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Herein, hybrid nanocomposite devices based on polyaniline (PANI) nanofibers decorated with gold
nanoparticles (Au), as conductive fillers, and atactic polystyrene (aPS), as insulating matrix, were developed.
To assess the effect of the PANI and Au synthesis procedure on the electrical behavior of the developed
devices, PANI/Au nanosystems were synthesized via two different routes: (1) biphasic synthesis, wherein
PANI nanofibers were grown through a biphasic synthesis procedure incorporating 1-dodecanthiol-capped
Au (AuDT) nanoparticles, which were previously synthesized and dispersed in the reaction environment; (2)
one-pot synthesis, wherein gold nanoparticles were directly reduced, starting with auric salt precursors on
the PANI nanofiber surface, which were previously synthesized via a rapid mixing procedure. Thermal
stability and the Au/PANI weight ratio were determined using thermogravimetric analysis (TGA).
Furthermore, PANI/Au nanosystems were observed using transmission electron microscopy (TEM), revealing
that the synthesis route significantly affected the morphology of nanosystems. Electrical characterization
showed that aPS/PANI/Au hybrid nanocomposite devices exhibited a typical non-linear current—voltage
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DOI: 10.1039/d4ma01218f curve with a closed hysteresis loop, which is a characteristic of memristive behavior. Moreover, devices

made with fibers obtained via rapid mixing (PANI RM/Au) exhibited conductivities higher than those pro-
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1. Introduction

Semiconductor technology has promoted a rapid and radical
advancement in information processing through the develop-
ment of high-speed and -density non-volatile memory devices.
Further progression in the memory technology field requires
nanoscale device development, among which the two-terminal
electronic device architecture turns out to be the most promis-
ing since overall device dimensions only depend on electrode
sizes. Nanomaterials such as donor-acceptor charge-transfer
complexes,” bistable molecules,” and nanocomposites compris-
ing organic materials and metal nanoparticles®* are suitable
for incorporation into a memory device architecture. Among
the organic materials, inherently conducting polymers (ICPs),
including polyanilines (PANIs), polythiophenes (PTs) and poly-
pyrroles (PPys), are particularly suitable for the development of
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duced with fibers from biphasic synthesis (PANI BF/AuDT).

electronic devices owing to their electrical properties compar-
able to those of inorganic materials (semiconductors and
metals).” Moreover, ICPs can potentially replace many of these
materials owing to their lower manufacturing costs, lower
density, better processability, higher mechanical flexibility
and broader chemical functionalization capabilities. Further-
more, owing to the minimal thermal expansion coefficient and
mechanical property mismatch between ICPs and structural
polymers, the development of stable conductive plastic compo-
site components is a concrete possibility.’

Polyaniline (PANI) is one of the most important ICPs with
the potential for a multitude of applications, especially in
chemical sensors and electronic devices.® Within the ICPs
family, PANI is unique owing to its ease of synthesis, environ-
mental stability, and reversible conductivity achieved by dop-
ing/de-doping. PANI can be synthesized by both chemical
oxidation and electrochemical polymerization of the aniline
monomer under mild conditions.” PANI can be found in three
different oxidative states, i.e. pernigraniline, leucoemeraldine
and emeraldine base. In the latter state, PANI becomes elec-
trically conductive when doped with acids as it will form the
emeraldine salt form. The electrical conductivity of PANI can be
reversibly varied, from 107'° S em ™" (for the undoped insulat-
ing base form) to 1 S cm ™" (for the fully doped conducting salt

© 2025 The Author(s). Published by the Royal Society of Chemistry
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form). In recent years, the synthesis and applications of PANI
nanostructures have been popular topics in research. PANI
nanofibers have been deeply studied owing to the intrinsic
one-dimensional structures of the rigid PANI macromolecule,®
and compared to other morphologies, nanofibers show better
suspension ability and larger surface areas that guarantee
improved performances for applications such as memory
devices and chemical sensors.’

Metal nanoparticles, such as silver and gold, have been
extensively studied due to their unique optical properties.'
Thus, PANI/noble metal nanoparticle composites have gained
considerable attention due to their long-term solution stability,
nanoparticle size tunability and possible use in chemical
sensors, catalyst development and memory devices.!' In parti-
cular, one of the main features that a memory device should
possess is memristive behaviour, ie., a bi-stable electrical
conductivity depending on the applied voltage history to repro-
duce the 0/1 states."

PANI nanofibers can be fabricated using different synthetic
routes such as electrospinning,’® hard templates,'* soft tem-
plates,'® interfacial polymerization'® and seeding polymeriza-
tion."” Among these, polymerization assisted by hard templates
(carbon nanotubes, graphite, and inorganic oxides) is mainly
used for PANI synthesis,"® especially for developing sensors and
energy storage devices. Milakin et al,'® for example, developed
ascorbic acid sensors based on the PANI growth on a hard
template of a carbon black paste, while Xia et al.>° reported the
growth of ordered whisker-like polyaniline on the surface of a
mesoporous carbon template as well as its excellent supercapa-
citor properties. On the other hand, interfacial polymerization
has achieved considerable attention due to the possibility of
producing high-quality PANI nanofibers by controlling their
morphology, size and diameter,>* following simple procedures,
and allowing a wide choice of solvent pairs, acid dopants, and
reagent concentrations over a broad range of temperatures.
Pillalamarri et al.®* used a one-pot synthesis method in which
composite materials consisting of PANI nanofibers decorated
with noble-metal (Ag or Au) nanoparticles were synthesized by
y-radiolysis. Sarma et al.>*> have prepared PANI-gold nanocompo-
sites by first reducing the gold salt solution and then polymeriz-
ing aniline in the same medium. PANI nanofibers decorated with
gold nanoparticles were synthesized by Tsang et al.>* devices built
incorporating these hybrid fibers within a polyvinyl alcohol (PVA)
matrix have shown a memristive behaviour, making this material
a promising candidate as a digital memory device. Nevertheless,
aggregation and overgrowth of noble metal nanoparticles on the
PANI surface are commonly observed due to the lack of effective
protection ability, and therefore, noble metal nanoparticle size
control results are limited. So, there are still some fundamental
aspects that must be analysed, such as the PANI synthetic route
and the use of capping molecules to protect metal particles.

In this study, conductive hybrid composites comprising
doped PANI fibers, with gold nanoparticles (Au NPs) as the
conductive dispersed phase and atactic polystyrene (aPS) as the
polymer matrix, were synthesized and characterized. Two dis-
tinct PANI/Au nanosystems were examined, obtained by
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exploiting different synthetic approaches for both PANI nano-
fibers and gold nanoparticles. In the first case, a nanocompo-
site system was obtained by the simultaneous incorporation of
previously self-assembled 1-dodecanthiol-capped gold nano-
particles and PANI nanofiber formation at a biphasic interface
(biphasic synthesis, BF). In the second case, gold nanoparticles
were deposited on the PANI nanofibers, obtained by the rapid
mixing synthesis method (RM), through the chemical reduction
of gold salts. The influence of the synthesis route on the
morphology and size of the PANI/Au nanosystem was exam-
ined, and the correlation between these parameters and the
electrical characterization of the aPS/PANI/Au hybrid compo-
sites was performed. It was observed that the I-V curves show a
memristor-like behaviour. The memristor-like behaviour
observed in the I-V curves suggests potential applications in
neuromorphic computing and memory devices. Further inves-
tigation into the mechanisms underlying this behaviour could
provide valuable insights into the charge transport properties
of these hybrid composites. Additionally, the study of different
PANI/Au nanosystem synthesis routes opens possibilities for
tailoring the electrical characteristics of the resulting compo-
sites for specific applications.

2. Experimental

2.1. Materials

Aniline, ammonium persulphate (APS), chloroauric acid (HAuCl,),
tetraoctylammonium bromide (TOAB), sodium borohydride
(NaBH,), 1-dodecanthiol (DT), camphor sulphonic acid (CSA),
thioglycolic acid (TA), ammonium hydroxide, dodecyl benzene
sulphonic acid (DBSA), carbon tetrachloride (CCl,), atactic poly-
styrene (aPS, MW 280 000), chloroform (CHCl;) and toluene were
purchased from Sigma-Aldrich and used as received.

2.2. Synthesis of PANI BF/AuDT

The gold nanoparticles capped with 1-dodecanethiol (AuDT)
were synthesized utilizing the two-phase arrested growth
method.>® 50 ml of HAuCl, solution (0.05 M) was poured into a
separatory funnel along with 160 ml of TOAB in toluene solution
(0.03 M). Upon complete separation of the biphasic system, the
aqueous phase was removed, and DT (0.48 ml) was added to the
organic phase and subjected to magnetic stirring for 10 min.
Subsequently, 50 ml of NaBH, in an aqueous solution (0.4 M) was
introduced dropwise to the toluene solution, and the system was
allowed to react for 3 h and 30 min. The water/organic biphasic
system was transferred to the separatory funnel, and the aqueous
phase was removed. Toluene was removed using a rotary eva-
porator system set at 50 °C; finally, the as-prepared AuDT
nanoparticles were collected using absolute ethanol, filtered,
washed with acetone and dried in an oven under vacuum for
2 days.

The synthesized nanoparticles were utilised in the prepara-
tion of PANI BF/AuDT by an interfacial biphasic synthesis.>® A
solution comprising 20 mg of AuDT, 50 mg of DBSA (surfactant)
and 47.41 g of CSA (dopant) in 200 ml of water was prepared
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and sonicated for 2 h. Following the sonication stage, 1.27 g of
APS (initiator) was added to the aqueous solution and gradually
poured into a separatory funnel previously filled with 200 ml of
aniline solution in carbon tetrachloride (0.1 M). After 10 h of
the reaction, the organic phase was removed and the aqueous
system was filtered, washed with bidistilled water and dried in
an oven under vacuum at 80 °C for 24 h. The CSA-doped PANI
nanofibers without gold nanoparticles were synthesized using
the same procedure.

2.3. Synthesis of PANI RM/Au

PANI nanofibers were synthesized according to the ref. 27 aniline
(0.6 ml) and APS (0.36 g) were dissolved in two vials containing 20
ml of HCI solution (1 M). These solutions were rapidly mixed,
stirred for 30 s and allowed to react for 2 h at room temperature.
The resulting greenish solution was filtered and washed with
bidistilled water, and the filtrate was added to a 40 ml solution
of ammonium hydroxide (0.1 M) for de-doping. After 0.5 h, the de-
doped product was filtered again and dispersed in 40 ml of TA
solution (0.1 M) for subsequent doping (0.5 h). The obtained PANI
RM nanofibers were collected for the subsequent phase of gold
reduction. In a typical gold nanoparticle deposition for gold
reduction,”® a precise amount of a 0.1 M HAuCl, solution was
added to 50 ml of PANI RM nanofibers (2.0 g L™ ). According to
ref. 29 TA is not capable of reducing HAuCl, without the presence
of doped PANI, which acts as a reducing agent and conductive
polymer at the same time. Two different HAuCl, concentrations
were investigated: 1.8 mM and 0.36 mM. The system was kept
under magnetic stirring for 2 h, and the product was filtered,
washed and dried in an oven under vacuum at 80 °C for 24 h.

2.4. Characterization

Thermogravimetric analysis (TGA) was performed to evaluate
the gold content in PANI/Au nanocomposites using a TGA Q500
system (TA Instrument, USA) under a nitrogen atmosphere
(50 mL min~*) and heating ramp of 10 °C min™'. The sample
weights were approximately 5 £ 0.5 mg, and the maximum
temperature was 600 °C. The morphology of the PANI and
PANI/Au hybrid composites was assessed using a bright field
transmission electron microscopy (TEM) FEI Tecnai G12 Spirit
Twin, equipped with a LaB6 source and a FEI Eagle 4k CCD
camera (Eindhoven, The Netherlands) with samples, prelimin-
ary dispersed in chloroform and then deposited on a copper
grid. The size distribution was assessed employing open-source
Gwyddion software on TEM micrographs.

2.5. Device fabrication

The active layer of the developed devices consists of an atactic
polystyrene (aPS) matrix incorporated within the synthesized

Table 1 List of the synthesized PANI/Au hybrid nanocomposites
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polyaniline/gold (PANI/Au) hybrid nanofibers. To prepare this
active layer, a solution of aPS in chloroform (1.6 wt%) was
prepared at 60 °C under magnetic stirring and after the
complete dissolution of the polymer had occurred, an appro-
priate amount of nanofibers (8.3 wt%) was added. The resulting
system was ultrasonicated for 3 h with a sonication amplitude
of 75 and a power of 40 W at ambient temperature. Prior to the
deposition process, the glass substrates were meticulously
cleaned using deionized water and detergent in an ultrasonic
bath. This was followed by rinsing with acetone and isopropyl
alcohol, and finally, drying in an oven at 120 °C for a minimum of
1 h. A silver contact was then formed on the glass substrates via
thermal evaporation, conducted at a base pressure below 5 x
10~7 mbar with a deposition rate of approximately 2 A s™. A
shadow mask was used to achieve the desired pattern, specifically
a strip measuring 1 mm in width. The solution was subsequently
spin-coated onto the cleaned glass substrate by a Spin Coater 100
(CEE - Cost Effective Equipment, USA). The employed spin
parameters included a spin velocity of 5000 rpm, spin accelera-
tion of 1800 rpm, and spinning duration of 60 seconds, resulting
in a deposited layer with an approximate thickness of 220 nm
Finally, the silver counter electrode was evaporated onto the
active layer under the same deposition conditions as those of
the bottom contact, with the shadow mask oriented orthogonally
to the bottom contacts. This configuration allowed the creation of
a device with an active area of 1 mm®.

3. Results and discussion

3.1. Synthesis of PANI/Au nanocomposites

PANI nanofibers were synthesized using two different approaches.
In the biphasic synthesis (designated PANI BF), the monomer
(aniline) and polymerization activator (APS) are dissolved in an
organic phase (CCl,) and water, respectively, with nanofibers
growing at the phase interface while simultaneously incorporating
previously self-assembled 1-dodecanthiol-capped gold nano-
particles (AuDT). In the rapid mixing synthesis (PANI RM), aniline
and APS are directly dissolved and mixed in water, and subse-
quently, gold nanopatrticles are deposited by the direct reduction
of gold salts onto the surface of the attained doped PANI nanofi-
bers. To assess the effect of the gold precursor concentration on
the morphology and distribution of gold nanoparticles reduced on
the PANI surface, two different HAuCl, concentrations, 1.8 mM
and 0.36 mM, were investigated. The synthesized nanocomposites
are listed in Table 1.

TGA analysis was performed on AuDT nanoparticles to
estimate the mass fraction of the gold core compared to the
1-dodecanethiol coating, and the results are presented in
Fig. 1a. As evident, the gold content in the nanoparticles is

PANI/Au nanosystems

PANI synthesis technique

Au synthesis technique

PANI BF/AuDT
PANI RM/Au 1.8 mM
PANI RM/Au 0.36 mM

Biphasic (PANI BF)
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Rapid mixing (PANI RM)
Rapid mixing (PANI RM)

Gold/dodecanthiol (AuDT) self-assembly
Gold reduction (Au)
Gold reduction (Au)
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approximately 83%. Furthermore, the curve is characterized by
a single degradation step, located approximately at 250 °C,
associated with the degradation phenomenon of the DT
coating.?® Regarding the CSA-doped PANI BF nanofibers, two
primary steps characterize the degradation curve: the initial
mass loss from 200 °C to nearly 400 °C is attributable to the
degradation of CSA, while the final step occurs between 400 °C
and 700 °C and it is likely due to the CSA-doped PANI BF
degradation.?**' By subtracting the PANI/Au nanocomposite
residual weight @800 °C from that of the PANI nanofibers at
the same temperature, it is possible to estimate the gold
content in the nanosystems, which in the case of PANI BF/
AuDT is approximately 14.6%. Moreover, the TGA curves of
PANI BF and PANI BF/AuDT demonstrate the absence of a
change in profile shape, indicating that AuDT nanoparticles do
not affect the degradation process of the PANI nanofibers.

Fig. 1b presents the TGA curves of PANI RM, PANI RM/Au
1.8 mM and PANI RM/Au 0.36 mM. As expected, the increase by an
order of magnitude in HAuCl, leads to a substantial alteration in
the gold nanoparticle content, which increases from 10.3% in PANI
RM/Au 0.36 mM to 27.8% in PANI RM/Au 1.8 mM.

The gold content in the synthesized PANI/Au hybrid nano-
composites is summarized in Table 2.

Fig. 2a displays the TEM image of the AuDT nanoparticles,
and an average size of approximately 3-5 nm was deduced by a
relative size histogram of AuDT NPs (Fig. S1, ESIt). The
nanofibers produced using these nanoparticles via a bottom-
up synthesis exhibit a uniform distribution of gold on the
surface of the PANI, as demonstrated in Fig. 2b.

In contrast, in the synthesis of gold nanoparticles, the direct
reduction of a gold precursor onto the polyaniline (PANI)
nanofibers reveals that the concentration of HAuCl, has a
substantial effect on the size of the resulting nanoparticles.

a) b)

Weight (%]
Weight [%]

PANIRM
© —— PANI RWVAu 1.8mM
PANI RW/AU 0.36mM

——PANIBF
4 ~——— PANI BF/AuD’
—— AuDT
W ww %o 4o w0 0 w0 W e % w0 s 60 W e0
Temperature [°C]

Temperature ['C]

Fig.1 TGA curves of (a) AuDT, PANI BF and PANI BF/AuDT as well as (b)
PANI RM/Au.

Table 2 Gold content in PANI/Au nanocomposites

Nanocomposite Gold nanoparticle Gold
system diameter [nm] content® [%]
PANI BF/AuDT 3-5 14.6
PANI RM/Au 1.8 mM 2-3 27.8
PANI RM/Au 0.36 mM ~1 10.3

¢ Evaluated by TGA; subtracting the PANI nanofiber residual weight
@800 °C from that of the corresponding PANI/Au nanocomposite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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b)

Fig. 2 TEM image of the synthesized (a) AuDT nanoparticles and (b) PANI
BF/AuDT.

b)

Fig. 3 TEM image of (a) PANI RM/Au 1.8 mM and (b) PANI RM/Au
0.36 mM.

This is clearly supported by the transmission electron micro-
scopy (TEM) images shown in Fig. 3. In PANI BF/AuDT synthesis,
AuDT particles are incorporated in the PANI fibers during their
growth (localising them either into the fiber bulk and on the
surface). On the contrary, in PANI RM/Au synthesis, gold nano-
particles nucleated almost exclusively onto the PANI fiber surface,
which was already formed. In addition, a higher HAuCl, concen-
tration will prompt the formation of larger nanoparticles (ie.,
diameter range of 2-3 nm), as confirmed by Fig. 3a. Conversely,
the PANI RM/Au sample at a concentration of 0.36 mM exhibits
comparatively smaller nanoparticles, as shown in Fig. 3b.

The TGA results and TEM observations suggest that the
concentration of HAuCl, is a critical parameter for both the
number and size of the synthesized gold nanoparticles.

3.2. Electrical characterization

The schematic layout of the fabricated devices is reported in Fig. 4a.
The current-voltage (I-V) characteristics of these devices were
systematically measured by a sequential direct current (DC) bias
voltage protocol, which involved the application of voltages in the
following order: 0 V, gradually increasing to 1 V (and 2 V specifically
for the samples incorporating PANI BF/AuDT), followed by a
decrease to —1 V (and —2 V for the PANI BF/AuDT samples), and
concluding with a return to 0 V. The voltage was varied in discrete
steps of 0.1 V throughout this process. These measurements were
conducted using a Keithley 2400 Source Meter, with the positive
voltage being applied to the bottom contact of the device.

Mater. Adv., 2025, 6,1788-1793 | 1791
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1 mm silver contact ~

Active Layer

Abs(Cur)
N
\
\\ |
\

Glass Substrate

[
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[ ——PANI RM/Au 1.8 mM
10 PANI RM/Au 0.36 mM|

-20 -15 -10 -05 00 05 10 15 20

Voltage (V)

Fig. 4 (a) Schematic layout of the fabricated devices; (b) current—voltage
characteristics (plot with absolute current) of the device with PANI BF/
AuDT, PANI RM/Au 1.8 mM and PANI RM/Au 0.36 mM.

The I-V curves presented in Fig. 4b reveal that the investi-
gated devices exhibit a typical and pronounced non-linear
current-voltage curve characterized by the presence of a closed
hysteresis loop. These results are indicative of a memristive-like
behaviour, which implies that the devices are capable of
exhibiting resistance changes that are influenced by their
electrical history. According to Tseng et al,* electrical resis-
tance switching is attributable to the electric-field-induced
charge transfer between the conjugated polyaniline and gold
nanoparticle. Moreover, as reported by Li et al,’ the control
tests have revealed that the memristive effect is closely related
to the PANI/gold junction because the presence of only one of
the two will make this effect disappear.

Such memristive behaviour is of significant interest in the
field of neuromorphic computing and memory devices, sug-
gesting the potential for applications in non-volatile memory
storage and processing capabilities. Further analysis indicates
that the devices fabricated using nanofibers obtained through
rapid mixing techniques demonstrate conductivities that are
nearly two orders of magnitude greater than those derived from
the biphasic synthesis method.

The difference in the current and hysteresis shape is attri-
butable to the structure and sizes of the gold nanoparticles.
Firstly, in the case of PANI BF/AuDT, the current is reduced at
the same bias value due to the presence of an organic shell (DT)
onto the gold nanoparticles acting as a charge transfer barrier.
In PANI RM samples, the curve profiles are similar with an
increased current density, as in the case of PANI RM/Au
0.36 mM. This latter evidence is likely due to the smaller gold
particles uniformly distributed onto the PANI fiber surface,
which enhance the contact surface, and thus, the conductivity
between the metal and the polymer. This substantial difference
in conductivity is critical, as it influences the operational
voltage range of the devices. Consequently, for the devices
produced via rapid mixing, the voltage sweep was deliberately
limited to a maximum of 1 V to prevent potential damage or
undesired effects due to excessive current flow. In contrast, the
devices produced with nanofibers from the biphasic synthesis
process could tolerate higher voltage sweeps, necessitating the
application of voltages up to 2 V. The stability and reproducibility
of the observed I-V curves upon repeated cycling (Fig. S2-54, in
ESIt) further emphasizes the reliability of the memuristor-like
behaviour exhibited by the devices. Such a feature is fundamental
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Fig. 5 Hysteresis loops exhibited by the three devices, indicating two
states: high resistance state (HRS) and low resistance state (LRS).

for practical applications, as it indicates that the devices can
maintain consistent performance over time, which is a crucial
attribute for any memory or processing device for real applications.

Fig. 4 reports that the analysed devices exhibit characteris-
tics associated with memristive-like behaviour. Specifically, the
resistance of these devices is not a fixed property but is
dependent upon the applied history of voltage and current,
underscoring the potential utility of these devices in advanced
memory technologies and neuromorphic systems. The findings
suggest that optimizing the synthesis methods for nanofibers
could significantly enhance device performance, paving the way
for future research and development in this area.

Fig. 5 clearly shows evidence for the transition of memris-
tors from a low resistance state (LRS) to a high resistance state
(HRS) in response to the increasing applied voltage. Samples
produced with the “rapid mixing” method switch from LRS to
HRS at a lower voltage (~0.9 V) compared to those made using
the “biphasic synthesis” method (~1.3 V).

A further notable observation is related to the behaviour of
these devices under negative voltage conditions. In fact, as the
applied voltage is inverted and decreases, the device reverts to its
initial LRS. This indicates that, upon exceeding a specific negative
threshold voltage, the device operates a back-transition to the high
resistance state, suggesting that it can retain its previous state
upon the power removal. This specific characteristic categorized
these devices as volatile memristors and it induces substantial
implication at the scientific level and in practical technological
applications, implying operational characteristics under differing
electric field conditions.*?

4. Conclusions

This work described two distinct synthetic routes for preparing
conductive PANI/Au hybrid nanocomposites, finding signifi-
cant differences in their morphology and electrical properties.
The major effects of the fabrication technique on the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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performance of the final product were demonstrated for the
hybrid composites prepared by rapid mixing, which revealed
higher conductivity compared to those attained by the biphasic
synthesis procedure.

Demonstrating the ability of these devices to effectively
switch states in response to the applied voltage is fundamental
for potential applications in memory technology, advanced
sensors, flexible electronics and neuromorphic computing sys-
tems. Further optimization will be performed in the fabrication
conditions to improve the conductive properties and scalability
of PANI/Au-based nanocomposites at the voltage thresholds.
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