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Facile synthesis of nickel cobaltite quasi-hexagonal
nanosheets for multilevel resistive switching and
synaptic learning applications
Tukaram D. Dongale1,2, Atul C. Khot1, Ashkan Vakilipour Takaloo1 and Tae Geun Kim 1

Abstract
High-density memory devices are essential to sustain growth in information technology (IT). Furthermore, brain-
inspired computing devices are the future of IT businesses such as artificial intelligence, deep learning, and big data.
Herein, we propose a facile and hierarchical nickel cobaltite (NCO) quasi-hexagonal nanosheet-based memristive
device for multilevel resistive switching (RS) and synaptic learning applications. Electrical measurements of the Pt/
NCO/Pt device show the electroforming free pinched hysteresis loops at different voltages, suggesting the multilevel
RS capability of the device. The detailed memristive properties of the device were calculated using the time-
dependent current–voltage data. The two-valued charge-flux properties indicate the memristive and multilevel RS
characteristics of the device. Interestingly, the Pt/NCO/Pt memristive device shows a compliance current (CC)-
dependent RS property; compliance-free RS was observed from 10−2 to 10−4 A, and the compliance effect dominated
in the range of 10−5–10−6 A. In CC control mode, the device demonstrated three resistance states during endurance
and retention measurements. In addition, the device was successful in mimicking biological synaptic properties such
as potentiation-depression- and spike-timing-dependent plasticity rules. The results of the present investigation
demonstrated that solution-processable NCO nanosheets are potential switching materials for high-density memory
and brain-inspired computing applications.

Introduction
The increasing demand for miniaturized electronic

devices for information processing has triggered innova-
tions in nonvolatile memory technology. Traditional
charge-storage-based memory devices are facing serious
technological limitations for further miniaturization and
are unable to address current technological demands. The
bottleneck in the operation of charge-based memory
devices arises from their inherent structural design and
current leakage issue1. These problems can be overcome
by utilizing a principle that is scalable in the sub-10-nm
range, tolerant to leakage current, and compatible with

conventional silicon-based fabrication technology2. The
resistance switching (RS) effect promises the above-
mentioned features along with 3D integration3, high-
density memory storage4, and in-memory computing
capabilities5. The exponential growth in artificial intelli-
gence, machine learning, and big data in the last several
years has affected information processing and data storage
devices6. These technologies demand high-density mem-
ory devices to store and retrieve data for each application
request, which enables them to provide a real-time
experience to end users.
The RS effect can be tuned to obtain multiple resistance

states, which allows for the development of a high-density
memory device without compromising scaling and power
consumption7. In addition, multilevel RS is useful in
mimicking biological synaptic properties, helping to rea-
lize brain-like computing capabilities8. To mimic synaptic
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properties, the device should exhibit an analog RS effect.
The RS of the device can be easily engineered to achieve
analog memory by selecting a proper active switching
layer material. In the past, various kinds of materials have
demonstrated analog memory properties. These materials
include but are not limited to TaOx

9, SrTiO3
10, BiFeO3

11,
ZnO12, WO3

13, TiO2
14, and NiO15. These conventional

materials have problems such as nonuniformity in
switching events, a high electroforming voltage, and a low
device yield16. Therefore, new materials are being inves-
tigated by academia and industry for the best possible RS
operation. Nickel cobaltite, often referred to as NCO, is a
binary metal oxide that is popular for energy storage
device applications owing to its rich electrochemical
properties17. NCO shows excellent redox reaction cap-
ability and electrical conductivity owing to the availability
of both ions in its structure (nickel and cobalt)18. The
abundance of oxygen vacancies in the NCO spinel-type
structure can help to tune the conductive filament in RS
devices19. NCO is a low-cost material, is easily available,
and possesses low toxicity20. Solution-processable NCO
often shows a quasi-hexagonal nanostructure morphology
and is a thermodynamically stable morphology for elec-
tronic device applications21. In addition, the porous nat-
ure of the quasihexagonal nanostructure provides
excellent charge transport pathways22, which can be
employed to obtain excellent RS properties from the
device. These features make NCO a natural choice for RS
applications.
Multilevel RS is a unique approach for creating a high-

density nonvolatile memory device. Interestingly, the
active switching layer plays an important role in multilevel
RS. In most of the reported work, filamentary RS, com-
posed of oxygen vacancies, helps to achieve multiple
resistance states within the same device23. In general, the
size of the conductive filament can be tuned by control-
ling the compliance current (CC), resulting in multiple
resistance states24. In another approach, the gap between
the tip of the conductive filament and the bottom elec-
trode can be varied by the application of different RESET
voltages25,26.
Herein, we report on the synthesis, characterization,

and RS properties of a Pt/NCO/Pt device. To the best of
the authors’ knowledge, this is the first report on the RS
of NCO nanomaterials. The RS of the Pt/NCO/Pt device
was correlated with memristive switching and demon-
strated double-valued charge-flux characteristics. A
detailed investigation of the voltage and CC-dependent RS
properties of the Pt/NCO/Pt memristive device was car-
ried out. By controlling the CC, three distinct resistance
states were achieved during endurance and retention
measurements. Furthermore, the analog memory prop-
erties of the Pt/NCO/Pt memristive device were used to
mimic biosynaptic properties.

Experimental section
Synthesis of NCO nanomaterial
The NCO nanomaterial was synthesized using the

coprecipitation method. For the synthesis, 0.0015mol
of NiCl2.6H2O (Sigma Aldrich) and 0.0030mol of
CoCl2.6H2O (Sigma Aldrich) were dissolved separately in
two beakers containing 30ml of deionized (DI) water and
stirred for 15min. The solution containing nickel salt was
added dropwise to the other solution (cobalt salt) and
stirred for 15min to form an intermediate solution. Then,
0.010 mol of NaOH (Sigma Aldrich) was dissolved in
another beaker with constant stirring for 10min and
added dropwise to the intermediate solution using a
burette. The mixture was stirred for 30 min to achieve
complete consumption of the reactants. The obtained
precipitate was centrifuged at 4000 RPM for 10min with
DI water and ethanol twice each and dried at 70 °C for 6 h.
Finally, the powder was crushed and calcined at 450 °C for
3 h at a 5 °C/min ramp rate.

Fabrication of Pt/NCO/Pt RS device
To fabricate the active switching layer, 0.250 g of NCO

nanomaterial was initially mixed with 0.250 g of ethyl-
cellulose and 2mL of ethanol. To the prepared mixture,
2 mL of alpha-terpineol was added, and the entire mixture
was stirred for 30min. The final product was spin-coated
on a clean Pt (50 nm)/Ti (50 nm)/SiO2/Si substrate. The
thickness of the NCO layers varied in the following order:
100, 250, 500, and 750 nm. To obtain a thickness of
100 nm, the paste was spin-coated at 3000 RPM for 30 s.
This procedure was repeated three, five, and eight times
to obtain 250, 500, and 750 nm thicknesses. After spin-
coating, the film was annealed at different temperatures
(150, 250, 350, 450, and 550 °C) for 1 h. These annealing
temperatures remove the binder and other dispersant
agents from the spin-coated film. In the present case, the
device with 500 nm thickness and a 350 °C annealing
temperature exhibited better RS properties than the other
devices. A radio-frequency sputtering system along with a
shadow mask was used to deposit the top platinum (Pt)
electrode (thickness: ~100 nm and diameter ~200 μm).

Results and discussion
Figure 1a, b show field-emission scanning electron

microscopy (FESEM) (LYRA3, TESCAN) and high-
resolution FESEM images, respectively, of the NCO
nanomaterials. The coprecipitation synthesis technique
generally helps to form a hierarchical nanostructure27. In
the present case, a hierarchical quasi-hexagonal nanosheet
morphology was achieved by a facile and low-cost synthesis
technique. The quasi-hexagonal nanosheets were com-
posed of smaller crystallites, as observed from the high-
resolution FESEM image (Fig. 1b). The FESEM images
were further analyzed using ImageJ software. The statistical
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distributions of the side length and thickness of the hex-
agonal nanosheets are shown in Fig. S1a, b, respectively.
Statistical measures such as the mean, standard deviation,
and coefficient of variation suggest that the length and
thickness of the quasi-hexagonal nanosheets are uniform in
nature. Interestingly, the quasi-hexagonal nanosheets of
NCO were porous. The Brunauer–Emmett–Teller (BET)
and Barrett–Joyner–Halenda (BJH) techniques were used
to determine the specific surface area and pore size dis-
tribution of NCO by N2 adsorption/desorption isotherms
at 77 K, as shown in Fig. S2a, b, respectively (ASAP 2020+,
Micromeritics Instruments). The surface area was found to
be 47.81m2 g−1, whereas the mean pore diameter was
17.70 nm, suggesting the mesoporous nature of the syn-
thesized NCO nanomaterial. In addition, the degree of
porosity was found to be 2.35%. Porous NCO nanoma-
terials are very helpful in creating good charge transport
pathways28.
Figure 1c presents the energy-dispersive X-ray spec-

troscopy (EDS) result for the quasi-hexagonal NCO
nanosheets, and the corresponding mapping results for
Ni, Co, and O are shown in Fig. 1d, e, and f, respectively.
The mapping results assert the presence of Ni, Co, and O
in the sample. Furthermore, the EDS spectrum of
the quasi-hexagonal NCO nanosheets was recorded to

understand the quantitative distribution of the compo-
nent elements, as shown in Fig. 1g. The elemental con-
centrations (atomic %) of Ni, Co, and O were 3.40%,
80.50%, and 16.10%, respectively, as observed from the
EDS results. The X-ray diffraction (XRD, SmartLab,
Rigaku) pattern of the NCO nanomaterial is shown in
Fig. S3. The diffraction peaks of NCO match well with
JCPDS card No. 20-0781, suggesting the formation of a
cubic structure29. The experimental XRD data were fur-
ther analyzed to obtain insight into the NCO nanoma-
terial. The crystallite size, strain (lattice defect), the lattice
constant, and % crystallinity of the NCO nanomaterial
were found to be 19.62 nm, 1.4 × 10−3, 8.09 nm, and
68.73%, respectively. The results suggested that non-
stoichiometric NCO was formed by the coprecipitation
synthesis technique used in this work30.
X-ray photoelectron spectroscopy (XPS) (X-Tool,

ULVAC-PHI) was utilized to understand the elemental
composition of the NCO nanomaterial. The survey spec-
trum of the NCO nanomaterial is shown in Fig. 2a. Intense
peaks of Ni 2p, Co 2p, and O 1s were observed in the
survey spectrum. The peak at 284.5 eV (C 1s) reveals
the presence of carbon in the sample arising from air
contact with the NCO sample. The narrow-scan spectrum
of Ni 2p shows two spin-orbit doublets at binding energies

Fig. 1 Morphological and compositional characterizations of the quasi-hexagonal NCO nanosheets. a FESEM and b high-resolution FESEM
images of quasi-hexagonal NCO nanosheets. c Energy-dispersive X-ray spectroscopy (EDS) mapping of quasi-hexagonal NCO nanosheets and
corresponding d Ni, e Co, and f O. g EDS spectrum of quasi-hexagonal NCO nanosheets.
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of 855.3 and 872.9 eV, corresponding to Ni 2p3/2 and Ni
2p1/2, respectively (Fig. 2b). The results confirm that two
oxidation states, i.e., Ni3+ and Ni2+, were present in the
sample31. Two satellite peaks were observed at binding
energies of 861.1 and 879.6 eV. Figure 2c shows the core-
level spectrum of Co 2p. Two spin-orbit doublets, i.e., Co
2p3/2 and Co 2p1/2, were observed at binding energies of
780.1 and 794.8 eV, respectively. These two peaks (Co 2p3/
2 and Co 2p1/2) were deconvoluted into an additional two
peaks. The peaks observed at 777.9 and 794.5 eV corre-
sponded to the Co3+ oxidation state. The peaks observed
at 782.5 and 796.2 eV corresponded to the Co2+ oxidation
state32. The core-level spectrum of O 1s is shown in
Fig. 2d. The spectrum of O 1s was found to be asymmetric
and was therefore deconvoluted into three Gaussian peaks.
These peaks were observed to occur at 529.3 eV (O1),
530.7 eV (O2), and 532.1 eV (O3). The peak observed at the
O1 position was ascribed to O–Co/Ni bonds and lattice
oxygen33. An oxygen vacancy-related peak was observed at
the O2 position34. The O3 peak corresponded to chemi-
sorbed surface water and surface oxygen35.
The RS properties of the Pt/NCO/Pt device were mea-

sured using a Keithley 4200 parameter analyzer equipped
with a probe station. For electrical measurements, the
voltage was applied to the top electrode, while the bottom
electrode was grounded. We preliminarily investigated the

thickness-dependent RS properties of the Pt/NCO/Pt
device. For this study, we varied the thickness of the NCO
layer (100, 250, 500, and 750 nm), and current–voltage
(I–V) properties were recorded for each device, as shown
in Fig. S4a. The thickness of the switching layers was
measured using a surface profiler (Alpha-Step IQ), as
shown in Fig. S4b. For the lower-thickness devices (100
and 250 nm), poor RS properties were observed. This may
be due to the smaller number of hexagonal nanosheets
packed in a given memory cell area. Good RS perfor-
mance was observed for the 500-nm-thick device owing to
the optimized packing density of the hexagonal nanosh-
eets in the memory cell. The RS properties were found to
deteriorate for the 750-nm-thick device. In addition,
we checked the performance of the optimized device
(500 nm) by annealing the spin-coated layer at different
temperatures (150, 250, 350, 450, and 550 °C). The devices
annealed at 450 and 550 °C showed multiple cracks and
discontinuities in the switching layer. Therefore, I–V
curves were not measured for these devices. The I–V
properties of the devices annealed at 150, 250, and 350 °C
are shown in Fig. S4c. Herein, no RS response was
observed for the devices annealed at 150 and 250 °C. This
is because the binder and other dispersant agents could
not be removed from the spin-coated film at these tem-
peratures36. On the other hand, the device annealed at

Fig. 2 XPS characterization of quasi-hexagonal NCO nanosheets. a Survey spectrum and narrow-scan/core-level spectra of (b) Ni, (c) Co,
and (d) O.
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350 °C showed good RS properties, and hence, it was used
for further investigations.
Figure 3a, b show the current–voltage (I–V) behavior of

the Pt/NCO/Pt device on linear and semilog scales,
respectively. The switching direction is indicated by arrows.
We applied different ±VSTOP voltage excitations (±3 and
±9 V) to understand the device switching mechanism and
demonstrate multilevel RS behavior. CC was fixed at 10−3 A
was fixed for this investigation. During the I–V measure-
ments, it was observed that the device showed poor RS
behavior at ±1 V and ±2V ±VSTOP voltage excitations.
Stochastic RS was observed when the device was subjected
to voltages greater than ±9 V. The switching direction of the
device was counterclockwise in nature.
The Pt/NCO/Pt device showed voltage-dependent RS.

In other words, the RS properties of the device improved
as the applied ±VSTOP voltage excitation increased
from ±3 to ±9 V. The Pt/NCO/Pt device was free from
electroforming. Interestingly, an analog type of RS was
observed for the present case irrespective of voltage
excitation. In analog-type RS, the current or resistance of

the device changes gradually. By contrast, a sudden
change in current or resistance is observed in digital RS.
These two types of RS have applications in various fields.
For instance, analog RS is useful for mimicking biological
synaptic properties in neuromorphic computing applica-
tions, whereas high-performance nonvolatile memory
devices can be developed using digital RS effects37–39. One
can also utilize analog RS in nonvolatile memory appli-
cations11. However, it is difficult to mimic biosynaptic
properties using the digital RS effect because the natural
mechanism of synapses is based on gradual changes in ion
transportation40. The I–V curves of the Pt/NCO/Pt device
depict a hysteresis loop; therefore, memristive properties
may exist in the device41. We attempted to understand the
memristive nature of the device by calculating the device
flux, device charge, and charge-flux characteristics from
the experimental voltage-dependent I–V data42.
Figure 4 shows the memristive properties of the Pt/

NCO/Pt device. The voltage-dependent time-domain flux
properties of the Pt/NCO/Pt device demonstrate sym-
metric behavior that originates from the symmetric vol-
tage stimulus43, as shown in Fig. 4a. On the other hand,
the time-domain charge behavior of the device became
asymmetric irrespective of the external voltage stimulus
(Fig. 4b). The asymmetric behavior originated from the
current (I) response of the device and the nature of the
hysteresis loop44. Here, A1 and A2 represent the first and
final charge values, respectively, whereas the half-period
point is designated by the BCW.
Interestingly, the device charge shows tunable behavior as

a function of the external voltage stimulus. Therefore,
different memristive switching states (resistance) can be
achieved by properly modulating the external bias for
multilevel RS applications. The combined plot of device
charge and flux shows double-valued and nonlinear prop-
erties, as shown in Fig. 4c. By definition, an ideal memristor
exhibits single-valued and nonlinear properties in the flux
and charge plane44. Deviations from the ideal definition of a
memristor produce a nonideal memristor device or mem-
ristive device45. Considering the double-valued charge-flux
nature, memristive properties dominated in the Pt/NCO/Pt
device. The results further suggested that the device can
have different low-resistance states (LRSs) and fixed high-
resistance states (HRSs) (Fig. 4c). A voltage-tunable LRS
was observed for the Pt/NCO/Pt memristive device. The
turning point BN

CW, which is responsible for the charge-
driving capability, also shows voltage-tunable properties.
The performance parameters of the Pt/NCO/Pt memristive
device, i.e., A2, BN

CW, and the memristive hysteresis area,
are shown in Fig. 4d, e, and f, respectively. In each case,
incremental performance was observed with respect to
voltage stimulus. An interpretation of the device flux, device
charge, and hysteresis area is provided in the supporting
information file.

Fig. 3 Electrical characterizations of the device to investigate the
possible RS behavior. I–V characteristics of the Pt/NCO/Pt device on
(a) linear and (b) semilog scales. Poor resistive switching was observed
at 1 and 2V. CC was fixed to 10−3A in these measurements.
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The conduction mechanism of the Pt/NCO/Pt mem-
ristive device was revealed by analyzing the I–V char-
acteristics. Figure S5a (voltage: +3 V) to S5g (voltage:
+9 V) shows the positive-biased double log I–V plots.
Figure S6a (voltage: −3 V) to S6g (voltage: −9 V) shows
the negative-biased double log I–V plots. Among these
results, the ±VSTOP variation (±3 to ±9 V) results were
used to understand the charge transport mechanism.
The fitting results indicated that the ohmic model fits the
low-voltage region (0 to ± 0.5 V) HRS data well for both
bias regions, suggesting that the current was proportional
to the applied voltage (Fig. S7a, c). In this case, the ther-
mally generated charge carriers took part in conduction.
For the high-voltage-region (±0.5 to ±VSTOP) HRS data,
the current was found to be proportional to the 2.5th
power of voltage and was well fitted to the trap-filled
limited current model (Fig. S7b, d). In the higher-voltage

region, the density of injected charge carriers is higher
than that of thermally generated charge carriers. There-
fore, a higher current was observed in the high-voltage
region than in the low-voltage region. Adj. R2 is a statis-
tical measure that is generally used to describe how well a
model equation fits the experimental data. For both
model-fitting results, the Adj. R2 value for each voltage was
found to be >0.99, suggesting that the model-fitting results
explain 99% of the experimental data well. Considering the
electrical fitting results, a plausible RS mechanism of the
Pt/NCO/Pt memristive device is shown in Fig. 5. During
the synthesis of the NCO material, a large number of
oxygen vacancies could be created due to the solution-
processable synthesis procedure and the annealing of the
thin film. The XPS results (Fig. 2d) confirmed that the
NCO nanomaterial has a large number of oxygen vacan-
cies. These oxygen vacancies are crucial for the RS process.

Fig. 4 Different analytical properties of the memristive device based on experimental I–V data. Voltage-dependent a time-domain flux,
b time-domain charge, and c charge-flux properties of the Pt/NCO/Pt device. Voltage-dependent d A2, eBNCW, and f memristive hysteresis area of the
Pt/NCO/Pt device.
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When no electric field is applied to the device, the Pt/
NCO/Pt memristive device shows HRS (Fig. 5a). When the
top Pt electrode is subject to a positive bias with respect to
the bottom Pt electrode, the conductive filament originates
from the bottom Pt electrode and reaches the top Pt
electrode. This is because electronic charge carriers are
trapped in the oxygen vacancies of NCO and try to
migrate from the bottom electrode to the top electrode.
Therefore, the current of the device increases, and the
device switches to the LRS (Fig. 5b). The quasi-hexagonal
NCO nanosheets have a large surface area, as observed
from the FESEM results. Therefore, a direct conductive
pathway can be easily formed, which facilitates the for-
mation of a good conductive filament in the NCO
switching layer. The trapped carriers can remain in the
traps for a long time until the influx of the next electrical
stimulus46. When the top electrode is subjected to a
negative bias, the oxygen vacancies try to migrate towards
the top electrode. This results in detrapping of electronic
charge carriers, which results in the rupture of the con-
ductive filament (Fig. 5c). Due to the application of
negative bias to the top electrode, the device switches to
HRS. Cyclic polarity reversal is responsible for the RS
process in the Pt/NCO/Pt memristive device.
In a previous experiment, we demonstrated multilevel

RS by tuning the external voltage. Multilevel RS is also
achieved by adjusting the CC of the device, and one such
investigation is shown in Fig. S8a (voltage: ±3 V) to S8i
(voltage: ±11 V). In this case, different CCs (10−2–10−6 A)
were applied at different ±VSTOP voltages (±3 to ±11 V) in
the Pt/NCO/Pt memristive device. CC-dependent RS was
observed for each ±VSTOP voltage. However, the device
showed fluctuations in RS at ±10 and ±11 V. In particular,
±3 to ±7 V showed lower CC (10−6 A)-dependent RS. In
this voltage range, CC (10−2–10−5 A) did not show any
effect on RS. As the ±VSTOP voltage increased to ±8 V,
two CCs (10−5–10−6 A) showed a dominant effect.
In summary, CC-dependent RS was observed at lower

CC values, and RS was independent at higher CC values.
Furthermore, we extracted different RS parameters from
the experimental data to study the role of CC in the RS
properties of the Pt/NCO/Pt memristive device. The CC-
dependent ISET (Fig. 6a), IRESET (Fig. 6b), VSET (Fig. 6c),
VRESET (Fig. 6d), η (ISET/ICC) (Fig. 6e), and η (IRESET/ICC)
(Fig. 6f) at different VSTOP voltages were investigated. The
results indicate that CC-dependent RS was observed
mostly at 10−5 and 10−6 A, while RS was independent at
other CC values. The ISET and IRESET currents were found
to increase as CC changed from 10−6 A and became
saturated at higher CCs (Fig. 6a, b).
It is a well-known fact that the thickness of the con-

ductive filament increases as a function of CC, and
therefore, a higher current is needed to break the con-
ductive filament24. In the same way, VSET and VRESET were
found to be low at lower CCs and became high at higher
CCs (Fig. 6c, d). The high switching voltages were due to
the thick conductive filament produced by the greater
CC magnitude. A clear trend in the ±VSTOP voltage-
dependent ISET, IRESET, VSET, and VRESET was observed
from the experimental data. These results indicated that
the size of the conductive filament was modulated as a
function of CC47. The nature of RS properties can be
elucidated by the value of η (ISET/ICC) or (IRESET/ICC). The
CC-dependent η values at different ±VSTOP voltages are
shown in Fig. 6e, f. Symmetric RS showed an η= 1,
whereas η became <1 for asymmetric RS48. In the present
case, the magnitude of η tended to decrease as CC
increased from 10−6–10−2 A. On the other hand,
η approached 1 as the ±VSTOP voltage increased from ±3
to ±9 V. Given this, asymmetric RS was found at higher
CCs and lower ±VSTOP voltages.
Figure 7 depicts the multilevel memory properties of

the Pt/NCO/Pt memristive device. The CC-based approach
was used to measure the multilevel endurance and reten-
tion properties of the Pt/NCO/Pt memristive device.
For the nonvolatile memory measurements, a voltage pulse

Fig. 5 The filamentary RS mechanism of the device based on electrical fitting results. Plausible RS mechanism of the Pt/NCO/Pt memristive
device during a initial state, b LRS and c HRS.
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Fig. 6 Different RS parameters of the Pt/NCO/Pt memristive device. Compliance current (CC)-dependent a ISET, b IRESET, c VSET, d VRESET, e η (ISET/
ICC), and f η (|IRESET|/ICC) at different VSTOP voltages.

Fig. 7 CC-dependent multilevel RS properties of the device. Multilevel a endurance and b retention properties of the Pt/NCO/Pt device.
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with amplitude ±8 V, width 0.5 μs, and period 2 μs was
applied to the device. The resistance was recorded with a
1 V read voltage at each switching cycle. Herein, three
distinct resistance states were measured by applying a
proper CC to the device. Two LRSs (10−5 A CC= LRS-1
and 10−6 A CC= LRS-2) and one HRS were achieved
during endurance and retention measurements. Cyclic
switching (endurance) showed stable nonvolatile memory
behavior during multilevel RS operation (Fig. 7a). Fur-
thermore, the device retained multilevel RS for 104 s, sug-
gesting that it is an overall good candidate for resistive
memory applications (Fig. 7b). Size modulation of the
conductive filament during CC operation is a possible
reason for multilevel RS in the Pt/NCO/Pt memristive
device24. In the literature, many reports have demonstrated
that tuning the RESET voltage is a possible solution to
achieve multilevel RS in memristive devices23–26,49. In the

present case, fluctuations were observed during RESET-
voltage-based endurance and retention measurements.
Therefore, multilevel RS during RESET voltage measure-
ments is not reported in this work.
The neuron and synapse are computational building

blocks of the human brain that are mainly responsible for
learning and memory. Despite many efforts, it is highly
complicated to build or mimic the functionalities of the
human brain using traditional von Neumann computers
owing to their different memory and processing units.
Therefore, a different strategy is needed to mimic brain
functionalities to achieve human-like intelligence. Mem-
ristive devices inherently possess in-memory computing
capabilities5, passivity, and two-terminal structures similar
to biological neurons50. For instance, a sketch of a biological
synapse junction sandwiched between pre- and post-
neurons is shown in Fig. 8a. In biological neurons, the

Fig. 8 Different synaptic properties mimicked by the Pt/NCO/Pt memristive device. a Sketch of biological synapse junctions sandwiched
between pre- and postneurons. b Potentiation and depression properties of the Pt/NCO/Pt memristive device. c ASH, d ASAH, e SH, and f SAH
learning rules mimicked with the help of the Pt/NCO/Pt memristive device.
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neurotransmitters of a presynaptic neuron are discharged in
the synaptic cleft owing to excitation of the prespike or
action potential. The neurotransmitters are diffused in the
synaptic cleft and received by the receptors of a post-
synaptic neuron, resulting in a postsynaptic spike51. In a
similar vein, the signal from the top electrode (presynaptic
terminal) of the memristive device can be transmitted
through the active switching layer (synapse) with the help of
ionic species and received at the bottom electrode (post-
synaptic terminal)52. Given this, memristive devices are
possible candidates for developing a neuromorphic com-
puting system.
To achieve brain-like computing capabilities, a mem-

ristive device should mimic the different forms of synaptic
plasticity rules. The potentiation and depression (P/D)
property of biological neurons is a basic form of synaptic
plasticity. Generally, the synaptic weights of a neuron can
be modulated by the application of consecutive spikes53.
The synaptic weight-like behavior of the device was rea-
lized by measuring I–V hysteresis loops under repeated
voltage sweeps (Fig. S9). Here, the device showed
increasing and decreasing current responses as a function
of repeated voltage sweeps, suggesting modulation of
synaptic weights, similar to the behavior of biological
synapses54. To further demonstrate the resemblance of
the Pt/NCO/PT memristive device to a biological synapse,
100 consecutive positive (+6 V, 10ms) and 100 negative
(−6 V, 10ms) pulses were applied, and the corresponding
resistance was measured (read voltage: 1 V) using a
memristor characterization system (ArC ONE) (Fig. 8b).
This platform easily captures the synaptic properties of
the tested device upon the selection of predefined or user-
modified spike schemes.
The device showed a gradual change in resistance during

P/D measurements. The device resistance was weakened
(increase in conductance) owing to the excitatory pulses,
which resulted in potentiation. On the other hand,
depression (strengthened device resistance or decrease in
conductance) was achieved by the application of inhibitory
pulses55. The results demonstrated that the Pt/NCO/Pt
memristive device can mimic the basic properties (P/D) of
a biological synapse. In addition, complex synaptic weight
modification can be achieved by tuning the relative timing
between pre- and postsynaptic spikes. In the present case,
four different spike-timing-dependent plasticity (STDP)
rules [antisymmetric Hebbian (ASH), antisymmetric anti-
Hebbian (ASAH), symmetric Hebbian (SH), and symmetric
anti-Hebbian (SAH) learning rules] were mimicked with
the help of the Pt/NCO/Pt memristive device. Details of
the STDP spike scheme signals used to obtain ASH
(Fig. S10a), ASAH (Fig. S10b), SH (Fig. S10c), and SAH
(Fig. S10d) are provided in the supporting information.
Furthermore, Table S1 summarizes the electrical para-
meters of the pre- and postsynaptic spike schemes. Herein,

the relative time interval between pre- and postsynaptic
spikes (Δt) was altered to modulate the polarity and
amplitude of synaptic weights (ΔG/G0)56. The optimized
spike schemes were applied to the device, and the corre-
sponding synaptic weights were recorded. During mea-
surements, numerous STDP events were applied to the
device by changing the Δt of the spike with a constant time
step, and the resulting ΔG/G0 vs. Δt was plotted. In the
case of ASH learning, long-term potentiation (LTP)
occurred when Δt > 0, and long-term depression (LTD)
occurred when Δt < 0, as shown in Fig. 8c. In the case of
LTP, the synaptic strength increased, while synaptic
strength decreased in LTD. The highest synaptic weight
change was observed when Δt between paired spikes was
very short, and the synaptic weight decreased as Δt
increased between paired spikes. A similar trend was
observed for ASAH learning with synaptic weight mod-
ifications with opposite polarity57 (Fig. 8d). For SH and
SAH learning rules, the relative timing is very important,
but the order is not. Therefore, SH learning showed good
potentiation when Δt ~ 0. As Δt shifted away from 0,
depression dominated (Fig. 8e). The opposite behavior was
observed for SAH learning by simply changing the polarity
of the spike58 (Fig. 8f). For the ASH and ASAH learning
rules, the exponential function was well fitted to the
experimental data56.

ΔW ¼ Aexp
�Δt
τ

� �
þ Δw0 ð1Þ

In contrast, the SH and SAH learning rules were well
fitted to the Gaussian function56.

ΔW ¼ Aexp
�Δt2

τ2

� �
þ Δw0 ð2Þ

where ΔW represents the change in synaptic weight, A is a
scaling factor, and τ is a time constant. The fitting parameters
are shown in the inset of each figure (Fig. 8c–f). The results
demonstrated that the NCO nanosheet-based memristive
device realistically mimics the four classical STDP-based
Hebbian learning rules. The above results showcase the
potential applicability of the Pt/NCO/Pt memristive device in
mimicking different synaptic learning rules for brain-like
information processing.

Conclusions
An NCO nanomaterial was synthesized by a coprecipi-

tation method, resulting in a quasi-hexagonal nanosheet
morphology. The XPS results confirmed two oxidation
states of Ni (Ni3+ and Ni2+) and Co (Co3+ and Co2+).
Furthermore, lattice oxygen-, oxygen vacancy-, and surface
oxygen-related peaks were also observed. The Pt/NCO/Pt
device formed free and voltage-dependent analog-type RS
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properties. The RS properties of the device were found to
improve as the applied voltage increased from ±3 to ±9 V.
Further, symmetric flux and asymmetric charge behavior
were observed irrespective of the external voltage stimulus.
The device flux and charge showed a double-valued and
nonlinear relation, demonstrating the memristive nature of
the device. The A2, BN

CW, and memristive hysteresis area of
the device showed incremental improvements with regard
to voltage stimulus. The conduction of the device during
HRS was due to the ohmic and trap-filled limited current,
whereas the ohmic effect dominated during LRS. Multilevel
RS was achieved by adjusting the CC of the device. In
particular, a CC-dependent RS was observed at lower CC
values, and RS was independent at higher CC values. Three
distinct resistance states composed of two LRSs and one
HRS were achieved during endurance and retention mea-
surements. Size modulation of the conductive filament
during CC operation may cause multilevel RS in the Pt/
NCO/Pt memristive device. In the case of biomimicking
synaptic properties, the device was able to demonstrate
P/D properties. Most importantly, the device mimicked
different STDP learning rules, including ASH, ASAH, SH,
and SAH.
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