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Two-step intercalation-exfoliation formulation for TMD ink blends:

The formulation is comprised of a two-step lithium (Li) intercalation mechanism and direct
water exfoliation process followed by 3D printing of TMDs based electrodes suspended in a
carrier hydrogel environment. These are schematically presented in the Figure (a-f). Bulk TMD
powders (MoS, and TIS,) were mixed with LiBH, for lithium (Li) intercalation. This is an
established method to produce lithiated TMD compounds!?. The Li intercalation process can
be expressed (1) as below.

MS, (MoS, or TiS,) + LiBH4; — LiMS, + B,HeT + Ho1 (1)
Firstly, the thermodynamically stable 2H MoS, was converted into 1T’ LiMoS, while TiS; is
inherently 1T and is lithiated’. Then, the intercalated powders are subsequently directly
exfoliated with the poloaxomer hydrogel that acts both as the exfoliation initiator with the
lithiated TMD powders but also as the carrier hydrogel for the additive manufacturing of the
TMD blends. The exfoliation reaction is expressed below*:

LiMS, + H20 — MS, + LiOH + H,? 2)
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Figure S1. a) Oscillatory tests of MoS,/TiS; inks in 30%wt (blue) and 50%wt (red). b) Flow
ramps of MoS,/TiS, inks in 30%wt (blue) and 50%wt (red).
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Figure S2. a) SEM Images of as printed samples and b) cycled samples in IM H,SO4 c) The
Mo 3d core level of as printed samples showing the doublet centred at 227.3 eV and 230.4 eV



(pink line) assigned to the 1T° MoS, (Mo 4%)), while the doublet at 228.2 eV and 231.2 eV
(yellow line) to the 2H MoS, (Mo 4%)°. A negligible doublet of Mo 3d 5/2 and 3/2 centred at
232.32 eV and 235.37eV (dark blue line) is identified and is ascribable to Mo-O bonds (Mo
6"), which is likely to be present at the edges of the flakes®®. The peak at 225.4 eV is due to
the S 2s core level (green line). A smart background was subtracted. d) The same region
recorded for the sample cycled in 1M H,SO,. e) The S 2p core level of as printed samples
showing the doublet located at 161.04 ¢V and 162.14 ¢V (pink line) assigned to the 1T’ phase of
MoS, (S%), however this doublet may also have a contribution from the S* in 1T TiS; (this doublet
appears at 160.9 and 162.1 eV and can’t be resolved). The doublet centred at 162.73 eV and 163.83
eV (yellow colour line) is ascribed to 2H phase of MoS, (S*)!. A smart background was
subtracted. The doublet at 168.34 eV and 169.61 eV can be attributed to sulphur in metal sulphate
due to oxidation®. f) The same region for cycled samples in 1M H,SO,. The purple line shows a
contribution from crystalised electrolyte components or by-products that arise after cycling. g)
The Ti 2p core levels of as printed samples showing the doublet of the Ti 2p3/2 and p1/2 at
456.1 eV and 462.1 eV (green line) respectively that are assigned to the Ti*" from TiS,, while
the doublet at 458.2 ¢V and 464.2 eV (yellow line) to the Ti*" from TiO,!?. A smart background
was subtracted. h) The same region recorded for the sample cycled in 1M H,SO,. The
additional purple doublet is assigned to the TiO,/T1 species.

Figure S3. a) XPS survey of as printed samples and b) XPS survey of cycled samples in 1M
H,SO,.



1T TiS, [0001]

Figure S4. (a) Low-magnification TEM image of exfoliated TiS, flake. (b) High-resolution
TEM image illustrating high crystallinity of the exfoliated material. (c) A representative SAED
pattern of exfoliated TiS,. The intensity profile in SAED pattern in panel b demonstrates the
relative intensities of {100} and {110} diffraction spots characteristic to the 1T crystal phase
of TiS,. (d) Moiré patterns seen twisted bi- or few-layer 1T TiS, flakes. (¢) Experimental SAED
pattern of a twisted bi- or few-layer 1T TiS,, shown in panel d, with evident PLD
superstructure. (f) The same SAED with the markup that shows two sets of Bragg reflections
of individual 1T TiS, domains (teal and purple circles) with the twist angle of ~12° and the
PLD superstructure (yellow circles).

In low twist angle bi- (or few-) layer materials, a restructuring of moiré lattice occurs!'-13 . In
addition to the two sets of Bragg reflections from individual layers, the periodic lattice
displacements in twisted bilayers give rise to prominent satellite peaks. In panel f, two sets of
IT TiS, Bragg reflections are highlighted with teal and purple open circles, the PLD
superstructure peaks, decorating the {110} and {300} Bragg peaks, are highlighted with yellow
circles.
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Figure S5. a) A representative experimental SAED pattern of exfoliated few-layer MoS,. b)
The experimental SAED pattern with the simulated diffraction pattern of a 1T MoS, “twin”
overlaid. c) A schematic showing the formation of a IT” MoS, “twin” superstructure as an
effect of superposition of Bragg reflections of two 1T° MoS, domains rotated by 120°.

The presence of characteristic zigzag chains of Mo atoms in the 1T’ phases (MoTe,, MoS,)
cause the crystal symmetry lowering to monoclinic'4. This results in aV3xaq diffraction spots
arrays in diffraction patterns of pristine 1T phase domains!!>16, According to the selection
rules, only the 0k0 with & = 2n are allowed in the P2;/m 1T’ MoS, crystals. This leads to
systematic absence of (0k0) reflections with £ = 2n + 1 in diffraction patterns of pristine 1T’
MoS; as shown in panel ¢. A 1T” MoS; “twin” is formed by two 1T’ MoS, domains rotated by
120°, and in SAED patterns taken along the [001] zone axis a “twin” appears as two
superimposed a\3xa lattices as illustrated in panel ¢ !7. The simulated diffraction of a 1T’
MoS, “twin” is in good agreement with the experimental observations (panel b). In contrast,
the ordering of entrapped Li" cations in either 2H or 1T MoS, crystals is reported to manifest
as uniform 2ax2a superlattices*!®!1? that are not found in experimental SAED patterns of
exfoliated MoS,. This supports our interpretation that the superstructure observed in the
experimental SAED of exfoliated few-layer MoS, originates from the “twins” of 1T” MoS,
single layers rotated by 120°.



Intensity (a.u.) Intensity (a.u.) Intensity (a.u.)

Intensity (a.u.)

MoS, as printed
MoS, annealed

1 1 1 1
0 10000 20000 30000 40000

Depth (nm)

LiMoS, as printed
LiTiS, annealed

0 10000 20000 30000 40000

Depth (nm)

O as printed
O annealed

" *"‘r

‘ “W.\W
Ml\#n,n,

0 10000 20000 30000 40000
Depth (nm)

MoSO and/or MoO, as printed
MoSO and/or MoO, annealed

0 10000 20000 30000 40000
Depth (nm)

TiS, as printed
| — TiS, annealed
i
=
© F
S
= (LA
=1 (AR
C ““I‘I ”u‘l it it
2 ! ‘iﬁ“ﬂhu'l
cr L) i ﬂ
0 10000 20000 30000 40000
Depth (nm)
r LiTiS, as printed
F LiTiS, annealed
—r
S|
©
S— L
=
=0
C L
[0}
i
ol T ———"
0 10000 20000 30000 40000
Depth (nm)
S,0 and/or TiO, as printed
i 8,0 and/or TiO, annealed
/-.H L
.
3 -
>
=t
7}
c |
Q
-—
£
0 10000 20000 30000 40000
Depth (nm)
C;H5S as printed
C;HsS annealed
i
=
©
—
=
0]
C
[}
—
=

10000 20000 30000 40000
Depth (nm)




Figure S6. ToF-SIMS depth profiles of different ionic species present in as printed (black)
and annealed (red) 3D serpentine structures. a) MoS, b) TiS, c¢) LiMoS, d) LiTiS;e) O f) S,0
which has the same mass as TiO, g) MoSO which has the same mass as MoO; and h) C;H;S
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Figure S7. CV curves of 2 layered 50%wt MoS,/TiS, annealed Serpentine structures in a)
IM Li,SO,4 and b) 1M Zn,SO, aqueous electrolytes across different scan rates in a three-
electrode system with a Ag/AgCl reference electrode and a carbon foil (1x1cm?) counter
electrode.
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Figure S8. CV curves of symmetric devices of 50%wt MoS,, 50%wt TiS, and 50%wt
MoS,/TiS, composite blends (50:50 molar ratio) in a 50:50 molar ratio at a constant 50 mV s-

I'scan rate.
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Figure S15. a) Capacitance contribution and b) kinetics of 2layered Serpentine structure.
c)Capacitance contribution and d) kinetics in 41 Serpentine structure.

Chronoamperometric integration.
Charges are directly integrated from the current that is generated at a fixed potential over the
time that is applied.

t

Q= fi(t)dt #Eq S1
to

to = Time where potential is applied, {1= Time where potential is stopped being applied. i(t)=
current that is applied at a fixed potential over time.

C= Q#EqSZ
v

Capacitance in coulometric studies is calculated from the charges as extracted from
controlled potential coulometry over the fixed potential that is applied.

Cyclic Voltammetry integration
Charges were also extracted from CVs of devices using the below formula

Q= ﬁi dV #EqS3
2v
Capacitance values by integrating the area from CV using the below formula

ﬁidV
Cdev=14=
2

#Eq S4
vAV x

Where AV is the voltage window (0.5V), v the scanrate, ¥ is the area of the device immersed
in the electrolyte, i is the current

Power-law and reformulated Power-law
Power-law and modified Power-law were utilized, as presented in Fig. S13, S14, S15, S16

In general, the Power-law can be conveyed as

,=aXx vb#EqSS

Where '» is the peak current (A), a is a constant, v the scanrate and b is the Power-law
exponent. The b values from CV curves were calculated using the slope of a linear fit to the
plot of log? vs. log(ip). When the b value is approximately 1, it signifies that the material
follows capacitive electrochemical behaviour, while the diffusion-controlled charge storage
behaviour is dominant when the value is ~0.5.

The percentage values of both the capacitive-controlled and diffusion-controlled processes
were calibrated using the reformulated Power-Law, as shown below.

14



L= kv+ kzvz#

1

1

1

Eq S6

ip/v2 = klvz + k,v #Eq 57

Here, '» is the peak current, v scanrate and

k, k

2

2 are constants.

By plotting the linear fit of i/ v'/% vs, v the slope and intercept values of k1 and *2 can be
obtained. Thus, the portion of capacitive and diffusion-controlled contributions during the
redox process were calculated using Eq S7.
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Figure S16. a) CCDs of the substrate, in 1-0.1mA/cm? Current Densities. b) CCDs of the
50% wt. MoS,/TiS, thin films, in 1-0.1mA/cm? current densities. ¢)d)e)f)50% wt. MoS,/TiS,
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architectures in c)2, d)4, €)6 and f) 10 layers of woodpile and serpentine structures at 1-0.1
mA/cm? current densities.

Cyclic Charge Discharge
Capacitance was calculated from symmetric devices using the below formula

I = At
Cc=4 #Eq S8

x*x DV

Where 1 is the discharge current, At is the discharging time. X is the area of the device
immersed in the electrolyte or the weight of the active material and DV is the discharge
potential window.

Energy Density was calculated from symmetric devices using the below formula

1 C=*DV?
E:—*
8 3600

#Eq S9

Where E is energy density, C is the capacitance calculated from CCD and DV is the
discharge potential window.

Power Density was calculated from symmetric devices using the below formula
E
P= — #EqS10
At

Capacitance of devices was compared to the device CCD and Chronocoulometric device
values by integrating the area from CV using the below formula

Giav
Cdev =4 x

#Eq S11
2VvAV x

Where AV is the voltage window (0.5V), v the scanrate, ¥ is the area of the device immersed
in the electrolyte, i is the current
Charges were also extracted from CVs of devices using the below formula

0= gﬁi dV #Eq S12
2v

All equations were used and formulated as expressed by Conway in ‘Electrochemical
supercapacitors’?’. Adjustments were made between symmetric, to account for
overestimations as expressed by Stoller and Ruoff?! . Also, best practices and methods as
expressed by Mathis et al, Simon et al and Lukatskaya et al 2>-2°, were considered.
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Figure S17. Stereoscopic figure of the effect of the potential window cycling and device

ageing in a 2 layered serpentine structure.
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Figure S18. Capacitance comparison with values extracted from Cyclic Voltammetry,
Coulometry and Cycling Charge Discharge in a)2layered Serpentine architecture, b)
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10layered Woodpile Architecture ¢) Thin Film and d) 10layered Serpentine architecture. e)
Charge storage comparison with values extracted from Cyclic Voltammetry and Coulometry
in a 10layered Serpentine and 10layered Woodpile structure.

Figure S19. a) .CAD architecture of a 10layered Woodpile Structure. b) .CAD Architecture
of'a 10layered Serpentine Structure
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Figure S20. Comparative electrochemical properties of as printed 1T°/1T MoS,/TiS,
electrode and annealed (2H phase) electrodes. a) CV curves measured at a constant scan rate
of 100 mV s-! and charge-discharge curves obtained at constant current of 0.5 mA cm-2,
demonstrating the higher capacitance properties for the printed 1T°/1T MoS,/TiS,; electrode.

As presented in the comparative CV and CD curves between the 1T°/1T and 2H phase
of printed structures (Figure S20), higher integral current and charge-discharge response were
observed in the 1T°/1T MoS,/TiS,, leading to a higher capacitance in the corresponding
electrode. This could be mainly due to the increased electrical conductivity of 1T°/1T
MoS,/TiS, composite, which provides an improved transport of charges compared with the
semiconducting 2H phase in the electrode architecture.
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Figure S21 a)-c) areal capacitance versus gravimetric capacitance comparison during cycling
charge discharge in 2-10 layered Woodpile architectures. b)-d) areal capacitance versus
gravimetric capacitance comparison during cycling charge discharge in 2-10 layered
serpentine architectures.
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Figure S22 a)-c)Areal Capacitance versus volumetric capacitance comparison during cycling
charge discharge in 2-10 layered woodpile architectures. b)-d) areal capacitance versus
volumetric capacitance comparison during cycling charge discharge in 2-10 layered
serpentine architectures.
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Figure S23 a) Areal Capacitance versus volumetric capacitance comparison during cycling
charge discharge in 50%wt MoS,/TiS, ink 1x1cm thin films b) areal capacitance versus
gravimetric capacitance comparison during cycling charge-discharge in 50%wt MoS,/TiS,
ink 1x1 cm thin film.

Table S1. Comparison of areal energy and power densities reported in recent literature for
TMDs — based supercapacitors assembled with unscalable manufacturing methods.
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Material Power Density Energy Ref
(W/cm?) Density
(Wh/cm?)
MoS,/TiS, 2.50E-04 7.74E-07 This
Woodpﬂe 1.88E-04 1.03E-06 Work
1.25E-04 1.56E-06
6.25E-05 2.44E-06
2.50E-05 2.97E-06
MoS,/TiS, 2.50E-04 1.20E-06 This Work
Serpentine 1.88E-04 1.59E-06
1.25E-04 2.32E-06
6.25E-05 3.35E-06
2.50E-05 3.89E-06
MoS,/CNTs (3el) 1.50E-04 2.50E-06 50(Main Text)?®
2.00E-04 2.22E-06
2.50E-04 6.94E-07
1T/2H MoS,/Gr 5.00E-05 1.67E-06 51(Main Text)?’
1.50E-04 9.17E-07
2.00E-04 9.44E-07
2.50E-04 6.94E-07
MoS,/Graphene 2.00E-05 1.44E-06 52(Main Text)?®
3.50E-05 9.72E-07
4.00E-05 6.67E-07
4.50E-05 3.75E-07
MoS,/PEDOT/CN | 1.60E-05 120E-06 | 53(Main Text)?
Ts 2.40E-05 8.00E-07
3.20E-05 4.44E-07
4.00E-05 2.78E-07
8.00E-05 1.56E-07
MoS,/Graphite on | 5.00E-06 6.25E-07 54(Main Text)
Steel 1.00E-05 5.56E-07 30
2.00E-05 3.89E-07
3.00E-05 3.75E-07
4.00E-05 3.89E-07
Laser Induced 6.25E-05 5.21E-08 55(Main Text)3!
Graphene (3el)
Laser Induced 55(Main Text)3!
Graphene/ MoS,
(3el) 6.25E-05 2.95E-07
VS, on Cu 1.20E-05 2.67E-07 56(Main Text)*?
1.80E-05 1.50E-07
2.40E-05 1.67E-07
3.60E-05 1.50E-07
4.20E-05 1.17E-07
MXene on Cu 1.20E-05 1.90E-07 56(Main Text)*?
1.80E-05 1.25E-07
2.40E-05 6.00E-08
3.00E-05 5.83E-08
3.60E-05 5.00E-08
4.20E-05 3.50E-08
WS, nanowire 5.00E-05 2.78E-07 57(Main Text)33
(3el) 1.00E-04 1.39E-07
1.50E-04 1.25E-07
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2.00E-04 1.11E-07
MoS; (3el) 2.00E-04 1.67E-07 | 58(Main Text)**
MoSe, (3el) 2.00E-04 6.67E-08 58(Main Text)3*
MoTe; (3el) 2.00E-04 278E-08 | 58(Main Text)**
MoS, inkjet 6.00E-07 1.50E-08 59(Main Text)3>
printed 1.20E-06 1.00E-08

1.80E-06 1.00E-08

2.40E-06 1.00E-08

TABLE S2. Active material mass loadings and volumetric areas for each electrode tested.

2 0.035 1x1x0.05 0.035 1x1x0.06
4 0.05 1x1x0.1 0.06 1x1x0.012
6 0.06 1x1x0.15 0.075 1x1x0.18
10 0.09 1x1x0.25 0.105 1x1x0.3
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