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Extraordinary Areal and Volumetric Performance of Flexible
Solid-State Micro-Supercapacitors Based on Highly

Conductive Freestanding Ti;C,T, Films

Haichao Huang, Hai Su, Haitao Zhang,* Ludi Xu, Xiang Chu, Chunfeng Hu, Huan Liu,
Ningjun Chen, Fangyan Liu, Wen Deng, Bingni Gu, Hepeng Zhang, and Weiqing Yang*

Approaching state-of-the-art areal and volumetric capacitances while
maintaining high-power characteristic is a big challenge that promotes
practical application of flexible solid-state micro-supercapacitors (MSCs),
which have recently attracted great attention with the rapid development of
flexible microelectronics. Herein, it is reported that freestanding extrahigh
conductive Ti;C,T, (MXene) films with excellent flexibility and effectively
controlled thickness ranging from 1-21 pm performed as excellently scalable
and flexible solid-state MSCs owing to their ultrahigh underlying electrical
conductivity (up to 1.25 X 10° S m™") and self-functionalized surfaces (O, OH,
and F terminations). Amazingly, freestanding conductive Ti;C,T, based flexible
solid-state MSCs with interdigital electrodes and polyvinyl alcohol/sulfuric
acid (PVA/H,SO,) gel electrolyte display outstanding areal capacitances of
340 mF cm™2 at 0.25 mA cm~2 based on the two working electrodes. Moreover,
the maximum corresponding volumetric capacitance and energy density of
flexible solid-state MSCs reach up to 183 F cm~ and 12.4 mWh cm=, which

is on the topmost level among all the unconventional supercapacitors to

date. Compared with materials currently used in MSCs, this freestanding
conductive Ti;C,T, shows potential and scalability in increasing overall
micro-supercapacitor performance, which evidently sheds light on promising
application of freestanding conductive MXenes for next-generation flexible,

as well as light-weight, remarkable
flexibility, ~and  security'!  During
last 5-7 years, we witnessed the rapid
improvement of unconventional super-
capacitors  including high-performance
(especially the areal and volumetric
properties)  supercapacitors,®®  novel
structured  micro-supercapacitors,1%-12
ultrathin and transparent devices,!!34
flexible all-solid-state supercapacitors,[>1°
and on-chip and large-scale integrated
micro-supercapacitors.[20-22] Although
these breakthroughs were made, devel-
opment of MSCs is still in its infancy.
And lots of importance and challenges
such as 3D architecture design, high-
conductive leakage-free electrolytes, low
self-discharge effect, large-scale on-chip
integration at microscale, high mechanical
reliability, and outstanding performances
in areal and volumetric need to be further
addressed. Similar to conventional super-
capacitors with inflexibility and liquid
electrolytes, the intrinsic properties of the

portable, and integrated MSCs.

1. Introduction

Since the rapidly increasing demand for miniaturized port-
able, wearable, and integrated electronics, flexible micro-
supercapacitors (MSCs) have been considered as promising
power sources owing to their superior power characteristic

electrode materials, which are critical to
high-performance supercapacitors and the
method of electrode fabrication, evidently
play the most important role in developing
state-of-the-art MSCs. In this respect, it is the key to find one
material that possesses both outstanding mechanical flexibility
and electrochemical performance.

MXenes, one kind of novel 2D materials, are promising
candidates for developing state-of-the-art MSCs because of
their outstanding electrical conductivity, superior areal and
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volumetric capacitance, and mechanical flexibility. So far, more
than 20 different MXenes have been experimentally synthe-
sized, including Ti;C,, Mo,C, Sc,C, Ti,C, Nb,C;, Nb,C, V,C,
Cr,C, and so on.”¥ The chemical formula of these materials
can be represented by M,,,; X, T,, where M refers to early transi-
tion metals (such as Ti, Zr, Hf, V, Nb, Ta, Cr, Sc, etc.), X refers
to C or/and N, n is generally 1, 2, or 3, and T, represents sur-
face groups (such as 0%, OH~, F).2428 Ti;C,T, is the first and
also the most studied MXene for energy storage application.?!
Compared with other capacitive materials, 2D Ti;C,T, did not
only have ultrahigh electrical conductivities, but also exhibited
an ultrahigh volumetric capacitance.?3% In addition, free-
standing MXene films with outstanding flexibility can be easily
obtained by vacuum-assisted filtration. Nevertheless, there are
few studies about MXenes-based flexible solid-state MSCs.
Ghidiu et al. demonstrated the fabrication of an MXene-based
micro-supercapacitor with a low volumetric capacitance of only
14.4 F cm in H;PO, electrolyte.?)] And more recently, Gogotsi
and co-workers reported solid-state MXene-based micro-
supercapacitors owing an areal capacitance of 27 mF cm~2 with
ultrahigh volumetric capacitance.'’]

Herein we report that the scalable and flexible solid-state
MSCs based on highly conductive freestanding MXene films
deliver ultrahigh areal and volumetric properties. The in-plane
interdigitated micro-supercapacitors constructed with free-
standing Ti;C,T, film electrodes and polyvinyl alcohol/sulfuric
acid (PVA/H,SO,) gel electrolyte show high areal capacitance
up to 340 mF cm™? and ultrahigh volumetric capacitance of
183 F cm™ at 0.25 mA cm™ based on the two-electrodes (the
corresponding 1360 mF cm™ and 732 F cm™ for one single
electrode), which are higher than most of the reported MXene
based MSCs, more importantly, 1-2 orders higher than other
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unconventional supercapacitors based on graphene, carbon
nanotubes, and porous carbons electrodes.®3>*3 Moreover, the
freestanding highly conductive Ti;C,T, films with effectively
controlled thickness ranging widely from 1 to 21 um and good
flexibility are directly vacuum filtrated through solution process-
able aqueous ink. This massive production method in combina-
tion with simplified device manufactured process and uncompli-
cated encapsulation technology unambiguously guarantees the
potential application of freestanding highly conductive MXene
films and hence opens up a new approach for high performance
energy storage devices application in integrated energy man-
agement electronics. Therefore, this ultrahigh conductive free-
standing Ti;C,T, MXene film will potentially pave the way for
massive manufacture of flexible solid-state micro-supercapacitor
with excellent practical areal and volumetric performance.

2. Results and Discussion

To clearly demonstrate the derivation of the freestanding
MXene films, its preparation process by chemical etch of
ceramic powders and vacuum filtration was schematically
presented in Figure 1. Ti;AlC, powders, one of the bulk ter-
nary layered carbides and nitrides (MAX phase) ceramic with
ternary-layered structure (Figure 1a), were chemically etched
under concentrated HCI and LiF solution to obtain 2D Ti;C,T,
(T =H, O, F), as shown in Figure 1b. And that, due to hydro-
philic heteroatoms functionalization, these MXenes, with the
help of mild sonication, can fully form well-dispersed col-
loidal aqueous solution as proved by apparent Tyndall effect
(Figure 1c). Here, this kind of stable colloidal solution is strong
guarantee of uniform MXene membrane (Figure 1d) supported

Figure 1. Schematic illustration of the synthetic route. a) The Ti;AlC, MAX phase with layered structure. Preparation of the b,c) MXene colloidal
aqueous solution by b) chemical etch and c) sonication, d) filter membrane supported MXene films and e) freestanding conductive MXene films.

Adv. Electron. Mater. 2018, 1800179

1800179 (2 of9)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC

www.advancedsciencenews.com

on the filter substrate through simply vacuum filtration. After
further vacuum drying, freestanding MXene films as displayed
in Figure 1le were successfully prepared by peeling off the sub-
strates. The obtained freestanding MXene films confidently
possess ultrahigh electric conductivity up to 1.25 x 10° S m™!
and sheet resistance of 0.015 Q O7! confirmed by four-point
probe method (Table S1 and Figure S1, Supporting Informa-
tion). Such a high electric conductivity is identified as one of
the important factors for high-power MSCs.[>"!

After etching for 45 h, this product was well stratified as the
scanning electron microscope (SEM) image shown (Figure 2a).
Most of the exfoliated MXene sheets with lateral size of several
micrometers keep layered structure similar to Ti;C,T, MAX
precursors (Figures S2 and S3, Supporting Information).
Typical transmission electron microscopy (TEM) micrographs
of Ti;C, T, MXene flakes were shown in Figure 2b,c. Flat feature
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with wrinkling for MXene platelets was observed (Figure 2b).
Figure 2c shows the two-layer defect-free Ti;C,T, flakes and the
corresponding interlayer spacing dramatically broadens to be
2.04 nm, which is much larger than that of previously reported
untreated Ti;C,T, with an interlayer spacing of =1.0 nm.B3%35-37]
Such an interlayer spacing renders more available ionic accom-
modation and strongly safeguards the extrahigh areal and
volumetric capacitances. On the contrary, the Ti;C,T, flakes
with sonication treatment show much more defects and
smaller lateral dimension which may decrease the conductivity
(Figure S4, Supporting Information), dramatically lowering the
power density of MSCs.[38]

Freestanding Ti;C,T, films with wrinkles have been obtained
by vacuume-assisted filtration, as shown in Figure 2d. Simul-
taneously, excellent flexibility of the films can be perceived by
bending the films, as the digital photograph shows (the inset of

Figure 2. Morphology and structure of MXene platelets and thickness-controlled freestanding films. Representative a) Field emission scanning electron
microscopy (FE-SEM), b) TEM, and ¢) HRTEM images of MXene platelets. d) Representative FE-SEM and EDX mapping of MXene films. Left inset: the
prepared MXene films show excellent flexibility after bended. Right: the uniform elemental distribution. e) Representative FE-SEM images of MXene
films with different thicknesses. From left to right: 1.0 £ 0.1 um, 4.0£0.1 um, 11.0£ 0.1 um, and 21.0 £ 0.1 um. f) Schematic illustrations of converting
3D Ti;AlC, into 2D Ti3C,T, (x=F, O, and H). Left: the crystal structure of Ti;AlC,. Middle: the atomic arrangement along (1 0 0) facet. Right: the atomic
arrangement of functionalized Ti;C,T, along (1 0 0) facet. g) XRD pattern of Ti;C,T, film. XRD pattern of precursor Ti;AlC, are also given for comparing.
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Figure 2d). According to the energy dispersive X-ray (EDX) spec-
troscopy analysis (Figure 2e), Ti, C are the main elements, and
O, F occupy a smaller proportion at the same time, which can
yield the evident conclusion that the Al atom layer was mostly
removed from Ti;AlC, phase. The exactly atomic percentages
of MXene films are summarized in Table S2 (Supporting Infor-
mation). We proved that the thickness could be adjusted via
changing the mass of the Ti;AlC, colloidal solution. As the
cross-section SEM shown, different film thicknesses ranging
widely from 1 to 21 pm were obtained (Figure 2e), evidently
demonstrating the excellent scalability and controllability of
as-prepared MXene films. And the digital photographs of the
corresponding thickness films were also shown in Figure S5
(Supporting Information). Therefore, this kind of simply con-
trolling thickness method of freestanding conductive thin film
will promote the massive production of the similar functional
thin films.

In the Ti;AIC, structure, the C atoms fill in the octahedral
voids formed by the Ti atoms and the Ti-C layers are sepa-
rated by the Al atoms layer (Figure 2f). After etching the Al
atoms out of the crystal structure, the shift of (0 0 2) peak at
260 = 9.5° to lower angle (26 = 6.5°) and the disappearance of
the most intense diffraction peak of Ti;AlC, at 20 = 39° in the
X-ray diffraction (XRD) patterns obviously indicate that the
Ti;AlC, is successfully converted into Ti;C,T, (Figure S6, Sup-
porting Information). One apparent diffraction peak occurred
at =45° may be originated from LiF phase because of the
layered structure of MXenes and low water solubility of LiF.
And some much smaller noise peaks may be originated from
the remained little Ti;AlC, precursor or the incompletely
smooth MXene films caused the vibration of baseline during
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XRD characterization. These exfoliated Ti;C,T, nanosheets are
very important to achieve high-quality MXene membranes that
show no apparent restack in their preferred orientation as indi-
cated by XRD pattern (Figure 2g).

For a systematical characterization of as-prepared MXene
film, Raman spectra and X-ray photoelectron spectroscopy
(XPS) measurements performed on freestanding MXene mem-
branes were carried out to identify the various chemical and
termination species. In Figure 3a, the MXene films show five
to six phonon spectral peaks with the Raman shifts ranging
from 100 to 800 cm™" and the exact peak positions are summa-
rized in Table S3 (Supporting Information). According to the
previous works,** the mode at 728 cm™ softened from pure
Ti;C, can be assigned to the out-of-plane vibrations of C atoms
in Ti;C,0,. After terminated by O, F, and OH heteroatoms,
the out-of-plane stretching vibrations of Ti, are also softened to
=203.8 cm™ for all the Ti;C,T, membranes. In fact, it is worth
noting that the presence of oxygen-containing groups results in
an obvious increase in capacitance.'’]

For freestanding MXene films, the out-of-plane motion
of surface Ti, is weakened but the out-of-plane vibration of C
atoms is strengthened by the termination, which is similar to
MXene monolayer.*”! Herein the terminal groups are actu-
ally heterogeneous as forms of Ti;C,0, and Ti;C,(OH),,
which is clearly implied by the bimodal vibration located at
around 600 cm™!. One peak locating at lower wavenumber of
584.8 cm™ is assigned to Ti3;C,0, while the other at higher
wavenumber of 622 cm™ originates from Ti3;C,(OH),. The
heterogeneous terminal groups can be further reflected by a
broad responsive peak at about 385.6 cm™ for the freestanding
MXene membranes. However, since water trapped between the

Figure 3. The structural information of atomic composition and bonding of freestanding MXene films. a) Raman spectra recorded from three different
MXene films with thickness of 4.0 £ 0.1 um (green), 11.0 £ 0.1 um (blue), and 21.0 £ 0.1 um (red). b) XPS full spectrum of MXene film. Deconvoluted

high-resolution XPS spectra of c) Ti2p, d) Cls, €) OTs, and f) Fls.
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MXene layers cannot be completely removed by vacuum drying
at 200 °C, the trapped water increased when the thickness of
MXene films increased.?”] An apparent vibration mode with
E, =280 cm™ occurred at thicker MXene film with thickness of
21 pum, indicating that the terminal group ratio of OH increases
with increasing the thickness of the MXene membrane.

Further, XPS full-scan spectra of MXene film and deconvolu-
tion peak fittings for Ti 2p, C 1s, O 1s, and F 1s are illustrated
in Figure 3b—f. All the responsive peaks for the elemental spe-
cies as surveyed in Figure 3b are tabulated (Table S4, Supporting
Information). The high-resolution spectrum of the Ti 2p region
(Figure 3c) was fitted by components corresponding to the fol-
lowing three species: Ti-C, Ti-F, Ti-O in the forms of Ti-O,
Ti,03, and TiO,.*% With the replacement of Al elements by more
electronegative surface terminations such as O, OH, and F, the
binding energies (BE) of the Ti-C species (Ti 2p3/2, 2p1/2) shift
to higher BE of 456.2 and 461.4 eV in comparison with their
parent MAX phases. Figure 3d shows high-resolution spectrum
in the C 1s region that was fitted by components corresponding
to C-C, C-Ti, C-OH, COO, and C-F species.!''*1=8] Figure 3e
plots the high-resolution spectrum in the O 1s region which was
fitted by components corresponding to the following species:
0-C, O-Ti, O-H, and H,0.*#*! The H,0 may be originated
from surface oxidation. The high-resolution spectrum in the F 1s
region (Figure 3f) was fitted by two components at BE of 684.8
and 685.4 eV, which probably correspond to Ti-F and C-F. Based
on deconvolution fitted results, the atomic percentages of Ti, C,
O, and F for freestanding MXene membrane are 32.4%, 35.6%,
19.9%, and 12.1%, respectively. Therefore, it is easy to conclude
that there are lots of oxygen-containing groups existing in the
films, which are beneficial to introducing pseudocapacitance.

To explore the practical applications of freestanding
MXene membranes in flexible, mountable, and portable energy-
storage devices, we assembled freestanding Ti;C,T, films into
flexible solid-state MSCs, as illustrated in Figure 4a. These
flexible solid-state MSCs consisted of MXene-based interdigi-
tated electrodes patterned by cold ultraviolent (355 nm) laser
processing and PVA/H,SO, gel electrolyte. And the devices are
further supported by a thin polyethylene terephthalate (PET)
substrate coated with an Au layer and finally encapsulated by
polydimethylsiloxane (PDMS) with excellent flexibility. The
as-fabricated micro-supercapacitors with MXene thickness of
11 um were tested by cyclic voltammetry (CV) at various scan
rates ranging from 5 to 100 mV s (Figure 4b). As a result,
these flexible solid-state MSCs show nearly rectangular CV
profiles up to 100 mV s7!, indicating excellent charge storage
characteristics and rapid response time. On the one hand, this
superior rate-capability ascribes to high electrical conductivity
of the MXene films, on the other hand, the coplanar inter-
digital form utilized here can be helpful for free movement of
electrolyte ions and hence leading to better rate capability over
their sandwich counterparts. Since the micro-supercapacitors
are constructed with thin-film MXene electrodes (the thick-
ness ranges from 1-21 pm) and the intentionally tailored voids
between each single interdigital slice, the wettability of the
solid-state electrolyte and the transfer length of electrolyte ions
can be largely shortened, which is beneficial to improve the
rate-capability of micro-supercapacitors although they are based
on freestanding MXene films. Moreover, the flexible solid-state
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MSCs were further subjected to mechanical bending tests (the
inset of Figure 4d). The device shows no capacitance decline
upon bending to 60° (Figure 4d). From Figure 4c, the areal
capacitances of the devices at different current densities are
calculated from galvanostatic charge—discharge (GCD) curves
that are 134, 123, 118, 103, and 90 mF cm™2 at 0.25, 0.5, 1.0,
2.5, and 5.0 mA cm~2 based on the two electrodes, respectively.
As shown in Figure 4e, it is obviously observed that the
capacitances like areal and volumetric depend strongly on the
thickness of freestanding MXene films. The areal capacitances
of up to 73, 134, and 340 mF cm™ can be achieved by using
GCD curves when the thickness of the MXene films are 4, 11,
and 21 um, respectively (Figure 4f). According to Equation (2),
the corresponding volumetric capacitances are very easily cal-
culated to be 183, 122, and 162 F cm~3, respectively (Figure 4g).
At the same time, the typical GCD curves at different current
densities are also shown in Figure S9 (Supporting Informa-
tion). Furthermore, the corresponding areal and volumetric
capacitances reach up to 292 mF cm™2 and 732 F cm™3 when
calculated based on only single electrode, which are on the
very top level for all the MSCs. To demonstrate the superi-
ority of the aforementioned freestanding MXene electrodes,
we compare the areal and volumetric capacitances for free-
standing MXene-based flexible solid-state MSCs than other
unconventional supercapacitors, as shown in Figure 4hj,
respectively.22323346-641  Meanwhile, the detailed informa-
tion of the areal and volumetric capacitances for MSCs based
on other different materials was listed in Table S5 (Supporting
Information). Evidently, the excellent areal and volumetric
capacitance verifies the high efficiency of Ti;C,T, films in
playing high-performance MSCs electrode. And these superior
properties can be attributed to resulting change of the valence
of the transition metal and the outstanding electrical conduc-
tivity, and eventually resulting in fast and reversible redox
reactions involving proton intercalation.l® Furthermore, the
interdigital electrode and larger interlayer spacing as discussed
in high resolution transmission electron microscopy (HRTEM)
section will further facilitate the ion transfer and diffusion.
Energy and power densities are another two pivotal para-
meters for freestanding MXene-based flexible solid-state MSCs.
As shown in Figure 4i, the highest areal and volumetric energy
densities reach up to 43.5 mWh cm™ and 12.4 mWh cm™ at
power densities of 87.5 mW ¢cm~2 and 218.8 mW cm >, respec-
tively, which are substantially higher than the other micro-
supercapacitors based on activated carbon nanotube (CNT)/
graphene,*8! carbon,P% PANL®? and graphene.l®’] Additionally,
due to the imperfect packaging process of device, the cycling
stability of MXene-based flexible solid-state MSCs performed
not very well (Figure S10, Supporting Information). As dem-
onstrated, the capacitance maintains 82.5% over the course of
5000 cycles at GCD current density of 10 mA cm™. The electro-
chemical performance of the freestanding MXene-based flex-
ible solid-state MSCs unambiguously indicates the potential of
flexible, mountable, and portable energy-storage application.
The extraordinary performance of flexible solid-state MSCs in
PVA/H,S0O, gel electrolyte is ascribed to the synergistic combina-
tion of elaborated selection of extrahighly conductive freestanding
2D MXene film, simplified device manufactured process,
massively cold laser production of interdigital electrodes, and

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Electrochemical properties of freestanding MXene films based flexible solid-state microsupercapacitors. a) Schematic illustration of
manufacturing flexible solid-state microsupercapacitors. b) CV curves at the scan rates varying from 5 to 100 mV s™'. ¢) GCD curves at different
charge-discharge current densities. d) CV curves at 10 mV s™' for microsupercapacitors with interdigital electrode thickness of 11 um. The inset shows
the flexibility of MXene-based microsupercapacitors after bending. €) The corresponding CV curves at 5 mV s~ with different MXene film thicknesses.
f) The areal capacitances of flexible solid-state microsupercapacitors with different MXene film thicknesses depend on different current densities.
g) The volumetric capacitances of flexible solid-state microsupercapacitors with different MXene film thicknesses depend on different current densities.
h) Comparing to the areal capacitances of freestanding MXene films based microsupercapacitors than other devices. i) Comparing to the volumetric
capacitances of freestanding MXene films based microsupercapacitors than other devices. j) The Ragone plots.

uncomplicated encapsulation technology of self-flowed PDMS  while extrahighly conductive MXenes film acts as main flexible
thin film. First, the flexible freestanding 2D MXenes greatly — mechanical skeleton and high-speed electron transport network,
provide the multifunctional improvements for energy storage.  efficiently guaranteeing the extrahigh areal and volumetric capac-
The wide interlayer spacing (up to 2.04 nm) of MXene film itances, energy, and power density of flexible solid state MSCs.
offers more ionic accommodation and fast transport pathway,  Second, the simplified and rapid device manufacture of flexible
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solid-state MSCs can effectively boost its massive production
and dramatically promote its commercial applications. This low
cost fabricated technology can efficiently avoid the complex and
expensive process of the other technology, such as multiple-step
lithographic manufacturing, plasma etching, and photoresist.
Especially, the cold laser (355 nm) process can forcefully guar-
antee the edge effect of interdigital electrodes without unavoid-
able ablation from high power hot lasers (1064 nm) and then
result in the high performance of MSCs. Third, the strong coup-
ling effect of both the coplanar interdigital electrodes without
need of a separator and the unique anisotropy of 2D MXenes
film can also make sure the fast ion transport across gel elec-
trolyte and dramatically improve the power intensity of MSCs.
Fourth, this binder-free and conductive agent-free freestanding
MXene electrode is another key factor to obtain extremely high
areal and volumetric capacitances of MSCs. For traditional elec-
trode, the binder has to be employed to improve the mechanical
properties but inevitably sacrifice the electrical conductivity of
electrode. However, our binder-free MXene electrode possesses
not only the excellently flexible mechanical behavior but also
extrahigh electrical conductivity (up to 1.25 x 10> S m™). Last
but not least, the self-flowed encapsulation technology of PDMS
mounted on the gel electrolyte can easily realize the integration
of MSCs into on-chip integrated circuits, especially, for portably
wearable flexible electronics.

3. Conclusions

In summary, this work paves a pathway for preparing free-
standing conductive thickness-controlled MXene films con-
structed with 2D platelets by vacuum filtration of MXene
aqueous inks. This massive production method in combination
with simplified device manufactured process and uncompli-
cated encapsulation technology unambiguously guarantees the
potential application of freestanding highly conductive MXene
films and hence opens up a new approach for high performance
energy storage devices application in integrated energy man-
agement electronics. We demonstrate that freestanding MXene
films are promising as active electrodes for energy storage.
Significantly, freestanding conductive Ti;C,T, based flexible
solid-state micro-supercapacitors with interdigital electrodes
and PVA/H,S0O, gel electrolyte display outstanding areal capaci-
tance of 340 mF cm™2, volumetric capacitance of 183 F cm™,
and corresponding energy density of 12.4 mWh cm™ based
on the two working electrodes, which are on the topmost level
among all the unconventional supercapacitors. And while
based on one single electrode for MSCs, the value can reach up
to 1360 mF cm™ and 732 F cm™. To our knowledge, this is the
highest volumetric performance for flexible solid-state MSCs.
The present work thus establishes MXene films as state-of-the-
art electrodes for MSCs, whose performance can be tuned both
from a material perspective, given the established synthetic
versatility of MXenes, and from an engineering perspective,
with the systematic improvement of novel device architectures.
We Dbelieve that freestanding conductive thickness-controlled
MXene films based on solution processable aqueous ink of
MXene is promising to target a broad variety of applications
such as storage, sensing, catalysis, shielding, and purification.
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4. Experimental Section

Preparation of Water-Stable MXene Colloidal Solutions: The preparation
of Ti;AlIC, powders was reported elsewhere.4l Briefly, titanium (99%,
GRINM, China), aluminum (99%, GRINM, China), and carbon black
(99%, GRINM, China) powders in a 3:1.2:1.9 molar ratio were first
mixed. Then, the mixtures were ball milled and sintered at 1500 °C for
5 min in a flowing argon atmosphere through a spark plasma sintering
method (FCT, Rauenstein, Germany). For exfoliating, 1.98 g LiF was
added to 30 mL 6 m HCl solution, followed by stirring for 10 min to
dissolve sufficiently. After that, 1.2 g Ti;AlC, powder was slowly added
to the mixture solution in 5 min, followed by stirring at 40 °C for 45 h,
as described elsewhere.’% Then the obtained suspension was washed
with deionized water (DI water) and centrifuged repeatedly until the pH
of the suspension was above 6.0. Finally, to obtain the MXene Ti;C,T,
colloidal solution, a further sonication for 1 h, and then a centrifugation
at 3500 rpm for 1 h was processed.

Preparation of Freestanding Ti3C,T, Films: In order to obtain
freestanding Ti;C,T, films, vacuum-assisted filtration was utilized.
The colloidal aqueous solutions could form uniform Ti;C,T, films on
hydrophilic membrane with pore size of 0.2 um and the thickness of the
film was adjustable by controlling the amount of colloidal solution. Then,
Ti3C,T, films with thickness ranging from 1 to 21 um were prepared after
drying at room temperature. Finally, freestanding MXene conductive
films could be obtained through removal of the porous membrane.

Characterizations: XRD patterns were obtained with a powder
diffractometer (PANalytical X'Pert Powder diffractometer, Holland) using
Cu Ko radiation and a step scan of 0.02° over a 26 range of 5°-80°.
A SEM (FEI QUANTA FEG 250, American) was used to obtain high-
magnification images of vacuum-dried powders and freestanding films
and conduct elemental analysis via EDX spectroscopy. After that, water-
stable colloidal solution was directly dropped onto ultrathin carbon
supported Cu mesh, and then the 2D sheets were investigated by TEM
(JEOL JEM-2100, Japan), with an accelerating voltage of 200 kV. XPS data
were recorded with a Thermo Scientific ESCALAB 250Xi spectrometer
with chamber pressure maintained in the 10°-10~ Pa range during
XPS measurements. Raman spectra were obtained from a RM2000
microscopic confocal Raman spectrometer with a 785 nm Ar ions laser
beam. The film resistances of freestanding MXene films were measured
using a four-probe technique (RTS8, China).

Synthesis of Gel Electrolyte: 8 g concentrated H,SO, with a mass
ratio of 98% was carefully and slowly added into 80 mL DI water. Then
8 g PVA (1799 type) were mixed with the H,SO, aqueous solution with
cooling down to room temperature. The above-obtained solution was
stirred for 1 h in a water path with the temperature controlled at 80 °C.
And clear PVA/H,SO, gel electrolyte was obtained after the solution was
cooled down to room temperature.

Fabrication of Flexible Solid-State MSCs: The freestanding MXene
films were first covered by a layer of gold plating through magnetron
sputtering (TRP450, China). Then, the MXene films were carved into an
interdigital pattern with a specific area of 2.25 cm? through ultraviolet
laser marking technology (UV-3S, China). Third, the film was fixed on a
PET film with tape, after that a PVA/H,SO, gel electrolyte was carefully
dropped onto the patterns. Then the electrode was placed into the
mold and fixed with clips until the gel electrolyte was semi-solidified.
Finally, the device was packaged with PDMS module glue and left in
air for 24 h at room temperature. When the PDMS module glue was
curing, through removing the mold, flexible solid-state MSCs were
successfully prepared.

Electrochemical Measurements: The CV, GCD, and electrochemical
impedance spectroscopy were conducted with a CHI 660E
electrochemical workstation (Chenhua, Shanghai, China). The cycling
stability measurement was carried out on an Arbin MSTAT4 multichannel
galvanostat/potentiostat instrument (Arbin, USA). The areal capacitance
(Cp), the volumetric capacitance (Cy), the volumetric energy density
(Ey), and the volumetric power density (Py) were calculated as following

Ca =15/[(dU/dt)+S] (mF cm2) m

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Cy =1/[(dU/dt) S +d] (Fem™) @
Ey =Cy+V?/(2x3.6) (mWhcm™?) 3)
Py =3.6Ey /At(mW cm™3) (4)

where I is GCD charge—discharge current density based on the areal
parameter, At is GCD discharge time after the IR drop, dU/dt indicates
the slope of these GCD curves, which is very close to its mean value
when the GCD curve is approximately linear; S is the efficient area of the
two interdigital electrodes, and d is the MXene film thickness, and V is
potential window, respectively.
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