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Flexible energy storage devices have shown broad application prospects in modern
electronics, such as portable smart phone and outdoor wearable energy harvesting and
storage systems.[! So far, tremendous efforts have been made for the development of
flexible energy storage devices, such as thin-film batteries, thin-film supercapacitors, on-
chip micro-supercapacitors, cable-like supercapacitors and batteries, etc.l'* 2 The great
thing is that more and more proof-of-concept flexible energy storage devices have been
built up through using new processing methods or nanotechnologies, such as self-
assembly, printing, in-situ growth of active materials, etc.l®l Unfortunately, most of these
devices suffer from scale-up fabrication or low performance in comparison with the
conventional non-flexible devices, mostly due to the poor compatibility among active

materials, electrolytes and substrates.All-solid-state supercapacitors (ASSSs), including
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conventional sandwich-type solid state supercapacitors and on-chip micro-supercapacitors
(MSCs), have emerged as new-generation energy storage devices for modern electronics
due to their short-term energy storage, burst-mode power delivery and ultra-long cycling
stability.[4l Despite of a lot of preliminary works dedicated to this field, the pursuit of
flexible supercapacitors with high volumetric capacitances remains a great challenge.
Two-dimensional (2D) transition metal carbides (MXenes), which possess metallic
conductivity and hydrophilic surface, have been rapidly recognized as a promising type of
electrode materials for lithium-ion batteries, supercapacitors, and oxygen evolution
reactions since the pioneering work of the supercapacitors based on 2D TisCoTx by
Gogotsi and co-workers in 2011.2% °1 However, MXenes are not good candidates for
large-area flexible thin-film fabrication due to their relatively small size (~200 nm). In
order to overcome this shortcoming, non-active polymers, such as charged
polydiallyldimethylammonium chloride or an electrically neutral polyvinyl alcohol, have
been utilized to hybridize with MXene as film electrodes for supercapacitors.®
Apparently, non-active polymer additives will lead to the device thickness increase and
sacrifice the electrical conductivity of MXene, which thus reduce the specific capacitance
of as-manufactured supercapacitors.

In this work, we demonstrate the solution processing of hybrid inks based on MXene
nanosheets (also named as TisC2Tx, 0.2 mg mL™?) and electrochemically exfoliated
graphene (EG, 0.15 mg mL™) for the fabrication of flexible energy devices. The achieved
flexible MSCs delivered a significant areal capacitance of up to 3.26 mF cm™ and
volumetric capacitance of up to 33 F cm™ at 2 mV s?, which are among the ultrahigh
performances of reported graphene-based MSCs (~ 2.3 mF cm? and ~ 20 F cm™, Table S2
in Supporting Information). Moreover, thin film electrodes for flexible ASSSs (the
thickness of film electrode is 2.5 um) are demonstrated, exhibiting outstanding volumetric

capacitances of up to 216 F cm™ at a current density of 0.1 A cm, which is superior to
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the state-of-the-art ASSSs based on graphene and other electrochemically active materials.
In the hybrid electrodes, the small sized MXene between the graphene layers not only act
as active material and ideal “buffer” for enhanced electrolyte shuttling, but also function
as a conducting spacer which prevents the irreversible z—r stacking between the graphene
sheets.[”]

Figure 1 illustrates the fabrication of ASSSs based on solution-processable EGMXx:y
(where x:y = 1:3, 1:9, 3:1, and 9:1) hybrid inks. A graphite foil was first electrochemically
exfoliated to produce the EG powder by using a home-made exfoliation system (Figure
S1). The resultant EG powder can be readily dispersed in isopropanol (IPA) by sonication
for 5 h, affording a stable solution-processable EG dispersion (0.15 mg mL™?) (Figure 1a).
On the other hand, pristine TisAlC, was etched by HF to remove Al species, generating
multilayered TizC>Tx powder (MXene, where T represents terminal groups, e.g., O, OH,
or F, and x is the number of terminal groups). The multilayered TisC,Tx was dispersed in
water by sonication for 5 h and then centrifuged to obtain the supernatant-containing
TisC2Tx nanoflakes (0.2 mg mL™?) (Figure 1b and Figure S2). Afterwards, the hybrid ink
was prepared via ultrasonication of the EG/MXene mixture with the weight ratio of 1:3 to
produce EGMX1:3 dispersion in IPA, which will be used as the typical example hereafter
if not noted otherwise (Figure 1c). Notably, the EGMX1:3 dispersion can be stable for at
least one week without visible agglomeration, which qualifies it as reliable ink for
solution processing and thin film electrode fabrication (Figure S3). The colloidal states of
EG dispersion in IPA, MXene dispersion in water, and EGMX1:3 dispersion in IPA were
identified by the Tyndall scattering effect by passing a red laser beam through the solution
(Figure la-c). Subsequently, two pieces of EGMX1:3 films were tailored into a size (2
cmX 1 cm) and PVA/H3PO4 gel electrolyte was drop casted onto one side of each film.
Finally, PVA/H3PO, soaked glass fiber membrane was sandwiched between the two film

electrodes to produce an ASSS (Figure 1e). EGMXx:y thin film electrodes, where x:y
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represents the weight ratio of EG to MXene, were also fabricated by assembly via
vacuum-assisted filtration (VAF) for ASSSs (Figures 1d).

In order to inspect the morphology of EG, MXene and EGMX1:3, the transmission
electron microscopy (TEM) and scanning electron microscopy (SEM) were employed.
Flat feature with wrinkling and the average thickness of 1.8 nm for EG nanosheets were
observed (Figure 2a and S4). The selected area electron diffraction (SAED, inset in Figure
2a) exhibits a typical six-fold symmetric diffraction pattern with stronger diffraction for
the (1-210) plane than the (0-110) plane, indicating the high crystallinity of a typical
bilayer graphene sheet.®l MXene demonstrates a lamellar morphology, but with much
smaller lateral size of ~200 nm in comparison with EG (lateral size ~ 1 um, Figure 2b and
S5).5% 91 The typical TEM and SEM images of EGMX1:3 film (thickness of 2.5 um)
disclose that the EG functions as mechanical skeleton between the MXene nanoflakes
(Figure 2c-d and S6). In addition, EGMX1:3 film with MXene nanoflakes and EG
nanosheets alternately stacked structure was identified (Figure 2c and inset cross-section
SEM image), rendering the plenty of interlayer spacing which is beneficial for the
electrolyte transportation.*” The high angle annular dark field scanning TEM (HAADF-
STEM) and elemental mapping images clearly revealed the homogeneous distributions of
Ti, C, O, and F in the EGMX1:3 hybrid film (Figures S7-S11).

The electrochemical behavior of EGMXx:y based ASSSs were next investigated by cyclic
voltammetry (CV) and galvanostatic charge/discharge (GCD) (Figure 3a and 3b). It is
clear that the integral areas of CV and the capacitance value of GCD for EGMX1:3 based
ASSS both present the maximum values compared with EG and MXene based ASSSs.
When we increased the content of EG (3:1, 9:1 or pure EG) for the hybrid electrode, the
relative larger sized of EG would aggregate and therefore hinder the ion transportation.
Oppositely, when we decreased the content of EG (1:9 or pure MXene) for the hybrid

electrode, the relative small sized of MXene would not have a strong mechanical skeleton
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and unable provide a long-distance conductivity of the EG/MXene electrode. In this work,
the weight ratio of EG:MX=1:3 was found as a suitable weight ratio for the construction
of the ASSS electrode in comparison with EGMX3:1, EGMX9:1, EGMX1:9, MXene, EG
(Figures S12 - S14). The volumetric capacitances were calculated and shown in Figure 3c
and 3d. Among these devices, EGMX1:3 based ASSS delivered the capacitance of 184 F
cm2 at 0.2 A cm3, which is superior to those of EGMX3:1 (49 F cm™®), EGMX9:1 (54 F
cm®), EGMX1:9 (33 F cm™®), rGOMX1:3 (4 F cm™), MXene (4 F cm™®), and EG (22 F
cm3). The quasi-rectangular CV curves of the EGMX1:3 based ASSS were observed at
the high scan rate of 200 mV s?, indicating a quasi-electrical double layer capacitive
(EDLC) behavior (Figure 3e and 3f).[*Y] Based on the discharging behavior in GCD curves,
the volumetric capacitances of EGMX1:3 based ASSS were determined to be 216, 184,
153, 130, and 110 F cm™ at current densities of 0.1, 0.2, 0.5, 1, and 2 A cm, respectively.
Upon further increase of the current densities from 4 to 12 A cm=, the GCD curves still
remained triangular shape, revealing excellent charge/discharge performance and superior
capacitive characteristics (Figure S15 - S16). Remarkably, 93% of the coulombic
efficiency could be retained at high current density (up to 12 A cm™®) (Figure 3g).
EGMX1:3 based ASSS showed the good cycle stability, with 97.8% and 85.2% of initial
volumetric capacitance preserved after 500 and 2500 cycles, respectively (Figure 3h). In
order to reveal the conductivity influence on the electrochemical performance, the
electrochemical impedance spectroscopy was further measured (Figure S17). The smallest
charge transport resistance R¢t of EGMX1:3 (4.76 Q) was observed in contrast to pristine
EG (22.07 Q) and MXene (42.79 Q). This result suggests the most favorable electron
transport pathway within the EGMX1:3 electrode with respect to the pristine EG or
MXene electrode for ASSSs.[*?

Energy density and power density are critical parameters used to compare different types

of energy storage systems. Significantly, EGMX1:3 film based ASSS delivered the high
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volumetric energy density of 3.4 mWh cm at a power density of 200 mW cm= and 1.4
mWh cm at a high power density of 1600 mw cm (Figure 3i), which are much higher
than those of the state-of-the-art graphene-based ASSSs, e.g., about 1 mWh cm=and 0.05
W cm for PEDOT-cellulose paper, 1 mWh cm2and 0.03 W cm for graphene hydrogel,
0.61 mWh cm™and 0.05 W cm™ for TiN-Fe:N, 0.54 mWh cm™and 0.4 W cm™ for
VN/CNTs-SSCs, and 0.32 mwWh cm2and 0.05 W cm for G/PANI-paper (see Table S1 in
Supporting Information). [*31 The high electrochemical energy output of the EGMX1:3
based ASSS can be attributed to a synergistic effect between the EG and the MXene
components: (i) EG/MXene electrode afforded plenty of large interlayer spacing and
exhibited a large accessible area that allowed efficient ion adsorption and desorption; (ii)
the graphene layers could function as a mechanical skeleton and further enhance the long-
distance conductivity of the EG/MXene electrode.

Flexibility and variable working window are crucial for modern portable and wearable
energy storage devices.[' Therefore, the CV curves for EGMX1:3 based ASSS were
chosen to study the aforementioned requirement. From Figure 4a and 4b, it shows almost
the same capacitive behavior at different bending angles, displaying excellent flexibility
and stability of the device. In addition, such flexible ASSS can be operated in different
working voltage ranging from 0.0-0.8 V to 0.0-1.8 V with quasi-rectangular shape at a
scan rate of 200 mV s (Figure 4c). Moreover, different working windows (1, 3, 4 in
Figure 4d) and prolonged discharging time (2 in Figure 4d) could be achieved by the
series-parallel connection of as-fabricated ASSSs. For instance, the operating voltage of
three devices in series was ~ 3 times of a single device under the same current density;
while the discharge time of two devices in parallel was ~ 2 times of a single device. As
manifested in Figure 4e and 4f, a red LED was lit for 8 min by three ASSSs in series
under the planar or winding state. All of these results demonstrated that the working

potential window and energy storage capacity could be well tailored.
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On-chip or in-plane MSCs have emerged as potential candidates to complement or even
replace micro-batteries in various applications due to their safety, fast charge-discharge
and silicon-compatible features.'® 12 131 Thus, in-plane flexible MSC was fabricated by
spray coating the solution-processable EGMX1:3 ink onto a PET substrate through a mask
(Figure 5a). The finger and channel widths of the mask were each 1000 pm and the finger
length and thickness of the mask were 2 cm and 1 um, respectively. CV curves were
obtained at different scan rates from 10 to 200 mV s with PVA/H3PO; gel electrolyte on
interdigital MSC (Figure 5b). Quasi-rectangular CV curves were observed at high scan
rate of 200 mV s, showing a nearly ideal EDLC behavior. The areal and volumetric
capacitances of EGMX1:3 based MSC were calculated and summarized in Figure 5c.
Remarkably, the fabricated EGMX1:3 based MSC presented a ultrahigh areal capacitance
of 3.26 mF cm and a volumetric capacitance of 33 F cm™ at 5 mV s, which are superior
to the state-of-the-art graphene based MSCs, e.g., about 0.51 mF cm2and 3.1 F cm™ for
reduced GO, 2.32 mF cm™and 3.05 F cm™ for laser reduced GO film, 0.087 mF cmand
17.9 F cm™ for GO thin film, 2.16 mF cm2and 1.08 F cm™ for graphene/CNTCs, and 2
mF cm? and 20 F cm® for EG/PH1000 hybrid film (see Table S2 in Supporting
Information).l*2 1% 161 Tg evaluate the electrochemical stability of the fabricated flexible
MSCs, the CV curves in alternating flat and bent states were measured at a scan rate of
200 mV s? for 2500 cycles, maintaining 94.6% of their initial performance after 500
cycles and long term stability with 82% of capacitance retention after 2500 cycles (Figure
5d). Furthermore, the EGMX1:3 based MSC also exhibited excellent flexibility with
different bending angle measurements (Figure S18).

In summary, we have demonstrated the MXene and EG based solution processable ink for
constructing thin film electrodes of flexible all-solid-state supercapacitors and in-plane
micro-supercapacitors. Significantly, the EGMX1:3 based flexible MSC delivered a

significant areal capacitance and volumetric capacitance as high as 3.26 mF cm2 and 33 F
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cm®at 5 mV s?, respectively, which are superior to those of the state-of-the-art graphene
based MSCs. Moreover, profiting from the plenty of large interlayer spacing and good
conductivity of EGMX1:3 thin film, the fabricated ASSS device exhibited outstanding
volumetric capacitance of up to 216 F cm™ at 0.1 A cm™. Thereby the established ASSSs
and MSCs based on solution processable hybrid inks of MXene/EG may pave the way for
the future development of scalable high-performance portable and micro-sized integrated
energy storage devices.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. Materials preparation and devices fabrication. a) Schematic description of electrochemical
exfoliation graphene and stable graphene-IPA dispersion. b) Schematic description of MXene (TizC2Ty)
nanosheets and the stable MXene-water dispersion. c) Illustration of the fabrication process of
EGMX1:3 nanohybrid dispersion. Note: The digital photographs of a), b), and c¢) show the Tyndall

scattering effect in a colloidal solution of EG, MXene, and EGMX1:3 nanohybrid composite,
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respectively. d) and e) The digital photographs of flexible and freestanding EGMX1:3 film and

corresponding assembly of the ASSS.

Figure 2. Microcosmic morphology of EG, MXene and EGMX1:3 hybrid film. a and c) Typical TEM
images of EG and EGMX1:3 nanohybrid. b and d) Field emission SEM images of MXene and
EGMX1.:3 hybrid film. The insets in a), b) and c) are selected area electron diffraction (SAED) patterns
of EG, MXene, and EGMX1:3, respectively; the inset in d) is the cross-section SEM image of

EGMX1:3 film.
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Figure 3. Electrochemical performance of the fabricated ASSSs. a) Comparison of CV curves of
ASSSs based on EG, MXene, and EGMXXx:y (where x:y = 1:3, 3:1, 1.9, and 9:1) at a scan rate of 20
mV s?. b) Comparison of galvanostatic charge/discharge (GCD) curves of ASSSs based on EG,
MXene, and EGMXXx:y at a current density of 0.2 A cm3. ¢) Volumetric capacitances of ASSSs based
on EG, MXene, EGMXx:y and rGOMX1:3 at 0.2 A cm=. d) Volumetric capacitances of ASSSs based
on EG, MXene, EGMXx:y, and rGOMXZ1:3 at different current densities. €) CV curves of the
EGMX1:3 based ASSS recorded at different scan rates of 10, 20, 50, 100, and 200 mV s, f) GCD
curves of EGMX1:3 based ASSS recorded at different current densities of 0.1, 0.2, 0.5, 1, and 2A cm3.
g) Correlations between volumtric capacitance and coulombic efficiency with different current
densities. h) EGMX1:3 based ASSS capacitance retention after 2500 cycles at a current density of 1 A

cm3. i) Ragone plots for EGMX1:3 based ASSS in comparison with several reported supercapacitors.
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Figure 4. Flexibility and voltage window control of the fabricated ASSSs. a) CV curves of EGMX1:3
based ASSSs bended at different angles of 30°, 90° and 180° at 20 mV s. b) Digital photographs of
EGMX1:3 based ASSS bended at different angles. ¢) CV curves of the ASSS devices in different scan
potential windows at 200 mV s d) GCD curves of single ASSS, two ASSSs in parallel, and two and
three ASSSs connected in series; the insets depict cartoons of the ASSSs connected in series and in
parallel. e) and f) Optical images of a LED powered using the three tandem ASSSs in winding and in

plane. The inset shows an LED illuminated for more than 8 min by three tandem ASSS devices.
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Figure 5. Electrochemical performance and flexibility studies of the fabricated MSCs. (a) Photograph
of the flexible in-plane MSC based on EGMX1:3 hybrid ink on a PET substrate. (b) CV curves of
MSC based on EGMX1:3 at different scan rates of 10, 20, 50, 100, and 200 mV s?. (c) Areal
capacitance and volumetric capacitance of MSC based on EGMX1:3 nanohybrid at different scan rates.
(d) The capacitance retention in the alternative flat and bent configurations after 2500 cycles at a scan
rate of 200 mV s*. The inset shows the photographs of the micro-device in the flat and bent

configurations.
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