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ABSTRACT

The great popularity of portable, smart electronics has intensively stimulated the development of energy storage devices and
other cutting-edge products, such as displays and touch panels. Interactive devices such as smart phone, tablets, and other
touchable devices require mechanical robust transparent conductive electrodes (TCEs). Developing transparent supercapacitor
as the power source is of significance to the next generation transparent electronics. Recently, graphene and MXene, the two
representatives in the large two-dimensional family, have shown excellent electronic conductivity and attracted great research
attention in the energy storage field. Importantly, high-performance TCEs are the prerequisite of building transparent
supercapacitors. This review provides a comprehensive analysis of graphene and MXene-based flexible TCEs covering detailed
thin film fabrication methods, evaluation metrics, performance limitations as well as approaches to beat these limitations. We
especially focus on the fundamentals in the TCEs, such as figure of merit, percolations as well as conductivity behaviours.
Graphene and MXene-based transparent supercapacitors are analysed, with a particular focus on transparent, freestanding
graphene papers. Finally, the challenges and prospects of MXene for TCEs and transparent supercapacitors, in conjunction with

a critical analysis of MXene shortcomings, are discussed.

1. Introduction

In the past decade, the proliferation of smart optoelectronic devices, such
as touch panels, liquid crystal displays (LCDs), photovoltaics, smart windows,
and organic light-emitting diodes (OLEDs), etc., has greatly coloured our life
[1]. Transparent conductive electrodes (TCEs), with a combination of high
transparency and electrical conductivity, are critical components in these
optoelectronic devices, as shown in Fig. 1 [1-4]. The global market for TCEs
was $4.8 billion in 2013, and soared to nearly $7.1 billion in 2018. Currently,
the majority of TCEs is consumed by the LCD and touch panel industry [5,6].

The dominant materials used today for TCEs are transparent conductive
oxides (TCOs) [7]. Among which tin-doped indium oxide (ITO) is the most
successful material in the commercial market and well-studied one in the
research labs [8]. Attributed to its extremely good optoelectronic properties,
such as low sheet resistance (Rs, 10— 100 Q/sq) at high transmittance (T > 85%),
ITO-based TCEs have occupied a $5.1 billion market in 2017 with an expected
growth rate of 20%. Despite that, its intrinsic drawbacks cannot be ignored: (1)
The scarcity of indium leads to high cost of ITO production. (2) ITO-based
TCEs are quite fragile, limiting their further applications in the flexible

electronics. The susceptible to crack or fracture nature will deteriorate the ITO-
based TCEs performance, such as linearity and sensing accuracy when used as
an interfacing device [9]. Although by transferring (or sputtering) 1TO films
from glass to a flexible polyethylene terephthalate (PET) substrate, and/or
optimizing the indium and tin ratio will improve the mechanical properties of
these TCEs, additional production cost is unavoidable. (3) Manufacturing ITO
needs hightemperature treatment, which complexes the production and
consumes significant energy. (4) The instability of ITO films in acid or base
media limits their application, such as in organic solar cells [10]. Another
widespread type of TCO, fluorine-doped tin oxide (FTO), also suffers from
similar drawbacks as ITO.

These main drawbacks of ITO and FTO have greatly stimulated the quest
of alternatives with better mechanical properties, comparable optoelectronic
properties and most importantly, at lower costs [6,11—-13]. Of particular interest
are paid on conducting polymers, such as poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS), polypyrrole, and polythiophene, etc. [14]. After a simple
chemical doping, these conducting polymer-based TCEs showcase
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Fig. 1. Applications of transparent conductive electrodes. Also included are the current challenges of ITO and expected features in the ITO substitutes. Images are from the internet.

excellent dc conductivity [15]. However, the biggest concern for the polymer-
based TCEs is the films’ instability upon exposure to humidity, UV light or
high-temperature conditions [6]. Metallic nanostructures, including silver
nanowires [16], nanoparticles [17], metal grids and metallic mesh [12,18], are
all excellent candidates for the TCEs with improved flexibility. However, the
large diameter of these metal nanowires scatters light and leads to the haze
effect, which is undesirable for the display industry [1]. In addition, the aging
stability of metallic nanostructures is another big concern [12]. Carbon
nanotubes (CNTSs) possesses excellent dc conductivity, chemical stability, high
aspect ratio as well as ease of solution processing, thus have been received
substantial research interests in the TCEs field. However, in the TCEs
fabrication, small CNT bundles as well as well-dispersed solution are usually
required, which sharply increase the production cost [6].

On top of the abovementioned applications such as in touch panels and
displays etc., incorporating TCEs into energy harvesting/storage devices,
namely, Li-ion batteries [19,20] and supercapacitors [21,22], is a crucial
technology for the next generation of portable, wearable, smart electronics
[4,23-25]. Transparent flexible energy storage systems typically require the
material of choice that can simultaneously act as current collectors to transport
electrons and active material to store charge. In other words, the perspective
material of interest should possess high conductivity, excellent optoelectronic
properties and charge-storage capability.

As the most famous member in the two-dimensional (2D) family, graphene
has been intensively researched in many areas such as catalysis [26], water
purification [26], energy storage [27-32], sensing [24,33,34], etc. In particular,
due to its extremely high electron mobility and excellent optoelectronic
response (Rs ~ 60 Q/sq at T ~ 97.7% for single-layer graphene [1,2,34]),
graphene has been regarded as an ideal alternative to replace ITO and FTO.
Similar to CNTs-derived TCEs [6,35-40], graphene-based TCEs are flexible
and chemically stable, with their optoelectronic properties largely determined
by the thin film fabrication methods [25,35,41-43]. As the energy storage
materials, graphene-based supercapacitor also demonstrate very high
volumetric energy density and power density [44,45]. Importantly, graphene-

based transparent supercapacitors are reported with longterm cycling, high rate-
response as well as high capacitance [46-49].

As the rising star in the 2D family, transition metal carbide and nitrides,
known as MXenes, have emerged and rapidly drawn intensive research
attention [50,51]. Being the most widely investigated MXene type, titanium
carbide (Ti3C,Ty, Txstands for various surface functionalities such as -OH, —
O, and/or —F, and n = 1, 2, or 3 [52-55]) exhibits a metallic conductivity and
excellent capacitive charge storage behaviour [56-58]. Compared to other
TCOs, metallic mesh and carbon nanomaterials, TisC,Tx MXene nanosheets
have a series of advantages including high flexibility, ease of dispersing in
water and high volumetric capacitance, rendering its bright future in the
production of both high-performance TCEs and transparent, flexible
supercapacitors [59-68].

The past decade has witnessed the “gold rush” of 2D materials with
graphene and MXene as two typical representatives. Various methods in the
materials synthesis, thin films fabrication and applications, have been
developed extensively on both graphene and MXenes [56,57,69—- 78]. The
number of publications on TCEs and transparent supercapacitors based on
graphene and MXene is also increasing [48,49,70,79-82]. For example, Xu and
Liu discussed the fabrication strategies in producing graphene TCEs as well as
their applications [2]. Hu et al. summarized the emerging TCEs based on CNTSs,
graphene and metallic nanostructures in the perspectives of both materials
synthesis and their optoelectronic properties [1]. This indicates that there is
certainly an increasing interest in the TCE field. Quite unexpectedly, neither
reviews on graphene-based transparent supercapacitors, nor summary of
MXene-based TCEs, are available. In the context of the fast growth of both
materials in many areas, a comprehensive review summarizing the recent
progresses of graphene and MXene-based TCEs and transparent
supercapacitors is thus in urgent demand.

Here, we first describe the properties of graphene, followed by a brief
summary on the fabrication methods of graphene TCEs. Then we discuss the
performance limitations on graphene TCEs. Further, we provide strategies to
improve the optoelectronic properties and approaches in beating the
performance limitations. On the basis of graphene TCEs, we introduce MXenes
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and discuss their synthesis and properties in brief. Then, we review the
progresses on MXene-based TCEs, focusing on the thin film fabrication
methods as well as limitations. Metrics on the charge storage properties are
proposed using TisC,Tx MXene TCE as a typical example. Using the figure of
merits (both capacitive, FOM, and electrical, FoM.), we are able to compare
the optoelectronic properties of a vast of TCEs, and electrochemical responses
of various transparent supercapacitors. Finally, the challenges and perspectives
in these fields are also discussed. It is thus assured that the TCEs will continue
to grow and play an important role in future transparent, flexible electronics.

2. Graphene-based TCEs
2.1. Properties of graphene

Since the discovery in 2004 [83], the one-atom-thick graphene has aroused
extensive research interests continuously and thus intrigued a “gold rush”
worldwide. Ideally, graphene is defined as the carbon monolayer packed into a
2D honeycomb with a sp?-hybridized configuration [84]. The high-quality
graphene produced by the mechanical cleavage method showcases many
unique properties, including extremely high electron mobility of 2.5 x 105cm?
V-1 st [85], very high thermal conductivity (> 3000 W m- K1) [86] and
mechanical strength of 130 GPa [87], etc. A pure, single-layered graphene
nanosheet is a semiconductor, demonstrating a bandgap of 0 eV [83] and a very
high Fermi velocity (ve= 2.5 x 105m s?), due to electrons delocalized on the
sheets [88]. Detailed properties of monolayer graphene and comparison to its
allotropes can be found in Table 1. Notably, graphene monolayer is transparent
with the optical absorption of 2.3% [89]. Therefore, for the few-layered
graphene, the transmittance varies as T ~ 100-2.3N (%), where N is the number
of layers [90]. Despite that, for the graphene-like materials [91] obtained
through other techniques (Fig. 2), such as liquid-phase exfoliation [92,93],
oxidation/reduction of graphene oxide [94], chemical vapour deposition (CVD)
[95-98], etc. [99,100], the supreme characteristics have not been observed yet
[89]. Consequently, compromised optoelectronic properties are typically
experienced in these lower-quality graphene-based TCEs. This highlights the
crucial importance of both graphene synthesis and thin film fabrication
strategies.

In general, producing pristine graphene with minimum defects on the
mono- (or few) layers, followed by compacting the nanosheets into a
continuous network, are two critical steps in fabricating highperformance
graphene-based TCEs. This requires elaborate route design from the material
synthesis to TCE fabrication. While mechanical (or micromechanical) cleavage
of natural graphite can give large size, high-quality graphene flakes, however,
the low yield of graphene coupled with the film-transfer procedure significantly
hinder this

Table 1

Mechanical exfoliation

Reduction of

graphene oxide Synthesis on SiC

P S 7 ' P 5
Liquid-phase Bottom-up
exfoliation synthesis

0 = None or N/A
P S

1=Low
Chemical vapour 2 = Average
deposition 3 = High

Fig. 2. Typical routes to graphene synthesis. Each route is evaluated in five aspects, including
graphene quality (G), cost effective (C, a lower value suggests a higher production cost),
scalability (S), purity (P) and yield (Y) of the overall production process. Reprinted with
permission from Ref. [101]. Copyright 2014 Springer Nature.

method from mass production [89,102]. On the other hand, by choosing suitable
solvents, natural graphite can be directly exfoliated into defects-free graphene
dispersions (non-aqueous [93] or aqueous [103]) upon sonication [92,104] or
shear-mixing [93]. Nevertheless, controlling the layer number of the exfoliated
graphene while improving the portion of monolayers have proven to be
difficult/timeconsuming [105]. Fig. 2 compares various synthesis routes in
terms of quality (G), cost (C), scalability (S), purity (P) and yield (Y) of the
overall production process [101]. Of particular interest must be paid is the
chemical oxidation-reduction approach, which gives a high yield of reduced
graphene oxide with plenty of defects, both intrinsically (edges and
deformations) and extrinsically (O- and H-containing groups) [101]. While
excellent reviews on the roadmap of graphene covering electronic structure,
modelling, synthesis, devices, etc. are available [1,2,84], we will focus on the
fabrication of graphene-based TCEs from various methods as well as the
comparison of their optoelectronic properties.

A comparison of graphene properties to other carbonaceous materials. Reprinted with permission from Ref. [101]. Copyright 2014 Springer Nature.

Properties Graphene Carbon nanotube Fullerene graphite
Dimensions 2 1 0 3
Hybridization sp? Mostly sp? Mostly sp? sp?
Hardness Highest (for single layer) High High High
Tenacity Flexible, elastic Flexible, elastic Elastic Flexible, non-elastic
Experimental SSA (m?g*) ~ 1500 ~ 1300 80-90 ~10-20
Electrical conductivity (S cm™) ~ 2000 Structure-dependent 10-10 Anisotropic: 2-3 x 10*, 6"
Thermal conductivity (W m*K™) 4840-5300 3500 04 Anisotropic: 1500-2000?, 5-10°
a
a direction b
c direction.
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Fig. 3. Growth mechanisms of graphene films using CVD methods on (a) Ni and (b) Cu substrates, respectively. Reprinted with permission from Ref. [106]. Copyright 2015 Royal

Society of Chemistry.
2.2. Fabrication methods

2.2.1. CVD graphene-based TCEs

Growing graphene through the CVD route represents the most promising
synthesis approach. In general, the transition metal substrate (typically, Ni and
Cu) works as the catalyst which accelerates the decomposition of hydrocarbon
carbon under high temperature (900- 1000 °C). In the case of Ni, these resultant
carbon atoms are dissolved on the Ni surface due to a higher carbon solubility
in the latter, forming the Ni-C solid solution. Upon cooling down under Ar flow,
the carbon atoms release from the solution and rearrange into mono- or few-
layer graphene films (Fig. 3a) [106]. It's well accepted that single-crystalline Ni
with larger grain size gives a higher monolayer/bilayer graphene ratio. On the
other hand, due to a lower carbon solubility in Cu, once the Cu surface is
covered by the first layer of graphene, no more catalytic sites are available for
the further hydrocarbon decomposition. Consequently, a predominantly
monolayer graphene is observed when Cu isused as the catalytic substrate. This
process can be interpreted as self-controlled surface adsorption mode/diffusion
and precipitation (Fig. 3b) [106-108]. The number of graphene layers can be
precisely controlled by adjusting the duration of the precursor, according to the
report by Park et al. [108]. It's also worth noting that hydrogen plays an
important role in the graphene growth Kinetics and quality; the higher diffusion
coefficient (2 x 10% cm? s1) of hydrogen leads to the dissociative hydrogen
competing with CH, dehydrogenation on the Cu surface, blocking the Cu sites
and forming point defects consisting of hybridized sp® C-H bonds [109].
However, the dissociative hydrogen species tend to recombine (or resurface)
on Ni surface and thus yield more free Ni sites for the CHy (x = 1-4)
dehydrogenation. As a result, optimizing the ratio of CH,4 to H, is crucial in
achieving highquality, more uniform graphene films [109].

Once the CVD process is completed, a transfer process, including etching
of the Ni (or Cu) and transferring to the target substrate (such as PET, glass and
SiO,/Si), is required in order to obtain graphenebased TCEs. Typically, the as-
obtained graphene on the catalytic substrate is firstly covered by a protective
polymer matrix (such as polydimethylsiloxane, PDMS). Then the whole
“sandwich” is immersed in corrosive etchant (such as Fe(NOgz)s, FeCls or
(NH,),S,0s, etc.) to remove the metal catalyst. Afterwards, the as-obtained
graphene/ polymer film is cleaned and transferred to the target substrate (with
a high surface energy). By removing the polymer layer, the CVD-grown
graphene films are obtained. These processes are pioneered by Hong et al., who
produced the first stretchable, transparent, large-scale patterned graphene films
(Fig. 4) [43]. These films showed a Rs= 280 Q sq* with T = ~ 80%, indicating
the quality of the CVD-grown graphene flakes are as high as mechanically
cleaved graphene [83,89]. Hu et al. used Cu as the catalytic substrate and
obtained high-quality, large grain size (up to ten micrometers) graphene flakes,
which showcased a high carrier mobility (5080.5 cm? V- s1) and excellent
optoelectronic properties, such as R;= 600 Q sqat T = 96.5% and Rs= 400 Q
sqtat T =86.7% [107].

To ensure the continuous production of CVD-grown graphene films, Bae,
Hong and the co-authors reported a roll-to-roll strategy, as shown in Fig. 5a-b.
The monolayer 30-in. graphene TCEs (Fig. 5¢) show a Rsas low as 125 Q sq*
with optical transmittance up to 97.4%. By increasing the number of layers to
4 via a layer-by-layer stacking method, R further decreased to ~30 Q sqtat T
=90%. Such excellent optoelectronic properties are superior to ITO, suggesting
a great potential in replacing this fragile, expensive TCE [25]. The reason
behind the extraordinary optoelectronic performance is due to the chemical p-
doping of graphene films by nitric acid, as confirmed by the large peak shift (Av
=18 cm!) in the Raman spectra after HNO; treatment [25]. To further push the
limit, Kobayashi et al. used selective Joule heating of the Cu foil and combined
with roll-to-roll strategy to produce graphene TCEs with length up to 100 m
(Fig. 5d—e) [110]. The as-obtained graphene flakes are of high-quality and
uniform, best evidence in the SEM image (Fig. 5f), Raman spectrum (tiny D
peak, Fig. 5g) as well as resistance change in different regions (Fig. 5h). The
100-m-long graphene TCE demonstrates a charge carrier mobility of ~ 600 cm?
V-1stand Rsas low as 150 Q sq? after doping with RuCl; [110], which is
sufficiently low for touch panel applications.

Apart from the advantages brought by CVD method in manufacturing
graphene-based TCEs, the drawbacks of this route should also be noticed. The
biggest concern is that the etching of transition metal catalytic substrate is not
environmentally friendly; the etchant is usually very corrosive. In addition, the
metal substrate is unrecyclable, one needs to remove a heavy amount of metal
to obtain a quite small amount of graphene (i.e., 300 kg Cu for 1 g graphene)
[111]. Said otherwise, the yield of graphene is yet to be improved. Another
serious concern is that, some metallic residues may be introduced to the
graphene TCEs during the transfer step. Ambrosi and Pumera transferred the
commercially available graphene/Ni samples, which was undergone the wet-
etching in the FeCl; or Fe(NO3z)3 solution (Fig. 6a). After repeated rinsing with
Dl-water, significant contamination of Fe and Ni impurities were observed in
the transferred graphene films, as seen in Fig. 6b—c. While Fe metal impurities
could be introduced by the etchant solution, Ni residues are due to the
incomplete etching process. Notably, these impurities may greatly alter the
optoelectronic and electrochemical responses of the transferred graphene TCEs
when used as an electrode material (Fig. 6d-e) [112]. Therefore, careful
characterizations are necessary to confirm the quality of the transferred
graphene TCEs. As an alternative, developing etchant-free routes to give
graphene TCEs should also be taken into consideration to avoid metal
contamination and minimize the environment impact as much as possible. In
addition to the metal impurities, there are also some polymer residues that are
left on the graphene surface upon the polymer removal [113]. This is especially
true when the polymer needs to be dissolved, such as PMMA (inacetone) [111].
These residues might negatively impact the transmittance and conductive
networks and thus need to be completely removed [113]. By vacuum annealing
in a reductive environment, such as H,-N, or H,-Ar at 200-400 °C, the polymer
residues can be evaporated. However, the plastic substrate
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Fig. 4. (a—c) Schematic of transferring graphene films onto the target substrate. (a) Synthesis of pattered graphene films on thin Ni layers. Etching of Ni using (b) FeCls (or HCI) and (c) HF (or buffered
oxide etchant, BOE) and transferring of graphene films. (d) A floating graphene film after etching Ni layer in FeClzag. The film can be directly transfer to any other substrates by direct contact with the
substrate. (e) The graphene films on the PDMS substrate is transparent and flexible. Reprinted with permission from Ref. [43]. Copyright 2009 Springer Nature.
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Fig. 5. (a) Schematic of the roll-to-roll production of CVD-grown graphene TCE. (b) Roll-to-roll transfer of graphene films from a thermal release tape to a PET film at 120 °C. (c) A transparent ultralarge-
area graphene film transferred on a 35-in. PET sheet. Reprinted with permission from Ref. [25]. Copyright 2010 Springer Nature. (d) Schematic of 100 m graphene TCE production. Step 1: continuous
roll-to-roll CVD system using selective Joule heating to heat a Cu foil suspended between two current-feeding electrode rollers to ~ 1000 °C to grow graphene. Step 2: reverse gravure coating of a
photocurable epoxy resin onto a PET film and bonding to the graphene/copper foil, followed by curing of the epoxy resin. Step 3: spray etching of the copper foil with a CuCl. solution. Step 4: structure
of the fabricated graphene/epoxy/PET film. (e) Photograph of the graphene/epoxy/PET roll before doping. The widths of the graphene/epoxy and base PET film are 210 mm and 230 mm, respectively.
(f) SEM image and (g) Raman spectrum of the graphene film. (h) Rs of the graphene/epoxy/PET film along the longitudinal direction measured every 1 m. The horizontal dashed lines represent the
averaged data in 0-52 m and 52-100 m regions. Reprinted with permission from Ref. [110]. Copyright 2013 American Institute of Physics (AIP).

106



a Graphene

Fe residual

Washing
in water

|
[ C
‘é- Cu
7 Cu
c
[
-
£
—BPPG 0
—EPPG 0
--GC Fe Fe Cu
—CVD-G-tr m " = A Ff
T T T T L L L T T T

Transfer
to glass
350 0.1
0 13! e | T
250 4 £3 i 1
132 <
3 200 [5] 5 £ 01 4
4 06 02 02 06 —
S 150 Potential (V) 3
€ 100 - % 02 4
g g
5% - 03
O . E -0.
-
-50 1 —Ni-foil 5 04
-100 —CVD-G-tr =
-150 —— ——————r— 0.5 —
06 04 02 0 02 04 06 08 1 a2
Potential (V)

T

-1 -08-06-04-02 0 02 04 06 0 1 2 3 4
Potential (V)

6 7 8 9 10

5
keV

Fig. 6. (a) Schematic of transferring of the CVVD-grown graphene film from Ni substrate to glass. (b) Scanning transmission electron microscopy (STEM) of graphene films loaded onto Cu grids after
many times DI-water washes. (c) Energy dispersive (EDX) analysis confirmed the presence of plenty of Cu and Fe residual. (d) Representative cyclic voltammograms (CVs) performed in phosphate
buffered solution (pH 7.2) in the presence of 10 mM cumene hydroperoxide (CHP) and using EPPG (black line), BPPG (blue line), GC (black dotted line) and transferred CVD graphene (red line). (e)
CVs (after 100 potential scans) performed in 0.1 M NaOH solution using clean Ni foil (black line) and transferred CVD graphene (blue line).

Reprinted with permission from Ref. [112]. Copyright 2014 Royal Society of Chemistry.

cannot bear such a high temperature [2]. Other routes, such as inserting an
additional buffer layer (2-(diphenylphosphory)spirofluorene, SPPO1)-which
has a high solubility in the solvent- between graphene and PMMA, or simply
choosing conductive polymer (such as PEDOT:PSS) as the supporting layer and
target substrate, residuefree graphene TCEs can be achieved [113]. Despite all
these exciting progresses, developing transfer-free methods and growing
graphene films directly on the target substrate (such as dielectric ones) [114],
would greatly simplify the steps, give high-quality graphene TCEs without
polymer or metal residues, and thus should be encouraged in the future.

2.2.2. Reduced graphene oxide-based TCEs

Aside from CVD-derived graphene, depositing graphite oxide (GO)
nanosheets followed by reduction is another promising route to fabricate
graphene-based TCEs. The quality of the GO flakes and thin film fabrication
methods largely determine the optoelectronic properties of the resultant
graphene TCEs. This highlights the importance of GO synthesis as well as the
solution processing of GO.

The most common route to GO is by aggressively oxidizing the natural
graphite using a mixture of sodium nitrate, potassium permanganate and
concentrated sulfuric acid [77,91,115-119]. This process is widely known as
the modified Hummers method, proposed by Hummers and Offerman [120].
Once being oxidized, the interlayer spacing of the GO increases to ~ 1.2 nm, ~
3 time wider than that of natural graphite (0.34 nm) [91,99,115,120]. The
expanded interlayer spacing allows the liquid-phase exfoliation of graphite
oxide into mono- or few-layer GO nanosheets under the assistance of ultrasonic
agitation or thermal expansion [2,32,100]. The as-obtained GO sheets are

decorated with plenty of negatively-charged groups, such as hydroxyl and
epoxy groups on the basal planes while carboxyl groups on the edges,
respectively [2,120]. These groups endow the GO sheets with a very good
hydrophilicity. Thus, GO can be electrostatically stable in the form of colloidal
aqueous solution without the need of surfactant [121,122]. This brings
significant advantages in solution processing of GO dispersion, such as spray-
coating [123], spin-casting [116], dipcoating [116], electrophoretic deposition
[124], Langmuir-Blodgett assembly (including layer-by-layer, LBL) [125],
vacuum filtration [126], etc., based on which transparent GO films are obtained
[115]. Among these methods, spin-coating gives compact, uniform GO films on
a flat substrate [116]. To achieve this, typically a concentrate GO solution is
required and placed on the substrate, followed by rotation. The film thickness
can be controlled by varying the speed, duration and concentration of the
solution [127,128]. On the other hand, spraying the GO solution, regardless of
the concentration, can control the thickness of the resultant GO films more
efficiently by varying the number of paths [123]. While dip-coating requires
multiple steps, thus, time-consuming, to achieve GO films, electrophoretic
deposition allows a fast fabrication rate [124]. However, the substrate is limited
to the conductive ones, and exclude plastic, such as PET as a result. For the
vacuum filtration, GO nanosheets are forced to compactly stack on the cellulose
ester membrane and thus the network is formed. Additional step is that the
membrane has to be removed [99], leaving the concern that there are some
cellulose residues, similar as the polymer removal in the CVD-grown graphene
transfer process [114]. For the LangmuirBlodgett and LBL assembly, GO film
thickness can be effectively and easily manipulated [125]. It's worth mentioning
that crosslinking agents, with positively charge species, need to be added to
counteract the strong electrostatic repulsion between the GO sheets [2]. This
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method allows the production of continuous and uniform GO films on arbitrary
substrates, including flexible ones on a large scale.
Once the GO films are prepared, restore the sp2 C—C bonds are necessary in
order to achieve conductive films. The reduced GO, usually known as rGO, is
obtained by thermal or chemical reduction. Generally, thermal reduction is
more effective in removing the surface groups (such as -OH, -O, and -COOH)
than the chemical reduction route [2]. By heating up the GO films at 400-1100
°C, all these oxygencontaining groups are removed in the form of CO,and
CO, resulting in much improved electronic conductivity in rGO [32,116].
However, in this temperature range, plastic substrate can’t be used to support
the rGO film. On the other hand, the chemical reduction route employs a
reductive agent, such as hydrazine [31], hydrogen iodide (HI) [115] and
NaBH,[129] to remove the surface functionalities on the GO nanosheets.
Despite a mass production can be achieved, the chemical reduction process is
quite dangerous and generates lots of environmental unfriendly wastes
[130,131]. Great caution must be taken when chemically converting GO to
rGO. Besides, this aggressive route also introduces plenty of defects on the
basal planes, which compromises the optoelectronic properties of the rGO-
based TCEs [120]. As an alternative, using the in-situ formed hydrogen was
reported as an efficient reducing agent to obtain rGO in an eco-friendly
manner [127].
Chhowalla et al. performed the pioneering work on fabricating the rGO
TCEs through vacuum-filtration, followed by a combination of hydrazine
vapour exposure and low-temperature annealing treatments, as shown in Fig.
7a—c [126]. The films showcased a lowest Rsof 105 kQ sqat T of ~ 58%. Later,
Dai et al. produced graphene films through LB method (Fig. 7d-f), which
showcased R of 8 kQ sqtat T of ~ 83%. The graphene films were obtained by
exfoliation-reintercalation-expansion strategy [125]. By spin-casting the GO
solution followed by hydrazine vapour reduction at 400 °C or graphitization at
1100 °C, Chen et al. were able to produce rGO-based TCEs with Rs of 100-
1000 Q sqtat T of ~ 80% [116]. The rGO films that Cheng et al. fabricated
based on large-area GO nanosheets also exhibited quite similar results,
including Rsof 840 Q sqtat T of ~ 78% [115]. To further decrease R

a b -

Table 2

Fabrication and optoelectronic properties of various graphene-based TCEs.
Method Reduction Modification T(@ Rs (Q/sq) Refs.

550 nm)
Filtration HI acid HNO;s bath doping 59% 565 [136]
L-B assembly  / / 83% 8k [125]
L-B assembly  Hlacid HNO;s bath doping 91% 1100 [137]
Spin-coating Thermal / 80% 870 [138]
Spin-coating Hzfrom Al Ag nanowires 89% 747 [127]
etching hybridization
Dip-coating Thermal CTAB N-doped® 60% 298 [139]
+LBL

Rod coating Metallic Sn / 75% 6.7k [140]

2 Cetyltrimethylammonium bromide (CTAB).

while maintain T of the films, rGO can be hybridized with other nanostructures,
such as CNTs [132,133], metallic grids [134], PEDOT:PSS [113], Cu
nanowires [128] and Ag nanowires [120,135], etc. [2,133]. These approaches
will be discussed in detail in Section 2.4.2. Typical details of rGO-based TCEs,
including GO synthesis, modification as well as the optoelectronic properties of
the films, are summarized in Table 2.

2.2.3. Graphene solution-based TCEs

Despite great progresses have been achieved on the mass production of GO
and solution processing techniques, the usage of environmentally unfriendly
chemicals as well as the introduction of destructive network severely limit the
application of rtGO TCE based on GO solution [1,2]. For the sake of potentially
large-scale production, one needs to develop high-quality graphene flakes
suspended in dispersion, which is compatible with the aforementioned solution
processing
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Fig. 7. (a—c) Thin films of solution-processed GO. Optical images of GO thin films on (a) filtration membrane before transfer to (b) glass and (c) PET substrates. Reprinted with permission from Ref.
[126]. Copyright 2008 Springer Nature. (d—f) Characterizations of graphene sheet (GS) films fabricated from Langmuir-Blodgett (LB) method. (d) A photograph of a two-layer GC-LB film on quartz
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with part of it left clear. The scale bar is 10 mm. (e) Transparency spectra of one- (black curve), two- (red curve) and three-layer (green curve) GS-LB films. The transparency was defined as the
transmittance at a wavelength of 1000 nm. (f) Resistance (red) and transmittance (blue) of one-, two- and three-layer LB films. Permission from Ref. [125]. Copyright 2008 Springer Nature.
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with permission from Ref. [93]. Copyright 2014 Springer Nature.
strategies, such as spin-coating, dip coating, spray-coating, and vacuum
filtration-transfer etc.

This means that graphite needs to be exfoliated into few-layer (or
monolayer) graphene in solvent. Such a top-down strategy is widely known as
liquid-phase exfoliation, LPE [92,104,141]. According to Coleman et al., the
concentration of graphene is thus maximized when the surface tension of the
solvent matches with the surface energy of graphite [92,104,105,142,143]. Fig.
8a shows the importance of the solvent. In good solvents, the nanosheets are
exfoliated and stabilized against re-aggregation. However, a bad solvent not
only yields a low concentration of graphene nanosheets, but also leads to the
quick sedimentation after a period of time during aging. As evidenced in Fig.
8b, graphite tends to give a maximum graphene nanosheets concentration in the
region of solvent surface energy ~ 65-75 mJ cmz, falling into the range of
graphite surface energy [44,92,104,105,143]. Typically, NMP is the ideal
solvent for liquid-phase exfoliation of graphene, as nice flakes with a
predominantly 1-4 layers are obtained (Fig. 8c—d). However, for the potential
large-scale production, aqueous graphene solution is preferred, as it allows an
efficient, green production of graphene-based thin films, coatings, and devices,
etc. [84]. To achieve this, one needs to lower down the surface tension of water
either using surfactant or polymer, and drags the value into the optimum region,
that is, the region with surface tension roughly equals to the surface energy of
graphite. Sodium cholate (NaC) has been proved as an efficient surfactant in
producing high-quality graphene dispersions, as seen in Fig. 8e—g [103,144].
By controlling the critical factors, such as the NaC/graphite ratio, initial
concentration, sonication time, power and frequency, as well as centrifugation

parameters (speed, time, etc.), an aqueous dispersion enriched with high-quality
graphene flakes can be obtained [103,104,144]. Removal of the surfactant is
necessary, and can be realized by repeated washing with DI-water, or vacuum
annealing of the graphene-based products [42]. Beside the NaC, graphite can
be also exfoliated under the assistance of household detergent [145] or
polymers (such as poly(ethylene oxide)), or poly(ethylene glycol), PEG [146].
The former needs to combine with turbulence such as kitchen blender [145].
Indeed, when shear mixing graphite particles in suitable solvent/surfactant, a
large-scale quantity of high-quality graphene dispersions can be achieved,
according to Coleman et al. [93].

With high-quality graphene dispersions, one can readily prepare graphene
thin films by either spray-coating or vacuum filtration, followed by transferring
to the target substrate and dissolving the ester membrane with acetone [126].
For instance, Coleman et al. demonstrated flexible graphene-TCEs from
exfoliated graphene dispersions stabilized by surfactant. The as-obtained films,
which were annealed at 200-1000 °C under H,/Ar flow for 2 h, showcased
conductivities of up to ~10* S m coupled with T ~ 90% [42]. Such a dc
conductivity is also comparable to the best TCE produced from chemically-
modified graphene [147]. Graphene can also be exfoliated with the aid of
Nafion, forming a stable water/ethanol solution [148]. After a low annealing
temperature (250 °C for 2 h) under vacuum, the resulting graphene films
demonstrate a Ry of 2.86 kQ sqtand a T of 84% at 550 nm [148]. Jo et al.
exfoliated large size (> 1 um) graphene nanosheets assisted by PEG. After
treating with nitric acid and thionyl chloride (SOCI,), the graphene TCEs show
a R;0f 300 Q sqtand a T of 74% [146]. While these sheet resistances from
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exfoliated graphene dispersions are reasonable good, however, it's still
relatively high to find application for certain areas such as displays and solar
cells, where ~ 10 Q sq? is typically required [1]. Generally, comparing to
CVDgrown graphene TCEs, liquid-phase exfoliated graphene TCEs showcase
higher Rs at similar T. This can be attributed to the much smaller size of
graphene sheets after exfoliation. Smaller size means more boundaries and
lower charge carrier mobility among the network, leading to inevitably poorer
optoelectronic properties than the network with larger nanosheets. Continued
improvements on the crucial aspects, such as increasing the nanosheet size,
reducing defects, enhancing the electrical contacts on the junctions, as well as
increasing the charge carrier number through doping are routes to boost the
overall performance as TCEs. It could be anticipated that, in the next couple of
years, some commercial products will be available, provided that substantial
enhancement on the optoelectronic performance will be achieved.

2.3. Evaluation metrics of graphene TCEs

2.3.1. Trade-off between T and R,

Ideal TCE should possess both high T across the UV-vis-NIR spectrum and
low Rs. In practical, the absorbance at 550 nm is defined as T in the UV-vis
spectrum of the film, while Rs can be obtained by a four-point (or two-point)
probe method. Increasing the film thickness will reduce the Rsat the cost of T.
In other words, there is a trade-off between these two parameters. T is linked to
the optical conductivity of the film, while Rsis related to the intrinsic electronic
conductivity of graphene. Importantly, R is thickness-dependant; different
thickness leads to different Rsand T, making the direct comparison difficult.
Therefore, it's necessary to put up with a performance metrics that can evaluate
the optoelectronic properties of the graphene TCEs easily.

Among some variations, the one that Coleman et al. proposed, ratio of dc
electrical conductivity (o«) to optical conductivity (o), so-called electrical
figure  of merit (FOMe =  oaloo), is  widely  accepted
[15,16,23,35,37,38,41,42,132,149,150]. The FoM, can be obtained through the
following Eq. (1):

188.5 %o

T=01+__—_)
Rs odc 1)

To make the above equation valid, several requirements need to be met (1)
the wavelength of the incident light is larger than the film thickness and (2) the
fraction of reflected light is much less than the absorbance [6]. For most of the
TCEs, these two conditions are usually met, thus Eq. (1) is frequently employed
to estimate the optoelectronic properties of the TCEs. Simply, one needs to
measure T and R, for a given film and calculates the FoM, of the film at this
thickness (or T) according to Eq. (1). A higher FoM. indicates better
optoelectronic properties, and thus the corresponding film can be used in the
applications that require higher FoM. values. For example, the touch panel
requires T > 85% and Rs< 500 Q sq* while liquid crystal display (LCD) screen
T > 85% and Ry < 100 Q sg*. According to Eq. (1), the minimum FoM is
calculated to be 4.5 in touch panel and 22.3 in LCD, respectively. Table 3 lists
the specific requirements of TCEs in different applications.

Since the optoelectronic properties of graphene-TCEs are related to the
thickness, thus knowing the film thickness is of importance. For the

Table 3
The specific requirements of TCEs in various practical applications. Reprinted with permission
from Ref. [6]. Copyright 2016 American Chemical Society.

Application T (%) Re(@'sq) odc/cop (FOMe)
Touch panel 85 500 45

LCD screen 85 100 223

OLED display 90 50 69.7
Photovoltaic electrode 90 10 348

homogeneous opaque graphene films (T < 70%, Fig. 9a), the thickness can be
measured accurately through atomic force microscopy (AFM) or contact
profilometry. However, for the highly transparent films with T > 90% (Fig. 9b),
the thickness is beyond the resolution of contact profilometry. Instead, it can be
predicted through Eq. (2), if the optical conductivity, oop, is known:

T=[L+18850 1) @)

By measuring T (@550 nm) of the films (Fig. 9c), the thickness can be thus
obtained by calculation.

2.3.2. Percolation problems

Fig. 9d plots T vs R of graphene TCEs [42]. Also included is the dashed
line by plotting Eq. (1). Clearly, in the films with T < 70%, the (T, Rs) points
are roughly on the dashed line. However, in the region with T > 80%, obvious
deviation is found; thinning down the film thickness leads to dramatically
increased R. This issue is known as percolation effect, which is reflected by the
deviation of bulk-like behaviour in the T vs Rsand R, vs t plot in the highly
transparent region (dashed line in Fig. 9d-f).

In principle, in the graphene TCEs, charge carriers flow along an individual
nanosheet and then jump to another on the sheets boundaries. Therefore, the
sheet resistance is a sum of junction resistance and intrinsic resistance from the
nanosheets themselves. As charge carriers delocalize over the entire sheet and
travel thousands of interatomic distances without scattering, individual
graphene sheets showcase a very high Fermi velocity ve = 106 m/s, resulting in
impressively high inplane conductivities [151]. Said otherwise, the junction
resistance and therefore, the interflake tunnelling barriers largely determines the
optoelectronic performance in the graphene-based TCEs. According to the 2D
percolation theory, the percolation threshold (N¢) can be described through the
following Eq. (2):

Ne= 4.23622L2~ 1/L 3)

where Lsand L are the individual length and the aspect ratio of the graphene,
respectively [152]. For typical exfoliated graphene flakes (layer number 1-10,
Fig. 8m), the aspect ratio (L) is much lower than that of CNTSs, resulting in a
much higher percolation threshold. This means that the surface coverage to
form a path and conduct the charge carriers is higher. However, in the highly
transparent graphene TCEs (T > 80%), the film thickness typically falls below
N, leading to a nonuniform surface coverage and resulting in dramatically
increased sheet resistances. Consequently, percolation problems are
encountered.

2.3.3. Theoretical limitation on graphene-TCEs

De and Coleman compared the optoelectronic properties of graphene-based
TCEs by collecting T and R, from various published papers (Fig. 10a), and
calculated FoM.using Eq. (1) [41]. Fig. 10b summarizes the FoM, data. For the
solution-exfoliated graphene, except the rGO films produced via spin-coating
followed by hightemperature graphitization in vacuum [116], FOMe ~ 0.7 may
be close to the limiting value, although this value depends on the lateral flake

size. For the CVD-grown graphene films, a highest FoM, (= 11) is observed.
This can be explained that the interflake junctions, similar as junctions in the
CNT networks, is much less in the quasi-continuous CVD grown films than the
solution processed films [41].

The reasons for the relatively low FoM. values, in spite of the high DC
conductivities in the graphitic films, are intriguing. For the films that Cai et al.
and Li et al. prepared, oq reached 2 x 106S m*[153,154]. However, the aopin
these graphitic films also reached 1.8 x 10°S m. Therefore, it is this high
optical conductivity that is responsible for the low FoM..
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Fig. 9. Optical images of graphene TCEs with thickness of (a) 6 nm and (b) 40 nm. (c) Transmittance spectra of graphene TCEs with various thicknesses. (d) Transmittance (@550 nm) plotted as a
function of sheet resistance for both as-produced and annealed (500 °C) graphene TCEs. The dashed lines are fits to Eq. (1) and are defined by FOMe = o4./c0p = 0.04 and 0.4 for as-produced and annealed
films, respectively. (e) Transmittance (550 nm) plotted as a function of film thickness. The dashed line is a fit to Eq. (2) and is defined by cop= 4.2 x 10*S m™. Inset: The same data is plotted to illustrate
the applicability of Eq. (2). (f) Sheet resistance (g) DC conductivity as well as aac/cop (right axis) plotted as a function of thickness. The dashed line in (f—g) illustrates bulk behaviour. Note that the DC
conductivity falls off below t = 20 nm. (h) Film non-uniformity plotted vs film thickness. The non-uniformity is defined as the standard deviation of a set of spatially resolved absorbance measurements
divided by the mean absorbance. Reprinted with permission from Ref. [42]. Copyright 2010 Wiley-VCH.
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2.4. Beating the limitation FOM =e gdcop/lo= adcD opD,2 /0 2= 4h pw/ne 4)

To meet the industrial requirements, the limitations of graphene TCEs have
to be beat. This can be realized either through doping, or via hybridizing with
other materials to form composite nanostructures.

Eg. (4) indicates that, to compete with ITO (R;< 10 Q sq*, T > 85%, FoM,
> 220), nu > 8.2 x 1016 Vstis required [41]. It was reported that by doping
polyvinyl alcohol (PVA), the n-doped graphene possessed a carrier density of
3 x 102 cm2 [155]. Combining with the highly conductive graphene (with a
carrier mobility of 4 x 104 cm? V-1 s1) that Ruoff et al. developed [154], nu =
1.2 x 10 V1 st is possible [41]. If these parameters can be achieved in one
device, then FoM, =
04/0op reaches 330. Taking these values together into Eq. (1), the Rs reaches

2.4.1. Chemical doping

De and Coleman proposed that when Fermi energy shift away from the
Dirac point by applying a gate voltage or by doping, the 2D conductivity of
graphene changes and is relying on the level of doping: o420 = ney, where n is

the carrier density (electrons or holes, cm?), p is the carrier mobility [41].
Combining the optical conductivity, oop20 = €%/4h [116], FOM. can be written
as:

10.5 Q sq* for a T =90% graphene TCE, which is quite close to the ITO limit.
As mentioned previously, after treating the CVVD-grown graphene film in
nitric acid (Fig. 5a—c), the p-doped four-layer graphene films demonstrate a
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high T =90% and a Rs= 30 Q sq!, indicating a FoM. as high as 116 according
to Eq. (1) [25]. Similarly, the AuCls-doped graphene reported by Im et al. also
demonstrate a much decreased Rs (~ 70 Q sg') compared to the pristine
graphene TCE (~ 890 Qsqg?) [156]. In arecent study, the five-layer CVD-grown
graphene doped by thionyl chloride (SOCI,) exhibits an almost three-fold
decrease in the Rs (25 Q sq*) with T = 87% (FoM, = 104) [157], suggesting the
chemical doping method is universal. This is attributed to an increased hole
concentration due to the covalent attachment of electron acceptor chlorine
atoms at graphene defect sites with hydroxyl and carboxyl functionalities [157—
159]. Therefore, chemical doping (p type of n type) of CVD-grown graphene
is an effective approach to boost the optoelectronic properties of graphene
TCEs, which hold a great promise in replacing ITO in the near future.

2.4.2. Hybridizing with nanomaterials

By fabricating graphene-based composite  nanostructures, the
optoelectronic properties of graphene TCEs can also be substantially improved
and outperformed the theoretical result. For example, addition of small amount
(3%) graphene to CNTs network, followed by chemical doping (nitric acid
treatment) was proved to be quite effective in enhancing the optoelectronic
performance, as R, decreases to 100 Q sq™at T = 80%, corresponding to FoM,
=18 [132]. Lee et al. reported PEDOT:PSS-doped graphene TCEs. While the
pristine graphene exhibits a Rs of 214 + 22 Q sq!, the composite showcases ~
80 Q sqlat T = 84%, indicating a FoM, of 26 [113]. Blom et al. sprayed the
graphene nanosheets on top of silver nanowires films (Fig. 11a) [160]. It's found
that the electrochemically-exfoliated graphene nanosheets are quite efficient in
reducing the sheet resistance of Ag nanowires, improving the surface roughness
as well as enhancing the Ag nanowires ambient stability, as seen in Fig. 11b.
Consequently, the hybrid Ag/graphene TCEs displays a sheet resistance of ~
13.7 Qsgtat T = 80%, an indicative of FOM,= 117 (Fig. 11c) [160]. On the
other hand, by compositing rGO platelet with Cu nanowires, synergistic effects
can happen; the Cu nanowires can decrease or eliminate the platelet-platelet
junction resistance, while the overlapped and continuous rGO films can bridge
initially segregated Cu nanowires and eliminate the empty spaces (Fig. 11d)
[128]. As a result, the hybrid films display Rsof 34 £2.6 Q sqtat T = 80% (Fig.
11e) [128]. Importantly, Tour et al. used a photolithography method to achieve
metal grids (Au, Cu, Al) on the substrate, then transferred a graphene layer
prepared from CVD method on top of the metal grid, as shown in Fig. 11f-g.
The hybrid transparent Cu/graphene films demonstrate 3 + 1 Q sqtat T = 79%
and 22 £ 8 Q sqgtat T = 91% (FoM, = 177), while the Au/graphene TCE
showcased 20 + 4 Q sqlat T = 91% (FoM. = 195). To date, this is the highest
value in terms of FoM. for graphenebased TCEs (as shown in Fig. 11h),
indicating its great potential use in many applications [134]. There is no doubt
to believe that by further optimizing the composition in the hybrid films,
choosing other metal candidates as well as developing novel, facile thin-film
fabrication techniques, graphene-based TCEs can surpass the optoelectronic
properties of current dominate ITO electrodes, and find applications in many
areas.

3. MXene-based TCEs
3.1. Introduction on MXenes

Since the discovery of TisC,in 2011, the family of transition metal carbides,
carbonitrides and nitrides, collectively referred to as MXenes, has quickly
expanded in many areas [50-52,56,161-168]. By selectively etching of A-
element layers from MAX precursor in aqueous fluoride-containing acidic
solutions, such as hydrofluoric acid, HF, or in-situ formed HF from lithium
fluoride and hydrochloric acid, LiF + HCI [51,52,55,71,169], or ammonium
hydrogen bifluoride (NH,HF;) [72,80,170], multi-layered (m-)MXene is thus
obtained. The abundant surface functional groups impart hydrophilicity to
MXenes [53]. When m-MXene is delaminated into monolayered or few-
layered nanosheets (d-MXene), a stable aqueous solution can be thus obtained,

due to the electrostatic force on the negatively charged MXene nanosheets
[57,72]. This allows a facile and environmentally friendly processing of the
MXene solution into any items, such as composites, coatings and devices.
Despite the presence of terminal surface groups, MXenes, especially the most
intensively studied titanium carbide MXene (TisC,Ty), showcase a metallic
conductivity as highas9880 S cm [171]. The excellent electronic conductivity
coupled with fast faradaic reactions result in impressive charge storage
property, so called pseudocapacitance, in the MXenes [54,172-175]. In
addition, monolayer MXene nanosheet is optical transparent, similar to the
analogue graphene [80]. Collectively, MXenes are quite promising for the
highperformance transparent conductive films and transparent supercapacitors.
Several excellent reviews detailed the synthesis, exfoliation, structure and
properties of MXenes [57,64,76,162,176]. Moreover, the applications of
MXenes, especially in energy storage devices such as supercapacitors, metal-
ion batteries/capacitors, have been extensively reported
[56,58,66,67,69,75,76,177-182]. Considering that the number of publications
on the MXenes grows enormously, we are not attempting to repeat the MXenes
synthesis, properties and energy storage applications exhaustively, rather, we
show some examples using MXenes as transparent conductive films.

3.2. TizC,Tx MXene-based TCEs

As mentioned previously, the percolation effect greatly limits the
fabrication of highly transparent thin films with low sheet resistance.
Developing advanced thin-film fabrication techniques as well as synthesizing
materials with a high DC conductivity can effectively solve this problem. In
this perspective, MXenes are ideal for the TCEs due to their metallic
conductivity and hydrophilicity.

Halim et al. performed the pioneer work on the fabrication of TizC,Tx
transparent films [80]. They sputter-deposited epitaxial TisAIC, films on the
substrate, followed by selective etching of the Al element [80]. The as-obtained
epitaxial thin films were about 19 nm thick, corresponding toa T = 90% in the
visible-to-infrared range. Nevertheless, this route requires high-temperature for
the deposition (780 °C) and Al etching after the sputtering, which greatly limits
the scalable production. In other words, the film fabrication method must be
facile, environmentally green and cost effectively.

When m-Ti3C,Ty is intercalated with organic or water molecules, the
interlayer spacing is expanded, leading to weakened Van del Waals interactions
among the nanosheets [50,165]. Upon a bath sonication (under the inert gas) or
direct hand-shaking, the m-TisC,Tx delaminate into nanosheets aqueous
solution with a predominant monolayer distribution [58,72,173,183]. Similar to
GO, the d-TizC,Tysolution can be easily processed into TisC,Tx-based TCEs
with controlled thickness, thus, transparency, through spray-coating, spin-
coating or LBL techniques, etc. In addition, the ultrathin TizC,T« nanosheets
interconnect and weave into a continuous conductive network, which endows
a good mechanical flexibility on the TCEs with less interflake tunnelling
barriers or junctions.

For example, Gogotsi et al. sprayed the TisC,Txaqueous solution onto a hot
substrate and produced transparent homogenous films with thickness ranging
from 5 to 70 nm, as shown in Fig. 12(a—c) [184]. These films possess a
transmittance of 40-91% (Fig. 12d). Ata T = 40% (thickness, t ~ 70 nm), the
R is 500 Q sqg! (Fig. 12e). Decreasing the thickness to 5 nm leads to a
dramatically improved transmittance (T = 91%), however, at the cost of sheet
resistance (Rsboosts to 8 kQ sq?).
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Fig. 11. (a) Schematic preparation and (b) Top-view SEM image of Ag nanowire/graphene TCE. The hybrid TCEs were prepared by spray-coating of Ag nanowires and graphene nanosheets in sequence.
(c) Optoelectronic properties of various Ag nanowires/graphene films. Reprinted with permission from Ref. [160]. Copyright 2018 Wiley-VCH. (d) SEM image and (e) optoelectronic properties of Cu
nanowires/graphene TCEs. The Cu nanowires were sprayed first, followed by transferring the spin-casted GO films (which were reduced by hydrazine and annealed) onto the pre-deposited Cu films
with the aid of PMMA. Reprinted with permission from Ref. [128]. Copyright 2013 American Chemical Society. (f-g) Optical images of metal grids/graphene TCEs. The metal grids were
photolithographed, followed by transferring the CVD-grown graphene on top of them with the aid of PMMA. (h) Comparison of optoelectronic properties of metal grids/graphene TCEs with literature.

Reprinted with permission from Ref. [134]. Copyright 2011 American Chemical Society.
According to Eq. (1), the FoM, in these spray-coated TizC,Tx TCEs is around
0.5-0.7 [184]. Such a low FoM, may due to the loose morphology in the MXene
TCEs [184]. During the spray coating, the droplets are purged by the gas and
sprayed onto the hot substrate, where the solvent (ethanol [184] or water [185])
get quickly evaporated. The as-generated vapour bubbles the nanosheets and
creates plenty of voids/pores that negatively hinder the smooth transport of
charge carriers among the randomly stacked network. Consequently, the DC
conductivity in the sprayed TisC,Tx TCEs is much lower. Another possible
reason is that the intrinsic optical conductivity (oop) of TisC,Txis very high.
Nevertheless, the FOM.in these spray-coated TisC,Tx TCEs is still comparable
to the exfoliated graphene TCEs (See Section 2.2.3) [41,42]. In another trial of
spray coating of TisC,Ty, the resistivity reaches 3.4 x 10*Q/cmata T = 86.7%,
leading to a somewhat low FoM, [185].

Taylor et al. solution-processed TizC,Tx dispersion into TCEs by a spin-
casting method (Fig. 13a) [81]. By controlling the spin velocity, the resultant
TizC,T«film thickness can be efficiently tuned. The metallic conductivity nature
was confirmed in the TizC,TxMXene by field effect transistor measurements,
with an electronic conductivity estimated as high as 3092 S cm. Thus, the
TizC,T«films showcased good optoelectronic performances, such asa Rs0f 437
Q sqtat the T of 77% [81]. This corresponds to a FoM. of 3.1, a value that is
much higher than the spray-coated TisC,Tx TCEs [184]. By vacuum-annealing
the wet MXene films at 175 °C, the trapped water molecules and other
intercalated or adsorbed species can be removed, as a result, the Rsdramatically
reduced from 630 to 191 Q sq? [186]. On the other hand, in the report by
Barsoum et al., the TisC,Tx TCEs displayed an electronic conductivity up to
6500 S cm™ while simultaneously transmitting > 97% of visible light per-
nanometer thickness [82]. Therefore, a layer of nanosheet (~ 1.2 nm in

thickness) leads to ~ 3% loss in transmittance, which is quite comparable to
graphene nanosheets (~ 2.3% transmittance loss per layer, 0.34 nm).
Importantly, the TizC,Tx nanosheets reassembled into an ordered, densely
electrically interconnected geometry (Fig. 13b-d), which endows a bulk
conductivity in the Ti;C,T TCEs [82]. Consequently, the best TizC,Tx TCEs
showcased a FoM, of 7.3 (Rs=330 Q sq!, T = 86%) while the value obtained
from the fitting of the bulk regime is 5 + 0.5 (Fig. 13e) [82]. However, clear
percolation regime is observed, as evidenced by the saturation in the T%5-1 vs
Rsplot in Fig. 13e. As discussed in Section 2.3.2, such an issue is undesirable
for the TCEs and should be avoided as much as possible.

Very recently, we achieved various TisC,Tx TCEs with good flake
alignment [171]. By controlling the concentration and spinning velocity, a
range of films with different transmittance were obtained (Fig. 14a-b). These
films showcase an interconnected network without protruding corners of flakes.
A combination of the interconnected network (Fig. 14c—d) and much decreased
boundaries in the micrometer size flakes without water molecules trapped in
between, result in very high DC conductivity up to 9880 S cm™ (T = 29%, t =
88 nm)

[171].

Interestingly, the Rs of the TizC,T« TCEs scales almost inversely of t, as
shown in Fig. 14e. Such a behaviour is typical seen in the bulk-like materials.
In other words, no apparent percolation problems are encountered in the
TisC,Tx TCEs. This is further verified by the T vs R, plot in Fig. 14f, as the
measured (T, Rs) data are roughly on the curve without apparent deviation. In
addition, the FoM, values are almost constant in a range of thickness (or T, Fig.
149). The highest FoM, achieved is 19, similar to the one fitted in Fig. 14f
(FoM, = 16).
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This value greatly exceeds that achieved in the solution-processed rGO films
[116], and comparable to the best CNT-based TCEs (shown in Fig. 14h). We
note this is quite significant, which allows the TCEs to be more transparent
without compromising the conductivity. In other words, the technologically
viable devices based on the TisC,Ty thin films would render the DC
conductivity roughly independent of T [171]. This unique property implies that
for the highly transparent TCEs, the continuous TizC, Ty film could act as the
efficient transparent current collector as well as the active material at the same
time. Thus, transparent supercapacitor can be thus built based on the TizC,Tx
TCEs without the need of extra metals as current collectors. In the following
up Section 4, this point will be discussed in detail.

3.3. Other MXene-based TCEs

With over 20 MXene compositions that have been synthesized to date and
most are predicted to be metallic, other MXenes could also be used as potential
transparent conductive films. Vanadium carbide (V.CT,) films were shown to
have a conductivity up to 1560 S cm™ [187]. The challenging lies in the
delamination of the m-V,CTyinto dV,CTy. Ying et al. delaminated the V,CT
in the 10 wt% tetrabutylammonium hydroxide (TBAOH) solution [70]. The as-
obtained V,CT,TCEs displays a higher FoM, (6.5) than the Ti;C,Tcounterpart
[70,82]. It's observed that annealing temperature plays an important role in
achieving a high conductivity. For instance, the ogcin the asobtained films is 10
S cm?, which dramatically increases to 3300 S cm after annealing, an
indicative of 300-fold increase [70]. By further optimizing the synthesis recipe,
such as employing less destructive etchant instead of HF, larger, cleaner sheets
can be expected with less defects, thus higher DC conductivity. Consequently,
the FoM in the V,CT, TCEs can be pushed further.

Another example is Ti,CTy TCEs. Ying et al. prepared a concentrated
Ti,CTycolloidal solution (25 mg mL) and thus a series of Ti,CT, TCEs. For
the first time, a very high sheet conductivity has been achieved (5250 S cm)
[79]. This is because the density of charge carriers is high [82,188]. Benefiting
from this, a high FoM, of 5 is obtained. It is reasonable to assume that, the
Ti,CT, TCEs have more advantages than the TizC,Txcounterpart, such as non-
toxic, less expensive and even better optoelectronic properties [79]. However,
the stability of Ti,CTyaqueous colloidal solution as well as the TCEs should be
addressed before the scalable production.

3.4. Limitations of MXene-TCEs

Although the MXene-based TCEs have shown better optoelectronic
properties than the rGO-based ones, there are some disadvantages in the former.
First, the shelf life of MXene colloidal solution is much lower than that of GO
counterpart [53]. While storing the MXene solution in the Ar-filled hermetical
bottles can effectively extended the shelf life of TisC,T,, however, Ti,CTy
solution still degrades quickly [53]. On the other hand, GO solution does not
have this stability issue. Second, the production cost of MXene and MXene
TCEs is much higher than that of GO. This is because that the chemical
synthesis route to GO has been commercialized while MXene is still yet to
come. Once the production cost is decreased, then MXene-based TCEs can be
potentially scalable produced. Finally, by chemical doping of graphene-TCEs
[25,111], the optoelectronic properties can be substantially improved.
However, up to date, there is no reports on the chemical doping of MXene
TCEs. As indicated by Barsoum et al., the charge carrier mobility is quite low
in the TizC,TxMXenes (0.9 cm?V/-1s1) [82,188]. If the charge carriers mobility
of MXene can be dramatically improved, the FoM, can be enhanced to compete
with ITO in the future.
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4. Transparent supercapacitors
4.1. Introduction on the transparent supercapacitors

As mentioned previously, one of the most important trends in the portable
electronics is to develop flexible, touchable, and transparent products [1,6].
This require all the crucial components, including energy storage device, to be
resilient and transparent as well [15,23,171]. Supercapacitors, also known as
electrochemical capacitors, are devices that can be charged-discharged in
seconds, and deliver a high power density with a long lifetime, in contrast to
the undesirable charging-discharging rate and lifetime in Li-ion batteries
[23,54,71,141,164,167,169,171,173,174,181,189-209]. However, the energy
density for the supercapacitors (SC) is one order of magnitude lower than that
of Li-ion batteries [54,141,169,193,201-204,208]. For the potential
incorporation of SC into the transparent portable electronics, both the energy
density and power density need to be improved considerably. For any SC, the
performance metrics are the stored energy (E) and power output (P):

lCV E=2
2 ®)
VZ
P=
4Resr (6)

In the perspective of materials, the electrode capacitance (C) should be
maximized while the equivalent series resistance (Resr) be minimized. For the
device, the operated voltage window (V) is limited by the aqueous electrolyte
(1.2 V) and can be overcome by building the asymmetric configuration
[23,210]. The key limitation lies in the development of high performance TCEs.
Unlike the conventional TCEs which only conduct the electrons, TCEs for the
transparent SCs need to possess a good charge-storage property. This is quite
challenging, as approaching high T, percolation problems are usually
encountered in the TCEs, leading to quite high Resgr, low C and thus undesirable
E and P. Said otherwise, high-performance transparent SC requires the TCEs
to possess two high figure of merits, electrical FoM. and capacitive FoM, at the
same time. While the former indicates the capability to conduct electrons at
high transparency, as discussed previously [42,132], the latter (defined as the
ratio of volumetric capacitance to optical conductivity, C./o.p) is an indicative
of ability to store electrochemical energy in the transparent region [23,171].
Typically, a high FoM. implies good rate handling properties (thus power
output, P) in the transparent SC, while a high FoM, suggests good energy
storage properties (E).

In this regard, the mainstream for developing transparent SC is focused on
the quest of active materials. While metal grids (such as Ag, Cu, etc.) showcase
very high FoM. [16-18,128,160], they are not capacitive materials and thus
cannot be used in transparent SC alone. On the other hand, CNTSs, transition
metal oxides and conductive polymers not only demonstrate a great potential
for the TCEs with FoM.as high as 39 in the case of PEDOT:PSS [15], but also
find applications in the transparent SC [15,39,40,211-222]. For example,
Higgins and Coleman spray-coated the PEDOT:PSS solution onto PET
substrates, the as-obtained TCE was used as both the transparent current
collector and active material for transparent SC, which demonstrated a high rate
capability and a high areal capacitance (up to 1.9 mF cm-2for the T = 70% film)
without apparent percolation problems [15]. On the other hand, Wang et al.
deposited PEDOT:PSS and MnO, onto the Ni mesh TCEs via spin-casting
strategy and electrodeposition methods, respectively [12,223]. By using the Ni
mesh network as the transparent current collector, a high FoM.as high as 10*is
thus obtained. The PEDOT:PSS or MnO, layer contribute to the capacitive
charge storage. Consequently, the capacitive behaviour up to 100 V s was

achieved [12,223]. CNTs or carbon-based materials used as transparent, solid-
state SC electrode were also reported [211,219,224,225]. For instances, Ajayan
et al. reported nano-engineered carbon films from porous template and used as
transparent SC electrode, demonstrating both long-term cycling and flexibility
in the device [224]. By vacuum-filtration of SWCNT dispersion followed by a
stamping method, Unalan et al. made SWCNT -based transparent SC which
showcased good charge-storage properties [225]. It is important to emphasize
that, unlike traditional SC electrodes, the gravimetric capacitance, Cy, is of
little relevance when evaluating the chargestorage performance of transparent
SCs. This is because the mass of the TCEs is insignificant compared with that
of the substrates. Furthermore, to measure the mass of TCEs exactly is quite
challenging [15]. As an alternative, all the evaluation metrics of transparent SC
should be based on the geometrical area of the device. For example, areal
capacitance (C/A, mF cm?), energy density (E/A, MW h cm?) and power
density (P/A, W cm?), etc. are frequently used for the electrochemical
characterizations of transparent SCs.

Unlike the 3D carbons which exhibit winded ion diffusion paths, 2D
nanosheets can directly expose the active sites to the electrolyte. The shortened
ion diffusion paths coupled with excellent electronic conductivity in the 2D
nanosheets-based TCEs should render good chargestorage properties in the
transparent SCs. In this regard, we focus on the 2D nanosheets, specifically,
graphene and MXene TCEs, for transparent supercapacitors application,
despite these TCEs also demonstrate a great potential in other applications, such
as touch panel, displays, solar cell, to name just a few (Fig. 1) [1,2,6].

4.2. Graphene-based transparent supercapacitors

Lee et al. deposited graphene quantum dots (QDs) onto CVD-grown
graphene interdigitated fingers using an electrophoretic method [49]. Using the
underneath CVD-graphene TCE as the current collector and graphene QDs as
the active materials, the device demonstrates excellent rate response (relaxation
time of 8.5 ms) and high transparency (93%) as well as long-term cycling (~
100% after 10,000 cycles) [49]. By transferring the CVD-grown graphene films
onto PDMS substrate using the methods that described in Section 2.2.1,
transparent SC can be immediately built through sandwiching the graphene/
PDMS electrode with gel electrolyte (such as polyvinyl alcohol, PVA, and
HsPO,) [46,47,226], the latter works as both the separator and solid-state
electrolyte. This process is demonstrated in Fig. 15a. In a typical run, Dai et al.
reported a graphene-based transparent SC, which demonstratesa T of 86% with
good rate response and capacitive behaviour (Fig. 15b—c) [226]. The C/A of the
transparent SC reaches 4.2 uF cm2[226]. By introducing the wrinkles on the
CVD-grown graphene TCEs, transparent, flexible and stretchable SCs can be
fabricated as a result. For instances, Dai et al. produced the wrinkled CVD-
grown graphene films using a wrinkled Cu foil (extruded by tweezers) [46].
Benefiting from the unique morphology (Fig. 15d), the resultant SC displays a
good stretchability (up to 40% strain) in the course of hundreds of stretching
cycles without obvious performance change. In addition, the C/A of the
transparent SC reaches 5.8 pF cm2at a T of 57% and the capacitance keeps
almost constant upon stretching, as shown in Fig. 15e [46]. On the other hand,
by using a prestraining-then-buckling method, Chou et al. were able to fabricate
stretchable transparent SC based on the few-layer CVD-grown graphene
assisted by the PDMS lamination [227]. As indicated in Fig. 15f, due to the
mismatch of the elastic modulus between graphene film and PDMS substrate,
a buckled morphology of graphene films was obtained. Upon stretching, the
electrochemical performance of the transparent SC is even larger than that of
the planar state, i.e., 5.33 pF cm2in the 40% stretched device vs 4.27 uF cm-
in the planar device at the same T of 73% (Fig. 15g-h) [227].
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Fig. 15. (a) Scheme of transparent SC fabrication based on CVVD-grown graphene. (b) Optical images and (c) CV curves of CVD-graphene based SC. Reprinted with permission from Ref. [226].
Copyright 2014 The Royal Society of Chemistry. (d) SEM image of wrinkled graphene sheets produced by CVD method with wrinkled Cu as the substrate. (e) Capacitance plotted as a function of
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Fig. 16. (a) Scheme for the synthesis of freestanding flexible transparent graphene paper. (b) Photograph of a self-supported, 1.2 cm wide, 8.2 cm long graphene paper and its lowresolution SEM image.
Galvanostatic charge-discharge (GCD) curves of transparent SC based on the freestanding graphene paper under (c) different stretching states and (d) different bending states. (e) Measured C/A at
various current densities. Reprinted with permission from Ref. [228]. Copyright 2015 American Chemical Society. (f) SEM image of microstructured graphene films prepared usinga MPECVD method.
Inset is the freestanding film and as-assembled SC device. (g) CVs of the transparent SC at various scan rates. Reprinted with permission from Ref. [229]. Copyright 2017 The Royal Society of Chemistry.
(h) GCD curves of transparent SC based on the graphene hollow-cube films. Inset shows the freestanding graphene sheets assembled by the MPECVD method. (i) CVs of the tandem device at a scan
rate of 0.4 V s%. Inset is the demonstration of powering a LED light by the tandem device. Reprinted with permission from Ref. [230]. Copyright 2017 Royal Society of Chemistry.

To further improve both the stretchability and capacitance of the flexible, microwave plasma-enhanced (MPE-) CVD method with sodium chloride
transparent SCs, freestanding graphene paper was obtained through a (NaCl) as the template [228]. Under the effect of plasma ball, the NaCl powder
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melts and forms a thin layer on top of the as-formed graphene base layer. The
decomposed C/H radicals further grow on the thin NaCl layer. When the bias
was turned off, the NaCl recrystallizes from the layer, leading to the formation
of graphene fragments, at the same time, the prismlike NaCl crystals can serve
as template for further growth of prismlike graphene building blocks, as
illustrated in Fig. 16a-b [228]. The freestanding graphene paper/ PDMS-based
SC showcases a good electrochemical response, including a high C/Aupto 3.1
mF cm2at T = 68% (per electrode) with almost constant capacitance upon
stretching or bending, as shown in Fig. 16ce [228]. The capacitance is two
orders of magnitude higher than the CVD-grown graphene [46,226,227],
demonstrating a great potential of the freestanding graphene paper for
transparent SC application. Similarly, 3D self-supporting graphene ribbons
were also prepared by taking advantage of the multistage-recrystallization of
NaCl in a MPECVD system [229]. The key to the formation of freestanding
graphene ribbons is to form polygonal NaCl-grains and linear NaCltwins by
turning off both the heater and DC bias. The assembled symmetric device, with
a T of 50.6%, demonstrated 4.88 mF cm2at 0.02 mA cm, in contrast to 4.95
mF cm-2under the bending state of 60° (Fig. 16f-g) [229]. After 20,000 cycles,
the capacitance maintained 95.5% of the initial value, suggesting a long
lifetime. In addition, the highest E was 605.2 pW h cm2ata P of 8.93 mW cm-
3, while the maximum P was 817.3 mW cm at the E of 295 pW h cm3[229].
Moreover, using a similar method, Li et al. prepared freestanding graphene
hollow-cube films with improved C/A (5.48 mF cm), volumetric E (657.2 uW
h cm3) and P (954.3 mW cm) at the cost of transmittance (T = 44% for the
single electrode) (Fig. 16h) [230]. A single device possessed a good robust
nature. By connecting two symmetric transparent SCs into a tandem device, the
output voltage/ energy/power can be controlled to meet the requirement, as
shown in Fig. 16i. Another similar work on transparent freestanding graphene
films with quite comparable electrochemical performance is also reported,
suggesting the synthesis approach of transparent graphene wrinkled paper is of
general interest [231].

In spite of these progresses, the fabrication procedures of the
aforementioned wrinkled graphene films/freestanding papers are rather
complicated which either involve high temperature processing (~ 1000 °C for
CVD growth of graphene) or multiple steps to obtain high-quality graphene
films [46,47,227,228,230]. For the potential application of graphene-based
transparent SCs, sustainable, feasible and facile processes are of essential
importance. In this regard, Hsu et al. obtained freestanding graphene fiber mesh
from the parafilm waste via an environmentally friendly approach [232]. The
hollow graphene fiber mesh, which was chemically-doped by HNO3, possesses
a transmittance of 76% (which decreased to 69% for the transparent SC), a low
sheet resistance (~ 32 Q sq!) and a high flexibility, as shown in Fig. 17a—e.
According to Eq. (1), the FoM, is calculated to be 40, suggesting the graphene
fiber alone is a good transparent current collector. The highest C/A in the
freestanding graphene fiber mesh reaches 245 pF cm=2at 50 mV s?, and
demonstrate good flexibility and long-term cycling, as indicated in Fig. 17f-i.
The C/A is improved to 1.1 mF cm2in the hollow nanocarbon/graphene fiber
mesh composite, the former provides larger surface area for ion
adsorption/desorption [232]. Very recently, highly transparent micro-
supercapacitors were reported by a direct inkjet printing-hard masking strategy
(Fig. 17j) [233]. The transmittance of the graphene/PET SC device can be easily
tuned by simply changing the number of printed graphene layers (inset in Fig.
17Kk). The resilient nature of the transparent SC coupled with the facile device
fabrication compensated the low-capacitance disadvantage (Fig. 171) [233].

On the other hand, by using reduced graphene oxide as both the TCE and the
active material, transparent SC can be fabricated straightforward. As indicated
by Chen et al., nearly ideal double-layer capacitance were observed in the
rGO-based transparent device [48]. However, the rGO-based transparent SCs

displayed unsatisfactory capacitance. Through compositing rGO and cellulose
nanofiber (CNF), a transparent CNF-(rGO), hybrid paper was fabricated
through a LBL technique with Cu ions acted as anchoring agent. Benefiting
from the unique structure, with rGO layer compactly stacked onto the CNF
pillars, the transparent paper-based device exhibits a C/A of 1.73 mF cm2and
a T of 56% [234], the capacitance values are much higher than that of the
transparent devices based on pure rGO [47,48].
Alternatively, through hybridizing graphene with other pseudocapacitive
materials, such as metal oxides [220], sulfides [235], hydroxides [236,237], or
redox-active interlayer [238], etc., the capacitance and thus energy/power
density of the transparent SCs can be further enhanced. This is best evidenced
by a 20-fold enhancement of the C/ A (from 5.6 uF cm?2to 101 pF cm) after
stacking bilayer graphene with a redox active layer made of ultrathin p-
aminophenol (p-AP), the latter is prone to be adsorbed onto the CVVD-grown
graphene predominantly through n—rt interaction (as shown in Fig. 18a) [238].
Such a synergistic effect results in a boost of capacitance as well as excellent
robustness (Fig. 18b) [238]. To further improve the capacitance, Liu and Guo
etal. employed graphene/copper sulfide (CuS) hybrid grids as the TCE through
a combination of photolithography, CVD and a low temperature solvothermal
reaction [235]. The excellent optoelectronic properties (T = 85%, Rs=20 Q sq-
1, FoM, = 111) ensure a high-rate response in the transparent SC. Importantly,
the areal capacitance reaches 17.3 mF cm?2at T = 40% (at 620 nm) in the
PANi/graphene/ CuS-based transparent SC [235]. Such a capacitance is quite
similar as that of transparent SC devices based on Ni(OH),
nanosheets@graphene and/or FeOOH nanowires@graphene [236,237], and is
the champion in terms of transparent SCs’ electrochemical performance.

4.3. MXene for transparent energy storage

As another emerging member in the 2D family, MXene has drawn
tremendous research attention ranging from synthesis [168,239-244],
properties [165,172,175,187,245-2471], density functional theory studies [248—
255], characterizations [165,256,257], and applications
[50,54,55,71,163,164,167,169,173,179-181,258-260], etc. Recently, some
excellent reviews covering on MXenes, especially on the synthesis and energy
storage applications, have been published
[57,64,67,69,76,162,176,261]. Here we will focus on the aspects of transparent
supercapacitors based on MXene TCEs. In particular, we will introduce the
electrochemical responses of both MXene TCEs and MXene-based transparent
SCs, including symmetric and asymmetric configurations.

4.3.1. Electrochemical responses of TisC,Tx TCEs

As one of the most widely studied MXene, TisC,Tx nanosheets possess a
metallic electronic conductivity up to 9880 S cm [171], as well as excellent
charge-storage capability [55]. This is significant, as TCEs can be thus
fabricated at room-temperature on the PET substrate, unlike the conventional
procedures which either encounter complex procedures [39,40] or using rigid
substrates (such as ITO [262] or FTO [40]). As such, robust TisC, T« TCES can
be made in a scalable, cost-effective approach for capacitive (or
pseudocapacitive) charge storage.

As described previously, for the transparent SC, both the FoM. and FoM,
are critically important. While the former figure of merit (electrically) largely
determines the electron conductive network, the latter figure of merit
(capacitively) essentially controls the amount energy stored in the device
[15,23]. Both FoMs should be maximized in order to achieve advanced
transparent SCs. To obtain the FoM¢, one needs to characterize the TisC,Ty
TCEs in a three-electrode setup, based on which the intrinsic areal capacitances
of various TCEs (with a
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Fig. 18. (a) Scheme of the preparation of graphene TCEs with 1 L, 2 L and 2 L graphene + 1 layer p-AP. (b) The as-fabricated graphene-based TCEs. (c) CV curves at 100 mV s and (d) C/A of the
transparent SCs. (e) CV curves of the transparent SC under different bending states. Reprinted with permission from Ref. [238]. Copyright 2015 American Chemical Society.

range of T) are achieved.

In practical, for a given TCE, the intrinsic areal capacitance (Ca) and
volumetric capacitance (Cy) are two most relevant measures and are related via
Ca = Cut. Both Caand Cy are independent quantities and achieved in the
absence of electron or ion transport limitations [15]. Although a TCE can be
engineered with an ultrahigh T by making it sufficiently thin, the percolation
problems become dominant, which results in a dramatically boosted Rsand thus
negatively affect power. On the other hand, high T leads to much compromised
Caand hence energy [263]. To quantify these trade-offs, Cais correlated with
T for a set of TCEs through the expression [263]:

188.5 -2
o CopA] Cy ()]

T=[1+

By fitting T vs Ca data, the FOM. = Cv/oq, (F St cm) can be obtained, then
Cvof the TCEs can be thus calculated by Cy = FOM; x o,p. The higher this value
is, the better the charge storage properties in the TCEs. Although ultrahigh
FoM, values are achieved in the silver nanowires-based TCE [16] and metallic
mesh electrode [12], these metals showcase poor charge storage performance.
Graphene and conducting polymers also demonstrate somewhat low volumetric
capacitance for the transparent SCs [15,263]. On the other hand, TisC,Tx
MXene was claimed to possess ultrahigh volumetric capacitance in the non-
transparent TizC, Ty hydrogel or clay films [55,58]. Thus, it's reasonable to
believe that TisC, T« TCEs should show excellent volumetric capacitance when
used as a transparent SC electrode.

To examine this, Zhang et al. fabricated TisC,Tx TCEs with a range of
thickness and characterized the films in a three-electrode configuration
[23,171]. While the T = 98% sample severely deviates from the quasi-
rectangular shape (Fig. 19a), increasing the film thickness (thus decreasing the
T) gradually increases the C/A and better rate capability, as demonstrated in
Fig. 19b—d. The T = 98% exhibits 0.13 mF cm=2at 10 mV s, a value that is

close to PEDOT:PSS film [15] but substantially higher than that of graphene
quantum dot-based TCE [49]. Inthe T = 40% sample (film thickness ~ 60 nm),
the C/A is 3.4 mF cm2at 10 mV s'and maintains 3.0 mF cm-2at 200 mV s
(Fig. 19d) [171].

In order to obtain the Cain the TisC,Telectrodes with a given thickness,
the data in Fig. 19d (C/A vsv) is fitted using Eq. (8)

C A= Call — __AveV (1 — e-any)] (8)

where t = Resr C is the time constant, AV is the voltage window, v is the sweep
rate. In general, Cais higher for the thicker TCE as expected. By correlating the
Cawith T, and further fitting these two parameters using Eq. (7), the FoM, =
Cvlogp0f the TisC, T, TCEs as transparent supercapacitor is thus revealed. It was
found that the FoM. in TizC,Tyis 1.3 F St cm2, although substantially higher
than the P3-SWCNT (0.3 F Stcm) (Fig. 19¢) [15,263], but still lower than
that of PEDOT:PSS (1.6 F S cm). This can be ascribed to the much higher
optical conductivity in the TisC,T4 (520 S cm) in contrast to 24 S cmtand 31
S cmtin the PEDOT:PSS and RuO,/PEDOT:PSS, respectively [15,23,171].
Taking the optical conductivity (o.p) into consideration, the Cy of TisC,Txfilms
as transparent SC electrode was calculated to be 676 F/cm?, much higher than
that achieved in the rest of all transparent SC electrodes, such as SWCNT
[211,263], grapheme [32] or PEDOT:PSS [15], etc., as shown in Fig. 19f [171].
In this perspective, TisC,Tx TCEs hold great promise in the transparent SC in
achieving high energy/power performance.

4.3.2. TizC,T« TCEs-based transparent supercapacitors

To further explore the device performance, Zhang et al. fabricated the first
all-MXene based transparent SC by sandwiching two robust TisC, Ty TCEs with
gel electrolyte, as shown in Fig. 20a [23,171]. Using
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Fig. 19. Cyclic voltammograms (CVs) of (a) T = 98%, (b) T =91%, and (c) T = 40% films at various scan rates. (d) Measured areal capacitance of various TisC>Txfilms. The dashed lines are obtained
by fitting the capacitance using Eq. (8). (e) T of TisC.Txfilms plotted as a function of intrinsic capacitances (Ca) which are obtained in (d). Also included are the data from other TCE reports. The dashed
lines are obtained by fitting the results using Eq. (7). (f) Comparison of Cvof TisC2Txfilms to other transparent supercapacitor electrodes. Reprinted with permission from Ref. [171]. Copyright 2017
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the T = 91% as the electrode, the TisC,Ty-based symmetric SC reaches a
transmittance of 80% (Fig. 20b), much higher than that of graphenebased
transparent SCs [46,227-229,231]. The as-fabricated device showcases a
highly capacitive behaviour, including rectangular CV shape up to 200 mV s,
rapid current response upon voltage reversal, and linear galvanostatic charge-
discharge (GCD) curves (Fig. 20c—d). The C/A in the symmetric device is 0.86
mF cm2, The asymmetric SC (T of 72%, Fig. 20b) was also fabricated by
sandwiching SWCNT and TisC,Tx TCEs in sequence. Thanks to a wider
voltage window, the asymmetric, transparent SC displays a much enhanced
energy density without losing its capacitive charge storage behaviour and
lifetime (Fig. 20e—h) [171]. This is best evidenced by the energy density of 0.05
UW h/cm? at a power density of 2.4 uW/cm?, coupled with stable capacitance
over 20,000 cycles. The high Coulombic efficiency (100%) indicates the
excellent performances are not due to other parasitic reactions [58]. It is
reasonable to expect even improved electrochemical performance in the
transparent TisC,Ty-based SCs by further optimization, such as controlling the
surface chemistry on the TisC,Tx nanosheets, introducing guest species to
minimize the junction resistance occurred in the intraflakes, and/or pairing with
other electrodes to extend the voltage window, etc.

4.3.3. Challenges and opportunities of MXene-based transparent
supercapacitors

In spite of the excellent optoelectronic and charge storage properties in the
MXene-base transparent SCs, the stability of both MXene dispersions and
devices cannot be ignored. According to Zhang et al., the shelf-life of MXene
dispersions can be extended by proper storage [53]. However, the
thermodynamically unstable nature of MXene nanosheets drives the
spontaneous oxidation on the flakes, resulting in a quick performance decay
upon exposure in the ambient condition. Clearly, there are still many unclear
issues, such as effect of surface functionalities, metal contaminations as well as
defects on the MXene shelf life. Methods aiming to protect the device from
degradation are also needed. By introducing guest species to protect the MXene
surface, and/or sacrificing the top surface to protect the interior nanosheets, are

all potential strategies in maintaining excellent performance of MXenebased
TCEs and transparent SCs.

Moreover, the current synthesis route of MXene involves the usage of HF-
containing solution which raises the safety issues, costs and environmental
concerns. Currently, the market price for TizAIC, MAX phase is high; ~ $550
per 150 g power (Y-carbon Ltd., Ukraine). Processing the MAX into m-MXene
and further d-MXene nanosheets dispersion, followed by a proper dispersion
storage, add even higher costs to the total manufacturing price. This is the
biggest challenging that MXene field faces today which hinders any real
products from entering the market. Clearly, scalable production route from
MAX phase to delaminated MXenes is highly needed; the synthesis route
should be free from HF or other corrosive etchants, and should be cost-
effective. Once the scalable production of high-quality MXene
flakes/dispersions is available, scale-up production of high performance
MXene-based TCEs and transparent SCs are possible.

Beyond the stability and high-cost issues, MXene-based transparent SCs
have other performance limitations. Compared to graphene/metal hydroxide-
based transparent SC, which demonstrated a C/A up to 18 mF cm (T = 40%)
[230,236], the TisC,Ttransparent SC showcases a higher T (73%) but a much
lower C/A (1.2 mF cm?). Methods for further capacitance enhancement are
needed. Through hybridizing other pseudocapacitive materials such as metal
oxides and conducting polymers, etc., improved charge storage properties can
be expected [54,264]. From the perspective of FoMe, chemically-doped CVVD-
grown graphene TCE has shown a superior high FoM, up to 195 [134] which
approaches that of ITO. However, the highest FoM. that has been achieved in
the MXenes is 16 in the case of TisC,T[171]. To compete with graphene and
finally replace 1TO, the FoM, of MXene-TCEs should be greatly improved.
This can be possibly achieved either through chemical-doping of MXene
nanosheets to dramatically increase the charge mobility, or via controlling the
flakes alignment to decrease the junction resistance. Assuming the
optoelectronic and electrochemical charge-storage properties are significantly
improved, and the stability and high-cost issues are addressed, then a new era
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of MXenes is coming, which will open numerous opportunities in the cutting-
edge applications.
5. Summary and outlook

Over the past several decades, the industry of portable electronics has been
quickly expanded in our daily life. One of key technologies in these products is
to develop high-performance transparent conductive electrodes (TCEs). Indium
tin oxide (ITO) has dominated the market for a long time, despite its drawbacks
such as brittleness, high-cost and complicated fabrication procedures. Questing
materials to replace 1TO for future flexible, wearable, interacted electronics is
of highly urgent. Conductive polymers have been regarded as promising
candidates, however, the poor environmental stability and noticeable colour
limit their applications. One-dimensional carbon nanotube or silver nanowires
have shown excellent optoelectronic properties, including high figure of merit
(FoM,) which serves an important evaluation metrics in the field of TCEs.
However, the surface roughness in these CNT or Ag nanowires-based TCEsare
serious concerns, especially the haze effect in the latter.

Two-dimensional materials, with unique properties in many areas, have
attracted intensive research attention in recent years. Due to the high charge
carrier concentrations and mobility, graphene nanosheets have been regarded
as the most promising candidate for replacing ITO. While reduced-graphene
oxide and liquid-exfoliated graphene dispersions enable a quick fabrication of
TCEs through the solution-processing techniques (including spin-, spray-, dip-
, LBL-coatings, inkjetprinting, hard-masking, etc.), the FoM in these resultant
TCEs is insignificant with maximum value ~ 1.6 [41]. The chemical vapour
deposition method can precisely control the graphene flake size and number of
layers by choosing different catalytic substrates and changing the CVD
parameters. To date, the CVD-grown graphene has demonstrated the most
promising optoelectronic properties for TCEs, including the benchmark
performance: Rs~ 30 Q sqtat T = 90% (FoM, = 116) in the 4-layer CVD-
graphene TCE [25], which is quite comparable to the ITO. However, the strict
TCE fabrication procedures coupled with issues such as incomplete etching of
substrates and/or exist of polymer residues during thin film transferring, are the
concerns that must be taken into consideration. Future work on the graphene
TCEs should focus on developing high-quality graphene at lowtemperature and
come up with methods without etching or transferring steps. By combining
graphene freestanding paper with other pseudocapacitive materials and forming
a hybrid, with graphene to transport electrons while redox active materials to
store charge, the graphenebased transparent supercapacitor demonstrate quite
promising electrochemical performance. Further studies should be
concentrated on the facile production of such hybrids with improved
transparency, as the current state-of-the-art transparent supercapacitor
showcase a relative low transmittance ~ 40% [46,227,230]. For potential
incorporation of transparent supercapacitor into transparent electronics, the
higher the critical parameters, including areal/volumetric capacitance,
energy/power density, transmittance, and long-term cycling, etc., the better.

As a new class in the 2D family materials, MXenes possess abundant
surface groups, high electronic conductivities and many other unique
properties, rendering them quite attractive in various applications. TizC,Txis
the most widely studied MXene with an ultrahigh DC conductivity (up to 9880
S cmt [171]) and excellent charge-storage properties [55,58]. Although the
optoelectronic properties in the TisC,Tx has outperformed that of solution-
processed graphene, however, there is still long distance to reach the ITO
performance. To further push the TisC,Ty limit as efficient TCEs, several
directions are proposed. Firstly, increasing the charge carrier mobility of
MXene nanosheets can substantially improve the optoelectronic properties.
This can be realized by chemical-doping the MXene nanosheets or hybridizing
with guest species. Furthermore, understanding the movement of charge
carriers along the tunnelling barriers is also crucial. In addition, optimization of
the MXene synthesis/ composition and understanding the influence of surface
functionalities on the MXene electronic properties should be effective. Finally,
building the MXene nanosheet mesh on the flexible PET can substantially

improves the transmittance of TisC, T TCEs. This requires a delicate design of
thin film fabrication.

MXene TCEs can be used for high-performance transparent supercapacitor,
with excellent volumetric capacitance, high energy density/ power handing and
long lifetime. While these progresses are exciting, several issues should be paid
with much attention. Stability of the MXene dispersions and devices, large-
scale, environmentally green production of MXenes as well as relatively low
areal capacitance in the prototype cells, are all challenges for MXene-based
transparent supercapacitors. Despite these many challenges, the future of
MXene TCEs is very bright, due to not only the unique properties that MXene
have demonstrated, but also the quite encouraging research results based on the
continuous efforts in this emerging field.
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