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Abstract
Recently, transition metal oxides, which exhibit favorable catalytic abilities, have also been investigated as a
material for the detection of hydrazine (N2H4). It has been reported that mixed metal oxides usually offer a
higher electrochemical activity than binary oxides. In this work, a TiO2–Fe2O3 coupled system is presented
as an enhanced material with major applications in electrochemical detectors. The electrochemical behavior
of glassy carbon electrodes modified with TiO2–Fe2O3 in the absence and presence of hydrazine was
evaluated via cyclic voltammetry (CV). Experimental results also suggest that the formation of the TiO2–
Fe2O3 coupled system enhances electrochemical catalytic performance in N2H4 detection. The modification
TiO2 + 2 mol% Fe2O3 provides good analytical performance of detection (0.13 mM) and quantification
limits (0.39 mM). The presented coupled system provides the premise for a suitable material for a stable and
sensitive N2H4 sensor.
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1. Introduction

Hydrazine (N2H4) and its derivative compounds are widely used in agriculture as well as the
chemical and pharmaceutical industries, with application as antioxidants, emulsifiers, insecticides,
plant-growth regulators, corrosion inhibitors, and catalysts in fuel for aircraft and satellites [1–3].
In spite of its importance, hydrazine has been reported to act as a carcinogen, hepatotoxin and
neurotoxin which damages the lungs, liver, kidneys, brain, DNA and also causes an irreversible
deterioration of the nervous system [4]. In addition, hydrazine and its derivatives contribute to
environmental pollution.

The maximum recommended level of hydrazine in trade effluents is 1 ppm [5, 6]. Accurate
and sensitive hydrazine detection procedures are, therefore, absolutely, indispensable. Numerous
instrumental methods have been applied to determine N2H4, including potentiometry, spec-
trophotometry, fluorescence, and chromatography [7–12]. Of such methods, the electrochemical
technique has been considered particularly attractive owing to its high sensitivity, good selectivity,
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fast response, simple instrumentation and low cost [13, 14]. The electroanalysis of hydrazine is
based on its direct oxidation on the electrode surface. However, the determination of N2H4 on
an unmodified electrode is restricted by a very low reaction rate, large overpotentials and small
oxidation currents [15, 16]. In order to improve its analytical properties, chemical modifications
of inert electrodes have been extensively explored. Many sensing materials, such as metallic
nanoparticles, conducting polymers, or nano-carbon based materials, have been developed to
allow the fabrication of non-enzymatic hydrazine sensors [17–20]. Recently, transition metal
oxides, which exhibit favourable catalytic abilities, have also been investigated as a material for
the detection of N2H4. It has been reported that mixed metal oxides usually offer higher elec-
trochemical activity than binary oxides [21–24]. It appears that such systems benefit from the
combination of the best properties of their pure components and that the electronic structure of
the system can be expected to change as a result. Titanium dioxide (TiO2), which exhibits good
chemical and thermal stability, ion-changeable ability, and biocompatibility, is one of the most
promising semiconductors in this respect. The prerequisite for the optimal performance of titania
is the selection of an appropriate supporting material [25–27] which yields a possible synergetic
effect and thus contributes to the enhancement of electrocatalytic activity.

In this work, a TiO2–Fe2O3 coupled system is presented as an enhanced material with major
applications in electrochemical sensors of hydrazine [28–30].

2. Experimental

2.1. Synthesis procedure

The sol-gel technique was applied to obtain a series of TiO2–Fe2O3 mixed oxide powders with
different Ti:Fe molar ratios. The TiO2–Fe2O3 coupled system was prepared by means of a modified
synthetic procedure proposed by Kundu et al. [31]. Powders based on titanium dioxide were
prepared from tertaisopropyl orthotitanate (C12H28O4Ti, Fluka) and iron (III) nitrate nonahydrate
(Fe(NO3)3 × H2O, Fluka) as precursors. The sol of titania was obtained via the hydrolysis of
C12H28O4Ti in a mixture of acetic acid and ethyl alcohol (in a volume ratio of 1 : 3). After
mixing at room temperature for 1 h, an aqueous solution of Fe(NO3)3 was added and stirring
continued for another hour. The sol was left to congeal in air for 72 h, and then heated in an oven
at temperatures of up to 373 K for 7 days. The samples were calcinated at 923 K. They exhibited
colour gradation from white – for undoped TiO2, through yellow, to light brown – when the
Fe2O3 content increased. The crystal structure of the materials was examined by means of X-ray
diffraction conducted using a Philips X’Pert Pro MD diffractometer.

2.2. Cyclic voltammetry measurements

Electrochemical measurements – cyclic voltammetry (CV), linear sweep voltammetry (LSV),
and chronoamperometry (CA) – were carried out with an M161 electrochemical analyzer (MTM-
ANKO), at room temperature.

A conventional three-electrode system was applied, with a TiO2–Fe2O3–Nafion modified
glassy carbon electrode (TiO2–Fe2O3–Nafion/GCE) as the working electrode, platinum wire as
the auxiliary electrode, and Ag/AgCl as the reference electrode (Fig. 1). The GCE (3 mm diameter)
was polished before the experiment with a 1.0 and 0.3 µm alumina powder, and then cleaned
ultrasonically with distilled water and ethanol to remove trace amounts of contaminants. In a
subsequent step, 10 µl of a TiO2 and TiO2–Fe2O3 powder dispersion (7.2 mg in 1 ml of Nafion)
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was deposited on the pre-cleaned GCE and allowed to dry in air under ambient conditions. Cyclic
voltammograms were recorded in 0.1 M NaOH upon the successive addition of hydrazine.
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Fig. 1. Schematic illustration of cyclic voltammetry measurements system.

The electrochemically active surface area was determined using the Randles–Sevcik equation.
Cyclic voltammograms for 1 mM of K3[Fe(CN)6] in 0.1 M of KCl as a supporting electrolyte
were then recorded at scan rates (v) varying from 25 to 500 mV/s.

3. Results and discussion

3.1. TiO2–Fe2O3 powder characterization

The crystal structure and phase composition of titanium(IV) oxide modified with Fe2O3 were
determined based on XRD studies. The analyzed diffraction patterns indicated that TiO2 had
crystallized as anatase. TiO2 + 2 mol% of Fe2O3 materials are a mixture of two polymorphs of
titanium dioxide, anatase and rutile. However, the anatase polymorphic form was predominant.
In the case of the TiO2 + 20 mol%Fe2O3 a contribution from pseudobrookite (Fe2TiO5) was also
found. These results are consistent with the phase diagram for the TiO2–Fe2O3 system proposed
by MacChesney and Muan [32].

3.2. Electrochemical behaviour of GC electrodes modified with TiO2–Fe2O3

To investigate the surface of the working electrode, the Fe(CN)3−/4−
6 redox system and the

Randles–Sevcik equation were used [33, 34]. The effect of applying different scan rates in the range
from 25 to 500 mV/s with the analyzed GC electrodes modified with titania, investigated using
a 0.1 M KCl solution containing 1 mM of K3[Fe(CN)6], is shown in Fig. 2a; the corresponding
current vs. ν0.5 plots are presented in Fig. 2b.

In the voltammograms recorded using the glassy carbon electrode modified with TiO2 at
different scan rates (Fig. 2a), two peaks – an anodic and a cathodic one, attributed to the presence
of the ferricyanide/ferrocyanide redox couple – can be seen. According to the Randles–Sevcik
equation:

I = 0.4463
(
F3RT−1

)0.5
A n1.5D0.5C0ν

0.5, (1)
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Fig. 2. (a) CVs recorded for 0.1 M of KCl + 1 mM of K3[Fe(CN)6] using a GC electrode modified with TiO2, at various
scan rates; (b) peak current as a function of the square root of the scan rate.

where F is the Faraday constant (96485 C/mol), R is the gas constant (8.314 J/molK), A represents
the electrochemically active surface area of the electrode (cm2), I stands for current peak (A),
n corresponds to the number of electrons involved in the redox reaction (n = 1), T is temperature
(298 K), and D and C0 represent the diffusion coefficient (7.2 × 10−6 cm2/s) and concentration
(1 mM) of K3[Fe(CN)6], respectively.

The active surface area can be calculated from the slope of I vs. ν0.5. The results revealed that
TiO2 + 20 mol% of Fe2O3 (5.62 mm2) had the biggest active surface area while the composition
with the 2 mol% of hematite (2.16 mm2) had the smallest one. The active areas of sensors based on
TiO2+ Fe2O3 were smaller than the geometric surface of the electrode which may be responsible
for the shape of voltammograms typical for microelectrodes. As the sensors tested do not meet
the conditions for typical microelectrodes, their response can be described as multiplied. At the
same time, for higher hydrazine concentrations, an increasing distortion of the recorded curves
can be observed. This demonstrates the share of adsorption phenomena accompanying analyte
oxidation in the studied environment.

Additionally, the half-wave potentials, for which the velocity of the electron transfer reaction
equals the diffusion velocity, were determined. The results obtained are summarized in Fig. 3a.
With the increase in hydrazine concentration, a shift in the half-wave potential towards positive
potential values is observed. As a result of blocking the electrode surface, presumably by adsorp-
tion of the electrode reaction products, the redox reaction becomes more difficult. This means
that higher energy is required to transfer the electron towards the electrode surface.

The electrochemical behaviour of glassy carbon electrodes modified with TiO2–Fe2O3 in the
absence and presence of hydrazine was evaluated via cyclic voltammetry (CV), in a 0.1 M NaOH
electrolyte and in the potential window between –125 and 800 mV.

Figure 4 illustrates the voltammetric response of the prepared modified electrodes to different
amounts of hydrazine. Strong oxidation peaks were observed in the case of all the samples –
at 357 mV for TiO2 (Fig. 4b), 327 mV TiO2 + 2 mol% of Fe2O3 (Fig. 4c) and 391 mV for
TiO2 + 20 mol% of Fe2O3 (Fig. 4d). It is worth noting that no peaks were observed in the reverse
scan. These results indicate the irreversible nature of the oxidation process, as expressed by the
following reaction [35]:

N2H4 → N2 + 4H+ + 4e−. (2)
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Fig. 3. (a) Half-wave potential vs hydrazine concentration for TiO2–Nafion–GCE electrode with the examples
of determination of half-wave potential for (b) 2 mM and (c) 8 mM hydrazine.

However, some authors postulate that the performance of the electrochemical hydrazine sensor
is determined by the catalytic reaction that is associated with the presence of hydroxyl groups
[36, 37]:

N2H4 + 4OH− → N2 + 4H2O + 4e−. (3)

Up to about 5 mM of N2H4 CV voltammograms have a typical “sigmoid” shape for micro-
electrodes. However, the sensor used is not a microelectrode (GCE diameter is 3 mm), so the
effect comes from many active centres on the surface of the studied system. At the same time, for
higher hydrazine concentrations, an increasing distortion of the recorded curves can be observed.
This demonstrates the share of adsorption phenomena accompanying analyte oxidation in the
studied environment.

An analysis of the peak shape also provides information about electron transfer. According
to Zhao et al. [38], a sharp and well-defined signal can be attributed to a high reaction rate.
The obtained data showed that for 2 mol% of Fe2O3, the oxidation potential of hydrazine was
lower than in the case of the other modified electrodes. This may suggest an effectively reduced
diffusion layer and improved electron transfer between the electrode and hydrazine.

In order to investigate the electrocatalytic properties of a TiO2–Fe2O3/Nafion/GCE sensor,
typical amperometric (I vs. t) response measurements upon the successive addition of hydrazine at
potentials determined from the CV curves in Fig. 4 were carried out (Fig. 5). The results showed
that the investigated modified glassy carbon electrodes exhibit a rapid and sensitive response
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Fig. 4. Cyclic voltammograms recorded for bare glassy carbon (GCE) and Nafion modified GCE (Nafion/GCE) in presence
N2H4 (a) and different concentrations of hydrazine using GC electrodes modified with: (b) TiO2, (c) TiO2 + 2 mol% of

Fe2O3 and (d) TiO2 + 20 mol% of Fe2O3; scan rate – 50 mV/s, supporting electrolyte – 0.1 M NaOH.

upon each introduction of hydrazine, indicating that the TiO2–Fe2O3 coupled system undergoes
a strongly enhanced oxidation reaction.

Based on the obtained data, it can be assumed that surface development has little influence
on the sensor’s reactivity towards hydrazine and the enhancement of sensing capability correlates
with the formed electronic heterostructure and the amount of hematite in the composition. More-
over, these results indicate that the kinetics of the electrochemical reaction is controlled by the
specific surface adsorption of hydrazine.
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Fig. 5. Amperometry response recorded by means of GC electrodes modified with (a) TiO2, (b) TiO2 + 2 mol% of Fe2O3
and (c) TiO2 + 20 mol% of Fe2O3 upon subsequent additions of hydrazine; electrolyte – 0.1 M NaOH, applied potential

– 364, 327 and 391 mV for a, b and c, respectively.

The calibration curves for different concentrations of hydrazine, at potentials defined by the
characteristics of the CVs in Fig. 5, are shown in Fig. 6a. The sensitivity of the modified GC
electrodes, expressed in terms of the limit of detection (LOD) and limit of quantification (LOQ),
was calculated based on these curves. The relationship between the LOD and the LOQ may be
expressed in the form of the following equation [39]:

LOD/LOQ =
f · SD

b
, (4)

where f is the correlation factor equal to 3.3 for the LOD and 10 for the LOQ, SD represents the
standard deviation of linear regression, and b stands for the slope of the regression line.

These two factors are used to describe the smallest concentration of the analyte (herein
hydrazine) that can be measured with sufficient reliability using an analytical procedure. The data
calculated for the GCEs modified with TiO2–Fe2O3 are presented in Fig. 6b. It can be seen that
the lowest values of LOD (0.13 mM) and LOQ (0.39 mM), and, thereby the best response, were
obtained for the sample containing 2 mol% of hematite. It can be assumed that the incorporation of
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a) b)

Fig. 6. (a) Calibration curves corresponding to hydrazine concentration vs. peak current and (b) the calculated limits of
detection (LOD) and quantification (LOQ) for glassy carbon electrodes modified with TiO2, TiO2 + 2 mol% of Fe2O3

and TiO2 + 20 mol% of Fe2O3.

iron(III) oxide enhances the sensor’s sensitivity toward hydrazine. On the other hand, modification
with TiO2 + 20 mol% of Fe2O3 yields higher detection (0.20 mM) and quantification (0.60 mM)
limits. This leads to the conclusion that there is a maximum concentration of hematite that
improves the response of the sensor, and that this value is in the range from 2 to 20 mol%.

4. Conclusions

TiO2–Fe2O3 powders were successfully synthesized by means of the sol-gel technique. GCEs
modified with TiO2–Fe2O3 were prepared by depositing 10 µl of a 7.2 mg/ml Nafion/powder
suspensions on the electrode and allowing them to dry at room temperature.

The active surface area (ATiO2+20%mol Fe2O3 > ATiO2 > ATiO2+2%mol Fe2O3 ) may be responsible
for multiplied “microelectrode effect”. The analysis of the half-wave potential reveals that electron
transfer is determined by the adsorption processes.

The electrocatalytic response of the prepared electrodes to hydrazine was determined in
0.1 M NaOH. It was found that anodic peak current increases together with the concentration of
hydrazine. The results indicate the irreversible nature of the hydrazine oxidation process.

Experimental results also suggest that the formation of the TiO2–Fe2O3 coupled system
enhances electrochemical catalytic performance with regard to hydrazine detection. The modifi-
cation TiO2 + 2 mol% Fe2O3 provides good analytical performance of detection (0.13 mM) and
quantification limits (0.39 mM). The presented TiO2–Fe2O3 coupled system provides the premise
for a suitable material for a stable, sensitive, and easy-to-use hydrazine sensor.
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