
Mendeleev Commun., 2022, 32, 520–522

Mendeleev
Communications

© 202
on beh
Russia

Prog
the in
is nat
cond
of p
Amo
nano
grap
be us
nano
senso

T
mate
area,
chem
main
the a
highl
of n
mate
21st c

St
mate
cond
elect
nano
nano
into a
elect
devic

O
succe
therm
they 
selec
multi

 

Inves
phth
have
field
trans
carr
mPAP

Keyw
senso
Nanocomposite thin film structures based on polyarylenephthalide 
with SWCNT and graphene oxide fillers
– 520 –2 Mendeleev Communications. Published by ELSEVIER B.V.  
alf of the N. D. Zelinsky Institute of Organic Chemistry of the  
n Academy of Sciences.

ress in polymer chemistry and nanotechnology stimulates 
tensive development of organic electronics. Sustained interest 
urally directed to multifunctional compounds with electrically 
uctive, magnetic and optoelectronic properties.1–3 Thin films 
olyarylenephthalides (PAP) exhibit unique properties.4–6 
ng extremely promising materials for nanoelectronic devices, 
composite structures based on PAP, carbon nanotubes and 
hene oxide (GO) should be singled out. These structures can 
ed to create elements and devices of molecular and polymer 
electronics, such as field-effect transistors and electrochemical 
rs.

he use of functional nanomaterials, especially nanocomposite 
rials, is promising due to the larger electrode size, surface 
 improved electrical conductivity of the sensor layer and 
ical availability of the analyte.7–9 These improvements are 
ly due to the larger surface area, which facilitates access of 
nalyte to the electrode surface and thus favors the creation of 
y sensitive sensor platforms. It is recognized that the potential 
anocomposites reinforced with nanostructured carbon 
rials opens up huge opportunities for their application in the 
entury.10

udying the characteristics of the initial nanocomposite 
rial before its use in electrochemical analysis is a necessary 
ition for the creation of efficient sensor platforms with improved 
roanalytical parameters. There are numerous examples where 
materials such as multi-walled and single-walled carbon 
tubes (SWCNT), graphene, fullerenes and nanofibers dispersed 
 polymer matrix have led to important advances in analytical 

rochemistry, especially in the development of sensor 
es.11–17

f the polymer materials used to modify electrodes, PAP has 
ssfully proven itself.18–21 PAP films are electrically conductive, 
ally stable, resistant to water, acids and alkalis, moreover 

are soluble in many organic solvents. Based on them, enantio-
tive voltammetric sensors have been developed, for example, 
sensor systems of the ‘electronic tongue’ type, in which each 

sensor is simultaneously sensitive to several components of the test 
solution, while the selectivity and sensitivity of the response to one 
or another detected component are different for different sensors 
(cross sensitivity).18 Using a set of sensors, it is possible to simultaneously 
determine the concentrations of many or all components according 
to a predetermined complex multi-parameter relationship (multi-
dimensional calibration). In particular, such systems are used for 
the recognition of medicines,19 their enantiopurity20 and medicine 
manufacturers.21

PAP is a polymer with arylene fragments and heteroatoms in 
the main chain and carded phthalide groups. To create nanocomposite 
thin film structures, a polymer with the 1 : 1 ratio of oxydiphenylene 
and thiodiphenylene fragments was used.22–25 To increase the 
electrical conductivity, effective surface area and sensor sensitivity, 
the PAP film was modified with SWCNT and GO (for experimental 
details, see Online Supplementary Materials).

Samples of field-effect transistors were fabricated from 
composites of PAP with GO and SWCNT (Figure 1) on glass 
substrates coated with ITO layers acting as a gate. Before the 
deposition of dielectric films, the substrates were annealed in a 
furnace at a temperature of 350 °C. AlOx films with a thickness 
of 300 nm as a dielectric were deposited from solution by spin 
coating at 2000 rpm for 30 s and annealing in an oven at 350 °C 
for 1 h. Two aluminum electrodes, drain and source, 500 nm thick, 
were placed over the gate dielectric. A layer of semiconductor 
material of two types, either PAP/GO or PAP/SWCNT in another 
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version, was applied on the gap region by spin coating. The gap 
between the drain and source contacts was 50 mm, and the gap 
length was 2 mm.

To study the electrochemical properties of modified glassy 
carbon electrodes (GCE), such as GCE/PAP, GCE/PAP/GO and 
GCE/PAP/SWCNT, cyclic voltammetric and impedance measure-
ments were carried out using an equimolar mixture of potassium 
hexacyanoferrates (ii, iii) as a redox standard. Cyclic voltammograms 
(CVs) correspond to a typical one-electron reversible redox process 
of the [Fe(CN)6]4−/3− redox couple [Figure 2(a)]. CVs display 
that the incorporation of SWCNT and GO into the PAP film 
leads to an increase in the peak currents of the [Fe(CN)6]4−/3− redox 
couple compared to the GCE/PAP electrode due to a decrease in 
the charge transfer resistance.

The Nernst value (DE) of the potential difference between the 
peak currents of oxidation and reduction for some modified electrodes 
can be very different from the usual value of ~60 mV when modifiers 
of a certain nature are used. For example, a noticeable deviation of this 
value (220 mV) has been reported26 when using Nafion-modified 
electrodes. A similar deviation was also observed when using 
PAP-modified sensors or the PAP/CD system.20 This deviation is 
explained26 by the possible slowdown in the process kinetics due to 
the mutual repulsion of [Fe(CN)6]3− and sulfo groups in the Nafion 
structure. In our case, a similar effect occurs, apparently, due to 
the repulsion of aromatic fragments of modifiers that are part of 
the GCE/PAP, GCE/PAP/GO and GCE/PAP/SWCNT electrodes 
and [Fe(CN)6]3− anions. At the same time, modifiers containing 
GO and SWCNT lead to a greater deviation of DE from 60 mV. 
It should be noted that the deviation is more pronounced for the 
cathodic reaction than for the anodic one. This, apparently, is 
explained by a more pronounced repulsion between [Fe(CN)6]3− 
and aromatic fragments of modifiers due to an increase in the 
electron density of the latter upon polarization at the cathode.

The electron transfer parameters were estimated by electro-
chemical impedance spectroscopy. Electrochemical impedance 
spectroscopy is widely used to analyze the complex electrical 
resistance of a system and is sensitive to surface phenomena and 
volume changes. A Randles equivalent circuit, consisting of 
electrolyte resistance (Rs), charge transfer resistance (Ret), Warburg 
impedance (W) and constant phase element (Cdl), was used to 
quantify the impedance data. The results obtained are presented 
in Table 1. Figure 2(b) shows the corresponding Nyquist plots. 
The semicircle in the high frequency region corresponds to the 

limiting stage of charge transfer. The rectilinear section for 
modified electrodes in the lower frequency region describes the 
diffusion component of charge transfer.27 Nyquist plots [see 
Figure 2(b)] indicate that the GCE modified with PAP film has a 
higher charge transfer resistance than composite sensors, indicating 
that SWCNT and GO dispersed in PAP are materials with good 
conductivity10,11 and, as a result, the electron transfer rate increases. 
It was noted that the addition of SWCNT to the composite is 
more efficient than the addition of GO. The constant phase element 
Cdl for electrodes modified with PAP and electrodes modified 
with PAP/GO or PAP/SWCNT composites changes insignificantly. 
The results obtained confirm the effectiveness of the proposed 
modification of the GCE.

The effective surface area of the electrodes under study (Table 1) 
was calculated according to the Randles–Ševčik equation

Ip = (2.69 × 105)n3/2AD1/2cn1/2, (1)

where Ip is the oxidation peak current in A, n is the number of 
transferred electrons (n = 1), A is the electrode area in cm2, D is the 
diffusion coefficient (D = 7.6 × 10−6 cm2 s−1), c is the concentration 
of [Fe(CN)6]4−/3− in mm, and v is the scanning rate (v = 0.1 V s−1).28

Studies have shown that composite sensors GCE/PAP/GO 
and GCE/PAP/SWCNT are characterized by an increase in the 
electron transfer rate and effective surface area compared to a 
sensor modified only with PAP, which allows them to be used 
subsequently in the electroanalysis of compounds of various 
nature, as well as for manufacturing field-effect transistors.

The morphology of the film surfaces was also studied using 
atomic force microscopy (Figure S1, see Online Supplementary 
Materials). The Gwyddion program was used to calculate the 
RMS roughness of the film surfaces over an area of 20 × 20 mm, 
which gave Sq values of 3, 42 and 221 nm for pure PAP, PAP/GO 
and PAP/SWCNT films, respectively. The obtained roughness values 
correspond to the effective surface area values given above.

The current–voltage characteristics (Figures 3 and 4) of the 
field-effect transistors were determined using a measurement 
scheme with a common source in open air at room temperature. 
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Figure 1 The structure of the experimental field-effect transistor.
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Figure 2 (a) CV curves of 5.0 mm [Fe(CN)6]4−/3− (1 : 1) redox couple for 
(1) GCE/PAP, (2) GCE/PAP/GO and (3) GCE/PAP/SWCNT electrodes in 
0.1 m KCl solution as supporting electrolyte at 100 mV s−1. (b) Nyquist 
plots for the above electrodes in the presence of 5.0 mm [Fe(CN)6]4−/3−. 
Inset: Randles equivalent circuit used to simulate impedance data.
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Figure 3 (a) Output and (b) transfer characteristics of a field-effect transistor 
with an active layer of PAP/GO.

Table 1 Parameters of electrochemical impedance spectra and effective 
surface area according to CVs of the GCE/PAP, GCE/PAP/GO and GCE/
PAP/SWCNT electrodes in the presence of 5.0 mm [Fe(CN)6]4−/3− (n = 5, 
P = 0.95).

Electrode A/mm2 Rs/Ω Ret/kΩ Cdl/mS W/mS

GCE/PAP 1.60 ± 0.06 497.0 ± 5.0 88.4 ± 4.1 0.05 ± 0.01 20.4 ± 0.3
GCE/PAP/GO 1.99 ± 0.08 495.3 ± 3.9 68.0 ± 0.7 0.06 ± 0.01 38.1 ± 1.0
GCE/PAP/
SWCNT

2.42 ± 0.08 433.4 ± 2.2 51.2 ± 2.5 0.08 ± 0.03 24.0 ± 0.7
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The output current is controlled at a positive gate bias, which 
indicates the electronic type of conductivity of the studied 
nanocomposite films. In the case of PAP films without GO and 
SWCNT additives, the low conductivity of the films does not 
allow obtaining the transistor effect.

The mobility of charge carriers of the resulting field-effect 
transistors was determined by the equation

IDS = (W/L)mC(UG−Uth)UDS,	 (2)

where W is the channel width, L is the channel length, C is the 
capacitance per square area of the AlOx gate dielectric (for a thickness 
of 500 nm, C = 7.1 nF cm−2), UG is the gate voltage, UDS is the 
drain-to-source voltage, and Uth is the threshold voltage. The calculation 
showed that the mobility of charge carriers has the following 
values: mPAP/GO = 0.020 cm2 V−1 s−1, mPAP/SWCNT = 0.071 cm2 V−1 s−1. 
The error in the calculated values was about 10%. These mobility 
values were 3–4 orders of magnitude higher than the mobility 
values obtained for PAP films.29 In our studies, the mobility values 
for PAP/GO and PAP/SWCNT composites are two times higher 
and an order of magnitude lower, respectively, than the previously 
reported values.30,31

The slope of the current–voltage characteristic was determined 
at DU from U = 4 V to U = 10 V and the corresponding currents. 
It was found that for a field-effect transistor based on PAP/GO it 
was K = 24, and for a transistor based on PAP/SWCNT K = 68. 
Thus, a stronger influence of the control voltage was found in 
transistors with a PAP/SWCNT transport layer.

Using the methods of cyclic voltammetry and electrochemical 
impedance spectroscopy, it has been found that composite 
sensors have a larger effective surface area and electron transfer 
rate compared to a sensor modified only with PAP, which allows 
them to be further used in the electroanalysis of substances of 
various nature.

We fabricated field-effect transistors using the studied PAP-based 
thin films as a transport layer and measured their output and transfer 
characteristics. The mobility of charge carriers was estimated and 
the following values were obtained: mPAP/GO = 0.020 cm2 V−1 s−1 
and mPAP/SWCNT = 0.071 cm2 V−1 s−1.
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Figure  4  (a)  Output and (b)  transfer characteristics of a field-effect 
transistor with an active layer of PAP/SWCNT.




