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Two-dimensional (2D) metal oxides are promising candidates for constructing neuromorphic systems because of their
intriguing physical properties, such as atomic thinness and ionic activity. In this work, Co3O4 nanosheets were synthe-
sized using a solvothermal method and integrated into artificial synapses. Based on the synaptic plasticity of the CozOq4
nanosheet-based memristive device, an artificial neural network (ANN) was designed and tested. A recognition accuracy of
approximately 96% was achieved for the Modified National Institute of Standards and Technology (MNIST) handwritten
digit classification task using this ANN. These results highlight the potential of Co30O4 nanosheet-based artificial synapses
and Al/Co304 nanosheet/ITO memristor devices as excellent material candidates for neuromorphic hardware.
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1. Introduction

Neuromorphic computing, drawing inspiration from
the information-processing capabilities of the brain, holds
promise to surpass the von Neumann model in manag-
ing complex tasks via massive parallelism with low energy
consumption.!'~7! Crucial components like artificial synapses
play a vital role in hardware-based neuromorphic comput-
ing, enabling the emulation of connection strength changes
between processing neurons.®! The memristor, functioning
as an electronic artificial synapse with a structure resembling
that of biological synapses, can modulate conductance in re-
sponse to electrical stimuli, effectively mimicking synaptic

10-12] various ma-

plasticity and neuronal sensing functions.
terials, including binary metal oxides,!'3~!3 polymers,!'®!7]
molecules, 821 and perovskites,>'=>3! have been proposed
for memristor fabrication. Recently, the use of two-
dimensional (2D) materials in memristor construction has gar-
nered significant research interest due to their diverse elemen-
tal composition, facile processability, and tunable physico-
chemical properties. 247!

Co304 nanosheets, a type of 2D material, have been

widely utilized in various applications, including batteries, su-
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percapacitors, and heterogeneous catalysis.?*=°! In particu-
lar, using Co304 nanosheets as a dielectric medium in memris-
tors has demonstrated excellent resistive switching effects. 1]
Moreover, CozO4 nanosheets, as binary metal oxides, pos-
sess inherent advantages for integration with complemen-
tary metal-oxide—semiconductor (CMOS) technology.*?! The
redox-active nature of Co304 nanosheets makes them excep-
tional solid electrolytes for ion transport, exhibiting behavior
akin to neurotransmitters in biological synapses.!®3% Despite
the merits of Co304 nanosheets as 2D materials and metal ox-
ides, research on their application in neuromorphic devices re-
mains limited. Therefore, exploring the potential of Co304
nanosheets in artificial synapses and their applications in neu-
romorphic computing is imperative.

In this work, the Co30O4 nanosheet-based memristive
device, constructed in a sandwich structure with Al/Co30q4
nanosheet/ITO electrodes, was used to simulate the behav-
ior of artificial synapses. The electric-field-driven migration
of oxygen ions in Co304 nanosheets dynamically controls the
current passing through the junction. To explore the potential
of the Co3O4 nanosheet-based artificial synapses for pattern

recognition tasks, an artificial neural network (ANN) was de-

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

128101-1


https://doi.org/10.1088/1674-1056/ae1817
https://cstr.cn/32038.14.CPB.ae1817
mailto:guojiajun@lcu.edu.cn
mailto:wangguangyu@lcu.edu.cn
mailto:wulq@hdu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 34, 128101 (2025)

signed and tested. Benefiting from the long-term potentiation
and depression characteristics of the Co3O4 nanosheet-based
device, the ANN demonstrated the ability to perform com-
plex tasks, achieving approximately 96% recognition accuracy
for the Modified National Institute of Standards and Technol-
ogy (MNIST) handwritten digit classification task. These re-
sults highlight Co304 nanosheet-based artificial synapses and
Al/Co304 nanosheet/ITO memristor devices as excellent ma-
terial candidates for neuromorphic hardware.

2. Method

The Co304 nanosheets were synthesized via a solvother-
mal method. Briefly, Co(NO3),-6H,O (5 mmol) and urea
(20 mmol) were dissolved in deionized water (15 mL) and
ethylene glycol (105 mL). The mixture was stirred at 80 °C
for 12 h. The resulting precipitate was collected and washed
several times with distilled water and ethanol. The precursor
was then dried in a vacuum oven at 60 °C for 12 h. Co30q4
nanosheets were obtained by calcination in air at 300 °C for
2 h.

Before electrode assembly, a glass substrate coated with
an ITO electrode (thickness: 180 nm) was sequentially cleaned
with ethanol and deionized water. Large-area 2D van der
Waals thin films based on Co3;04 nanosheets were then fab-
ricated via a spin-coating technique.333* Briefly, the aqueous
Co304 nanosheet solution was spin-coated onto the ITO sub-
strate at 500 rpm for 5 s and 1000 rpm for 60 s, followed by
annealing on a hot plate at 100 °C for 30 min. To fabricate
the Al/Co304 nanosheet/ITO device, Al electrodes (thickness:
80 nm) were deposited onto the CozO4 nanosheet thin film via
thermal evaporation using a dot-patterned shadow mask (di-
ameter: 200 pwm).

The morphology and structure of the samples were char-
acterized using transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM)
with a field-emission transmission electron microscope (FE-
TEM, JEOL JEM-2100F), along with energy-dispersive x-ray
spectroscopy (EDS) for signal detection and mapping. Raman
spectra were recorded using a Thermo Fisher high-resolution
confocal Raman microscope. Ultraviolet—visible (UV-vis) ab-
sorption spectra were obtained using a spectrophotometer (U-
3310, Hitachi).
nanosheet/ITO devices were performed using a semiconduc-
tor parameter analyzer (Agilent BISO0A) and a Keithley 2400
source meter.

Electrical measurements of the Al/Co30y4

3. Results and discussion

Figure 1(a) presents the TEM image and HRTEM mi-
crograph of the Co304 nanosheets. The TEM image reveals
a clear network-like morphology of the Co304 nanosheets,

while the HRTEM image displays distinct lattice fringes with
a spacing of 0.28 nm, corresponding to the (220) crystallo-
graphic planes of Co3Qy4, indicating a high-quality crystalline
structure.

For the EDS measurements, the Co304 nanosheet suspen-
sion was deposited onto a porous carbon-coated copper grid
in a cleanroom environment to prevent contamination, and a
200-keV electron beam was used to minimize radiation dam-
age. The EDS spectrum corresponding to the elemental map-
ping image of the Co304 nanosheet is shown in Fig. 1(b). The
prominent background peaks can be attributed to the C and Cu
elements from the copper grid, while other minor background
peaks can be ignored. Thus, the homogeneous distribution of
Co and O elements is confirmed.

Figure 1(c) shows the Raman spectrum of the Co30q4
nanosheets. Five characteristic peaks at 190 em !, 467 cm !,
510 cm™!, 608 cm™!, and 672 cm™! are assigned to the Fag,

Eg, Fag, Fp,, and A, vibrational modes of the spinel Co3O4
35,36]

structure, respectively. !
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Fig. 1. (a) TEM image (left) and HRTEM micrograph (right) of the

Co0304 nanosheets. (b) EDS spectrum of the CozO4 nanosheets. (c) Ra-
man spectra of the Co3O4 nanosheets.

Next, the optical properties of the Co3O4 nanosheets were
characterized using UV-vis spectroscopy. As shown in Fig. 2,
the absorbance spectrum of the CozO4 nanosheets reveals
two distinct optical absorption bands centered around 270 nm
and 400 nm, consistent with previous reports for CozOq4
nanosheets.37-3?1 These absorption bands are attributed to
ligand-to-metal charge transfer transitions in Co304. The in-
set of Fig. 2 shows a Tauc plot of the UV—vis absorption spec-
trum. Based on the Kubelka-Munk equation,*>*!] the optical
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band gaps (E;) of the Co3O4 nanosheets are determined to be
2.0 eV and 3.56 eV, respectively. The first band corresponds
to the 0>~ — Co?" charge-transfer process, which represents
the fundamental valence-to-conduction band excitation, 4243
whereas the second band corresponds to the 0>~ — Co’>*

charge-transfer transition, as the Co3* level lies below the con-
44,45]

duction band.!

Absorbance (arb. units)

300 100 500 600
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Fig. 2. UV-vis absorption spectrum and the corresponding (ahv)?—hv
Tauc plot (inset) of the Co3O4 nanosheets.
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Fig. 3. (a) The schematic diagram and photograph of Al/Co3zOy4

nanosheet/ITO device. (b) Consecutive I-V characteristics of the
Al/Co0304 nanosheet/ITO device, along with the potentiation and depres-
sion behavior of the Al/Co304 nanosheet/ITO device under 0.6 V and
—0.6 V pulses of 300 ps, respectively (inset). (c) The memory retention
properties of the Al/Co3zO4 nanosheet/ITO device, corresponding to the
potentiation (left) and depression (right) behaviors, after potentiated and
depressed by 3 pulses, 6 pulses, 15 pulses, and 20 pulses.

Figure 3(a) shows the schematic diagram and photograph
of the Al/Co304 nanosheet/ITO device, which exhibits a typ-

ical sandwich structure, with the top Al electrode and bottom
ITO electrode sandwiching the Co3O4 nanosheet layer. Fig-
ure 3(b) shows the typical current—voltage (/-V') characteris-
tics of the Al/Co3z04 nanosheet/ITO device, measured with
five voltage sweeps from 0 V to 1.5 V, then to —1.5 V, and
back to 0 V. The device exhibits clear bipolar switching behav-
ior, occurring without the need for an electroforming process,
as evidenced by the pronounced hysteresis loop, demonstrat-
ing its capability to switch between distinct conductive states
— an essential feature for memory and switching applications.

In biological neural systems, a synapse is a junction that
connects the presynaptic and postsynaptic neurons, enabling
signal transmission through neurotransmitter release. Anal-
ogously, the two electrodes in the Al/Co3O4 nanosheet/ITO
device can be considered as the presynaptic and postsynap-
tic terminals. As shown in the inset of Fig. 3(b), the device
conductance progressively increases and decreases upon the
application of 20 consecutive voltage pulses (width: 300 us;
amplitude: 0.6 V and —0.6 V). This pulsed operation in-
duces reversible conductance modulation, closely mimicking
the synaptic plasticity observed in biological systems. In
addition, the memory retention properties of the Al/CozO4
nanosheet/ITO device corresponding to the potentiation (left)
and depression (right) behaviors, after potentiated and de-
pressed by 3 pulses, 6 pulses, 15 pulses, and 20 pulses, are
shown in Fig. 3(c). As the number of pulses increases, the
synaptic weight is retained for a longer duration with slower

decay.
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Fig. 4. Fitted I-V curves of the Al/Co304 nanosheet/ITO device at
the HRS (a) and LRS (b). (c¢) Schematic illustration of the formation
and rupture of oxygen-vacancy conductive filaments in the Al/Co304
nanosheet/ITO device.

Such behavior is reminiscent of long-term potentiation
(LTP) and long-term depression (LTD) in biological synapses,
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where synaptic strength is strengthened or weakened depend-
ing on the stimulation frequency and pattern. Therefore, the
Al/Co304 nanosheet/ITO device shows potential as a mem-
ristive synaptic element for neuromorphic computing applica-
tions.

Moreover, as shown in Fig. 4(a), the fitted I-V curve
clearly exhibits two distinct high resistance state (HRS) re-
gions: an ohmic region at low voltages, followed by a
quadratic region up to the set voltage. This behavior indi-
cates that the conduction mechanism is trap-controlled space-
charge-limited conduction (SCLC).1*%1 In contrast, the fitted
result in the low resistance state (LRS) reveals ohmic conduc-
tion behavior throughout the entire voltage-sweeping range
(Fig. 4(b)).

In recent years, oxide-based resistive switching behav-
iors have been reported to originate from two types of mecha-
nisms: (1) filamentary resistive switching, in which oxygen
vacancies form conductive filaments bridging the two elec-
trodes, and (2) interface-type switching, in which oxygen va-
cancies are distributed along an interface, modulating the de-
vice conductivity.[*”#8] The resistive switching behavior ob-
served in the Al/Co304 nanosheet/ITO device is attributed
to the filamentary mechanism, as supported by the follow-

ing observations: (1) as shown in Fig. 3(b), the bipolar I-V

Input layer

Hidden layer

curve exhibits an abrupt current jump at the set and reset tran-
sitions, a hallmark of filamentary resistive switching,[49‘52]
in contrast to the smooth /-V variation typical of interface-
type switching;[*! and (2) the LRS of the Al/Co304
nanosheet/ITO device displays ohmic behavior with a slope
close to unity (Fig. 4(b)), consistent with filamentary conduc-
tion characteristics. %333

The schematic illustration of the switching mecha-
nism based on oxygen-vacancy conductive filaments in the
Al/Co304 nanosheet/ITO device is shown in Fig. 4(c). When a
positive bias is applied to the Al electrode, negatively charged
oxygen ions are extracted from the Co3O4 nanosheet layer and
migrate toward the Al electrode, generating additional oxygen
vacancies. These newly formed and preexisting oxygen vacan-
cies promote the formation of conductive filaments, switch-
ing the device to the LRS. Moreover, Al, as a chemically ac-
tive electrode that can react with oxygen ions, consumes 0xy-
gen from the oxide layer, promoting the formation of oxy-
gen vacancies,°® which contributes to the development of va-
cancy conductive filaments.!>’! Conversely, when a negative
bias is applied to the Al electrode, oxygen ions migrate back
into the Co304 nanosheet layer, recombining with the oxygen-
deficient filaments and rupturing the conductive paths, thereby
resetting the device to the HRS.

Output layer
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Fig. 5. (a) Schematic diagram of the ANN architecture used for MNIST digit classification. (b) Training accuracy as a function of the number of
epochs. (c) Confusion matrix showing the recognition accuracy of the handwritten digits.
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The synaptic behavior of the Al/Co304 nanosheet/ITO
device can also be explained by this oxygen-vacancy filamen-
tary mechanism. The device conductance can be modulated —
either increased (analogous to LTP) or decreased (analogous to
LTD) — through the formation, rupture, or size modulation of
conductive filaments induced by oxygen-ion migration under
electrical stimulation.

To evaluate the computing capability of the proposed
Al/Co304 nanosheet/ITO memristive device, the MNIST
handwritten digit dataset was employed to design and assess
an ANN for pattern recognition.’® Figure 5(a) shows the
schematic diagram of the ANN architecture, which consists of
an input layer with 784 neurons (each representing one pixel
in the 28 x 28 input image), a hidden layer with 256 neurons,
and an output layer with 10 neurons corresponding to dig-
its 0-9. The model was trained on 60000 images from the
MNIST training dataset to optimize the synaptic weights and
accurately classify handwritten digits, and its performance was
evaluated using 10000 images from the testing dataset.

Figure 5(b) presents the recognition accuracy curves of
the ANN for handwritten digits. The ideal accuracy steadily
increases with training and reaches approximately 98% after
100 epochs. Although the experimental accuracy is slightly
lower than the ideal value, it stabilizes around 96%, demon-
strating the excellent potential of the Al/Co304 nanosheet/ITO
device for ANN-based handwritten digit recognition.

Figure 5(c) shows the confusion matrix of the handwritten
digit recognition model based on the modified MNIST dataset,
where the ANN based on the Al/Co304 nanosheet/ITO device
achieves high accuracy in recognizing each digit, ranging from
96.7% t0 99.2%.

4. Conclusion

In summary, Co3O4 nanosheets were successfully syn-
thesized via a solvothermal method and used to fabricate a
memristor for artificial synaptic functions in neuromorphic
systems. The device exhibited pronounced synaptic plastic-
ity, effectively mimicking the behavior of biological synapses.
Furthermore, an ANN was designed and trained using the
MNIST dataset. The results showed that the ANN, benefit-
ing from the unique properties of the Co3O4 nanosheet-based
artificial synapses, achieved a recognition accuracy of approx-
imately 96% for handwritten digit classification, demonstrat-
ing the strong potential of these devices in complex pattern
recognition tasks. These findings highlight Co3O4 nanosheet-
based artificial synapses and Al/Co304 nanosheet/ITO mem-
ristor devices as excellent candidates for energy-efficient neu-
romorphic hardware with broad applications in artificial intel-

ligence and cognitive computing.
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