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Abstract
In this report, a simple complexation strategy has been adopted for the fabrication of bismuth-aniline based inorganic-
organic hybrid system (BAC). The microscopic, optical and surface properties of the hybrid material were derived by using 
different analytical techniques. The synthesized material was applied as an electrocatalyst for the oxidation of iodide ion 
and also exhibited as a potential catalyst for the electrochemical recognition of dopamine. The device made with BAC 
displayed resistive switching behaviour under the exposure of iodine vapour and followed the Schottky, ohmic, space-
charge and trapped-charge limited current mechanism at different voltage regions.

Keywords Inorganic–organic hybrid system · Electro-catalysis · Oxidation of iodide ion · Recognition of dopamine · 
Resistive switching behavior

1 Introduction

Bismuth based compounds have attracted tremendous 
attention to scientists due to its multifunctional proper-
ties. Fundamental and applied research, based on bismuth 
based materials, have been prompted in several fields 
including, the organic syntheses [1], both for energy stor-
age [2] and harvesting [3] and electronics applications [4]. 
The low toxicity of bismuth has encouraged the research-
ers to work on bismuth based drugs, particularly those are 
demonstrated the activity against tumour, microbial and 
bacterial infections [5].

It has been reported that ultra-fine bismuth sulfide 
nanoparticles, dispersed on organic molecule, per-
formed as an electrochemical supercapacitor material 
with the specific capacitance and energy density values 
of 491 F g−1 and 40 Wh kg−1, respectively, at the current 
density 0.5 A g−1 [6]. Bismuth based synthetic mineral, 

Gananite (bismuth trifluoride,  BiF3), with carbon black as a 
dopant, exhibited excellent supercapacitive performance 
with superior energy and power density [7]. The Bismuth-
interlayer-based devices for solar cell application displayed 
excellent stability when subjected to humidity, thermal 
and light stresses [8]. Non-toxic bismuth based perovs-
kite,  (CH3NH3)3Bi2I9, showed promising solar power con-
version efficiency [9]. Carbon nitride supported bismuth 
sulfide nanoparticle sustained at the dielectric breakdown 
voltage of 2 kV for  103 s and maximum polarization was 
reported 0.25 μC/cm2 under the electric field of 6.5 kV/
mm. The material showed a stable charge and discharge 
energy density 114 and 70 mJ/cm3, respectively for the 
period of  103 cycles [10]. Organic molecule stabilized bis-
muth iodide based material exhibited moderate dielec-
tric performance and the electrical property of the device 
exhibited non-volatile resistive memory that followed 
space-charge limited current and trap assisted tunneling 
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mechanism [11]. The microelectronic device based on bis-
muth sulfide displayed electronic memory effect and the 
transport phenomenon was followed by thermionic emis-
sion and space charge limited current model for the OFF-
state whereas the ON-state showed the combination of 
trapped-space charge limited current and trap-free space 
charge limited current model [12]. In sensing applications, 
bismuth based compounds exhibited promising perfor-
mances for the rapid and easy detection of biologically 
active molecules [13]. Nanosized bismuth oxide exhibited 
significant roles in glucose sensing [14], DNA hybridization 
[15] and hydrogen peroxide detection [16]. Bismuth based 
oxide nanoparticles  (Bi2WO6) has been reported for the 
rapid electrochemical sensing of oxidative stress in bio-
logical samples [17].

In this manuscript, we report the synthesis of Bi-aniline 
hybrid system using a chemical complexation method. The 
synthesized material was used as a catalyst for the electro-
chemical recognition of iodide-ion and dopamine (mono-
amine containing neuromodulator, acting together with 
neurotransmitters to enhance the excitatory or inhibitory 
responses of the receptors). We also have investigated the 
electrical property of the composite system where a resis-
tive switching behaviour was experienced when the iodine 
vapour was exposed to the Bi-aniline complex.

2  Experimental details

2.1  Materials

Bismuth nitrate, aniline, potassium iodide and dopamine 
were received as analytical grade and used without further 
purification. All other chemicals and solvents were used as 
received, for this study.

2.2  Synthesis of bismuth‑aniline complex 
and characterization techniques

In a typical synthesis method, 5 mL of bismuth nitrate solu-
tion (0.1 mol dm−3) was added to a methanolic solution 
of aniline (0.48 g of aniline in 10 mL of methanol) under 
stirring condition. A white precipitation was formed and 
the entire system was left for an hour. A small portion 
of the precipitate was collected for TEM analysis (JEOL, 
JEM-2100, operated at 200 kV). Rest of the material was 
filtered and the solid mass was collected and dried under 
vacuum for further characterization (XRD, Philips PAN-ana-
lytical X’pert diffractometer using Cu-Ka radiation, FTIR, 
Shimadzu IRAffinity-1, and XPS, VG MultiLab 2000 system 
with a monochromatic X-ray source). The remaining por-
tion of the dried mass was used as an electrocatalyst and 
also applied as an active material of a device, sandwiched 

between two silver electrodes. For the electrochemical 
characterization (Bio-logic SP-200 potentiostat), cyclic 
voltammetry (CV), square wave voltammetry (SWV) and 
chronoamperometry (CA) techniques were applied. A 
three-electrode system was employed to determine the 
electrocatalytic property of the synthesized material, 
where a glassy carbon electrode (GCE) was used as the 
working electrode. A platinum wire and Ag/AgCl elec-
trode were used as the counter and reference electrodes, 
respectively.

2.3  Device fabrication and electrical 
characterization

Glass slide supported flexible paper was used for the 
device fabrication, where the role of the slide was to 
provide the mechanical strength. The BAC material was 
ground thoroughly and made a slurry with methanol. 
The slurry was dispersed in the form of a thin film on 
the previously deposited bottom electrodes (silver) on 
the flexible paper using a spin coating technique. After 
proper drying, the top silver electrodes were deposited in 
a cross-bar fashion and a sandwich structured device was 
formed (Ag-BAC-Ag). The thicknesses of the fabricated Ag-
electrodes and the active material are 175 nm and 0.5 μm, 
respectively.

The bottom electrode was connected to the high volt-
age terminal whereas the top electrode was connected to 
the ground terminal of the electrical characterization unit. 
The current–voltage (I–V) measurement was performed 
with 0.17 V/s scan rate and 0.1 V step size. Keithley 2401 
source meter was used for the electrical characterization.

3  Results and discussion

The spectral properties of various complexes based on 
transition metals and aniline (and derivatives of aniline) is 
well documented in the literature [18], whereas the com-
plexation chemistry between bismuth and aniline, as a 
ligand, is little explored. Figure 1a and b shows the TEM 
image of the bismuth and aniline complexation product, 
Bi (III)-aniline, with different magnification. Figure 1b is the 
magnified image of the selected area from Fig. 1a (within 
the box). Figure 1c and d represents the spectroscopic 
(infra-red) behaviour of (a) aniline and (b) Bi (III)-aniline. 
The IR spectrum (a), the N–H bending vibration of aniline 
observed at 1630 cm−1 and the C=C stretching vibration 
for benzenoid ring is visible at 1494 cm−1. The peak at 
1269 cm−1 is related to C–N stretching mode for the aro-
matic amine, whereas and the peaks located at 754 and 
690 cm−1 are assigned to the wag vibration of N–H. The 
vibration bands at 1050 and 1087 cm−1 are assigned for 
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aromatic C–H in-plane bending vibration. The spectra (a) 
exhibits a broad band at 3407 cm−1 that correspond with 
N–H stretching mode. Asymmetric C–H stretching vibra-
tion observed at 2975 and 2890 cm−1. The disappearance 
of most of the peaks and the development of a broad sig-
nal indicates the Bi-N coordination, spectrum (b). The vari-
ous vibrational modes of aniline has been restricted due to 
the incorporation of bismuth and the FTIR signal, spectrum 
(b), indicates the formation of bismuth-aniline complex.

The organic-inorganic hybrid complex was also ana-
lysed by X-ray Photoelectron Spectroscopy (XPS) tech-
nique, and the survey spectrum (Fig. 2a) confirmed the 

presence of nitrogen, carbon and bismuth in the sam-
ple, Fig. 2a. The high resolution XPS spectrum within 
the range between 156 and 168 eV exhibited two strong 
peaks at 159.3 and 164.4 eV, which can be assigned for 
the Bi  4f7/2 and Bi  4f5/2, respectively, of Bi(III) [19], Fig. 2b. 
The deconvolution of C1s spectra comprising of two 
peaks located at 284.7 and 286.9 eV, which corroborates 
the presence of C–C and/or C–H and C–N, in the com-
plex, shown in Fig. 2c [20]. The broad asymmetric peak of 
N1s, after deconvolution, indicate the presence of ben-
zenoid (–NH–) and anilinium ion  (N+) type of structures, 
appeared at 400.2 and 402.2 eV, respectively, Fig. 2d [20].

Fig. 1  (a) and (b) Display the TEM images of the bismuth-aniline 
complexation product (BAC), with different magnifications. (c) and 
(d) represents the infra-red spectroscopic behaviour of (a) aniline 

and (b) BAC, Bi (III)-aniline complex, with various modes of stretch-
ing and bending vibrations
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3.1  Detection of iodide ion using BAC 
as an electrocatalyst

Iodine is a trace mineral and available in certain vegetables 
and seafood. It is essential for normal thyroid functioning 
and the deficiency of iodine can cause goitre, hyperthy-
roidism, hypothyroidism and intellectual disability [21]. An 
easy-to-use paper test card has been reported for the col-
orimetric measurement of physiologically relevant iodine 
concentrations, based on the Sandell-Kolthoff (SK) reac-
tion [22], without the support of any standard laboratory 
equipment or electrical power [23]. An anion-exchange 
chromatographic separation method, coupled with 
amperometric technique, was reported for the accurate 

determination of free iodide in real samples [24]. Carbon 
nanofiber modified electrode based electrochemical 
device exhibited selective iodide ion recognition in pres-
ence of both interfering agents and high salt concentra-
tions [25]. Cyclic voltammetry technique was reported 
for the detection of iodide ions using a silver nanoparti-
cle modified electrode and the voltammetric detection 
signatures correspond to the oxidation of silver to silver 
iodide [21].

In this report, the detection of iodide ions using ani-
line-bismuth complex is reported by applying an electro-
chemical method. The complex material was deposited 
onto the polished glassy carbon electrode using drop 
and dry method under nitrogen atmosphere, and record 

Fig. 2  (a) The XPS survey spectrum of the BAC. (b–d) The deconvoluted high resolution XPS spectra of Bi 4f, C 1S and N 1S, respectively
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the cyclic voltammogram signal in the presence of 10 mM 
phosphate buffer solution at the scan rate of 50 mV/s 
under different concentration of KI solution. The concept 
behind this present method is the oxidation of iodide ion 
in presence BAC and monitoring the event through cyclic 
voltammeter technique. Since the iodide ion is a mild 
reducing agent, so in presence of catalyst the oxidation 
of  I− produces  I2 [26] and on the other hand, the forma-
tion of Bi(0) during the reduction reaction of Bi (III). From 
the voltammogram pattern it is evident that with increase 
of KI concentration the current value has been increased, 
Fig. 3a. In the absence of KI the current value was observed 
1.05 μA and even after the addition of KI with the concen-
tration (final) of 40 μM, no considerable enhancement of 

current signal was noticed. A significant increase of cur-
rent value (3.78 μA) has been observed when the final con-
centration of KI reached to 100 μM and the current finally 
reached to 11.6 μA at the KI concentration of 350 μM 
with a sensitivity and limit of detection values of 1.05 A.
M−1 cm−2 and 23.6 μM, respectively. The electrocatalytic 
ability of the BAC modified electrode for the detection 
of iodate anion was further confirmed by square wave 
voltammetry technique (Fig. 3b). A steady increase of the 
current values has been observed with increase of anion 
 (I−) concentration. A maximum current value of 26.2 μA 
was achieved at the final KI concentration of 250 μM. The 
shifting of the anodic peaks towards the lower potential 
range indicate a facile and efficient oxidation of iodide ion 

Fig. 3  (a) The cyclic voltammogram and (b) the square wave vol-
tammogram of the BAC modified electrodes in the presence of 
KI (with varying concentrations) in phosphate buffer solution at a 
scan rate of 50 mV/s. (c) Amperometric response of BAC in the pres-

ence of KI, with increasing concentration, under an applied poten-
tial of 0.70 V. (d) The amperometric current response of KI and other 
interference species (50  μM solution of  Na2SO4, KBr, KCl,  NaHCO3 
and  Na2CO3)
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with increasing concentration of KI. The sensitivity and the 
limit of detection values were obtained 2.6 A.M−1 cm−2 and 
23.17 μM, respectively, from the SWV technique. The sen-
sitivity and the limit of detection values are derived using 
MATLAB software (coding is available in the supporting 
information). The amperometric technique (current-time 
response) exhibited the increment of current values due 
to the successive addition of iodide ion (Fig. 3c) with the 
sensitivity and LOD values of 3.7 A.M cm−2 and 16.21 μM, 
respectively. The tolerance study showed that the catalyst 
has been irresponsive towards the amperometric signal 
for 50 μM solution of each  Na2SO4, KBr, KCl,  NaHCO3 and 
 Na2CO3 (Fig. 3d).

3.2  Dopamine recognition using ABC 
as an electrocatalyst

Dopamine is the monoamine containing neuromodulator 
and the imbalance of dopamine could be the causes of 
many neurological disorders in the physiological system 
[27, 28]. As a neuromodulator, dopamine affects many 
aspects of brain functionality and neuronal plasticity 
[29, 30]. Irregular secretion of dopamine affects the car-
diovascular and renal systems [31, 32], and low levels of 
dopamine release could implicate several neurological 
ailments [33]. Researchers have developed varieties of 
methods to detect dopamine, which may support for early 
diagnosis of several disorders due to abnormal dopamine 
level in the physiological system. Colorimetric detection 
of dopamine has the advantage in terms of operational 
and instrumentational simplicity. A sensitive and selective 
colorimetric detection technique has been reported using 
ligand modified silver nanoparticles, which enables the 
recognition of dopamine species with high specificity [34]. 
Gold particle based colorimetric detection of dopamine 
has been revealed in the literature where agglomeration 
of dopamine capped nanoparticles were responsible for 
the change of colour [35]. Fluorescence property based 
detection of dopamine is also well documented in the lit-
erature [36]. An electrochemiluminescence sensor based 
on a poly-(luminol-benzidine sulfate) electrode has been 
reported for the dopamine recognition with high selectiv-
ity and nano-molar label of detection limit [37]. The effec-
tive detection of dopamine, from human dopaminergic 
neurons, have been reported based on electrochemical 
sensing method using cylindrical gold modified electrode 
[38].

The bismuth-aniline complex modified GCE also effec-
tively recognise dopamine through an electrochemical 
sensing method. Figure 4a displayed the cyclic voltam-
mogram signals of varying concentrations of dopamine 
in 10  mM phosphate buffer solution at a scan rate of 
50 mV/s within potential region from 0.2 to 0.7 V with the 

Fig. 4  (a) Cyclic voltammogram of the BAC modified electrodes in the 
presence of dopamine (with varying concentrations) in phosphate 
buffer solution within the potential range of 0.2–0.7 V, under the scan 
rate of 50 mV/s. (b) Amperometric response of BAC in the presence of 
dopamine, with increasing concentration from 20 to 180 μM, under an 
applied potential of 0.45 V. (c) The amperometric current response of 
dopamine and other interference species (50 μM solution of uric acid, 
tryptophan, serotonin, histamine, glucose, and ascorbic acid). (The final 
concentration of dopamine addition in μM, indicated by an arrow)
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sensitivity and limit-of-detection values of 0.22 A.M−1 cm−2 
and 39.0 μM, respectively. The amperometric response of 
the ABC-modified electrode to the successive additions 
of dopamine was further evaluated under the optimized 
experimental condition. Figure 4b showed the ampero-
metric (current as a function of time) response of dopa-
mine at 0.45 V within the concentration range from 20 
to 180 μM with the sensitivity and LOD values of 0.12 A.
M−1  cm−2 and 12.3  μM, respectively. The specificity of 
the catalyst towards the dopamine recognition has been 
investigated by adding some potential interfering species 
(50 μM of each uric acid, tryptophan, serotonin, histamine, 
glucose and ascorbic acid) to the electrolyte and showed 
the irresponsive nature towards the amperometric current 
signal (Fig. 4c).

3.3  Resistive switching behaviour of BAC 
in presence of iodine vapour

Several materials, such as zeolites, silica, and metal-organic 
framework (MOF), have been investigated for their inter-
action with adsorbed iodine in the literature [39–41]. The 
MOF based materials afford a wonderful platform to study 
their interaction with adsorbed iodine because of their 
unique structural property [41]. To improve iodine adsorp-
tion property, various modifications in MOF materials, 
including functionalization [42] and shaping of the poros-
ity [43] have been reported. The iodine vapour adsorp-
tion by many organic compounds is a semi-destructive 
and reversible process as the iodine molecule evaporate 
eventually from the organic matrix.

In this study, we investigated the electrical property 
of the BAC and BAC:I (iodine vapour adsorbed BAC). The 
fabricated device, Ag-BAC-Ag was initially subjected to the 
voltage sweep from 0 to 10 V (not shown in the figure) and 
the current–voltage (I–V) characteristics has confirmed the 
absence of any forming process involved within the above 
mentioned voltage region. The device was again exposed 
for a voltage sweep from +5 to −5 V and from −5 to +5 V 
direction, subsequently. The graphical representation of 
the current as a function of voltage is displayed in Fig. 5a, 
main panel, where the transport property of the device 
was followed by Poole-Frenkel (PF) emission mechanism, 
Fig. 5a (inset). The PF mechanism deals with the trap-
assisted electron transport through an electrical insulator 
matrix [44–46]. During the voltage sweep, the electrons 
are moved slowly through the organic matrix (anilinium 
ion) and trapped in localized states, created by bismuth 
ion. With the gradual increase of electric field, the elec-
trons gather sufficient energy to leave its localized state 
and move on.

Under the exposure of iodine vapour the device (Ag-
BAC:I-Ag) was subjected to the voltage sweep as 0 → +5, 

+5 → −5 and − 5 → +5 directions and a resistive switching 
phenomena was noticed in the current–voltage behaviour, 
Fig. 5b. The detail transport mechanism is graphically rep-
resented in Fig. 5c and described as follows. Adsorption 
of iodine on the active material, BAC, triggers the crea-
tion of a charge transfer phenomenon between the host 
(ABC) and guest  (I2), a similar kind of mechanism reported 
on metal-organic framework [41]. The adsorbed iodine 
molecule contribute the lowering of the energy barrier 
height of the ‘metal-insulator-metal’ type of device that 
increases the emission current and the device reached to 
the ON-state where the transport property was followed 
by contact-limited conduction mechanism, Schottky 
emission, within the voltage region from 0 to 1.1 V. Again, 
within the voltage range from 1.1 to 5 V, a linear relation-
ship observed between the current and the electric field 
and transport property was followed by the ohmic con-
duction mechanism with the slope value of 1.1. During 
the voltage sweep from +5 → −5, the device exhibited a 
RESET phenomenon at 0.86 V. The proposed mechanism 
for the RESET process can be explained in the light of Bi…I 
type of species formation that diminishes the conductiv-
ity of the device drastically. The fitting of the ln (I)–ln (V) 
characteristic within the voltage region from −0.2 to −1.9 V 
with the slope value of 2.8, conforms to a dominant SCLC 
mechanism, which suggests the electrons are trapped by 
Bi…I intermediate species and forms a cloud of charge 
that acted as space charges. Within the voltage range from 
−1.9 V to −4.0 V, a larger slope value of 4.6 was observed, 
which indicate the transport property was specifically fol-
lowed by trapped-charge-limited-current (TCLC) mecha-
nism. During the application of higher voltage, threshold 
voltage, the trapped charged species distributed expo-
nentially and the electrical current increased rapidly that 
finally pushed the device to the ON-state through a SET 
process.

For the voltage sweep from −5 → +5, the entire region 
of the I–V curve was followed by ohmic conduction mech-
anism with the slope value of 1.12.

It is already mentioned that the iodine vapour adsorp-
tion is a reversible process on the organic matrix and to 
obtain the endurance features of the device, (Ag-BAC:I-Ag), 
a pulse train of −2 V for 0.1 s was applied, Fig. 5d, inset. 
The device showed a moderately stable endurance for 
the both ON- and OFF-state for  102 cycles (20 s) with the 
ON–OFF ratio value 4 × 101, Fig. 5d. The device losses its 
durability feature on further prolongation of the cycles, 
which confirms the desorption phenomena of iodine from 
the BAC matrix.

The electrochemical chronoamperometric method 
is mainly applicable for real-time diagnostic or sensing 
purpose, whereas, the device (Ag-BAC-Ag) based electri-
cal study delivers the information about the interaction 
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between the active material of the device and the analyte. 
The main purpose of the later study is to convert a chemi-
cal reaction in the language of electrical signal and extract 
the transport mechanism from the signal.

4  Conclusion

A facile synthesis method of a hybrid system, based on 
organic-inorganic complex material, has been reported 
in this manuscript. Different characterization techniques 
has confirmed the formation of bismuth-aniline based 
complex system, which was applied as an electrocatalyst 
for the recognition of both inorganic ion and organic 
molecule. For the detection of iodide ion, the sensitivity 
and the limit of detection values were obtained 2.6 A.
M−1  cm−2 and 23.17  μM, respectively, using a square 
wave voltammetry technique. The catalyst also showed 

its effectiveness for the electrochemical recognition of 
dopamine, as evidenced by cyclic voltammogram sig-
nals, with the sensitivity and limit-of-detection values of 
0.22 A.M−1 cm−2 and 39.0 μM, respectively. The ampero-
metric technique also displayed the specificity of the 
catalyst only for dopamine, in the presence of a series of 
other interfering species.

The transport property of the device, made with BAC, 
was followed by Poole-Frenkel (PF) emission mechanism 
whereas under the exposure of iodine vapour, the device 
initially displayed the Schottky emission mechanism, 
followed by ohmic, space-charge-limited-current and 
trapped-charge-limited-current mechanism at different 
stages. The durability performance exhibited an unstable 
endurance property of the device, which indicate the 
iodine desorption from the hybrid matrix.

Fig. 5  (a) The current-voltage characteristics of the device (Ag-BAC-
Ag) followed the Poole-Frenkel transport mechanism (inset). (b) 
The graphical representation (semi-log) of current as a function of 
voltage after the exposure of iodine vapour to the device. (c) The 

charge transport behaviour of the device explained in terms of 
Schottky emission, Ohmic, SCLC and TCLC transport mechanism. 
(d) The endurance study of the device for  102 cycles and the inset 
diagram shows the input pulse that applied to the device
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