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Abstract: Artificial synapses and neurons are two critical, fundamental bricks for constructing
hardware neural networks. Owing to its high-density integration, outstanding nonlinearity, and
modulated plasticity, memristors have attracted emerging attention on emulating biological synapses
and neurons. However, fabricating a low-power and robust memristor-based artificial neuron
without extra electrical components is still a challenge for brain-inspired systems. In this work, we
demonstrate a single two-dimensional (2D) MXene(V2C)-based threshold switching (TS) memristor
to emulate a leaky integrate-and-fire (LIF) neuron without auxiliary circuits, originating from the
Ag diffusion-based filamentary mechanism. Moreover, our V2C-based artificial neurons faithfully
achieve multiple neural functions including leaky integration, threshold-driven fire, self-relaxation,
and linear strength-modulated spike frequency characteristics. This work demonstrates that three-
atom-type MXene (e.g., V2C) memristors may provide an efficient method to construct the hardware
neuromorphic computing systems.

Keywords: MXene; memristor; threshold switching; leaky integrate-and-fire; artificial neuron

1. Introduction

In the big data era, the traditional Von Neumann architecture is facing challenges such
as the memory wall [1,2]. The separation of memory and computing units brings more
high-power and expensive costs in the existing complementary metal oxide semiconductor
(CMOS) circuitry systems. To remove this bottleneck, neuromorphic computing based
on spiking neural network (SNN) has emerged as an efficient solution to realize a more
efficient computing system [3,4]. Principally, SNN performs a computational task with
asynchronous and sparse spikes which enable a high similarity to the human brain on arti-
ficial neuromorphic hardware due to its noise resiliency, energy efficiency, and convenient
implementation of spatiotemporal learning rules [2]. Consequently, SNNs are promising
for more faithful and efficient neuromorphic computing systems. From the perspective
of hardware implementation, it is mandatory to explore artificial synapse and neuron for
neuromorphic systems [5,6]. Memristor, known as the fourth basic circuit element, has been
investigated to implement artificial synapses and neurons due to its nanoscale, non-volatile
memorability, and nonlinearity characteristics [7–11]. To date, reversible artificial synapses
have been reported using resistive switching memristors [12–16]. In contrast, investigation
on realizing an artificial neuron based on a single device is not well-explored. Recently,
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some emerging materials (i.e., transition metal oxides, phase-change materials, organic–
inorganic halide perovskites, and 2D materials) have been utilized to realize the artificial
neuron based on a single memristor, which may bring new insight to this field [17–24].

Two-dimensional (2D) van der Waals heterostructures have provided new feasibil-
ities to fabricate neuromorphic nano devices due to their excellent structural stability
and various physicochemical properties [11,25–28]. Among them, MXene, a family of
two-dimensional (2D) transition-metal carbides, carbonitrides, and nitrides, has shown
interesting semiconductor characteristics owing to their abundant electrochemically active
surfaces [29–32]. For example, previous reports have been investigated on the MXene
(Ti3C2)-based memristors to realize fast pulse modulation time and emulation of neuro-
morphic behaviors [20,33–36]. In particular, it is reported that three-atom-type MXene (e.g.,
V2C) exhibited ultra-low power, more stable endurance, and multiple synaptic functions,
i.e., short-term plasticity (STP), long-term plasticity (LTP), spike-timing-dependent plas-
ticity (STDP), and spike-rate-dependent plasticity (SRDP), due to its more stable atomic
structure and higher conductivity [37–39]. Notably, to date, there are few reports on emu-
lating an artificial neuron by three-atom-type MXene-based memristors. Both the artificial
neuron and the synapse are two essential elements for constructing SNNs [40]. Therefore,
it is imperative to develop a kind of MXene-based device suitable for efficient neurons.

In this work, we report a leaky integrate-and-fire (LIF) artificial neuron based on a
single memristor made of V2C MXene materials (Ag/V2C/W), which exhibits repeatable
threshold switching characteristics under a low compliance current (ICC) of 0.10 µA. This
volatile behavior can be explained by diffusive Ag ions in the V2C layer. Moreover, multiple
neural features including leaky integration, threshold-driven fire, and self-relaxation have
been faithfully emulated via a single V2C memristor without auxiliary circuits. Further-
more, the relationship between necessary integration time and input spiking frequency has
been explored, which well mimics the strength-modulated spike frequency characteristics
of biological neurons. Finally, the increasing amplitude of input pulses leads to increasing
fire frequency based on remarkable linear fitting, which demonstrates the possibility of a
V2C-based artificial neuron for the application of neuromorphic computing.

2. Materials and Methods

Vanadium carbide (V2C) MXene powders were obtained from the precursor V2AlC
by strong acid etching. Furthermore, after mixing 2 g lithium fluoride (LiF) and V2AlC
powders in 40 mL hydrochloric (HCl) acid, the mixture was stirred for 72 h at 90 ◦C.
The obtained suspension was then washed until the pH was neutral, using deionized
water. Finally, the V2C powders were collected through centrifuging, physical evaporation,
and vacuum-drying. Particularly, the surface morphology of V2C was investigated by
scanning electron microscope (SEM) (HITACHI Ltd., Tokyo, Japan). The X-ray diffraction
(XRD) pattern (Malvern Panalytical B.V., Almelo, Netherlands) and X-ray photoelectron
spectroscopy (XPS) (Thermo Fisher Scientific Inc., Waltham, MA, USA) have been used
to confirm the composition of V2C MXene in this work. For the preparation of the V2C
layer of the device, V2C powders were distributed in the deionized water to obtain the
suspension for spinning coating later.

From bottom to top, the proposed Ag/V2C/W memristors were fabricated as follows.
First, the metallic tungsten bottom electrode of 80 nm was deposited on a 300-µm-thick
SiO2/Si wafer by magnetron sputtering. Next, the prepared V2C suspension was deposited
onto the W electrode by spin-coating at 1500 rpm for one minute. The remaining liquid
was removed by evaporation at 90 degrees centigrade for 20 min to deposit a uniform V2C
film, which serves as the active layer of memristors. Finally, a 100 nm Ag top electrode
was sputtered onto the V2C film with a square size of 500 × 500 µm2. In addition, the
cross-sectional image of these V2C memristors has been characterized by SEM. Further-
more, the electrical characteristics were measured by Keithley 4200A-SCS Semiconductor
Characterization Analyzer (Tektronix Inc., Beaverton, OR, USA).
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3. Results and Discussion

Figure 1a shows the XRD pattern of V2C powders based on the glass substrate, which
exhibits strong peaks at ~8.0 degrees (002). Other weak peaks appear at 15.0 degrees (004),
22.1 degrees (006), 29.7 degrees (008), and 37.5 degrees (0010), corresponding to different
planes of newly formed V2C MXene [41,42]. After the synthesis of V2C, the V2C solution
was dropped on the porous alumina to characterize the surficial morphology by SEM. As
shown in Figure 1b, few layered V2C nanosheets can be observed clearly. Additionally, the
elemental compositions of V2C were explored by XPS. The XPS spectra for V, C, F, and O of
this MXene V2C sample are plotted in Figure 1c–f, respectively.
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After the fabrication of the device, Figure 2a illustrates the structure of Ag/V2C/W
memristors. Furthermore, the cross-sectional SEM image clearly shows the three layers
of the device, as shown in Figure 2b. It can be indicated that the thickness of the V2C
layer inserted in our memristors is about 1.5 µm. Additionally, the atomic structure
was constructed according to the single V2C unit with the pristine structure of a hexagon,
including two vanadium atoms (yellow balls) and one carbon atom (grey balls) in Figure 2c.

To investigate the electrical characteristics of V2C memristors, a direct current (DC)
sweeping voltage of 5.0 V was applied on the device. Figure 2d demonstrates the 50 se-
quential cycles of typical threshold switching I-V curves under an ICC of 0.10 µA. As the
sweeping volage arrives at threshold voltage (Vth), the resistance was switched from OFF
to ON state. Then this device was automatically switched back to OFF state at hold voltage
(Vhold). Additionally, to investigate the operating voltage of the TS behavior, the distribu-
tion of Vth and Vhold has been plotted in Figure 2e. It can be observed that Vhold (~1.2 V)
is more stable than Vth (~3.1 V) of the Ag/V2C/W memristor. Still, there is a window
between Vth and Vhold, which shows potential for neuromorphic circuits design [43,44].

Figure 3 shows the schematic of conductive filaments (CFs) models. As shown in
Figure 3a, Ag ions were initially produced under the positive electrical stimulation. Then,
Ag ions initiate the accumulation of silver CFs, shown in Figure 2b with the structure of
semi-finished CFs. However, when the applied voltage was not strong enough, filaments
were spontaneously ruptured resulting from the Joule heat effect and minimum energy
positions [45,46]. Furthermore, our previous work has presented the transition from volatile
to non-volatile switching realized by increasing ICC in the SET process [37]. In conclusion,
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this unique non-nonlinearity of the TS mechanism can be applied to act as a potential for
selectors of large-scale RRAM arrays and a biological emulator of neural behaviors [46,47].
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In a biological neuron, the input spikes from other neurons are transited to this output
neuron, which boosts the membrane potential (MP). Meanwhile, the MP will leak out until
it reaches a threshold value. After exceeding this threshold, the neuron will trigger the
spikes into the axon, known as output firing, as plotted in Figure 4a [48,49]. Accordingly,
Figure 4b illustrates the experimental realization of a LIF neuron based on a single V2C
memristor. In this work, one single V2C-based memristor was in terms of controlling the
emulation of the LIF neuron accurately. Thanks to the dynamic transitions of Ag ions in
V2C layer, the conductivity of memristor could faithfully mimic the MP in a biological
neuron. Under a strain of input pulses with an amplitude of 5.0 V, width of 11 ms, and
frequency of 48 Hz, the V2C-based memristor electrically emulated the functions of leaky
integration, fire, and relaxation in LIF neurons. It can be observed from Figure 4c that
the conductivity increased sharply at a value of ~0.5 µS under this train of input pulses.
Furthermore, the firing conductivity raised at ~2.1 µS. The variation of conductivity at the
earlier stage of firing process may be attributed to the weak Ag conductive filaments. To
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investigate the neural function of relaxation, the input signals were replaced by reading
pulses with an amplitude of 0.1 V. The period of relaxation was measured about 0.30 s from
the plot. The corresponding differential equation of LIF model is:

Cm
dV
dt

= Iapp − GL(V − EL) (1)

Cm represents the capacitance of the cell membrane surface, Iapp represents the input
current, GL is the conduction of the leak model, EL is the passively balanced voltage [50,51].
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emulated by an independent V2C memristor. (c) Plot of response conductivity and fitting models
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When t0 = 0, assuming V(t0) = 0, if the input current is a series of short pulses
(∆ � Cm

GL
) (as the set up in the experiment), carrying out a Taylor series expansion of the

membrane potential, it can be found that at the end of the pulse, the membrane potential is
only related to the total charge flowing through, as follows:

V(∆) =
I0∆
C

=
q
C

(2)

As shown in Figure 4c, these points on the models (green squares) fit well with the
experimental data of LIF neuron. The emulation of a LIF neuron has been experimentally
emulated by a single V2C-based memristor without any auxiliary circuits, which may
provide a low-cost candidate for the implementation of artificial neurons in a neuromor-
phic system.

To further explore the frequency characteristics of V2C-based neurons, different pro-
gramming input pulses have been attempted on our devices. As illustrated in Figure 5a,
the input electrical force was divided into three groups as follows: first, 6.0 V (am-
plitude)/20 ms (width)/50 Hz (frequency); second, 6.0 V/20 ms/100 Hz; and third,
6.0 V/20 ms/150 Hz. The current response has been illustrated in Figure 5b. Red curves il-
lustrate the input pulses and black curves illustrate the response current. From the electrical
curves of the V2C-based neuron, the integrate and fire neural functions have been observed
under the first train of pulses. Additionally, the first group demonstrates that the necessary
integration time to trigger the fire is ~0.39 s. Correspondingly, for the second group, the
necessary integration time of ~0.06 s was shortened from the previous test. Furthermore,
the device only needs one pulse (~0.02 s) to achieve the conductivity threshold resulting in
the behavior of fire under the input of the third group. Consequently, the response results
indicate that the frequency of input is positively associated with the necessary integration
time of memristors. For this reason, it is believed that inputs with fast frequency can



Nanomaterials 2021, 11, 2860 6 of 9

promote the fast growth of Ag CFs in the V2C, reducing the time of the integration process.
In perspective, this property could be used to investigate the appropriate frequency of
input signals in order to cut the power consumption for units of artificial neurons [52].
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Biologically, the firing frequency increases with increased stimulus strength, called
the strength-modulated spike frequency characteristic [53]. As shown in Figure 6a,b, a
series of input pulses (6 ms width, 167 Hz frequency) with different amplitudes (2.0 V,
3.0 V, 4.0 V, and 5.0 V) has been applied to V2C-based memristors, respectively. It should
be noted from the plots that firing currents also increase with increased pulse amplitudes.
The electrical variation of firing spikes can be explained by the ionic process of Ag particles
detaching from a Ag reservoir [54,55]. Additionally, the firing frequency clearly increases
with increasing input pulse amplitude.
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Figure 6. Output results of firing frequency influenced by the amplitude of the applied pulses.
(a–d) Responses of firing frequency to impulse sequences with amplitude/width/frequency of
(2.0 V/6 ms/167 Hz), (3.0 V/6 ms/167 Hz), (4.0 V/6 ms/167 Hz), and (5.0 V/6 ms/167 Hz), respec-
tively. (e) Box chart of current response to input pulses with different amplitudes. (f) Plot and linear
fitting of firing frequency related to programing input pulses with different amplitudes extracted
from (a–d).

To statistically demonstrate these properties, the box chart in Figure 6e exhibits the
statistical results of the firing current with stimulus strength. As plotted in Figure 6f, the
input pulse amplitudes increased with amplitudes of input, which is a linear relationship
well fitted by y = (5 ± 0.32) · x − (5.1 ± 1.16), wherein the R-square is of ~99.206%.

To explore these mechanisms, the dynamic voltage-driven ion movement can be
used to explain the strength-modulated spike frequency characteristic in our devices.
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Under low strength stimulation, the voltage-driven ions are easier to diffuse back to
the original position due to the existence of a built-in electric field, leading to the small
electrical response. On the other hand, as input pulses with high amplitudes are applied
on the device, ions are harder to diffuse back to the initial position, resulting in the
current enhancement effect and high firing frequency. We assume that the higher diffusion
coefficient of Ag ions in V2C may enhance the diffusive process of Ag for threshold
switching and emulate faster and more controllable neurons [45,56,57]. In conclusion,
the superior strength-modulated spike frequency characteristic has been successfully
implemented, which may strengthen the feasibility of MXene-based artificial neurons
for neuromorphic systems [18,58–60].

4. Conclusions

In conclusion, Ag/V2C/W memristors have been fabricated, exhibiting threshold
switching characteristics under a low ICC of 0.10 µA. The diffusive Ag ions could explain
this non-volatile switching mechanism. Then, the as-designed V2C-based memristors
have faithfully emulated the biological neurons without auxiliary circuits, including leaky
integration, threshold-driven fire, and self-relaxation neural functions. In V2C-based
neurons, leaky integration time, and firing frequency can be regularly modulated under
the different strength of stimulus. Furthermore, the strength-modulated spike frequency
characteristics have been achieved by a superior linear relation between input amplitudes
and firing frequency of V2C-based memristors. Finally, this work may provide a simple
candidate to construct efficient neuromorphic computing devices for SNNs. We will try to
implement the hardware neural networks with V2C-based neurons in our future work.

Author Contributions: Y.W., X.C. (Xintong Chen), X.C. (Xingyu Chen) and X.C. (Xi Chen) fabricated
the devices. Y.W., D.S. and X.C. (Xintong Chen) designed and conducted all the experiments and
analyzed the data. M.Z. and J.X. helped in MXene characterization and fabrication. W.S. and H.G.
helped in explanation of materials characterization. Y.T., R.X., L.W. and E.H. planned and supervised
the whole project. All authors contributed to discussing the results and manuscript revisions. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Jiangsu Specially-Appointed Professor (Grant
No. RK106STP18003) Nanjing, China and Natural Science Foundation of Jiangsu Province (Grant
No. BK20191202) Nanjing, China.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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

References
1. Wulf, W.A.; McKee, S.A. Hitting the memory wall: Implications of the obvious. ACM SIGARCH Comput. Archit. News 1995, 23,

20–24. [CrossRef]
2. Furber, S. Large-scale neuromorphic computing systems. J. Neural Eng. 2016, 13, 051001. [CrossRef]
3. Schliebs, S.; Kasabov, N. Evolving spiking neural network—A survey. Evol. Syst. 2013, 4, 87–98. [CrossRef]
4. Lee, D.; Kwak, M.; Moon, K.; Choi, W.; Park, J.; Yoo, J.; Song, J.; Lim, S.; Sung, C.; Banerjee, W.; et al. Various threshold switching

devices for integrate and fire neuron applications. Adv. Electron. Mater. 2019, 5, 1800866. [CrossRef]
5. Pfeiffer, M.; Pfeil, T. Deep learning with spiking neurons: Opportunities and challenges. Front. Neurosci. 2018, 12, 774. [CrossRef]
6. Ghosh-dastidar, S.; Adeli, H. Spiking neural networks. Int. J. Neural Syst. 2009, 19, 295–308. [CrossRef]
7. Strukov, D.B.; Snider, G.S.; Stewart, D.R.; Williams, R.S. The missing memristor found. Nature 2008, 453, 80–83. [CrossRef]

[PubMed]
8. Wijesinghe, P.; Ankit, A.; Sengupta, A.; Roy, K. An all-memristor deep spiking neural computing system: A step toward realizing

the low-power stochastic brain. IEEE Trans. Emerg. Top. Comput. Intell. 2018, 2, 345–358. [CrossRef]
9. Jiang, W.; Xie, B.; Liu, C.-C.; Shi, Y. Integrating memristors and CMOS for better AI. Nat. Electron. 2019, 2, 376–377. [CrossRef]
10. Sun, L.; Zhang, Y.; Han, G.; Hwang, G.; Jiang, J.; Joo, B.; Watanabe, K.; Taniguchi, T.; Kim, Y.M.; Yu, W.J.; et al. Self-selective van

der Waals heterostructures for large scale memory array. Nat. Commun. 2019, 10, 3161. [CrossRef]
11. Liu, C.; Chen, H.; Wang, S.; Liu, Q.; Jiang, Y.G.; Zhang, D.W.; Liu, M.; Zhou, P. Two-dimensional materials for next-generation

computing technologies. Nat. Nanotechnol. 2020, 15, 545–557. [CrossRef] [PubMed]

http://doi.org/10.1145/216585.216588
http://doi.org/10.1088/1741-2560/13/5/051001
http://doi.org/10.1007/s12530-013-9074-9
http://doi.org/10.1002/aelm.201800866
http://doi.org/10.3389/fnins.2018.00774
http://doi.org/10.1142/S0129065709002002
http://doi.org/10.1038/nature06932
http://www.ncbi.nlm.nih.gov/pubmed/18451858
http://doi.org/10.1109/TETCI.2018.2829924
http://doi.org/10.1038/s41928-019-0307-1
http://doi.org/10.1038/s41467-019-11187-9
http://doi.org/10.1038/s41565-020-0724-3
http://www.ncbi.nlm.nih.gov/pubmed/32647168


Nanomaterials 2021, 11, 2860 8 of 9

12. Yan, X.; Zhao, J.; Liu, S.; Zhou, Z.; Liu, Q.; Chen, J.; Liu, X.Y. Memristor with Ag-cluster-doped TiO2 films as artificial synapse for
neuroinspired computing. Adv. Funct. Mater. 2018, 28, 1705320. [CrossRef]

13. Huh, W.; Lee, D.; Lee, C.H. Memristors based on 2D materials as an artificial synapse for neuromorphic electronics. Adv. Mater.
2020, 32, e2002092. [CrossRef] [PubMed]

14. Zhao, Y.Y.; Sun, W.J.; Wang, J.; He, J.H.; Li, H.; Xu, Q.F.; Li, N.J.; Chen, D.Y.; Lu, J.M. All-inorganic ionic polymer-based memristor
for high-performance and flexible artificial synapse. Adv. Funct. Mater. 2020, 30, 2004245. [CrossRef]

15. Ryu, H.; Kim, S. Pseudo-interface switching of a two-terminal TaOx/HfO2 synaptic device for neuromorphic applications.
Nanomaterials 2020, 10, 1550. [CrossRef]

16. Ryu, H.; Kim, S. Synaptic characteristics from homogeneous resistive switching in Pt/Al2O3/TiN stack. Nanomaterials 2020, 10,
2055. [CrossRef]

17. Tuma, T.; Pantazi, A.; Le Gallo, M.; Sebastian, A.; Eleftheriou, E. Stochastic phase-change neurons. Nat. Nanotechnol. 2016, 11,
693–699. [CrossRef]

18. Zhang, X.; Wang, W.; Liu, Q.; Zhao, X.; Wei, J.; Cao, R.; Yao, Z.; Zhu, X.; Zhang, F.; Lv, H.; et al. An artificial neuron based on a
threshold switching memristor. IEEE Electron Device Lett. 2018, 39, 308–311. [CrossRef]

19. Kalita, H.; Krishnaprasad, A.; Choudhary, N.; Das, S.; Dev, D.; Ding, Y.; Tetard, L.; Chung, H.-S.; Jung, Y.; Roy, T. Artificial neuron
using vertical MoS2/graphene threshold switching memristors. Sci. Rep. 2019, 9, 53. [CrossRef]

20. Chen, Y.; Wang, Y.; Luo, Y.; Liu, X.; Wang, Y.; Gao, F.; Xu, J.; Hu, E.; Samanta, S.; Wan, X.; et al. Realization of artificial neuron
using Mxene bi-directional threshold switching memristors. IEEE Electron Device Lett. 2019, 40, 1686–1689. [CrossRef]

21. Dev, D.; Krishnaprasad, A.; Shawkat, M.S.; He, Z.; Das, S.; Fan, D.; Chung, H.-S.; Jung, Y.; Roy, T. 2D MoS2-based threshold
switching memristor for artificial neuron. IEEE Electron Device Lett. 2020, 41, 936–939. [CrossRef]

22. Zhang, X.; Zhuo, Y.; Luo, Q.; Wu, Z.; Midya, R.; Wang, Z.; Song, W.; Wang, R.; Upadhyay, N.K.; Fang, Y.; et al. An artificial spiking
afferent nerve based on Mott memristors for neurorobotics. Nat. Commun. 2020, 11, 51. [CrossRef] [PubMed]

23. Zhang, P.; Li, S.; Bo, Y.; Liu, X. Collective dynamics of capacitively coupled oscillators based on NbO2 memristors. J. Appl. Phys.
2019, 126, 125112. [CrossRef]

24. Bo, Y.; Zhang, P.; Luo, Z.; Li, S.; Song, J.; Liu, X. NbO2 memristive neurons for burst-based perceptron. Adv. Intell. Syst. 2020, 2,
2000066. [CrossRef]

25. Liu, Y.; Guo, J.; Zhu, E.; Liao, L.; Lee, S.-J.; Ding, M.; Shakir, I.; Gambin, V.; Huang, Y.; Duan, X. Approaching the Schottky–Mott
limit in van der Waals metal–semiconductor junctions. Nature 2018, 557, 696–700. [CrossRef] [PubMed]

26. Gong, Y.; Lin, J.; Wang, X.; Shi, G.; Lei, S.; Lin, Z.; Zou, X.; Ye, G.; Vajtai, R.; Yakobson, B.I.; et al. Vertical and in-plane
heterostructures from WS2/MoS2 monolayers. Nat. Mater. 2014, 13, 1135–1142. [CrossRef]

27. Lanza, M.; Wong, H.S.P.; Pop, E.; Ielmini, D.; Strukov, D.; Regan, B.C.; Larcher, L.; Villena, M.A.; Yang, J.J.; Goux, L.; et al.
Recommended methods to study resistive switching devices. Adv. Electron. Mater. 2019, 5, 1800143. [CrossRef]

28. Hui, F.; Liu, P.; Hodge, S.A.; Carey, T.; Wen, C.; Torrisi, F.; Galhena, D.T.L.; Tomarchio, F.; Lin, Y.; Moreno, E.; et al. In situ
observation of low-power nano-synaptic response in graphene oxide using conductive atomic force microscopy. Small 2021, 17,
e2101100. [CrossRef] [PubMed]

29. Rasool, K.; Helal, M.; Ali, A.; Ren, C.E.; Gogotsi, Y.; Mahmoud, K.A. Antibacterial activity of Ti(3)C(2)Tx MXene. ACS Nano 2016,
10, 3674–3684. [CrossRef]

30. Hai, Y.; Jiang, S.; Zhou, C.; Sun, P.; Huang, Y.; Niu, S. Fire-safe unsaturated polyester resin nanocomposites based on MAX and
MXene: A comparative investigation of their properties and mechanism of fire retardancy. Dalton Trans. 2020, 49, 5803–5814.
[CrossRef]

31. Zhan, X.; Si, C.; Zhou, J.; Sun, Z. MXene and MXene-based composites: Synthesis, properties and environment-related applications.
Nanoscale Horiz. 2020, 5, 235–258. [CrossRef]

32. Zhang, X.; Zhang, Z.; Zhou, Z. MXene-based materials for electrochemical energy storage. J. Energy Chem. 2018, 27, 73–85.
[CrossRef]

33. Yan, X.; Wang, K.; Zhao, J.; Zhou, Z.; Wang, H.; Wang, J.; Zhang, L.; Li, X.; Xiao, Z.; Zhao, Q.; et al. A new memristor with 2D Ti3
C2 Tx MXene flakes as an artificial bio-synapse. Small 2019, 15, e1900107. [CrossRef]

34. Lian, X.; Shen, X.; Zhang, M.; Xu, J.; Gao, F.; Wan, X.; Hu, E.; Guo, Y.; Zhao, J.; Tong, Y. Resistance switching characteristics and
mechanisms of MXene/SiO2 structure-based memristor. Appl. Phys. Lett. 2019, 115, 063501. [CrossRef]

35. Wang, K.; Chen, J.; Yan, X. MXene Ti3C2 memristor for neuromorphic behavior and decimal arithmetic operation applications.
Nano Energy 2021, 79, 105453. [CrossRef]

36. Wan, X.; Xu, W.; Zhang, M.; He, N.; Lian, X.; Hu, E.; Xu, J.; Tong, Y. Unsupervised learning implemented by Ti3C2-MXene-based
memristive neuromorphic system. ACS Appl. Electron. Mater. 2020, 2, 3497–3501. [CrossRef]

37. Wang, Y.; Shen, D.; Liang, Y.; Zhao, Y.; Chen, X.; Zhou, L.; Zhang, M.; Xu, J.; Liu, X.; Hu, E.; et al. Emulation of multiple-functional
synapses using V2C memristors with coexistence of resistive and threshold switching. Mater. Sci. Semicond. Process. 2021, 135,
106123. [CrossRef]

38. Chen, X.; Wang, Y.; Shen, D.; Zhang, M.; Zhao, Y.; Zhou, L.; Qin, Q.; Zhang, Q.; He, N.; Wang, M.; et al. First-principles Calculation
and Experimental Investigation of a Three-atoms-type MXene V2C and Its Effects on Memristive Devices. IEEE Trans. Nanotechnol.
2021, 20, 6. [CrossRef]

http://doi.org/10.1002/adfm.201705320
http://doi.org/10.1002/adma.202002092
http://www.ncbi.nlm.nih.gov/pubmed/32985042
http://doi.org/10.1002/adfm.202004245
http://doi.org/10.3390/nano10081550
http://doi.org/10.3390/nano10102055
http://doi.org/10.1038/nnano.2016.70
http://doi.org/10.1109/LED.2017.2782752
http://doi.org/10.1038/s41598-018-35828-z
http://doi.org/10.1109/LED.2019.2936261
http://doi.org/10.1109/LED.2020.2988247
http://doi.org/10.1038/s41467-019-13827-6
http://www.ncbi.nlm.nih.gov/pubmed/31896758
http://doi.org/10.1063/1.5116777
http://doi.org/10.1002/aisy.202000066
http://doi.org/10.1038/s41586-018-0129-8
http://www.ncbi.nlm.nih.gov/pubmed/29769729
http://doi.org/10.1038/nmat4091
http://doi.org/10.1002/aelm.201800143
http://doi.org/10.1002/smll.202101100
http://www.ncbi.nlm.nih.gov/pubmed/34081416
http://doi.org/10.1021/acsnano.6b00181
http://doi.org/10.1039/D0DT00686F
http://doi.org/10.1039/C9NH00571D
http://doi.org/10.1016/j.jechem.2017.08.004
http://doi.org/10.1002/smll.201900107
http://doi.org/10.1063/1.5087423
http://doi.org/10.1016/j.nanoen.2020.105453
http://doi.org/10.1021/acsaelm.0c00705
http://doi.org/10.1016/j.mssp.2021.106123
http://doi.org/10.1109/TNANO.2021.3089211


Nanomaterials 2021, 11, 2860 9 of 9

39. He, N.; Zhang, Q.; Tao, L.; Chen, X.; Qin, Q.; Liu, X.; Lian, X.; Wan, X.; Hu, E.; Xu, J.; et al. V2C-based memristor for applications
of low power electronic synapse. IEEE Electron Device Lett. 2021, 42, 319–322. [CrossRef]

40. Sun, K.; Chen, J.; Yan, X. The future of memristors: Materials engineering and neural networks. Adv. Funct. Mater. 2020, 31,
2006773. [CrossRef]

41. Wu, M.; Wang, B.; Hu, Q.; Wang, L.; Zhou, A. The synthesis process and thermal stability of V(2)C MXene. Materials 2018, 11,
2112. [CrossRef]

42. Hassanzadeh-Tabrizi, S.A.; Davoodi, D.; Beykzadeh, A.A.; Chami, A. Fast synthesis of VC and V2C nanopowders by the
mechanochemical combustion method. Int. J. Refract. Met. Hard Mater. 2015, 51, 1–5. [CrossRef]

43. Wang, Z.; Rao, M.; Midya, R.; Joshi, S.; Jiang, H.; Lin, P.; Song, W.; Asapu, S.; Zhuo, Y.; Li, C.; et al. Threshold switching of Ag or
Cu in dielectrics: Materials, mechanism, and applications. Adv. Funct. Mater. 2017, 28, 1704862. [CrossRef]

44. Wang, K.; Hu, Q.; Gao, B.; Lin, Q.; Zhuge, F.-W.; Zhang, D.-Y.; Wang, L.; He, Y.-H.; Scheicher, R.H.; Tong, H.; et al. Threshold
switching memristor-based stochastic neurons for probabilistic computing. Mater. Horiz. 2021, 8, 619–629. [CrossRef]

45. Wang, Z.; Joshi, S.; Savel’ev, S.E.; Jiang, H.; Midya, R.; Lin, P.; Hu, M.; Ge, N.; Strachan, J.P.; Li, Z.; et al. Memristors with diffusive
dynamics as synaptic emulators for neuromorphic computing. Nat. Mater. 2017, 16, 101–108. [CrossRef]

46. Li, Y.; Long, S.; Liu, Q.; Lv, H.; Liu, M. Resistive switching performance improvement via modulating nanoscale conductive
filament, involving the application of two-dimensional layered materials. Small 2017, 13, 1604306. [CrossRef] [PubMed]

47. Choi, S.; Yang, J.; Wang, G. Emerging memristive artificial synapses and neurons for energy-efficient neuromorphic computing.
Adv. Mater. 2020, 32, e2004659. [CrossRef]

48. Ma, J.; Tang, J. A review for dynamics of collective behaviors of network of neurons. Sci. China Technol. Sci. 2015, 58, 2038–2045.
[CrossRef]

49. Burkitt, A.N. A review of the integrate-and-fire neuron model: I. Homogeneous synaptic input. Biol. Cybern. 2006, 95, 1–19.
[CrossRef]

50. Gerstner, W.; Kistler, W.M.; Naud, R.; Paninski, L. Neuronal Dynamics: From Single Neurons to Networks and Models Of Cognition;
Cambridge University Press: Cambridge, UK, 2014.

51. Tsur, E.E. Neuromorphic Engineering: The Scientist’s, Algorithm Designer’s, and Computer Architect’s Perspectives on Brain-Inspired
Computing; CRC Press: Boca Raton, FA, USA, 2021.

52. Wang, Y.; Wang, G.; Shen, Y.; Iu, H.H.-C. A memristor neural network using synaptic plasticity and its associative memory.
Circuits Syst. Signal Process. 2020, 39, 3496–3511. [CrossRef]

53. Squire, L.; Berg, D.; Bloom, F.E.; Du Lac, S.; Ghosh, A.; Spitzer, N.C. Fundamental Neuroscience; Academic Press: Cambridge, MA,
USA, 2012.

54. Jiang, H.; Belkin, D.; Savel’ev, S.E.; Lin, S.; Wang, Z.; Li, Y.; Joshi, S.; Midya, R.; Li, C.; Rao, M.; et al. A novel true random number
generator based on a stochastic diffusive memristor. Nat. Commun. 2017, 8, 882. [CrossRef] [PubMed]

55. Woo, K.S.; Wang, Y.; Kim, Y.; Kim, J.; Kim, W.; Hwang, C.S. A combination of a volatile-memristor-based true random-number
generator and a nonlinear-feedback shift register for high-speed encryption. Adv. Electron. Mater. 2020, 6, 1901117. [CrossRef]

56. Kulczyk-Malecka, J.; Kelly, P.J.; West, G.; Clarke, G.C.B.; Ridealgh, J.A.; Almtoft, K.P.; Greer, A.L.; Barber, Z.H. Investigation of
silver diffusion in TiO2/Ag/TiO2 coatings. Acta Mater. 2014, 66, 396–404. [CrossRef]

57. Chang, C.F.; Chen, J.Y.; Huang, C.W.; Chiu, C.H.; Lin, T.Y.; Yeh, P.H.; Wu, W.W. Direct observation of dual-filament switching
behaviors in Ta2 O5-based memristors. Small 2017, 13, 1603116. [CrossRef]

58. Li, H.Y.; Huang, X.D.; Yuan, J.H.; Lu, Y.F.; Wan, T.Q.; Li, Y.; Xue, K.H.; He, Y.H.; Xu, M.; Tong, H.; et al. Controlled memory and
threshold switching behaviors in a heterogeneous memristor for neuromorphic computing. Adv. Electron. Mater. 2020, 6, 2000309.
[CrossRef]

59. Lu, Y.-F.; Li, Y.; Li, H.; Wan, T.-Q.; Huang, X.; He, Y.-H.; Miao, X. Low-power artificial neurons based on Ag/TiN/HfAlOx/Pt
threshold switching memristor for neuromorphic computing. IEEE Electron Device Lett. 2020, 41, 1245–1248. [CrossRef]

60. Yang, J.-Q.; Wang, R.; Wang, Z.-P.; Ma, Q.-Y.; Mao, J.-Y.; Ren, Y.; Yang, X.; Zhou, Y.; Han, S.-T. Leaky integrate-and-fire neurons
based on perovskite memristor for spiking neural networks. Nano Energy 2020, 74, 104828. [CrossRef]

http://doi.org/10.1109/LED.2021.3049676
http://doi.org/10.1002/adfm.202006773
http://doi.org/10.3390/ma11112112
http://doi.org/10.1016/j.ijrmhm.2015.02.008
http://doi.org/10.1002/adfm.201704862
http://doi.org/10.1039/D0MH01759K
http://doi.org/10.1038/nmat4756
http://doi.org/10.1002/smll.201604306
http://www.ncbi.nlm.nih.gov/pubmed/28417548
http://doi.org/10.1002/adma.202004659
http://doi.org/10.1007/s11431-015-5961-6
http://doi.org/10.1007/s00422-006-0068-6
http://doi.org/10.1007/s00034-019-01330-8
http://doi.org/10.1038/s41467-017-00869-x
http://www.ncbi.nlm.nih.gov/pubmed/29026110
http://doi.org/10.1002/aelm.201901117
http://doi.org/10.1016/j.actamat.2013.11.030
http://doi.org/10.1002/smll.201603116
http://doi.org/10.1002/aelm.202000309
http://doi.org/10.1109/LED.2020.3006581
http://doi.org/10.1016/j.nanoen.2020.104828

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

