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1 Introduction

ABSTRACT

A non-enzymatic electrochemical sensor (modified carbon paste electrode (CPE)
using LayO3—Co030, nanocomposite and ionic liquid) was made for sensitive
quantification of hydrazine. The scanning electron microscopic (SEM), X-ray
powder diffraction (XRD) as well as Fourier transform infrared spectroscopy
(FT-IR) were employed for finding the nanocomposite characteristics. The
electrochemical measurements revealed that combination of La,O3—Co3z0y4
nanocomposite and ionic liquid and carbon paste showed very good voltam-
metric responses toward hydrazine oxidation with the broad linear ranges
between 0.1 and 120.0 uM and low detection limit (DL) of 0.01 pM, and 203.6 pA
mM ' cm™? sensitivity. Then, hydrazine in different water samples was deter-
mined by the standard addition procedure. We observed reasonable findings
with relative standard deviation (RSD) of less than 3.4% and 96.0-103.0%
recovery for 5 parallel measurements. Hence, La;O3-Co5;0,/CPE can be con-
sidered as one of the novel platforms for hydrazine to be electrochemically
detected.

(EPA) [9]. This material may lead to serious injuries
to the liver, lungs, nervous system, spinal cord,

Hydrazine (N;H4) has an extensive application in
different areas like industrial factories, pharmaceuti-
cals, rocket propellants, photography chemicals as
well as corrosive inhibitors [1-4]. Despite these
numerous applications, N,H, has been reported to be
poisonous, carcinogenic and cyanogenetic [5-8] by
the United States Environmental Protection Agency

Address correspondence to E-mail: asadollahzadeh90@yahoo.com

@ Springer

pneumonia, kidney damaging and temporary blind-
ness and dizziness [10, 11]. Moreover, severe expo-
sures to hydrazine can lead to mortality [9, 12].
Because this material has been considered to be
carcinogenic and mutagenic, experts in the field have
considerably examined its determination [13, 14].
Therefore, various methods have been proposed for
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determination of this material, such as spectropho-
tometry [15], amperometry [16], titration [17],
chemiluminescence [18], fluorimetry [19] as well as
electroanalytical procedures [20-22]. Researchers
have also presented some procedures other than
electroanalytical ones that suffer from complexity,
taking a lot of time to be performed, and incapability
of determining the real-time concentration of N,H,
[23]. In fact, electrochemical approaches have pro-
vided opportunities for N,H, determination that are
cost-effective, sensitive, fast, and portable [24].
However, oxidation of hydrazine electrochemically
because of the sluggish kinetics at the surface of the
bare electrode was occurred in a high oxidation over-
potential [25].

Hence, numerous studies addressed the elimina-
tion of the above challenge by chemical modification
of surface of electrode using a novel group of mate-
rials, including metals and metal oxides [26, 27].
Today, the ability of modified electrodes to reduce
over-potential and enhancing the oxidation currents
has been proven [4, 28—47].

In this context, efforts have been made towards the
development of different types of chemically modi-
fied electrodes based on nanostructure materials: Pt
nanoparticles (NPs) supported on a nano porous gold
electrode, reduced graphene oxide-cobalt oxide nano
cube@gold nanocomposite, NiCo,O, nano rod, car-
bon dots-Cu,O/CuO, Co3;04/N-doped carbon
nanocomposites, ZrO, NPs, NiCo,S, porous sphere,
Pt-Cu@silicon, Co-CeO, nanoflake, multilayered
reduced graphene oxide/gold—palladium nanohy-
brid, Ag@C core-shell and poly (alizarin yellow R),
Material of Institute Lavoisier-53(Fe), cobalt NPs
intercalated nitrogen-doped mesoporous carbon
nanosheet networks [47], etc.

Sensors have wide applications in various fields:
gas detecting [48], ammonia sensors [49], H,O, or
nitrite detection [50], filed of piezoresistive pressure
sensors [51], nitrogen oxide detection [52], in the field
of medical care [53, 54], glyphosate detection [55], etc.

More recently, Co3;04 and La;O3 NPs in the field of
microwave absorption were also attracted wide
attention [56, 57]. Therefore, with respect to these
reports, the modified carbon paste electrode using
La,O3-Co304 nanocomposite and ionic liquid, should
be have potential applications in the microwave
absorption.

As far as we know, there was no report on the
hydrazine oxidation with the modified La,O3-Co30,
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nanoparticles-ionic liquid CPE (LaCoIlLCPE). The
aim of this research is preparing of the LaCoILCPE as
the novel electrode and assesses of its function for
N,;H, determination. Then, applicability of the
LaCoIlLCPE for voltammetric determination of
hydrazine in the real samples was assessed.

2 Experimental
2.1 Devices and chemicals

Devices utilized in this research are similar to the
devices reported in the previous article [58].

Hydrazine hydrate (N,H4HO, 80%), Na,HPO,
and NaH,PO, bought from Sigma Aldrich Company.
Moreover, we employed Na,HPO, and NaH,PO, for
preparing phosphate buffer (PB) supporting elec-
trolyte solution. In addition, all chemical compounds
used in this work was analytical grade. Notably,
deionized water was used for preparation of all
solutions.

2.2 La,03-Co304 nanocomposite synthesis

According to the research design, at first La,Os-
Co304 nanocomposite was synthesized according to
the previous report [58]. Briefly, we dissolved
0.46 mol of cobalt acetate in a beaker containing
80 mL of deionized water into a reaction bath, and
0.18 mol of thiourea was added to it with stirring and
lastly 19.76 mL of ammonia was added to this solu-
tion, and five minutes shake. In the next step, the bath
temperature enhanced up to 80 °C to form precipi-
tate. This mixture put aside overnight, and then fil-
tered. The filtrate was washed with ethanol and dried
using an oven at 90 °C for 4 h. The obtained powder
was Co304 NPs.

Then, 50 mL deionized water was given in a beaker
and 0.2 mol of lanthanum nitrate, 0.1 g of Co3O04 NPs
was added to it. In the following, NaOH solution
(1.5 M) were poured dropwise to this solution until
the pH of the solution reached to 10. Then, temper-
ature of the solution was increased up to 80 °C and
stirred for 1h. The final product (LayO3—Co304
nanocomposite) was centrifuged at 3000 rpm for fif-
teen minutes, and washed with deionized water
many times and ultimately vacuum-dried at a tem-
perature of 60 °C overnight.
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2.3 Preparation process of the electrode

In order to prepare the modified electrode, 0.9 g
graphite powder with 0.1 g of La,O3-Co5;04 was
mixed into a mortar. Then, 0.5 mL of paraffin and
0.2 mL ionic liquid was poured and again mixed for
fifteen minutes. In the next step, the resultant paste
entered into a glass tube (10 cm long and 3.4 mm i.d.)
and packaged. In the following, a copper wire was
inserted into the paste to make an electrical connec-
tion. After that, the excess paste pressed out of the
glass tube and for obtaining the renewable surface a
weighing paper was used to polish it. Furthermore,
we applied a similar approach for preparing the
La;03-Co304 nanocomposite CPE (LaCoCPE) with-
out ionic liquid, ionic liquid paste electrode (ILCPE)
without the La,O3-Co30,4 nanocomposite, as well as
the bare CPE without ionic liquid and the La,Os-
Co304 nanocomposite for comparison.

2.4 Preparation process of the real samples

The water samples were collected from different
places and used a 0.45 pm filter to filter them. In the
next step, 10 mL of each water sample was trans-
ported into a 50 mL volumetric flask and diluted to
the mark with PBS (pH of 7.0). Then, a certain volume
of 100.0 pM hydrazine standard solution was poured
into each sample before performing filtration for
preparing the spiked samples.

3 Results and discussion

3.1 Structure and morphology
of the La,03-Co030, nanocomposite

The morphology of the La,0O3—Co30,4 nanocomposite
was examined via SEM image (Fig. 1) and revealed
that the nano-CozO, has layered morphology con-
sisting of mnanosheets as reported by another
researcher [56]. On the other hands, the nano-La,O3
displaying ball-like particles, with diameters of
20-1000 nm as reported by another researcher [59].
Therefore, as can be seen in Fig. 1, the La;O3 NPs was
formed on the surface of the Coz;O4 NPs.

Figure 2 represents FI-IR spectra of the La,Os—
Co30, nanocomposite (400-4000 cm™'). This spec-
trum showed two strong vibrational band at ~ 520
and 449 cm~!, which is attributed to metal-O
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Fig. 1 The SEM image of La,O;—Co030,4 nanocomposite

vibration. Wide absorption peak appearing at nearly
3417 cm ™! could be assigned to symmetric vibration
of -OH groups of the absorbed H,O molecules.

Figure 3 demonstrates outputs of XRD for the
synthesized La,0O3-Co304 nanocomposite. As shown
in the figure, each major diffraction peak in the
spectra represents a pure phase for La,O3;—Co0304
nanocomposite and is completely consistent with the
sample standard peaks. The diffraction peaks at 31.7°,
36.1°, 44.5°, 59.9° and 64.9° corresponding to (220),
(311), (400), (511) and (440) planes of Co for Coz04
NPs (Fig. 3) corresponded to values from JCPDS
74-2120 [60].

Moreover, the diffraction peaks at 15.1°, 28.5°,
29.1°, 39.8° 49.1° and 55.2° corresponding to (100),
(002), (101), (102), (211) and (201) plane of La,Oj
corresponded to values from JCPDS 41-4019.
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Fig. 2 The FT-IR image of La,O3—Co030,4 nanocomposite
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Fig. 3 The XRD pattern of the La,O3—Co030,4 nanocomposite

3.2 Electrochemical behavior of hydrazine
at the LaCoILCPE surface

The obtained CVs for electrochemical oxidation of
50.0 uM hydrazine at the bare CPE, the LaCoCPE, the
ILCPE, and the LaCoILCPE are presented in Figs. 4a,
4b, 4c and 4d, respectively.

As illustrated in the figure, the anodic oxidation
potential of hydrazine at the surface of the
LaCoIlLCPE and the bare CPE is 810 mV and
1060 mV, respectively, which reflects the capability of
the La,03-Co304 nanocomposite as well as IL as one
of the proper mediators. Compared to the bare CPE,
the anodic oxidation potential of hydrazine at the
LaCoILCPE switched around 250 mV to negative
values. Nonetheless, as compared to the bare CPE,
the anodic peak current (curve d) considerably

18.0

12.0

I/ pA

6.0

0.0
0.4 0.9 1.4 1.9
E/ mV vs. Ag/AgCI/KC1

Fig. 4 The cyclic voltammograms of the unmodified CPE (a), the
LaCoCPE (b), the ILCPE (c) and the LaCoILCPE (d) in the
presence of 50.0 uM hydrazine into 0.1 M PBS (pH of 7.0). Scan
rate equaled 50 mV/s in all cases
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increased, which can be attributed to the probable
electrocatalytic impacts of the LaColLCPE on
hydrazine.

In the next step, optimizing the solution pH would
be crucial to achieve electrocatalytic oxidation of
hydrazine. Therefore, the dependence of electro-
chemical activity of hydrazine on the pH value of the
aqueous solution was also assessed. For this purpose,
we used CV to investigate electrochemical activity of
hydrazine into 0.1 M PBS with different pH-values
(3.0 < pH <9.0) at the LaColILCPE surface. The
results showed that the electrochemical oxidation of
hydrazine at the LaCoIlLCPE surface in neutral con-
ditions is better than acidic or alkaline conditions
(Fig. 5). Therefore, pH of 7.0 was chosen as optimum
pH for electrochemical oxidation of hydrazine at the
LaCoILCPE surface.

3.3 Effects of the scan rate

The impact of the potential scan rates on the oxida-
tion current of hydrazine was second parameter that
was assessed (Fig. 6) and observed that with increase
of the scan rate, the peak current was also enhanced.
Due to the linear dependence of the anodic peak
current (I,) against the square root of the scanning
rate (v'/?), it can be concluded that oxidation process
is diffusion-controlled.

In the following, using the data of the CV recorded
at a scan rate of 10 mV s}, the TOEFL curve was
plotted (Fig. 7). This section of voltammogram that is
called Tafel region would be influenced by the elec-
tron transfer kinetic between substrate (hydrazine)
and the LaCoILCPE. The Tafel slope is 0.1084 that
completely match with the involvement of 1 electron
in the rate-determining step of the electrode [61],

141

104

I/ pA

pH

Fig. 5 The plot of I, vs. pH
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Fig. 6 CVs of the LaCoILCPE into 0.1 M PBS (pH of 7.0)
containing 50.0 uM hydrazine at different scan rates. Notably, 1 to
9 are corresponding to 10, 25, 50, 75, 100, 200, 300, 400 and
500 mV s~'. Inset: Variations in the anodic peak current versus
the square root of the scan rates
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Fig. 7 A Tafel plot extracted from CV of the LaColLCPE into

0.1 M PBS (pH of 7.0) containing 50.0 pM hydrazine at a scan
rate equal to 10 mV s~
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considering the charge transfer coefficient, a = 0.46
for hydrazine.

3.4 Chronoamperometric measurement

In the next step, to perform the chronoamperometric
measurements of hydrazine at the surface of the
LaCoILCPE, the working electrode potential was
adjusted at 900 mV versus Ag/AgCl/KCl (3.0 M)
(Fig. 8). The current produced from electrochemical
reaction at the mass transport limited condition for
electroactive material (in this case: hydrazine), that
having a diffusion coefficient of D can be ascribed by
Cottrell equation [61]:

I = nFAD'V2Cyn 1247172 (1)

here C, and D imply the bulk concentration (mM)
and diffusion coefficient (cm* s™'). The chronoam-
perometric measurements of hydrazine are per-
formed in diverse concentrations of hydrazine (0.1 M
of PBS at pH of 7.0). Then, the plots of I versus t~'/?

420
180,
4
20
=
60
1
280 0 ,
0 3.6
] 42
=24.265x +1.7404
S o Y R#= 0),(9986
i 28
T
g
] =
0 . . .
0 0.6 12 18
[Hydrazine]/ mM
o / 8 16 24

1 1s

Fig. 8 Chronoamperograms observed at the LaColLCPE into
0.1 M PBS (pH of 7.0) containing different concentrations of
hydrazine. It is notable that 1 to 4 are corresponding to 0.1, 0.4,
0.9 and 1.5 mM of hydrazine. Inset: The plot of I versus =2
obtained from the chronoamperograms 1-4 (a), the slope of
straight lines against concentration of hydrazine (b)
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E/mV vs. Ag/AgCVKCl

Fig. 9 The DPV of the LaCoILCPE into 0.1 M PBS (pH of 7.0)
containing different concentrations of hydrazine (0.1, 5.0, 10.0,
20.0, 30.0, 40.0, 50.0, 60.0, 70.0, 80.0, 90.0, 100.0 and
120.0 pM). Inset: The peak current plot versus concentration of
hydrazine in ranges from 0.1-120.0 uM

were plotted (Fig. 8a). In the following, the slopes of
the resultant straight lines versus (Fig. 8b) concen-
tration of hydrazine were plotted. Based on the final
slope and the Cottrell equation, the mean value of D

for hydrazine was calculated as 5.0 x 10° cm? s~
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which is consistent with the reported results by
another researchers [62, 63].

3.5 Calibration plot and detection limit

It is possible to use electrooxidation peak current of
hydrazine at the LaCoILCPE surface for measure-
ment of hydrazine in solution. Since DPV has a
higher sensitivity compared to other quantitative
methods, therefore, this method was used to inves-
tigate the linear range of the method. To perform this
test, the LaColLCPE was placed in a series of
hydrazine solutions with different concentrations
and peak current was measured. According to the
findings (Fig. 9), the oxidation current of hydrazine at
the LaCoILCPE surface has a linear dependence on
the hydrazine concentration (at range 1.0 x 107-
1.2 x 107 M), with a correlation coefficient of 0.9983.
Finally based on 3 s, a detection limit of 0.1 x 107 M
for hydrazine was calculated.

Table 1 compares analytical function of the
LaCoILCPE with the other modified electrodes
[9, 30, 33, 36, 45, 47, 62, 64—68]. As seen in the table,
the sensitivity, the detection limit and the linear
range obtained using the LaCoILCPE is in the range
of many reports or even better. As can be seen in

Table 1 The comparison of the effectiveness of some approaches employed to detect hydrazine

Method Sensitivity (LA/ LOD Dynamic range Refs
MM cm?) (M) (uM)

Reduced graphene oxide-cobalt oxide nanocube@gold nanocomposite/glassy 0.5830 443 10-620 [9]
carbon electrode

Nanoporous gold electrode decorated with Pt nanoparticles 3.449 1030 5-6105 [30]

NiCo,04 nanorod/glassy carbon electrode 0.0482 260 10-2250 [33]

Carbon dots-Cu,O/CuQO/glassy carbon electrode 0.0044 24 0.99-5903 [36]

Au/Pd nanoparticles interleaved reduced graphene oxide/glassy carbon 0.125 16 0.1-200 [45]
electrode

Material of Institute Lavoisier-53(Fe)/glassy carbon electrode 0.2122 30 0.25-380 [47]

Co0304/N-doped carbon/ glassy carbon electrode 0.0566 110 0.5-977.4 [62]

Two new Cu(Il) and Ni(Il) complexes of a tetradentate N,O, Schiff base 0.00487 166.66  0.5-150 [64]
ligand/glassy carbon electrode

Copper oxide anchored onto wormlike ordered mesoporous carbon/ glassy 0.1174 887 1-2110 [65]
carbon electrode

Ag nanoparticles on nano cobalt-based metal organic framework//carbon paste 0.0411 1450 4-326 [66]
electrode

Cu;(BTC),/GO nanocomposite/glassy carbon electrode - 500 1-5000 [67]

MoS,/rGO)/Au/glassy carbon electrode 0.032 500 2-30 [68]

LaCoILCPE 0.2036 10.0 0.1-120 This

work

@ Springer
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Fig. 10 The bar chart shows the current response of the
LaCoILCPE to 50 pM of hydrazine coexisting in the solution
with 0.5 mM of each interfering species (KCl, NaCl, MgCl,,
CaCl,, Na,CO3, Uric acid, Glucose, Saccarose and Ascorbic acid)

Table 1, the LaCoILCPE sensor shows lower detec-
tion limit and higher sensitivity than others. The high
sensitivity may be ascribed to the high porous
structure of the La;,O3—Co30, nanocomposite, which
facilitates the transport of electroactive molecules.
The low detection limit may be the result of the
synergistic effect of the La,O3 NPs, the Co;04 NPs
and ionic liquid.

3.6 Reproducibility and stability

To evaluate the reproducibility of the LaColLCPE
sensor, DPV was used. The calculated RSD for ten
measurements of 50 pM of hydrazine was 2.9%,
which demonstrates reasonable reproducibility of the

J] Mater Sci: Mater Electron (2021) 32:25258-25268

LaCoILCPE sensor. For assessment of stability of the
LaCoILCPE, a modified electrode was storage for
21 days, and then used for hydrazine determination.
The obtained data showed that current response of
the LaCoILCPE to the hydrazine after 21 days was
96.1% of its initial value, which illustrates a very good
storage stability.

3.7 Interference effect

The interference effect is a very important factor in
the analytical chemistry. For this research, we deter-
mined the impact of some possible interfering species
on the detection of 50.0 pM hydrazine by DPV.
Results (Fig. 10) were shown that tenfold KCl, NaCl,
MgCl,, CaCl,, NayCOs, Uric acid, Glucose, Saccarose
and Ascorbic acid had no interference in detecting
hydrazine, and the variation in the current caused by
the interference species was less than & 5%. There-
fore, it can be concluded that, the LaCoILCPE enjoys
an acceptable selectivity to detect hydrazine.

3.8 Real-sample analysis

For this step, the LaColLCPE was employed to
measure hydrazine in different water samples. After
the sample pretreatment (Sect. 2.4), hydrazine was
determined by DPV. Since, the real samples were
assessed and are without hydrazine, therefore a
known concentration of hydrazine was added into
the samples and was determined by DPV. Table 2
gives the outputs and showed that the recoveries of
this new method are in the range of 96.0-103.0%.
Moreover, RSD values n=D5) are< =+ 3.4%,

Table 2 Utilization of the

LaCoILCPE to detect Sample Spiked (M) Found (uM) Recovery (%) RSD (%)
hydrazine in the water samples River water B ND* B B
(=3 10.0 9.8 +0.2 98.0 32
20.0 193 £ 0.5 96.5 3.0
50.0 514£13 102.8 2.6
Well water - ND - -
10.0 9.6 £0.2 96.0 29
20.0 20.5 £ 0.4 102.5 2.6
50.0 515+ 14 103.0 3.1
Top water - ND - -
10.0 99+03 99.0 33
20.0 19.6 £ 0.5 98.0 2.8
50.0 505 £ 1.5 101.0 2.7

*Not detect

@ Springer
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demonstrating hydrazine detection in the water
samples using the LaCoILCPE is highly reliable.

4 Conclusion

As mentioned earlier, we applied the La,O3-Co0304
nanocomposite as well as an ionic liquid as the
modifier for modification of carbon paste electrode,
and designed a new sensor providing a sensitive
approach to detect hydrazine. This new approach is
simplified, portable, and economical to measure the
concentration of hydrazine in different water samples
with an acceptable analytical function. As a result of
the good combination of La,O3—Co304 nanocompos-
ite and ionic liquid, this sensor shows dramatic
electrochemical activities for hydrazine oxidation.
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