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Abstract
Many thinfilm-based devices with solid electrolytes have been studied formemristive applications.
Herein, we report a simple and facile way to fabricate solution-based, low-cost, and discrete two-
terminalmemristive devices using theKMnO4 solution. Thewater andmethanol were used as a
solvent to prepare different concentrations of KMnO4 to carry out the optimization study.
Furthermore, the effect of KMnO4 concentrationwith aqueous andmethanol solvents was studied
with the help of current-voltage, device charge, charge-flux, and cyclic endurance properties.
Interestingly, all developed devices show the asymmetric time-domain charge and double valued
charge-flux properties, suggesting that aqueousKMnO4 andmethanol-KMnO4 based devices are
non-idealmemristors ormemristive devices. The statisticalmeasures such as cumulative probability
and coefficient of variation are reported for thememristive devices. The possible switching
mechanismof the discretememristive was tried to explainwith theUV-visible spectrum and
theoretical framework. The optimized device was further studied using the cyclic voltammogram,
Bode plot, andNyquist plot. An equivalent circuit was derived for the optimized discretememristive
device using electrochemical impendence spectroscopy results. The results of the present investigation
are beneficial to develop programmable analog circuits, volatilememory, and synaptic devices using
discretememristive devices.

1. Introduction

In the existing passive device circuit family, the capacitor, inductor, and resistor are dominant fundamental
elements governed by a basic set of variables such as current, charge, voltage, andmagnetic flux. The prediction
of a new fundamental circuit familymember, namedmemristor was coined by Prof. LeonChua in his influential
research paper [1]. He arguedwith pairwisemathematical equations and correlated the charge andmagnetic flux
variables. In linewith the theoretical prediction, an experimental realization of a solid-statememristor was
achieved byHP researchers based on the resistive switching (RS) effect [2]. Thememorywith resistance property
ofmemristor catches the eye ofmaterial physicists, device engineers, and application developers for better and
efficient devices formemory [3, 4], synaptic computation [5, 6], sensing [7, 8], and image processing
applications [9, 10]. However, the so-called ideal properties of thememristor, as described in the 1971 paper, are
very hard to get in experimental ways [11]. On the other hand, the non-idealmemristor devices which having
few idealmemristor properties but unable to demonstrate every property are becoming the cornerstone for
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many applications [12–15]. These non-idealmemristors ormore generally calledmemristive devices are
possessedmemory and nonlinearity properties that can be exploited for practical applications [16–18].

In practice, thememristive phenomenon is studiedwith the help of a sandwich structure consisting of a
metal-switching layer-metal. For instance, Pt/oxide/Pt [19], Au/polymer/ITO [20], Au/DNA/Au [21], Ag/
cellulose-fibers/Al [22], Ag/melanin/SS [23], Au/perovskite/FTO [24], andAg/ferrite/FTO [25] are popular
device configurations for the development of functionalmemristive devices. Few attempts have been dedicated
to realized solid-state discretememristive devices by utilizing themetal-semiconductor point contact [26], ZnO-
rGO composite [27], and ZnOnanowires [28]. The active switching layer of conventionalmemristive devices is
in the formof solid electrolytes, sandwiched between twometal electrodes. Apart from solid electrolytes, soft
materials are getting attention in recent years owing to their solution processability and low cost [29]. The ionic
transport is a key feature of softmaterial-basedmemristive devices. Interestingly, biological neurons and
synapses are alsoworking on the ionic transportation principle [29]. In addition to this, thememristive andRS
effect was also observed in some liquid systems [30, 31]. Considering the usefulness of liquid-based devices,
some research groups havemimicked the synaptic functionalities using liquid-basedmemristive devices
[32, 33]. Apart from this, discretemem-devices are useful to develop analog and digital electronic circuits with
improved functionalities.

In the present work, a new two-terminal, discrete, and low-costmemristive device was developed using
aqueous (aq.) potassiumpermanganate (KMnO4) solution andKMnO4 inmethanol solution. The proposed
discretememristive devices show the fingerprintmemristive hysteresis loop. The optimization studywas carried
out by varying themolar concentrations of aq. (KMnO4) andKMnO4 inmethanol solutions. Thememristive
device containing 0.75 Maq. KMnO4 shows the superiormemristive property, consistent endurance, and a
goodmemorywindow (∼124). The possible switchingmechanismof the discretememristive device was
reported and the optimized devicewas further studied by using cyclic voltammogram (CV), Bode plot, and
Nyquist plot. An equivalent circuit was derived for the optimized device using electrochemical impendence
spectroscopy (EIS) results.

2. Experimental details

2.1.Materials andmethodology
The analytical grade KMnO4 (Thomas Baker,Mumbai, India)was further used to prepare differentmolar
concentrations inwater andmethanol solvents to develop discretememristive devices. Differentmolar solutions
of KMnO4 such as 0.75 M, 0.50 M, 0.25 M, 0.1 M, 0.01 M, 0.001M, and 0.0001Mwere prepared by using
deionizedwater having conductivity∼0.5 μS cm−1 andmethanol (99%, analytical Grade)procured from
Thomas Baker,Mumbai, India.

2.2.Development of discrete devices and characterizations
Themeasurement setup to investigate thememristive properties of the discrete device containingKMnO4

solutions is shown infigure 1. The laboratory-grade sample tubes and copper electrodes were used for the
development of discrete devices. Beforemaking the discrete devices, the sample tubes were cleanedwith
deionizedwater and dried overnight to remove all traces of water. For this work, thin and thick electrodes having
diameters 2.05 mmand 1.048 mmrespectively were used tomake the device. The device wasmade up of two
same-sized electrodes (symmetric electrodes) andwith different sized electrodes (asymmetric electrodes) (thick:
2.05mm–2.05 mm; thin: 1.048mm–1.048 mm) and an asymmetric diameter sized (2.05mm–1.048 mm)
copper electrodes combinationswere used to develop the discrete devices. The copper rods (act as electrodes)
were inserted in the tube, such away that the distance between two electrodes was 1 cm and both copper rods
were placed at 1 cmdeep in the sample tube, as shown infigure 1. The Bondtite was used for the effective sealing
of copper electrodes with the tube to avoid the leakage of theKMnO4 solution from the devices. For electrical
measurements, the positive and negative terminals were connected to the symmetric thick copper electrode
having diameter size (2.05 mm−2.05 mm) or to the symmetric thin copper electrode having diameter size
(1.048 mm−1.048 mm) by filling the tubewith aq. andKMnO4 inmethanol solutions. In the case of electrical
measurements by using asymmetric electrodes, the thick electrode (2.05 mm) and thin electrode (1.048 mm)
were connected to positive and negative terminals, respectively.

The current-voltage (I-V ) and endurancemeasurements were carried out by using amemristor
characterization system (ArCONE). The optical spectrumwas recorded using aUV–visible spectrophotometer
(Cary-60, Agilent Technology). For this, aq. KmnO4 solutionwas transferred from a laboratory-grade tube to a
standard cuvette (1 cm) after applying the switching voltage. TheUV–vismeasurements were recorded in the
wavelength range of 200 nm to 800 nm. The electrochemical workstation (AutolabN-Series)was used for the
measurements of the CV, Bode plot, Nyquist plot, and EIS. The electrochemicalmeasurements were carried out
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using the two-electrode system (Cu-Cu), as per Song et al report [34]. In particular, the reference and counter
electrodes were sorted in one electrode and connected to one of the terminals. Theworking electrodewas
connected to the opposite terminal. The EIS studywas carried out at a signal amplitude of 10mVAC and the
sweeping frequency rangewas 1 Hz to 1MHz.

3. Results and discussions

Recently,memristor/memristive devices have been attractedmuch attention from academia and industry due
to their broad applications in resistivememory, brain-inspired computing, and reconfigurable circuits [35]. I-V
hysteresis loop is an essential criterion for a device to be amemristor/memristive device [36, 37]. Recently, the
RS effect was correlatedwithmemristive switching [38]. In this work, we have fabricated discretememristive
devices using low lost synthesis techniques and demonstrated the volatilememory and electrochemical
properties of the same. For this, we have used aq. KMnO4 andKMnO4 inmethanol as amodelmaterial and
developed devices with different concentrations (molar) of KMnO4 for optimization study. I-V hysteresis curves
of concentration-dependent aq. KMnO4 based discrete devices with different electrode configurations and
correspondingmemristive areas are shown infigure 2. I-V characteristic wasmeasured for differentmolar
concentrations of aq. KMnO4 solutionswith different combinations of copper electrodes such as asymmetric,
symmetric thick, and symmetric thin electrodes. For all I-Vmeasurements,±1 V amplitude and 2 ms step
width-based staircase signals were used. I-V curves show a hysteresis loopwith non-zero crossing property, as
shown infigure S1 (supporting information available online at stacks.iop.org/MRX/8/076304/mmedia). The
hysteresis loop and non-zero crossing properties confirm thememristive nature of the developed devices [39]. A
transition fromhigh resistance state (HRS) to low resistance state (LRS), generally known as the SET process has
occurred at+1 V. As the voltage swept direction changed from1 V to -1V, the devices hold the LRS until the
−1 V switching point. The devices shift the resistance state fromLRS toHRS (RESETprocess) at−1 V and retain
it in the−1 V to 0 Vbias range. The diverse nature of hysteresis loops and currentmagnitudes were observed for
asymmetric, symmetric thick, and symmetric thin copper electrode-based devices. Furthermore,
concentration-dependent I-V switchingwas observed for the aq. KMnO4 based discrete devices. From the I-V
curves, it is observed that the device containing symmetric thick copper electrodes (figure 2(b)) shows
comparable higher hysteresis loops and currentmagnitude than the device containing asymmetric copper
electrodes (figure 2(a)) and symmetric thin copper electrodes (figure 2(c)). In addition to this, thememristive
hysteresis area and currentmagnitudewere tended to decreases as the concentration of aq. KMnO4 decreases, as
shown infigure 2(d).

Interestingly, all devices show the analog switching property inwhich current gradually increases or
decreases under the influence of the external voltage. The aq. KMnO4 basedmemristive devices resemble the
properties of biological neurons and synapses inmanyways such as the analog switching property (synaptic
weight), two-terminal device structure (pre-and post-synaptic terminals), ionic transportation (synaptic cleft),

Figure 1. Setup for electricalmeasurements of the aq. andmethanol-KMnO4 based discretememristive devices.
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and concentration-dependent I-V switching (depression) [40]. In the case of the biological neuron and synapse,
memory and learning are achieved by the strength (synaptic weight) and occurrence of signals from the pre- to
post-synaptic terminal [41]. The observed properties can be used for the development of discrete analog
memory devices and can play a potential role in developing liquid electronic synaptic devices thatmimic
functionalities of the biological synapse.

In the next stage of work,methanol was used instead of deionizedwater to investigate the solvent effect on
theKMnO4 based discrete devices. Similar to the aq. KMnO4 based discrete devices, the concentrations of the
KMnO4 inmethanol such as 0.75 M, 0.50 M, 0.25 M, 0.1 M, 0.01M, 0.001M, and 0.0001Mwere prepared and
used in devices. Furthermore, the thickness of copper electrodes was also varied to investigate the symmetric and
asymmetric chemical reactions. Figure 3 depicts the I-V traces of KMnO4 inmethanol solution-based discrete
devices with different concentrations and different thicknesses of copper electrodes. On a similar line of the aq.
KMnO4 based discrete devices, the KMnO4 inmethanol-based discrete devices show the bipolar RS, analog
switching, andmemristive properties. However, the strict concentration-dependent I-V switchingwas not
observed for asymmetric, symmetric thick, and symmetric thin copper electrode-based discrete devices
containingKMnO4 inmethanol solutions, as shown infigures 3(a)–(c), respectively. In particular, the I-V traces
were showed the differentmagnitude of the current with respect to the concentration variation in each device
configuration. Furthermore, thememristive hysteresis area was not displaying the linear dependency on the
concentration, as shown infigure 3(d). This kind of non-linearity is not acceptable for any practical application.

The pinched hysteresis loop in the current-voltage (I-V) plane is thefingerprint characteristic of the ideal
memristor [39]. In general, the idealmemristor shows a type I hysteresis loop [42], in which I-V curves crosses at
the origin. In certain cases, the ideal properties of thememristor are not observed and devices show the non-zero
I-V crossings and double valued q-j relation. Therefore, these non-ideal devices are referred to as extended
memristor ormemristive devices. In the literature, various non-idealmemristor ormemristive devices have
been reported [43–46]. However, the hysteresis loop cannot be the sole criterion to categorize the developed
device as an idealmemristor or a non-idealmemristor (memristive) device. The theoretical description of the
idealmemristor suggested that the device should have a non-linear and single-valued charge-magnetic flux

Figure 2. I-V curves of concentration-dependent aq. KMnO4 based discrete devices with (a) asymmetric copper electrodes (2.05mm–

1.048 mm), (b) symmetric thick copper electrodes (2.05mm–2.05 mm), and (c) symmetric thin copper electrodes (1.048mm–

1.048 mm). (d)Memristive hysteresis area as a function of the concentration of all aq. KMnO4 based discrete devices. The arrows and
numbers indicate the direction of switching.
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property [1]. However,many practical devices can deviate from the theoretical description ofmemristor
[47–50]. The single-valued charge-magnetic flux test was used in the present investigation to show that the
fabricated devices were non-idealmemristors. For the calculation ofmemristive properties, we have utilized a
well-known correlation between charge-current and flux-voltage [51]. The fundamental circuit variables
(current, voltage, charge, andmagnetic flux) have symmetric relations with circuit elements (resistor, capacitor,
inductor, andmemristor). Therefore, current and voltage are related to the device charge andmagnetic flux,
respectively [37].We have calculated charge andmagnetic flux based on themathematical formulation reported
in the ref. [51]. The q-j curve depends on the shape, amplitude, number ofmeasurement points, and time per
measurement point of the input signal [51]. The calculated charge andmagnetic flux are combined tofind out
the charge-magnetic flux nature of the device. Furthermore, we have combined them tofind out the charge-
magnetic flux nature of the device. Various interesting variables such as initial (A1), half-period (BCW),final-
period (A2), and turning points (BCW

N )were observed from the calculated data.
The calculated device charge and charge-magnetic flux properties of the aq. andmethanol-KMnO4 based

discrete devices with different electrode configurations and concentrations are shown infigures 4(a)–(f) and
5(a)–(f), respectively. The concentration-dependent time-domain flux characteristics of all devices with
different electrode configurations are shown infigure S2 (supporting information). The time-domain flux
characteristic of all devices is symmetrical due to the application of the symmetric voltage (±1 V) to both devices
irrespective of the device configuration.However, a highly asymmetrical device charge characteristic was
observed for the aqueous andmethanol-KMnO4 based discrete devices. For the aqueous KMnO4 based discrete
devices, the time domain device charge varies as a function of the concentration. In particular, half period and
final period points were varied proportional to the concentration, as shown infigures 4(a), (c), and (e). Similar
to the time domain device charge, the charge-flux property of the aq. KMnO4 based devices show the
concentration-dependent device charge, half period, andfinal period points, as shown infigures 4(b), (d), and
(f). However, no correlationwas observed between device charge, half period, and final period concerning the
concentration variation in the case ofmethanol-KMnO4 based devices, as shown infigures 5(a), (c), and (e). A
similar kind of trendwas observed for the device charge-flux characteristic ofmethanol-KMnO4 based devices,
as shown infigures 5(b), (d), and (f). The detailed concentration-dependent final-period and turning points of

Figure 3. I-V curves of concentration-dependentmethanol-KMnO4 based discrete devices with (a) asymmetric copper electrodes
(2.05mm–1.048 mm), (b) symmetric thick copper electrodes (2.05mm–2.05 mm), and (c) symmetric thin copper electrodes
(1.048mm–1.048 mm). (d)Memristive hysteresis area as a function of the concentration of allmethanol-KMnO4 based discrete
devices. The arrows and numbers indicate the direction of switching.
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both devices are shown infigure S3 (supporting information). Interestingly, aq. andmethanol-KMnO4 based
discrete devices show the double valued charge-flux property irrespective of the device configurations. This
suggested that the aqueous andmethanol-KMnO4 based discrete devices are non-idealmemristors or
memristive devices.

In the case of themethanol-KMnO4 based discretememristive devices, the symmetric thick electrode-based
devices show a highermagnitude of current, goodmemristive switching, and hysteresis area similar to the aq.
KMnO4 based counterpart. Given this, the symmetric thick electrode-based aq. andmethanol-KMnO4 based
discretememristive devices were used for furthermemory characterizations and statistical analysis. The devices
were subjected to the 103 switching cycles to test the cyclic endurance andmemory properties of the KMnO4

based discretememristive devices. Furthermore, cumulative probability, coefficient of variation, andmemory
windowof the LRS andHRSwere determined by using temporal switching events. The alternative cyclic (AC)
endurance property of an optimized 0.75 MKMnO4 based discretememristive device is shown infigure 6(a).
The test conditions are as follows- write voltage:±1 V, read voltage: 0.25 V, pulse width: 500 μs. The endurance
measurement of optimized devices shows two-level switching between LRS andHRS for consecutive 103

switching cycles. No usual deprivation in the switching events was observed. This confirms the reliability of the
discretememristive devices. It was observed that aq. KMnO4 basedmemristive device shows lower LRS and

Figure 4.Concentration-dependent time-domain device charge and charge-magnetic flux properties of the aq. KMnO4 solutions
based discretememristive devices with different electrode configurations such as (a)–(b) asymmetric copper electrodes, (c)–(d)
symmetric thick copper electrodes, and (e)–(f) symmetric thin copper electrodes.
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higherHRS values thanmethanol-KMnO4 based counterpart. The switching uniformity of LRS andHRSwas
determined by calculating the cumulative probability of the switching events, as shown infigure 6(b). The LRS of
both devices possesses good switching uniformity whereas, non-uniformity was observed for theHRS. In
particular, highly non-uniformity switching probability was observed for theHRS of the aq. KMnO4 based
memristive device.

To determine the quantifiable variation in the switching events, the coefficient of variationwas calculated for
symmetric thick electrode-based aq. andmethanol-KMnO4 based discretememristive devices. The
concentration-dependent coefficient of variation is summarized infigure 6(c). The coefficient of variation of
both devices was non-linearly increased and decreased as a function of concentration. In particular, the LRS of
both devices shows a lower coefficient of variation values as compared to theHRS. A higher coefficient of
variation values was observed for theHRS of the aq. KMnO4 based discretememristive device, whereas, HRS of
themethanol-KMnO4 based discretememristive device shows amoderate coefficient of variation values. The
coefficient of variation of LRS andHRS is not greater than 12%, indicating the good temporal switching
uniformity of the developedmemristive devices. The switching uniformity of developed discretememristive
devices is better than a few solid electrolytes-basedmemristive/RS devices [52–54]. The ratio ofHRS and LRS is

Figure 5.Concentration-dependent time-domain device charge and charge-magnetic flux properties of themethanol-KMnO4

solutions based discretememristive devices with different electrode configurations such as (a)–(b) asymmetric copper electrodes,
(c)–(d) symmetric thick copper electrodes, and (e)–(f) symmetric thin copper electrodes.

7

Mater. Res. Express 8 (2021) 076304 CCRevadekar et al



considered as amemorywindow of thememristive device, and it should be high (>10) for practical applications
tomeasure the errorless resistance state of the device [55].

The concentration-dependentmemorywindow (for symmetric thick electrode) of aq. and
methanol-KMnO4 based discretememristive devices are shown infigure 6(d). In the present case, thememory
window tends to decreases as a function of the concentration.However, a goodmemorywindowwas observed
for the aq. KMnO4 basedmemristive devices at higher concentrations and decreases for lower concentration.
The excellentmemorywindow (∼124)was achieved for 0.75 Mbased aq. KMnO4 device whereasmethanol-
based devices show a lowermemorywindow (< 5) for all concentrations. The proposed discretememristive
devices did not show resistance retention as a function of time. Therefore, these devices behaved as volatile
resistive switches. The statistical calculation suggested that the 0.75 Mbased aq. KMnO4memristive device has a
goodmemorywindow; therefore, switchingmechanisms and electrochemical characterizations studies were
carried out for the same. In the case of optimizedCu/Aq. KMnO4 (0.75 M)/Cumemristive device, the bipolar
RS effect was induced by applying external electrical potential and switchingwas occurred due to ionmigration
fromone electrode to another due to the influence of electrical potential.

The possiblememristive switching phenomenon of the aq. KMnO4 based discrete device is explained based
on ionic conduction ofmanganese and copper ions, as shown in figure 7. The aq. KMnO4 solution acts as an
oxidizing agent, so this oxidizes the copper electrode at the electrode-electrolyte interface.WhenKMnO4 is
dissolved in distilledwater, it gets dissociated intoK+ andMnO4

− ions.When the potential was applied across
the two electrodes of the device, the following reactions took place:

Anode:Cu electrode; oxidation of Cu electrode in the presence of aq. KMnO4 results in the following redox
reaction,

( )( ) ( ) + ¼+ -Cu Cu 2e 1s aq.
2

(Oxidation due to external voltage)

Figure 6. (a)Endurance and (b) cumulative probability distribution of 0.75 Maq. andmethanol-KMnO4 based discretememristive
device (symmetric thick electrode). The concentration-dependent (c) coefficient of variation and (d)memorywindowof aq. and
methanol-KMnO4 based discretememristive devices (symmetric thick electrode).
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Oxidation of Cu(s) due toKMnO4 solution,

( )( ) ( ) + ¼+ -3Cu 3Cu 6e 2s aq.
2

(Oxidation) (0.34 V)

( )+ +  + + ¼- -2KMnO 4H O 6e 2MnO 2KOH 6OH 34 2
aq. solution

2

(Reduction) (0.595 V)
During the reaction, the solution becomes basic (pH=8.15)due to the formation ofOH− in the reduction

reaction of aqueous KMnO4. The presence ofMnO2was confirmed by pink color deposition on the cathode.
So, overall reaction at anode becomes,

( ) ( )( ) + + + + ¼3Cu 2KMnO 4H O 3Cu OH 2 2MnO 2KOH 4s 4 2 2

Cathode:Cu electrode: Reduction

( )( ) ( )+  ¼+ -Cu 2e Cu 5aq.
2

s

(reduction due to external voltage)
TheCu+2 ions produced due to oxidation of Cu electrode at the anode by applying external voltage get

reduced at the cathode.
The proposed conductionmechanismwas examined by theUV-visible absorption spectrumof aq. KMnO4.

TheUV-Visible absorption spectrumof aq. KMnO4 solution (0.75 M)was recorded after the completion of the
resistive switching process (figure 8). The spectrum shows absorption peaks at 310 nm (shoulder peak) [56].
Recently, Christopher et alhave confirmed the presence of colloidalmanganese (IV) peak around 300 nm [57].
The peaks related tomanganese (IV) andMnO2 are generally observed between 300–400 nm [58]. Furthermore,
the bulkMnO2 becomesMnO2 nanoparticle nearly at 360 nm [59]. Therefore, the broad peak of bulkMnO2 can
be confirmed at 310 nm. The peaks at 525 nmand 545 nmconfirm the presence ofMnO4

- in the solution [60].
The reactionmechanism andUV-Visible absorption spectrum results asserted that the RS of the present case
was due to the ionic conduction ofmanganese and copper ions.We believe that further investigation and
analysis are required in the case of the proposed conductionmechanism.

The electrochemical behavior of the aq. KMnO4 (0.75 M) based discretememristive devicewas studied using
a potentiostat (Autolab electrochemical workstation) in the two-electrode configuration. In the present case,
CV, bode phase plot, Nyquist plot, and equivalent circuit of the optimized devicewere obtained by using the
electrochemical characterizationmethod, as shown infigures 9(a) to (d), respectively. TheK2SO4with amolarity
of 0.75was added to the aq. KMnO4 (0.75 M) solution, which acts as a supporting electrolyte in the present case.
At the outset, the symmetric test cell with identical working and counter electrodes was used to investigate
theCVof the optimized aq. KMnO4 (0.75 M) basedmemristive device, as shown infigure 9(a). TheCV

Figure 7.Possible ionic transportmechanismof the 0.75 MAq.KMnO4 based discretememristive device.
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performance of the optimizedmemristive device was analyzed in the potential windowof−0.2 V to 1.4 V, at
varying scan rates ranging from100 mV s−1 to 500 mV s−1. An oxidation peak at 0.7 Vwas observed at the lower
scan rate of 100 mV s−1, which corresponds to the oxidation of Cu toCu+. This peakwas not observed for other
increasing scan rates, which suggested that the Cu+ state (which is less stable) had a very short leave, resulting in
faster conversion toCu2+with good stability. The peak observed at 0.7 V corresponds to the+1 oxidation state
of copper and this state is less stable as compared to the+2 state for copper. In the present case, the transition

Figure 8.UV-v is spectrumof 0.75 Maq. KMnO4 solution.

Figure 9.Electrochemical characterization of the optimized device (0.75 Maq. KMnO4with symmetric thick copper electrodes).
(a)CV, (b)Bode phase plot, (c)Nyquist plot, and (d) equivalent circuit of the optimized device.
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fromCu0 toCu+2 is taking place. Transition toCu+1 fromCu0 requires lower oxidation potential, as compared
toCu+2 when it is considered on the standard scale having hydrogen as the reference. At lower scan rates, the
peakwill not disappear butwill be seenmore prominently. At lower scan rates, the rate of increase in potential
allows enough time interval to attain an equilibrium state inwhich the+1 oxidation state of copper can survive.
This condition of equilibriumwill bemore favoredwhenwe decrease the scan rate. On the other hand, at higher
scan rates, therewill not be enough time available for sustaining the+1 state to generate a peak and an instant
transition fromCu0 toCu+2 is obtained, and no peak can be seen in the curve. The peak related to theCu2+ can
be seenmore clearly, with further improvement in the scan rate. The peak at 1.14 V corresponds to the oxidation
of Cu toCu2+. The reduction peak of Cu2+was observed at 0.32 V (scan rate: 100 mV s−1).

The Bode phase andNyquist plots of 0.75 Maq. KMnO4withCu:Cu symmetric thick electrodes are shown
infigures 9(b) and (c), respectively. The Bode plot represents the frequency-dependent phase and impendence
response of the discretememristive device. The impendence of the device was high at a lower frequency and start
to decreases for higher frequency. A similar trendwas also observed for the phase angle property of the discrete
memristive device. TheNyquist plot data was used to develop an equivalent circuit of the optimizedmemristive
device, as shown infigure 9(d). Very low circuitfit error (0.3175%)was observed, therefore the equivalent circuit
can provide a good realistic picture of the electrochemical kinetics of the aq. KMnO4 based discretememristive
device. In the present case, the quasi-semicircle curve represents the electrolyte resistance (RS1) and it was found
to be 18.88Ω. The equivalent series resistance (RS2) of the device, which is related to the combined internal
electrode resistance and electrolyte resistancewas found to be 2.73Ω [60]. The contact resistance (Rf) and charge
transfer resistance (Rct)were found to be 52.04Ω and 32.15Ω, respectively. The frequency-dependent slope line
represents theWarburg ion diffusion resistance (WO)whichwas found to be 0.005974Ω [61].

4. Conclusions

In conclusion, a facile way to fabricate a discretememristive devicewas successfully demonstrated using aq. and
methanol-KMnO4. The developed devices show typical hysteresis loop, bipolarmemristive switching effect, and
analogmemory property at low SET (+1 V) andRESET (−1V) voltages. In the case of the concentration
optimization study, goodmemristive switchingwas achieved at a high concentration in aq. andmethanol-based
devices. Thememristive hysteresis area and currentmagnitudewere decreased as the concentration of aq.
KMnO4 decreases; however, nonlinearity was observed in the case ofmethanol-KMnO4 based devices. All
developed devices show the double valued charge-flux characteristics, suggesting that the aq. and
methanol-KMnO4 based devices are non-idealmemristors ormemristive devices. The reliability study reveals
that the 0.75 Maq. KMnO4 basedmemristive device shows good endurance (103 cycles), satisfactory switching
uniformity (coefficient of variation:<12%), and excellentmemorywindow (∼124) during the cycle-to-cycle
variation. The reactionmechanism andUV-visible absorption spectrum results asserted that the ionic
conduction ofmanganese and copper ionswas responsible for thememristive switching effect.Moreover, the
enhancement of ion-pair dissociation in the aq. solution could be a possible reason for observedmemristive
switching. The reported low-cost and simplemethodmay allow the fabrication of discretememristive devices
with enhanced electrochemical properties.
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