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Abstract: Wearable technologies can contribute to the early and accurate detection of chronic diseases
which can be achieved by the integration of biosensors into wearable technologies. However, the
challenges associated with the performance of current electrode materials—i.e., flexibility, conduc-
tivity, and mechanical stability, made from conducting polymers are preventing their widespread
usage. Herein, we report a freestanding and flexible electrode synthesized from polyaniline (PANI)
and graphene nanoscrolls (GNS). The PANI-GNS nanohybrid membranes were synthesized via
chemical oxidative polymerization and characterized by scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR), nanoindentation (NI), and four-point probe techniques. FTIR
results showed an increase in conjugation length of the PANI after the addition of GNS into the
mixture which can be indicative of an enhancement of electrical properties. Nanoindentation studies
showed an elastic modulus and hardness of 2.6 GPa and 0.17 GPa, respectively, for PANI-GNS-5
nanocomposite, compared to 1.9 GPa and 0.08 GPa, for pure PANI. This was later confirmed by
the four-point probe technique as the addition of GNS increased the conductivity of electrodes up
to 9 S/cm at a 5% weight ratio. Moreover, SEM results of the PANI-GNS showed an open porous
morphology of the polymer matrix in comparison with pure PANI samples which would readily
translate into higher amounts of enzyme immobilization on the surface.

Keywords: nanoindentation; FTIR; conducting polymers; graphene nanoscrolls

1. Introduction

Amperometric devices and materials have attracted tremendous attention due to
their wide applications as semiconductors, super-capacitors, and flexible electrodes [1].
Utilization of conducting polymers as amperometric materials solves the problems such as
poor stability and slower response rate, which is associated with inorganic materials.

Conducting polymers have been utilized to fabricate amperometric devices since their
unique electroactive properties allow them to act as excellent substrates for the immobiliza-
tion of biomolecules and rapid transfer of electrons [2]. Polyaniline (PANI) among various
conducting polymers is particularly attractive due to its high surface area for enzyme
immobilization, high specific capacitance and good environmental stability [3]. Moreover,
it provides a suitable matrix for enzyme immobilization that significantly enhances the
electrical signals by acting as a mediator for electron transfer during enzymatic reactions.
However, the utilization of polyaniline has been limited because of its poor solubility,
processability, and mechanical properties [4]. Thus, extensive efforts have been directed
toward overcoming the challenges associated with the fabrication of polyaniline-based
electrodes. For instance, Dawu et al. fabricated a PANI-based ammonia (NH3) sensor
that offers potential applications in smart devices [5]. However, the short life cycle with
repeated use and low charge transfer capability poses challenges in the wide usage of PANI.
Studies have shown that the electrical conductivity and long-term mechanical stability of
the material can be improved by an order of magnitude with the addition of nanomaterials
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into the PANI matrix [6]. Studies have shown that signal to noise ratio of the intended
wearable devices can be significantly enhanced if the conformal contact between the de-
vice and the tissue is established. However, the rigidity and bulkiness of conventional
biosensors manifest a mismatch between the material properties and intended applications,
hindering their use on the soft and hierarchically textured, and curvilinear surfaces of the
human body [7].

Graphene nanoscrolls (GNS) is a one-dimensional open-ended tubular structure con-
sisting of tubular layers of graphene sheets formed by rolling in a continuous manner.
GNS possesses superior structural stability that provides it with the capability to overcome
non-uniform dispersion and poor adhesion of their planar and tubular counterparts [8].
Additionally, the continuity of a rolled-up graphene sheet provides a uniform response
with superior mechanical, thermal, and electrical properties. The open ends and tunable in-
terlayer surface allow for solvent and biomolecule accessibility just by facile infiltration [9].
Nanohybrid membranes of PANI with carbon-based nanomaterials such as graphene
nanoplatelets (GNPs) and carbon nanotubes (CNTs) usually follows in-situ polymerization
over these nanomaterials. However, the synthetic approaches generally provides either
insoluble powders or rigid non-flexible membranes, thus limiting its applications. Recently,
GNS has been used to prepare high performance supercapacitors with PANI [10]. However,
the conducting and nanomechanical properties, which are detrimental in wearable devices
have never been reported.

In the present work, a new flexible free-standing membrane of PANI-GNS nanocom-
posite films were formed during a chemically oxidative process involving in situ polymer-
ization of aniline. Several characterization techniques—i.e., FTIR, SEM, XRD, nanoindenta-
tion, and four-point probe technique were employed to evaluate the chemical, mechanical
and electrical properties of the synthesized composite. Moreover, the electrical properties of
the PANI-GNS composite were comparatively analyzed with that of the carbon nanotubes
and graphene nanoplatelets.

2. Materials and Methods
2.1. Materials

All chemicals used in this work were of analytical grade. Aniline (ANI), ammonium
persulfate (APS), ammonia solution (28–30%), hydrochloric acid (HCl, 35–38%), Camphor-
sulfonic acid (CSA), and N-Methyl-2-pyrrolidone (NMP), were all received from Fisher
Scientific, Waltham, MA, USA. The aniline was distilled under reduced pressure before use,
while other chemicals were used as received. Type X-S, lyophilized powder of Glucose
Oxidase with 100,000–250,000 units/g solid (without added oxygen) were acquired from
Sigma-Aldrich, Burlington, MA, USA. Graphene nanoplatelet (GNP) powder, with an
average of five to seven atomic layers of 2D graphite layers and toluene (purity greater
than or equal to 99.5%), were also received from Sigma-Aldrich, USA.

2.2. Conversion of Graphene Nanoplatelets (GNPs) to Graphene Nanoscrolls (GNS)

GNSs were synthesized using a previously reported methodology in which GNPs
were employed as precursor [9]. 2.0 mg of GNPs was added to 20 mL of toluene and
sonicated using a SONICS Vibra-Cell ultrasonic liquid processor with an amplitude of 40%.
Having applied ultrasonication at 2-minute intervals, three times for a total of 6 min, the
GNP-toluene mixture was dispersed into liquid nitrogen (approximately 1 L) in a mortar.
Solid particles of toluene were allowed to melt at room temperature and then transferred
to a petri dish for the solvent to evaporate overnight, thereby obtaining GNS.

2.3. PANI-GNS Flexible Film Preparation

1 mL of ANI and 2.5 g of APS were added to 90 and 100 mL of 1 M HCl, respectively,
both of which were carried out in an ice bath. Polyaniline in the emeraldine salt form (PANI-
ES) was synthesized by dropwise addition of APS-HCl mixture into ANI-HCl solution with
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constant stirring at 0–5 ◦C for 6–8 h. The collected dark-green PANI powder was washed
several times with alcohol and water to remove the contamination [10] [Scheme 1a].

Scheme 1. (a) Oxidative polymerization of aniline with ammonium persulfate in acidic environment.
(b) Redoping of polyaniline emeraldine salt with camphorsulfonic acid.

Afterward, to de-dope the emeraldine salt powder, it was added into a 0.1 M ammonia
solution with continuous stirring for 24 h at room temperature followed by a second wash
with alcohol and water several times. PANI-EB was dried under vacuum for 8 h at 60 ◦C.
To achieve better electrical conductivity, the PANI was re-doped using CSA as reported
elsewhere [10]. Then the CSA-doped PANI was added into the m-cresol/chloroform
mixture with constant stirring for 24 h, thus forming a dark green colored solution. To
synthesize PANI-GNS films, GNS with different weight fractions (1, 2.5, 5 wt. %) were
added into the as-obtained dark-green solution, followed by 1 h stirring and 1 h ultrasonic
treatment, respectively [Scheme 1b].

Then, the mixed solution was cast on glass substrates and dried at 80 ◦C on a hot plate
for 24 h to form flexible and free-standing electrodes, which can be easily peeled off from
the substrate. These films were abbreviated as PANI, PANI-GNS-1, PANI-GNS-2.5, and
PANI-GNS-5, respectively.

2.4. Immobilization of Glucose Oxidase on Flexible Electrode

Fresh solutions of glucose oxidase were prepared by dissolving GOx (10 mg/mL) in
a 0.02 M PBS solution and stored at 4 ◦C. Then, 15 µL of the GOx solution was deposited
onto each surface of the free-standing electrodes. The electrode was maintained under
ambient conditions to completely dry. Afterward, the immobilization of GOx on the surface
of the PANI-GNS films was achieved by cross-linking through glutaraldehyde [11]. A
total of 15 µL of 0.1% glutaraldehyde was added onto the electrode in a similar fashion
to GOx and allowed to react for 4 h to cross-link the GOx with the PANI and PANI-GNS
electrodes. Formed PANI-GOx and PANI–GNS-GOx electrodes were rinsed thoroughly
with PBS solution and stored at 4 ◦C when not in use.
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2.5. Characterization
2.5.1. Scanning Electron Microscopy: Morphological Analysis

The surface morphology of the samples was investigated using scanning electron mi-
croscope (Scios 2 DualBeam FIB/SEM) at an accelerating voltage of 5 kV. The samples were
mounted on an aluminum stub and sputter-coated with a 10 nm layer of gold, before imaging.

2.5.2. Fourier Transform Infrared Spectroscopy: Chemical Analysis

The attenuated total reflectance Fourier transform infrared spectrometer (ATR-FTIR,
Bruker LUMOS II) was used to determine the changes in the chemical structure of EPON-
IPD samples with the exposure to UV radiation. An average of 32 spectra were recorded
within the test range of 4000–500 cm−1 with 4 cm−1 resolution. Subsequent spectral
processing techniques involved baseline and atmospheric corrections.

2.5.3. Nanoindentation: Modulus and Hardness Studies

Nanoindenter G-200 from MTS equipped with Berkovich tips was used to measure
the mechanical properties of the samples up to 10 microns. The operational specifications
of the nanoindenter were as follows: load range is 0.4 to 500 mN, displacement resolution
was less than 0.01 nm, and the load resolution is 50 nN. Continuous stiffness measurement
method (CSM) which is a suitable method for polymeric samples was utilized to drive the
raw data and analyzed further. 15 indentations were conducted at random locations, and
average and standard deviations were reported to acquire reliable data.

2.5.4. Four-Point Probe Technique: Resistivity and Conductivity Studies

Four-point probe system FPP5000 from Veeco was used to measure the direct current
resistivity and electrical conductivities of CSA doped PANI nanocomposites in the absence
and presence of nanomaterials. Nanocomposites were fixed on silicon wafer substrates
using double-sided tape and measurements were conducted at room temperature. An
average of 5 conductivity measurement was conducted for each electrode.

2.5.5. X-ray Diffraction

X-ray diffraction (XRD) was used to determine the d-spacing and the percent crys-
tallinity of each of the samples. The measurements were carried out in a MiniFlex 600 from
Rigaku Americas Corporation. The full width half maximum (FWHM) values were also
determined as well as the intensities of the peaks. The samples were measured over a 2θ
range of 10–50◦, at a scan rate of 5◦/minute with CuKα (λ = 0.154 nm) radiation. Further,
XRD analysis was also conducted to determine the d-spacing, crystallite size, and full width
at half maximum (FWHM) using Bragg’s and Scherrer’s equations [12].

3. Results and Discussion
3.1. Preparation of Flexible Electrode

In this study, PANI was selected as the primary conducting polymer matrix for the
fabrication of flexible electrodes. Unlike previously reported methodology, we employed
an ex-situ synthesis of PANI/GNS nanocomposites. Moreover, PANI was re-doped with
CSA to further increase the electrical properties [13]. For this purpose, the only conductive
state of polyaniline—i.e., half-oxidized emeraldine salt form (ES) was synthesized via
chemical oxidative polymerization of aniline monomer in an acidic environment by adding
ammonium persulfate (APS) as the oxidizing agent. The use of APS enables the elimination
of a proton from the ANI monomer and the initiation of the polymerization by redox
processes involving the repetition of monomeric units. It is critical to determine the
proper ANI/APS ratio which, in our case, was 1:1 to obtain the optimum equilibrium
between yield and electrical conductivity parameters [14]. As can be observed from
Scheme 1a, the reaction must be conducted at low temperatures (0–5 ◦C), due to the
nature of the polymerization reaction being exothermic. Afterward, PANI was converted
from emeraldine salt to emeraldine base (EB) form using a redox agent—i.e., ammonium



Macromol 2022, 2 547

hydroxide (NH4OH) for the secondary doping process with camphorsulfonic acid (CSA).
According to Cho et al., secondary doping with CSA changes the PANI structure from
compact to expanded coils which promote electron delocalization and result in improved
conductivity of two/three orders of magnitude compared to conventional pure PANI
electrodes [15].

However, the movement of CSA molecules within the m-cresol solution can be sup-
pressed due to the strong hydrogen bonding which can slow down the doping at nitrogen
bonded quinone diamine segment [15]. Thus, as provided in Scheme 1b, a co-solvent
system of m-cresol/chloroform (CHCl3) (v/v = 4:1) is utilized to promote the diffusion of
CSA for dissolution of the PANI/CSA powders. For the synthesis of electrodes, GNS were
also added to the system in this step. Through this methodology, highly viscous PANI-GNS
samples re-doped with CSA within m-cresol/chloroform solution were obtained. Notably,
higher viscosity is associated with increased hydrodynamic volume and rapid changes in
the molecular conformation of PANI/CSA from a compact coil to an expanded coil [16].
Consequently, the m-cresol/chloroform co-solvent system was required to obtain highly
conductive PANI-GNS electrodes (Figure 1).

Figure 1. Optical images of the fabrication of flexible and free-standing PANI/CSA electrode.

GOx immobilization was achieved by drop-casting, which produces a glucose biosen-
sor with the GOx directly attached to the high surface area of PANI and PANI-GNS
electrodes, following a crosslinking procedure using glutaraldehyde [17]. Through the
provided methodology, flexible and free-standing PANI-based films without any binders
or additives were prepared which has been a long-standing challenge that prevents the
widespread use of this material for the fabrication of biosensors [18]. Moreover, the conduc-
tivity of the electrode material and performance parameters of the conducting membranes
was significantly enhanced by secondary doping as well as the addition of GNS into
the polymer matrix which was utilized for the first time for the intended applications in
literature according to our knowledge [19].

3.2. Spectroscopic Analysis

FTIR spectroscopy was used to investigate the functional group formation in CSA
doped PANI and PANI-GNS nanocomposites, before and after enzyme immobilization
[Figure 2]. Pure PANI showed the characteristic peaks at 1556 and 1475 cm−1, which are
attributed to stretching vibrations of C=N in quinone diamine segment and C=C stretching
of benzenoid rings, respectively [20]. The wavenumbers of these two primary peaks were
lower than those provided in literature for PANI in emeraldine salt form [21].
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Figure 2. Chemical structure of CSA-doped (a) PANI, (b) PANI-GNS; (c) FTIR Spectra of PANI,
PANI-GNS-5, PANI-GOx, and PANI-GNS-5-GOx samples.

Consistent with the molecular structures provided in Scheme 1a,b, this blue shift in
our samples was explained by the restricted vibrational motion of polymer chains which
was the result of the development of polaron structures in the PANI-ES form due to the
secondary redoping with big counter ions of CSA [15,21]. Pure PANI also showed the
characteristic C-N stretching in benzenoid unit (1283 and 1223 cm−1) and aromatic C-H
in-plane bending (1115 cm−1) bands (Figure 2c). Additionally, the stretching vibrations
around 1714 cm−1 (carbonyl group) and 1028 cm−1 (sulfonic group) confirmed successful
redoping of the PANI with CSA [22].

Among GNS incorporated electrodes, PANI-GNS-5 nanocomposite showed the most
significant differences in terms of spectral alterations. Comparing the FTIR spectra of PANI-
GNS-5 with pure PANI, it was observed that the interaction between graphitic materials and
polymer chains manifested themselves by peak shifts and intensity increases. Compared
with the pure PANI sample, the C=C stretching vibration band of the quinoid and benzenoid
rings in PANI–GNS is red-shifted from 1556 and 1475 cm−1 to lower wavenumbers—i.e.,
1538 and 1455 cm−1, respectively. This indicates that PANI-GNS nanocomposites involve
higher degrees of conjugation which can originate from conjugational π-π interactions
between nanoscrolls and polymer chains [23,24]. According to Liu et al., the increase
in conjugation length and electron delocalization can lead to enhanced conductivity of
polymer chains which will be confirmed by four-point probe resistivity measurements [25]
(Section 3.5).

The incorporation of GOx into the PANI and PANI-GNS matrix can be confirmed by
analyzing the amide IR bands which are widely used for the monitoring of conformational
changes in proteins. As provided in Figure 2, unlike pure PANI and PANI-GNS electrodes,
two amide bands, within the ranges of 1700~1600 cm−1 (amide I) and 1600~1500 (amide
II) were observed for GOx immobilized specimens. The amide I band around 1642 cm−1

was attributed to C=O stretching vibrations of peptide linkages in the glucose oxidase
backbone. The latter—i.e., amide II at 1574 cm−1 was assigned to a combination of N–H
in-plane bending and C–N stretching of the peptide groups [26]. However, amide II bands
were overlapping with that of characteristic PANI peaks as can be seen from the blue shift
towards higher wavelength for both pure PANI and PANI-GNS samples.
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3.3. Morphological Analysis

Scanning electron microscope images of pure polyaniline sample possessed the most
uniform and smooth surface among all other electrodes without any pores or particle
inclusions [Figure 3a]. This was indicative of good solubility in m-cresol/chloroform
solution which was required to achieve higher electrical conductivity [27].

Figure 3. Surface morphology of (a) PANI, (b) PANI-GNS-5, (c) PANI-GOx, and (d) PANI-GNS-5-GOx
electrodes; single fiber of graphene nanoscrolls from (b) PANI-GNS-5 and (d) PANI-GNS-5-GOx.

GNS with lengths and diameters in the range of a few micrometers and 300–500 nm,
respectively, can be envisaged as rigid macromolecules with rolled-over graphite sheets
which give rise to the formation of macro-pores and surface cracks [Figure 3b] through
which the analyte molecules can easily diffuse into the electrode. SEM and TEM images of
pure GNS are given in Supplementary Materials Figure S1. Figure 3c,d show the surface
of PANI and PANI-GNS-5 electrodes after the immobilization of Gox, confirmed by the
appearance of granular morphology. Achieving a higher amount of GOx immobilized on
the surface is more favorable as it would enable enhanced analyte detection as well as
electron transfer. In the latter case more GOx is embedded deeper into the nanocomposite,
bonding fibers, and agglomerates to each other, which makes the surface more favorable
for the entrapment of enzyme molecules. Similarly, Peng et al. also confirmed that the
quantity of enzyme immobilized on electrode surface can be significantly increased due
to the open and spiral structure of rolled graphene sheets [28–30]. Combined with the
interlayer spaces and channels of scrolled structures, open surface morphology achieved by
GNS incorporation into PANI matrix can facilitate the mass transport of analyte molecules
leading to more exposed active sites within nanocomposite, thus improving the overall
performance of the electrodes. Figure S2 presents the SEM images of PANI-GNS-1, PANI-
GNS-2.5, and PANI-GNS-5, illustrating the open porous yet rough surface texture that
might be critical in the immobilization of Gox.

3.4. Mechanical Analysis

Micro-mechanical properties of CSA doped PANI films at different GNS loadings were
analyzed using nanoindentation studies. The elastic modulus (E) and hardness (H) of the
nanohybrid membranes were derived by using Oliver and Pharr’s method derived from
load-displacement curves [31]. As can be observed from Figure 4, the addition of GNS
into the PANI matrix improved elastic modulus and hardness to 2.6 GPa and 0.17 GPa,
respectively, for PANI-GNS-5 nanocomposite, compared to 1.9 GPa and 0.08 GPa, for
pure PANI.
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Figure 4. Young modulus and hardness of flexible and free-standing PANI/CSA membranes at
various GNS content.

This higher resistance against the penetration of the indenter probe can be attributed
to the interaction between closely packed PANI chains due to large CSA molecules and
graphene nanoscrolls [15,16]. The superior adhesion behavior of graphene nanoscrolls
owing to its strain generated during the scrolling process of nanoplatelets has been reported
in previous studies [32]. Results suggest that the increase of 0.74 GPa and 0.08 GPA in
respective nanocomposite modulus and hardness with increasing GNS content was the
result of restricted movement of polymer chains due to big CSA counter ions as well as
strong adhesion of nanoscrolls resulting in better mechanical interlocking. Chen et al., in a
recent study, studied the presence of a correlation between elasticity and conductivity of
functionalized PANI films. It has been reported that the most significant charge carrier mo-
bility was achieved at maximum values of elastic modulus due to the enhanced structural
order in polymer chain packing and alignment [33]. Thus, it is to be expected that CSA
doped PANI electrodes with the highest amount of GNS content would demonstrate better
conductivity which will be investigated using the four-point probe technique. Further,
XRD data (Figure S3 and Table S1) reveals the XRD patterns of pure PANI and its GNS
loaded membranes. The decrease in full width at half-maximum (FWHM) in nanohybrid
samples is an indication of ordering of PANI macromolecular chains. Similarly, modulus
and hardness data (Figure S4) as obtained by nanoindentation confirm that the mechanical
integrity of the samples did not get affected after conductivity tests.

3.5. Conductivity Analysis

Sheet resistivity and the conductivity of CSA doped PANI electrodes at different GNS
content were measured using the four-point probe technique. As can be observed from Fig-
ure 5a, the electrical conductivity of the nanocomposites improved from 3 S/cm to 9 S/cm
when the GNS ratio was increased from 0 to 5%. The increase in electrical conductivity of
the fabricated electrodes was attributed to the “conducting bridge” effect of GNS which
creates electrically active junction points [34]. Higher charge carrier mobility achieved
due to enhanced structural order in polymer chain packing was the result of restricted
polymer chain movements due to big CSA counter ions and superior adhesion properties
of GNS [15,16]. The presence of intrinsically conductive GNS provides additional routes
for charge transport as opposed to discontinuous electron pathways in the case of only
pure PANI chains. Moreover, strong π-π conjugation between PANI and GNS contributes
to the formation of a rigid film structure in such a way that the conducting π electrons can
easily hop between polymer backbones, thus improve film conductivity [35–37].
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Figure 5. Electrical properties of PANI/CSA electrodes (a) at different GNS content, (b) in presence
of different nanomaterials.

The effects of different nanomaterials—i.e., multiwalled carbon nanotubes (MWCNT)
and graphene nanoplatelets (GNP) on electrical properties of CSA-doped PANI were also
studied. It was observed that incorporation of these carbon nanomaterials into polymer
matrix increased the conductivity of electrodes to 5.4 S/cm and 6.3 S/cm in the case of
GNP and MWCNT, respectively. However, it can be seen from Figure 5b, PANI-GNP
nanocomposites yielded a lower conductivity value than PANI-MWCNT counterparts.
This was consistent with the previous studies as graphene nanoplatelets lack the ability to
form conductive networks in polymer matrices which would result in increased amounts
of discontinued pathways for charge transport [37].

Additionally, the analysis of the conductivity properties of GNS yielded the high-
est value of 9 S/cm which was attributed to the structural continuity of the rolled-up
one-graphene layer which lessens the effect of inter-wall tunneling interactions unlike the
bamboo-like compartment structure of MWCNTs causing perturbations of electrical prop-
erties. The unique scrolled architecture of GNS was critical in achieving higher electrical
conductivity as it provided additional routes for electron transfer and contributed to the
formation of “conducting bridges”, minimizing the tunnelling effect at molecular level.

4. Conclusions

The PANI-GNS nanohybrid membranes were synthesized by chemical oxidative poly-
merization of aniline in the presence of APS as an oxidant. FTIR studies revealed successful
incorporation of GNS into PANI matrix as well as the presence of higher degrees of conjuga-
tion which would result in better alignment of polymer chains. Moreover, morphological
studies showed that the addition of the GNS into the polymer can alter the surface structure.
Consistent with previously reported studies, the most significant charge carrier mobility of
9 S/cm was achieved at maximum values of elastic modulus (2.6 GPa) which belonged to
PANI/CSA electrode with 5% GNS weight content due to the enhanced structural order in
polymer chain packing which was confirmed via nanoindentation studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/macromol2040035/s1, Figure S1: Scanning and transmission
electron micrographs of graphene nanoscrolls; Figure S2: (a–c) Scanning electron micrographs of
PANI-GNS composites at various GNS content; Figure S3: X-ray diffraction (XRD) patterns of
prepared flexible nanohybrid membranes; Figure S4: Elastic modulus and hardness values of pure
PANI and GNS loaded nanohybrid membranes using nanoindentation; Table S1: Full width at
half-maximum values of the prepared nanohybrid membranes.

https://www.mdpi.com/article/10.3390/macromol2040035/s1
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