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Table S1. Hausner ratios of the PI microparticles and PI-FeClz hybrid microparticles

. Apparent density Tapped density .
Types of particles (g/cm’) (g/cm’) Hausner ratio
PI 0.465 0.564 1.21
PI-FeCl; 0.485 0.606 1.25

Table S2. Comparison of the Raman characteristics and sheet resistance of the 3D graphene in this
work with representative literature reports on LIG.

Types of graphene In/Ig ratio Sheet resistance Reference
3D graphene by SLS
(this work) 0.54-0.83 (tunable) 21 Q/sq /
3D graphene-FeOy by B
SLS (this work) 0.61-0.84 15.9 Q/sq /
LIG with flash Joule 0.33-0.84 150600 O S
heating ' )
LIG from PI film 0.5-1.3 1635 Q/sq S2
LIG from PI paper 0.6-0.8 145.8-18.5 Q/sq S3
. (conductivity)
3D LIG foam 0.6-1.0 0.050 — 0.27 S/em S4

* Corresponding author email: wxu@utk.edu




Table S3. Comparison of the electrochemical performance of the supercapacitors based on our
SLS fabrication method with related literature reports on LIG-based systems.

Materials Areal Gravimetric Current density/ | Electrolyte Source
capacitance capacitance Scan rate
(mF/cm?) (F/g)

Fe-doped LIG 63.1 467 0.5 mA/cm? Gel This Work

Fe-doped LIG 63.95 474 SmV/s Gel This Work
LEST graphene/PI 17.97 / 0.05 mA/cm? Gel S5
LIG/MnO» 85.88 / 0.4 mA/cm? Gel S6
High porous LIG 22.2 / 0.05 mA/cm? Gel S7
LIG 34 181 0.1 mA/cm? Aqueous S8
N doped LIG 54.5 / 0.08 mA/cm? Gel S9
B doped LIG 60.6 / 0.08 mA/cm? Gel S9
Selective grown 65.79 / 0.4 mA/cm? Gel S10

Mn304/LIG

B/N co-doped LIG 87.2 / 0.5 mA/cm? Gel S11




Table S4. Comparison of the stain sensor performance of our 3D TPU-graphene fabricated by

SLS method with relevant literature reports

. . Gauge Detection . -
Materials Design Factor | Range (%) Cyclic stability Source
3D TPU-graphene (90°) Rectangle 3.6/26/95 27 >10000 This Work
3D TPU-graphene (0°) Rectangle 15/21;38/6 23 >10000 This Work
Transferred LIG Serpentine 128.9 20 3600 S12
Peeled off LIG/MPU Rectangle 5-70 60 200 S13
Peeled off LIG/starch Rectangle 134.2 0.6 1000 S14
Transferred LIG/Ecoflex | Fingerprint 4'5/1/9413'9 50 >1500 S15
3D PEEK/LIG/
PDMS Rectangle 51/212.3 5 5000 S16
Transferred Rectangle | 236/1242 375 12000 S17

MoS,/LIG/PDMS
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Figure S1. DSC characterization of the PI microparticles, which shows the Ty of PI is about 250
°C, and the T, is about 384 °C. The crystallization peak during cooling cycle occurs at 320 °C

Figure S2. Photos of the SLS-fabricated graphene pattern on a glass substrate. The left image is
before removing the excess Pl microparticles in the background, and the right image is after
removing the excess microparticles.
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Figure S3. (a) SEM image of LIG film formed by laser scanning on a solid PI film using the same
laser parameter as the SLS process. (b) Comparison of the I-V curves for the 3D graphene formed
by SLS, and the LIG from PI film.
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Figure S4. Raman spectrum of the LIG sample formed by using solid polyimide film as the

precursor, with the same laser scanning parameters as our SLS process. The sample shows an Ip/lg
ratio of 1.17.



Analytical modeling of the laser-induced heat generation

In our system, we compared the laser-induced graphitization of conventional PI film, which is the
commonly used method, with our unique method of using PI microparticles as the precursor. The
results showed that our method is able to generate graphene with higher conductivity and different
morphology compared with the conventional method.

To explain such differences, we conducted analytical modeling of the local heat generation of the
two systems: the first one is a continuous PI film with a thickness of 125 um; the second one is a
monolayer of aggregated ~10 um PI microparticles. For the case of PI microparticles, because of
the poor heat spreading (total contact area between particles is small, leading to low effective in-
plane and through-plane conductivity), as well as the smaller areal heat capacity, both of which
lead to higher local temperature increase, which is explained in more detail below.

1. Laser irradiation on continuous PI film
The laser power P = 2.3 W, laser spot diameter is 250 um, or the radius w = 125 um. The total
laser irradiation time per unit area is about 0.02 s. The thermal conductivity of polyimide k =0.12
W/mK, its density p = 1420 kg/m>, heat capacity ¢, = 1090 J/kg K, so that the thermal diffusivity
a =7.8x10 m? /s. The absorptance of polyimide to the laser is represented by A.
Diftusion length over 0.002 s:

£ =+at ~ /(7.8 x 1078)(0.002) ~ 12.5 um < 125 um
So the semi-infinite 1D peak estimate is reasonable as an upper bound for the short-time surface
peak.
1) Peak absorbed heat flux at the beam center
Gaussian peak irradiance:

- 2P
07 w2
Peak absorbed heat flux:
" =Al, = A 2P
qo = 0 — T[WZ
Numerically:

q ~ 9.37 x 107A W/m?

2) Analytic surface temperature rise (semi-infinite, constant flux for time t)

AT (t 2q" at
S( ) k T
Compute the diffusion factor:

at \j(7.8 x 10-8)(0.002)

Vs Vs

~7.05X107°m

Then:
2(9.37 x 107 4) . .
AT, (0.002 5) ~ 13 (7.05x 107%) ~ 1.1 X 10*A K
If the absorptance of polyimide to the laser (455 nm) (A) is estimated to be 0.3, then
ATpax = 3300 K




2. Laser irradiation on monolayer of PI particles

For the case of PI microparticles, because of the poor heat spreading (total contact area between
particles is small, leading to low effective in-plane and through-plane conductivity), as well as the
smaller areal heat capacity, both of which lead to higher local temperature increase, which is
explained in more detail below.

1) Internal equilibration time of a 10 um PI microparticles
Take PI thermal diffusivity @ =~ 7.8 x 1078 m?/s(same as before, using k =~ 0.12W/m'K, p =~
1420kg/m’, ¢, = 1090J/kg K).
For a particle diameter d,, = 10 um,
di (1.0 x1075)2 3
; = W ~ 1.28x107°s
So during a 0.002 s laser exposure, each particle is close to isothermal internally.
2) Replace “semi-infinite conduction” with a thin-layer energy balance
A monolayer behaves more like a thin absorbing layer with areal heat capacity, not a thick solid
that can diffuse heat away during the pulse.
o d, = 10 um is the monolayer thickness
e ¢ is the solid area/volume fraction of the monolayer (which is close to 0.6 for random
close packing in 2D)
o Pl volumetric heat capacity pc, = 1.55 X 10° J/m’K
Then the effective areal heat capacity of the monolayer is:

C" = (pcy) (¢dp)

Laifrp ~

For example, with ¢ = 0.6:

C" ~ 1.55 % 10° x (0.6 x 10 x 107°) ~ 9.3 J/m*K
3) Laser heat input
With a Gaussian beam and 250 pm = 1/e? diameter, w = 125 um.

Peak irradiance:
2P

Tw?
The peak absorbed flux (g ) needs to be modified with an effective absorptance A for the powder
monolayer, which can be quite different from a dense film due to voids/scattering.
yo B 2P
do = AeffIO - AeffT[WZ
g ~ 9.37 x 107 Aoy W/m?

4) Temperature rise over a short pulse (0.002 s)
For short times where convection/radiation is negligible, the monolayer center temperature rise is

approximately:

IO=

qo t
ATmax ~ 7

Plugging int = 0.002s and C" = (pc,)(¢pd,):
(9.37 x 107 A.¢)(0.002)

Almax ~ (155 % 109)(¢) (10 x 10-9)

This simplifies to:

1.21 x 10*
ATmax ~ T Aeff



So with ¢ = 0.6:

AT =~ 2.02 X 10* A4 K
Compared with the solid PI film case, where AT, = 3300 K. Therefore, as long as the effective
absorptance A ;> 0.163, then the temperature increase of the PI particle monolayer would be
higher than that of the solid PI film.
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Figure S5. (a-c) CV curves at various scan rates from 5 mV/s to 100 mV/s of supercapacitors
fabricated by (a) 1-layer SLS, (b) 2-layer SLS, and (c) 3-layer SLS. (d-f) GCV curves measured at
different current densities of the supercapacitors fabricated by (d) 1-layer SLS, (e) 2-layer SLS,

and (f) 3-layer SLS.
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Figure S6. The equivalent circuit model used to fit the EIS curves of the supercapacitors show in

Fig. 3h.
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Figure S8. TGA curves of the PI microparticles with and without FeCls modification.
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Figure S9. SEM images of Fe-doped 3D graphene fabricated at a laser speed of 50 mm/s (left) and
35 mm/s (right).
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Figure S10. I-V curves of Fe-doped 3D graphene fabricated at a laser speed of 50 mm/s and 35
mm/s.
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Figure S11. (a-b) CV curves at various scan rates of the flexible supercapacitors with Fe-doped 3D
graphene electrodes fabricated at (a) 50 mm/s and (b) 35 mm/s. (d-e) GCV curves measured at
different current densities of the supercapacitors with Fe-doped 3D graphene electrodes fabricated
at (¢) 50 mm/s and (d) 35 mm/s.
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Figure S12. EIS curves of the supercapacitors fabricated by SLS with Fe-doped 3D graphene

electrodes at two different laser scanning speeds.
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The equivalent circuit model used for fitting shown above, includes two charge transfer resistances:
Ret1, associated with surface-controlled energy storage, and Rep, linked to diffusion-controlled ion
intercalation. Both devices showed low Rt values (16.21 Q for 50 mm/s and 11.92 Q for 35 mm/s),
confirming that the porous structure promotes surface-dominated charge storage, in line with the
CV results. However, Rc remained high for the 50 mm/s device (943.5 Q), indicating limited ion
intercalation, whereas the 35 mm/s device had a lower Re (507.9 Q), suggesting better ion
accessibility.
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Figure S13. CV curves at various scan rates of the flexible supercapacitors with Co-doped 3D
graphene electrodes. The precursors used for Co-doping is Co(NO3)a.
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Figure S14. (a) Comparison of the GCD curves for supercapacitors with Fe-doped 3D graphene
electrode in single form or 3-in-parallel form. (b) Comparison of the CV curves for supercapacitors
with Fe-doped 3D graphene electrode in single form or 3-in-series form. (c) Demonstration of the
powering for LED and laboratory timer with the 3-in-series supercapacitor.
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Figure S15. DSC curve of the TPU microparticles used in the sequential SLS 3D printing.
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Figure S16. Cross-section SEM of the SLS-printed TPU part.
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Figure S17. Cycling tests of SLS-printed TPU with a maximum strain of 15%, the first ten cycles
of testing are shown.
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