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ABSTRACT: The development of stretchable electronics requires the invention of compatible high-performance
power sources, such as stretchable supercapacitors and batteries. In this work, two-dimensional (2D) titanium
carbide (TgC,T,) MXene is being explored forexible and printed energy storage devices by fabrication of a robust,
stretchable high-performance supercapacitor with reduced graphene oxide (RGO) to create a composite electrode.
The Ti;C,T,/RGO composite electrode combines the superior electrochemical and mechanical properties of
Ti3C,T, and the mechanical robustness of RGO resulting from strong nanosheet interactions, largekeasize,

and mechanicalexibility. It is found that the T{C,T,/RGO composite electrodes with 50 wt % RGO incorporated

prove to mitigate cracks generated under large strains. The composite electrodes exhibit a large capacitance of 49
mF/cm? ( 490 F/cn?® and 140 F/g) and good electrochemical and mechanical stability when subjected to cyclic
uniaxial (300%) or biaxial (200% 200%) strains. The as-assembled symmetric supercapacitor demonstrates a
speci ¢ capacitance of 18.6 mF/én 90 F/cn® and 29 F/g) and a stretchability of up to 300%. The developed
approach oers an alternative strategy to fabricate stretchable MXene-based energy storage devices and can be
extended to other members of the large MXene family.
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displays;? arti cial electronic skirt§, wearable implantable energy storage devices.

sensors:’ and implantable deviédhave motivated Low-dimensional nanomaterials, such as carbon nanot
the rapid development of compatible power sources (batteri N_Ts)t_ and tgrta[:r)]h(te)?e, havgeen vy:dely bUt'I'Zed fofr
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for up to a million cycles. These features render stretchable

Advances in stretchable electronics, such as stretchaplgpercapacitors a promising candidate for wearable
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Figure 1. Fabrication and characterization of a stretchabj€,Tj MXene/RGO composite electrode. (a) Schematic illustration of the
fabrication process of a stretchable@iT, MXene/RGO composite thinlm electrode. (b) SEM image of the surface morphology of a
TisC,T, MXene/RGO composite thinim (1 m) made by applying a uniaxial prestrain (300%). (c) SEM image of the surface morphology
of a TikC, T, MXene/RGO composite thinlm ( 1 m) made by applying a biaxial prestrain (2089200%). (d) SEM images of the RGO

and TiC,T, MXene nanoakes on Si wafer and (e) their size distributions obtained from SEM image analysis (witAkE@0analyzed). (f)

AFM image of the BC,T, MXene nanoakes. (g) Thickness prde of the TC,T, MXene nanoakes measured by AFM.

structural exibility*? Another relatively new 2D material, Recently, Chargt al.developed a stretchable supercapacitor
TisC,T, (MXene)*“ has also been investigated for with MXene/carbon black/sodium alginate electrodes and
developing supercapacitordyatteries® sensors! and obtained good performance when it was subjected to tensile
electromagnetic interference shieldidge to its attractive  strains in the range of®000%, but a complicated and time-
properties: (1) metal-like electronic conductivity exceedingonsuming manufacturing was reqdirédso, the organic
10000 S/cnt? (2) hydrophilic surface groups enabling stablemolecules incorporated into the stretchable MXene super-
dispersion in water and various solVéngsid (3) high capacitors may block the accessible surface area of the MXene
volumetric capacitance up to 1500 B/cmlthough MXenes  sheet, decreasing specapacitance. Therefore, it is desirable
have been successfully applied to develop both rigid atm develop a robust supercapacitor by using nanomaterials
exible electrochemical supercapatitorsnicrosupercapa- which have chemical stabjliguperior electrochemical
citors>*?® and metal-ion batterieés® MXene-based stretch- performance, high stretchability, and allow for a simple
able electronics and energy-storage devices are rarely repoidédcation process.

due to the challenges and constraints originating from the highin this work, we have developed a procedure to fabricate
modulus of elasticity $35 GPa in a dry stat€)and fragility =~ stretchable supercapacitor electrodes usi@gl ,TMXene-

of MXene Ims made of micrometer-sizafles after dryirig. based composites by adding compliant reduced graphene oxide
For example, Art al.presented a strain sensor based on(RGO) with stronger intersheet interaction and larger
MXene/poly(diallyl dimethylammonium chloride), capable ohano ake size. The ,T,/JRGO composite electrodes
stretching up to 40% strairHowever, at the stretched state, keep structural integrity and electrical conductivity under
the resistance of the device increased by an order lafrge cyclic strains.€, uniaxial 300% and biaxial 200%
magnitude, which does not meet the requirements fa200% strains). In contrast, the pug€.Ti, electrodes break
stretchable energy storage applications where devices shand small pieces and display many cracks, leading to
maintain their performance under even larger tensile straimsamatically decreased electrochemical performance. The as-
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Figure 2. Mechanical and electrical characterization of th8,Ti, MXene/RGO compositelms with di erent percentages of RGO @)

SEM images of IC,T, MXene/RGO thin Ims ( 1 m) at their relaxed states, made by applying a prestrain of 100%, 200%, and 300%,
respectively. The compositém maintains the wrinkles/ridges pattern well §§ SEM images of pure JC,T, MXene thin Ims ( 0.6 m)

at their relaxed states, made by applying a prestrain of 100%, 200% and 300%, respectively. Many cracks generate after releasing the
substrate prestrain. (g) Ultimate strain of the;Ti T, MXene/RGO compositelms as a function of the RGO concentration. (h) Variations

of the electrical resistances of the;@3T, MXene/RGO composite Ims with di erent percentages of RGO as a function of applied
stretching strains from 0 to 300%. (i) The normalized electrical resistances of {8¢TJiMXene/RGO composite Ims with di erent

percentage of RGO subjected to cyclic stretching strain of 250% for up to 1000 cycles.

prepared EC,T,/RGO composite electrodes retain their stretchable MXene/RGO composita electrode. In brief, a
conductivity after uniaxial stretching up to 250% strain for ovétXene/RGO compositdm is fabricated by vacuum-assisted
1000 stretchirgrelaxation cycles. ;TyT,/RGO composite Itration of a solution of MXene and RGO dispersed in
electrodes demonstrate the highest stretchability and caseionized water (Millipore) with a weight ratio of 1:1. Then an
sistent electrochemical performance under extremely largerylic elastomer substrate (VHB 4910, 3 M, Inc., US) is
strains (uniaxially 300% and biaxially 260%9800%),  stretched to a specistrainj.e, 300% uniaxially, anded for
exhibiting a spedi areal capacitance of 49 mFicm the dry transfer of thém. The top surface of the as-prepared
(volumetric capacitance of490 F/cn? and gravimetric  MXene/RGO compositelm that was resting on the
capacitance of140 F/g). Finally, an all-solid-state stretchablenjtrocellulose Iter membrane (0.05m pore size, Merck
TigC,T,/RGO supercapacitor fiabeen fabricated, and wmillipore Ltd., Ireland) is pressed onto the prestrained
demonstrates an excellent electrochemical stability ande@stomer substrate by hand, and thenltétremembrane is
specic capacitance ofl8.6 mF/crfi (volumetric capacitance  glowly peeled do transfer the MXene/RGO composite onto
of 90 F/cnt and gravimetric capacitance 29 F/g). This e siretched elastomer substrate. Because the adhesion force
research @rs an alternative strategy to fabricate hig etween the polymer substrate and the MXene/RGO
performance stretchable supercapacitors with MXene, an é)tmposite paper is much larger than the force between the
can_also be _extended to_utilize other materials in the MXeR®xene/RGO compositelm and the Iter membrane, the
family for exible electronics and energy devices. MXene/RGO compositdm can be easily transferred to the
elastomer substrate. After the dry-transfer step, the substrate is
slowly relaxed along the prestrained direction, allowing the
Fabrication and Characterization of Thin Film substrate to restore its original length and form a wrinkled/
Electrodes. Figure & shows the fabrication process of aridged patternKigure b). Di erent magncations of SEM
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Figure 3. Electrochemical performance of a stretchabl€,Ti/RGO electrode and a pure JT,T, MXene electrode. (a) Cyclic
voltammogram (CV) curves of the;G,T,/RGO electrode measured at dirent scan rates in the relaxed state. (b) CV curves ofG,Tj
MXene/RGO electrode measured at 20 mV/s scan rate underelt tensile strains (0 to 300%). (¢) Spexicapacitances calculated by
galvanostatic char§elischarge (GCD) measurements of ad,T, MXene/RGO electrode at derent charge/discharge current densities

under strains from 0 to 300%. (d) CV curves of aG,T, MXene stretchable supercapacitor electrode measured at scan rates from 5 to 50
mV/s in the relaxed state. (e) CV curves of the MXene electrode measured at the scan rate of 20 mV/s under tensile strains from 0 to 300%.
(f) Speci c capacitances calculated from GCD measurements of {8¢TTiMXene electrode at derent strain states and dérent charge/
discharge current densities. When the tensile strain is larger than 200%, the overall resistance@§ThéKene Im becomes very large

due to the cracking of the electrodém, leading to dramatic ohmic drop and zero capacitance.

images for the MXene/RGO composite thimin Figure S1 ~ have a positive ect on the alignment of the naakes in the
show that the wavelength of wrinkles/ridges is approximatelacuum Itration process through tHexcluded volurhe
50 m. Following the same procedures above, biaxiallgteractions. As a result, the MXene/RGO compdsite
stretchable MXene/RGO composite electrodes were algxhibits higher exibility and larger toughnsand stays
fabricated €.9. 200%x 200% prestrain in two orthogonal intact under large mechanical deformations or strains. The
directions) Figure ¢ andFigure Sp _ 3 average thickness of a MXene re@®measured by atomic

It can be seen from the SEM imagésgnre a5c thatthe  force microscopy (AFM) is2.6 nm and corresponds to
wrinkled/ridged compositelms maintain their structural  single- or double-layeakes Figure @), consistent with a
integrity without any visible cracks formed by applyingyevious literature repdftwhile the thickness of a single
di erent uniaxial prestrains of 100%, 200%, and 300%G(Q |ayer is 1.2 nm Figure Sp RGO nanoakes with

respectively. On the contrary, cracking and fragmentation g, jier thickness render lower bendingess, which is also
the pure MXene electrodéms fabricated with the same ponecial for the exibility of the Im in the stretching-

procedures from all three elient prestrains was observed, as,

S * ; . ““releasing deformations.
shown inFigure @Sf. The cracks generated in the relaxation "+ o & +2 0 energies of single-layer RGO and MXene

process are attributed to the high mechanical modulus aﬁgnoakes on a SiCsubstrate are then measured by lateral

small ake size in MXendms:>*> Compared with MXene, force microscopy (LFM) using a Si cantileveFtigpife S5a,b
the RGO Ims possess a lower Yosimgodulus (<1.5 GPa), nd d,i The cross-sectional pies of the friction force of the

stronger intersheet interaction, and higher elongation- _
breakg’,4 making it more compliant to the extreme mechanic Xene and RGO akes' are shown iﬁlgure. SSthese
les show that the friction force of the Si tip is lower for

deformations in the relaxation process. Additionally, the sizef$f !
RGO nanoakes in the composite is measured as 10788 MXene surfaces and higher for RGO surfaces compared to the

m, whereas theake size of MXene is 0.1460.047 m friction on the Si@substrate. This suggests that MXakes
(Figure #). The small size of the MXerakes is importantto ~have a lower surface energy than R&k®s Eigure Sjf We
facilitate ionic transport and achieve good electrochemicaribute the larger surface energy of the R&k®s to the
properties. The larger RGQike size leads to stronger Presence of carboxyl and hydroxyl groups on their siirfaces.
intersheet interactions by increasing the face-to-face intdihe larger surface energy of R@&es may lead to stronger
action area and reducing the edge-to-edge interédiioms. intersheet interactions between R@Res, and RGO and
been reported that the energy of the face-to-face interactibhXene akes, which also betw the formation of more
increases with theke size and is much larger than the edgerobust compositelms compared to those obtained with
to-edge interactiofi. Additionally, the largerake size can MXene akes alone.
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MXene/RGO compositelms with RGO weight percen- measured speci capacitance can reacd0 mF/cnf.
tages ranging from 0% to 100% were fabricated and testedHowever, when the current density increases to 10 A/g, the
further study the ect of the RGO on the electrical and measured speci capacitance drops to20 mF/cn?
mechanical properti€sgure g presents the variation of the corresponding to about 50% capacitance retention. The
ultimate strain (elongation to failure in the Sstssin curves  electrochemical stability of the MXene/RGO composite
in Figure Spof MXene/RGO compositdms as a function of  electrodes under dirent strains indicates that the pore
the RGO percentage. It is observed that the ultimate stragtructure and accessible active materials may remain the same
increases with increasing RGO percentage. When the weightler large deformations. The consistent electrochemical
percentage of RGO is greater than 50%, the ultimate strainp#rformance of MXene/RGO composite electrodeseatati
the MXene/RGO compositdm reaches 1% and remains strain states demonstrates that the MXene/RGO composite
almost constant. As showifrigure 2Sc, the stretchability of  Im is a promising candidate for stretchable supercapacitor
MXene/RGO thin Ims with RGO percentage >50% enableselectrodes.
the electrode Ims to remain intact during the stretching- In contrast to the MXene/RGO composite electrodes, pure
relaxation process. MXene supercapacitor electrodes show dramatically decreased

The electrical stability as a function of cycling was tested leyectrochemical performance under large deformaiipms.
measuring the resistance while applying a uniaxial strain of 3gbpresents the CV curves of a pure MXene electrode at 0%
to 250% for 1000 stretching-relaxation cycles. The measus&ain state and shows that the CV curves become highly
ments show that MXene/RGO composites with >50%  distorted (resistive) when the scan rate increases to 50 mV/s,
percentage of RGO maintain a stable resistance after 108#h rming the large resistance caused by MXareracking.
mechanical cycle§igure SB while the resistance of the When a uniaxial strain is applied to the electrode, the distance
MXene/RGO composite thiims with RGO percentage of between cracked MXenake pieces increases, resulting in
0% or 25% gradually increases with the mechanical cyclesther reduction of thelm conductivity. As a consequence,
indicating the separation or disconnection of the cracketie electrochemical performance of the pure MXene electrode
MXene/RGO Im pieces. It is noted that although many deteriorates under large mechanical strains from 100% to 300%
cracks are formed in the pure MXeine during the initial  (Figure S) Figure & compares the CV of the MXene
relaxation procesBigure @Sf), the overall resistance of the electrode under dérent strains at 20 mV/s. It is clear that the
MXene Im remains small during thest few stretching- capacitive current of the pure MXerlen decreases
relaxation cyclegigure B). The low resistance of the MXene signicantly as the applied strain increases. The cspeci

Im indicates that the cracked MXealees are still electrically capacitance F{gure 8 reveals that the electrochemical
connected until approximately 50 cycles. After 50 stretchingerformance of the pure MXene electrode is cagily
relaxation cycles, the resistance of the pure MXwmne a ected by the applied straihe specic capacitance of the
increases sigwiantly and reaches800 after 1000 MXene electrode at 1 A/g drops over 50% when a 200% strain
mechanical cyclesZ5 times of its original value, as shownis applied, indicating the loss of active material resulting from
in Figure . Compared to the pure MXene, the resistance the electrical disconnection of cracked MXakes during
of the MXene/RGO composite (50 wt %) stays constant anthe deformation. Moreover, the device fails at current densities
maintains 150 after 1000 mechanical cycles. Therefore, théarger than 1 A/g under the strain of 200% or 300% because
MXene/RGO compositdm is more suitable than the pure high internal resistance leads to an ohmic drop exceeding the
MXene Im for most stretchable applications, and themeasurable potential range.
composite is more suitable than pure RGO for electronic Additional details about the properties of the pure MXene
applications. and MXene/RGO compositém electrodes can be obtained

Electrochemical Performance. The resistance of the from electrochemical impedance spectroscopy (EIS) measure-
MXene/RGO compositdm increases with the percentage of ments Figure SB Figure S8aandFigure S8b,dresent the
RGO (Figure B) indicating a trade-dbetween the stability Nyquist plots of pure MXendm electrodes and MXene/
and the electrical conductivity determined by the compositioRGO compositelm electrodes at low frequencies and middle-
For applications requiring thousands of loading cycles, the-high frequencies, respectively. The small resistance at 200
MXene/RGO compositdm with RGO of 50 wt % possesses kHz ( 0.6 ) indicates the high conductivity of the
the best combination of electrical conductivity and mechaniaakctrolyte. For the pure MXenm electrode, the resistance
robustness. Thus, this MXene/RGO composition was chosé€semicircle) at middle-to-high frequency range increases from
for further testing as a supercapacitor electrode and compare?b to 200 with applied strains, which is attributed to the
with pure MXenelms.Figure aSc shows the electrochemical increasedim resistance under larger deformations. The slope
performance of a stretchable MXene/RGO compositef EIS curves gradually decreases at low frequencies, indicating
electrode, where the cyclic voltammetry (CV) curves of ththe transition from a capacitive to a resistive response. The
stretchable MXene/RGO composite electrode at 0% strain arerease of the corresponding real and imaginary impedance
rectangular from 5 to 50 mV/s, showing a double-layeimplies less ionic access to the electrode surface and lower
capacitive behavior in the selected narrow voltage window. €onductivity of thelm, consistent with the results of CV and
curves of the stretchable MXene/RGO composite electrod8CD tests. For the MXene/RGO composite electrode, the
under dierent strain states are almost identiégli(e ® and semicircle in the Nyquist plot maintains nearly the same values
Figure Sy due to the electrochemical properties of MXene( 8514 ) at di erent strains, agreeing well with the
and the structural integrity of compoditemaintained under  overlapped CV of the MXene/RGO composite electrode in
large deformationSigure 8 presents the specicapacitance  Figure 8. Additionally, similar slopes (near vertical) at the low
of the stretchable MXene/RGO composite electrode from thigequency range represent identical capacitive behavior of the
galvanostatic charge/discharge (GCD) curves ateni MXene/RGO composite electrode undeemint strains, also
strain states. At a small current density of 0.5 A/g, than good agreement with the CV and GCD measurements.
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Figure 4. Electrochemical performance of a biaxially stretchafBzTLiMXene/RGO composite supercapacitor electrode. (a) CV curves of
the TisC,T, MXene/RGO electrode measured at €ient scan rates under relaxed state. (b) CV curves of th@,Tj MXene/RGO
electrode measured at 20 mV/s scan rate undeemint biaxial stretching strains. (¢) Nyquist plot of the@iT, MXene/RGO electrode
under di erent biaxial strains. (d) Spedi capacitances calculated by GCD measurements of 66T iMXene/RGO electrode at derent
charge/discharge current densities underatent stretching strains.

Figure 4shows the electrochemical performance of @omposite electrodes and PV/S®l gel electrolyte were
biaxially stretchable MXene/RGO electrode (20Q%0%). fabricated Kigure @a). The measured CV curves of a
Compared with the uniaxially stretchable MXene/RGGsymmetric supercapacitor show a somewhat distorted
electrode, the local deformation of the biaxially stretchabtectangular shape at scan rates from 5 to 20 mV/s at the
MXene/RGO is largerF{gure t). However, due to the strain of 0%,e, in the relaxed stat€i§ure b), indicating a
incorporation of RGO into MXene, the composite electrode isapacitive behavior of the electrodes. However, the shape of
not broken/cracked during the stretching-relaxation deform#he CV curve is resistive at 50 mV/s, revealing an increased
tion process. The CV curves of the biaxially stretchabla uence of the internal resistance in the electrode at high
MXene/RGO electrode retain the square-shape extiuli current density. This is further coned by the large intercept
scan rates, indicating its excellent electrochemical performaf€0 ) on theZ axis in the Nyquist ploE{gure ). The
(Figure &), and consistent with CV measured at 20 mV/slarge Im resistance is attributed to the poor conductivity of
under various area strains ranging from 0% to 809%e( RGO. Nonetheless, the supercapacitor shows stable electro-
4b). The EIS curves of the biaxially stretchable MXene/RG®hemical performance when it is subjected ¢cedit applied
composite electrode exhibit similar semicirc#&s(  for all strains Figure 8). Similar slopes of the impedance spectra
strain states) and slopes at both high and low frequency rangasder dierent strains at low frequency further orthat
indicating a robust electrochemical performance of thihe MXene/RGO stretchable supercapacitor maintains its

composite electrode under extreme large strainsg 4). electrochemical performance under large mechanical deforma-
Figure 4 shows the specicapacitance of the MXene/RGO tions.Figure & shows the measured results of the MXene/
composite electrode underadient biaxial strains (0200%, RGO supercapacitor by GCD tests undereint strains. The

100%x 100%, 200% 200%). It can be seen that the applied triangular shape of the ch&wischarge curves ves that
strain has little iuence on the speci capacitance of the the main charge storage mechanism in the measured potential
MXene/RGO composite electrode. However, the capacitancange is the electrochemical double layer (EDL). Similar
decreases fron86 mF/cnt at 0.5 A/g to 18 mF/cnt at 10 charge/discharge times for GCD cycles indicate similar
A/g with the increased current density foemint strain  capacitances for the MXene/RGO supercapacitoreatrdi
states, which is consistent with the results of uniaxialgtrain states, which is consistent with the CV and EIS
stretchable MXene/RGO composite electrodes. measurements. The spediapacitance of the MXene/RGO

All Solid-State Supercapacitors. To demonstrate the supercapacitor is calculated as 18.6 MiBtdine scan rate of
performance of supercapacitor devices, all-solid-state stretld- A/g, based on the GCD testsigure ¥, which is
able supercapacitors withet stretchable MXene/RGO consistent with the measured valugd(mF/cn?) of a single
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Figure 5. Electrochemical performance of a stretchable supercapacitor with stretch@ble MXene/RGO composite electrodes and
sulfuric acid poly(vinyl alcohol) (EBQ/PVA) gel electrolyte. (a) Scheme of the stretchable,CJT, MXene/RGO composite
supercapacitor. (b) CV curves of the stretchable SC measuredeaedt scan rates in the relaxed state. (c) CV curves of the stretchable SC

at 20 mV/s scan rate under dérent stretching strains. (d) EIS of the stretchable SC aemdint strain states. (e) GCD curves of the
stretchable SC subjected to drent strains and measured at 0.5 A/g. (f) Spedapacitance of the stretchable SC measured atret

strains and dierent charge/discharge current densities. (g) Constant current charge/discharge (0.5 A/g) curves of the stretchable SC in a
mechanical reléstretch cycle. (h) Speot capacitance of the stretchable SC in a mechanicaSsti@tch cycle at the charge/discharge
current density of 0.5 A/g. (i) Electrochemical stability of the stretchable SC for 10000 charge/discharge cycles.

electrode considering the halved capacitance in the device. Toeurring during the stability test, which is promising for
specic capacitance of the supercapacitor is maintained over@hlization of this composite system in practical applications.
measured current densities agdint strain states due to the  The volumetric and gravimetric capacitances of stretchable
structural integrity of the MXene/RGO composite electrode MXene/RGO composite electrodes and supercapacitors are
As shown irFigure §,h, the capacitance of the stretchablealso calculated and compareé&igure S9The thickness of
supercapacitors exhibits little variation (8%) during multiplehe Im electrode is1 m, which is estimated by AFM scans
stretchingrelaxation cycles from 0% to 300% applied strairof the step height of MXene/RGO compodites on a silicon
The primary cause for the slightly reduced capacitance maydubstrate Higure S1)1 The calculated volumetric and
the degradation of contacts between the gel electrolyte and ti@vimetric capacitance for the MXene/RGO composite
electrode in the initial relaxation process, which leads to aectrodes is around 380 F/cni and 118160 F/g at a
increased resistance of the whole defigerré #). The scan rate of 0.5 A/g. High volumetric capacitance of
electrochemical stability of the supercapacitor is of paramoisttetchable MXene/RGO composite can be partially attributed
importance for the durability of the device in long-term usdo the high volumetric capacitance of MXene components.
Experimental testing shows that after 10000 GCD cycles aFaure S1Presents the electrochemical performance of a pure
scan rate of 1 Alg, the normalized capacitance reduces BEGO thin Im electrode. The distorted CV shape at 50 mV/s
15% fFigure §. Most of the reduction in electrochemical and the low slope in the low frequency region of the Nyquist
performance occurs during thest 2000 cycles, and the plot indicate the low conductivity of the RGO thim.
capacitance remains nearly constant after 4000 cycles. TWiidumetric capacitance of RGO electrode at the scan rate of 1
phenomenon indicates the contact between materials remailg is 216 F/cm, signicantly smaller than the value of
intact and there is minimalm delamination or damage MXene/RGO composite electrodes due to the smaller
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Figure 6. Performance comparison of the developed stretchalilgTTiMXene/RGO composite electrodes and supercapacitors with other
TisC,T, MXene based electrodes and supercapacitors reported in literature. (a) Comparison ofettlemidelectrode performances. The
capacitances of JC,T, MXene/RGO electrodes were obtained from GCD measurements at 1 A/g. Key: red stars, uniaxially stretchable
TisC,T, MXene/RGO composite electrode; hollow stars, biaxiall;/ stretchabl€,Tj MXene/RGO comJ)osite electrode; squares,
stretchable pure EC,T, MXene electrode; diamonds,;0,T,/PVA Im;?* hexagons, d-3C,T, under 10 MP&* up triangles, sandwiched
TisC,T,/RGO;* down triangles, 'E'CZTX/single wall carbon nanotub® circles, TiC,T,/carbon black/sodium alginaté? pentagon,
TisC,T,.*° left triangles, exible TiC,T,/RGO.** (b) Comparison of the supercapacitor performance. The capacitancesCaTTMXene/
RGO supercapacitor were obtained from GCD measurements at 0.1 A/g. Key: red stars, uniaxially stretg@gbleMXene/RGO
supercapacitor; squares,sThT, /carbon black/sodium alginate asymmetricgircles, TiC,T, paper’® up triangles, kirigami BC,T,/
bacterial cellulos&* diamonds, TiC,T,/multiwall carbon nanotubes?® down triangles, KC,T, paper asymmetri¢? hexagons, EC,T,
seawater electrolyt&: left triangles, exible TiC,T/RGO.*

volumetric capacitance of RGO. Therefore, the MXene/RG@uring the fabrication process and operation because of the

composite combines the mechanical stability of RGO and largmall mechanical modulus of the hybng strong intersheet

volumetric capacitance of MXene to realize a stretchalilgeractions, and large naake size of RGO. The measure-

electrode with high electrochemical performance. ments show that the MXene/RGO supercapacitor electrodes
Figure @& presents a comparison of the electrochemicdlave suitable performance, which is indicated by a capacitance

performance of the MXene/RGO composite electrodes withf 49 mF/cnd ( 490 F/cni and 140 F/g) coupled with

other MXene based electrodes reported in literature, in whichechanical stretchabilitye{ up to 300% uniaxial and 200%

the specic volumetric capacitances of various MXen&€00% biaxial strain) and stable electrochemical properties

electrodes are plotted versus applied strains. It is obviodsring mechanical cycling. It was also demonstrated that an all-

that our stretchable MXene/RGO composite electrodesolid-state supercapacitor with P\(B&h) gel electrolyte can

provide satisfactory specicapacitance and the highest achieve a specicapacitance of 18.6 mFfqm90 F/cn? and

stretchability, up to 800%, achieved among MXene-base@9 F/g) and electrochemical stability under various strain

electrodes. Moreover, the specapacitance of the MXene/ conditions over 10000 electrochemical cycles. Owing to the

RGO composite electrode remains nearly unchanged superior electrochemical and mechanical performance of the

di erent mechanical strains, whereas the pure MXersmmposite electrode, the stretchable MXene/RGO super-

electrode fabricated by the same process demonstrategapacitor is expected to have broad applications in wearable

signi cant loss of capacitance, from 464 ¥iomder 0% strain  and stretchable electronics.

to 36 F/cn? under 300% strairFigure ® shows the

electrochemical performance of the stretchable MXene/RGQ

composite supercapacitors together with MXene-based super-

capacitors. The stretchable MXene/RGO supercapacitogs! 3% 1x MXene SynthesisTisC,T, (MXene) was synthesized by

e . A the selective etching of Al fromgAIC,. Commercial FAIC powder
demonstrate a similar speatapacitance but a much Iarger%J!‘(anthal, Sweden) was mixed with TiC in a 1:1 molar ratio and ball

stretchability compared with other MXene devices, €ithefiied for 18 h. Then the mixture was heated t0°[350th a ramp

stretchable or rigid. Detailed comparisons of stretchabjgie of 5C/min in a tube furnace undeswing Ar gas. The obtained
MXene/RGO electrodes and supercapacitors with oth@jrick was ground with a TiN coated milling bit and sieved through a
MXene based devices are liste@laibles S1 and SWhile 400 mesh for powder of <3&. The TiAIC, powder (2 g) was
a narrow voltage window was used in this proof of conceplowly added to a mixture of LiF (3.2 g, 0.08 mM) and 9 M HCI (40
study, the electrodes produced by the same fabrication procg¥g for 5 min to avoid overheating due to the exothermic nature of
should allow operation in a 1 V window in acidic electfolyte the reaction. Then the mixture was stirred at 400 rpm for 24 h at 35
or even a wider window in neutral aqu®oas organic C: Afteé the re.?”'re.d reacgggo“me’ ?2‘2 4”8"‘“;;? Wgs "."aShe.ld ”&flo“gh
6 ; ; : repeated centrifugation at rpm rcf) for 3 min until a dilute
electrolyteé, showing even higher capacitance values andg een supernatant and swollen sediment was found (pH = 5). Then
much larger energy density. the sediment was redispersed in 100 mL of deionized water and bath
sonicated (40 kHz, Branson Ultrasonic Cleaner) for 1 h. To sediment
large multilayer particles or nonreacted MAX phase, the solution was

ntrifuged at 3500 rpm (2440 rcf) for 1 h, and the supernatant was

A simple process for fabricating highly stretchable MXenggiected for fabrication of stretchable composites. The concentration
RGO composite thinlm electrodes and supercapacitors ispf Ti,C,T, solution was 5 mg/mL.

presented. The MXene/RGO compositm electrodes Reduced Graphene Oxide SynthesisReduced graphene oxide
maintain their electrical conductivity and structural integrityRGO) was synthesized by hydrazine redd¢tianbrief, 8 mL of
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graphene oxide solution (5 mg/mL, Graphene Supermarket, USAR)M Inc., US) following the steps shown in the main text. Then the

was diluted in 72 mL deionized water (Synergy UV, Millipore, Inc.) irlectrolyte was made by adding 2.5 g of poly(vinyl) alcohol (PVA,

a glass bottle. The graphene oxide solution was then mixed with ON8V 146008186000, Sigma-Aldrich, Inc.) to 25 mL of 1 J8®).

mL 28% ammorfiawvater and 80L 35% hydrazine. After stirring for The solution was further heated up t¢®0n an oil bath for 1 h

3 min, the solution was cured in a water bah {C) for 1 h with with stirring until it became clear. After cooling, the as-prepared PVA-

vigorous stirring to reduce the GO for further experimental use. H,SQ, gel was cast onto the top surfaces of stretched MXene/RGO
Fabrication of MXene/RGO Composite FilmThe as-prepared  electrodes, leaving a small margin area uncovered for connecting the

MXene solution and RGO solution were mixed in deionized watd?t wire current collectors for electrochemical measurements. After

(Synergy UV, Millipore, Inc.) and sonicated for 20 min to obtain alrying in air for about 1 h, the two prestretched MXene/RGO

uniformly dispersed MXene/RGO solution with an RGO weightelectrodes were assembled together to form a double layer

percentage of 0%, 25%, 50%, 75%, and 100%. The MXeneflRGO electrochemical supercapacitor. In this device, the JSOAge!

were then fabricated by a vacuum-assiktaion method. The serves as both electrolyte and separator. The assembled device was

MXene/RGO solution wadtered by a nitrocellulose membrane then tested by a standard two-electrode setup.

(0.05 m pore size, Merck Millipore LTD, Ireland). The resulting MXene and RGO CharacterizationScanning electron micro-

MXene/RGO Im on the Iter membrane was rinsed with DI water to scope (SEM) images were taken using a FEI XL30 system and a FEl

remove the excess hydrazine and ammonia and then immediat8jyreo S system. Atomic Force microscopy (AFM) images were taken

immersed in a $$Q, solution (1 M) and stored in a nitrogen box for by using an Asylum AFM MPF3D system and a Digital Instruments

24 h. The MXene/RGOIm was then rinsed with the DI water and Dimension 3100 system. Raman analyses were carried out at room

used for the stretchable electrode fabrication. temperature with a 633 nm later excitation, using a Horiba Jobin Yvon
Lateral Force Microscopy MeasurementLFM measurements LabRAM ARAMIS system. X-ray photoelectron spectroscopy was

were conducted with an Asylum AFM MPF3D in ambientperformed by using a Kratos Analytical Axis Ultra system. Resistance

environment, using antimomydoped Si cantilevers (BRUKER of the thin Ims was measured in the diagonal direction by using a

Model TRESPA-300, spring constant 40 N/m). Topographic heighlukes 77 IV Multimeter. The average \wé measurements is

pro les were obtained by tapping mode imaging using a scan size'gported.

20 mx 20 m, a scan rate of 0.5 Hz, and a scan angle of 90 deg.

Lateral force images were obtained in contact mode with a tip saf

point of 800 mV (4.12N), scan size 20nx 20 m, and ascanrate . .

of 0.3 Hz. The lateral force was calculated by subtracting the lateral SUPPOrting Information .

signal from the retrace to trace in the friction loops. The Supporting Information is available free of charge at
Electrochemical Measurements The stretchable MXene/RGO  https://pubs.acs.org/doi/10.1021/acsnano.9b10066

electrodes were tested with a three-electrode setup utilizing a Bio- hol f the biaxiall hi | d

Logic SP-200 potentiostat. All the measurements for the stretchable Morphology of the .|aX|a.y st.re.tc ing SC eec_tro es

electrodes were performed with the 1 J8®j electrolyte solution. from MXene/RGO thinlms; variation of the electrical

Gel electrolyte of PVA8IO, was used for solid-state supercapacitor resistance of MXene/RGO thims; characterization of

measurements. Ag/AgCI in saturated KCI was used as the reference the RGO akes; strain stress curves of MXene/RGO

electrode and a Pt mesh was used as the counter electrode. Pt wire composite Im with di erent MXene percentages; AFM,

was utilized as the current collector for the working electrodes, CV and EIS measurements of the stretchable electrodes

limiting the voltage window. CV curves were measured conservatively made of MXene and MXene/RGO composite; volu-

in the voltage window frof0.2 to 0.2 \WsAg/AgCl, where double- metric capacitances of the MXene/RGO composite

lo demonstate stretchable devices rather that achive the masimum Glectrodes and supercapacitors: Raman and XPS spectra
of the MXene and RGOms; comparison of stretchable

possible energy density values. Larger cathodic potential was not -

applied due to the high hydrogen catalytical activity of the Pt wire. MXene/RGO electrodes W'th other M_Xene .based
The scan rate was set to range from 5 mV/s to 200 mV/s. Constant  €lectrodes and supercapacitors reported in the literature
current charge/discharge tests were performed in the ran§8.2om (PDR

to +0.2 V with current densities varying from 0.5 to 10 A/g. EIS

measurements of MXene/RGO composite electrode were performed

at open-circuit-potential (OCP) with the frequency from 200 kHz to

100 mHz, and the amplitude of 10 mV. EIS of the MXeme Corresponding Authors

electrode was measured at 0 V at the same frequency and sinusoidglg rey T. Glas$ Department of Mechanical Engi&eering

amplitude. For the MXene/RGO supercapacitor, the CV measur ; ; ricpll
ments were performed from O to 0.4 V with a scan rate varying fron%?te“als Science and Department of &l ter

to 200 mV/s. Galvanostatic charge/discharge (GCD) tests we gineering, Duke University, Durham, North Carolina 27708,

performed from 0.1 to 2 Alg. EIS was performed at 0 V with nited State'éma"ﬂe .glass@duke.edu .

frequency from 200 kHz to 100 mHz and amplitude of 10 mv. Changyong Cas Laboratory for Soft Macl&nBkectronics,
Electrochemical stability was tested at a constant current charge¢hool of Packaging, Michigan State University, East Lansing,
discharge rate of 1 A/g when the supercapacitor was relaxed at Bichigan 48824, United States; Departments of Mechanical

strain. Due to the low accuracy of measurements when materighgineering, Electrical and Computer Engineering, Michigan State
volumes and/or masses are very small, the areal capacitance is majplversity, East Lansing, Michigan 48824, United States;
presented for stretchable MXene/RGO composite electrodes andorcid.org/0000-0001-5067-1 Brfiail.ccao@msu.edu
supercapacitors based on thectelde area before prestrain

relaxation. Volumetric and gravimetric capacitances are also calculaigthors

and presented to exhibit the electrochemical performance of the yvinhao ZhoiS Department of Mechanical Engi&eering

devices. Volumetric capacitances and stretchability of the electro : ; ; ; ;
and supercapacitors are compared because this metric is wi Sterials Science, Duke University, Durham, North Carolina 27708,

: : . : ited States
adapted in previous literature where areal capacitance are not al - . .
prO\Eded. P P athleen Malesl8 A. J. Drexel Nanomaterials Institute, and
Fabrication of All Solid-State Stretchable Supercapacitors. ~ Department of Materials Science and Engineering, Drexel University

Two stretchable electrodes werst prepared by dry-transferring Philadelphia, Pennsylvania 19104, United Statesyg/
MXene/RGO Im onto prestrained elastomer substrates (VHB 49100000-0003-4032-7385
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