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In this work, a new micro-needle sensor based on copper microspheres (CuMSs) and polyaniline (PANI) film was fabricated through
electrodeposition method and used for the voltammetric determination of nitrate (NO3') in coastal river samples. The PANI film
functions as the conductive polymer and adhesion agent to immobilize the CuMSs which has good electrocatalytic property for
the reduction of NOj3 . The CuMSs could be more easily deposited on the micro-needle electrode (MNE) surface with PANI film
as adhesion agent. The physical and electrochemical properties of the as-prepared micro-needle electrode were characterized by
different techniques. CuMSs with diameter of about 0.5 to 1 pm were decorated on the PANI film modified micro-needle electrode.
The unique structure of micro-needle electrode and excellent properties of CuMSs and PANI film make the micro-needle sensor
possesses the advantages of larger specific surface and high electrocatalytic property towards the reduction of NO3". The micro-needle
electrode based on CuMSs and PANI film shows a linear response to NO3 in the concentrations ranging from 0.02 to 6 mM (R? =
0.995) with the detection limit of 8 WM. More importantly, the determination of NO3 in coastal river water samples was achieved
with the micro-needle electrode with satisfactory results.
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Nitrogen which plays a crucial role in many biogeochemical cycles
is an essential component for marine phytoplankton growth.! Nitrate
(NO3) is the most stable substance in various forms of nitrogenous
compounds under aerobic conditions. It is the principal form of re-
active inorganic nitrogen in seawater and therefore a major nutrient
to support primary productivity in the surface ocean.? It is also the
final decomposition product of nitrogenous organic matter through
inorganication. In natural water, NO; as well as nitrite and ammo-
nium, are the major forms of dissolved inorganic nitrogen (DIN)
that is assimilated by phytoplankton for their growth.’> Considering
the spatial and temporal distribution of NOj concentrations in the
ocean are affected by both physical and biogeochemical processes,
accurate determination of NOj concentrations can provide essen-
tial information for understanding such processes. Accurate quantifi-
cation of NOJ is essential for understanding the oceanic nitrogen
cycle and the dynamics of marine ecosystems. The common meth-
ods for detecting NOj include chemiluminescence, fluorescence,
chromatography, and ion chromatography. However, these methods
are relatively time-consuming, fiddly and costly.® When compared
with other methods, electrochemical method has the advantages of
time saving, low cost, inherent miniaturization and portability, which
make it interesting in the field of analytical chemistry.” Some tra-
ditional electrodes like glassy carbon electrode, screen-printed elec-
trode, and bismuth bulk electrode are commonly used as the work-
ing electrode for NOj determination.*'* However, all the electrodes
need polishing process before electrochemical experiments which are
relatively time-consuming. What’s more, they can’t satisfy the need
of sensitivity for detecting NOJ in coastal river water. So it is of
great necessity to fabricate a novel, sensitive and easy-used elec-
trode to achieve the determination of NOj in coastal river water
samples.

Acupuncture is a traditional medical technology originating from
China. There are numerous kinds of materials for acupuncture needles
on the market, such as gold, silver, copper, and stainless steel.!'!?
Among them, stainless steel is most widely used due to its flexi-
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bility and low price.'* It has been reported that the stainless steel
acupuncture needle can be manufactured as micro-needle electrode
(MNE) for electrochemical and bio-sensing applications.!>™!® It ex-
hibits much superior properties in sensitivity and detection limit than
the conventional electrode because of its unique shape and size. Be-
sides, there is no polishing process needed before the electrochemical
experiments.

Lots of functional materials such as copper (Cu), nickel,
copper—nickel alloys, copper—palladium alloys, platinum, lead, silver,
rhodium, boron-doped diamond, gold etc. have been modified on bare
electrodes to enhance their electrochemical properties. As for NO3
detection, copper material has been fully used.!*?! Recently, scien-
tists have made many efforts directing towards the synthesis of Cu
micro-nanostructures, such as nanoparticles, nanoplates, nanoflowers,
nanorods/wires, nanoribbons, micro-dandelions, hollow spheres, spin-
dles, nanofilms, and hierarchical nanostructures, and many of them
were examined for sensing applications.?>>” As to our knowledge,
copper microspheres (CuMSs) modified micro-needle electrode for
NOj detection has ever been reported previously. However, consid-
ering the smooth surface of stainless steel needle, CuMSs are not easy
to be modified on the bare MNE. To solve this problem, some adhe-
sion agents should be adopted to conduct the surface modification of
MNE.

As akind of conducting polymer with excellent conductivity, good
environmental and chemical stability, Polyaniline (PANI) has been
applied to many fields, such as sensing, energy storage, anticorrosion
and adsorption.zg’33 And nanomaterials such as Ag, SiO,, TiO,, Si and
Cu have ever been reported to combine with PANI due to its abundant
binding sites. Moreover, the abundant -NH, group on the PANI chains
can enhance the bonding ability with metal nanomaterials.>*’ So, it
is expected that the PANI film could be deposited on the MNE firstly
to make the CuMSs deposited more easily and stably which has good
electrocatalytic property for the reduction of NO;'.

In this work, PANI and CuMSs modified MNE
(CuMSs/PANI/MNE) has been fabricated for the determination
of NOj in coastal river samples by DPV. PANI film as the conductive
polymer and adhesion agent offers a lot of binding sites to combine
with CuMSs. CuMSs were employed as the excellent catalytic
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material for the electrochemical reduction of NO;. What's more,
the PANI/CuMSs/MNE exhibited high sensitivity, selectivity, and
stability for the voltammetric detection of NOj in coastal river water
samples.

Experimental

Materials and reagents.—Copper sulfate (CuSO,), sulfuric acid
(H,S0,), sodium sulfate (Na,SO,), sodium nitrate (NaNO3), enthanol
(CH3CH,OH) and aniline was purchased from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China). The supporting electrolyte (pH
2) in all experiments was 0.1 M Na,SO, solution containing 0.5 M
H,SO,. Deionized water obtained from Pall Cascada laboratory water
system was used throughout. All chemicals were analytical reagents
and used without further purification. 0.1 M aniline solution was pre-
pared in 0.5 M H,SOj for electrodeposition. Stainless steel acupunc-
ture needles were purchased from Suzhou Medical Appliance Factory
Co. Ltd. (Suzhou, China). Silicone rubber was purchased from Liyang
Kangda Chemical Co. Ltd., China.

Apparatus.—Electrochemical experiments including cyclic
voltammetry (CV), chronoamperometry, differential pulse voltamme-
try (DPV), and electrochemical impedance spectroscopy (EIS) were
performed on a CHI660E electrochemical workstation (ChenHua,
Shanghai, China). The morphologies of the bare and modified
electrodes were characterized by scanning electron microscopy
(SEM, Hitachi S-4800 microscope, Japan) and Energy dispersive
X-ray spectroscopy (EDS, Hitachi S-4800 microscope, Japan). The
modified MNE served as the working electrode, with Ag/AgCl (3.0
M KCl) and platinum foil serving as the reference and counter
electrode, respectively. All potentials were measured with respect to
the Ag/AgCl reference electrode.

Preparation of the CuMSs/PANI/MNE.—Firstly, the MNE was
manufactured by stainless steel acupuncture needles and the manufac-
ture procedure was similar to our previous work with modification.!”
The needle was sealed with silicone rubber with needle tip about
1-2 mm and needle handle out for the sensing surface and elec-
trode connection, respectively. Secondly, the PANI film modified MNE
(PANI/MNE) was prepared by cycling the potential between —0.3 to
+0.9 V at a scan rate of 50 mV/s for 10 circles in 0.5 M H,SO, so-
Iution with 0.1 M aniline. After the electro-polymerization process,
CV was conducted to verify the successful modification of PANI film.
Then the modification of CuMSs on PANI/MNE surface was achieved
by electrodepositing in 0.5 M CuSO, solution at the potential of
—0.25 V for 12 s. And the CuMSs/PANI/MNE was obtained even-
tually after the electrode was cleaned carefully and dried at room
temperature.

Electrochemical analysis procedure—The CV plots were ob-
tained in 0.1 M Na,SO4 (pH 2) from —0.80 to —0.30 V. The EIS
of different electrodes was conducted in 5 mM Kj;[Fe(CN)g]/KCl
(0.5 M) solution. Before the conduction of EIS experiments, the open
circuit potentials were measured firstly, and set as 0.19 V for MNE,
0.24 V for PANI/MNE, and 0.23 V for CuMSs/PANI/MNE, respec-
tively. The current responses of NO3 on different MNEs were inves-
tigated by DPV using the following parameters: initial potential of
—0.30 V, final potential of —0.80 V, amplitude of 0.05 V, potential
incremental of 0.004 V, pulse width of 0.05 s, pulse period of 0.5 s
and quiet time of 2 s.

Results and Discussion

Characterization of the CuMSs/PANI/MNE.—The morphologies
and elemental composition of the modified electrodes were character-
ized by SEM and EDS, respectively. SEM images of MNE (a, b),
PANI/MNE (c), and CuMSs/PANI/MNE (d) are shown in Fig. 1. It
can be seen from Figs. 1a and 1b that the surface of MNE is very
smooth and the needle tip diameter is around 5 pwm (as shown in
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Figure 1. Typical SEM images of MNE (a, b), PANI/MNE (c), and
CuMSs/PANI/MNE (d). Insert shows the amplified and size-marked needle
tip of MNE (a).

the insert in Fig. 1a). After the modification of PANI, it can be seen
clearly from Fig. 1c that there is a film structure covered on the sur-
face of MNE. Fig. 1d shows that CuMSs with the diameter about 0.5
to 1 pm are distributed on the PANI film surface after the process
of electrochemical deposition. And according to the Randles-Sevcik
equation,ﬁ“‘0 the electrochemical areas of bare MNE, PANI/MNE and
CuMSs/PANI/MNE were calculated as 1.75 x 1075, 1.04 x 1073, and
2.94 x 1073 cm?, respectively. The EDS pattern is shown in Fig. 2. It
can be observed that C, N, O, Al, Si, Fe, Ni, Cr are the major elements
of the MNE (Fig. 2a). After the modification of PANI, the weight per-
centage of C and N increased (Fig. 2b). The insertin Fig. 2 shows the re-
gion in the SEM image where the EDS pattern of CuMSs/PANI/MNE
(Fig. 2c) was obtained. Obviously, after the deposition process in
CuSO, solution, the presence of typical Cu peaks at about 0.1 and 8.1
KeV indicates the successful fabrication of CuMSs/PANI/MNE. The
results of SEM and EDS characterization demonstrate that both PANI
film and CuMSs have been successfully modified on the MNE. What’s
more, the excellent electrocatalytic property of CuMSs and adhesion

Counts

0 2 4 6 8 10
Energy/KeV
Figure 2. EDS spectrum of MNE (a), PANI/MNE (b), and

CuMSs/PANI/MNE (c). Insert shows the region in the SEM image where the
EDS pattern of CuMSs/PANI/MNE was obtained.
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Figure3. CV plots of the bare MNE (a), PANI/MNE (b), and
CuMSs/PANI/MNE (c) in 0.1 M Na;SO4 (pH 2) solution. Insert shows the
CV plot of PANI/MNE in 0.1 M Na;SOy solution (pH 2) from —0.4-0.9V.

ability of PANI film will be helpful for the improvement of detection
performance for NOjJ in sensitivity and stability respectively.

Electrocatalysis of the CuMSs/PANI/MNE.—The cyclic voltam-
mograms of bare MNE (a), PANI/MNE (b), and CuMSs/PANI/MNE
(c) are shown in Fig. 3. The electrochemical properties of CuMSs/
PANI/MNE were investigated by CV in 0.1 M Na,SO4 (pH 2) so-
Iution. There is no characteristic peak showed in the voltammogram
of MNE. However, as can be seen from the CV plot of PANI/MNE
showed in the insert of Fig. 3, there are two groups of redox peaks
labelled as Ox1 (0.5 V), Rel (0.1 V), Ox2 (0.8 V), and Re2 (0.6
V), respectively. After the deposition of CuMSs on the surface of
PANI/MNE, an additional oxidation peak at 0.18 V appears on the
CV plot of CuMSs/PANI/MNE. Considering that the difference be-
tween CuMSs/PANI/MNE and PANI/MNE is the presence of CuMSs,
the additional peak in Fig. 3c at 0.18V was believed as the typical peak
of CuMSs.*! Moreover, thanks to the fast electron transfer of CuMSs
and PANI film, the background current density of the modified MNEs
is relatively larger than that of bare MNE.

Electrochemical impedance spectrum (EIS) was used to ver-
ify the capability of electron transfer of different electrodes, as
well as the combined effects of CuMSs and PANI. The semicir-
cle diameter of EIS, equal to the electron transfer resistance (Ret),
is depended on the electron transfer kinetics of the redox probe
at the electrode surface. The nyquist diagrams of bare MNE (a),
PANI/MNE (c), and CuMSs/PANI/MNE (b) were measured in 5 mM
Fe(CN)s*>~/Fe(CN)s*~ solution containing 0.5 M KCI which shown
in Fig. 4. By comparing the semicircle diameters of different elec-
trodes, it can be concluded that the Ret of PANI/MNE is significantly
smaller than that of MNE. This phenomenon indicates the excel-
lent ability of PANI in facilitating electron transfer process of the
[Fe(CN)s]*~/[Fe(CN)g]*~ redox process. However, the Ret becomes
larger after the deposition of CuMSs on the PANI/MNE indicating
the weaker electro-conductive ability of CuMSs than PANI film. Al-
though it has a relatively weak electro-conductivity than PANI film,
CuMSs show excellent electrocatalytic performance for the reduction
of NOj (as discussed below). These results also demonstrate the suc-
cessful fabrication of CuMSs/PANI/MNE.

It has been reported that NO5; ~ reduction in sufficient acidic condi-
tions can occur as an eight-electron process according to the following
equation:*!

NO; + 8¢~ + 10H* — 3H,0 + NHj (1]

DPV was adopted to investigate the electrochemical reduction of
NO; on CuMSs/PANI/MNE (insert in Fig. 5) and voltammetric re-
sponses of NOjJ on different MNEs (Fig. 5). As the insert plotin Fig. 5
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Figure 4. Nyquist plots of the bare MNE (a), CuMSs/PANI/MNE (b), and
PANI/MNE (c) in 0.5 M KCl solution containing 5 mM K3[Fe(CN)g].

shown, there is no any peak on the DPV plot of CuMSs/PANI/MNE
without NO; added. When 1 mM NO;~ added into the electrolyte,
a sharp reduction peak at about —0.53V can be observed. So, the
reduction peak is caused by the electrochemical reduction of NOj.
Additionally, it can be seen from the DPV responses of bare MNE
(a), PANI/MNE (b), and CuMSs/PANI/MNE (c) in 0.1 M Na,SO4
solution (pH 2) with 1 mM NOj5 that there is the reduction peak
of NO;j only on the CuMSs/PANI/MNE. There is no doubt that the
CuMSs/PANI/MNE shows the best performance for NOj voltammet-
ric detection thanks to the excellent catalytic performance of CuMSs.*?
And the function of PANI film is to improve the combining ability
between CuMSs and MNE which is helpful for the improvement of
stability of the functional MNE.

Useful information involving electrochemical mechanism gen-
erally can be acquired from the relationship between current
density and scan rate. Therefore, the voltammetric behavior of
CuMSs/PANI/MNE at different scan rates was investigated in 0.1 M
Na,SO, solution (pH 2) withl mM NO;'. As shown in Fig. 6, the cur-
rent density shows a linear relationship with the square root of scan
rate in the range of 10 to 300 mV/s. It is obvious that the reduction of
NO; on CuMSs/PANI/MNE is a diffusion controlled process.*®
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Figure 5. DPV plots of the bare MNE (a), PANI/MNE (b), and
CuMSs/PANI/MNE (c) in 0.1 M Nap SOy solution (pH 2) with 1 mM NOj'.
Insert shows the DPV plots of CuMSs/PANI/MNE in 0.1 M Na;SO4 solution
(pH 2) with and without 1 mM NO3.
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Figure 6. CV plots of CuMSs/PANI/MNE in 0.1 M Na;SOj4 (pH 2) solution
containing 1 mM NO3 ™~ at different scan rates (10-300 mV/s). Insert shows
the dependence of peak current density on the scan rate from 10-300 mV/s.

Optimization for the response of NO3 on CuMSs/PANI/MNE.—
It should be noted that the CuMSs can be hardly deposited on the bare
MNE, and be easily deposited after the modification of PANI film.
Considering that the PANI film can provide much rougher surface
and higher electrochemical area, the presence of PANI film may pro-
vide more binding sites for the deposition of CuMSs. This suppose
was verified by ranging the deposition cycles of PANI film from 5 to
30 to investigate its influence on the deposition of CuMSs and cor-
responding current responses to NO3;~. As shown in Fig. 7a, peak
current density of NOj increases with the cycles from 5 to 20, and
decreases gradually after 20 cycles. With the increase of deposition
from 5 to 20 cycles, more PANI could be deposited on the MNE sur-
face and more CuMSs with excellent catalytic performance could be
combined. However, when the deposition cycle is more than 20, the
redundant PANI might be reunited on the electrode surface and hinder
the deposition of CuMSs, which decrease the electro-caltalytic reduc-
tion performance and current response of NO5 . As a result, 20 cycles
was used as the optimal one for the deposition of PANI.

In this work, dc-potential was used only for the deposition of
CuMSs, and our preliminary experiments indicated that the deposi-
tion potential had little effect on the ability of PANI film to provide
binding sites. However, the effect of deposition time of CuMSs on
the peak current density of CuMSs/PANI/MNE was investigated by
ranging from 5 to 27 s. As shown in Fig. 7b, the peak current den-
sity of NO; increases from 5 to 12 s, and the maximum peak current
density appear at the deposition time of 12 s. And then, from 12 to 27
s, the peak current density becomes stable. It can be concluded that
with the increase of deposition time, more CuMSs will be deposited
on the MNE surface which can make an enhanced performance for the
electrochemical detection of NO5. After 12 s of the deposition time,
more CuMSs will be deposited and aggregated, and the electroactive
surface will not increase continually. As a result, no enhancement of
peak current density will be obtained. So, in this work, the optimal
deposition time was chosen as 12 s.

The eftect of pH of the supporting electrolyte was also investigated
by ranging from pH 1 to 5. As shown in Fig. 7c, the peak current
density of NOj increases with the pH from 1 to 2, and there is the
maximum current response when the pH is 2. However, when the pH
is larger than 2, the peak current density decreases gradually with the
increase of pH from 2 to 5. And the possible reason is that there is not
enough H to support the reduction of NO5 . Thus, pH 2 is chosen as
the optimum pH of the electrolyte solution.

Performance of the CuMSs/PANI/MNE for NOj detection.—
The calibration plot for NO;~ determination was derived from the
DPV plots obtained at the CuMSs/PANI/MNE in 0.1 M Na,SO, un-
der the optimum conditions. As shown in Fig. 8, the peak current
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Figure 7. Effects of the deposition cycles of PANI (a), deposition time of
CuMSs (b), and pH of electrolyte solution (c) on the peak current density.

density is linear with the concentration of NOJ ranging from 0.02 to
6 mM. The equation for linear regression is j = 141.69C + 222.69
(R? = 0.995) with detection limit of 8 WM. The comparison of the
CuMSs/PANI/MNE fabricated here with other electrodes for NO3
determination is presented in Table I. It can be seen that when com-
pared with other electrodes, the CuMSs/PANI/MNE shows superior
performance for NO; determination.

Study of repeatability, interference, and stability.—The repeata-
bility of the CuMSs/PANI/MNE was studied using the same electrode
for fifty measurements and the RSD is 2.8%, indicating the good re-
peatability of the functional MNE. To investigate the effects of possible
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Figure 8. Calibration curve of NO3~ at the CuMSs/PANI/MNE, where the
concentrations of NOj are from 0.02 to 6 mM in 0.1 M NaySO4 (pH 2)
solution. Insert shows the voltammograms with baseline correction obtained
on the CuMSs/PANI/MNE with successive addition of 0.02 to 6 mM NO5.

interfering species for NO; determination, the CuMSs/PANI/MNE
was used in 0.1 M Na,SO, containing 1 mM NOj with various for-
eign species added. The results show that additions of 30-fold Cu?*,
Cr**, 10-fold Zn>*, As**, and equivalent NO; do not affect the deter-
mination of NOJ . However, the addition of equivalent C1~ resulted
in an enhancement of the peak current density and the shift of the peak
potential towards more negative. Stability of the CuMSs/PANI/MNE
was investigated by measuring the current response of NO; several
times every few days and there was no obvious decrease of the peak
current density after seven days. So, the CuMSs/PANI/MNE has the
good repeatability, anti-interference ability, and stability.

Analytical applications.—The practical application of the func-
tional MNE was investigated by the determination of NOJ in coastal
river water samples. The samples were collected on June 2018 from
Yellow River Delta, DongYing, China. After collection, the samples
were filtered (0.45 pm membrane filters) and kept in a refrigerator
at 4°C until detection. The concentrations of NOjJ in the real wa-
ter samples were determined by standard addition method with the
CuMSs/PANI/MNE. The results obtained with the micro-needle elec-
trode were in agreement with that detected by ion chromatography
method (IC), indicating the good accuracy of the CuMSs/PANI/MNE.

Table 1. Comparison of the analytical performance of CuMSs/
PANI/MNE with previously reported electrodes for NOj
detection.

Modified Linear range LOD

electrode Methods (mM) (WM) Reference

Cu electrode DPV 0.1-2.5 11.0 42

BiB/Cu DPV 0.013-3 6.0 44

Pd-Sn- microband electrode LSV 0.016-0.333 - 45

CNT-PPy-Pt electrode (&\% 0.0005-0.01 0.2 46

L-SCMNPs-CPEs SWV 0.1-1.982  87.0 47

Ag electrode DPV - 65.0 48

Cu electrode Amp. 0.1-2.5 4.2 49
CuMSs/PANI/MNE DPV 0.02-6 8.0  This work

CNT-PPy-Pt electrode: carbon nanotubes—polypyrrole nanocomposite
platinum electrode.

L-SCMNPs-CPEs: 3,6-bis(2{2-sulfanyl-ethylimino-methyl]-4-(4-nitro-
phenylazo)-phenol)pyridazine coated SiO, @Fe3O4 -carbon paste
electrodes.

Journal of The Electrochemical Society, 166 (12) B1038-B1043 (2019)

Table II. Comparison of the results for NO3 detection in coastal
river samples by the proposed and ion chromatography method
(n=3).

Detected by the Detected by IC
Samples proposed method (mM) method (mM)
Sample 1 0.247 £ 0.02 0.231
Sample 2 0.317 £0.11 0.322
Sample 3 0.039 £ 0.08 0.041

A comparison of results for NO; determination in coastal river water
with the CuMSs/PANI/MNE and IC is shown in Table II. The results
show that the CuMSs/PANI/MNE proposed here is suitable for the
determination of NOJ in real coastal river waters.

Conclusions

In summary, a new kind of micro-needle electrode was fabricated
and functionalized with PANI film and CuMSs via electrochemical
deposition method for the determination of NOJ in real coastal river
waters. The CuMSs/PANI/MNE was characterized by different spec-
troscopic and electrochemical methods. Under the optimal conditions,
the CuMSs/PANI/MNE functional shows a linear response to NO3
in the concentrations ranging from 0.02 to 6 mM (R? = 0.995) and the
detection limitis 8 wM. And the determination of NO; in coastal river
waters was achieved by the micro-needle electrode with satisfactory
results.
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