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Abstract: The emerging wearable electronics integrated into textiles are posing new challenges both in
materials and micro-fabrication strategies to produce textile-based energy storage and power source
micro-devices. In this regard, inkjet printing (IJP) offers unique features for rapid prototyping for
various thin-film (2D) devices. However, all-inkjet-printed capacitors were very rarely reported in the
literature. In this work, we formulated a stable Ti3C, MXene aqueous ink for inkjet printing current-
collector-free electrodes on TPU-coated cotton fabric, together with an innovative inkjet-printable and
UV-curable solvent-based electrolyte precursor. The electrolyte was inkjet-printed on the electrode’s
surface, and after UV polymerization, a thin and soft gel polymer electrolyte (GPE) was obtained,
resulting in an all-inkjet-printed symmetrical capacitor (a-IJPSC). The highest ionic conductivity
(0.60 mS/cm) was achieved with 10 wt.% of acrylamide content, and the capacitance retention was
investigated both at rest (flat) and under bending conditions. The flat a-IJPSC textile-based device
showed the areal capacitance of 0.89 mF/ cm? averaged on 2k cycles. Finally, an array of a-IJPSCs
were demonstrated to be feasible as both a textile-based energy storage and micro-power source unit
able to power a blue LED for several seconds.

Keywords: Ti3C,; MXene; inkjet printing; energy storage; capacitor; textile

1. Introduction

The rapid development of wearable electronics and the Internet of Things (IoT) with
luminescent, sensing and communication capabilities recently motivated the urgent rush
toward the development of new compatible energy storage and micro-power source de-
vices [1-3]. The relentless work of researchers is leading to a new paradigm in wearable
technology, recently named “Textronic” [4]: from the small but rigid electronics attached
to garments to more and more miniaturized devices integrated into textiles. In this re-
gard, the new textile-based energy storage and power supply units should combine high
efficiency, reliability and adequate energy density combined with the flexibility typical
of textiles [5-8]. Fibrous-shaped (1D) electrodes for both batteries and electrochemical
capacitors (ECs) are a popular strategy because of the intrinsic compatibility of yarn-like
devices with textiles [9-11]. However, the integration of these wire-shaped electrodes
into fabrics through conventional industrial manufacturing techniques is still extremely
challenging [3,5,12]. In fact, common techniques such as sewing and embroidery cause
severe mechanical tensile stresses, friction and deformations to yarns that could likely result
in the functional properties degradation. On the other hand, by weaving and knitting, the
device must be designed and incorporated during fabric manufacturing, increasing overall
difficulties in prototyping. Therefore, new fabrication strategies are needed.

Printing techniques (e.g., screen printing, stencil printing, spray coating, etc.) have
been previously demonstrated as an efficient route toward energy storage device integration
onto many flexible substrates, including textiles [13-18]. In particular, inkjet printing (IJP)
offers unique features such as a non-contact and maskless industrially mature additive
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manufacturing process, as well as its easy scalability and cost-effectiveness [19]. For these
reasons, IJP is considered a suitable and promising strategy for the microfabrication of new-
generation flexible electronics and devices [19-26]. In recent years, IJP has been successfully
employed to produce miniaturized, thin-film flexible energy storage devices [27-31]. ECs
uniquely offer superior power density, high reliability, and a long lifecycle, and employ
safer electrolytes with respect to toxic or aggressive battery ones. As a consequence, ECs
attracted great interest as energy storage and micro-power source devices for textronic
applications [14,27,32,33]. Conventionally, ECs relied on carbon-based nanomaterials to
produce EC’s electrode patterns, owing to their electrical conductivity and high surface
area. However, the current limitation lies in the poor dispersibility of carbon nanostructures
in water, requiring significant surfactant loading in the ink formulation or, more often,
water replacement with toxic organic solvents.

MXenes are emerging as a new class of conductive 2D materials with remarkable
energy storage properties [34]. Ti3Cy MXene is attracting tremendous interest for IJP appli-
cations owing to its unique combination of high electrical conductivity and outstanding
water dispersibility. Aqueous TizC;-based inks were successfully inkjet-printed to produce
current-collector-free ECs [32,35-39]. However, in the previous works, only the pure or
composite TizCy-based electrodes were inkjet-printed, while the electrolyte (typically an
acidic or neutral PVA gel aqueous electrolyte) was manually cast on the patterned elec-
trodes. In fact, the IJP of a solid or semi-solid electrolyte is very challenging because of the
high viscosity (>>10 mPas) of gel-polymer electrolyte and, more generally, the intrinsic
difficult printability of polymers by IJP [40]. As a result, all-inkjet-printed ECs have been
very rarely reported. Choi et al. proposed a UV-curable electrolyte composed of an ionic
liquid/triacrylate mixture ((BMIM][BF4]/ETPTA) with suitable rheological (13 mPas) and
surface tension (22.39 mN/m) for IJP with a commercial desktop printer [28]. On the other
hand, Li et al. successfully printed a polyelectrolyte (poly(4-styrenesulfonic acid), PHSS)
doped with phosphoric acid and ethylene glycol and achieved a fully IJP graphene EC on
Kapton substrate [41].

In this work, we propose an all-inkjet-printed symmetrical Ti3C, MXene superca-
pacitor (a-IJPSC) for textile energy storage applications. Both the aqueous TizC, ink and
an organic-based electrolyte were inkjet-printed. In particular, the LiCl/EG/AM/MBA
electrolyte precursor was inkjet-printed on the conductive Ti3Cy-patterned electrodes and
in-situ crosslinked by UV irradiation, obtaining a gel polymer electrolyte (GPE) coating.
Moreover, a thin TPU thermoplastic sheet was applied to a cotton textile and proposed
as an appropriate substrate to achieve reliable and flexible textile-based capacitors. The
a-1JPSC devices showed good areal capacitance and capacitance retention under mechanical
deformation. Finally, despite a few works that have been previously published for fully
inkjet-printed capacitors based on dielectric materials [42—44], to the best of our knowledge,
electrochemical textile-based a-IJPSCs have never been reported.

2. Materials and Methods

Materials: Commercial grade TizAlC, MAX phase (325 mesh) was purchased from Lu-
oyang Advanced Material Co. LTD (Luoyang, China). Sulphate-nanocellulose (SNC) was
bought from Celluforce (Montreal, Quebec, Canada) and photoinitiator (TPO-L) from IGM
(Rennes, France). All the other chemicals were obtained from Sigma-Aldrich (Miinchen,
Germany) and used as received. The thermo-adhesive TPU sheets were kindly pro-
vided by Covestro (Leverkusen, Germany), blue SMD LED and a switch button were
from MADEIRA.

Ti3AlC; etching: The Al planes of the Tis AlIC, MAX phase were etched according to a
well-established etching protocol in an HC1/LiF solution (MILD method) [45,46]. First, LiF
(15 g) was added to a 9 M (200 mL) HCl solution and stirred for 30 min. Then, the Ti3AlC,
MAX powder (10 g) was gradually added to the HCl/LiF solution to prevent excessive
overheating. The etching was carried out at 35 °C for 36 h. The etched MAX was washed
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multiple times with water by centrifuging at 3500 rpm. Finally, the etched TizC, powder
was dried in a vacuum at 60 °C overnight.

Ti3C,Tx and electrolyte inks preparation: The etched Ti3C, powder (1.5 g), SNC
(50 mg), sodium ascorbate (50 mg) and H,O (50 mL) were added to a zirconia jar along
with zirconia beads, sealed and wet-milled at 200 rpm for 1 h. The Ti3C; flakes were
further exfoliated and fragmented with a probe sonicator (TOPTIONLAB, Xi’An, China,
1.8 W/L) for 20 min. Finally, 2 mM lithium dodecyl sulphate (LDS) was added, and the
ink was centrifuged at 1000 rpm for 10 min to remove very large or non-exfoliated MXene
flakes, obtaining the ready-to-use Ti3C, ink (final concentration of TizCy ~ 1.5 wt.%). The
inkjet-printable electrolyte was composed of a 3 M LiCl ethylene glycol (EG) solution to
which acrylamide (AM), N,N’-Methylenebisacrylamide (MBA) and photoinitiator (TPO-L)
were added in an AM:MBA:TPO-L weight ratio of 20:1:1. The viscous LiCl/EG/AM/MBA
electrolyte precursor solution was then diluted with an H,O/2-propanol (IPA) solution to
have a 30% v/v final concentration of the electrolyte precursor.

Ti3C; MXene and electrolyte printing: The as-prepared inks were filled into empty
HP45 cartridges and printed with a flatbed Breva (iJet2L, San Vittore Olona, Italy) printer.
Patterns were designed with InkScape software (version 1.0.1) and then printed as .png
images. The substrates were arranged on the flatbed heated at 50 °C. The electrolyte
was cured by UV irradiation (395 nm, 50 W, TAOYUAN ELECTRON, Hong Kong) for a
few seconds.

Characterization: Electrode morphology and composition were investigated with
Scanning electron microscopy (SEM, EVO 50 EP, Zeiss) and energy dispersive spectroscopy
(EDS, INCA x-sight detector, Oxford instruments, Abingdon, UK) operating at 20 kV.
The microstructure was investigated through X-ray diffraction (XRD) (model PW1830,
Ka1Cu = 1.54058 A, Philips, Amsterdam, The Netherlands). Dynamic Light Scattering
(DLS) was used to investigate the TisC; MXene nanosheet size distribution in the aque-
ous ink (Zeta sizer Nano, Malvern, UK) at a scattering angle of 173° (backscatter). TizC,
ink colloidal stability was assessed by Z-potential analysis (Zeta sizer Nano, Malvern,
UK). UV-vis analyses were performed with a V-630 Spectrophotometer (Jasco, Cremella,
Italy) equipped with polystyrene cuvette. Electrolyte ink curing was monitored by attenu-
ated total reflection Fourier transform infrared spectroscopy (ATR-FTIR), using a Nicolet
380 spectrometer (Nicolet Instrument Corp., Madison, WI, USA) in the 4000-700 cm ™!
range. Surface tension measurements were performed by pendant drop technique with
Data Physics OCA 150, equipped with Liquavista Stingray camera. Data were elaborated
with OpenDrop software (version 3.3.1). Electrical conductivity of Ti3C, MXene printed
lines was measured both in static and under cyclical deformation conditions (90° bending,
15 rpm) with a custom-built apparatus. The resistance (R) was continuously recorded with
a VC650BT SE multimeter (VOLTCRAFT).

Electrochemical characterization: The electrochemical performances of the all-inkjet
symmetrical capacitors were evaluated both through cyclic voltammetry and galvanos-
tatic charge-discharge cycles using Admiral Prime (Admiral, Miami, FL, USA) potentio-
stat/galvanostat and BTS 4000 Neware tester (Neware, Shenzhen, China). Electrochemical
impedance spectroscopy (EIS) for ionic conductivity measurements was performed with a
Biologic VSP-3e (BioLogic Science Instruments, Grenoble, France) in the 5 MHz-100 mHz
frequency range and 15 mV pulse amplitude. A glass fibre separator was immersed in
the electrolyte precursor solution, and after excess liquid removal, the gel electrolyte was
formed by UV exposure for a few seconds. The ionic conductivity (mS/cm) was calculated
according to the equation o = ﬁ where [ is the gel polymer electrolyte thickness, A the
active area and R is the electrolyte resistance extrapolated by the Nyquist plot. EIS measure-
ments on printed devices were performed in the frequency range 100 kHz-100 mHz with
an oscillation amplitude of 15 mV at the open-circuit potential. The specific capacitance,
energy density and power density of the a-IJPSCs were calculated from both cyclic voltam-

metry and galvanostatic discharge profile. The capacitance (F) of the printed capacitors was

extracted from cyclic voltammetry plots according to the equation C = 2{;1‘; where I (mA)
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is the current, AV (V) is the voltage window and v is the scan rate (mV/s). For galvanostatic

charge-discharge experiments, the capacitance was computed as C = I |, ‘ZZ %dt [47]. The
discharged energy and power were calculated, respectively, according to the equations

E = %C VZand P = % where ¢ is the discharge time [39,48].

3. Results
3.1. Ti3Cy and Electrolyte Ink Characterization

TizC; MXenes were employed in this work since they have been widely demonstrated to
provide the best electronic conductivity among the solution-processed 2D materials, along
with excellent water dispersibility and charge storage properties [49]. TizAlC; powder was
successfully etched and exfoliated as confirmed by XRD and SEM (Figures S1 and S2). Owing
to its outstanding intrinsic hydrophilicity, stable water Ti3C, dispersion can be easily prepared
by hand-shaking [46] and low-power bath sonication [32,39,48,50]. Multi-layered Tiz;C,
particles are well exfoliated in water by shear forces and sonication, but size reduction
in the sub-pum scale is also required to avoid easy clogging of the nozzles during IJP. We
employed wet-milling and successive probe sonication to both exfoliate and reduce the size
of Ti3C, MXenes, adapting a previously published preparation protocol [51]. We added
SNC as a thickener and sodium ascorbate to mitigate Ti3C, oxidation and prolong ink
shelf-life [52]. It is widely known that TizC; MXene storage in water solutions quickly
leads to Ti3C; oxidation from Ti** to Ti** and TiO, formation by dissolved oxygen in water
and water itself, resulting in electrical conductivity and colloidal stability degradation [53].
Size distribution by the DLS analysis demonstrated the TizC, sheets had the adequate
lateral size for IJP (<<1 um), considering the “rule of thumb” for IJP that requires particles
size roughly 2 orders of magnitude lower than nozzle dimension (~30 pm). The average
hydrodynamic radius calculated by the DLS analysis can be correlated to the average lateral
size <L> of 2D sheets by the equation [54]:

< L > = (0.07 +0.03)a1-5+015) 1)

where g is the average hydrodynamic radius. A Z-average of 516.1 nm, corresponding
to a <L> ~ 290 nm, was obtained (Figure S3a). Moreover, a Zeta-potential of —41.9 mV
(Figure S3b) confirmed the formation of a very stable colloidal suspension. The ink sur-
face tension was then adjusted by adding 2 mM of LDS. Thermal IJP requires surface
tension much lower than that of water (72.8 mN/m) [51]. The surface tension values are
reported in Figure 1a. Without LDS, the surface tension was just slightly lower than water
(65.90 £ 0.84 mN/m), but after the LDS addition, it dropped to 42 + 1.1 mN/m, which
is favourable for thermal IJP. On the other hand, the surface tension of the inkjet-printable
electrolyte was as low as 28.5 £ 0.72 mN/m due to the high percentage of organic solvent.
In inkjet printing, a high shear rate (>10° s~!) is usually considered as the IJP representative
range to evaluate ink viscosity. For the final Ti3C, MXene ink formulation, viscosity was
2.7 £ 0.09 mPas while for the electrolyte it was 6.5 £ 0.1 mPas (Figure 1b). Both inks showed
constant viscosity for a shear rate higher than 10? s~!, representative of Newtonian fluid
behaviour. Considering the surface tension and viscosity of the inks and characteristic
length as the nozzle diameter (30 pm), the dimensionless Z-number, which is the inverse of
the Ohnesorge number, can be calculated according to the equation [55]:
s —opt— Wom)'?

2
. @)

The Z number was 11.8 and 4.5 for the TizC, MXene ink and electrolyte ink, respec-
tively, where the optimal printability range is commonly considered to be 1< Z< 10 [51].
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Figure 1. (a) surface tension values with correspondent pendant drop image; (b) viscosity plot for
Ti3Cy MXene ink and LiCl/EG/AM/MBA (30% v/v) electrolyte inks.

3.2. Electrical Conductivity of TizC,

Due to their high electrical conductivity, Ti3C, MXene could serve both as an active
material and a current collector. However, reliable conductivity is needed also under
deformation. The effect of substrate and overprinting layers (L) on conductivity was
investigated by printing TizC; lines of 50 x 2 mm. The TizC; MXene lines were printed
both on mylar and the TPU-coated cotton fabric (TPU/Co) (Figure 2a). TisC, MXenes were
also printed directly on cotton fabric, but because of the porous and irregular nature of the
fabric substrate (Figure S4a), electrical conductivity was even higher than 10° Ohm/cm and
extremely sensitive to manual handling. Applying a thin TPU layer flattened the surface
(Figure S4b) and solved the issue, achieving a reliable result. The initial linear resistance
Ry, was lower on mylar with respect to TPU/Co for 5 and 10 L (Figure 2a). The Ry, values
were 196 Ohm/cm (5 L) and 106.9 Ohm/cm (10 L) on mylar and 613.8 Ohm/cm (5 L) and
190.5 Ohm/cm (10 L) on TPU/Co, while at 20 L, the two Ry, were comparable, accounting
to 56.4 Ohm/cm and 60 Ohm/cm for the TizC, printed on mylar and TPU/Co, respectively.
The higher resistance of printed lines on TPU/Co for a low number of overprinting layers
was very likely due to the much higher roughness and irregular surface of the TPU/Co
substrate compared to the perfectly flat and smooth mylar foil. As the number of layers
increased, the Ti3C, nanosheets filled the valleys of the TPU/Co textured surface, resulting
in a more flat surface. The overall levelling to an almost flat surface was reached after
20 L. By further increasing the overprinting layers on TPU/Co to 30 L, the Ry, just slightly
decreased at 46 Ohm/cm. The electrical resistance was monitored under flat (180°) and
cyclical bending (90°) conditions. When the TizC, were printed on mylar, the average
resistance normalized on the initial one (R/Rp) on 1000 bending cycles always approached
~1,namely 0.91 + 0.07, 0.95 £ 0.05 and 1.15 £ 0.07 for 5, 10 and 20 L, respectively (Figure 2b).
Noteworthy, the bending test was performed by placing the MXene pattern on the backside
in order to induce tensile stress on the TizC, layer by bending. When 5 and 10 L TizC,
were printed on TPU/Co, the average R/R( values were 0.92 + 0.05 and 1.04 £ 0.03,
respectively, and for L > 10, the R/Rg trend was extremely smooth, representative of
excellent conductivity retention even after 1000 bending cycles. In fact, the average R/Rg
values were 1.02 £ 0.03 (20 L) and 1.02 £ 0.02 (30 L). The 30 L samples were also tested by
placing them with the Ti3C, line upper side to induce compression stress on the printed
pattern upon cycling. Again, remarkable conductivity retention was demonstrated by the
ultra-flat R/Ry and average value of 1.05 & 0.02.

The SEM images of the Ti3C, printed lines are reported in Figure 3. Comparing the
5 L (Figure 3a) and 20 L (Figure 3b) Ti3C, lines, SEM analyses confirmed that a minimum
of 20 L was needed in order to achieve a homogeneous and relatively thick coating while at
5 L the substrate is still visible, resulting in high Ry,. The Ti3C, layer was composed of a
compact film of MXene sheets (Figure 3c,d) with a very uniform distribution as shown by
the EDS map in Figure 3e. In general, the SEM images revealed well-defined lines, without
evident overspray due to excessive satellite-drop formation during jetting, demonstrating
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a good printability of the ink. When the TizC; line printed on TPU/Co (30 L) was bent,
multiple cracks formed (Figure 3f), even though the electrical conductivity results suggested
these cracks didn’t affect the bulk conductivity, and an excellent percolation of the Ti3Cp
was maintained.

Y SEA LAY 9 ]
[ ICo
£ = 1048 0‘0 °)o ° 2% o 0 Vgssggas“';w\!v:d'dwmww‘
500 o—— 9 1 3 "903 9 W M °° 90950° 99%09,
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30Lc

ceoe

30Lec o 200 Be:)dﬂlng cyd::](n) 800 100C o 200 B:::ing cyﬂ::?n) 800 1000
Figure 2. (a) initial Ry, of the TizC; lines (50 x 2 mm) according to the overprinting layers on mylar
film and TPU/Co (real picture in inset figure; (b) linear resistance retention upon bending cycles at
90° and 15 rpm for the printed TizC; lines on mylar; (c) same on TPU/Co substrate. The real pictures
of the test are reported as inset figures.

Figure 3. (a,b) SEM images of the TizC; MXene printed lines on TPU/Co substrates at 5 and 20 L,
respectively; (c,d) detail of the morphology of the 20 L surface; (e) EDS map (Ti, F, Cl) of the 20 L
sample; (f) images in BSD mode of the 30 L line on TPU/Co in a bent state, with a focus on the
curvature area.

3.3. Inkjet Printable Electrolyte

Electrolyte printing is definitely the main bottleneck in the development of minia-
turized and flexible electrochemical capacitors and batteries for wearable and textronic
applications. Liquid electrolytes cannot be employed because of technical difficulties with
their insulation and leakage issues. On the other hand, gel polymer electrolytes are very
viscous and not compatible with IJP technology. We formulated here a simple UV-curable
ink electrolyte based on EG since it can easily dissolve high concentrations of LiCl, AM and
TPO-L. The effect on the ionic conductivity of the AM content was investigated through EIS
analysis (Figure 4). Nyquist plots revealed that R, (sometimes termed also as the charge
transfer resistance R¢) increased by increasing the AM content from 10 wt.% to 30 wt.% In
particular, at 10 wt.%, the ionic conductivity dropped from 2.03 mS/cm before UV curing
to 0.60 mS/cm after the UV exposure and crosslinking. The values of R, and o are given in
Table 1. The 10 wt.% AM loading was selected because of the highest ionic conductivity,
and even at this low loading, a transparent soft GPE was formed (Figure S5).

Table 1. R, and ionic conductivity values calculated.

- 10 wt.% (Liquid) 10 wt.% * 20 wt.% * 30 wt.% *
R, (Ohm) 4.90 16.45 78.08 241.90
o (mS/cm) 2.03 0.60 0.12 0.04

* UV-cured (GPE).
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Figure 4. (a) Nyquist plots of GPE with increasing AM content, with the equivalent circuit used for
R, extrapolation in the inset figure; (b) focus on low real impedance values of the Nyquist plots.

The viscous LiCl/EG/AM/MBA electrolyte was diluted with an IPA /H,O mixture
to lower the viscosity to suitable values for IJP, and the electrolyte polymerization was
monitored by ATR-FTIR and, in particular, the effect of heating time at 50 °C on IPA
and H,O evaporation was investigated (Figure 5a). The -CH stretching vibration of IPA
was well visible at 2970 cm~! (Figure 5b) and vibrated at different frequencies than the
EG one. After just 1 min at 50 °C before UV-curing, the -CH stretching band of IPA was
negligible, suggesting the fast evaporation of the solvent and the -CH; symmetric stretching
bands for t > 1 min resembled the non-diluted electrolyte. Moreover, by increasing the
drying time, the broad -OH peak absorbance red shifted, and after 5 min it was roughly
centered at the same frequency as the UV-cured and non-diluted LiCl EG/AM/MBA
gel. Coherently with increasing the drying time, the -C=0 peaks stiffened while -C=C
absorbance reduced (Figure 5c) as symptomatic of higher polymerization efficiency due
to excess solvent removal. This was confirmed also by the formation of a soft but solid
gel only for t > 1 min while UV-curing of the electrolyte precursor within 1 min drying
resulted in a liquid-like gel with poor mechanical properties. Noteworthy, the -C-C skeletal
vibration at 950 cm ! (Figure 5d) was almost null for t > 2 min. As a consequence, a drying
step of ~5 min was always performed before UV-curing of the inkjet-printed electrolyte.
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Figure 5. (a) ATR-FTIR of the non-diluted (ND) LiCl/EG/AM/MBA electrolyte precursor and inkjet-
printable electrolyte in liquid and polymerized state after 1, 3 and 5 min of excess solvent evaporation;
(b) focus on the absorbance spectra in the -OH and -CH, absorbance region; (c) focus on the -C=O
and -C=C region; (d) focus on the -CC region.
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3.4. Textile-Based All-Inkjet Printed TizCy MXene Symmetrical Capacitors (a-I[PSCs)

A schematic representation of the TizC, a-IJPSC preparation is given in Figure 6a
while some real pictures of the printed devices are given in Figure S6. TizC, MXene and
electrolyte precursor inks were consecutively inkjet-printed, and the electrolyte was then
cured by UV illumination for a few seconds after 5 min drying at 50 °C, obtaining a thin
GPE coating. The flexible textile-based a-IJPSC devices were then produced. Figure 6b
shows the Ti3C; electrodes inkjet printed with the conventional interdigitated configuration.
The interdigitated Ti3C, lines were typically printed at 1 mm width and (if not differently
specified) 0.6 mm inter-electrode spacing. The SEM images of the inkjet-printed TizCp
electrodes show that the Ti3C, ink could be jetted with good quality without spraying or
satellite-drop formation. After the electrolyte printing and UV curing, the Ti3C, patterned
electrodes were clearly covered by a uniform solid layer that made the underlying TizC,
lines barely visible (Figure 6c).

b)

3

% Tis€, feii{uod; 7)) ®

Figure 6. (a) schematic representation of the a-IJPSC on TPU/Co substrate preparation; (b,c) SEM
images of the Ti3C, MXene interdigitated electrodes, respectively, with and without the GPE coating.
For this sample, a 1 mm inter-electrode distance was used.

The effect of the electrolyte overprinting layers (i.e., the total electrolyte amount) was
investigated by EIS. Two TizC, electrodes with interdigitated configuration were printed
(20 L) on the TPU/Co textile, and 5 to 30 layers of electrolyte precursor were consecutively
printed on top. Nyquist plots (Figure 7a,b) clearly showed that increasing the electrolyte
overprinting layers on the Ti3C; electrodes resulted in a consistent shift of the equivalent
series resistance (Rgsr) to lower values. Since both the pattern, TizC, MXene overprinting
layers and inter-electrode distance (0.6 mm) were the same, the lower Rpsg could be
attributed to the real impedance decreasing the GPE only. In fact, the Rgsr drastically
decreased from 61 kOhm to 6.09 kOhm and 2 kOhm for 10, 20 and 30 L respectively. Even
after 30 L, the Rgsg was close but higher (~ 2 times) than the “flooded” conditions obtained
by manually casting ~ 0.3 mL of electrolyte precursor solution with a micropipette. All the
subsequent results were obtained by fixing the electrolyte overprinting layers to 30.
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Figure 7. (a,b) Nyquist plots for the a-IJPSC devices with different electrolyte overprinting numbers;
(c) areal and specific capacitance at increasing scan rates (5, 10, 25, 50, 100 mV/s) in the 0-0.8 V
range (mass for Csp calculation was considered as Ti3C, mass only, area as the whole device surface);
(d) areal capacitance obtained by galvanostatic charge-discharge cycles at different currents.

Since by increasing the number of Ti3C; layers the overall material loading was in-
creased, the total TizC, weight per printed layer normalized on the area was estimated by
weighting punched samples of Ti3C, MXene printed up to 30 layers (Figure S7). The results
indicated that an average of 23 ug/ cm? of Ti3Cy MXene were printed at each layer. The
mass estimation allowed to normalize on both the active mass and active area (i.e., elec-
trodes only) the capacitance values obtained through cyclic voltammetry at different scan
rates in the 0-0.8 V range (Figure 7c). The rectangular-like shape of cyclic voltammetry
(Figure S8) is indicative of double-layer capacitance as typically observed for TizCy; MXene
in LiCl and other neutral electrolyte solutions [56-58], contrary to the prominent pseudo-
capacitive behaviour that arises in acidic electrolyte because of H* intercalation [59-61].
However, it is noteworthy that symmetric capacitors typically suffer from an asymmetrical
charge accumulation on the two electrodes that is the main bottleneck in their limited
working potential window and relatively low capacitance. When specific capacitance Csp
is considered, the 10 L showed the highest values, up to 11.3 F/g at 5mV/s and 20 L the
lowest (7.1 F/g), but in terms of areal capacitance C,, a coherent trend was found by in-
creasing Ti3C, printing layers. The results could be reasonably explained by assuming that
by increasing the Ti3C; layers, the mass increased, as well as the electrode thickness and, as
a consequence, deeper TizCy MXene sheets became less and less accessible to the electrolyte.
The bottom Ti3C, layer could then provide a constant electrical conductivity, serving as the
true current collector. However, considering the ultra-low amount of material-deposited
fabrication (roughly a total of 0.014 mg for a 1 cm? device), the areal capacitance is a much
more indicative benchmark when dealing with thin-film devices. At last, the rate capability
was also investigated by galvanostatic charge-discharge cycles at different currents. The
correspondent areal capacitance values (Figure 7d) were in good accordance with the cyclic
voltammetry results and confirmed the overall better performances of the printed device
by increasing the Ti3C, printed layers.
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C, (mF/cm?)

A custom-built apparatus was employed for the investigation of the working-under-
deformation capacitance retention. In fact, textile-based capacitor devices should be in-
herently flexible and capable of providing constant energy storage both at rest and under
various deformation conditions. A 1 cm? area device (0.6 mm inter-electrode distance)
was galvanostatically cycled at 5 pA during cyclical bending from 180° to 90° at 15 rpm.
The areal capacitance almost linearly decreased during cycling, but after 13k bending
cycles (140 charge-discharge cycles), the capacitance retention C/Cy was still considerably
high at 61.7% (Figure 8a). The long cycling test was performed at a flat configuration at
50 WA in the 0-0.8 V range (Figure 8b). Averaging on 2k cycles, the C, was 0.86 mF/cm?,
the coulombic efficiency approached 99.2% and the areal energy E, and power P, were
respectively 0.08 tWh/cm? and 20 W /cm?. The C/Cy at 140 cycles was 94% and after
1k cycles it was 68%, which was considerably higher than the same a-IJPSC bent during
cycling, suggesting that the GPE may be damaged upon multiple mechanical deformations
or the TizC; electrode/GPE interface may be degraded. A deeper investigation into the
lower capacity retention during bending will be addressed in future work. In general, the
C,, E, and P, were ~10' 2 lower compared to previous seminal works on TizC,; MXene
inkjet-printed capacitors but employing manually cast, aqueous gel-polymer acidic elec-
trolytes, non-aqueous ink or additives, such as PEDOT:PSS [32,39,48]. A comparison of the
performances of our textile-based a-IJPSC with other reference works is provided in Table 2.
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Figure 8. (a) C; and coulombic efficiency (CE) with respect to galvanostatic charge-discharge (5 pA)
and bending cycles; (b) C, and CE of the long-cycling test performed with a galvanostatic charge-
discharge current of 50 pA at rest (flat) condition (TizC, 20 L and electrolyte precursor 30 L). The
voltage-time profile of the first few cycles is reported as the inset figure.

Table 2. Comparison of Ca, Ea and Pa with respect to similar reference literature works. The reported
values for this work are related to the long cycling test of Figure 8b.

Ref. Electrolyte C, (mF/cm?) E. (Wh/cm?) P, (uW/cm?)
This study IJP LiCl/EG/AM/MBA 0.86 0.08 20

[32] Cast PVA/HSO4 60 12.3-44 160-580

[48] Cast PVA /H,S0, 12 ; ;

[39] Cast PVA/LiCl 22 0.56 -

A great advantage of our a-IJPSC production method is the countless number of
possible miniaturized designs, including parallel and series connections to increase the
overall areal capacitance (i.e., energy) or voltage (i.e., power). In Figure 9a, an example
of parallel and series devices connection is reported. The cyclic voltammetry coherently
shows that by connecting devices in parallel (up to three), the current in cyclic voltammetry
plots increased along with the equivalent capacitance (Coy = C; + C2 + ... + Cy) whilein a
series connection, the individual textile-based capacitor voltage could be summed up to
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Figure 9. (a) cyclic voltammetry (5 mV/s) of series and parallel connections (up to 3) of Ti3C, a-IJPSC;
(b) picture of the textile-based 24-device a-IJPSC on TPU/Co and electronic circuit equipped with a
blue LED and button switch; (c) voltage profile recorded during galvanostatic charge (50 nA), rest
step, LED powering and final rest; (d) pictures of the a-IJPSC array powering the blue LED while
subjected to various deformations.

In textronic applications, the meaning of textile energy storage units could be to
store energy and release it on demand to power other textile-based units, such as sensors,
communications, luminescent devices, etc. As a demonstration of the feasibility of our
Ti3C, a-1JPSC for textronic applications, an array of 24 individual capacitors (total area
32 cm?) were inkjet-printed on TPU/Co substrate and integrated in a simple electronic
circuit with a blue LED (Vg > 2.6 V) and a switch button, connected to the Ti3C, a-IJPSC
array working as a power source unit. The image of the circuit is reported in Figure 9b.
The array was galvanostatically charged up to 5.6 V, and after 5 min of rest, the blue LED
was powered on for 100 s by pushing the switch button, during which the voltage dropped
to ~2.6 V (Figure 9c). Noteworthy, the blue LED could be lighted up also during various
bending and deformations, as shown in Figure 9d.

4. Conclusions

In this work, we propose an easy strategy to obtain textile-based all-inkjet-printed
symmetrical capacitors based on Ti3C; MXene electrodes and a novel gel polymer elec-
trolyte formulation. A stable aqueous Ti3C, ink as well as UV-curable electrolyte precursor
ink was formulated with good printability properties suitable for thermal inkjet printing.
In particular, the printable electrolyte precursor ink allowed us to obtain for the first time
an all-inkjet-printed capacitor on TPU-coated cotton fabric, allowing definitive control on
patterning with respect to the manual-casting process of a gel-polymer electrolyte com-
monly employed in the literature. By optimizing the printing process, as well as the TizC,
MXene and the number of electrolyte overprinting layers, acceptable areal capacitance,
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energy and power were achieved. By printing an array of a-IJPSCs with parallel and series
connections, a device was obtained on TPU/Co substrate, working as energy storage and
micro-power source able to power a blue LED for several seconds and demonstrating its
applicability for textile energy storage application. In principle, the proposed here methods
and, in particular, UV-curable electrolyte, could be employed for the production of both
symmetric and asymmetric all-inkjet-printed electrochemical capacitors based on a variety
of popular active materials as 1D/2D/3D carbon nanostructures, other MXenes, conductive
polymers, etc. We strongly believe this work could pave the way for the development of
high-performance textile-based energy storage by inkjet-printing processing.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ coatings13020230/s1. Figure S1: XRD patterns for the Ti3AlC; MAX
and the etched Ti3C; MXene after 36 h etching; Figure S2: SEM images of the Ti3AIC; MAX (a) and
multilayer etched Ti3C; MXene (b). In (c) and (d) the EDS spectra for the MAX and etched multilayer
MXene powder are provided; Figure S3: DLS (a) and Z-potential (b) file report of the TizC, ink;
Figure S4: EDS image of the TizC, MXene printed on the neat cotton fabric (a) and TPU-coated
fabric (b); Figure S5: (a) a glass fibre separator was used as support matrix for ionic conductivity
measurement; (b) the separator was soaked in the electrolyte precursor and then UV-cured for few
seconds, a soft and flexible GPE was obtained; (c) when the electrolyte precursor was casted in a
mould and then UV-cured, a free-standing transparent GPE was obtained; Figure S6: Real picture
of a 1.5 cm? a-IJPSC produced with 0.6 mm interelectrode spacing, Ti3C, 20 L and electrolyte 30 L.
The UV-cured GPE is clearly visible as a reflecting transparent coating on top; Figure S7: The printed
Ti3C, mass/layer normalized on printed area; Figure S8: Cyclic voltammetries at 5 mV /s for a-
IJPSC devices printed on TPU/Co with increasing Ti3Cy overprinting layers and 30 L of electrolyte
precursor printing. References [42,58-62] are cited in the supplementary materials.
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