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A B S T R A C T

Colloids subjected to electrical stimuli exhibit a reconfiguration that might be used to store information and
potentially compute. In a colloidal suspension of ZnO nanoparticles in DMSO, we investigated the learning,
memorization, time and stimulation’s voltage dependence of conductive network formation. The relationships
between the critical resistance and stimulation time have been reconstructed. The critical voltage (i.e., the
stimulation voltage required to drop the resistance) was found to decrease as stimulation time increased. We
characterized a dispersion of conductive ZnO nanoparticles in the DMSO polymeric matrix using FESEM and
UV–visible absorption spectrum.
1. Introduction

Colloids could be used to implement massively parallel computa-
tions given that they possess a wide variety of unique properties. The
particles are stable, so they remain suspended in the solution. There-
fore, in a colloid processor, any particle can be addressed to access a
memory cell [1]. Moreover, due to the redundancy of the elementary
processors, or particles, colloid computers could be fault-tolerant.

A colloid of conductive particles in an insulating solution is a strong
candidate for colloid-based computers. In this paper, zinc oxide parti-
cles are suspended in a polymer dimethyl sulfoxide solution. Polymers
in their natural state (with some exceptions) are insulating materi-
als [2], and modulating their electrical conductivity, regardless of ap-
plication, requires blending with materials exhibiting electronic/ionic
conductivity. Fillers in the metallic state, for instance, permit increased
electronic conduction and, depending on their shape and aspect ratio,
may create a complete network that provides a preferential route for
charge carriers. Silver nanoparticles/nanowires [3] are frequently used
as conductive fillers and serve as an example. The metallic state can
be achieved in part by carbon-based materials, allowing for a good
balance in terms of the availability of raw materials. Examples include
graphene, carbon fibres, and carbon nanotubes that exceed a threshold
concentration in a common polymer [4]. The concentration above
which percolation occurs (U) is known as the critical concentration
[5–7]. Percolation occurs following a phase transition in which a dra-
matic change occurs at a single sharply defined parameter value as the
concentration is continuously altered [8,9]. Reducing the percolation
threshold of a composite system appears to be an effective strategy for
reducing the amount of (precious) filler required to achieve the desired
conductivity and thereby avoiding mechanical performance issues [10].

∗ Corresponding author.
E-mail address: Noushin.Raeisikheirabadi@uwe.ac.uk (N.R. Kheirabadi).

Attempts to employ alternative percolation models to describe con-
ductive polymer composites have demonstrated that no single model
can explain all of the experimentally observed results [11]. The discrep-
ancy could be related to the fact that conductivity is highly dependent
on the geometric parameters of the filler, the quality of their bonds, and
the matrix-filler interaction [6,12]. Until now, the majority of research
on the dynamic process of conductive network generation in an electric
field focused on composites containing conductive fillers such as carbon
black (CB), carbon fibres (CF), or carbon nanotubes (CNT) [13,14].
However, and this is a fundamental aspect of our research, there
is no simple way to alter conduction properties once a composite
material has been formed and given its physical form. Having an
easily-tunable material would allow us to create switches, memories,
and other computing-essential devices. Chemical reactions involving
different oxidation states may also be exploited when triggered by
high electric fields. However, activation energies must be overcome
and specific fabrication conditions must be met, so applications are not
straightforward [15,16].

Nanofluids, or colloidal dispersion of nanoparticles in a liquid sol-
vent, have attracted a great deal of interest in recent years due to
their potential applications [17], which include intrinsic plasticity, self-
adaptation, and fault-tolerance [18,19]. A stable colloid is expected to
remain sediment-free even after lengthy periods of storage [18,19]. The
settling behaviour of dispersions is determined by the particle size and
density. Nanopowder liquid dispersion is a challenging process. Nano-
materials’ favourable effects are a result of their high surface area and
surface energy, which cause particle agglomeration and poor-quality
dispersions.
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Fig. 1. UV–Visible spectra of the sample with concentrations 0.055 and 0.11 mg/ml.
Due to their fascinating novel optical and electrical properties,
research on quantum-sized semiconductor particles has exploded over
the past decade [20]. ZnO is a semiconducting material with a wide
band gap and a high exciton binding energy of 60 meV at room tem-
perature, making it an appealing candidate for room temperature UV
lasers and other fascinating excited-state phenomena [21,22]. ZnO is a
versatile material with high electrical conductivity, visual transparency,
photostability, and photocatalytic abilities [23,24].

As predicted by classical percolation theory for a random sys-
tem [25,26], the percolation threshold for simple binary composites is
between 10% up to 70%, depending entirely on the aspect ratio of the
filler. Once a percolation threshold has been reached, random resistor
networks typically exhibit a power-law conductivity relationship.

𝜎 = 𝜎0(𝑉 − 𝑉𝑐 )𝑠

where 𝜎 is the composite conductivity (S/cm), 𝜎0 is the intrinsic con-
ductivity of the filler, s is the power-law exponent (typically 1.6–2.0 in
3D), and V𝑐 is the volume fraction of filler at the percolation threshold
(near 0.15 for random fibre-based 3D systems) [27].

Von Neumann computer architecture (in which the memory and
CPU are separated) only permits instructions to be executed sequen-
tially and one at a time, thereby limiting parallel operations [28]. It
is anticipated that the next generation of computing systems will use
synthetic synapses (which mimic biological synapses) to enable parallel
processing of information [29]. Resistive switching and synaptic prop-
erties of learning colloids could theoretically be employed to enable
massively parallel computing [30,31].

Using ZnO nanoparticles dissolved in DMSO, the purpose of the
present study is to create highly mobile ion-conductive pathways. It
is expected that the free migration of ions will result in high ionic con-
ductivity. We investigate how, using a filler with spherical symmetry
and a 3D composite fluid, a percolation threshold can be achieved at
low concentrations.

2. Methods

ZnO nanoparticles and DMSO were purchased from US research
nanomaterials, Sodium Dodecyl Sulphate (SDS) and Sodium Hydroxide
(NaOH) were purchased from Merck. De-Ionized Water (DIW) were
prepared in the lab with Millipore de-ionized water generator device,
model Essential, rated 15 Mohm cm.

Surfactant solution with a concentration of 0.22 wt% was prepared
by adding SDS in DIW and stirred to get a homogeneous solution. 1 mg
ZnO nanoparticles were added to DMSO with continuous stirring. Then
2 ml of SDS solution and 1 ml NaOH 10M added to the mixture under
stirring. The concentration of resulting dispersion was maintained at
2

0.11 mg/ml. The resulted suspension was placed in an ultrasonic bath
for 30 min. Then stirring process was continued for a few more hours
to get a uniform dispersion of ZnO [32].

All electrical measurements were made with Fluke 88464A and
Keithley 2400. Field emission scanning Electron Microscopy (FEI
Quanta 650 FESEM) was also used to characterize the nanoparticle
suspensions. The accelerating voltage was set to 10 kV in this study,
and the working distance was set to around 5 mm. The images’
contrast and brightness were optimized so that particles could be
easily distinguished from the background. Ultraviolet–visible (UV–Vis.)
spectrometer (Perkin Elmer Lambda XLS) was used to measure sample
absorbance at room temperature. To analyse the z-average hydrody-
namic diameter, Dynamic Light Scattering (DLS) measurements were
performed using a Zetasizer Nano ZS (1000 HS, Malvern Instrument
Ltd., UK).

3. Results and discussions

3.1. Suspension structure

The UV–visible absorption spectrum of ZnO colloids, with different
concentration, at room temperature is recorded in the wavelength
range of 200–700 nm. Fig. 1 depicts resulted plots of UV–visible
absorption spectrum. The spectra have peaks at 370 nm (colloid with
concentration of 0.055 mg/ml) and 372 nm (colloid with concentration
of 0.11 mg/ml). These absorption peaks at 370–372 nm are the char-
acteristic peak for hexagonal ZnO nanoparticles [33]. In comparison
to bulk ZnO (370 nm), there is a good agreement with previous
reports [34,35]. Calculation of the optical band gap was based on the
below equation:

𝐸𝑔(eV) = ℎ𝑐∕𝜆 = 1240∕𝜆

where 𝐸𝑔 is the optical band gap, h is the Planck’s constant, c is the
speed of light, and 𝜆 is the wavelength of maximum absorption. Here
Optical band gap was calculated as 3.35 eV which matches well with
previous reports [34,36,37].

In order to study particles morphology and size by FESEM tech-
nique, a thin layer of ZnO colloid were prepared by drop casting a
drop of ZnO particle suspension (0.11 mg/ml) on a Copper foil with
a thickness of 100 μm at room temperature.

FESEM results in Fig. 2 illustrates particle agglomeration during
sample preparation. As a result of the surface tension of the solvent dur-
ing evaporation, FESEM observation rarely reveals separated spheres,
and most of the ZnO spheres are multilayered. Indeed, increased liquid
surface tension would draw the nanoparticles closer together, causing
them to re-aggregate during the drying process [38]. However, we



Neurocomputing 557 (2023) 126710N.R. Kheirabadi et al.
Fig. 2. SEM images of drop casted ZnO colloids on Copper substrate in two different magnifications.
Fig. 3. (a) Equivalent diameter size distribution of ZnO nanoparticle. (b) Numerical eccentricity distribution of ZnO nanoparticles. (c) Particle size distribution of ZnO nanoparticles
in colloidal solution using dynamic light scattering.
could extract equivalent diameter size distribution of the single par-
ticles, whose histogram is shown in Fig. 3(a), as well as the numerical
eccentricity distribution, shown in Fig. 3(b) (numerical eccentricity is
zero for a circular nanoparticle and unitary for a nanowire). Relevant
features detected are: mean diameter 24 nm, standard deviation 8 nm,
skewness 0.874, Kurtosis 0.856, minimum diameter detected 10 nm,
maximum diameter detected 50 nm.

Dynamic Light Scattering (DLS) characterization was performed,
and Fig. 3(c) indicates the size distribution of ZnO nanoparticles present
in the colloid. The average gyration (hydrodynamic) diameter of a
particle is 472 nm, and this corresponds almost perfectly to 20 times
the average diameter of one single particle. As an amphoteric oxide,
ZnO is hydrolysed in the presence of water creating a hydroxide coating
on its surface, which leads to an increase in particle hydrodynamic
diameter [39].
3

3.2. Suspension conductivity

To study a formation of conductive network of nanoparticles we
carried out DC stimulation of the suspension mixture with different
parameters of the stimulation. Fig. 4 illustrates a schematic related to
conducted research.

In the first step, DC stimulation versus time at the rate of 10 mV/s
from 0V to 40V, with Keithley, have been applied to the sample and
current was measured. Results are shown in Fig. 5(a). The increase in
voltage, resulting in a decrease in resistance. So the first step experi-
ment is: (1) apply voltage growing from 0 to 40, (2) measure resistance,
(3) Repeat.

To check the repeatability of this result, DC stimulation has been
applied from 0V to 40V, with Keithley, to the sample for 10 times and
then current was measured. All data are integrated in the Fig. 5(b–c).
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Fig. 4. Schematic of conducted research by synthesized colloid and its characteristic properties.

Fig. 5. (a) Resistance diagram of colloid after 40 V DC stimulation, (b) Repeated measurement resistance of colloid with stimulation till 40 V, (c) plot section b with zoom on
the first area of the curve.
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Table 1
Relation between the length of stimulation, critical voltage and resistance dropping point.
Each stimulus
duration (ms)

Time of
dropping R (s)

Stimulation
length (s)

Highest R (MΩ) Critical voltage
(V)

Critical
resistance (MΩ)

1 1 10 1.21 1.55 1.21
10 5 13 1.38 1.45 1.38
100 8 22 1.37 1.40 1.37
1000 22 111 1.76 0.95 1.76
2000 29 211 2.83 0.65 2.83
3000 49 312 3.96 0.75 3.96
4000 63 412 3.18 0.75 3.18
Table 2
The equation and parameters of fitting curve of critical voltage versus length of stimulation.
Equation Parameter, 𝑎 Parameter, 𝑏 Parameter, c R-Square (COD)

𝑦 = 𝑒𝑥𝑝(𝑎 + 𝑏𝑥 + 𝑐𝑥2) 0.470 ± 0.028 −0.006 ± 6.61E−4 1.02E−5 ± 1.71E−6 0.98
Table 3
The equation and parameters of fitting curve of critical resistance versus length of stimulation.
Equation Parameter, y−0 Parameter, x𝑐 Parameter, W Parameter, A R-Square (COD)

y = y − 0 + A sin(pi(x − x𝑐 )/w) 2.56 ± 0.068 180.51 ± 8.33 281.40 ± 18.14 1.28 ± 0.092 0.99
Table 4
The equation and parameters of fitting curve of time of dropping resistance VS length of stimulation.
Equation Intercept, a slope, b R-Square (COD)

y = a + bx 2.64 ± 1.64 0.14 ± 0.008 0.99
Fig. 5(b) shows the repeated measurement resistance of sample with
stimulation till 40 V and Fig. 5(c) shows the same plot with zoom
on the first area of the curve. Just the first stimulation has a little
different resistance curve in comparison with the other 9 stimulations,
as it often occurs in similar systems such as resistive switching devices.
An interesting feature is the presence of maximum resistance, found
in the range of 2 to 2.5 V and then it drops down. As bubbling was
observed during apply voltage, probably from 2 V till 3 V, bubbling
accrues and misses the order of nanoparticles so R increases. Perhaps
after 3 V, the voltage is enough strong to overcome bubbling turbulence
and reorder nanoparticles again so R decreases again.

In the second step, the minimum stimulation voltage for a resistance
to drop were investigated. In this regard, 5 V, 4 V and 3 V DC
stimulation were applied to the sample and then the resistance was
measured. Fig. 6 indicates the resistance change during the voltage
rising. In all three graphs, the resistance starts to drop down at a voltage
of about 0.7 V and it decreases from ∼7MΩ to ∼78 kΩ.

For conductive particles filled polymer composites, the percolation
hypothesis is commonly employed to describe the sharp change in
electrical resistivity as a function of filler content [8]. However, in our
case, the filler content has been fixed. To distinguish the link between
electrical resistivity and stimulation voltage and during of stimulation,
from the filler concentration dependence of percolation, we refer to the
stimulation dependence of percolation process as ‘percolation time’. To
discover the relation between duration of stimulation, critical voltage
(a value of voltage at which the resistance starts to decrease) and
resistance dropping point, the sample has been stimulated with several
times and the resistance was measured in each step. All data are
summarized in Table 1.

Fig. 7(a) shows the relation between critical voltage with length
of stimulation. Critical voltage decrease with increase in stimulation
length. The equation and parameters of fitting its curve are summarized
in the Table 2.

Fig. 7(b) shows the relation between critical resistance with length
of stimulation. Critical resistance rises with increase in stimulation
length till reaches the amount of 3.96 MΩ and then with more enhance-
ment in stimulation length, it falls again. The equation and parameters
of fitting this curve are summarized in the Table 3.
5

Fig. 6. Finding minimum voltage: Resistance of colloid with stimulation till 3 V, 4 V,
and 5 V. There is a Fuchsian discontinuity that is cancelled by the modulus.

The filled conductive colloid are discovered to be thermodynami-
cally non-equilibrium systems, in which the conductive network gener-
ation is time dependent, leading to the development of a concept known
as dynamic percolation [8]. In this research, the time of dropping
resistance depends on the length of stimulation, linearly. This relation
is shown in Fig. 7(c) and the fitting parameters are presented in Table 4.

Electrical resistance before and after stimulation were compared to
quantify both the quality and duration of the memory. To check the
memorization process, the resistance behaviour before and after stim-
ulation, and find for how long does the stimulation effects last, some
experiments were implemented. Firstly, the resistance of sample was
measured without any stimulation other than the 400 μV applied by the
measuring device, and then after applying DC stimulation, from 0V to
10V, the resistance was measured again continuously (Fig. 8,a), to find
the stability of the dropped resistance. Secondly, the stimulated sample
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Fig. 7. (a) Relation between critical voltage and length of stimulation, (b) Relation between critical resistance and length of stimulation, (c) Relation between length of stimulation
and the time of dropping resistance.
was placed without any moving and any further stimulation. Then its
resistance was measured just after stopping stimulation (Fig. 8,b), after
1 h, 2.5 h, 24 h, 48 h and 120 h. All results are shown in the Fig. 8(c).

Resistance was about 1.3 MΩ before applying any stimulation,
during applying 10 V DC stimulation, resistance dropped down to under
∼ 1 kΩ (Fig. 8,a). After stopping stimulation, the resistance started to
rise from under 1 kΩ to 6.5 kΩ by spending 30 min (Fig. 8,b). In one
hour, the resistance increased to 96 kΩ, in 2.5 h to 128 kΩ, in 24 h
to 370 kΩ, and in 120 h to 600 kΩ (Fig. 8,c). As it can be seen, the
resistance increases slowly during 120 h after stopping stimulation
indicating memory existence in our colloid.

In order to study the reverse cycle, the switching of the resistance
back from low R to high R by reversing voltage were investigated. In the
first stage, DC stimulation from 0V to 10V, were applied with Keithley
to the sample and then the resistance was measured. In the next stage,
this process was repeated but in reverse cycle (applying DC stimulation
from 10V to 0V). Fig. 9(a–b) indicate the current diagram and the
resistance diagram of this test, respectively.

In the next step, the polarity of electrodes was changed. The sample
have been stimulated from 0V to 50V with direct polarity, first. Then
the cables on Keithley ports were swapped (without moving electrodes)
and sample have been stimulated again from 0V to 50V but with
indirect polarity. The resulted current and resistance diagrams are
6

shown in the Fig. 9(c–d), respectively. The hysteresis loop of current
and voltage shown in Fig. 9(c) indicates history is more prominent in
voltage and current approach zero.

Multiple cycles of ‘learning-erasing’, direct-inverse cycles of stimu-
lation, were repeated in order to evaluate the durability of the colloid
device and its results are shown in Fig. 10. The diagram indicates that
the results are still consistent, which demonstrates the durability of the
colloid device.

Finally, to check the effects of Brownian movements and oxygen
interactions, we repeated the DC stimulation experiments under Nitro-
gen gas and at 12 ◦C. This test was repeated four times. Fig. 11 shows
the results of this experiment and compares them with the previous
tests in an ambient atmosphere. No significant differences are observed
between these two atmospheric conditions. Hence, we can conclude
that Brownian movements and oxygen interactions do not have obvious
effects on the learning and memorization process of the synthesized
colloid.

4. Conclusion

We demonstrated that a colloid of zinc oxide in dimethyl sulfoxide
is capable of forming conducting pathways when a direct current is ap-
plied. The conductivity pathways are volatile; they degraded over time.
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Fig. 8. Implementation of memory: (a) Resistance of the colloid before stimulation, (b) Resistance of the colloid with stimulation till 10 V, (c) Resistance of colloid after different
hours.
This phenomenon can be utilized to prototype memory devices in liquid
phase robots and computers, as well as to implement synaptic devices
in liquid phase neuromorphic circuits. Future research directions could
include the development of protocols for simulating the formation of
multiple non-intersecting conductive pathways in a spherical volume of
a colloid. In liquid robots and computers, these pathways would serve
as information superhighways.
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Fig. 9. (a) Current diagram and (b) Resistance diagram of colloid after DC stimulation from 0V to 10V and then from 10V to 0V. (c) Current diagram of colloid after 50 V DC
stimulation with direct and indirect polarity, (d) Resistance diagram of colloid after 50 V DC stimulation with direct and indirect polarity.

Fig. 10. Multiple cycles of direct-inverse stimulation to evaluate durability of the colloidal device.
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Fig. 11. (a) Repeated measurement resistance of colloid with DC stimulation in the ambient atmosphere. (b) Repeated measurement resistance of colloid with DC stimulation in
the Nitrogen atmosphere and at 12 ◦C.
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