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The rapid development of miniaturized and wearable electronics has stimulated growing needs for compatible
miniaturized energy storage components. Owing to their unlimited lifetime and high-power density, miniaturized
electrochemical capacitors (microsupercapacitors) are considered to be an attractive solution for the development
of these microelectronics, but they often depend on the choice of electrode materials and fabrication protocols for

scalable production. Recently, a new family of two-dimensional transition metal carbides, carbonitride and ni-
trides (referred to as MXenes) has shown great promise in advanced microsupercapacitors with high energy and
power densities. This was achieved thanks to the high pseudocapacitance, metallic conductivity and ease of so-
lution processing of MXene. In this review, recent progress on MXene synthesis, microstructure design, and
fabrication strategies of MXene microsupercapacitors are discussed, and their electrochemical performance is
summarized. Further, we briefly discuss the technical challenges and future directions.

1. Introduction

The advent of fifth-generation (5G) communication in the fourth in-
dustrial revolution has fostered widespread research interest in the
Internet of Things (IoTs) and sensor networks [1]. In these applications, a
vast diversity of heterogeneous microsensors can connect and commu-
nicate with each other without network latency, disrupting various fields
such as environmental monitoring, radio frequency identification,
wearable electronics, and personal health care. Given these ubiquitous
microsensors are usually discrete nodes that operate in independent
wireless manners and sometimes are embedded in the human body, it is
highly desirable to develop maintenance-free micro-/nano-scale power
modules that are compatible with them.

One promising solution is to develop distributed energy sources that
harvest energy from renewable sources such as solar, wind, thermal, or
mechanical triggering/vibration [2,3]. To formulate such self-powered
power units, an energy storage device is regarded as an essential
short-term accumulator that captures charge from energy harvesting
devices when microsensors are in stand-by mode and deliver continuous
power to these microsensors when they are active. Microbatteries or
thin-film batteries that store energy by the chemistry of lithium-ion
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intercalation are the most popular choice as the miniaturized power
source [4], but they suffer from their limited lifetime and low power
density, which means periodic maintenance and replacement need to be
carried out. Besides, the low power density also limits their use in some
applications where a high spike of current is required [5].

As an alternative to batteries, electrochemical capacitors (ECs), also
known as supercapacitors, are energy storage devices that store charge by
adsorption of electrolyte ions onto the surface of electrode materials or
by pseudocapacitive faradaic reactions (between the surface of the
electrode material and the ions in the electrolyte). The energy density of
ECs is relatively low as compared with batteries, but still can be sufficient
to power various electronics for hours (Fig. 1). An electrochemical
capacitor has a theoretically unlimited lifetime (>10° cycles) and de-
livers higher power densities as compared with batteries, which renders
them better candidates as the energy storage component for
microelectronics.

However, conventional ECs are too large for the microdevices, and
the assembly methods of conventional supercapacitors are not compat-
ible with the fabrication techniques in the microelectronic industry; this
reality has fostered a great interest in the miniaturization of super-
capacitors. The term “microsupercapacitor (MSC)” has been adopted to
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Fig. 1. Ragone plot showing energy and power densities of state-of-the-art
microsupercapacitors. The vertical shaded area shows the power consumption
of different electronics (corresponding to the top axis). The power density in the
Ragone plot can be directly used to estimate practical electronic applications,
given the area of the energy storage device is 1 cm?.

describe the supercapacitor devices which can be promisingly integrated
with microelectronics, and it comes mainly in two flavors: thin-film
electrodes with sandwich structure (thickness< 10 pm) or arrays of
planar microelectrodes with microscale sizes in at least two dimensions
[5,6]. The concept of MSC has recently been further extended to
fiber-based electrodes with core-shell structure [7-9]. Among these ar-
chitectures, the in-plane interdigital design offers a multitude of advan-
tages over the others because of its shorter ion diffusion distance, more
substantial exposure of the electrode materials to the electrolyte, and the
ease of integration with other microelectronics.

Porous carbons with high surface areas have been widely used for the
fabrication of the microsupercapacitors, these include carbide-derived
carbon [10], onion-like carbon [11], activated carbon [12],
photoresist-derived carbon [13-16], carbon nanotubes (CNTs) [17-19],
graphene [20,21], and laser scribed graphene [22]. Although these de-
vices benefit from the high conductivity and large surface areas of the
electrode material, they also deliver low energy densities as carbon
materials store charges only through the adsorption of ions in the elec-
trolyte. In order to overcome the low energy density limitations while
maintaining high power densities, pseudocapacitive materials including
conducting polymers [23-26], transition metal oxides (RuO, MnOo,
MoOs, NbyOs, VN) [27-33], black phosphorous(BP) [34], Conductive 2D
metal-organic frameworks (MOFs) [35] and transitional metal dichal-
cogenides [36] have been explored for the fabrication of the micro-
supercapacitor devices. However, the poor electronic conductivity of
metal oxides/hydroxides and MOFs may lead to mediocre power and
cycling performance.

Recently, a large group of early transition metal carbides, nitride or
carbonitride (MXenes) have been identified as a new class of two-
dimensional (2D) materials [37]. The general formula of MXene is
M;+1X, Ty, where M stands for an early transition metal (Ti, Mo, Cr, Nb,
V, Sc, Zr, Hf or Ta), X represents carbon or nitrogen, n is usually an in-
tegral number between 1 and 3, and Ty is the surface termination such as
hydroxyl, oxygen or fluorine. These surface terminations render the hy-
drophilicity of MXenes and also have a significant influence on their
Fermi level density of the states, thereby electronic properties [38,39].
MXenes are synthesized by selectively removing the “A” layer from their
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parent MAX phases, and “ene” was added to the last to show its 2D nature
that is similar to graphene. Since its discovery in 2011 [40], MXenes have
been particularly attractive as electrode materials for energy storage
applications because of their unique structures including: (1) the inner
conductive transition metal carbide layer that enables efficient electron
transportation; (2) a transitional metal oxide-like surface that acts as
active sites for fast redox reactions. Although there are more than 20
different MXenes that have been synthesized [41-44], most research to
date has been focused on titanium carbide (Ti3Cy) for MSC application
due to its ultrahigh conductivity (2.4 x 10*S em™1) [45] and volumetric
capacitance (1500 F/cm®) along with ultra-high rate capability(10 V/s)
in acidic media [46]. Besides their high volumetric capacitance, MXenes
are particularly favorable for MSCs because of their 2D nature, which
enhances the mechanical stability and shortens the ion diffusion paths
between the positive and negative electrodes [47]. In this review, we
present the latest developments in MXene-based microsupercapacitors,
including electrode material design, different deposition/patterning
techniques, and device architecture. Finally, challenges and perspectives
of MXene-based MSCs are discussed.

2. Primary structure and evaluation metrics of
microsupercapacitors

A conventional supercapacitor consists of a positive electrode and a
negative electrode physically separated by a separator or solid-state ionic
conductive electrolyte. The energy and power performance of the con-
ventional supercapacitor is generally normalized by mass or volume of
the electrode material, as the final user of these supercapacitors ranges
from a sizeable load-leveling crane or engine starter to personal mobile
devices. Differently, microsupercapacitors are designed to be the power
source for microsensors, micromechanical systems, or wearable elec-
tronics that operate with low power consumption (milliwatts to micro-
watts). For these applications, the weight of active materials only takes a
small part of the substrate and the whole device, thus normalizing energy
and power density in a given footprint area (mWh/cm?, W/cm?) are
more practical to evaluate the performance of MSCs over gravimetric and
volumetric performance metrics [5].

The first reported MSC was inspired by the technology from micro-
batteries [48,49], which utilizes a stacked configuration with solid-state
lithium conducting electrolyte (lithium phosphorus oxynitride, LiPON)
and sputtered RuOs electrode materials (Fig. 2a). The sandwich structure
is considered to be the most effective architecture regarding the occupied
surface area (Ceel] = %2 Celectrode)- HOWever, regular ceramic electrolyte
shows low ionic conductivity (<5 pS cm™1) and poor wettability with the
electrode, thus these primary devices show low specific capacitance and
power density [3]. On the other side, solid-state or gel-type electrolytes
are promising choices for leakage-free devices, but depositing electrode
materials on liquid and gel electrolytes by vacuum deposition procedures
is not practical. Instead, placing both positive and negative electrodes in
the same plane is a more practical configuration. In the in-plane design,
both sides of the electrodes occupy separate substrate area, and there are
always inactive gaps between the electrodes, cell capacitance is thus less
than one-fourth of the electrode areal capacitance (Cee] < Y Celectrode)-
Simple interdigital finger electrodes (Fig. 2b) are the most commonly
used in-plane design so far, while attempts have also been made to
enhance the areal capacitance by mathematically derived fractal patterns
[50]. As the areal performance of microsupercapacitors is limited by the
mass of the active electrode layer, three-dimensional (3D) planar MSC
having anodes and cathodes with surfaces exposed in all three di-
mensions instead of the planar surface of conventional thin-film elec-
trodes were also established (Fig. 2c). The porous 3D structures can act as
a mechanically reinforced framework and hence facilitate the transport
of electrons, ensuring simultaneously both high capacitance and
high-power density.

Microsupercapacitors are considered to be miniaturized super-
capacitors; thus, the charge storage mechanism and basic calculation
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Fig. 2. Schematic showing three main configurations of microsupercapacitors. (a) Stacked configuration. (b) Interdigital finger electrode architecture. (c) 3D planar

configuration.

methods between these two are quite similar. Energy (Joule, J) stored in
a MSC device is physically defined as:

n
E= / i(H)V(t)dt (€]
Where i(t) is current (Ampere, A), V(t) is voltage (Volt, V), t; and t; are the
bounds of the time range (Second, s). In the case of cyclic voltammetry,
the time domain signal can be converted to the voltage domain with the
equation:
V() = Vo +ut 2

Where Vj is the initial voltage in the positive scan and v is the scan rate
(V/s). Thus equation (1) can be solved as:

Jyri(vyvav
14

E—= 3)

Where V3 and V; are the corresponding lower and higher cut-off voltages.
While in the case of galvanostatic charge-discharge (GCD) curves,
equation (1) is solved as:

E:i/rz V(t)dt

1

(€]

Equation (4) can be easily calculated by the integration of the
discharge curve. And an averaged power (Watt, W) of the device can be
estimated by:

E
Th—t

)

It should be noted that these equations can be obtained without dis-
tinguishing the charge storage mechanisms (independent of the capaci-
tance or capacity), and they are widely used in the Ragone plot (after
being converted to Wh and normalized to mass, area or volume of the
active materials) to be compared with different energy technologies.

To distinguish the charge-storage ability of the capacitive electrode in
a given potential range, capacitance is another widely used parameter to
assess the performance of the electrode materials. There are good reviews
discussing the difference between battery, capacitor and pseudocapaci-
tors, as well as the correct reporting methods [51-54]. It has been
demonstrated that MXene exhibits typical pseudocapacitive behaviors in
a variety of electrolytes with prominent redox peaks in CV and non-linear
GCD curves. The pseudocapacitance originates from the protonation of
oxygen functional groups accompanied by titanium oxidation state [55].
Here we emphasize the origin of different calculation methods by briefly
deriving the equations to calculate pseudocapacitance from the view-
point of math. The capacitance C (Farad, F) is defined as the change of
charge in the system to the corresponding change of potential:

80

©

For CV measurements, dV/dt is defined as a constant scan rate v. Thus,
capacitance is expressed in the voltage domain:

)

Then the averaged capacitance in a given potential range can be
calculated as:

fyrcwvyav
V;
2 av

Va il Vs .
2$dv_ Jyi(vyav

I —
Z/*(Vz — V])

C= =
Vz—Vl

(8)

It can thus be easily obtained by integration of the charge/discharge
part of the CV curve. It has been shown that equation (E = 1/2 CV?)
which is valid for dielectric/electrolytic capacitors or electrical double-
layer capacitors (EDLCs) is no longer strictly hold in the case of pseu-
docapacitors. For GCD measurement, the averaged capacitance can only
be obtained by numerical solution:
C= ZZ:I xé/t:lll:‘tjk)

7 ©)]

Where Vi and t are the voltage and time collected from GCD measure-
ment, while E is the whole potential range. To simplify the calculation
method, Béguin also suggested extracting the system capacitance by
using the energy-capacitance relation [56].

2E

=y

10
Where E is given by equation (4). Since Equation (10) also includes the
influence of non-linear behavior of the discharge curve, the result is
considered to be more realistic than one obtained by simple linear
assumption:

At
AV

There is a good review recently that emphasizes the correct data
reporting methods in the field [57], and these characterization standards
should also be applied in the field of microsupercapacitors. Most reported
publications in the field of MSCs present data directly from the final
device (two-electrode measurements). This approach makes the classi-
fication of the materials (capacitive, pseudocapacitive, or battery type)
even more complicated from CV and GCD measurements. Because
sometimes the redox peaks are not evident in the case of two-electrode
configuration, as none of the electrode potentials are fixed when cur-
rent flows between the two electrodes. Thus, it is always advised to
perform three-electrode tests first to distinguish the class of the material
and to determine the stable electrochemical potential window of the

C (11
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electrodes. This methodology should be applied for asymmetric MSC and
even symmetric MSC because cations and anions do have different ca-
pacities for positive and negative electrodes. For MSCs, one should al-
ways remember that the device is a two-electrode cell, thus operating the
cell below 0 V is of no practical meaning because the energy storage
system is extracting energy from electronic devices rather than supplying
to the system.

3. MXene for electrochemical capacitors
3.1. Synthesis approaches

Wet etching method is the most widely used method to fabricate
MXenes by selectively etching one or several atomic layers from MAX
phases (Fig. 3a). MAX phase compounds are ternary transitional metal
carbides/nitrides (P63/mmc symmetry) bounded by “A” element layers
(usually group 13 or 14 elements such as Al or Si), where M atoms are
closely packed, and X atoms occupy the octahedral sites. There are more
than 70 different MAX phases discovered so far [43], including pure MAX
phases, solid solutions, and ordered double transition metal structures,
and there are more than 20 different MXenes that have been experi-
mentally synthesized (Fig. 3b) [58]. Due to the difference of bond
strength between M-A and M-X, “A” layers can be selectively etched with
proper etchant and temperature, without disrupting the 2D layered
structure of M,,; 1X;,,. Most MAX phases can be etched by hydrofluoric acid
(HF) at room temperature, while fluoride-contained acid [59] and fluo-
ride salt in acid [60] are also reported to be effective etchants for Ti3AlCy
at room temperature. To avoid direct and indirect use of HF, different
synthesis routes have also been developed. For instance, molten fluoride
salt can etch Al from Ti4AlN3 at a high temperature of 550 °C in the
protection of the argon atmosphere. Hydrothermal synthesis of TizC; is

a
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also reported with low-toxic etchants such as NaOH [61] and NaBF,4 [62],
and the hydrothermal process can be further extended to synthesis Nb,C.
Similar to A-site etching, the “A” site in various MAX phases (Ti3AlCo,
TiAlC, TizZnN, and V,AIC) can be replaced with Zn?" in molten ZnCl, at
high temperature (550 °C), and corresponding Cl-terminated MXenes
were synthesized when employing excess ZnCly [63]. Chemical etching
process is inherently an electrochemical process driven by electron flow
and Gibbs free energy; thus, electrochemical etching is ideally possible if
a proper system is chosen and voltage/current are provided to the ma-
terials correctly. At room temperature, synthesis of MXene by
fluoride-free electrochemical etching methods have reported. For
example, Al can be electrochemically etched from both Ti;AlC and
Ti3AlCy in dilute hydrochloric acid [64] and NH4Cl/TMAOH [65],
respectively. But electrochemical etching can also over-etch the MAX
phases to carbon. To enable a successful transition from MAX to MXene in
the electrochemical etching process, the fundamental gap between
etching parameters and atomic/molecular level chemical processes that
govern the final products should be fulfilled.

After etching, loosely packed multilayer MXene particles (accordion-
like) are obtained, which can be further converted to few-layer MXene
flakes after delamination. The delamination process involves intercala-
tion of organic molecules (urea, dimethyl sulfoxide (DMSO) [66],
TBAOH [67], etc.) or metal ions [68,69], followed by sonication or gentle
handshaking [70]. Those flakes form stable colloidal suspension without
any surfactants due to their negatively charged surfaces. The surface
terminations are usually -OH, -F or —-O, and aberration-corrected scan-
ning transmission electron microscope (STEM) revealed that those
functional groups prefer to stay on the top sites of the Centro-Ti atoms of
the TisCy monolayer [71]. It should be noted that when minimally
intensive layer delamination (MILD) is chosen as the etching protocol,
delamination happens naturally during the washing process without any

Fig. 3. (a) Schematic illustration of the synthesis
process of MXenes. Multilayer MXene powder is

usually fabricated by selectively removing the
\ “A” element from MAX phase through etchants
such as HF, bifluoride-based etchants (NH4HF,),
or HF-containing fluoride-based salt (LiF + HCI).
Delamination happens when intercalants such as
DMSO, TBAOH, TMAOH, Lithium ions, and so on
are introduced into the interspace of 2D sheets,
after sonication (MILD method not required),
stable suspensions of negatively charged
delaminated 2D MXene flakes can be obtained.
Reprinted with permission from Ref. [72].
Copyright 2018 Wiley. (b) MXenes obtained
experimentally so far. Reprinted with permission
from Ref. [58]. Copyright 2019 Cell Press.
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other post-treatments [70]. The MILD method produces larger flakes of
MXene with better conductivity because there is no sonication, and no
insulating organic polymers are involved.

Most pure MXenes are predicted to be metallic, including TasCy,
TayCs, TizCo, TisCs, Hf5C [73], and various M>C (M = Sc, Ti, V, Cr, Zr,
Nb, Ta) and MyN (M = Ti, Cr, Zr) MXene systems [74,75]. Manipulating
the transitional metal layer or adding the functional groups have sig-
nificant impacts on the electronic properties of the compounds. For
example, replacing titanium with molybdenum in outer transitional layer
of M3Cp, and My4Cs results in the transition from metallic to
semi-conducting behavior [76]. The impact of surface terminations on
the electronic properties of MXenes has also been examined mostly by
DFT (density functional theory)-PBE(Perdew-Burke-Ernzerhof) method,
it was shown that all MyC and MaN MXenes become semi-conducting
after the functionalization with —F, —O and —OH. This is because of the
hybridization of p orbitals in F or O and d orbitals in M [77]. Other
theoretical studies have focused on the impact of surface terminations on
specific MXenes. For example, bare Ti3Co monolayer is calculated to be
metallic with substantial electron states crossing the Fermi level, when -F
and —OH terminations are introduced into the structure, Ti3CoTyx becomes
narrow bandgap semi-conductors or metals, depending not only on the
type of terminations, but also their arrangement. For instance, when F
atoms locate above the hollow sites between the neighboring C atoms, it
exhibits a narrow bandgap of 0.04 eV; When F atoms locate above
topmost C atoms, it is metallic [40,78]. DFT calculation has also shown
the metallic behavior of Ti3C2Sy monolayer [79]. In contrast, many other
O-terminated MXenes are also predicted to be semi-conducting: ScoCFy
has a indirect bandgap of 1.03 eV; ScaC(OH); has a direct band of 0.45
eV; Zr,CO; has a indirect bandgap of 0.88 eV and Hf»CO has an indirect
bandgap of 1 eV [74]. Experimentally, increased electronic conductivity
of MXenes has been observed after surface de-functionalization of -F and
= O groups. After vacuum annealing, 4, 6, >10, and 6 times increase in
the conductivity have been measured in the multi-layer MXenes samples,
including Ti3CyTy, TigCNTy, and Moy TiCoTy [38].

3.2. MXene in aqueous electrolyte

Various cations such as Li*, Na™, K", NHJ, Mg2+, AI®" can be inter-
calated electrochemically between MXene layers [80]; thus, MXenes are
promising candidate electrode materials for electrochemical capacitor
and mono- or multivalent ion batteries. Unlike EDLC that store charges
by the physical absorption of electrolyte ions onto the electrode surfaces,
MXene electrodes offer high volumetric capacitance at high charge and
discharge rates, which is from fast surface redox reactions (known as
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pseudocapacitance), high electronic conductivity and high density of the
electrode. A summary of the electrochemical performance of MXenes
synthesized from different etching and delamination conditions is shown
in Table 1.

Ti3CyTy is the most studied MXene so far for electrochemical capac-
itors. Intercalation of some cations happens spontaneously when MXene
samples are exposed to the electrolyte; further, in-situ XRD demonstrated
that the interlayer spacing changes during the cycling process of TizCoTx
inLi*, Na™, K", NH, Mg?*, or AI** containing electrolyte, indicating the
ion and H0 intercalation during the charge/discharge process [80]. In
addition, in situ X-ray absorption near edge structure spectroscopy
(XANES) further confirmed the continuous Ti oxidation state change
during cycling [96]. On the other side, Ti3CoT, shows low specific surface
area, thus electrostatic double-layer capacitance should be low; these
behaviors clearly indicate the pseudocapacitive nature of TigCyTy In
particular, it shows remarkable pseudocapacitance in acid media as
compared with electrolytes containing other ions. The typical charge
storage mechanism of Ti3CyT, in the acid media is given as [96].

(Ti3C20(OH),F)+ 8¢ +81; <Ti3C20,.5(OH)y F:

In-situ Raman reveals that the hydronium in the acid electrolyte is
involved in the bonding with oxygen termination on the surface of
Ti3CyTy, and this process changes the oxidation state of titanium [55].
Moreover, Dall’Agnese et al. demonstrated that the oxygen-containing
terminations could also replace fluorine functional groups by artifi-
cially designed intercalation of potassium salts [84]. Electrochemical
properties of the as-synthesized MXene flakes are not only influenced by
the surface terminations of MXene flakes, but also the flake size and
defects. Maleski et al. tested the electrochemical performance of TizCyTx
with different sizes ranging from 0.1 to 5 pm [97], MXene flakes with a
lateral dimension of 1 pm showed best gravimetric capacitance while
flakes with a lateral dimension of 0.35 pm showed the best capacitance
retention when scan rate increases. Smaller flakes are supposed to have
better accessibility with electrolyte, but they also show decreased elec-
tronic conductivity, optimized electrochemical properties for specific
applications may need a balance between that trade-off. As electrode
materials for electrochemical capacitors, Ti3CyTx MXene is found to un-
dergo irreversible oxidation in the aqueous electrolyte in the positive
potential window, mainly from the oxidation of Titanium atoms in the
defect sites [98]. However, the anodization process at certain degrees
does not oxidize MXene completely but instead stabilized the surface of
the flakes by introducing the oxidation debris (Fig. 4a—e). Raman spec-
trum shows strengthened peaks that are assigned to out-of-plane vibra-
tions of C atoms in TizgCy0, (631.4 and 725 cm’l), meaning

Table 1
Summary of electrochemical performance of various MXenes (All from three-electrode measurement).
Material Precursor Etchant Temperature Delamination Electrochemical test Performance
g9} (F/em®)  (F/g)

TizCoTy TizAIC, 9 M HCI+7.5 M LiF [81] 35 (24 h) sonication TizC,Ty/rGO film N/A 254 (2 mV/s)
50% HF [80] RT (18 h) DMSO TisCoTx paper 442 130 (2 mV/s)
6 M HCI + 5 M LiF [60] 40 (45 h) N/A Clay 900 245 (2 mV/s)
9 M HCI+49% HF [82] N/A (24 h) LiCl Ti3CoTyx/PAN-carbon fiber N/A 88 (10 mV/s)
50% HF [45] RT (18 h) DMSO TizC,Tx/PVA-KOH ~530 ~170 (2 mV/s)
9 M HCI+3.8 M LiF [83] 35 (24 h) sonication TizCoTx/rGO film 1040 335.4 (2 mV/s)
N/A [84] N/A DMSO TizCoTy film 520 325 (2 mV/s)
9 M HCI+1.9 M LiF [85] 35(24 h) sonication Ti3CeTyx/CNT yarn 1083 532 (2 mA/cmZ)
9 M HCI+3.8 M LiF [86] 35 (24 h) sonication TizCaTx/AC film 38 126 (10 mV/s)
9 M HCI+3.8 M LiF [87] 35 (24 h) Sonication TizCoTx/PPy film 1000 416 (5 mV/s)
12 M HCI+3 M LiF [88] 35 (48 h) Not required Ti3CeTyx/SCNT film 314 N/A
2.25 M NH4F [89] 150 (24 h) No (powder) Ti3C,Tx + Carbon black + PVDF 141 N/A
6 M HCI + LiF [90] 50 (48 h) No (powder) Ti3CoTyx/rGO + Carbon black + PVDF N/A 154.3 (2 A/g)

TipCTx Ti,AlC 10% HF [91] RT (10 h) No (powder) Ti,CTyx + Carbon black + PTFE N/A 51 (1 A/g)

Mo, 35C (Mos,35¢1,3)2AIC 48% HF [92] RT (10 h) TBAOH Moy 33C Paper 1100 339

Mo,CTx Mo,Ga,C 14 M HF [93] 55 (160 h) TBAOH Mo,CTy paper 700 200 (2 mV/s)

V,C V,AIC 28 M HF [94] RT (45 h) TBAOH clay N/A 487 (2 mV/s)

Nb,CTy Nb,AIC 50% HF [95] 55 (48 h) isopropylamine Nb,CT,/CNT film 325 165 (5 mV/s)

82



Q. Jiang et al.

Energy Storage Materials 27 (2020) 78-95

Fig. 4. SEM images showing MXene free-
standing film (a) before and (d) after anodic
scan; (b) and (c) show the corresponding high-
resolution cross-section images, (e) X-ray dif-
fractogram and (f) Raman spectra of Ti3CyTx
MXene film electrode before (black plot) and
after (red plot) anodization. Reprinted with
permission from Ref. [98]. Copyright 2018 Royal
Society of Chemistry. (g) Schematic showing the
oxidation process in the over oxidation scan of

Intensity (a.u.) ®
Intensity (a.u.) =

——

(h). (i) CV scan of Ti3C,T, before and after partial
oxidation. (j) Capacitance versus scan rates for
MXenes after different cycles of anodic scans.
Reprinted with permission from Ref. [99].
Copyright 2019 Wiley. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the Web version of this
article.)
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oxygen-containing functional groups are introduced after the anodic scan
(Fig. 4f). As we mentioned before, oxygen termination on the surface of
Ti3CyTx bond/deboned with hydronium ions during charging and dis-
charging in the acid media, thus improved pseudocapacitance may be
obtained by properly control the oxidation process. Indeed, Tang et al.
demonstrated that controlled anodic oxidation can also increase the
interlayer space of TizCyT, and creates pores in the 2D nanosheets
(Fig. 4g) [99]. The oxidation process (Fig. 4h) opens more active sites and
improve the ion diffusion in the electrode material, resulting in improved
capacitance (Fig. 4i) and rate performance (Fig. 4j) at high scan rates.

3.3. Non-aqueous electrolytes for MXene

Ti3CyT, MXene in the aqueous electrolyte has a limited potential
window (—1.1 to —0.1 V versus Hg/Hg>SOy4, on glassy carbon electrode)
[46]. In order to increase their energy density, an organic-based (po-
tential window of 2.5-2.7 V) and ionic-liquid- electrolytes (potential
window of 3.5-4 V) need to be developed to increase the operation po-
tential window of MXene electrodes, and the cell voltage of MSCs (E =
1/2CV?). Only several reports have been published on the electro-
chemical performance of MXene electrodes in non-aqueous electrolytes
[45,100-103], and an understanding of the interactions between MXene
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electrode and such electrolytes is lacking. In general, an ideal electrolyte
should have a wide potential window, high ionic conductivity, strong
chemical inertness to the electrode materials, excellent thermal stability,
and matching of the electrolyte ion sizes with the pore structure of the
electrode materials. To explore the possibility, Satoshi demonstrated that
the steric chloride termination in the Ti;CTy electrode could open the
interspace and increase the accessibility of Lit in ethylene
carbonate(EC)-diethyl carbonate electrolyte (DEC) [103]. As a result,
high volumetric (130 F/cm®) and gravimetric capacitance (300 F/g)
were achieved. Further, Wang et al. examined the electrochemical per-
formance of Ti3CoTx in a variety of Li' containing electrolytes such as
propylene carbonate (PC), acetonitrile (ACN), and dimethyl sulfoxides
(DMSO) [102]. Although ACN has the highest ionic conductivity, MXene
in PC showed the highest discharge gravimetric capacitance (195 F/g)
and coloumbic efficiency (96%) (Fig. 5a). The electrochemical imped-
ance spectroscopy (EIS) analysis also indicated that TizCyTy in PC shows
the minimum deviation from capacitive behavior in the low-frequency
region (Fig. 5b). The superior performance of Ti3CyTx in PC can be
explained by the desolvation process during the charging process, while
in the case of DMSO and ACN, Li" is pulling the solvent molecules into
the interspace of Ti3CyTy during charing (Fig. 5c).

ITonic liquids are another class of promising electrolytes because of
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Fig. 5. (a) CV curves and (b) EIS measurement of macroporous Ti3C,Ty electrode with 1 M LiTFSI in DMSO, ACN, and PC electrolytes. (c) Schematic showing the
charging process with different organic electrolytes. Reprinted with permission from Ref. [102]. Copyright 2019 Springer Nature. (d) Schematic illustration of the
pre-intercalation process of TizC;Ty with ionic electrolyte. (e) XRD patterns among the film prepared by different methods. (f) Schematic of the all-solid-state MXene
MSC with ionogel. (g) CV curves and (h) GCD profiles for the all-solid-state MXene MSC. Reprinted with permission from Ref. [105]. Copyright 2019 Royal Society

of Chemistry.

their wide operation potential window and high thermal and chemical
stability, as they are liquid salts composed of solely ions with melting
points below 100 °C. As-prepared TizC2Tx clay exhibits a low capacitance
of 32 F/g in 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide (EMI-TFSI) due to the restacking problem of the Ti3CyTx flakes, the
accessibility of EMI' can be improved by delamination and adding car-
bon nanotubes, and capacitance up to 85 F/g has been achieved [104].
Further, Lin et al. immersed the TigCyTx hydrogel in EMI-TFSI to prevent
the restacking problem, and the resulting ionogel film shows a capaci-
tance of 70 F/g in a large potential window of 3 V. To fabricate
high-voltage MXene based MSCs, Zheng et al. developed ionogel based
MXene MSCs with the ionic liquid pre-intercalated MXene film [105].
After immersing TigCyTx in the ionic liquid, an enlarged interlayer
spacing is observed as expected (Fig. 5d-e). This pre-intercalated TizCyTx
can be patterned into interdigital electrodes by shadow mask-assisted
vacuum filtration process. After applying EMIMBEF,/PVDF-HFP ionogel
electrolyte, an as-fabricated ionogel-based MXene device shows excellent
flexibility and high volumetric capacitance (133 F/Crn3). (Fig. 5f-h).

4. Fabrication methods for MXene Microsupercapacitor

So far, various techniques have been reported to realize MSC patterns
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in the submillimeter scale. For the planar type configuration, the chal-
lenges originate mainly from the following factors: 1) sufficient resolu-
tion of the patterns defined by patterning methods; 2) compatibility with
the conditions employed in the semiconductor industry (such as the
vacuum deposition procedures) to enable co-integration with other
electronic components; 3) depositing the active electrode materials
effectively onto the microsized current collector patterns without short-
ing the positive and negative electrodes.

In this section, different patterning techniques for MXene-based MSCs
are summarized (Fig. 6), including their advantages and limitations. In
general, these fabrication techniques can be categorized into two cate-
gories: 1. Direct patterning of MXene solid on the desired substrate by
techniques such as laser scribing or reactive ion etching. 2. Transferring
the MXene ink into different patterns by various printing techniques. We
summarize and evaluate the recent developments in these techniques as
well as the final performance of the devices next.

4.1. Photolithography

Photolithography is a cost-effective and straightforward micro-
fabrication method that defines and transfer high-resolution patterns
onto various substrates. It has been widely used for the fabrication of
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Fig. 6. Different Fabrication methods for interdigital MXene microsupercapacitors.

microelectromechanical systems (MEMS), complementary metal-oxide-
semiconductor (CMOS) devices, and integrated circuits. Via the expo-
sure of light through a photomask, the photosensitive photoresist can be
patterned to any shape as designed, making it useful for the fabrication of
MXene microsupercapacitors. For example, after an oxygen plasma
treatment on the surface of the gold current collector, Jiang et al. showed
that MXene dispersions could be easily sprayed onto the pre-defined
current collector and get firmly attached to the current collector
(Fig. 7a) [106]. The lift-off process in the photolithography process
usually involves bath sonication in an organic solvent such as acetone; it
was shown that the adhesion of MXene flakes and the gold current col-
lectors are firm that no peeling was observed after sonication (Fig. 7b—c).
As a result, the device showed an ultra-high scan rate capability up to
300 V/s (Fig. 7d) and a very short resistor-capacitor (RC) time constant of
1.1 ms (Fig. 7e). Photolithography has not been widely used in the
fabrication of MXene microsupercapacitors because limited electrode
materials can be deposited onto the current collector, resulting in
insufficient energy density. The areal capacitance of MXene micro-
supercapacitor can be improved by creating deep cavities of the inter-
digital geometry; for instance, Xu et al. built 300 pm SU-8 photoresist
between the pre-patterned interdigital Cr/Au current collectors [107],
the high-aspect-ratio structure of the photoresist can accommodate
higher mass loading of the active materials. After injecting the
Ti3CyTx/PE suspension and solidifying the electrode, the final device
showed a high areal capacitance of 276 mF cm 2 and capacitance
retention of 95% after 1000 cycles. The deep cavities take advantage of
the thick electrode materials, but since no 3D effect is highlighted [108],
poor rate performance was observed as the device with thick electrode
showed a high resistance of 40 Q and areal capacitance drops 25% when
scan rates increased from 20 mV/s to 100 mV/s.
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MXene can also be selectively deposited onto the pre-patterned cur-
rent collector by electrophoretic deposition. During the electrophoretic
deposition (EPD), charged particles in the suspension move toward the
electrode with opposite polarity and then coagulate on it. Xu et al. first
reported the electrophoretic deposition of MXene in acetone solvent
[109], the H' ions in the solution is claimed to be absorbed on the surface
of MXene flakes and help stabilize the colloid. Since MXene flakes with
absorbed H" have positive surface charges, they move towards the
cathode during the electrophoretic deposition, and a uniform
layer-by-layer deposition observed when Nickle foam was used as both
cathode and anode. Collini et al. further extended the electrophoretic
deposition of MXene in aqueous and other organic solvents [110].
Interestingly, in contrast to Xu’s paper, since delaminated MXene flakes
have a negative charge and form stable aqueous suspension itself, they
can directly be deposited on the anode FTO substrate even when a
moderate potential of 5 V was applied to the cathode and anode. Later on,
robust TizCyTx/CNT films were also prepared by a simple yet effective
EPD method [111]. Since electrophoretic deposition has been demon-
strated to be a robust method to deposit MXene on the substrate, it is
worth to explore this method for the fabrication of MXene micro-
supercapacitor as no literature has been reported for this direction. Qin
et al. reported another simple strategy to fabricate MXene micro-
supercapacitor, they fabricated MXene-polymer composite by electro-
polymerization of the MXene/monomer suspension and showed MXene
flakes could be self-assembled to positively charged conductive polymer
chains as counter ions dopant and form molecular-level contact [112]. As
a result, the composite of MXene and conducting polymers shows an
interconnected porous structure, and the prototype MSC showed an areal
capacitance of 47.4 mF cm ™2 and a high energy capability of 20.05 mWh
em 3,
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Fig. 7. (a) Schematic illustration of the fabrica-
tion process of MXene microsupercapacitors by
photolithography and spray coating. (b) Top-
view and (c) cross-sectional SEM images of
TizCoTx layer on gold, inset in (b) shows the
digital photos of the MXene microsupercapacitor
device. (d) CV curves of TisCyTy micro-
supercapacitor (thickness of 0.3 pm) measured at
different scan rates. (¢) C' and C" versus fre-
quency for TizCyTy  microsupercapacitor.
Reprinted with permission from Ref. [106].
Copyright 2019 Wiley. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the Web version of this
article.)

Gold wmmm Ti;C,T,

0.10

o
&
C"(mF/cm?)

0.00

< 09f

g 06

uE. 06} .

8 03 50-4

S o0} 'g

® £02

203} O

(4] ¢

T 06} 0.0

< . : . . S S
0.0 0.2 0.4 06 10" 10° 10" 10% 10° 10* 10°

Voltage (V) Frequency (Hz)

4.2. Laser engraving

The laser scribing technique is a cost-effective and straightforward
method to create customized patterns on various substrates in a single
step. It offers excellent flexibility in terms of materials that can be ablated
and the depth of the field. The difficulty of using a laser processing is to
find the correct wavelength, pulse energy, and scanning speed of the laser
to get a proper resolution. Laser technology has been widely used in the
fabrication of MSCs either by selective reduction of GO/polyimide [22]
or directly burns the active materials film to obtain desired patterns. In
2016, Peng et al. first employed laser scribing technique to make
solid-state All-MXene MSC [113], a layer of large-size Ti3CyTx was first
spray-coated onto the substrate as current collector followed by the top
layer of small-size Ti3CoTx, which were then patterned by a 10.6 pm CO2
laser. The CO, laser removes the MXene in the exposed region by
generating a high heat flux that vaporizes the material, but since the local
heat generated by the laser cannot dissipate rapidly enough through the
underlying glass, the edges the patterned the interdigital fingers are not
even and smooth (Fig. 8a). Similarly, Kurra et al. employed laser
machining to fabricated MXene-on-paper coplanar microsupercapacitors
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over a large area. It was shown that the laser could even pattern thick
MXene film up to 120 pm [114], and the versatility of this technique was
also shown with a similar process to pattern a thick free-standing MXene
film [115]. Stretchable and twistable solid-state MSC arrays were fabri-
cated from laser-machined specifically designed kirigami patterns.

To minimize the restacking problem of in the MXene film, three
dimensional(3D) electrodes were designed by building a rGO/MXene
aerogel [116], such thick and porous structure can only be patterned
through a laser cutting process, and the final MSC device presented good
areal capacitance of 34.6 mF cm ™2 and excellent cycling performance.
Although no substrate is used in these cases, the local high temperature
from the laser still cannot dissipate fast enough, and uneven structures
are observed at the edge of the electrode fingers. An improvement has
been made by Huang et al., they reported a laser machining process to
pattern the free-standing MXene film using a cold ultraviolet laser. The
advantage of this laser is that it can ablate materials without causing too
much surface heating because of its short pulse duration (Fig. 8b) [117].
No unwanted edge defects are observed since a cold laser is used, and
thus it is anticipated that less oxidation happens during the laser scribing
process, resulting in better performance of the final MSC device. After
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Laser

15Smm

Fig. 8. Schematic illustration for the fabrication of MXene MSC using different
laser scribing processes. Digital Photos show the final interdigital fingers of the
laser cut MXene by (a) CO. laser, Reprinted with permission from Ref. [113].
Copyright 2016 Royal Society of Chemistry; and (b) UV laser, Reprinted with
permission from Ref. [117]. Copyright 2018 Wiley.

applying gel electrolyte (PVA/H3S04), the free-standing MXene MSC
showed excellent mechanical flexibility as well as outstanding electro-
chemical performance (areal device capacitance up to 340 mF cm™2).
Although cold laser has a short pulse duration, the strength of laser power
is still strong enough to create microchannels in most materials. For
instance, Wang et al. first used a simple slurry-coating technique to coat
MXene on both sides of the Ni sheet (20 pm thick), then cold laser was
used to create the microchannels in the interdigital fingers. Benefiting
from the penetration depth of the laser, both sides of the current collector
could be effectively utilized, which is an innovative strategy to increase

&

»
w7

£
~ EEEY

Printing positive electrode

&
PLEC

Printing symmetric devices

S~

| Ru0xH,0@MXene-AgNW ink

e =
MHDs g ]

I BB

Printing negative electrode

& &2

Au @SS Co-Al-LDH GEEEEES MXene

Energy Storage Materials 27 (2020) 78-95

the areal energy density of the MSC device in a given footprint area.

4.3. Screen printing

Screen printing is a traditional technique that can create electrodes
for mass production in a stable and reproducible manner. An ink-
blocking stencil is supported by woven meshed and placed in a few
millimeters above the target substrate, after loading the ink on the screen
mesh, a squeegee is swept across the woven meshes and forces inks to
penetrate through the open areas to the surface of the substrates. After
drying, the inks can solidify and form the desired patterns. The resolution
of the screen-printed designs relies on the resolution of the stencil as well
as the rheological properties of the inks. The commercial state-of-art
stencil can reach a minimum resolution of 5 pm [118], which is suffi-
cient for the fabrication of microsupercapacitors as most reported MSC
devices to have a feature size larger than 100 pm. Inks for screen printing
usually should have high viscosity and moderate shear thinning
behavior, which can be achieved by increasing the concentration of the
active materials or adding some inactive additives [119]. Li et al.
developed thixotropic composite ink made of hydrous ruthenium oxide
[120], MXene nanosheets, and conductive silver nanowires for screen
printing (Fig. 9a). By evaluating elastic modulus G’ (meaning the amount
of energy stored in the material under shear) and the loss modulus G”’
(meaning the energy density lost under shear, mainly due to the friction
and particle movement inside) as a function of oscillation strain, they
found that both pure MXene ink and composite ink (MXene +
RuOs-+silver nanowires (AgNWs)) exhibit solid-like behavior below their
yield stress (beneficial for solidification on the substrate), but when shear
stress is applied above the yield point, they both show liquid-like
behavior, meaning a fluent flow of the ink through the stencil during
the screen printing process. All printed patterns show high resolution and
smooth edges from both optical and SEM images (Fig. 9b). It was also
demonstrated that AgNWs are uniformly distributed in the composite
and can effectively i) prevent the restacking problem of the MXene
nanosheets; ii) increase the mechanical stability and conductivity of the
composite. Similarly, Xu et al. fabricated a flexible asymmetric
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Fig. 9. (a) Schematic showing the screen printing process of MSC from RuO,-xH,O@MXene-AgNW ink. (b) Optical and SEM images of the printed MSCs. Reprinted
with permission from Ref. [120], Copyright 2019 Wiley. (c) Asymmetrical MXene MSCs fabricate by the modified screen-printing process. (d) CV curves of asymmetric
MXene MSCs with different electrolytes and symmetric device with PVA-KOH gel electrolyte at a scan rate of 30 mV/s. (e) Ragone plot comparing the performance of
the asymmetric MXene MSC with other reported literature. Reprinted with permission from Ref. [121], Copyright 2018 Elsevier.
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microscale hybrid device (MHD) by a two-step selective screen-printing
process (Fig. 9¢) [121], Co-Al-layered double hydroxides (Co-Al-LDH)
electrodes was chosen as the positive electrode to match with the charge
of TizCyTx in the negative side. Compared with symmetric MXene MSC,
the asymmetric device offers wider voltage window as well as areal
capacitance (Fig. 9d). As a result, the screen-printed asymmetric MSC
exhibits a high energy density of 10.80 pWh cm~2 in 6 M KOH aqueous
electrolyte, which is much higher than symmetric MXene MSC (1.25 pWh
cm™2) fabricated in the same protocol (Fig. 9e). The asymmetric device
also remained 92% of its original capacitance after 10 k cycles long term
stability test in a current density of 1.25 mA cm ™2,

4.4. Inkjet printing

Inkjet printing is another technology that was used to directly define
the interdigital geometry out of functional MXene inks. Although the
roots of this technology dates back to Lord William Kelvin in the nine-
teenth century, for his invention of siphon recorder that operated by
applying electrostatic force to control direction of the droplets to paper
[122], inkjet printing did not gain significant attention until significant
advance has been made to the computer-controlled drop-on-demand
graphic output and the further developments in the fields of nano-
materials and nanotechnology to reduce the cost and improve the pre-
cision of the printing process. Nowadays, inkjet printing is widely used in
a wide range of applications such as thin-film transistors [123], solar cells
[124], light-emitting devices [125], sensors [126] and pharmaceutical
applications [127]. Inkjet printing can provide excellent precision of the
printed materials on various substrates, and the printing speed is faster
than screen printing, during the printing process, a small volume of inks
is positioned onto the substrate before being transformed into a solid.
Since the volume of inks is limited during each printing cycle, functional
materials may need to be print layer by layer to meet the desired thick-
ness. The versatility of the technique reflects the simplicity in the oper-
ation procedures. At the same time, to generate excellent and fluent
droplets and produce precise patterns, there are also several physical
operations that constrain inkjet printing. We first address the importance
of these physical constraints and then provide a guideline for tuning the
MXene ink properties for inkjet printing.

Three main constants, Reynolds (Re), Weber (We) and Ohnesorge
(Oh), defines the primary behavior of the liquids:

Re="P¢ 12)
n
2
We =2P4 (13)
Y
VW
on="Y"¢ (14)
Re

Where p is the density (kg/m3), 1, and y is the dynamic viscosity (N~s/m2)
and surface tension (N/m) of the liquid. v is the velocity (m/s), and a is
the nozzle diameter (m). The inverse Ohnesorge number Z is commonly
used to predict a proper drop formation, which is defined as Z = 1/0h.
Numerical simulation has shown that the rheology of the ink should be in
the following range, 1 < Z < 10, to generate stable droplets [128]. When
Z is low, ink is too viscous to be ejected, while the high value of Z means
lots of satellite drops accompany the primary droplet. In order to over-
come the energy barriers from the fluid/air surface tension at the nozzle,
Weber’s number should have a minimum value of 4. After the drop ejects,
there is a threshold that considered to cause splashing of the droplet, an
experimental threshold to avoid splashing is given by Ref. [129]:

WeRe* > f(R)

Where f(R) is highly depended on the roughness and surface energy of
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the substrate, for smooth surface f(R) ~50, to meet all these requirements
for successful inkjet printing, proper solvent and concentration of the
active materials should be evaluated, while the diameter of the nozzle
diameter is usually fixed by the manufacturer of the cartridges.

MXene with different thickness was reported to present different
rheological characteristics when dispersed in water. Akuzum et al. sys-
tematically studied the rheological properties of single- and multi-layer
Ti3CyTx dispersions [130]. It was found that multilayer MXene suspen-
sion can exhibit flowability even at a very high concentration of 70 wt%,
making them suitable for fabrication techniques such as ink-jet printing
or extrusion printing. In contrast, single-layer MXene dispersion shows
elasticity even at a low concentration of 0.2 mg/mL, meaning even dilute
concentration can be used for spray coating or spin coating. Ordinary
materials are usually mixed with surfactants or stabilizers to form stable
ink for inkjet printing, but due to the negatively charged surface, MXene
can form stable inks without adding any other chemicals. Water is the
most commonly used solvent in the etching process of MAX phase [58],
however, due to the abundance of hydrogen bonding, water has a high
surface tension of ~72.7 mN m™, which is higher than most of the
substrates such as polyethylene terephthalate (PET, ~48 mN m 1), glass
(~36 mN m’l). Methanol has low surface tension and low boiling points,
but MXene is weakly dispersed in the solvent due to their low polarity,
thus poor droplet formation due to the low Z. To solve the issue, Zhang
et al. first reported the full inkjet printed MSC by using an AlOy-coated
PET substrate (~66 mN m~1) [131]. Different solvents such as ethanol,
DMF, NMP, and DMSO were explored for fine printing. Both high (MXene
in NMP, 12.5 mg/ml, Z~2.2) and low concentration (MXene in ethanol,
0.7 mg/ml, Z~2.6) inks show excellent printing resolution and no “coffee
ring” have been observed (Fig. 10a). Interestingly, the adhesion of
MXene and substrate is so strong that nothing peels off after a scotch tape
peeling test (Fig. 10b). The inkjet-printed lines show low resistance, and
resistance shows excellent linearity with printed cycles (Fig. 10c and d).
The printed MSC device exhibits a high volumetric capacitance of 562
F/cm 3 and a high energy density of 0.32 pWh cm 2, which is claimed to
be the highest value for all other printed MSCs (Fig. 10e).
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Fig. 10. (a) Optical images of the inkjet-printed MXene MSC in good repro-
ducibility. (b) Optical Image showing peeling test from the scotch tape test.
Sheet resistance (c¢) and IV curve (d) of lines with different cycles. (e) The
volumetric capacitance of the inkjet-printed MSC as compared with other re-
ported system. Reprinted with permission from Ref. [131], Copyright 2019
Springer Nature.
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4.5. Other fabrication methods

In addition to the fabrication techniques discussed above, there are
also several alternative printing techniques that have been explored for
the fabrication of MXene MSCs, and a summary of MXene MSCs fabri-
cated by various methods is shown in Table 2. The easiest way is the
direct writing of the patterns. For example, Quain et al. developed MXene
inks that can be loaded in a rollerball pen for the direct writing of
microsupercapacitors or conductive tracks [132]. The writing resolution
and thickness of the line can be automated by a computer-controlled
robotic arm, a minimum line width of 300 pm has been demonstrated.
This direct writing technique can be applied to fabricate MXene MSC in a
single step without the need of metal current collector, the MXene pen
can be used to write devices on unconventional substrates such as wood,
paper, and even a curved cup, and it shows a typical areal capacitance of
5 mF cm™2. A similar concept has been adopted in the extrusion printing
of MXene inks [131]. Extrusion printing is a low-cost printing option for a
wide of scenarios, it benefits from its high-resolution printing with
arbitrary computer-designed shapes and simplicity of printing. The
viscous nature of MXene ink enables the fine extrusion printing of MSCs
on a variety of substrates such as porous paper and aluminum foil. The
printed MXene sheets are strongly adhered onto the substrates without
any binders, which benefits from the hydrogen bonding between the
layer of sheets. Due to the metallic nature of MXene, the printed lines
show a small resistance of 10 Q sq~ ! after only 5 times of continuous

Table 2
Summary of MXene-based microsupercapacitor performance.
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printing. As a result, the extrusion-printed MSC device shows excellent
mechanical property and reaches a high energy density of 0.32 pWh
cm ™2 at a power density of 11.4 yW cm 2, and it can be further optimized
by tuning the line spacings and width. First developed by Zhang et al.
[133], stamping is another method for large-scale production of MSCs, it
can transfer the materials from the surface of a pre-designed stamp to
different substrates such as paper, PET or glass. The stamps can be easily
fabricated by 3D-printing, and it can be repeatedly used in the large-scale
production line. The final TigCyTyx MSC device exhibits an areal capaci-
tance of 61 mF cm ™2 at 25 pA cm ™2 and retains >80% of its capacitance
at 800 pA cm ™2, This method can even be extended to roll-to-roll printing
when proper cylinder stamps are designed.

Automated scalpel patterning is another straightforward method to
fabricate the in-plane device, and it is swift, cost-effective, and envi-
ronmentally friendly. The resolution limitation of this technique relies on
the sharpness of the tip and sensitivity of the piezoelectric motor. Salles
et al. used the direct engraving technique to pattern solution-processed
thin-film MXene MSC [139], MXene thin film was coated on a
plasma-treated glass substrate by dip-coating method, the uniformity,
and thickness of the film can be controlled by immersion time and pulling
rate of the coating process. By using a dull scalpel, they have successfully
shown patterns with a resolution of 0.1-0.2 mm. As compared with laser
cutting or photolithography, this technique offers direct non-destructive
patterning of the solution-processed materials. Li et al. followed this
method and reported MZXene-conducting polymer electrochromic

Preparation Method Material Geometry Parameter Electrolyte Ca (mF cm™?) Cy (F Ea (WWh P (mW cm2)
(pm) cm’3) cm’z)
w S T
Spray coating + laser cutting [113] “L-s-Ti3CoTy" 600 110 1.3 PVA/H,S04 27.3 (20 mV/s) 356.8 2.34-1.43 0.09-1.95
Vacuum filtration + Laser cutting Ti3CoTy 1112 345 4.7 PVA/H5SO4 71.16 (0.5 mA 151.4 3.52-2.51 0.33-7.99
[134] em ?)
Spray coating + shadow mask [135] TizCoTy 1000 1000 1 PVA/H,S0,4 3.26 (5 mV/s) 33 0.34-0.14 0.02-0.16
Stamping [133] TizgCoTy 415 550 0.69  PVA/H,SO4 61 (25 pA cm™?) 884 0.76-0.66 0.01-0.33
Spray coating + Laser cutting [136] TizCoTy 1000 1000 4 PVA/H3PO4 23 (0.1 mA cm™2) 57.5 1.12-0.92 0.09-0.30
Vacuum filtration + Laser printing TizCoTy 745 305 2.2 PVA/H,SO4 27.29 (0.25 mA 124 1.34-1.21 1.87-3.51
[137] cm™?)
Meyer rod coating + Laser cutting TizCoTy 750 450 125 1 M H,SO4 25 (20 mV/s) 2 0.77-0.22 7.6-44.6
[114]
Vacuum filtration + Oxidative TizCaTy 200 200 0.52  PVA/H3S04 0.07 (0.288 A 1.44 0.01 N/A
etching [138] cm ™)
Vacuum filtration + Laser cutting TizCoTy N/A N/A 11 PVA/H3S04 340 (0.25 mA 183 13.64-6.16 0.24-4.79
[117] cm™?)
Dip coating + Automated scalpel TizCaoTy 100 200 0.15  PVA/H3PO4 ~0.43 (20 mV/s) 18.9 0.01-0.003 0.001-0.01
[139]
Screen printing [120] TizCoTy@RuO2 200 100 0.27  PVA/KOH 23.3 (1 mV/s) 864.2 0.36-0.22 0.03-1.31
MEMS technique + Ink injection TizCoTx 300 60 300 PVA/H3PO4 276 (20 mV/s) 9.2 28-12 1-8
[107]
Extrusion printing [131] TizCoTy 438 89 N/A PVA/H,SO4 43 (5 pA cm’z) N/A 0.32-0.11 0.11-1.58
Inkjet printing [131] TizCaoTy 80 50 0.21  PVA/H,SO4 12 (4 pA cm™?) 562 N/A N/A
Direct writing [132] Ti3CoTy N/A N/A N/A PVA/H,S04 5 (100 mV/s) N/A N/A N/A
Scratch method [140] TizCoTy 700 100 8 PVA/H3PO4 25.5 (5 mV/s) 32.2 1.84-1.04 1.28-1.61
Freeze drying + Laser cutting [116] TizCoT,@GO N/A N/A N/A PVA/H,S04 34.6 (1 mV/s) N/A 2.18-1.33 0.06-0.18
aerogel
Vacuum filtration with mask [105] Ti3CoTX@EG 1000 500 3.2 EMIMBE, 43.7 (0.2 mA 35 14 4.5
cm’z)
Vacuum filtration + Laser cutting Ti3CoTy@BC 1570 295 13.3 PVA/H,S04 115.2 (0.75 mA 86.6 5.54 N/A
[115] cm )
Spray coating + Scratch [141] Ti3CoTy@PEDOT N/A N/A 0.1 PVA/H,SO4 2.4 (10 mV/s) 240 0.087-0.05 0.0055-0.045
Laser cutting [142] TigCoTy 1500 300 90 PVA/LICl 52 (2 mA cm?) 5.78 2.62 1.26
Laser cutting [142] Zn//TizCoTy 1500 300 N/A PVA/ 66.5 (1 mA crnfz) N/A N/A N/A
Zn(CF3S03),
Spray coating + Laser cut mask [143] TizCaTy/ /TGO 900 400 0.3 PVA/H,SO4 2.4 (2mV/s) 80 0.26-0.015 0.06-0.33
Photolithography + Mo1.33C//MnO4y N/A N/A 1.1 PVA/LiCl 69.95 (0.5 mA 636.9 N/A N/A
Electrodeposition [112] cm )
Screen printing [121] Ti3C.T,//CoAlLDH 1000 1000 N/A 6 M KOH 40 (0.75 mA N/A 10.8-8.43 0.34-1.09
cm?)

GO: Graphene Oxide; PVA: Poly(vinyl acetate) EG: Electrochemically Exfoliated Graphene. LDH: Layered Double Hydroxide; BC: bacterial Cellulose; W, S, T: Width,

Spacing, Thickness.
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microsupercapacitors by automated scalpel technique [141]. The
scratching strategy can also be applied to thick electrodes, and Li et al.
reported direct scratching process to fabricate interdigital electrodes
from MXene/Electrochemically exfoliated graphene (EG) [140]. The
thickness of free-standing films ranges from 3.5 pm to 8 pm, after
scratching, interdigital patterns with a width of ~700 pm and an inter-
space of ~100 pm can be obtained. They have shown that even a smaller
interspace of 15 pm can be achieved by changing the diameter of the
scratching needle.

Mask-assisted deposition technique has proven to be another effective
way to convert MXene inks into interdigital patterns. For instance, Hu
et al. fabricated all-solid-state MXene MSC by combining the vacuum
filtration method with laser-printed electrode templates [137]. The
electrode template mask can be efficiently designed and printed by an
ordinary office laser printer. After MXene suspension has been deposited
by vacuum-assisted deposition, interdigital patterns can be formed after a
lift-off process in tetrahydrofuran. As a result, the final symmetric MXene
MSC shows a maximum areal capacitance of 27.29 mF cm 2. Zheng et al.
further demonstrated that the vacuum filtrated MXene could be trans-
ferred onto flexible polyethylene terephthalate (PET) substrate [105]. A
thin bottom layer of EG is proved to be critical for the successful transfer
of the MXene layer without short circuits. The final device shows
excellent flexibility and sustains superior performance under different
deformation conditions such as bending and twisting. This method is
simple and versatile for the fabrication of flexible MSCs, and it is
compatible with a range of other 2D materials [144,145].

As another new family of MSCs, fiber shaped MSCs with unique 1D
fibers as electrodes have attracted significant interest since 2011 and
have shown great application potential in miniaturized electronics and
wearable electronics. The fabrication of fiber electrodes is constrained by
the geometrical and mechanical flexibility requirement of the fibers.
MXene-based fiber shaped MSCs have been obtained by the following
methods: 1) mild baking method, 2) electrospinning method, 3) wet-
spinning method, 4) drop-casting method. The mild baking method is
utilized to deposit MXene on the fibers by the removal of the solvent. For
example, Hu et al. employed TizCyTy MXene to fabricate all-solid-state
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flexible fiber-based MSCs [146], in which two TizCoTx@silver-plated
nylon fiber electrodes were embedded in parallel into a PVA-H2SO4
hydrogel (Fig. 11a). The as-prepared Ti3CyTy suspension was loaded
dropwise on the functionalized silver-plated nylon fibers that were
placed on a hot plate. With the removal of water upon mild baking,
Ti3CyTx was left behind on the fibers as the active material (Fig. 11b). The
fabricated device exhibited a high areal capacitance of 328 mF cm™2 with
excellent cyclability, flexibility, electrochemical stability and mechanical
stability (Fig. 11c-f). Through a similar method, MXene can also be
deposited on carbonized silk with good capacitance retention in a
bending state of 120° [147].

Ti3CyTx can also be sprayed onto polyester (PET) fibers by electro-
spinning method. TigCyTx can be uniformly self-wounded on PET yarn
[148]; the final device shows high capacity retention under different
bending conditions. Yang et al. reported a wet-spinning assembly strat-
egy for the continuous fabrication of MXene/rGO fibers through a syn-
ergistic effect between graphene oxides liquid crystals and MXene sheets
[149]. The synergistic contribution of rGO and MXene (10% in weight)
results in a tensile strength of ~145 MPa, while MXene/rGO with 90%
MXene content has a tensile strength of only 12.9 MPa. Excellent overall
fiber electrical conductivity and superior volumetric capacitance of the
integrated supercapacitor were achieved. The drop-casting method is
employed to deposit MXene on a base with excellent flexibility.
Ti3CyTyx/PEDOT-PSS coated carbon fibers (CF) display robust perfor-
mance under various mechanical deformations [150].

In addition, different from conventional core (conductive fiber)-shell
(active nanomaterials) fibrous structure [151], Ti3CoTyx/CNTs film has
been rolled into a fiber with helical structure by hosting Ti3C2Tx nano-
sheets in the corridor of a scrolled carbon nanotube scaffold, which is
assembled into a special supercapacitor (Fig. 12a and b), and the capacity
retention is 99% without bending, and 98% under bending after 1500
cycles (Fig. 12¢ and d).

5. Conclusion and perspective

Microsupercapacitors are a promising energy storage solution for

bending
45°

initial bending  twisting  knotting

bending
30°

Testing conditions

Fig. 11. (a) Schematic of the assembled all-solid-state fiber-based supercapacitor device. (b) SEM cross-sectional image of well fabricated Ti3C,Ty films coating the
entire fibers. (c) Planar structures and (d) textile fabric obtained by twisting or knitting fibers. (e) Capacitance retention test of the fiber-based SC device. Inset shows
galvanostatic cycling data. (f) Normalized capacitance (C/Co, where Cy is the initial capacitance) of the all-solid-state fiber-based supercapacitor under various
deformation modes at a scan rate of 20 mV/s. Reproduced with permission [146]. Copyright 2017, Wiley-VCH.
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Fig. 12. (a) Schematic illustration of the preparation of host (CNTs)-guest (MXenes) hybrid fiber with a helical structure. (b) Schematic illustration showing the
structure of fiber-based supercapacitor. (c) Cycling stability and d) mechanical flexibility of the supercapacitor made of MXene/CNT fiber with 90 wt% of MXene
nanosheets. The inset in (d) shows the photograph of a fiber-shaped supercapacitor in bending state. Reproduced with permission [151]. Copyright 2018, Wiley-VCH.

miniaturized electronics and wireless sensor networks. However, for
practical use, achieving high energy and power densities in a given
footprint area is still challenging. MXenes show promising advantages
over other electrode materials used in MSC devices due to their high
conductivity, high volumetric capacitance, ease of processing and
excellent mechanical flexibility. Numerous fabrication techniques have
been explored and significant progress has been made in the fabrication
of MXene MSCs; however, it should also be noted that the development of
MXene MSCs is still only in its infancy and more insights into the material
development and device optimization need to be considered.

Currently, significant efforts have been focused on the improvement
of the areal energy and power densities of MSCs, while the self-discharge
characteristics of MSC are neglected. The self-discharge phenomenon
causes a rapid voltage drop, and MSCs lose their charges quickly in open
circuit. Unlike energy storage in regenerative braking or other applica-
tions where self-discharge is not a significant issue, MSC is designed to be
integrated with small electronics. Thus, they should have the ability to
store charges in the long-term. We are the first group to report the self-
discharge rate of MXene MSC and demonstrated its practical applica-
tion [136]. Other literature has recently been published to suppress the
self-discharge of supercapacitor, and similar methods are worth to be
tried to the MXene MSCs [152,153]. Charge re-distribution models have
been established to explain the self-discharge phenomenon for EDLCs
[154-1571, but how these models fit pseudocapacitors such as MXenes
are not clear at present.

Solid-state or quasi-solid-state electrolytes have attracted consider-
able attention in MSC applications due to their simplicity of encapsula-
tion and free of electrolyte leakage. Gel polymer electrolyte is the most
extensively used electrolyte in MXene MSCs, and it consists of a polymer
host (usually PVA) and an aqueous electrolyte (usually HySO4), polymers
matrix swells by the solvent and ions can transport in the electrolyte.
However, the hydrogels with aqueous electrolytes have a small voltage
window, which is limited by electrolyte decomposition, including the
hydrogen and the oxygen evolution reactions. To expand the working
potential windows, different organic solvents such as polycarbonate (PC)
[158], ethylene carbonate (EC), dimethylformamide (DMF) [159] and
acetonitrile [160] can also be examined as plasticizers, and cell voltage
can be increased to 2.5-3 V. The selection of salt, host polymer, solvent,
and the proper ratio among them are critical to achieving high electro-
chemical performance. Apart from this, ionogel is another type of
quasi-solid electrolyte where ionic liquids are incorporated into the
appropriate polymer matrix under a polycondensation process
[161-163], their excellent thermal stability enables wider operational
temperatures of the microdevices. While symmetric MXene-based MSC is
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often limited by the low voltage of operation (0.6 V) due to oxidation of
positive MXene electrodes at anodic potentials. So, efforts need to be put
forward in designing asymmetric MXene devices with enlarged voltage
windows. Similarly, in non-aqueous electrolytes, MXene based asym-
metric devices need to be developed for high voltage window of opera-
tion above 3 V with excellent cycling stability [164]. Besides, there is a
lot of room for exploring a variety of cations including Na*t, zn?*, AI>*
hybrid metal capacitors as MXene galleries spontaneously intercalate
cations while positive electrodes such as carbons, metal oxides, and
conductive polymers can be paired with.

Areal energy density is mainly relying on the areal mass loading of the
active material. However, similar to other 2D materials, converting
MXene flakes into thick films results in the restacking of the flakes and
decrease the accessible active sites to the electrolyte ions. To solve the
restacking problem, different spacers such as CNT [165], polyvinyl
alcohol [45], Polyaniline [166], Polypyrrole [167] or nanostructure
metal oxides [168] have been introduced between MXene layers. The
agglomeration of the MXene layers could be improved by the electro-
active spacers, resulting in a more accessible surface area of the electrode
material. Thus, the technological operation needs to be further developed
to be compatible with those composite materials, which sometimes are in
the form of powders instead of inks. The restacking problem could be also
alleviated by designing 3D current collectors with porous architectures.
The porous 3D structures not only create paths for electrolyte penetration
but also facilitate the transport of electrons because they act as 3D cur-
rent collectors, ensuring simultaneous low electrical resistance and high
capacitance. Besides, the vertical-aligned MXene electrode was achieved
and showed excellent thickness-independent performance up to 200 pm
[169]. Transferring the vertically aligned MXene film to MSC patterns is
an attractive solution for high-energy-density MSC.

MXene family has expanded rapidly since its first discovery in 2011.
Although more than 20 different MXenes have been experimentally
synthesized, only Ti3CoTy has been extensively explored as electrodes for
MSCs. There is an excellent potential to search for new MXenes with
different functionalities to develop advanced MSCs. For example, TioC
should theoretically exhibit higher gravimetric capacitance than Ti3Cy
because more Ti atom layers are exposed to the electrolyte. Mo, 33C with
ordered metal divacancies shows a volumetric of 1100 F/cm® and high
conductivity of ~29000 S/m [92]. Vanadium carbide MXene shows a
gravimetric capacitance of 487 F/g in the acid electrolytes [94]. Further
optimization of these materials may be combined with computational
studies to discover new promising directions. MXene quantum dots
(MQDs) are another promising class of MXene-based materials due to
their novel physical and chemical properties. MQDs are widely used in
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optical, photocatalytic, biomedical, and cellular imaging areas
[170-172]. Compared with 2D MXene sheets, MQDs own special prop-
erties including ultrasmall size, chemical stability, exceptional electrical
conductivity, and abundance of edge defects, those unique properties
may open the door to their applications in MSCs.
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