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FIGURE S1: a) TEM image of the graphene nanoplatelets used in this work; b) Optical image of
graphene nanoplatelets on a Si/Si0O, substrate (scalebar 10um); c,d) AFM analysis of the graphene
platelets used in this work (lateral side of the picture in (c) is 1 wm) and corresponding profile

thickness, showing that the graphene platelets consist of ~10 layers; e.f) X-Ray Diffraction (XRD)



and Raman spectroscopy on the pristine PG platelets. The sharp peaks in the XRD pattern highlight
the good crystallinity of the PG platelets and can be indexed as graphitic carbon, confirming the phase
purity of the graphene material. The Raman spectrum exhibits the characteristic features of graphitic
materials: G-band (1581 cm!), associated with the E,, in-plane phonon mode at the Brillouin zone
centre, D-band (1348 cm'!), activated by the breathing mode of sp? atoms and 2D-band (2705 cm!),
activated by second-order phonons.!> A small shoulder is also present at ~1617 cm!, partially
convoluted with the G band, which can be assigned to the graphene D’ band. The position close to
1580 cm! and the large FWHM (~18 cm!) of the G band, together with the small I(D)/I(G) ratio
(~0.18), are indicative of the chemical purity and low number of defects in the graphene sample.!
Additionally, the shape of the 2D band and the position of the G-band denote the multi-layer (>10

layers) nature of the PG platelets used.*>
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FIGURE S2: a) Powder X-ray diffraction pattern of the pristine graphene platelets, ink after
annealing and printed electrodes after electrochemical cycling (the peaks labelled with a blue asterisk
can be attributed to Li,CO3, possibly forming from the electrolyte during drying in air). The XRD
pattern remains unchanged after ink formulation and annealing, indicating that the crystalline
structure of PG platelets is stable during ink processing. b) Lorentzian fittings of the 2D (i), D (ii) and

G+D’ (iii) bands in PG Raman spectrum.
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FIGURE S3: a,b) Pictures of the PG ink after high-speed homogenization: the ink appears smooths
and it is able to self-stand, owing to its yield-stress rheology; c¢) Flow curves measured using smooth
and roughened plates: when smooth plates are used flow instabilities and ejection of material are more
likely to occur, causing an apparent reduction of the shear stress with increasing shear rate and the
appearance of a “bump” in the viscosity curve. The viscosity is also significantly underestimated, and
the rheological measurements are less reproducible when smooth plates are used. d) Schematic
showing how the index of printability can be calculated from SEM images of the woodpile electrodes

(see Equation S1). The scalebar is 200 pm.



TABLE S1: Results of the Herschel-Bulkley fitting on the flow curve (shear stress vs. shear rate) in the range
103 -10%¢!

7, (Pa) Ye (sH n R-Square

491 45.8 0.430 0.986

TABLE S2: Yield stress and storage modulus for literature-reported inks formulated to print energy storage

devices via DIW.

Material Yield Stress Storage Ref.
(Pa) Modulus (kPa)

MXenes 24 20 6
MXenes 206 36 7
GO+Ca?* 160 60 8
holey GO 500 30 ?
GO 50 3 10
GO+ureat+GoL 450 40 1
PEDOT:PSS 200 2 12
Gallium alloy 95 2 13
CNF 300 5 14

PG graphene 58 102 this work




Index of printability: The index of printability (Pr) was used to quantify the shape retention of printed

structures. It was calculated from SEM images of woodpile electrodes (Figure S3d) as:!>

L2

Pr= m#(Equatlon S1)

where L is the perimeter of one of the woodpile grid holes (Figure S3d) and 4 is its area. If the grid

hole is a perfect square (ideal shape retention) Pr =1.
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FIGURE S4: a) Comparison between the oscillatory response of PG inks containing 2% and 4%
cellulose. A reduction in the amount of cellulose does not significantly alter the storage modulus,
whereas the yield stress becomes threefold smaller. Additionally, the graphene platelets are not stable
in the 2% ink, causing frequent clogging of the printing nozzle. b) Loss tangent as a function of
frequency in the linear viscoelastic region for the PG inks; c) Extended three-interval thixotropy tests
at different oscillatory strain amplitudes during the destruction step (0.1%, 1%, 10% for 60 s,
respectively). After 1% and 10% steps the storage modulus does not fully recover to the initial value,

although it is still able to rapidly revert to ~10* Pa.
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FIGURE S5: a) Comparison of the thickness of printed structs fabricated with 200-, 250-, and 410-
um nozzles, respectively; b) Pictures showing printed woodpile structures directly fabricated on
copper foil (i), ITO-coated glass (ii) and graphite foil (iii); ¢c) Mass of the woodpile structures as a
function of the number of printed layers; d) SEM picture of the cross-section of a printed woodpile

structure (scalebar 100 um)



Calculation of the plug-flow radius: To calculate the radius of the plug flow region the ink was
modelled as a Herschel-Bulkley fluid flowing in a cylindrical nozzle. For such a system, the radius

of the inner region that experiences plug flow is given by:

T
R, = Hva = pR#(Equation S2)

where R, is the radius of the plug flow region, R the radius of the nozzle, 7,, the stress at the wall of

the nozzle (maximum stress) and ¢ the ratio between the yield stress and the stress at the wall. ¢ was

calculated from the following implicit expression using Matlab: !¢

1/n n+1 2 2
T 1-— 201 —
V= nR(—y) 11— " (( 2 + ?d =) + 4 )#(Equation S3)

K@ 3n +1 2n +1 n+1

where n, K and 1), are the Herschel-Bulkley parameters obtained by fitting the flow curve of the PG

inks with the Herschel-Bulkley model, V¥ is the extrusion rate (6 mm s!) and R is the nozzle radius



FIGURE S6: a) Schematic of the 4-electrode tests performed to determine the conductivity of slurry-
coated films obtained from the PG inks. A sawtooth current bias was applied between the working
(green) and counter (red) electrodes and the potential between the working sense (blue) and reference
(white) electrodes was measured. b,c) SEM images showing the thickness of the films used to
measure the conductivity of PG inks: (b) film before annealing (scalebar 30 um) and (c) film after

annealing (scalebar 20 um)



Electrical conductivity: 1-V curves were measure in a four-electrode configuration on a slurry-coated
film obtained from the PG ink (Figure S6). A sawtooth current signal was applied between terminal
1 and 4 and the potential between terminal 2 and 3 was recorded. The conductivity of the ink was

calculated according to:

o #(Equation S4)

“W-H-R

where R is the resistance (obtained from a linear fitting of the I-V curve), L is the distance between
terminal 2 and 3, W is the width of the film and H is the thickness of the film (measured using SEM,

Figure S6).

Table S3: Comparison of the electrical conductivity of DIW inks

Material Conductivity (S m™) Reference
PG ink (annealed) 1372 This work
PG ink (not annealed) 268 This work
rGO (1) 800 8

rGO (2) 170 10

rGO (3) 40 17
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FIGURE S7: a) Plot comparing the cyclic voltammograms of a woodpile electrode in different
electrolytes (LiOH, NaOH, KOH, Li,SO4) and the cyclic voltammogram of the bare substrate
(graphite foil) in LIOH 1M.; b) Comparison between the capacitance of a woodpile electrode in
different electrolytes and the bare substrate in LiIOH 1M; ¢) Schematics of a compact (i) and woodpile
(1) structure; d) Plot comparing the areal capacitance and rate capability for different woodpile
electrodes with increasing thickness; e) Schematic showing how the channels in the woodpile
structures can facilitate the penetration of the electrolyte, improving the surface area accessible to Li*

ions
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FIGURE S8: a-d) Cyclic voltammograms of 2-layer (a), 4-layer (b), 6-layer (c) and 8-layer (d)
electrodes tested in a three-electrode configuration at different scan rates (5, 7, 10, 15, 20, 30, 40, 50,

70 and 100 mV s)
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FIGURE S9: a-d) Galvanostatic charge- discharge curves of 2-layers (a), 4-layer (b), 6-layer (c) and
8-layer (d) electrodes tested in a three-electrode configuration at different current densities (2, 3, 5,

7,10, 12, 15, 17, 20, 30, 40, 50 mA cm)
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FIGURE S10: a-d) Cyclic voltammograms of 2-layer (a), 4-layer (b), 6-layer (c) and 8-layer (d)

symmetric devices at different scan rates (5, 7, 10, 15, 20, 30, 40, 50, 70 and 100 mV s!)
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FIGURE S11: a-d) Galvanostatic charge- discharge curves of 2-layers (a), 4-layer (b), 6-layer (c)
and 8-layer (d) symmetric devices at different current densities (2, 3, 5, 7, 10, 12, 15, 17, 20, 30, 40,

50 mA cm?)



TABLE S4: Comparison of areal capacitances reported in recent literature for supercapacitors

Material Areal capacitance Ref.
MXenes 43 mF cm™ 18
IJP graphene 99 uF cm? 19
Spray-coated graphene 1080 pF cm™ 20
rGO (blue) 323 pF cm? 21
Laser-reduced GO 0.51 mF cm 22
S-doped graphene 553 uF cm™ 2
Photoreduced graphene 1.5 mF cm™ 24
Cellular rGO films 2.47 mF cm™? 2
G/CNTs 3.93 mF cm? 26
rGO 6.1 mF cm? 27
CDC 205 mF c¢cm 28
rGO hydrogel film 402 mF cm 2
rGO film 71 mF cm 30
rGO film 246 mF cm 31
3D GA 640 mF cm™ 17
PG inks 1.64 F cm? This work




TABLE S5: Comparison of areal energy and power densities reported in recent literature for carbon-based

supercapacitors
Material Power density Energy density Reference
(mW cm??) (uWh cm?)
0.191 9.75 32
0.466 8.20
. 0.899 7.08
Coaxial carbon fibers 192 538
4.55 3.18
8.16 1.48
22.2 5.56 3
35.5 5.20
rGO film (purple) 48.2 4.66
70.0 4.35
118 3.50
0.486 9.78 30
0.983 9.44
1.923 8.87
rGO film (yellow) 2.84 8.74
3.85 8.61
4.75 8.43
9.19 7.76
5.05 10.2 29
2.48 11.2
rGO hydrogel 1.02 12.3
0.538 12.9
0.538 12.9
0.286 1.60 28
0.546 1.55
1.11 1.47
2.55 1.39
CDC 4.71 1.30
8.83 1.22
19.2 1.07
33.8 0.916
1.52 0.406 27
4.04 0.381
rGO + CNTs (orange) 6.52 0.359
12.2 0.333
1.00 0.292 26
2.50 0.286
4.98 0.274
G/CNTs 9.75 0.257
22.7 0.222
40.8 0.170
61.8 9.41-10
3D GA 1.52 20.5 17




7.43-10 17.0 3
1.18-104 18.6
1.58-10* 19.2
2.58-104 21.0
3D printed GA 4.10-104 22.9
8.26-10* 25.0
1.31-103 26.2
2.64-1073 27.6
3.99-1073 28.2
4.10-1073 0.222 2
29.8-1073 0.190
67.0-103 0.175
0.122 0.154
0.206 0.127
0.274 0.111
0.340 9.64-10
Cellular rGO films 0.393 2.90- 102
1.97 4.85-107 24
Photoreduced graphene 0.521 9.45-1073
S-doped graphene 1.19 3.10-10° >
Laser reduced-GO 1.55 3.13-102 2
1GO (blue) 3.83-10 1.13-102 21
6.45-104 9.21-1073
1.49-10°3 8.48-1073
2.41-1073 6.92:1073
4.33-1073 6.28-103
10.5-1073 5.95-1073
19.8-103 5.63-103
37.9-1073 5.33-1073
86.5-1073 4.84-1073
0.133 4.59-10°3
0.159 4.40-1073
0.278 3.89-1073
0.379 3.49-1073
0.539 3.00-1073
S-graphene 5.07-10* 0.109 20
1.76-1073 9.00-102
3.65-103 8.71-102




5.79-1073 7.39-102
11.2-103 6.16-10
14.6:1073 5.03-107
16.5-103 4.52-107
IJP graphene 4.09-10 2.22-10°3 19
8.03-10° 2.18-1073
1.91-107 2.09-1073
3.65-104 2.00-1073
6.81-104 1.88-1073
1.47-103 1.63-10°3
2.68-1073 1.48-1073
4.93-1073 1.37-103




TABLE S6: EIS parameters obtained from the equivalent circuit for the 2-, 4-, 6- and 8-layer PG

electrodes.

Parameters 2 layers 4 layers 6 layers 8 layers
Ry/Q cm? 0.62 0.66 0.53 0.58
Ry/Q cm? 2.2 3.2 1.5 1.9

Cy/mF cm™ 1.3-104 2.3-104 4.6:10 2.5:104

W,/ Q cm? 0.13 0.50 0.18 0.24

Re/ Q em? 0.46 1.0 0.39 0.51

Cq/mF cm™ 261073 301073 35-10°3 19-10°3

W,/Q cm? 2.0 1.8 1.4 2.8

C,/mF cm™ 4.8 5.6 5.7 4.4
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FIGURE S12: a,b) Areal capacitance (a) and rate capability (b) at increasing current densities for
symmetric devices with different number of layers; ¢,d) Electrochemical impedance spectroscopy (c)

and Bode plots (d) of symmetric devices with different number of layers.
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FIGURE S13: a) Comparison of areal, gravimetric and volumetric capacitance for symmetric devices

(2 to 8 layers); b) Leakage current measured during the holding step of voltage holding tests for

symmetric devices at different number of layers.
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FIGURE S14: a-d) First 4h of the voltage holding tests on 2-layer (a), 4-layer (b), 6-layer (c) and 8-

layer (d) symmetric devices.
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FIGURE S15: a) Cyclic voltammogram for the 4-layer compact structure exhibiting poor
electrochemical performance; b) Galvanostatic charge-discharge curves for the 4-layer compact

structure; ¢) EIS of the 4-layer compact structure showing high transport resistance
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FIGURE S16: a,b) Pictures of the interdigitated electrodes printed on a microscope glass slide
(scalebars 3 and 5 mm, respectively); ¢) SEM image of one finger of the interdigitated structure
(scalebar 100 um); d) Cross-section of one finger of the interdigitated structure (scalebar 30 um); e)
Coulombic efficiency of the interdigitated device at various charge-discharge currents; f) Equivalent
Series Resistance (ESR) before and after cycling as calculated from charge-discharge and impedance

spectroscopy.



In three-electrode tests, the specific capacitance was calculated from cyclic-voltammetry curves as:

$i dv

Cs= m#(Equatlon S5)

where AV is the voltage window (1 V), v the scan rate, x is either the area of the electrode (for areal
capacitance), the volume of the electrode (volumetric capacitance) or the mass of the electrode

(gravimetric capacitance) and the integral is extended to all the cycle considered.

The specific capacitance was also calculated from galvanostatic charge-discharge curve as:
C LA #(E ion S6
STYAY (Equation S6)

where i is the discharge current, At the discharge time, AV the difference between the initial and final

potential during discharge and x is define as above.

When testing symmetric devices, the specific capacitance was calculated from cyclic-voltammetry

curves as:

$idv #(E ion S7
V% (Equation S7)

Caev="4"577

where AV is the voltage window (1 V), v the scan rate, x is either the area of the device (for areal
capacitance), the volume of the two electrodes (volumetric capacitance) or the total mass of the two
electrodes (gravimetric capacitance) and the integral is extended to all the cycle considered. The

volume of the electrodes was calculated as:

Me| .
Ve = 7#(Equatlon $8)



where m,, is the measured mass of the electrodes and p is the density of the printed filaments (2.2 g

cm3, measured via the buoyancy method)

The specific capacitance was also calculated from galvanostatic charge-discharge curve as:
C 4 LA ion S9
dev = m#(Equatlon )

where i is the discharge current, At the discharge time and AV the difference between the initial and

final potential during discharge and x is defined as above.

The power and energy density of symmetric devices were calculated from galvanostatic charge-

discharge as:
1
Egep = ngwAVZ#(Equation $10)

Eq

Pyoy = A—:"#(Equation S11)

where At is the discharge time.

TABLE S7: Areal capacitance, energy and power densities of the symmetric supercapacitor (2-8 layers) at 2

mA cm?.
Capacitance Energy density Power density
Number of layers
(F cm?) (mWh cm?) (mW cm?)
2 0.61 0.02 0.98
4 0.74 0.02 0.95
6 1.57 0.05 0.97
8 1.65 0.05 0.98




TABLE S8: Gravimetric capacitance, energy and power densities of the symmetric supercapacitor (2-8 layers)

at 2 mA cm.
Capacitance Energy density Power density
Number of layers
(Fgh (mWh g) (mW g
2 34.58 1.14 55.46
4 21.66 0.68 27.79
6 27.01 0.88 16.64
8 19.36 0.64 11.49

TABLE S9: Volumetric capacitance, energy and power densities of the symmetric supercapacitor (2-8 layers)

at 2 mA cm.
Capacitance Energy density Power density
Number of layers
(F cm™) (mWh cm) (mW cm)
2 76.08 2.52 122.02
4 47.65 1.49 61.13
6 59.41 1.94 36.61
8 42.58 1.41 25.27
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FIGURE S17: Volumetric energy and power densities of our 3D printed microsupercapacitor with

previously reported microsupercapacitors.!!-34-37



FIGURE S18: SEM images of the electrodes after 10000 cycles of charge and discharge (at 20 mA
cm!): front view (a,b) and cross-section (c,d) view at different magnifications. Scalebars are 200 pm

(a), 10 um (b), 200 um (c) and 100 um (d).
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