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Brain-inspired parallel computing ‘heuromorphic computing’ is one of the most
promising technologies for efficiently handling large amounts of information
data, which operates based on a hardware-neural network platform consisting of
numerous artificial synapses and neurons. Memristors, as artificial synapses
based on various 2D materials for neuromorphic and data storage technologies
with low power consumption, high scalability, and high speed, have been de-
veloped to address the von Neumann bottleneck and limitations of Moore’s
law. The 2D MXenes have strong potential application in memristors due to
their ultrahigh conductivity, fast charge response, high stacking density, and
high hydrophilicity. Here, we discuss how MXenes are emerging as a potential
material towards artificial synapses. Recent progress in research on artificial
synapses, fabricated particularly using MXenes and their composite materials, is
comprehensively discussed with respect to mechanism, synaptic characteristics,
power efficiency, and scalability. Finally, we present an outlook of the future de-
velopment of MXenes for artificial intelligence and challenges in integrating
memristors with MXenes are briefly discussed.

MXenes: an emerging material for neuromorphic computing

Recent advances in artificial intelligence (Al) and machine learning (ML) have significantly
influenced the development of state-of-the-art electronic devices for advanced applications.
Sustaining such a high growth rate has resulted in an increased demand for ‘universal memory’
devices with outstanding capabilities such as high data transfer speed, storage capacity,
nonvolatility, and low operation voltage. Particularly, deep neural networks show tremendous
possibility for large-scale data storage, processing, and prediction, which are very complex
with thousands of parameters that must be optimized during the learning process of Al [1,2].
These learning processes are computationally and memory-wise very intensive, which signifi-
cantly increases the complexity and could easily exhaust traditional computation machines [3].
However, an efficient and more powerful computing structure, the human biological brain, can
handle much higher degrees of complexity both in terms of computation as well as memory in
a very power-efficient manner [4]. The human brain is capable of processing complex information
in a fraction of a second as it consists of hundreds of billions of neurons (10'") and several
hundred trillions of synaptic connections (10'° synapses) that play an important role in memory,
earning cognition, and decision-making [5]. The brain can also store 107 bits of information, which
is 50 000 times higher than the text contained in the US Library of Congress [5,6]. Generally, the
human brain consumes very low energy to complete the abovementioned tasks; on average it
consumes only 20% of total body energy (20-30 W) [7-9]. However, traditional computers,
which are inferior to the human brain, consume much more power (around 100 W) and the
main disadvantage of traditional computer architecture is the von Neumann bottleneck (see
Glossary) (Figure 1A) [10].
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Figure 1. Von Neumann architecture, in-memory computation, and structure of a memristor. (A) Von Neumann
architecture. Comparison between traditional computation and in memory computation. (B) Traditional von Neumann
architecture. (C) In-memory computation. (D) Structure of memristor reported by Hewlett Packard (HP) laboratory.
Reproduced, with permission, from [48].

Consequently, researchers are trying to mimic the architecture of the biological brain by developing
computing devices and systems to realize an electronic brain, which leads to the incarnation of
neuromorphic computing. In 1990, Carver Mead had coined the term ‘neuromorphic engineering’
for his work on brain-inspired analog computing hardware for pattern recognition [11]. Synapses
are a means to pass information to other cells, which are also a unit of computation [4]. The
electrical synapse in the biological brain is very effective due to its bidirectional nature [12]. The
basic synaptic characteristics, such as nonlinear transmission characteristics, spike-timing-
dependent plasticity (STDP), spike-rate-dependent plasticity (SRDP), short-term plasticity
(STP), and long-term plasticity (LTP), are the major functions; these characteristics can be
mimicked using memristor-based artificial synapses [13,14].

Memristors are nonvolatile two-terminal devices (whose fundamental property is programmable
resistance) that can be used as memory. Additionally, the resistive switching (RS) property
of the memristor can be utilized like a traditional transistor as a fundamental computation unit.
The characteristics of memristors, as a function of the current flowing through, renders them
suitable for mimicking the behavior of brain synapses, especially the plasticity of the brain neuron
[15]. As a result, memristors can be used in memory computation [16] by easing read and
write operations as logical operations and the comparison between traditional von Neumann
architecture and in-memory computation (Figure 1B,C) [17]. The resistance of memristors is
voltage dependent, which can be reversibly changed and completed by sandwiching thin films
of semiconducting materials in between two metal electrodes [18]. The RS properties of these
devices can be controlled by growth and breakage of the conductive filaments (CFs) between
two metal electrodes [19]. However, metal oxide-based device structures suffer from spatial
and temporal device variations [20]. Hybrid organic—inorganic perovskites [21-23] are found
to be an efficient and low-temperature processing alternative to the oxides but scaling and repro-
ducibility are challenging due to their instability over a long period. Researchers are now
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experimenting with 2D materials such as molybdenum disulfide, reduced graphene oxide, black
phosphorus, and boron nitride [24]. Transition metal carbides and nitrides (namely MXenes) also
have gained significant interest due to their excellent electrical conductivity, wide band gap,
good thermal conductivity, and easy processability; these can be excellent materials for the
development of robust memristors and electronic synaptic devices for next-generation applica-
tions [2,25-28].

Since, the first discovery of TizC,T, in 2011 [29], various MXenes have been extensively studied
based on combinations of different transition metals and their alloys with C and N [30]. MXenes
have shown exciting potential for a wide range of applications, owing to their well-designed archi-
tecture, high specific surface area and large interlayer distancing, excellent thermal and electrical
conductivity, adjustable hydrophobicity, and ease of functionalization [31-45]. However,
neuromorphic computing and Al are newly promising and emerging fields for MXenes, with
both immense potential and challenges [42]. Various nanostructured materials have been exam-
ined due to ease of processing, low operating voltage, low cost, and high compatibility with
flexible applications. However, the inability to perform long-term operation under harsh ambient
conditions encourages MXenes as an attractive alternative for neuromorphic computing
[33,34,43-45]. This review discusses the recent development of memristors and their applica-
tions for data storage and neuromorphic computing based on MXenes, which are playing an
increasingly important role in diverse fields, including artificial synapses and data storage. We
believe that the present review will assist in developing memristors for next-generation informa-
tion technology in more systematic ways.

Fundamentals of memristors, device configuration, and switching mechanism
Memristors are a nonlinear electrical component with the capability of programmable device re-
sistance [46]. The first memristor was physically fabricated by the HP research laboratory in
2008, composed of a Pt/TiO,/Pt sandwich-like structure (Figure 1D) [47]. Memristor devices
have a sandwich-type structure consisting of an electrode/active material/electrode configura-
tion, which is energy efficient and immune to radiation. The relationship between current (),
voltage (V), charge (g), and flux (¢) for the memristor is given by the following equations [48]:

V(t) = Miq(t)]i(t) (1]
where

Mia(o)] - 222 2
and

i(t) = Wip @]V (t) (3]
Here, W[p(1)] = dg—(d;‘”, Mq(t)] is resistance, and W[¢(t)] is conductance. The nonvolatile memory

effect can be described by

V(t) = M [ / t /(t)dt} i) 4]

oo

Equation [4] indicates that resistance is a function of current at a given time and the general
mechanism of RS in memristor devices is shown by measured |-V characteristics (Figure 2A).

¢? CellPress

Glossary

High resistance state (HRS): a state
of material with high resistance under
the influence of external force.
Long-term plasticity (LTP): the
weight change in synapse for long
duration after applied voltage spikes.
Low resistance state (LRS): a state of
material with low resistance under the
influence of an external field.

MAX phases: layered, hexagonal car-
bide and nitride materials that bridge the
gap between properties typical of metals
and ceramics.

Resistive switching (RS): a physical
phenomenon where a dielectric
changes its resistance with respect to
the applied electric field or current.
Short-term plasticity (STP): weight
change in synapse for short duration
after voltage spikes.
Spike-rate-dependent plasticity
(SRDP): synapse weight change with
respect to frequency of applied voltage
spikes.

Spike-timing-dependent plasticity
(STDP): synapse weight change with
respect to time duration of applied volt-
age spikes.

Von Neumann architecture: tradi-
tional computer architecture, consists of
separate memory and processor units.
Von Neumann bottleneck: limitation
on throughput caused by the separate
memory and processor units.
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Figure 2. Experimental |-V plot, operating mechanism, and top and side views of models for functionalized
MXenes. (A) Experimental -V plot of a Pt/TiO,-x/Pt device. Reproduced, with permission, from [47]. (B) Operating
mechanism of resistive switching behavior; electroforming process, filament formation, and rupture in the switching layer
(from left to right). Reproduced, with permission, from [104]. (C-E) Top and side views of F pristine MXene M.X. Top and
side views of (D) model 2 and (E) model 4 for functionalized MXene (see main text). (D) and (E) indicate different types of
hollow sites in (C). M, X, and T denote transition metal (green), C/N (blue), and attached chemical groups such as F, O,
and OH (red), respectively. Reproduced, with permission, from [105]. Abbreviations: ECM, electrochemical metallization;
VCM, valence change mechanism.

The fundamental operational mechanism of memristors is analogous to conventional flash
memory [49,50]. A positive voltage pulse above a threshold voltage is applied to change the
device resistance from a high resistance state (HRS) (unprogrammed in flash memory) to
a low resistance state (LRS) (programmed in flash memory), which is known as a SET process,
with the required voltage for the write process as the SET voltage. The amount of voltage pulse
determines the resistance of the memristor. The LRS or HRS states are established by applying
voltage pulses of a certain polarity (i.e., the state from HRS to LRS can be changed by applying
reverse voltage pulses). In the RS operation, the changes from the SET to RESET process indicate
an ‘ON’ state and the opposite behavior indicates an ‘OFF’ state [51,52]. The variation of the resis-
tance state in most of the memristors depends on the change of redox potential and is mainly
attributed to one of the two phenomena observed: valence change mechanism (VCM) and electro-
chemical metallization (ECM). The ECM devices are also called conductive bridging cells, wherein
electrochemical metal deposition and dissolution are employed purposely to induce RS [53,54].
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Such devices are usually constructed from an electrochemically active metal electrode, solid
active layer, and an electrochemically inert counter electrode (Figure 2B). In certain traditional
metal oxide-based memristors, VCM involves anion migration. This redox reaction results in
a valence change of the cation sublattice, which leads to change of the resistance and, conse-
quently, conductivity of the active layer. However, the ECM mechanism depends on the elec-
trochemical nature of either electrode and/or drift of the metal cations. Therefore, the presence
of electrochemically active electrodes such as Ag* and Cu®* is a prime requirement for ECM-
based devices.

MXenes and their basic properties

MXenes have a general formula of M, 1 X, T, (7 = 1 to 3), where M is an early transition metal, X is
carbon and/or nitrogen, and T, refers to surface terminations (-OH, —O, —Cl, and/or —F) that are
bonded to the peripheral M layers [35]. The general synthetic approach involves selective etching
of A layers from MAX precursors using fluoride-containing acidic solutions, during which surface
terminations are added [36]. Besides, many top-down and bottom-up strategies, such as using
fluoride-based salts, molten salts etchants, alkaline etchants, chemical vapor deposition (CVD),
mechanical stripping, and hydrothermal processes, are explored for the synthesis of MXenes
[37,55-58]. However, most synthesis methods still rely on fluoride-based etchants because of
the high selectivity to etch the A element from the MAX phase. Delamination of MXenes into
single or few flakes has become a hot research topic as the several layer-dependent properties
mainly exist in atomically thin nanosheets, which is achieved by MXene intercalation with polar/
large organic molecules between the layers, resulting in a colloidal solution of delaminated
MXenes [59]. Moreover, while etching with halide salts and acid (e.g., LiF and HCI), MXenes are
intercalated with metal cations further, leading to delamination without any additional steps
[59]. To date, about six different possible structures of MXenes have been identified from compu-
tational studies [60]. The crystal structure of MXenes is identical to that of the parent MAX phases,
where the M atoms are six-coordinated and X atoms occupy the octahedral sites. The overall
structure is hexagonally close packed (Figure 2C). Modification of surface terminations and
surface functional groups is a critical variable in expanding the properties of MXenes, which is
strongly influenced by etching methods [61]. The strong bond between M atoms and —-O termi-
nations make them mechanically much stronger than M-OH and M-F counterparts [59]. It is
also observed that electronic conductivity of Ti- and Mo-based MXenes is enhanced after
removal of surface terminations [39] and substituting —F and —-OH with —O terminations showed
an increase in their band gap [62]. Although several theoretical calculations have made correlation
of surface terminations with their electronic properties, very few experimental studies have been
reported so far. Furthermore, it has been predicted that —F terminated TizC, demonstrates better
thermal conductivity than —O terminated [63]. Density functional theory calculations show that the
presence of Ti atoms on the surface of pristine MXenes contributes to their magnetic property,
while surface-terminated MXenes may lose this characteristic [64]. Also, the catalytic activity of
MXenes is mainly dependent on the composition of surface functional groups [65]. Thin
sheets of MXenes show low resistance and transparency in visible light, making them suitable
materials for UV light applications [66]. Because of metallic core channels and abundant free
electrons, MXenes have also found applications in sensors and electromagnetic interference
shielding [67-69].

Growth of MXene thin films

Owing to their complex chemistry, growth of high-quality semiconducting MXene films is chal-
lenging. The following subsections summarize various techniques to develop the MXene thin
films by solution processing, mainly on the development of thick coating by solution processes
and thin coating by atomistic techniques [40,70-72].

¢? CellPress
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Solution processing

Solution processing (i.e., spin, blade, dip, and spray coating) has been employed, depending on
solution viscosity, concentration, and sample size. Spin coating is the most suitable for MXene
dispersion to the medium range viscosity (~10000 mPa) or medium and lower (1-120 mg/ml)
concentration range (Figure 3A) [31]. Blade coating requires higher concentration (~20 g/ml) or
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Figure 3. Spin coating of MXene dispersions. (A) Schematic, scanning electron microscopy (SEM) images of spin
coated (top) and spray coated (bottom) MXene films with their corresponding X-ray diffraction patterns. Reproduced, with
permission, from [106]. (B) Schematic illustration of the blade coating process and digital photograph of a 1-m long and 10-
cm wide film produced from large MXene flakes that was blade coated onto a Celgard membrane (thickness of the TizCo T
film is 940 nm). Digital photograph of piece of the blade coated TizCo Ty film (2.0 cm x 6.5 cm, thickness of 940 nm) made
from large flakes lifting =40 g object. Cross-sectional SEM image of a blade coated film containing highly aligned large
MXene flakes [73]. (C) Dip-coating steps to fabricate thin films. Reproduced, with permission, from [98]. Schematic image of
optically transparent TizC. T, MXene film prepared by dip-coating (left), flake size distribution (right) of MXene dispersion.
Cross-sectional SEM images of dip-coated MXene fims on glass substrates. Reproduced, with permission, from [107]. (D)
Schematic of TizCoT, film preparation by spray coating. Shown in the box is the TisC,Ty structure, whereas Ti, C, O, and H
atoms are shown in gray, black, red, and white, respectively. Reproduced, with permission, from [31].
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viscosity (up to 2 Pas) of the material, typically best suited for large-scale production (Figure 3B).
The better orientation, higher anisotropy, and compacted film morphology with minimum voids
results in higher electrical conductivity of the MXene film compared with that of similar thickness
films prepared by spin-coating [73]. Dip coating is yet another technique widely accepted for the
scale-up fabrication of large-area thin films, suitable for a low viscosity of MXene dispersion (typ-
ically resulting in relatively thick films) (Figure 3C). Spray coating is useful when the viscosity of the
MXene dispersion is relatively low (concentration <0.36 mg/ml) (Figure 3D) [74]. This allows fast
fabrication of the thin film (um-to-nm range) on a large-area substrate for scale-up. Spray depo-
sition has obvious advantages: easy use, large area coverage, and suitable for any surface. How-
ever, spray coating is less uniform and often produces rougher films compared with that of spin
coating [31,75,76]. Printing is another solution processing technique that offers large-scale de-
vice fabrication at a low cost [77]. A summary of solution processing techniques is tabulated in
Table 1 for comparison.

Physical vapor deposition (PVD)

PVD essentially builds the materials atomically from the bottom-up to develop nearly defect-free thin
films, with specific orientations and structures that are impossible via solution processing. Sputtering
is the most common PVD technique used for the development of MXene films, where individual
material sources are used to sputter and control the phase of the film with excellent reproducibility
[78]. CroGeC [79] and CroAlC [80] are the most common MXenes that can be deposited by PVD
at a lower temperature (500°C). Furthermore, the typical high temperature processing (700—
1000°C) is vulnerable to temperature-sensitive substrates, specifically, Ti-based MAX phases.

Table 1. A summary of the performance and working mechanisms of MXene-based memristors
Performance of MXene-based memristor devices

Memristor material RS material Substrate Operating voltage (V) Retention (s) Refs
Al/TigCo@PVP/ITO TisCo,@PVP PEN -3.0t0 3.0 50 000 [90]
Al/TigCoT,/PU/Ti/SIOL/Si TisCo Ty PYTI/SIOL/Si -6.0t0 6.0 100 000 [27]
Cu/TizCo/SIO/W TizCo/SIOs Si wafers -20t02.5 1000 [108]
TiN/Cu/MXene/SiO/TiN MXene/SiO, Si wafers -2.0t02.0 20 000 [95]
Cu/MXene/SiO»/W MXene/SiOo Si wafers —2.4t024 3000 [26]
Cu/MXene/Cu MXene SiO,/Si wafers -0.8t00.8 NA [89]
AU/TizCoT,-PVP/(GO TisCoT,-PVP SIO,/Si -2.0t02.0 80 000 [109]
Cu/MXene/SiO/W MXene/SiO, Si wafers —2.4t02.4 NA [110]
Au/MQDs-PVP/ITO MQDs-PVP ITO -3.0t0 3.0 12 000 [97]
TiN/Cu/MXene/SiO,/TiN MXene/SiO, —2.0t0 3.0 3500 [28]
Al/ TigCoT,-OP/ITO TizCoT,-OP ITO/glass -5.0t05.0 4000 [25]
Au/MXene/ pentacene/Au MXene-TiOo SiO./Si NA 10 000 [111]

MXene solution concentration and film thickness achieved by different coating techniques

Process MXene concentration (mg/ml) Film thickness range Conductivity Throughput Example Refs
Spin coating 1-120 nm—um (>20 nm) Good Low TigCoTy [112]
Blade coating >20 nm-pm (>200 nm) Excellent Medium TizCo [113]
Dip coating 1-10 0.02-0.5 ym Good Low TigAIC, [114]
Spray coating 0.1-80 100-250 um Very good Medium TisCo [70]

Inkjet printing 1-36 0.1-0.7 pm Good Medium TigCoTy [115]
Screen printing 1-5 ~1-100 pm Very good High TigCoTy [116]

Trends in Chemistry, Month 2022, Vol. xx, No. xx 7
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CVD

Most of the bulk synthesis of MXenes at thermodynamic equiliorium by chemical reactions occurs
at high temperature, which is analogous to one of the CVD processes. This is in contrast to PVD,
which takes place far from thermodynamic equilibrium under kinetically limited conditions; this
provides some control over the growth of lateral size. Nickl and colleagues reported for the first
time MXene films (TigSiC,) by a CVD method in 1972 [81]. Compared with PVD, formation of
pure phase TizSiC, fims via CVD is challenging and also requires a much higher temperature
(1000-1300°C). It has been observed that formation of TisSiC, includes simultaneous deposition
of all three elements and chemical reaction between the gas and solid phase such as TiC, which is
therefore also known as reactive CVD [81]. Overall, CVD has been used to a rather limited extent
for synthesis of MXene phases and there is room for future research, notably to synthesize MXene
phases other than TisSIiC, by CVD.

MXene-based RS memristors, synapses, and neuromorphic computation

RS devices are considered one of the most competitive candidates as electronic synapses
due to their low power consumption, high speed switching, and multiple resistance states
[21,22,82-84]. Highly conductive materials such as conductive metal oxides, metals, carbon
nanotubes, and graphene are used as electrodes. Among these, conductive metal oxides such
as indium-tin oxide (ITO) and fluorine-tin oxide (FTO) can be flexible when used as a thin-film elec-
trode [85]. The flexibility of MXenes provides additional advantages of maintaining the mechanical
and electrical properties of the memristor device. Furthermore, the intrinsic properties of MXenes
such as ultrahigh conductivity, fast charge response, high stacking density, and hydrophilicity into
the structure make them suitable for memristor applications [86,87]. The device structure
consists of the MXene as an active layer sandwiched between two electrodes. The device
configuration maintains their morphology and robust conductive/switching characteristics while
twisted, stretched, or even bent. Considering these advantages, MXenes are a top choice of
material for future RS memristor applications [88].

Chen and colleagues have demonstrated that a Cu/MXene/Cu configuration memristor can be
used for the development of a high-density brain-inspired neuromorphic computing system
without auxiliary circuits [89]. This memristor shows an increase in conductivity with increasing
number of voltage pulses with time, suggesting that the conductivity of the memristor is changing
with increasing number of pulses with time. This type of spike-dependent conductivity is a key
property of biological neurons, which can be mimicked by the memorizer device. The first
MXene-based memristor was developed by Han and colleagues in 2019 [90], where a metal—
insulator—-metal structure comprised of a TisCo@polyvinylpyrrolidone (PVP) active layer sandwiched
between an Al top electrode and an ITO bottom electrode was constructed on a polyethylene
naphthalate (PEN) flexible substrate (Figure 4). The TisC,@PVP-based memristor showed bipolar
RS behavior with a high ON/OFF ratio of 10* and good stability with a retention time of 5 x 10* s.
However, the devices fabricated using bare MXene or PVP did not show any RS behavior, suggest-
ing that the presence of surface functional groups in TizC, and concentration in TisC.@PVP plays a
critical role in charge trapping and constructing conductive paths. Increase in the TizC, concentra-
tion decreases the distance between MXene nanosheets and therefore the formation of conductive
paths becomes easier and shows lower SET voltage (Vsgr). Meanwhile, RESET voltage increases
due to the shorter distance between adjacent MXene nanosheets, which hinders the rupture of
the conductive paths. Practically, high Vsgr causes high energy consumption to switch the device
from the HRS to LRS, while extremely low Vser would lead to low power consumption to switch
the device from HRS to LRS. Yan and colleagues reported the potential of TisC,T, as a memristor
device for use in artificial bio-synapse applications [27]. An Al/TisC,T,/Pt device was fabricated by
thin-layer deposition of TisC,T, on Pt by spin coating and demonstrated the bipolar resistance
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Figure 4. Metal-insulator-metal (MIM) structure, cross-sectional image, electrochemical performance, energy band alignment of resistive random
access memory (RRAM) device, and resistive switching (RS) mechanism. (A) MIM structure, (B) cross-sectional scanning electron microscopy image, (C)
typical I-V curve, and (D) switching endurance under |-V sweep mode of an MXene (TisCo)@polyvinylpyrrolidone (PVP)-based RRAM device. (E) Energy band alignment
of RRAM device (virgin and under SET process). (F) lllustration of RS mechanism based on charge trapping and conductive paths. Reproduced, with permission, from [90].

switching behavior with a nonvolatile memory effect (Figure 5). The device displayed a retention time
of 10° s and the resistance of the device could be modulated by minimum pulsed voltage duration as
short as 10 ns. Furthermore, the progressive enhancement and inhibition of conductance under dif-
ferent voltage pulses suggests that the memristor device successfully simulates the learning and
memory functions of biological synapses. Wei and colleagues demonstrated a graphdiyne-based
artificial synapse (GAS), exhibiting intrinsic STP to mimic biological signal transmission
behavior. The impulse response of the GAS is reduced to several millivolts with competitive
femtowatt-level consumption, exceeding the biological level by orders of magnitude, which makes
them potential candidates for soft electronics, neurorobotics, and biohybrid systems of brain—
computer interfaces [91].

Tong and colleagues fabricated a Cu/TizC./SiOo/W memristor device, where Cu and W were the
active top and inert bottom electrodes, respectively, and TizC,/SiOs as the RS layer film was ob-
tained by spin coating. MXene memristors showed resistance transforms between HRS and LRS
under voltage stimulus with retention of 1000 s in both on and off states. The results shown by the
MXene-containing memristor device were better than those of the MXene-free device (Cu/SiOo/W),
suggesting that the MXene helps to lower the operating voltage and enhance the device
stability [92,93]. This can be attributed to the observation that high mobility of Cu in SiO, could
be beneficial for lower energy operation but has a negative effect on the stability of the memristor
[94]. Furthermore, the presence of MXene reduces the mobility of Cu ions in the resistance
switching layer of the memristor, which leads to growth of the CF from the top electrode instead
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Figure 5. Schematic of the Al/TizC,T,/Pt device and electrochemical behavior of the Cu/TizCo/SiOo/W
memristor device. (A) Schematic structure of the Al/TigC,T,/Pt device and (B) typical |-V curves of the device (the red
arrow indicates direction of voltage sweep). Reproduced, with permission, from [27]. (C) Schematic illustration, (D) I-V
characteristics, and (E) retention of different resistance states in the Cu/TizC./SiOo/W memristor device. Reproduced, with
permission, from [108].

of the bottom electrode produced by redox (and fewer in number due to the decrease of Cu
mobility). Tong and coworkers further studied the performance of RS devices in the form of cross-
bar arrays with and without MXene material [95]. The two device structures TiN/Cu/SiO,/TiN and
TiN/Cu/MXene/SIiO./TiN were fabricated on Si wafer using a silicon compatible process to study
the effect of the MXene. The introduction of MXene changes the electric field distribution at the
interface between the metal electrode and oxide and, as a result, a conductive path is easily
formed, which in turn lowers the operating voltage and attains low power consumption. Further-
more, the presence of MXene brings more stable resistance states in the device due to the uniform
and systematic growth of CFs along with the direction of MXene nanostructures, which improves
the performance of RS devices [95].

MXene-derived quantum dots (MQDs) have also attracted great research interest due to their size
and quantum confinement effects. Compared with MXene nanosheets, MQDs could be a safe
and reliable RS material for upcoming nonvolatile data storage due to their strong quantum con-
finement, edge effects, and hydrophilicity [96]. Furthermore, MQDs disperse well in water-soluble
polymers for charge trapping and subsequently improve the reliability of data storage. Mao and
colleagues first reported the synthesis of MQDs by a hydrothermal synthetic method using
TizCoT, etched by hydrofluoric acid [97]. The nonvolatile storage behavior of the resulting ITO/
MQDs-PVPy/Au storage device was fine-tuned by carefully controlling the doping content of
MQDs in PVP (Figure 6). Sun and colleagues effectively utilized octylphosphonic acid for surface
modification of TisCs T, through hydrogen bonding so that phosphorus could uniformly distribute
on the monolayer TisC,T, nanosheets [25]. MXene surface treated with phosphonic acid ensures
and promotes the stability of modified MXene in organic solutions [98]. Additionally,
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Figure 6. Schematic and transmission electron microscopy (TEM) image for the synthesis and characterization
of MXene-derived quantum dots (MQDs), along with |-V curve characteristics of the device. (A) Schematic
illustration of the synthesis and (B) TEM image of MQDs. Increase of MQD content in MQDs-polyvinylpyrrolidone (PVP)
memory device as (C) =20 pg/ml, (D) =380 ug/ml, (E) =1.14 mg/ml, and (F) =3.42 mg/ml and corresponding |-V
characteristic curves of the device under different MQD contents. Abbreviations: HF, hydrofluoric acid; ITO, indium-tin
oxide. Reproduced, with permission, from [97].

octylphosphorus acid can self-assemble on multilayered MXene surfaces. A flexible storage de-
vice on polyethylene terephthalate (PET) substrate (Al/TizC,T,-OP MXene/PET) was fabricated,
which maintained good distinguishable multilevel storage characteristics even after 5000 bending
cycles at a radius of curvature p of 2.1 cm.

Wei and colleagues coupled the TisCo nanosheets with a solid lithium-polymer-electrolyte layer to
mimic the synaptic functions (Figure 7), including paired-pulse facilitation, SRDP, dendritic inte-
gration, and memory enhancement [99]. The integral large interlayer spacing and good conduc-
tivity of MXene benefit the storage and easy release of ions. Later, Wang and colleagues explored
the idea of Ag nanoparticle doping to improve the electronic performance of the TizC,-based
memristor [100]. However, the device based on Ag has limitations because the Ag electrodes
of traditional memristors would dissolve gradually due to the electrochemical reaction, leading
to the deterioration of electrical properties of MXene-based devices. Therefore, this study
suggested replacing active Ag electrodes with inert Al electrodes and doping Ag nanoparticles
into the MXene-based functional layer of the memristor. Furthermore, doping of Ag not only
enhances the electronic performance and neuro-bionic properties of the MXene memristor but
also resolves the issue related to the current abrupt behavior of MXene devices, which realizes
the bidirectional continuous current transition in switching processes. Additionally, the energy
consumption of the Al/TizC,:Ag/Pt device is around ten-fold lower than that of the pure TizCo
device. In general, MXene sheets have high surface functional groups, which can easily facilitate
low power diffusive memory devices. However, high electrical conductivity of these sheets
hampers their applications in threshold switching. MXenes are not very stable at high tempera-
tures and are prone to partial oxidation. Few TiO, particles are formed in these partially oxidized
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Figure 7. Schematics for biological synapses and TisCo-MXene artificial synapses, and images of an MXene/
lithium-polymer-electrolyte (LPE) film. Schematic illustration of (A) biological synapse and (B) TisCo-MXene artificial
synapses. (C) Scanning electron microscopy image and (D) cross-section image of MXene/LPE film. Reproduced, with
permission, from [99]. (E) Schematic illustration of partially oxidized MXene-based device. Reproduced, with permission,
from [101].

MXene sheets, which not only decreases the conductivity but also serves as spacers between
MXene sheets, hindering the contacts and restacking (Figure 7E) [101]. As aresult, MXene sheets
can be used for Ag diffusive memory devices as TiO, acts as a spacer and provides a path for Ag*
migration [36]. Migration of silver ions via MXene sheets is a key of modulated conductance of the
device based on threshold switching characteristics. As a result, the device exhibits threshold RS
characteristics based on silver ion migration dynamics. The mechanism of RS memory devices is
greatly influenced by the switching materials, electrodes, device structures, and environmental
conditions [102]. To achieve the desired memory properties from RS devices is to judiciously
engineer the top electrode [103].

Concluding remarks

In the era of Al and Intermnet of Things, memory cells are attracting great attention and importance, es-
pecially in low-power, flexible, and portable information storage systems as well as neuromorphic
computing. MXenes have great potential as the material of choice due to storage density and
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capacity that can reach the level of traditional inorganic metal oxide memristor in the future. The
recent advances in the computationally intensive and resource hungry ML and deep learning
architectures require efficient and scalable computing systems. Here, progress in MXene-based
memristors is summarized and discussed with synthesis, thin film growth, current switching
mechanism, and applications. Various solution-processible methods have been successfully
employed to fabricate thin fims and devices, which can be tested to investigate the effects of charge
injection and modulate the interface barrier. Additionally, the simple structure and excellent compat-
ibility of two-terminal electronic devices enable it to perform concurrent learning and parallel data pro-
cessing, opening the possibility of developing a robust neural network with significantly fewer
neurons. Development of highly integrated 3D synaptic electronics with multiple input and output sig-
nal transitions are expected to be mimicked to realize the full synaptic functions of the artificial nerve
network. Detailed and controllable studies are necessary to determine the impact of MXene compo-
sition, particularly non-TisC», and surface modification on MXene-based devices, especially since sur-
face terminations may affect the resulting performance (see Outstanding questions). Furthermore,
development of nonmetallic MXenes and their experimental realization could be challenging at this
stage of MXene-based memristor development. Finally, when it comes to MXenes for Al, we believe
that the field is still in its infancy and many important developments are yet to come. Some of these
prospective developments, such as the realization of artificial general inteligence and artificial super
intelligence demand heavy computation of several petaflops, which is aimost impossible using tra-
ditional computer architecture such as von Neumann architecture. In this regard, the efficient and
analog computing alternatives such as neuromorphic computing may play a significant role. We be-
lieve 2D materials such as MXenes could be a major player for this development.
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