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Abstract: We observed and studied the phenomenon of the redox front propagation in different 

polyaniline (PAni) deposited samples interfaced with liquid or solid polymeric electrolyte. The front 

of electrochemical conversion, in which the insulator and the conductor parts of PAni are interfaced, 

is studied observing the temporal evolution of the conductivity of PAni samples. The propagation 

of redox front was studied in electrochemically obtained thick (2 µm) and in thin (50 nm) polyaniline 

films, obtained using Langmuir-Blodgett (LB) method. In the configuration that we tested, the speed 

of the red-ox front propagation for the thin LB films was found to be 200 micron/sec opening the 

way for the manufacturing large neural networks, realized using PAni based memristive devices, 

in which the memristance can be quickly changed in the programmable manner. The prototypes of 

the spiking neuron connections were manufactured on the basis of lithographically developed gold 

contacts, bridged by electrochemically grown polyaniline and placed under polymer electrolyte 

layer with only one counter electrode (gate) for the whole manifold of pseudo-two-terminal memris-

tor bridges. The spike propagation was studied in such gold-polyaniline systems. The research 

opens the possibility of miniature spike or rate-based neural network circuits manufacture, based 

on metal pads and polyaniline.  
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1. Introduction 

In the area of polymer science, the propagation of conductivity (redox) front in con-

ductive polymers, immersed into electrolytes was studied quite intensively. Olle Inganas 

[1] with coauthors studied the propagation of conductivity (redox) front from conductive 

electrode and through the film, immersed in the electrolyte solution in polythiophenes, 

using change of their absorbance. The front propagation was found to be caused by the 

red-ox processes in polymers, changing their oxidative state, which can propagate along 

the polymer film to very long distances due to electron conductivity, transferring charge 

carriers (mainly electrons, but locally ions to counter-balance the electron transfer red-ox 

processes) to or from the front, where reduction or oxidation processes, involving elec-

trons, are taking place. They found propagation speed to be quite high and distances, to 

which front propagated to be quite long (up to several centimeters). 

They also found the dependencies of speed of front propagation on electrode poten-

tial and suggested a theoretical model, describing front propagation, based on polymer 

electrochemistry. 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 May 2023                   doi:10.20944/preprints202305.0661.v1

©  2023 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202305.0661.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 15 
 

 

Aoki et al [2] for the first time observed the propagation of Red-Ox front in polyani-

line in liquid electrolyte using optical microscope, observed the red-ox front propagation 

in polythiophene [3] and polypyrrole and suggested a descriptive model based on the 

percolation theory [4]. Aoki and co-authors further observed the change of mechanism of 

front movement from propagation control to the diffusion control with the change of the 

solvent [3].  

At the same time some theoretical papers [5], [6] suggested the analytical models be-

hind the conductive red-ox front propagation, based on ion diffusion into or from the film 

and electron transport along the polymer. In [5] it was found, that the limiting process, 

which determines the speed of front propagation, is the diffusion of anions out of or into 

the film, balancing the electroneutrality in the process of cations involved in the red-ox 

processes inside the polymer. Similar optical approach was currently used also to reveal 

resistance variation. 

Memristive devices are thought to be perspective elements for neural networks de-

velopment, due to the possibility to store the analog manifold of weights of connections 

in rate-based or spiking neural networks and to change them in a programmable way. 

After the HP paper, where it was claimed the experimental realization of TiO2 memristor 

[7], there was an explosive interest to memristors study, with many different physical sys-

tems found to exhibit the memristance behavior, like metal filament based systems [8][9], 

magnetic spin torque systems [9], systems, having ion and electron conductivity [3], [10].  

At the same time there was a significant effort on developing ReRAM (resistive multi-

level memories), based on change of the red-ox states of some complex organic molecules 

in nanometer thin layers [11]. In mentioned paper it was shown, that metal-organic mol-

ecule, having a manifold of red-ox states, can programmably switch between different 

red-ox states by applying corresponding potentials and this process is reversible up to 40 

000 cycles. This study showed the applicability of change of Red-Ox states in organic sub-

stances to manufacture real electronic devices. 

The fact, that polyaniline (PAni) can be switched between red-ox states, having sig-

nificantly different conductivity and good mechanical properties, makes it perspective 

candidate both for ReRAM and neural network elements.  

The phenomenon of memristance in PAni was first observed in 2005 [12], even if the 

term “memristor” was applied to the device only in 2008, after the HP group publication 

[7], and the prototype of memristor was developed, having 3 terminals, similar to source, 

drain and gate of electrochemical transistor. The polyainiline memristive device was 

found to have up to 105 ON/OFF ratio [13], thanks to its switching mechanism (based on 

the redox activity of the conductive polymer) and endurance more than 104 cycles [14], 

[15] that allows the access to multiples and stable resistive states.   

The necessary prerequisite for the operation of polymer memristive device is the 

presence of electron conductivity, combined with ion conductivity, which allows ions mi-

gration to some area of polyaniline and electrochemical process of oxidation or reduction, 

accompanied by change of polymer chain conductance due to change of it’s red-ox state 

[16], [17]. 

Polymeric memristors (including, but not limited to PAni-based devices) possess sev-

eral significant advantages over inorganic ones, consisting in absence of first cycle so-

called “electroforming”, continuous spectrum of red-ox states within at least 5 orders of 

magnitude range  , good reversibility and maybe the most important – there is no scat-

tering of the values of the switching voltages from and to conducting states: for inorganic 

devices we can see scattering of these values not only for different devices, but also for the 

same device in different cycles. Their operation is predictable and fully described by pol-

ymer electrochemistry. It has been shown that PAni memristive device can work effec-

tively in a pulse mode[18] and its endurance is not less than 104 cycles [16], [17], what 

makes this kind of memristive devices suitable for several practical applications. A num-

ber of simple neural networks were manufactured, based on polymer memristive devices, 

and algorithms for supervised learning were developed, allowing the training of 
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memristor-based neural networks, such as single [19] and double [20] layer perceptrons 

at the hardware level. 

It was shown also [21], that the behavior of PAni-based memristive devices, which is 

used for spike propagation, can be controlled in the frame of STDP (Spike Timing De-

pendent Plasticity) algorithm, which is considered currently as the main paradigm of the 

explanation of unsupervised learning. 

Despite the extensive study of polyaniline memristive devices [22], [23], this element 

has a three-terminal structure, similar to ion field effect transistors (even if it acts a two-

terminal device with respect to the external circuit), what makes difficult its  application 

to real large scale  neural networks having millions of neurons, which require mostly two 

terminal memristor devices.  

Spiking neural networks, inspired by biological processes in neurons, which are 

called 3d generation neural networks [24] attracted a lot of interest of scientific community 

due the possibility to be used in all neural networks applications and having many ad-

vantages such as the possibility of unsupervised learning due to STDP mechanism, low 

power consumption of hardware realizations, more simple architectures of spiking net-

works in comparison with 2nd generation rate-based neural networks. A number of com-

panies developed spike based processor architectures, like IBM True North and Intel 

Loihi, which successfully solve complex neural networks deep learning problems. The 

introduction of miniaturized high density spiking networks will allow the next generation 

of neuromorphic computation and bring us a bit closer to Artificial General Intelligence.   

Here we report the study of the conductive red-ox front propagation directly applied 

to a working PAni based memristive device in which we explored in details the role of the 

device configuration. We concentrated on application of two terminal red-ox based poly-

aniline memristive devices with single reference electrode for the whole manifold of de-

vices for spiking networks applications, and showed the opportunity to make quite com-

plicated network architectures with large number of neurons based on spike propagation 

in polyaniline and metal pads. 

2. Experimental part 

2.1. Red-ox front propagation in polyaniline in liquid electrolyte 

The electrochemically grown PAni films (for the film synthesis details please see sec-

tion 4) were rinsed with deionized water and put into 1M aqueous HCl. The cyclic volt-

ammograms (CVs) of growth of PAni film in 1M aqueous HCl (scan rate 20 mV s-1) as 

well as CVs at different scan rates can be seen in Fig.1 a and b.  
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(a) (b) 

Figure 1. (a) The cyclic voltammograms (CVs) of growth of PAni film in 1M aqueous HCl (scan rate 

20 mV s-1) (b) Cyclovoltammogramm of the PAni in 1 M HCL solution in the set-up prepared for 

red-ox front measurement. 

In order to study the dynamics of PAni film switching, two synchronized Autolab 

PGSTAT302N potentiostats were used. The first potentiostat was used for switching of 

the film by applying short voltage pulses between WE1 and RE and registering the current 

between WE1 and CE. The second potentiostat was used for determination of the film 

state measuring complex impedance After each pulse the impedance between WE1 and 

WE2 (connected via thick Polyaniline bridge grown electrochemically, was measured us-

ing the second potentiostat (Fig.2).  

 

  

(a) (b) 

 

Figure 2. Nyquist plots of the impedance spectra measured between WE1 and WE2 during reduc-

tion (a) and oxidation (b) front propagation. 

A new voltage pulse was applied after the end of each impedance spectrum registra-

tion. The impedance was measured in a galvanostatic mode by applying harmonic current 

perturbation of 10 µA magnitude with zero bias in a frequency range between 10kHz – 1 
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Hz. The colors of the points reflect the fact, that spectrum is measured at each of these 

points. After the end of the measurements each spectrum was analyzed using Randles 

equivalent circuit in order to determine the film resistance and it dependencies on time 

(Fig. 3a,b). The capacity of PAni film was calculated as a derivative of the dependence film 

charge density on end potential  Fig. 3c,d). This dependence was measured during po-

tentiodynamic cycling of PAni film in a potential range from -0.2 to 0.8 V as described 

above. 

  

(a) (b) 

 

 

(c) (d) 

 

Figure 3. Real part of impedance in dependence from time, demonstrating oxidation and reduction 

front propagation (a,b). Figure (b) represents the same data as in (a) in the shorter timescale. Each 

resistance is found from the Randles equivalent scheme from impedance data, seen from Fig.2.c.  

Step coulogram of PAni film in 1M HCl aqueous solution. (d) Dependence of film capacitance on 

end potential calculated as derivative from step coulogram. 

2.2. Red-Ox front propagation in Langmuir-Blodgett films under solid electrolyte 

The experimental setup for these measurements is shown in Fig. 4 a. The active zone 

(area) of the device is represented by PAni/solid polyelectrolyte (Poly Ethylene Oxide - 

PEO) heterojunction (blue area in Fig 4b).  
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(a) (b) 

Figure 4. Measurement cell to measure red-ox front propagation in Langmuir-Blodgett thin (50 nm) 

films. (a) – set up for measurement with electrodes, source, drain and gate, (b) – geometry of meas-

urement cell. 

Schematic representation of the measurement cell consisting of quartz plate with 8 

platinum electrodes with the width of 0.5 mm, having distance between them 2 mm, is 

shown in Fig.4b. The device was assembled as follows: a stripe of PEO gel doped with 

LiClO4 (0.1 M) and HCl (0.1N) was deposited by solution casting over the whole PAni 

channel (4 mm x 6 mm). Then a silver wire (diameter of 0.05 mm) was attached to the PEO 

stripe and covered with additional cast layer of the gel. Finally, the assembled structure 

was dried at 25°C overnight. 

To measure the movement of the redox front we monitored the evolution of the po-

tential drop across the polymeric thin film of PAni in standard working condition, apply-

ing -0.2V and 0.8V between outer electrodes to simulate the depression and potentiation 

of the internal conductivity of the memristive devices. To ensure the electrical stability 

during the redox process, gate electrode is grounded. All electrical measurements were 

done using National Instrument SMUs NiPXle 4138/39 and NiPXl- 6289 driven by an ad 

hoc Labview code. Figure 5a reports an image of the device and the relative electrical set 

up. As shown in Figure. 4b 8 extra electrodes are deposited in the center of the PAni chan-

nel, allowing us to acquire the evolution of the potential drop along the film during the 

potentiation and depression. More in detail, 4 of these contacts were used for the acquisi-

tion of the voltage, 2 of them were confined in the active zone (namely pin 2 and pin 3) 

and 2 electrodes aside of the active zone (marked blue in Fig.4b), one closer to the source 

and the other closer to the drain (pin 1 and 4) the pins numeration can be seen from Fig. 

4a. 
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2.3. Measurement of spikes propagation in the cells, made using photolithography 

 

 

 

(a) (b) 

Figure 5. Photos of the measurement cell: (a) before deposition of PAni, showing topology of elec-

trodes;(b) with solid electrolyte layer on top of PAni layer and the scheme of measurement circuit 

(U? – measured voltage; 1M – etalon resistor 1 MOhm; U-/U~ - AC voltage supply with DC bias). 

Spikes of 0.1, 0.2 and 0.3 V amplitude with the varied duration and varied duty 

cycle were supplied to the polyaniline devices using electronic circuit, depicted at Fig. 

5b. From the Figure.6 one can see the spikes view for the frequency of 50 Hz (a) and 5 

kHz (b). It can be seen, that for low frequency we see concurrent electrochemical pro-

cesses and electric process due to ohmic resistance and capacitance of the polyaniline 

bridge, whereas for 5 kHz the ionic conductivity is not changed and only electronic 

ohmic and capacitive processes take place. 

 

 

(a) (b) 
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(c) 
 

Figure 6. Dependencies of AC spikes propagation in PAni bridges: (a) 50 Hz, (b) 5 kHz, (c) 50 Hz 

with different DC bias selected to be close to PAni threshold voltage. 

3. Results and Discussion 

3.1. Thick PAni films behavior in liquid electrolyte 

PAni has three red-ox states that differ in conduction properties: non-conductive leu-

coemeraldine, conductive emeraldine salt and fully oxidized non-conductive pernigrani-

line. The segments, having different red-ox states can co-exist at one polymer chain and 

transition between red-ox states are possible, once electrons can be put into or drawn out 

of the layer. 

 Cyclic voltammogram at scan rate 10 mV s-1, shown in Fig. 1b, reveals the transition 

of polyaniline from non-conductive leucoemeraldine form to conductive emeraldine salt 

formed at 0.45-0.5V and the opposite reaction at 0V. The position and height of the cathode 

peak strongly depend on the scan rate: as it increases, the peak shifts to the right and 

becomes poorly defined [25]. During electropolymerization, an increase in oxidation/re-

duction peaks is observed, due to growth of the polymer film (Fig.1a).  

This transition is the basis of the working principle of memristive devices. We namely 

utilize the manifold of intermediate states between pure leucoemeraldine and pure emer-

aldine salt, since the overall conductivity differs for different ratios of leucoemeraldine 

and emeraldine salt chains.  

The fraction of reduced and oxidated segments in a polyaniline chain could be driven 

by appropriated external stimuli and this allows to have the continuum of resistive states 

in Polyaniline based memrisitve devices in which conductivity values from 10-4 to 30 

Sm/cm are obtained. This suggests that the speed of the front propagation is directly de-

pendent on the external potential that feed the OMD, since even small flow of electrons 

or holes after overcoming the energetic barriers is enough to change red-ox states of pol-

ymer chain segments from one red-ox state to the other. This is actually the mechanism 

behind the propagation of red-ox front along the PAni film. Stable repetitive cyclic volt-

ammograms (Fig 1b) were obtained for PAni film on the surface of the cell presented in 

Figure 8. The peaks corresponding to the transition between leucoemeraldine and emer-

aldine states are clearly resolved. The anodic peak is shifted to higher potentials and the 

cathodic peak is shifted to lower potential values relative to their usual positions [26] due 

to the high thickness of the film as well as high resistance of thin chromium electrodes.  

According to CV data described above pulses of 0.5 V (vs. Ag/AgCl RE) were used 

in order to switch the film into the conducting state. Pulses of -0.2 V (vs. Ag/AgCl RE) 

were used in order to reduce the film back to the non-conducting state. The dynamics of 

the impedance change after the application of consecutive voltage pulses is shown in Fig-

ure 2. The impedance data were used to determine the resistance of PAni film. This was 

done by fitting the spectra with the semicircles (corresponding to Randles equivalent cir-

cuit) using built-in function in Nova 1.11 software. The calculated resistances vs. net time 

of voltage pulse application are presented in Figure. 3. The duration of anodic 0.5 V pulses 

was 100 ms. The initial duration of anodic -0.2 V pulses was the same (100 ms).  Since the 

reduction back to off state was slow after 60 anodic pulses their duration was increased to 

5 s. This allowed to obtain the dynamics of film resistance change with reasonable time 

resolution.  

As one can see in Figure.3 switching to the conducting ON state is relatively fast (it 

takes ~1 s) while switching back to a non-conductive OFF state is almost two orders of 

magnitude slower (it takes about 100 s). This temporal dependency of the process is di-

rectly correlated to the results already discussed for the PAni Cyclic Voltammetry. Ob-

serving the CV in Figure 1, anodic and cathodic peaks have different shapes that are an 

efficient representations of the fractions of polymeric chains that are reacting. 0.5V 
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corresponds to the maximum of current density of a narrow and defined cathode peak 

suggesting an intrinsically faster rate of reaction. The anodic peak in Figure 1 instead is 

broader and less intense suggesting that the application of -0.2V would results in a slower 

reaction. 

One may propose the following explanation of this effect. The reduction starts from 

the part of the film that is in contact with chromium layer. This results in a dramatic in-

crease of the resistance of this part of the film which slows down the transport of electrons 

to the other parts, especially to the part which is located above the clearance between the 

electrodes. Therefore, the reduction speed should be limited by the rate of electron 

transport which is not the case for propagation of oxidation front.  

The dependence of PANi film resistance on the duration of switching voltage signal 

has been measured, Strong difference between the dynamics of switching to conducting 

and non-conducting states in PANi films is observed.   

It’s worth noticing that switching times can be significantly reduced by decreasing 

resistance and capacitance of the device. This can be done by switching from in-plane to 

through plane configuration of the prototype. This will decrease the resistance of PAni 

layer and a double layer capacitance of the interface between the phases with ionic and 

electronic conductivity.  

Also, thicker metal film should be used as a support for PAni layer. 60-70 nm chro-

mium layer has relatively high resistance which complicates the formation of uniform 

PAni film on the surface of the electrode and results in increased switching voltages due 

to current drop after supplying the volage. 

Based on the dependence of film charge density on end potential, the change in film 

capacitance upon transition from non-conductive to conductive form at 0.45-0.5V was in-

vestigated (Fig.3c and d). Slope changing on step coulogram, shown on fig. 3c, corre-

sponds to the transition between different PAni red-ox states [27]. The capacitance plot as 

well as the magnitude of the capacitance peak agree in order of magnitude with the liter-

ature data (e.g., the maximum capacitance of 35 nm PAni film after converting per unit 

mass, correspondingly [27], [28]). 

The anomalous capacitance in the area of metal-insulator transition is due to ex-

tended interface between conducting and non-conducting phases. 

The Chromium electrodes did not take part in electrochemistry reactions, as one can 

see from CVs of the films on Cr, reasonable explanation is that Chromium has thin oxide 

layer, which prohibits participation in electrochemical reactions. 

3.2. Langmuir-Blodgett films   

For practical uses, it’s tremendously important to have a clear idea of the voltage 

distribution in the PAni channel during the standard operation of switching. This infor-

mation is not only crucial for the designing of circuits and networks, but also for the cor-

rect application of the electrical field in the device in order to avoid overoxidation of the 

conductive polymer.  

Voltage temporal variations acquired in 4 different points (Pin1-4) are reported in 

Figure  7. Pin 1 ( purple curve) and Pin 4 ( red curve) are voltages acquired closer to the 

high voltage electrode (drain) and the ground potential, respectively. From the Fig.7 one 

can see the propagation of the front as the voltage signal appearing on corresponding 

electrodes. The speed of front evolution was calculated, basing on potential evolution on 

electrodes (pin 2 and pin 3). 
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Figure 7. Dependence of potentials on pins 1 to 4 on the structure, depicted at Fig. 4, on time in 

seconds. 

 As it can be seen from Figure 7, their readings are practically equal to preset values 

imposed by the SMUs, meaning that a negligible voltage drop occurred between them 

and the outer electrodes. This effect is rather comprehensible if considering that their read-

ings belong to parts of the PAni channel not involved in the switching mechanism, whose 

conductivity must remain stable during operations. In Pin 1 curve, we can appreciate a 

gentle decrement ( symmetric to the increment of Pin4) that is the result of the conductiv-

ity variation during the application of 0.8V.  

Pin 2 and 3 are contacts positioned in the active zone in which all redox reactions take 

place. In fact, profiles of the voltage variations of these latter are significantly different 

from the ones previously described. During the application of negative bias, Pin 2 shows 

a voltage value corresponding to the half of the applied bias while Pin 3 is practically 

grounded. This means that an important voltage drop occurs between Pin 2 and Pin 3, 

thus in the center of the active zone. It’s worth noticing that all four Pins have a rather 

constant voltage values while biased with a negative voltage. Just Pin 2 experimented a 

gentle variation of its potential at the beginning of the measurement suggesting the pres-

ence of a very fast reduction process. This means that films obtained with LS method, 

have a faster reduction process respect to the electropolymerized ones. This could be due 

to the different samples’ thickness and also to the different geometry used for the two 

experiments. During the potentiation procedure, the temporal evolution of Pin2 and pin 

3 readings shows a marked increment, in totally agreement with what reported in [29]. 

This effect is the direct demonstration of the variation of the resistivity of the PAni in the 

active zone as a result of the oxidation process. The speed of front propagation was calcu-

lated based on the evolution of potentials on Pins 2 and 3 by calculating the slopes of the 

curves (derivative of voltage evolution). 

The experiment with Langmuir-Blodgett film showed steep and non-linear increase 

in the speed of front propagation, depending on the polyaniline film thickness. This is 

possibly due to shorter paths of anions, which should be moved in or moved out from the 

polyaniline film, at the moment of reduction or oxidation at the front interface, as is 

known from theoretical studies [12]. 
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High speed of red-ox front propagation (200 micron/s) together with pseudo two-

terminal type of memristor devices opens up the possibility to manufacture not only neu-

ral networks, but also ReRAM cells, based on a conductance change in PAni bridges. For 

the use as ReRAM the gap between gold electrode should be made as small as 20 nm To 

allow switching of PAni in microseconds range.In such case it is possible to have different 

discrete Red-Ox states transitions and fast switching between different red-ox levels of 

few polymer segments, bridged in the small gap between electrodes, similar to described 

in [30].  

3.3. Spikes propagation in lithographically made cells 

The propagation of spikes, studied for thin polyaniline bridges between gold elec-

trodes showed two principally different operation modes of the memristor bridges: low 

frequency spikes (50 Hz, Fig 6a,c) are accompanied by change of red-ox state of polyani-

line, realized as processes with time constants of the order of few milliseconds. One can 

see, that curves at Figure 6c are not symmetrical, which is due the change of conductance 

state after negative pulse is suppled. This is because the bias state on Fig. 6c is close to 

leucoemeraldine – emeraldine salt transition. This is not the case for Fig. 6a, which is far 

from transition and thus state of the film is not changed at voltage spikes. 

It reflects the fact, that 50 Hz pulse is slow enough for the film to switch between 

conductive and non conducting state. 

 High frequency spikes (5 KHz, Fig.6b), on the opposite, did not change the red-ox 

state of the polyaniline and were just manifestation of ohmic resistivity and capacitance 

of the polyaniline bridges in their current red-ox states. Actually, the RC formed by double 

layer capacitance and resistance, determined by states of PAni is responsible for chane of 

spike height which is thus proportional to the conductivity state in PAni film. 

Simultaneous operation of different devices with voltages, fixed against the single 

counter-electrode was also possible 

The existence of these two modes makes possible the mechanism of the supervised 

learning in the spiking neural networks, based on polyaniline memristive devices: while 

slow rate pulses can be used for training the spiking network, the short-pulse spikes can 

be used for network operation, not changing the resistances of the corresponding memris-

tor bridges. If one excludes the transient part of the spikes before achieving the current 

plateau the reading duration time can be estimated to be as low as 30 s. 

Introduction of constant bias against the counter electrode (Fig. 6c) provides addi-

tional training opportunity. Adjusting the negative DC bias on PAni layer closer to the 

electrochemical potential of emeraldine/leucoemeraldine transition one can draw the 

memristor conductance closer to the switching threshold (Fig. 6c). In this case small-am-

plitude spikes can significantly change the system state.  

The red-ox front propagation was observed for some polymers, which change red-

ox state including polyaniline. However, here we were able to detect for the first time the 

front propagation in PAni, measuring resistances and potentials directly in-cell, what al-

lowed us to explain the mixed red-ox state  front propagation in PAni samples , and our 

results provide the evidence to the fact, that red-ox front movement is fast enough to allow 

applications in spiking or rate-based neural networks or in ReRAM. 

The red-ox front propagation in PAni has the similarity with signal propagation 

along biological synapses, with the soliton-like propagation of ion concentration change, 

accompanied with the change of red-ox state of polymer. 

We also confirmed the idea, that making just one counter-electrode, bridged with the 

set of many two terminal memristive devices through a layer of polymer electrolyte allows 

to operate all the array of devices independently and simultaneously, using adequate po-

tentials with respect to the reference electrode. This reflects the idea of making two-termi-

nal memristive devices, where counter-electrode is the same for all elements in the circuit, 

allowing VLSI circuits, based on PAni bridges. 
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 The speed of Red-Ox front propagation, equal to  200 microns/s, allows for sam-

ples, based on thin LB films, to make both spiking and rate-based neural networks, basing 

on two properties of polyaniline: it’s memristanse and red-ox front propagation. 

While front propagation allows spikes to travel through polyaniline synapses, 

memristance allows memorizing  the current mixed conductivity state . thus we showed, 

that gold pads and polyaninline memristive bridges can be used to manufacture Hebbian 

(linear) type neural networks 

Accumulation of charges at gold or bi-metallic pad can possibly be used to make 

Leaky Integrate and Fire (LIF) type spiking neuron. In such way circuits, containing high 

density of neurons and synapses, possibly on flexible substrate, could be realized. It could 

also be possible, that sensing of ions concentration and influence of ions concentration on 

spikes propagation could be used for making interfaces between biological neurons and 

spiking polyaniline based circuits. 

4. Materials and Methods 

4.1. Preparation of electrochemically grown PAni films 

PAni film covering all the working electrodes on the plate was fabricated by electro-

polymerization in 0.4 M aniline hydrochloride and 1M HCl aqueous solution in a meas-

urement cell. Ag/AgCl was used as reference electrode (marked as RE in Figure 8), counter 

electrode (marked as CE in Figure 8) was made of Toray TGP 090-H carbon paper. 

  

Figure 8. Structure of the measurement cell to study red-ox front in liquid electrolyte: three Working 

electrodes, one counter-electrode and one reference electrode. 

Electropolymerization was performed by potentiodynamic cyclic  in a potential 

range from -0.2 to 0.8 V (vs. Ag/AgCl reference electrode) close to the procedures de-

scribed in the literature [31]. Voltage sweep rate was 20 mV s-1. The polymerization was 

stopped after 50 cycles. This procedure resulted in a formation of a stable film covering 

the working chromium electrodes (WE1, WE2 and WE3) and the clearance between them. 

After the polymerization of the film it was rinsed with deionized water and the electrolyte 

was changed to 1M aqueous HCl.  The cyclic voltammograms (CVs) of growth of PAni 

film in 1M aqueous HCl (scan rate 20 mV s-1) as well as CVs at different scan rates can be 

seen in Fig.1 a,b.  

4.2. Preparation of films and devices by Langmuir-Blodgett technique 
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The deposition of PAni (Emeraldine base, Mw = 100 kDa, Sigma Aldrich) Langmuir-

Blodgett layers was carried out with a KSV 5000 LB trough, using a modified Langmuir-

Schaefer (LS) (horizontal lifting) technique [32], [33] for  successive monolayer transfers. 

Fifty monolayers of PAni with a total thickness of about 50 nm [26], [34] have been de-

posed onto insulating quartz support with Cr/Pt electrodes. The area of deposition (4 mm 

x 6 mm) was restricted with Kapton mask. The resulting film was doped in 1M HCl for 40 

seconds and used as a conducting channel. The doping procedure with HCl was repeated 

after 30 minutes to obtain higher and more stable values of the conductivity. Polyelectro-

lyte gel was prepared by dissolving polyethylene oxide (PEO Mw = 8 MDa, Sigma Al-

drich) in 0.1 M aqueous solution of LiClO4 salt. The concentration of PEO in the gel was 

30 mg/ml. Hydrochloric acid, enabling charge transport and providing a sufficient ionic 

conductivity of the polyelectrolyte, is added to polyelectrolyte gel also to create an acidic 

environment with pH ≈ 1 in order to maintain PAni sufficiently doped. 

4.3. Lithographically made cells 

The special measurement cell was made using magnetron sputtering of gold onto 

silicon plate using standard photolithography process.  

The four large contact spots (Fig.5a) were wired with each other using 500 nm width 

and 30 nm thick gold conductor stripes made using photolithography, where the gaps 

with the width of 200 nm were made using ion beam cutting . The polyaniline was elec-

trochemically deposited on the gold stripes until the gaps were closed by the film. The 

electrodeposition was carried out in potentiostatic mode at 0.75 V (vs. Ag/AgCl) in aque-

ous solution of 0.1 M aniline and 1M HCl. The cell was then covered by aqueous solution 

of polymer electrolyte (Fig. 7 b, right side) – poly-2-acrylamido-2-methyl-1-propanesul-

fonic acid (PAMPSA, MW 2 000 000, 15% aqueous solution, Aldrich), which was then 

dried in ambient conditions for 24 hrs. After that the single counter-electrode and at the 

same time reference electrode was made , using polyaniline electrodeposited on glass sub-

strates covered by conducting layer of fluorine-doped tin oxide (FTO, Solaronix). This 

electrode aimed to overbalance the Red-Ox reactions, which take place in polyaniline 

bridges, was glued by PAMPSA above the polymer electrolyte layer. 

5. Conclusions 

We observed the phenomenon of red-ox front propagation in polyaniline films, in-

terfaced with liquid or solid polymer electrolyte. The speed of red-ox front propagation 

was found to be 3 microns in 1 second for thick (2 micron) films and 200 microns in 1 

second for thin (50 nm) films, prepared using Langmuir-Blodgett technique. 

The red-ox front changes the memristance of the film, which is frozen in new meta-

stable state after the red-ox front propagation in the absence of electron exchange with 

electrodes. This opens the opportunity for making spike and rate-based neural networks, 

basing on polyaniline memristive synapses and metal pads. 

We studied spikes propagation along memristive polyaniline synapses, bridged be-

tween gold electrodes and found two modes of spike propagation – fast signal, not chang-

ing the red-ox state of polyaniline and slow mode, when red-ox state of polyaniline is 

changed during spike propagation. The latter opens up the possibility to study  spike 

time dependent plasticity (STDP) in  our system and realize unsupervised learning, 

while the first opens the possibility to split training of the network and it’s operation al-

lowing for supervised learning by means of backpropagation.  

We also showed that only one counter-electrode, electrochemically bridged with pol-

yaniline memristive devices is required to allow the simultaneous operation of large set 

of elements simultaneously, with potentials applied versus counter-electrode. This opens 

up the possibility to make the high density miniaturized arrays of pseudo-two terminal 

memristive devices, electrochemically connected through the layer of polymer electrolyte 

to only one counter-electrode. 
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The fast front propagation in thin PAni devices makes it possible to manufacture Re-

sistive Random Access Memory cells with switching time in the range of microseconds 

Thus, we have shown, that combination of metal contacts, bridged by polyaniline 

synapses, immersed in polymer electrolyte can be used for the development of rate-based 

and spiking neural networks. 

Author Contributions:  DG and MK manuscript preparation, MK, VE Conceptualization, PK, AN 

experiment, DG, VE Ideation 

Funding: “This research was funded by Russian Ministry of Science. 

Acknowledgments: This work was supported by the Ministry of Science and Higher Education of 

the Russian Federation (Contract/agreement No. 075-03-2023-642) and was performed employing 

the equipment of Center for molecular composition studies of INEOS  

Conflicts of Interest: The authors declare no conflict of interest.  

References 

[1] T. Johansson, N.-K. Persson, and O. Inganäs, ‘Moving Redox Fronts in Conjugated Polymers Studies from Lateral 

Electrochemistry in Polythiophenes’, J. Electrochem. Soc., vol. 151, no. 4, p. E119, 2004, doi: 10.1149/1.1649749. 

[2] K. Aoki, T. Aramoto, and Y. Hoshino, ‘Photographic measurements of propagation speeds of the conducting zone in polyaniline 

films during electrochemical switching’, J. Electroanal. Chem., vol. 340, no. 1–2, pp. 127–135, Nov. 1992, doi: 10.1016/0022-

0728(92)80293-D. 

[3] Y. Tezuka, K. Aoki, and T. Ishii, ‘Alternation of conducting zone from propagation-control to diffusion-control at polythiophene 

films by solvent substitution’, Electrochimica Acta, vol. 44, no. 12, pp. 1871–1877, Jan. 1999, doi: 10.1016/S0013-4686(98)00328-4. 

[4] K. Aoki, ‘Simulated fractal formation in electrochemical switching of conducting polymer film into an insulating form on the 

basis of the propagation theory of the conductive zone’, J. Electroanal. Chem. Interfacial Electrochem., vol. 300, no. 1–2, pp. 13–22, 

Feb. 1991, doi: 10.1016/0022-0728(91)85380-8. 

[5] D. A. Kaplin and S. Qutubuddin, ‘Switching Reaction of Conductive Polymers: I. Models for Charge Transfer Control’, J. 

Electrochem. Soc., vol. 140, no. 11, pp. 3185–3190, Nov. 1993, doi: 10.1149/1.2221007. 

[6] J. C. Lacroix, K. Fraoua, and P. C. Lacaze, ‘Moving front phenomena in the switching of conductive polymers’, J. Electroanal. 

Chem., vol. 444, no. 1, pp. 83–93, Mar. 1998, doi: 10.1016/S0022-0728(97)00561-5. 

[7] D. B. Strukov, G. S. Snider, D. R. Stewart, and R. S. Williams, ‘The missing memristor found’, Nature, vol. 453, no. 7191, pp. 80–

83, May 2008, doi: 10.1038/nature06932. 

[8] C.-F. Chang et al., ‘Direct Observation of Dual-Filament Switching Behaviors in Ta 2 O 5 -Based Memristors’, Small, vol. 13, no. 

15, p. 1603116, Apr. 2017, doi: 10.1002/smll.201603116. 

[9] S. Lequeux et al., ‘A magnetic synapse: multilevel spin-torque memristor with perpendicular anisotropy’, Sci. Rep., vol. 6, no. 1, 

p. 31510, Aug. 2016, doi: 10.1038/srep31510. 

[10] I. Valov et al., ‘Nanobatteries in redox-based resistive switches require extension of memristor theory’, Nat. Commun., vol. 4, no. 

1, p. 1771, Apr. 2013, doi: 10.1038/ncomms2784. 

[11] S. Goswami et al., ‘Robust resistive memory devices using solution-processable metal-coordinated azo aromatics’, Nat. Mater., 

vol. 16, no. 12, pp. 1216–1224, Dec. 2017, doi: 10.1038/nmat5009. 

[12] V. Erokhin and M. P. Fontana, ‘Electrochemically controlled polymeric device: a memristor (and more) found two years ago’. 

arXiv, Jul. 02, 2008. Accessed: May 05, 2023. [Online]. Available: http://arxiv.org/abs/0807.0333 

[13] T. Berzina et al., ‘Optimization of an organic memristor as an adaptive memory element’, J. Appl. Phys., vol. 105, no. 12, p. 124515, 

Jun. 2009, doi: 10.1063/1.3153944. 

[14] S. Battistoni, A. Verna, S. L. Marasso, M. Cocuzza, and V. Erokhin, ‘On the Interpretation of Hysteresis Loop for Electronic and 

Ionic Currents in Organic Memristive Devices’, Phys. Status Solidi A, vol. 217, no. 18, p. 1900985, Sep. 2020, doi: 

10.1002/pssa.201900985. 

[15] D. A. Lapkin et al., ‘Polyaniline-based memristive microdevice with high switching rate and endurance’, Appl. Phys. Lett., vol. 

112, no. 4, p. 043302, Jan. 2018, doi: 10.1063/1.5013929. 

[16] S. Battistoni, A. Dimonte, and V. Erokhin, ‘Spectrophotometric characterization of organic memristive devices’, Org. Electron., 

vol. 38, pp. 79–83, Nov. 2016, doi: 10.1016/j.orgel.2016.08.004. 

[17] S. Battistoni, A. Dimonte, and V. Erokhin, ‘Organic Memristor Based Elements for Bio-inspired Computing’, in Advances in 

Unconventional Computing, A. Adamatzky, Ed., in Emergence, Complexity and Computation, vol. 23. Cham: Springer 

International Publishing, 2017, pp. 469–496. doi: 10.1007/978-3-319-33921-4_18. 

[18] A. Smerieri, T. Berzina, V. Erokhin, and M. P. Fontana, ‘Polymeric electrochemical element for adaptive networks: Pulse mode’, 

J. Appl. Phys., vol. 104, no. 11, p. 114513, Dec. 2008, doi: 10.1063/1.3033399. 

[19] V. A. Demin et al., ‘Hardware elementary perceptron based on polyaniline memristive devices’, Org. Electron., vol. 25, pp. 16–

20, Oct. 2015, doi: 10.1016/j.orgel.2015.06.015. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 May 2023                   doi:10.20944/preprints202305.0661.v1

https://doi.org/10.20944/preprints202305.0661.v1


 15 of 15 
 

 

[20] A. V. Emelyanov et al., ‘First steps towards the realization of a double layer perceptron based on organic memristive devices’, 

AIP Adv., vol. 6, no. 11, p. 111301, Nov. 2016, doi: 10.1063/1.4966257. 

[21] N. V. Prudnikov et al., ‘Associative STDP-like learning of neuromorphic circuits based on polyaniline memristive microdevices’, 

J. Phys. Appl. Phys., vol. 53, no. 41, p. 414001, Oct. 2020, doi: 10.1088/1361-6463/ab9262. 

[22] T. Berzina, S. Erokhina, P. Camorani, O. Konovalov, V. Erokhin, and M. P. Fontana, ‘Electrochemical Control of the Conductivity 

in an Organic Memristor: A Time-Resolved X-ray Fluorescence Study of Ionic Drift as a Function of the Applied Voltage’, ACS 

Appl. Mater. Interfaces, vol. 1, no. 10, pp. 2115–2118, Oct. 2009, doi: 10.1021/am900464k. 

[23] V. Erokhin, “Fundamentals of Organic Neuromorphic Systems”, Springer, Springer Nature, Switzerland (2022). 

[24] W. Maass, ‘Networks of spiking neurons: The third generation of neural network models’, Neural Netw., vol. 10, no. 9, pp. 1659–

1671, Dec. 1997, doi: 10.1016/S0893-6080(97)00011-7. 

[25] S. Pruneanu, E. Csahók, V. Kertész, and G. Inzelt, ‘Electrochemical quartz crystal microbalance study of the influence of the 

solution composition on the behaviour of poly(aniline) electrodes’, Electrochimica Acta, vol. 43, no. 16–17, pp. 2305–2323, May 

1998, doi: 10.1016/S0013-4686(97)10154-2. 

[26] Y. N. Malakhova et al., ‘Planar and 3D fibrous polyaniline-based materials for memristive elements’, Soft Matter, vol. 13, no. 40, 

pp. 7300–7306, 2017, doi: 10.1039/C7SM01773A. 

[27] A. Q. Contractor and V. A. Juvekar, ‘Estimation of Equilibrium Capacitance of Polyaniline Films Using Step Voltammetry’, J. 

Electrochem. Soc., vol. 162, no. 7, pp. A1175–A1181, 2015, doi: 10.1149/2.0151507jes. 

[28] H. N. Dinh, J. Ding, S. J. Xia, and V. I. Birss, ‘Multi-technique study of the anodic degradation of polyaniline films’, J. Electroanal. 

Chem., vol. 459, no. 1, pp. 45–56, Nov. 1998, doi: 10.1016/S0022-0728(98)00286-1. 

[29] H. N. Dinh and V. I. Birss, ‘Electrochemical and mass measurements during small voltage amplitude perturbations of 

conducting polyaniline films’, J. Electroanal. Chem., vol. 443, no. 1, pp. 63–71, Feb. 1998, doi: 10.1016/S0022-0728(97)00470-1. 

[30] H. X. He, X. L. Li, N. J. Tao, L. A. Nagahara, I. Amlani, and R. Tsui, ‘Discrete conductance switching in conducting polymer 

wires’, Phys. Rev. B, vol. 68, no. 4, p. 045302, Jul. 2003, doi: 10.1103/PhysRevB.68.045302. 

[31] P. Nunziante and G. Pistoia, ‘Factors affecting the growth of thick polyaniline films by the cyclic voltammetry technique’, 

Electrochimica Acta, vol. 34, no. 2, pp. 223–228, Feb. 1989, doi: 10.1016/0013-4686(89)87089-6. 

[32] V. Erokhin, T. Berzina, and M. P. Fontana, ‘Hybrid electronic device based on polyaniline-polyethyleneoxide junction’, J. Appl. 

Phys., vol. 97, no. 6, p. 064501, Mar. 2005, doi: 10.1063/1.1861508. 

[33] K. Ramanathan, M. K. Ram, B. D. Malhotra, and A. S. N. Murthy, ‘Application of polyaniline-Langmuir-Blodgett films as a 

glucose biosensor’, Mater. Sci. Eng. C, vol. 3, no. 3–4, pp. 159–163, Dec. 1995, doi: 10.1016/0928-4931(95)00113-1. 

[34] V. I. Troitsky, T. S. Berzina, and M. P. Fontana, ‘Langmuir–Blodgett assemblies with patterned conductive polyaniline layers’, 

Mater. Sci. Eng. C, vol. 22, no. 2, pp. 239–244, Dec. 2002, doi: 10.1016/S0928-4931(02)00172-8. 

 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 May 2023                   doi:10.20944/preprints202305.0661.v1

https://doi.org/10.20944/preprints202305.0661.v1

