8-103.7 100.8-103.7 1.4
200 201.9-207.6 101.0-103.8 1.5
500 504.4-517.5 100.9-103.5 1.3
Soybean milk water 0 4.143 - -
5 9.1-9.4 100.0-104.5 2.8
10 13.9-14.7 98.0-104.0 32
20 23.9-24.9 99.0-103.0 1.4
100 103.6-108.3 99.5-104.0 3.6
200 203.4-211.4 99.7-103.6 2.7
500 500.2-511.2 99.2-101.4 32
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Under the optimum experimental conditions, DPV was
employed for the determination of NO, by utilizing CG/
PPy/CS/GCE. Figure 10a displays the DPV responses of
CG/PPy/CS/GCE for increasing the concentration of NO,
under the optimum experimental conditions. It is noticeable
that the DPV peak currents at 0.876 V increase as the concen-
tration of NO, increases. As exhibited in Fig. 10b, a good
relationship between the DPV peak currents and the NO,
concentration is further obtained. When the concentration of
NO, is in the range of 0.2 uM to 1000 uM, the DPV peak
current is directly proportional to the concentration of NO, .
The linear regression equation for NO,  is /,, (LA) =—0.027
¢ (uM) + 0.285 with a correlation coefficient of 0.9991. Due
to the high loading of CG/PPy/CS nanocomposite on GCE
surface and the efficient electrochemical catalyst of CG/PPy/
CS nanocomposite for the oxidation of NO, , the detection
limit of NO, is estimated to be 0.02 uM according to the
equation of 30/K (o is the standard deviation of 11 measure-
ments blank and K is the slope of calibration curve, respec-
tively). Compared with some reported electrochemical
methods (Table 1), our strategy has the comparable sensitivity
and detection limit for NO, detection with the simple elec-
trode preparation procedure.

In addition, CG/PPy/CS/GCE shows good reproducibility
for NO, detection. The relative standard deviation (RSD) of
same CG/PPy/CS/GCE response to 0.1 mM NO, is 3.4% for
20 successive assays, and the RSD of five CG/PPy/CS/GCE
responses to 0.1 mM NO, is 1.2%. Additionally, the DPV
peak current of same CG/PPy/CS/GCE is approximately 98.7
and 97.1% of its initial current response for 0.1 mM NO,
even after 10 and 18 days of storage, respectively. The excel-
lent reproducibility and superior long-term stability of the
constructed CG/PPy/CS/GCE is promising for NO, anion
determination.

Influences of other ions and real samples determination

To evaluate the selectivity of CG/PPy/CS/GCE for NO, de-
tection, the DPV responses of NO, was examined in the
presence of various environmentally relevant common anions
(CI', SO4*, CO5*", and NO3 ) and metal ions (K*, Cu**,
Hg?*, Mn**, Zn**, and Mg”*) under the same conditions.
The concentration of NO, is 10 uM, while the concentrations
of other ions are all 0.1 mM. As shown in Fig. 11a, significant
increase of the DPV peak current is observed upon the addi-
tion of NO, , while other common anions and metal ions
exhibit a tiny variation of DPV peak current and such varia-
tion can be negligible, which indicates the high selectivity of
CG/PPy/CS/GCE.

Furthermore, the interferences of common anions (Cl,
SO4*", CO5*", and NO5 ") and various metal ions (K*, Hg**,
Mn?*, Cu**, Mg**, AP, Ca**, Zn**, Ba®*, Co™*, Cr’", and
Fe3+) with concentrations of 1 mM on the determination of

10 uM NO, were investigated at the optimal conditions. The
DPV responses of NO,  at CG/PPy/CS/GCE are not affected
by the presence of 100 times concentration of these anions and
metal ions (Fig. 11b). Thus, this CG/PPy/CS/GCE shows ex-
cellent selectivity toward NO, in the presence of common
anions and metal ions.

To confirm the feasibility of the proposed method, this CG/
PPy/CS/GCE was used to detect NO, in water samples, in-
cluding tap water, commercial NONGFU SPRING water, salt
water, and soybean milk water. All these samples were filtered
through a 0.22-pum membrane prior to detection. As indicated
in Table 2, the DPV responses of NO,  in these water samples
can be omitted, indicating that the concentrations of NO,  in
these water samples are extremely low. Moreover, the recov-
eries of six different concentrations of NO, range from 95.0
to 104.5% for five determinations, addressing the accuracy of
this CG/PPy/CS/GCE for NO, determination.

Conclusions

A novel and effective electrochemical sensing platform based
on CG/PPy/CS/GCE for sensitive and highly selective detec-
tion of NO, by DPV was developed. This method includes
the polymerization of Py monomers on CG surface and the
self-assemble of CG/PPy/CS nanocomposite on the surface of
GCE. The synergistic effect of CG/PPy with high electron
transfer ability and CS with abundant binding sites leads to
the remarkably enhanced sensitivity and selectivity for NO,
detection. The prepared CG/PPy/CS/GCE exhibited excellent
electrochemical properties such as wide linear range, low de-
tection limit, good reproducibility, and high stability toward
NO, . The present electrochemical sensing platform can be
applied for monitoring NO, pollution.
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