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For dispersion stability, printable graphene inks commonly employ solvents with limited surface
tensions or incorporate dispersant aids that require high-temperature post-processing, restricting
printability and substrate compatibility. Here, printable graphene inks are introduced with low-surface-
tension solvents and mild-temperature post-processing using polypropylene carbonate (PPC).
Graphene is produced by liquid-phase exfoliation with PPC, and the exfoliated graphene/PPC is used
to generate printable inks. As a dispersant aid, PPC improves graphene exfoliation, dispersion
stability, and redispersability in solvents with low surface tensions (<30 mJ m™), facilitating the
formulation of desirable inks for efficient aerosol jet printing on diverse substrates. Moreover, the low
decomposition temperature of PPC eases its thermal removal from printed graphene, allowing high
electrical conductivity with a mild post-processing temperature of 220 °C. Consequently, the
graphene inks enable the fabrication of fully-printed graphene micro-supercapacitors on heat-
sensitive paper substrates, exhibiting high areal capacitances, cycling stability, and mechanical

resilience against bending deformation.

Graphene, a two-dimensional allotrope of carbon, possesses exceptional
electrical and mechanical properties for a wide range of electronic appli-
cations, including displays, sensors, solar cells, and supercapacitors'”. For
the production of graphene-based electronics, printing processes offer
compelling benefits when compared to traditional microfabrication meth-
ods with photolithography. Printing processes enable additive manu-
facturing to minimize materials waste for high sustainability and low-cost
production. In addition, their compatibility with roll-to-roll production
formats accelerates production rates and thereby facilitates high-throughput
manufacturing. To realize printed electronics based on graphene, graphene
inks have been explored for diverse printing techniques, using graphene
prepared by chemical vapor deposition, reduction of graphene oxide, and
liquid-phase exfoliation (LPE) of graphite’”. Among the graphene pre-
paration methods, LPE is promising to accomplish large-volume produc-
tion of pristine graphene for ink formulation due to its simplicity and
scalability®”. In this method, graphene is exfoliated from graphite in a liquid
medium by sonication or shear forces, and the exfoliated graphene is col-
lected from the liquid medium in the form of powder. To formulate inks, the

graphene powder is redispersed in solvents with appropriately tailored
compositions in consideration of the required ink characteristics depending
on printing techniques.

A variety of solvents have been employed for LPE of graphene. Among
those, N-methyl-2-pyrrolidone (NMP) has been a popular choice since its
surface energy matches that of graphene, minimizing the energic cost of
mixing with graphene'*"". Although the surface energy of NMP is favorable
for graphene exfoliation and dispersion, its high toxicity has raised envir-
onmental issues. Moreover, its surface tension is relatively high, particularly
for printing techniques that prefer low ink surface tensions to facilitate the
formation of microdroplets from bulk inks, such as inkjet and aerosol jet
printing", which has motivated the employment of low-surface-tension
solvents for the formulation of printable graphene inks. Printable graphene
inks based on low-surface-tension solvents have been introduced using
surfactants and polymers as dispersant aids'**". In such inks, surfactants and
polymers are adsorbed on graphene surfaces and induce electrostatic or
steric repulsion between the graphene flakes, reducing graphene aggregation
to reinforce dispersion stability in the low-surface-tension solvents.
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However, the dispersant aids are deposited along with graphene during
printing, so printed graphene commonly requires a high-temperature post-
processing step to eliminate the additives and form a continuous and
conductive network of graphene flakes'*". This requirement hinders the use
of heat-sensitive substrates and thus limits the diversity of suitable sub-
strates, posing a challenge in the exploration of dispersant aids that facilitate
gentle post-processing of printable graphene inks for practical applications.

Here, we report printable graphene inks with low-surface-tension
solvents and mild-temperature post-processing, using polypropylene car-
bonate (PPC) as a dispersant aid. PPC is a biodegradable polymer synthe-
sized by the copolymerization of propylene oxide and carbon dioxide™. Its
biodegradability and synthesis with carbon dioxide contribute to its envir-
onmental friendliness™. In addition, PPC possesses a relatively low onset
decomposition temperature, which has often been reported to be below
200 °C***. Employing PPC as a dispersant aid, we produce graphene by
LPE, where PPC promotes graphene exfoliation in a solvent of a low surface
tension (<30 mJ m™). Furthermore, the graphene exfoliated with PPC
exhibits enhanced redispersibility and dispersion stability in the low-
surface-tension solvent, compared to graphene obtained without PPC,
enabling the formulation of favorable graphene inks for aerosol jet printing
on diverse substrates. Due to the low decomposition temperature of PPC,
the printed graphene presents high electrical conductivity after annealing at
amild temperature of 220 °C. Finally, the mild post-processing temperature
allows the demonstration of fully-printed graphene micro-supercapacitors
(MSCs) on paper with high areal capacitances, excellent cycling perfor-
mance, and outstanding mechanical stability against bending deformation.

Results and discussion

PPC-assisted LPE

Figure 1 shows a schematic diagram for the preparation of printable gra-
phene inks with PPC. Graphene was exfoliated from graphite by LPE with
PPC, as shown in Fig. 1a,b. To investigate the effects of the solvent surface
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tension on the exfoliation, the PPC-assisted LPE was performed using
solvents with different surface tensions: NMP, tetrahydrofuran (THF), and
ethyl acetate (EA). Figure 2a displays the surface tensions of the solvents and
their equivalent surface energies (Supplementary Table 1). Solvent surface
energies have been used to explain the energetic cost of LPE based on the
enthalpy of mixing per volume'’, which can be expressed as:

AH - 2 2
V— ~ m (SEsqrt,G - SEsqusol) ¢ (1)

mix

where SEqqr and SEsgsol are the square roots of the surface energies of
graphene and solvents, respectively. Vi Thake and ¢ are the mixture
volume, graphene flake thickness, and graphene volume fraction, respec-
tively. The surface energy of graphene has been estimated to be
~70 mJ m™*', so NMP possesses a surface tension equivalent to the surface
energy of graphene, but the surface tensions of THF and EA are much lower
than that of NMP. Using the different solvents, LPE was conducted by
sonication for 2 h, followed by centrifugation to remove unexfoliated gra-
phite. After the centrifugation, the graphene concentration was measured for
the as-exfoliated solutions. As shown in Fig. 2b, NMP allowed the exfoliation
of more graphene than THF and EA, regardless of the presence of PPC,
because the surface energy of NMP matches that of graphene and minimizes
the energetic cost for graphene exfoliation. Furthermore, the addition of PPC
enhanced the graphene exfoliation by a factor of 1.1 for NMP, 1.7 for THF,
and 3.4 for EA (Fig. 2¢), revealing a more pronounced enhancement for a
larger disparity between the graphene and solvent surface energies.

The dispersion stability of as-exfoliated graphene solutions was also
examined by monitoring their optical absorbance (4, Fig. 2d) at 660 nm as a
function of time (), which can be fit to the following exponential decay
model:

A=A+ (1
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Fig. 1 | Preparation of printable graphene inks with polypropylene

carbonate (PPC). a, b Illustrations of liquid-phase exfoliation (LPE) of graphene
from graphite using PPC as a dispersant aid. ¢ Photograph of graphene/PPC isolated
as a powder from the liquid medium after LPE. d Photograph of a graphene ink

formulated by redispersing the graphene/PPC powder. e Photograph of graphene
micro-supercapacitor (MSC) electrodes deposited on paper with the graphene ink
by aerosol jet printing.
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Fig. 2 | Effects of the solvent surface tension on PPC-assisted LPE. a Surface
tensions and energies of solvents used for LPE. SEy, denotes the square root of the
surface energy. NMP, THF, and EA indicate N-methyl-2-pyrrolidone, tetra-
hydrofuran, and ethyl acetate, respectively. b Graphene concentration of as-
exfoliated graphene solutions (Cexf) using the different solvents with and without
PPC. The data with error bars present the average and standard deviation from

3 samples. ¢ Comparison of C..¢ with and without PPC in respect of (SEsqu,c -
SESqn,sol)z. Cextppc and Cexgrer indicate Cy¢ obtained with and without PPC,

respectively. SEgqr,g and SEgger,sol imply SEqy for graphene and solvents, respec-
tively. d Normalized optical absorbance of the as-exfoliated graphene solutions as a
function of time for the different solvents with and without PPC. The data points are
the measured absorbance at 660 nm, and the solid lines are curves generated based
on the exponential decay model of Eq. (2). e A, obtained from the exponential decay
model curves. f Comparison of 7 acquired from the exponential decay model curves
with and without PPC in respect of (SEsqi,g — SEsq,t,sol)z. Tppc and T, denote T
obtained with and without PPC, respectively.

where Ay and 7 are the fraction of stable graphene against sedimentation and
the constant related to the delay of graphene sedimentation, respectively. As
shown in Fig. 2e, the addition of PPC increased the fraction of stable gra-
phene for all the solvents. In particular, A, (0.72) for THF with PPC was
observed to be higher than that (0.71) for widely employed NMP without
PPC. Figure 2f compares 7 of the solutions with and without PPC to
investigate the contribution of PPC to the reduction in the sedimentation
rate. While the enhancement in the as-exfoliated graphene concentration
with PPC was more noticeable for a lower solvent surface energy, the
sedimentation rate was reduced with PPC similarly for all the solvents by a
factor of 1.6-1.8 (Fig. 2f), implying that the steric stabilization of graphene
by the polymer is less affected by the solvent surface energy than the
exfoliation. As shown in Fig. 2, PPC improves graphene exfoliation and
dispersion stability, particularly in solvents with low surface tensions.
Although THF and EA possess similar surface tensions, THF allows more
efficient exfoliation and favorable dispersion stability, so further experi-
ments were executed based on THF.

Graphene/PPC powder

The as-exfoliated graphene solutions based on THF with PPC were
vacuum-filtrated through membranes, isolating exfoliated graphene from
PPC/THF solutions that can be recycled with the unexfoliated graphite
collected during the centrifugation step to produce more graphene (Sup-
plementary Fig. 1). After filtration, graphene films generated on the mem-
branes were ground, yielding a graphene powder (Fig. 1¢) containing ~6% of
PPC (Supplementary Fig. 2).

To understand the nature of interactions between the graphene and
PPC, computational analysis was conducted by Kohn-Sham density
functional theory (KS-DFT) with the independent gradient model based
on Hirshfeld partition (IGMH) for a cluster model (Supplementary Fig. 3)

of graphene and PPC fragments”, allowing visual investigation of
intermolecular interactions. Figure 3a displays an IGMH map for the
isosurfaces of intermolecular interactions between the graphene and PPC
fragments, where the color of isosurfaces corresponds to the electron
density (p) multiplied by the sign of the second eigenvalue of electron
density Hessian (A,). Figure 3b shows scatter plots of IGMH local
descriptors for all interactions (8g) between atoms in the graphene/PPC
model and intermolecular interactions (8¢™) between the graphene and
PPC fragments, where the descriptors represent the interaction strength,
and 8¢ is related to the isovalue of the IGMH map. In the IGMH map,
green isosurfaces are generated primarily between the graphene and ter-
tiary hydrogen atoms of PPC, revealing the formation of CH-m interac-
tions between the fragments. In addition, the green color on the isosurfaces
implies that the electron density is low in these regions, which indicates
that the interactions are relatively weak and dispersion-dominated. Energy
decomposition analysis based on molecular force field (EDA-FF) was
performed”, disintegrating the total interaction energy between the gra-
phene and PPC fragments into energies of electrostatic, repulsion, and
dispersion terms to assess their contributions to the intermolecular inter-
action energy. The analysis results (Supplementary Table 2) show that the
dispersion contribution is the largest, whereas the electrostatic contribution
is relatively negligible, confirming that dispersion forces are the primary
source of attraction between the graphene and PPC, analogous to other
typical CH-mt interactions™. Based on the EDA-FF calculation, Fig. 3c
visualizes the contributions of individual atoms to the interactions between
the graphene and PPC fragments, where the color of atoms represents
attractive and repulsive forces. Due to the CH-m interactions, stronger
attractive forces can be observed in the graphene carbon atoms closer to
the tertiary hydrogen atoms of PPC. Furthermore, the associated C-H
bonds of PPC are nearly perpendicular to the graphene plane, implying
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Fig. 3 | Computational analysis for graphene/PPC interactions. a Intermolecular
interaction map of the independent gradient model based on Hirshfeld partition
(IGMH) for a cluster model of graphene and PPC fragments (isovalue of §g™":
0.005). The color scale is for the isosurfaces, which is based on the electron density (p)
multiplied by the sign of the second eigenvalue of electron density Hessian (1,).

b Scatter plots of IGMH local descriptors for all interactions (8g, top) between atoms
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in the graphene/PPC model and intermolecular interactions (8¢"™, bottom)
between the graphene and PPC fragments. ¢ Atomic contribution map for the
intermolecular interactions between the graphene and PPC fragments. The color
scale accounts for the attractive and repulsive forces constituting the interactions
between the two fragments.

that the CH-mt interactions between the graphene and PPC are formed
based on a T-shape configuration.

Fourier-transform infrared (FTIR) spectroscopy was performed to
confirm the CH-m interactions between the graphene and PPC. Figure 4a
compares FTIR spectra of the graphene/PPC powder and a graphene
powder prepared without PPC. In contrast to the spectrum of graphene
prepared without PPC, the graphene/PPC spectrum shows a peak at
1741 cm™ because of the C = O stretching vibration of PPC, verifying the
existence of the polymer in the powder. Previous studies have shown that
CH-7 interactions between carbon nanomaterials and polymers cause
splitting and shifting of C-H bending vibration signals in polymers™*.
Similarly, while pure PPC presents a distinct peak for the C-H bending
vibration at 1455 cm™ in its FTIR spectrum (Supplementary Fig. 4), the
corresponding peak in the graphene/PPC spectrum is less well-defined and
split (Fig. 4b) in a range of 1466-1437 cm™', providing evidence for the
presence of CH-7t interactions expected by the computational analysis.
Hence, PPC is adsorbed on graphene surfaces by CH-m interactions and
generates steric repulsion between graphene flaks, contributing to the
improved graphene exfoliation and dispersion stability (Fig. 2).

The redispersibility of the graphene powders prepared with and
without PPC was also compared to investigate the contribution of PPC in
the graphene/PPC powder to the redispersion of graphene for ink for-
mulation. For this investigation, the powders were dispersed in THF without
additional PPC by bath sonication for 6 h (Supplementary Fig. 5), and the
solutions were centrifuged with the same rotational speed and operation
time used for LPE, removing graphene that was not well-dispersed. The
graphene concentration of the redispersed solutions was measured, and
their dispersion stability was characterized based on their optical absorbance
as a function of time. Figure 4c presents the redispersion rates and A, of
the solutions, where the redispersion rate indicates the ratio of the graphene
mass of the solution after sonication and centrifugation to the graphene
mass mixed in the solvent. A, is the value extracted from the optical
absorbance data (Supplementary Fig. 6) with Eq. (2). The redispersion rate
(96%) of the graphene powder prepared with PPC was larger than that
(84%) of the graphene powder obtained without PPC. Furthermore, A
(0.67) of the graphene prepared with PPC was greater than that (0.49) of the

graphene obtained without PPC and even close to that (marked with a
dotted line in Fig. 4c) of the as-exfoliated graphene solution based on THF
with PPC. These results reveal the important contributions of PPC, not only
to the graphene exfoliation, but also to the redispersion of the graphene
powder for ink formulation.

The exfoliated graphene (Fig. 4d) was characterized after thermal
treatment for removing PPC from the graphene/PPC powder. Figure 4e
shows Raman spectra of the graphene after PPC removal and the graphite
used for LPE of graphene, displaying clear peaks for the D, G, and 2D bands.
The D-to-G peak ratio is 1.16 and 1.05 in the graphene and graphite spectra,
respectively. The higher D-to-G peak ratio for the graphene can be attrib-
uted to the creation of more edges after exfoliation”. Moreover, the gra-
phene and graphite spectra show different shapes of 2D peaks consisting of
two components, 2D; and 2D, (Supplementary Fig. 7). The lower-
frequency 2D, peak intensity of graphite is smaller than its higher-frequency
2D, peak intensity, whereas the 2D, peak intensity of graphene is larger than
its 2D, peak intensity, originating from the reduced numbers of graphene
layers after exfoliation™. Transmission electron microscopy revealed thin
graphene flakes without noticeable structural defects (Supplementary
Fig. 8). The average thickness and lateral size of the exfoliated graphene
(Fig. 4f, g) were measured to be 3.3 and 230 nm, respectively, by atomic force
microscopy (Supplementary Fig. 9).

Ink formulation and aerosol jet printing

Graphene inks (Fig. 1d) were formulated with the graphene/PPC powder,
and their printability was explored using a commercially available aerosol jet
printer. Aerosol jet printing is a noncontact, digital printing technique that
has recently attracted increasing attention for printed electronics due to its
high patterning resolution and versatility’>’. In the aerosol jet printer
(Fig. 5a), an ultrasonic transducer atomizes the ink with a viscosity in the
range of 1-10 mPa s’ and a carrier gas flow conveys the aerosol droplets to a
deposition nozzle. When the aerosol droplets pass through the deposition
nozzle, a coaxial sheath gas aerodynamically focuses the aerosol stream,
which enables high-resolution printing with minimal risk of nozzle clog-
ging. To prepare inks for aerosol jet printing, the graphene/PPC powder was
redispersed with additional PPC in a solvent blend of THF and diethylene
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glycol monoethyl ether (DGME) mixed in a ratio of 93:7. The inks were
formulated to contain 13mgmL™ of graphene and 7mgmL™ of PPC,
resulting in a viscosity of 4 mPa s at a shear rate of 1000 s™* (Supplementary
Fig. 10). Higher ink concentrations led to increases in ink viscosity and
printed line geometries (Supplementary Fig. 11). THF was used as a primary
solvent, and a small amount of DGME was added as a low-volatility co-
solvent to prevent aerosol droplets from losing solvent quickly during
transport from the ink container to the deposition nozzle by the carrier gas
flow, improving the morphology of printed features. Importantly, the gra-
phene inks were easily atomized even at the lowest ultrasonic transducer
power of the printer to generate sufficient aerosol droplets for printing
(Supplementary Fig. 12), which can be attributed to the use of the low-
surface-tension primary solvent'*”.

The printability of the graphene inks was investigated on different
substrates, including Si/SiO,, glass, plastic, and paper. While the sub-
strates were various, the same ink formulation was used to obtain similar
printing behaviors. Among the substrates, Si/SiO, was employed to
characterize the printed features since its uniform surface facilitates
precise characterization. Figure 5b shows optical images of printed gra-
phene lines on Si/SiO, using the aerosol jet printer with different nozzle
sizes and varied numbers of printing passes. After 1 printing pass, the
printed line width and thickness (Fig. 5c¢) were 136 um and 235 nm,
respectively, with a 300 pm diameter nozzle, and 31 pm and 138 nm with
a 150 pm diameter nozzle. The thickness proportionally increased with
the number of printing passes (Fig. 5d), presenting the effective con-
trollability of the printed thickness by the printing parameter. Based on
the thermogravimetric analysis result (Supplementary Fig. 2), the printed
graphene was annealed at 220°C to remove PPC (Supplementary
Fig. 13), causing a decrease in the thickness by approximately 10%
(Fig. 5e). The electrical conductivity of graphene annealed at 220 °C for
30min was measured to be 2.05x10*%0.15x 10*Sm™. Previously
reported printable graphene inks based on surfactants and other poly-
mers (Supplementary Table 3) have commonly exhibited electrical
conductivity in a range from 1 x 10° to 2 x 10* S m™" after eliminating the
dispersant aids at temperatures higher than 300 °C'**"**. However, PPC

allows the graphene inks to achieve the favorable electrical conductivity
with a considerably reduced post-processing temperature due to its low
decomposition temperature. In addition, with the same ink formulation
used for Si/SiO,, the graphene/PPC inks were successfully printed on
glass, plastic (polyimide), and paper (Fig. 5f-h), showing their superlative
printability on a range of substrates. After annealing at 220 °C to remove
PPC, printed graphene showed strong adhesion to the substrate (Sup-
plementary Fig. 14), as indicated by Scotch tape tests™.

Fully-printed graphene MSCs on paper

Fully-printed graphene MSCs (Fig. le) were fabricated on paper to
demonstrate a potential application of the graphene/PPC inks. Paper is an
attractive substrate for flexible electronics due to its low cost, lightweight,
and renewable nature, but its limited thermal stability restricts the proces-
sing temperature for device fabrication'*"'. However, PPC enables mild-
temperature post-processing for the printable graphene inks, which facil-
itates the fabrication of MSCs on paper substrates. For the fabrication of
MSCs, interdigitated graphene electrodes (Fig. 6a) were printed with a
geometric area of 1.95 x 1.95 mm’ on commercially available parchment
paper, and the printed electrodes were annealed at 220 °C for 30 min to
remove PPC. Onto the graphene electrodes, ionogel (Supplementary
Fig. 15) was printed as solid-state electrolytes, containing a triblock copo-
lymer of poly(styrene-b-methyl methacrylate-b-styrene) (PS-PMMA-PS)
and an ionic liquid of 1-ethyl-3-methlimidazolium  bis(tri-
fluromethylsulfonyl)imide (EMIM-TFSI).

The printed solid-state MSCs were evaluated by cyclic voltammetry
(CV) at various scan rates, as shown in Fig. 6b, c. The rectangular CV
profiles at scan rates up to 1000 mV s™ reveal desirable electrochemical
double-layer behavior, which can also be confirmed by triangular galva-
nostatic charge/discharge (GCD) profiles (Supplementary Fig. 16). Based on
the CV profile at a scan rate of 5mV s, the areal capacitance (Fig. 6d) was
calculated to be 324 pF cm™. Various printed graphene MSCs have been
developed using liquid-phase-exfoliated graphene. Solid-state graphene
MSCs (Supplementary Table 4) have been produced with solid-state elec-
trolytes, such as polyvinyl alcohol/H;PO, and ionogel electrolytes” .
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Fig. 6 | Printed graphene MSCs on paper. a Photograph of printed interdigitated
graphene electrodes on paper to fabricate MSCs. b, ¢ Cyclic voltammetry (CV)

profiles of the graphene MSC at different scan rates from 5 to 1000 mV s™. d Areal
capacitance (C) as a function of the scan rate. e Relative areal capacitance for 10,000

charge-discharge cycles. C, indicates the initial areal capacitance. f Nyquist plots of
the device with and without bending deformation. The inset in f shows a schematic
of a bent device with a bending radius (r) of 6 mm. g CV profiles of the device with
and without bending deformation at a scan rate of 50 mV s™.
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In addition, photonically annealable graphene inks have been introduced to
eliminate the need for high-temperature post-processing in the fabrication
of printed graphene MSCs**“’. However, the areal capacitance achieved here
is higher than that (268 uF cm™) of reported graphene MSCs employing a
similar ionogel electrolyte composed of PS-PMMA-PS and EMIM-TESI
and photonically annealed graphene, presenting the potential of the gra-
phene/PPC inks to advance the production of printed graphene MSCs™.
After 10000 charge/discharge cycles (Fig. 6e), the devices retained 99.4% of
the initial capacitance without significant CV profile changes (Supple-
mentary Fig. 17), showing excellent cycling stability. To assess their
mechanical flexibility, bending tests were also performed with a bending
radius of 6 mm (Supplementary Fig. 18). Both Nyquist plots (Fig. 6f)
acquired with and without bending deformation showed near-vertical
curves that present ideal capacitive behavior. In addition, the Nyquist plots
and CV profiles (Fig. 6g) presented negligible changes with bending, indi-
cating that the printed graphene electrodes allow stable mechanical defor-
mation of the devices. Similar Nyquist plots and CV profiles
(Supplementary Fig. 19) were also obtained after 1000 bending cycles,
further verifying the high mechanical resilience of the printed graphene for
flexible applications.

Conclusions

We have developed printable graphene inks using graphene prepared by
LPE with PPC. PPC serves as a dispersant aid to improve graphene
exfoliation and dispersion stability in a low-surface-tension solvent.
Compared to graphene prepared without PPC, the graphene exfoliated
with PPC can be more effectively isolated from the LPE medium as a
powder and redispersed for ink formulation. As a result, the graphene
exfoliated with PPC facilitates the preparation of graphene inks with a
low-surface-tension solvent for efficient aerosol jet printing, exhibiting
well-behaved printability on various substrates. Furthermore, the PPC
additives can be removed from printed graphene to achieve high elec-
trical conductivity by annealing at 220 °C. The broad substrate com-
patibility and mild-temperature post-processing enable the graphene
inks to demonstrate fully-printed graphene MSCs on paper with favor-
able areal capacitance, excellent cycling stability, and high mechanical
bending tolerance. Overall, this work establishes a promising strategy to
produce printable graphene inks to advance printability and extend
substrate compatibility for graphene-based printed electronics. While
demonstrated here for graphene, this ink formulation strategy based on
PPC can likely be generalized to other two-dimensional materials.

Methods

Polymer-assisted LPE

4 g of PPC (M,,: ~50,000, Sigma-Aldrich) was dissolved in 200 mL of sol-
vents (NMP, THF, or EA), and 1 g of graphite (>100 mesh, natural) was
added to the solutions, followed by bath sonication (frequency: 40 Hz,
ultrasonic power density: 0.5 W cm™) for 2 h. During the sonication, the
bath temperature was maintained at 10 °C using a low-temperature circu-
lator (CTP-1000, Eyela). After the sonicated solutions were centrifuged
(Avanti J-26S XP, Beckman Coulter) at 1000 rpm for 30 min to remove
unexfoliated graphite, the supernatants were vacuum-filtered through nylon
membranes with a pore size of 50 nm, and the filtered graphene/PPC was
ground with a mortar and pestle to yield a powder. The concentration of as-
exfoliated graphene solutions was determined by measuring the weight of
graphene in a specific volume of the solutions after drying solvents and
removing PPC in a box furnace (BF51894C-1, Thermo Scientific) at 250 °C
for 2 h. The dispersion stability was characterized based on optical absor-
bance at 660 nm employing a UV-Vis spectrophotometer (Cary 4000,
Agilent). To prepare the samples without PPC for the dispersion stability
characterization, an as-exfoliated graphene solution of NMP without PPC
was mixed with different solvents (NMP, THF, or EA) in a volume ratio of
1:49. For the samples with PPC, the same as-exfoliated graphene solution
was mixed with the different solvents containing PPC at a concentration of
20 mg mL™" in a volume ratio of 1:49. All the samples were prepared with the

same as-exfoliated graphene solution to rule out any effects of exfoliated
graphene properties on the dispersion stability, so the THF and EA samples
contained ~2% of NMP. After mixing, the samples were bath-sonicated for
20 min for homogenization. The decomposition temperature of PPC in the
graphene/PPC powder was characterized using a thermogravimetric ana-
lyzer (TGA55, TA instruments) at a ramping rate of 2 °C min™". FTIR
spectra of graphene exfoliated with and without PPC were acquired using an
FTIR spectrometer (Nicolet iS50, Thermo Scientific) and their pellet sam-
ples prepared with spectroscopic-grade potassium bromide. After annealing
at 250 °C for 2 h to remove PPC, exfoliated graphene was characterized
using a scanning electron microscope (Gemini 450, Zeiss) and Raman
spectrometer (LabRAM Odyssey, Horiba), and its lateral size and thickness
were measured employing an atomic force microscope (Dimension Icon,
Bruker). Exfoliated graphene was also observed using a transmission elec-
tron microscope (Talos F200X, Thermo Scientific).

Computational analysis

A cluster model (Supplementary Fig. 3) was constructed with a 7 x 10 x 1
graphene supercell and a PPC chain of 5 repeat units for KS-DFT calcula-
tions. Geometry optimization of the graphene/PPC model was performed
using the ORCA 5.0.4 package with the B97-3c composite scheme con-
taining the B-97 functional and def2-mTZVP basis set with short-range
bond length correction”**. Solvent effects (THF) were included in the cal-
culations using the conductor-like polarizable continuum model with the
Gaussian charge scheme'”. Based on the wavefunctions generated by the
DFT calculations, the interactions in the graphene/PPC model were ana-
lyzed by IGMH with the Multiwfn package, and the IGMH results were
visualized using the VMD package’"””. The EDA-FF analysis was executed
employing the Multiwfn package with AMBER force field”’, and the atomic
charges for the EDA-FF analysis were calculated with the restrained elec-
trostatic potential approach™.

Ink formulation and aerosol jet printing

To formulate inks, a graphene/PPC powder was obtained with THF and the
LPE conditions described above, except for the centrifugation speed, which
was increased to 2000 rpm. PPC was dissolved in a solvent mixture of THF
and DGME (93:7 by volume) at a concentration of 6 mgmL™, and the
graphene/PPC powder was dispersed in the PPC solution at a concentration
of 14 mg mL™. The solution was bath-sonicated for 3 h at 10 °C, producing
an ink containing graphene/PPC (13:7 by weight) at a concentration of
20mgmL™. The ink viscosity was measured using a rheometer (Anton
Paar, MCR 302e) equipped with a 40 mm, 1° cone and plate geometry
at 20 °C. The graphene/PPC ink was printed using an aerosol jet printer (A]
200, Optomec) with the lowest ultrasonic atomizer power (current:
~0.18 A). The printing was performed with the substrate temperature
maintained at 40 °C to promote ink drying, and the flow rates of sheath gas
and carrier gas, respectively, were 30 and 20 sccm for a 150 pm diameter
nozzle, and 130 and 30 sccm for a 300 pm diameter nozzle. The printed
graphene was observed using an optical microscope (LV150N, Nikon), and
its thickness was obtained from average thickness between line sides using a
stylus profilometer (DektakX T, Bruker) before and after annealing at 220 °C
for 30 min to remove PPC.

Fabrication of graphene MSCs

Interdigitated graphene electrodes were deposited on parchment paper
(maximum heat resistance: 245 °C, Glad) by aerosol jet printing with a
150 pm diameter nozzle for 8 printed layers, and were annealed at 220 °C for
30 min to remove PPC. Ionogel electrolytes were deposited onto the gra-
phene electrodes by aerosol jet printing, using an ink containing PS-
PMMA-PS (M,;: 3.5-42-3.5 x 10°, Polymer Source), EMIM-TFSI ( > 98%,
Sigma-Aldrich), and EA at a mixing ratio of 1:9:90 by weight. The elec-
trolytes were printed with a 300 pm diameter nozzle, and the flow rates
of sheath gas and carrier gas were 20 and 15 sccm, respectively. After
annealing the devices on a hotplate at 120°C for 30 min for solvent
evaporation, electrochemical performance was measured using a
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potentiostat (VSP, BioLogic). The specific capacitance (C) was calculated
from CV profiles using the following equation:

f idis dv
AXyxAV ©)
where ig;, v, and AV are the voltammetric discharge current, scan rate, and
voltage window, respectively. The calculation with GCD profiles was based
on the following equation:

fapp
S Ax T (4)
where i, and dV/dt are the applied current and average slope of the
discharge curve, respectively. For both the equations, A is the geometric
electrode area, including the gap between interdigitated electrodes. Nyquist
plots were obtained with a frequency range of 1 MHz-50 mHz and an
amplitude of 10 mV.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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