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The semimetallic 1T" and 1T phases of two-dimensional (2D) transition metal dichalcogenides (TMDs) have
been attracting considerable attention as promising materials for electrochemical technologies owing to
their intrinsic electrical conductivity and exceptionally high ion-intercalation properties. Achieving the 1T’
phase of MoS, in high concentration and preserving it during device operation are still pressing
challenges as the phase is metastable. Herein, we demonstrate 3D printed electrodes of 1T'/1T MoS,/TiS,
nanosheets for microsupercapacitors. The highly concentrated water-based inks of exfoliated 1T'/1T
MoS,/TiS, nanosheets were suitable for the printing of 3D architectures with arbitrary geometry, micron-
sized features and spatial uniformity. Such architectures are used as microsupercapacitor electrodes
which exhibit an areal capacitance of 448.16 mF cm™2 at a current density of 0.1 mA cm~2. TMD-based
microsupercapacitors with high-mass loading (up to 100 mg cm™2) 3D electrodes also exhibited
excellent cycling stability and coulombic efficiency over 100 000 cycles, while retaining the 1T' phase.
Overall, the high mass loading of the printed electrode and the conductivity and the geometry of the
electrodes contribute to achieving energy and power density (3.89 pW h cm™ and 250 pW cm™2,
respectively) which are prime amongst those of the TMD-based supercapacitors. This work
demonstrates the possibility of formulating and processing inks of 2D TMDs without conductive

additives, paving the way towards the manufacturability of electrically conductive device components

rsc.li/materials-a based on metastable materials.

Introduction

The crystal phases of TMDs with semimetallic character have
been attracting increasing interest in the last decade.® Specifi-
cally, the semimetallic 1T phase of MoS, has been extensively
studied owing to its electrocatalytic properties for hydrogen
evolution,” electrical conductivity®* anisotropic transport and
high volumetric capacitance and cyclability.>” Thin films of
exfoliated MoS, nanosheets with a predominant 1T’ phase have
been reported to exhibit volumetric capacitance in the range of
~400 to ~700 F cm " in aqueous electrolytes upon intercalation
of different ions such as H", Na" and K",**° as well as organic
materials without undergoing major structural modifications.
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Electron-donating species are likely to be intercalated,'® while
a record areal capacitance of 0.63 F cm > and a corresponding
436 F cm ™ volumetric capacitance have been recently reported
for compact thin films of exfoliated 1T MoS, nanosheets.? Areal
capacitance is increasingly reported as a figure of merit for the
emerging area of miniaturised energy storage devices for
portable electronics including on chip systems for the Internet
of Things." Indeed, an intercalation reaction occurs where
charges are transferred from Li (the intercalant) to the
conduction band of the host layered compound. The conversion
of the 2H phase into the 1T’ phase normally accounts for
between ~60-75% of the at% of the material."»** Additionally,
such films have demonstrated an ultrahigh rate of operation,
owing to the inherent ability of this class of van der Waals
materials to intercalate ions between the layers.*® Fabricating
and testing full devices based on 1T’ MoS, remains challenging,
owing to the metastable nature of this phase. This is not
a naturally occurring phase, and it can be obtained via lithium
treatment of the 2H phase.>'* Additionally, the 1T’ phase
converts to the 2H phase at temperatures just over 100 °C.*>*
Thus, the thermal treatment of an electrode at higher temper-
atures would make the electrode semiconducting. The process

This journal is © The Royal Society of Chemistry 2023
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of lithium intercalation in bulk MoS, and exfoliation in water,
pursued either electrochemically or chemically, normally
produces solutions with concentrations in the order of 0.1 mg
mL . TiS, is another layered material, and it has been
a prototypical cathode material for Li-ion batteries'>'® demon-
strating capacities and energy densities approaching 250 A h
kg~ ' and 480 W h kg™, respectively, and surpassing transition
metal oxide cathode materials used for Li-ion batteries. Its fast
lithium self-diffusion’>'” is amongst the highest reported, thus
favouring fast kinetics. It presents a thermodynamically stable
1T phase which exhibits semimetallic properties and it can
easily intercalate Li-ions.”*>' Thus, blending exfoliated MoS,
nanosheets in a predominant 1T’ phase and 1T TiS, nanosheets
would ensure the formation of an electrically conductive
network with Li-intercalation properties and with van der Waals
forces able to create an interconnected network of flakes. These
characteristics would make such a blend promising as a super-
capacitor electrode.

We have demonstrated the formulation of highly concen-
trated inks with 50 wt% of 1T//1T semimetallic MoS,/TiS, in
water which are 3D printable via robocasting, also known as
direct ink writing. They have been deposited in a layer-by-layer
fashion via robocasting to fabricate symmetric micro-
supercapacitor electrodes with micron-sized features which can
be tested as they are, without the need for thermal treatments.
The microsupercapacitor demonstrated a prime areal capaci-
tance of 448.16 mF cm ™ > with an energy and power density of
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3.89 uW h em ™2 and 250 uW ecm ™2, respectively. The electrodes
exhibit excellent cycling stability and coulombic efficiency over
100 000 cycles, while retaining most of the 1T'/1T phase after the
electrochemical tests. The additive manufacturability of water
based TMD inks paves the way for the development of 3D energy
storage devices for use in wearable electronics.

Results and discussion

In this work, we have blended exfoliated 1T' MoS, and 1T TiS,
nanosheets to 3D print microsupercapacitors. We have chosen
3D printing in the form of direct ink writing as a manufacturing
technique as it offers the possibility to design electrodes with
arbitrary geometry and dimensions. Additionally, it is viewed as
a sustainable manufacturing technique which could also lead to
produce devices at scale. Considering the pseudocapacitive
nature of 1T" MoS, (ref. 6 and 8) and the high intrinsic
conductivity of 1T TiS,,** we have anticipated that the pseudo-
capacitive charge storage and the electrochemical adsorption-
desorption response at the interface between the electrode and
electrolyte will be enabled, which can lead to efficient charge
transportation toward high-performance microsupercapacitors.
We do not anticipate a clear coulombic contribution from TiS,
due to the nanosized dimension of the platelets.”® The
uniqueness of our scalable exfoliation of MoS,/TiS, nanosheets
relies on the non-hazardous and water-based amphiphilic
properties of a thermoresponsive co-block polymer

C o0 aae ’@*8gg o®
o SRRy R
: Sytetelote?
ABginy o

1T’ MoS,
1TTiS,
+
Pluronic®
+

H,O

Ink

»___/
Exfoliation

Scheme 1 Schematic representation of the synthesis process, exfoliation mechanism and 3D printing of 1T/1T MoS,/TiS, inks. (a) Atomic
structures of bulk MoS, and TiS; and (b) atomic lattices of lithiated MoS, and TiS,. (c) and (d) Pluronic-water exfoliation process of MoS, and TiS,.
(e) Homogenization of 1T'/1T MoS,/TiS; inks and (f) extrusion of the corresponding inks through a nozzle.

This journal is © The Royal Society of Chemistry 2023

J. Mater. Chem. A, 2023, 11, 16190-16200 | 16191


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ta02508j

Open Access Article. Published on 13 Juli 2023. Downloaded on 27.01.26 16:33:53.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

View Article Online

Paper

10° 10*
a ——G' - MoS,/TiS,, 50%w b

- ~G" - MoSTiS, 50%x

Fo = 10 rad/s

o
©

o,
R

-

=3
-

(=)
S

4

0 10 10
Oscillation Stress (Pa)

— = MoS,/TiS, 50%m

o

33

e

/

4

Viscosity (Pa.s)
2 & 3§

2 ) T al

3
2
Ty
/
/
=
S
>
o |

Viscosity (Pa.s)
/

sl e | uad

Shear Rate 10s™
== o # o
Direct Ink Writing ‘&

® ®

Ink-Jet Printing
1 1

This Work
@ MoS,TiS, 50%

Robocast Inks

GO [24)
GO/BCSILT [24)
GO/BCS/HT [24)
Dilute GO [26]
GO [27]

GO [27)

LFP/GO [28]
LTO/GO [28]
Cu[29]

ALO, [30]

SiC [30)
Cellulose [31]
Silver Nanoparticles [32)

=)
~

0BAODXO0+0O0O4ADO

° Ink Jet Printed TMDs
L A

> & GMoS,[33)
7 GI/MoS, [34]
¥ G/TMDs [35)
GO [36)

© MoS,[37)

[> MosS, [38)

®

E
1002

-
o
&

" P P P
102 10" 10° 10' 10%
Shear Rate (1/s)

102

10" 10° 10’ 10?

Concentration (wt%)

Fig.1 Rheological characteristics of the 1T'/1T MoS,/TiS; inks and 3D printed structures. (a) Rheological oscillatory measurement of the storage
and loss moduli in response to the applied stress for 50 wt% loaded inks at an angular frequency of 10 rad s~*. The inset schematic shows
a simplified model for the gel at rest prior to the yield point and gel flowing past the yield point. (b) Comparison of the viscosity versus the active
material loading measured at a shear rate of 10 s of various reported values?*25-3 with this work and (c) viscosity flow curve. (d) Photographs of
the 3D printed interdigitated electrode, serpentine electrode, woodpile electrode, unsupported high aspect ratio walls, and cylindrical 3D grid
structure with a hollow centre. X-ray computed tomographic reconstructions and porosity estimations via image segmentation on 10 x 10 mm
10 layered (e) serpentine and (f) 10 x 10 mm 10 layered woodpile structures.

(poloxamer). The latter enables the dispersion of the platelets
and the achievement of high concentration (>1 mg mL ') via
steric and electrostatic stabilization.” The resulting formula-
tion is printable via continuous extrusion over three dimen-
sions using a robocasting technique. The poloxamer of choice is
Pluronic F127 which consists of a poly(propylene oxide) block
between two poly(ethylene oxide) blocks. This is a non-
hazardous, biocompatible, and commercially available poly-
mer. The first step of the ink formulation is the lithiation of the
bulk powders of MoS, and TiS, using LiBH, at 350 °C for 3
days® (Scheme 1a, detailed Li-intercalation and exfoliation
mechanisms have been included in ESI Page 1t). Upon lithium-
ion intercalation, the layered 2H MoS, bulk powders undergo
a partial phase conversion to the 1T’ phase (Scheme 1b). This
lithiation process leads to the conversion of more than 50% of
2H MoS, into 1T" MoS,, as elucidated by XPS analysis (ESI,
Fig. S21), while upon Li intercalation the TiS, platelets preserve
the 1T phase and show negligible oxidation (Fig. S2g7t). The

16192 | J. Mater. Chem. A, 2023, 11, 16190-16200

subsequent step is exfoliation into atomically thin nanosheets,
which occurs by dispersing the lithiated powders with a water-
based poloxamer solution (Scheme 1c). A vigorous reaction of
lithium ions with water occurs, liberating H, which is respon-
sible for the separation of the platelets and the formation of
single- and few-layered TMD nanosheets with a lateral size in
the micrometre range (Scheme 1d). The highest printable
concentration achieved is 50 wt% of MoS,/TiS,. The ink was
homogenized without adding any further stabilising agent
(Scheme 1e). The thermoresponsiveness of Pluronic enables
controlled gelation, which is necessary during the printing
process to retain the imparted shape (Scheme 1f). The print-
ability of the inks was investigated via rheological character-
isation. As shown in Fig. 1a oscillatory measurements show the
ink behaving like a solid material at rest with a storage modulus
of 10° Pa. The ink is also able to flow when a stress is applied.
Materials concentrations lower than 50 wt%, such as 30 wt%,
exhibit a lower storage modulus (ESI, Fig. S17). The very high

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Structural and spectrometric characterisation of the MoS,/TiS, ink and 3D architectures. (a) Low-magnification SEM image of the as-
printed strut (scale bar: 250 pm); (b) cross-sectional SEM image of the extruded MoS,/TiS; filament (scale bar: 10 um) (c) SEM image showing the
morphology of an annealed MoS,/TiS, electrode with exposed 2D flakes (scale bar: 1 um); (d) a representative TEM image of micron-sized
exfoliated MoS; nanosheets; (scale bar: 200 nm) and the corresponding SAED pattern of a few-layered MoS; flake illustrating the presence of the
1T phase (inset, scale bar: 5 nm™) (e) a high-resolution TEM image of the MoS; flake edge illustrating the monolayer nature of the exfoliated
material; (scale bar: 2 nm) (f) a high-resolution TEM image and a Fourier filtered image (inset) highlighting the Moiré pattern of restacked MoS,
single layers; (scale bar: 2 nm); (g, h, k and l) ToF-SIMS topographic reconstructions of MoS,/TiS,/LiMoS,/LiTiS, species on the surface of as-
printed 3D serpentine structures. (i and m) Depth profiling of MoS, (blue), Li-MoS, (turquoise), TiS, (red) and Li—TiS; (fuchsia) species present in
an as-printed and thermally annealed serpentine structure (jand n) 40 x 40 x 40 um 3D rendered species overlay topographic reconstruction in
an as-printed serpentine structure. MoS, (blue), Li-MoS, (turquoise), TiS; (red) and Li—TiS; (fuchsia).
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mass concentration of our inks provides a viscosity of ~10°-10°
Pa s (at a shear rate of 10 s~ '), which is much higher than the
viscosity normally achieved for inkjet printing, and it is
amongst the highest for 3D printing (Fig. 1b). Fig. 1c shows
a flow ramp which is indicative of a shear-thinning behaviour.
When the shear rate increases, the viscosity drops by orders of
magnitude to facilitate extrusion from the syringe. The good
rheological properties displayed by the inks allowed the
printing of structures with different geometries. Multi-layered,
interdigitated, serpentine, and square structures (Fig. 1d) show
the stability of unsupported inks without buckling, while
woodpile structures show the ability of printing spanning
structures. Curved and circular structures of different heights
were also demonstrated (Fig. 1d). Computed tomography
characterisation (Fig. le and f) shows the regularity of the
printed serpentine and woodpile structures across layers and
the absence of sagging or buckling inside the structures.

The regularity of the structures has been also observed via
SEM characterisation (Fig. 2a). Cross sectional SEM imaging
(Fig. 2b) of the printed struts shows a dense interconnected
network of exfoliated flakes of lateral sizes in the range of
hundreds of nanometres forming the electrodes. The images
were collected after performing a post-printing annealing step
to remove the poloxamer to aid the SEM imaging of the
microstructure of the struts (Fig. 2c). Bright field TEM imaging
shows atomically thin flakes of exfoliated MoS, and TiS, with
lateral sizes over 1 um as ink components (Fig. 2d and ESI,
Fig. S4 and S5t). A thorough examination of the exfoliated flake
edges reveals that single-layered flakes can be achieved (Fig. 2e),
and few-layered flakes are often found too. The materials can
partially restack, despite the stabilisation by Pluronic. This
could be evidenced by the frequently observed moiré
patterns,***® originating from the angular rotation of restacked
single layers (Fig. 2f). Upon lithiation and exfoliation in Plur-
onic, TiS, retains the 1T crystal phase of the bulk counterpart as
confirmed by the relative intensities of the {100} and {110}
diffraction spots in the respective selected area electron
diffraction (SAED) patterns (ESI, Fig. S41), and the flakes display
a regular crystalline structure (ESI, Fig. S41). On the other hand,
MoS, undergoes a 2H to 1T’ crystal phase conversion upon Li
intercalation,” and the 1T’ phase is mostly preserved in the
resulting inks (Fig. S27). The superstructures of two overlapped
2a x a lattices rotated by 120 degrees are often seen in the SAED
patterns of few-layered MoS, flakes (Fig. 2d inset and S5b¥).
These 2a x a lattices arise from the zigzag distortion in the
transition metal plane that is characteristic of the distorted 1T
MosS, crystals (1T').*2* The observed superstructures are likely
to originate from the “twins” of two individual 1T single crys-
tals, rather than from the intercalated Li residues (Fig. 2d and
S57). It should be noted that although it is likely that trapped Li
cations are present in the few-layered exfoliated MoS, flakes, the
observed superstructures in SAED cannot be caused by cation
ordering because of the systematic absence of a set of diffrac-
tion spots (ESI, Fig. S51), and thus this proves the presence of
the 1T’ crystal phase of MoS,. The conversion of the single layers
of MoS, back into the 2H crystal phase can be caused by the loss
of Li cations in agreement with earlier studies,*** whereas

16194 | J Mater. Chem. A, 2023, 11, 16190-16200
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trapped in the vdW gaps of few-layered flakes, the alkali metal
cations preserve the metastable 1T’ phase. The persistency of
the 1T" phase of MoS, in the printed structures has been
attributed to the presence of lithium and lithiated species as
detected by secondary ion mass spectrometry (SIMS) charac-
terisation (Fig. 2g-n). The spatial distribution of MoS, and TiS,
flakes throughout a volume of 40 x 40 x 40 pm (Fig. 2g-n) of
the as-printed serpentine structure was directly investigated by
time-of-flight secondary ion mass spectrometry (TOF-SIMS). A
homogeneous distribution of both types of nanosheets can be
detected. Interestingly, the oxidation of the materials is limited
to the topmost layer of the 3D printed structures (Fig. 2i, m and
ESI Fig. S61), and MoS, and TiS, are equally affected. Impor-
tantly, time-of-flight secondary ion mass spectrometry (ToF
SIMS) characterisation has (Fig. 2g-1) revealed that a fraction of
lithiated MoS, and TiS, is found along with the pristine coun-
terparts. The signal of these lithiated LiMoS, and LiTiS, species
overlaps with that of MoS, and TiS, suggesting that the pres-
ence of intercalated Li species allows the preservation of the 1T’
phase of MoS,, which is key to achieve good electrical conduc-
tivity. A confirmation of this hypothesis is the observed decrease
in secondary ion yields after annealing (Fig. 2i and m).

Electrochemical performance of 3D
MoS,/TiS, symmetric supercapacitors

To evaluate the electrochemical areal performance of the
supercapacitor devices based on 3D patterned MoS,/TiS, elec-
trodes, we developed symmetric two-electrode prototype cells
with a hydrogel electrolyte at room temperature. The 3D elec-
trodes were tested as printed and were entirely made of MoS,/
TiS, (TMDs) suspended in a poloxamer hydrogel, which enables
low internal resistance and high electroactive area as discussed
below. The hydrogel electrolyte is based on 27% w/v poloxamer
and 1 M H,SO,. The thermoresponsive behaviour of the
poloxamer is exploited to combine liquid-like electrode wetting
and gel-like device stability. 1 M H,SO,/poloxamer electrolyte is
conditioned in the liquid phase at 4 °C, poured into a pre-
defined shape over the two electrodes and gradually solidifies
at room temperature to form a quasi-solid-state supercapacitor
device. The ability of the exfoliated MoS,/TiS, sheets to
accommodate a variety of solvated ion intercalants was also
examined in a three-electrode system in 1 M aqueous Li,SO,
and ZnSO, electrolytes (ESI, Fig. S71). These exhibited capaci-
tive cyclic voltammograms at the scan rates investigated (10 000
to 100 mV s~ '), suggesting fast and reversible ion adsorption
behaviour. MoS, and TiS, individual structures were investi-
gated in the 1 M H,SO,/poloxamer electrolyte (Fig. S87) to assess
their individual electrochemical properties. The MoS, struc-
tures exhibit electrocatalytic side-reactions while the TiS,
structures are affected by slow ion intercalation. When MoS,
and TiS, nanosheets are combined, the electrochemical
stability improves without exhibiting electrocatalytic side-
reactions. The electrochemical behaviour of MoS,/TiS, elec-
trodes in terms of rate capability, surface charge resistance and
cycling stability, was evaluated using cyclic voltammetry (CV),

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Electrochemical characterisation of printed and thin-film MoS,/TiS, microsupercapacitors. (a) Cyclic voltammograms of various device
components at a scan rate of 100 mV s~ and (b) schematic representation of the electrochemical cell assembly. (c) Current contribution on a 4
layered serpentine structure obtained at a 100 mV s~!scanrate. (d) Controlled potential coulometric profiles of stored charges in response to the
operating potential window in a 4l serpentine electrode. The electrode was conditioned at 0 V every two potential steps. (e) Controlled potential
coulometry at 0.5 V and discharge at 0 V on a 4l serpentine electrode. (f) Capacitance values extracted from controlled potential coulometric

profiles of different electrodes at 0.5 V.

electrochemical impedance spectroscopy (EIS), galvanostatic
charge-discharge (GCD) and chronoamperometric/controlled
potential coulometric (CPC) studies. Different electrode
configurations (serpentine and woodpile) were compared with
thin films to investigate the possible advantage of using 3D
structures.

Fig. 3a shows the comparative CV curves of the fabricated
microsupercapacitors using the 3D printed structures and thin-
film TMDs measured at a constant scan rate of 100 mV s~
Among the devices measured, the 3D serpentine architectures
enable the largest CV integral area, suggesting low resistance
and fast charge transport. On increasing the scan rate from 100
to 1000 mV s~ ', the CV curves preserve a quasi-rectangular
shape, demonstrating a reversible charge storage process
without side reactions (ESI, Fig. S9-S117). Fig. 3b shows the
electrochemical cell assembly with 1 M H,SO,/poloxamer
hydrogel electrolyte. The electrochemical contribution mecha-
nisms of TMDs were quantified using a power law - and
a reformulated power law (Fig. 3c and ESI, Fig. S12-S157). From
such an analysis, the charge storage (Fig. 3c) appears to arise
from the combination of electrostatic electrical double-layer
capacitance and surface to near-surface pseudocapacitance
(slow-kinetics) due to reversible ion adsorption and fast inter-
calation of solvated ions.* Upon increasing the scan rate to over
1000 mV s~ ' (ESI, Fig. S9-S11f), the CV curves of TMDs
demonstrate highly resistive behaviour, which indicates that
the accumulated charges are predominantly electrostatic and
ion intercalation is possibly not occurring. Monitoring stored
charges is instrumental in performance benchmarking but also
in comprehending more of the phenomena and mechanisms

This journal is © The Royal Society of Chemistry 2023

behind electrochemical energy storage. The electrochemical
behaviour and TMD device charge storage are extracted from CV
analysis. However, this method is subjective to polarization
effects due to the cyclic nature.*® Therefore, a straightforward
route which utilises conventional controlled potentiostatic
coulometry (CPC) is proposed to examine the electrochemical
performance of supercapacitor devices (Fig. 3d-f). Applying
a bias voltage over time is a linear way to measure the current.*
The method consists of integrating [ESI, eqn (S1)}] the current
at a fixed potential and measuring the flow of charges from one
electrode to the other. In this way, it is possible to extract and
quantify the charges stored at different potentials across the
operating potential spectrum with very high accuracy. Given the
nature of the technique, we can monitor the electrochemical
contribution mechanisms by gauging the charge slope and the
self-discharging time (Fig. 3d and e). Additionally, by normal-
ising the extracted charges from the charging step at 0.5 V, we
monitored the capacitance which plateaus at maximum values
after 100 s (Fig. 3f). The extracted charges and the normalised
capacitance were compared between CV, GCD and CPC tech-
niques (ESI, Fig. S187). From these observations, it is apparent
that CPC could be used as an electroanalytical diagnostic tool to
monitor charge storage behaviour and intercalation
phenomena among other conventional techniques such as GCD
and CV.

The electrochemical capacitance of printed micro-
supercapacitors was characterized using GCD analysis (Fig. 4a
and S167) by varying the current densities between 1 and 0.1 mA
cm 2. The GCD curves across this range showed nearly
symmetric triangular plots without an internal voltage drop in
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Fig. 4 Potentiometric electrochemical characterisation of printed and thin-film MoS,/TiS, microsupercapacitors. (a) Galvanostatic charge—
discharge profiles at a current density of 0.1 mA cm™~2 between different electrodes (substrate, thin-film, woodpile, and serpentine architectures).
(b) Galvanostatic charge discharge stability test over 100 000 cycles at a current density of 1 mA cm™2 on a 4 layered serpentine structure and (c)
capacitance values extracted from galvanostatic charge—discharge at different current densities in response to the electrode geometry and
added layers. (d) Ragone plot as calculated from extracted values®**—>° of CCD in TMD based devices.

woodpile structures, serpentine structures, and thin films.
Compared to the thin-film devices, the stacked layers of wood-
pile and serpentine 3D architectures lead to faster charge
storage kinetics and higher areal capacitance, as presented in
the capacitance versus current density plots in Fig. 4c. Among
the devices measured, the 10 layer serpentine-shaped micro-
supercapacitor exhibits the highest charge-discharge times,
which leads to the highest areal capacitance of 448.16 mF cm >
at a current density of 0.1 mA cm™>. The displayed rate capa-
bility is 30.9% at a high current density of 1 mA cm™>.

The measured capacitance and rate capability of 3D TMDs at
increased current densities could be attributed to the large ionic
diffusivity as evidenced by the kinetic analyses (Fig. S12-S157)
and high polarizability of covalently bonded S in the TMDs.*®
Noticeably, serpentine devices surpass woodpile devices across
all current densities and numbers of layers. The high capaci-
tance could be ascribed to the strut stack which enables larger
electrolyte ion diffusion paths compared to the woodpile
structures and minimizes the resistance. To further investigate
the long-term stability of 3D TMDs, rapid charge-discharge
measurements were carried out. After 10° cycles at a current
density of 1 mA em™?, the device retained more than 99.1% of
its initial capacitance with an excellent coulombic efficiency of
99.8% (Fig. 4b). From electrochemical impedance spectroscopy
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(Fig. S171), we conclude that the TMD electrodes are readily
ionically accessible throughout the operating potential window,
demonstrating low charge transfer resistance.” Further rate
analyses were carried out to evaluate the effect of the number of
printing layers and 3D architectures on the electrochemical
performance. Areal, gravimetric, and volumetric capacitance
variation as a function of the cycle number was reported as
shown in Fig. 4c, S20 and S21.1 On varying the current densities
(from high- to low-current densities), the capacitance also
steadily increases for the woodpile and serpentine devices,
which suggests that the entire 3D architecture is actively
involved in charge storage within their thickness range. This
likely originates from the conductivity of the 1T/1T metallic
phase TMDs that initiates rapid charge transportation, as well
as from deep electrolyte penetration into the 3D porous elec-
trodes towards high energy storage properties. These metallic
properties are also retained in considerable amount after
cycling (Fig. S2). The electrochemical performance of semi-
conducting 2H phase printed electrodes (after thermal anneal-
ing) was measured for comparison. The 1T’/1T metallic phase
demonstrated a higher integral current and charge-discharge
response compared to the 2H phase electrodes, as presented in
Fig. S20.f The Ragone plot presented in Fig. 4d compares the
energy storage performance of our 1T/1T phase 3D electrodes

This journal is © The Royal Society of Chemistry 2023
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with that of different TMD-based microsupercapacitors re-
ported in the literature. To the best of our knowledge, there
were no 3D printed carbon additive-free TMD electrodes, and
thus, all comparisons are made with systems where carbon
additives were present or TMD based devices that were not 3D
printed. Remarkably, the serpentine MoS,/TiS, micro-
supercapacitor exhibited a higher energy density of 3.89 uW h
ecm > with a maximum power density of 250 uW cm > in
poloxamer gel-electrolyte, which are higher than those of the
thin-film (1.3 pW h ¢cm™2) and woodpile devices (2.96 uW h
cm’z). Moreover, the serpentine 1T/1T MoS,/TiS, devices
energy and power densities surpass those of most of the previ-
ously reported printed TMDs with carbon additive devices
(Fig. 4d).>** The volumetric and gravimetric performances of
all device components are reported in Fig. S21-S23.1 Overall,
the electrochemical behaviour of exfoliated 1T'/1T MoS,/TiS,
nanosheets is attributed to the reversible surface double layer,
near surface ion adsorption and solvated ion intercalation in
between the sheets mechanisms.**** Additionally, the scalable
printing of semimetallic MoS,/TiS, inks free from conductive
carbon additives enables the fabrication of micro-
supercapacitors with prime energy density and power density
with unprecedented cycling stability, opening new opportuni-
ties for the development of entirely TMD-based energy storage
devices.

Conclusions

In summary, we have demonstrated a one step process of
exfoliation and aqueous ink formulation of 1T/1T MoS,/TiS,
nanosheets in very high concentration (50 wt%). The TMD ink
was employed for additive-manufacturing of 3D architectures
without the aid of conductive additives. We reveal that different
architectures lead to different performances of charge storage,
due to different diffusion paths of the electrolyte. Specifically,
the serpentine-shaped 3D printed TMDs exhibited a high
capacitance of 448.16 mF cm > at 90 mg em™ %, and 6.5 F g~*
and 4.5 F cm ™ at 35 mg cm > with an exceptionally high cycling
stability of 99.1% over 10> charge-discharge cycles. The energy
density of 3.89 yW h cm™? at a power density of 250 uW cm >
surpasses the present literature values for TMD based super-
capacitors. This work paves the way towards the scalable
production of semimetallic TMD inks without using any
conductive additives for 3D printing of microelectrodes, which
can be foreseen to have a broad range of applications, such as in
energy storage devices, electrochemical sensors, and water-
splitting applications.

Experimental section
TMD ink formulation

Molybdenum disulphide and titanium disulphide bulk powders
were mixed in a 50:50 molar ratio (MoS,:TiS,) and then
combined with lithium borohydride in a glovebox inert envi-
ronment, with a molar ratio of 1:2.5 (total TMDs : LiBH,). The
mixed powders were gradually heated and held at 350 °C for
72 h before cooling down. Heating and cooling were carried out

This journal is © The Royal Society of Chemistry 2023
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for a span of 12 h, respectively. Pluronic-F127 powders were
dispersed in de-ionized water with a volume of 25% w/v, which
was found to be optimal for the carrier hydrogel, and condi-
tioned at 4 °C. Intercalated powders were transferred in a PTFE
fire-proof container, directly exfoliated with one third of the
carrier hydrogel volume and quenched with the two others,
while stirring continuously to result in 30 wt% and 50 wt% inks
of the combined active material versus the carrier hydrogel. The
subsequent formulation was then homogenised using
a commercial planetary mixer conditioned at 2000 rpm for
2 min and defoamed at 2200 rpm for another 2 min, to reorient
the exfoliated nanosheets, saturate hydrolysis, remove air
bubbles and ensure optimum dispensing flow during additive
manufacturing. TMD ink formulations were then stored at 4 °C.
All reagents were purchased from Merck Sigma-Aldrich and
were used as received. A commercial conditioning planetary
mixer model was purchased from Intertronics, model Thinky
ARE-250.

Rheological characterisation

Rheological properties of the TMD inks were investigated using
a rotational mapping geometry of 40 mm parallel Peltier Plate
steel loaded on a rotational Discovery Hybrid rheometer HR1
provided by TA Instruments, after friction and temperature
calibration at a fixed gap of 1000 um, 25 °C temperature and
using a solvent trap to minimise water loss. Oscillatory tests
were performed at 10 rad s~ and flow measurements, at a shear
rate from 1072 to 10> s~'. Each measurement was performed
three times with a cleaning and recalibrating stage in between.

Preparation of thin film electrodes

Graphite foil sheets were masked at 1 x 10 cm dimensions with
1 layer of 3 M Scotch Magic tape adhesive tape type 810 with
62.5 um thickness. TMD inks were then spread by using
a doctor-blade to control the thickness of thin films at 40 um
post-drying, and then cut into 1 x 1 cm of active material.

3D printing of TMD inks

TMD inks were loaded into 3 mL polypropylene syringes with
metal tipped blunt nozzles with inner diameters of 200 and 410
um. The syringes were mounted onto the three-axis stage of
a custom 3D printer loaded on a gantry crane and subsequently
dispensed in different 3D shapes on a variety of flat substrates
by using a brushless ball screw and syringe displacement
actuators, which provided a feed rate of 6 mm s *. The 3D
shapes were computed aided designs as .stl files and translated
into G-code using the manufacturer’s proprietary software.
Syringes and nozzles were purchased from Nordson EFD
precision dispensing systems and the bespoke 3D printer
system was from 3D Inks LLC.

Thermal annealing

As-printed architectures were thermally annealed for obtaining
the 2H phase in a vacuum tube furnace under an argon flux for 3
h at 470 °C with a 25 °C min~ " heating rate.
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Materials characterisation

Scanning electron microscopy. The surface morphology of
the as-printed 3D printed structures was investigated with
a Zeiss Auriga 45-25 cross beam electron microscope using
a Schottky field emission gun with a Gemini electron column.
High-resolution images were obtained with a standard in-
chamber ET electron detector operating between 5 and 20 kv
of accelerating voltage.

Transmission electron microscopy. Samples for TEM were
prepared by drop-casting diluted dispersions of MoS,/TiS, inks
on carbon-coated copper grids. The grids were dried overnight
under ambient conditions. Low-magnification bright-field TEM
images and selected area electron diffraction (SAED) patterns
were acquired on a JEOL JEM-2100Plus microscope. High-
resolution TEM (HRTEM) imaging was performed using
a JEOL JEM-2100F microscope with a field-emission gun oper-
ated at 200 kV accelerating voltage.

X-ray photoelectron spectroscopy. XPS spectra were recorded
on a Thermo Scientific K-Alpha" X-ray photoelectron spec-
trometer system. Data were collected at 29 eV passing energy for
both the core level (S 2p, C 1s and Mo 3d) and valence spectra.

Time-of-flight secondary ion mass spectrometry. The as-
printed 3D electrodes were rastered and mapped over a pre-
defined area of 50 x 50 um with a 25 keV Bi' primary ion beam,
as well as depth profiled by surface milling utilising a 25 keV Cs*
and Ar" beam reaching up to 50 pm. All measurements were
carried out using a Combined IONTOF TOF.SIMS5-Qtac100
LEIS instrument.

X-ray computed tomography. The three-dimensional micro-
structure of the printed structures was investigated using X-ray
microcomputed tomography (Zeiss Versa 620) in a large-field-of-
view mode for complete map profiling of two 10 x 10 mm
electrodes with different architectures (woodpile and serpen-
tine). The porosity of the filament was calculated from the scan
in the central region, segmenting the MoS,/TiS, flakes sus-
pended in the polymeric hydrogel with Avizo software. The
tomographic data were segmented into two domains (MoS,/TiS,
and air, respectively) using Avizo software via greyscale thresh-
olding. The surface area and porosity of the printed woodpile
structure were computed considering the surface of the MoS,/
TiS, domain (Thermo Fisher Scientific, USA).

Electrolyte formulation. The electrolyte was prepared by
gradually dispersing sulphuric acid (H,SO,) in a 27% w/v Plur-
onic solution kept at 4 °C to reach a 1 M concentration of H,SO,.
The final electrolyte solution was conditioned at 4 °C for 7 days
each time.

Electrochemical cell assembly. Woodpile and serpentine
architectures of 1 cm? footprint area (x, y) and 2-10 layers in the Z
dimension were 3D printed on graphite foil, and air-dried at
room temperature overnight. The structures were then prepared
in various printed layers as two-electrode symmetric systems by
cutting the substrates into 2 x 1 cm?, fixed in position with
copper clamps in borosilicate glass cells. The inter-electrode
distance was fixed at 1 cm in all experiments. The cell was then
assembled by directly pouring 30 mL of the electrolyte
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formulation at 4 °C into a beaker, only covering the 1 cm? of the
active electrode area and sealing the lid with parafilm.

Electrochemical measurements. Our electrochemical script
methodology for each set of electrodes consists of a combina-
tion of open circuit potential, impedance spectroscopy, cyclic
voltammetry, galvanostatic charge-discharge and
chronoamperometric/coulometric measurements. The OCP was
+15 mV in all cases, indicative of electrode symmetricity. Cyclic
voltammetry was performed in the 0-0.5 V potential window
with a scan rate from 0.1-10 000 mV s~ and vice versa. Five
cycles were performed at each scan rate, of which the third was
visualised. Impedance spectroscopy was performed in
a frequency range ramping from 0.02-100 000 Hz and 100 000-
0.02 Hz with a fixed potential across the whole device operating
potential spectrum from 0.0 V-0.5 V-0.0 V, with a 0.1 V step size.
Galvanostatic charge-discharge measurements were performed
at a fixed current in the 0.1-1 mA range over 100 and 1000 cycles
for each current density and over 100 000 for 1 mA (each charge/
discharge cycle occurred in 40 s which translates into 41 days of
continuous cycling). The 50" cycle was visualised each time.
Chronoamperometric/controlled potential coulometric studies
were performed across the device operating potential window
(0.0 V-0.5 V-0.0 V) with a 0.1 V step size. Prior to any
measurement, each cell was conditioned at 0.0 V for at least
120 s. Furthermore, impedance spectroscopy was performed
after each set of characterisation studies to gauge the ageing
profile. All measurements were carried out using a series of
Gamry 1010E interface bipotentiostats/galvanostats.
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