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ABSTRACT: The absence of scalable and environmentally sustainable methods for "

. q . . . . Miscanthus &
producing electronic-grade graphene nanoplatelets remains a barrier to the industrial- Grase
scale application of graphene in printed electronics and conductive composites. To
address this unmet need, here we report the utilization of carboxylated cellulose
nanocrystals (CNCs) extracted from the perennial tall grass Miscanthus X giganteus as a
biorenewable dispersant for the aqueous liquid-phase exfoliation of few-layer graphene
nanoplatelets. This CNC-based exfoliation procedure was optimized using a Bayesian
machine learning model, resulting in a significant graphite-to-graphene conversion
yield of 13.4% and a percolating graphene thin-film electrical conductivity of 3.4 X 10*
S m™". The as-exfoliated graphene dispersions were directly formulated into an aerosol
jet printing ink using cellulose-based additives to achieve high-resolution printing (~20 ym line width). Life cycle assessment of this
CNC-based exfoliation method showed substantial improvements for fossil fuel consumption, greenhouse gas emissions, and water
consumption compared to incumbent liquid-phase exfoliation methods for electronic-grade graphene nanoplatelets. Mechanistically,
potential mean force calculations from molecular dynamics simulations reveal that the high exfoliation yield can be traced back to the
favorable surface interactions between CNCs and graphene. Ultimately, the use of biorenewable CNCs for liquid-phase exfoliation
will accelerate the scalable and eco-friendly manufacturing of graphene for electronically conductive applications.
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1. INTRODUCTION

Graphene has attracted significant attention for next-
generation printed electronics due to its high electrical
conductivity, thermal conductivity, chemical stability, and
mechanical resilience."”” Despite broad applications spanning
the fields of energy storage,3’4 sensors,”® and wearable
devices,” industrial-scale manufacturing of graphene has been
hampered by limited scalability and negative environmental
impacts,®” particularly when incorporated into electronically
conductive inks for printed electronics.'” Among the different
production methods for graphene nanoplatelets, liquid-phase
exfoliation (LPE) of graphite is widely considered to be the
most scalable due to its simplicity, high throughput, and
solution processability.'”'”> However, LPE methods often
suffer from low graphite-to-graphene conversion yield and
rely on non-renewable dispersants and/or hazardous sol-
vents."”'* To minimize the environmental impact of LPE
graphene production, renewable dispersants are required that
can achieve high exfoliation yield using eco-friendly solvents.

Dispersants or stabilizers, such as polymers or surfactants
additives, can aid shear exfoliation through interfacial
interactions (7—n, cation—7x, etc.) and weaken the n—x
stacking interactions between layers of graphene.” These
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dispersants further prevent the resulting graphene nanosheets
from reaggregating, thereby improving the long-term stability
of the colloidal suspension.'® The chosen solvent medium and
downstream purification requirements are generally deter-
mined by the solubility of the dispersant, which are all
substantial contributors to environmental costs for an
industrially scaled production system.'” Typical combinations
of dispersant and solvent include ethyl cellulose (EC) in
ethanol,’” and surfactants such as sodium cholate,"®"? sodium
deoxycholate,” Tween 80,>' or Triton X-100 in N-methyl-2-
pyrrolidone or water.”” In particular, exfoliation with EC has
demonstrated high-conductivity printed graphene films (S X
10* S m™"), but EC has limited solvent compatibility (i.e., only
organic solvents) and results in low graphite-to-graphene
conversion yields of ~1%."”** Aqueous surfactant systems are
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Figure 1. CNC extraction scheme and exfoliation visualization. (a) Processing schematic for the isolation of cellulose nanocrystals from MxG,
depicting the grinding, base wash and bleaching, hydrolysis, and oxidation steps to form MxG-CNC—COO™Na" that is used for exfoliation of
graphene. (b) Visualization from a molecular dynamics simulation depicting bulk CNC crystals assisting with exfoliation between layers of
graphene. The red, cyan, and white colors denote the oxygen, carbon, and hydrogen atoms of the CNC—COOQO~, respectively. The graphene carbon

atoms and Na' ions are colored gray and blue, respectively.

preferable from the perspective of the eco-friendliness of water
as a solvent, yet surfactants can be problematic in industrial-
scale processes. Specifically, if the surfactant concentration
exceeds its critical micelle concentration, air bubbles
introduced from shearing forces can form a foam film that
affects yield and processability of the dispersion.”*** Moreover,
surfactant residues are difficult to remove from the final
graphene product, which can limit downstream electronics
applications.'”*® Solvent-only approaches have also been
explored for graphene LPE, but the absence of dispersants
results in low exfoliation yield, limited electrical conductivity,
poor colloidal stability, and/or requires environmentally
unfriendly solvents.”’ > Therefore, it remains of high interest
to identify eco-friendly, biorenewable dispersants that can
achieve high graphite-to-graphene conversion yields in aqueous
solvent.

Cellulose nanocrystals (CNCs) are a promising biorenew-
able material that can be extracted from natural wood or other
biomass fibers. The desirable properties of CNCs include high
surface area, crystallinity, mechanical strength, and tailorable
surface functional groups that facilitate their use in a variety of
composite materials.”"*> Sulfated CNCs have also been shown
to be promising dispersants or stabilizers for graphene in
aqueous solution.'#>**** It has been theorized that the
crystallinity and amphiphilic nature of the CNC structure plays
a key role in graphene intercalation and stabilization.”>”*
Consistent with the cellulose I f crystal structure, CNCs have
two hydrophobic (100) faces and four (110) or (1—10)
hydrophilic faces.*® On the (110) faces, each repeating unit of
the cellulose chain has one primary alcohol on the C6 position
of the glucose unit and two secondary alcohols on the C2 and
C3 positions facing outward.””® For carboxylated or sulfated
CNCs, the (100) face is believed to favorably adsorb onto the
surfaces of graphite layers, resulting in outward facing (110)
surfaces with negatively charged surface groups that electro-
static repel each other to enhance exfoliation and subsequent
colloidal stability of graphene.'**® Recently, graphene
exfoliated with CNCs have even demonstrated biocompati-
bility with photosynthetic microorganisms, which has been
exploited for low-cost biophotovoltaic devices.”> CNCs as a
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dispersant would thus have minimal concern as an end-of-life
pollutant, providing a pathway toward developing electronics
with biodegradable, non-toxic waste. However, graphene—
CNC films and composites have not demonstrated electrical
conductivity above 10° S m™', and high-yield exfoliation
conditions have not been identified. In addition to insufficient
electrical conductivity, graphene—CNCs have not been applied
in printed electronics due to poor printability of graphene—
CNC dispersions and challenges in removing CNCs from
printed graphene films.

Overcoming these limitations, here we report CNCs derived
from the perennial tall grass Miscanthus X giganteus (MxG) as a
biorenewable dispersant to achieve electronic-grade graphene
nanoplatelets. A Bayesian machine learning model is utilized to
identify exfoliation conditions that concurrently maximize the
graphite-to-graphene conversion yield and thin-film electrical
conductivity. The exfoliated graphene—CNC aqueous dis-
persion is then directly formulated into an aqueous-based
aerosol jet printing ink with cellulose-based additives. This
work thus achieves drop-on-demand printing of graphene
exfoliated with fully biorenewable solvents and additives.
Importantly, the printed films possess superlative electrical
conductivity exceeding 10* S m™" and printed spatial resolution
down to 20 um line width. Life cycle assessment quantitatively
confirms that our eco-friendly graphene inks require 60—80%
reduced fossil fuel usage, water consumption, and greenhouse
gas (GHG) emissions compared to other LPE graphene inks.
Overall, this work establishes a scalable eco-manufacturing
pathway to electronic-grade printable graphene inks.

2. MATERIALS AND METHODS

2.1. Materials. Graphite flakes (3061 grade) were purchased from
Asbury Graphite. MxG stalks were harvested at the University of
Illinois at Urbana—Champaign. Sodium hydroxide (NaOH), acetic
acid, sodium hypochlorite (NaOCl) solution (available chlorine 10—
15%), Si/SiO, wafer (300 nm thermal oxide), and glass slides were
purchased from Fisher Scientific. Poly-L-lysine solution was purchased
from Ted Pella. Ethanol (200 proof) was manufactured by Decon
Laboratories (King of Prussia, PA, U.S.A.) and purchased from Fisher
Scientific (Waltham, MA, U.S.A, Catalog Number 04-355-223).
Polyimide films (125 pm thick) were purchased from DuPont
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Figure 2. Bayesian optimization of graphene—CNC exfoliation processing. (a) Experimental workflow schematic depicting exfoliation,
centrifugation, and test film formation used in optimization. (b) One-variable-at-a-time (OVAT) optimization sampled points (n = 11) and all five
iterations of Bayesian sampled points (n = 26) plotted in the three-variable phase space (xy—x;). The final Pareto frontier after optimization (P.
Front.) is highlighted in black. (c) Evolution of modeled Pareto frontiers after each Bayesian iteration in terms of electrical conductivity of vacuum-
filtered films and graphene exfoliation yield. The final experimental results are highlighted as black stars (P. Observations). (d) Expected
improvement (EI) curves for graphene exfoliation yield (red) and electrical conductivity of vacuum-filtered films (blue) over each Bayesian

iteration.

Kapton. Cyrene, 3-aminopropyl triethoxysilane (99%), 2-propanol,
concentrated hydrochloric acid (HCI), sodium chlorite (NaClO,),
2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO), and sodium bromide
(NaBr) were purchased from Sigma-Aldrich.

2.2. Extraction of Cellulose Nanocrystals. MxG-CNCs were
isolated from MxG stalks according to a previously published
procedure with some modifications (Figure 1).* MxG stalks were
ground and washed with NaOH solution, bleached with NaClO,
solution, and hydrolyzed with HCI to isolate crystalline subunit CNCs
with alcohol groups on the C6 position in the glucose structure. C6-
OH was then oxidized to carboxylate group (—COO~) using
TEMPO—NaBr—NaClO oxidation. The resulting product was a
cotton-like powder MxG-CNC—COO™Na* with over 86% crystal-
linity, average length of 212 nm, average thickness of 3.2 nm, and a
surface functionality of 2.1 mol kg™ of —COO™Na* groups. The full
isolation procedure and detailed characterization of the CNCs can be
found in Figure S2 of the Supporting Information.

2.3. Liquid-Phase Exfoliation of Graphene and Ink
Formulation. Exfoliation of graphite flakes using MxG-CNC—
COO™Na* was adapted based on a previously published procedure,*
but required further optimization due to the different surface
functional groups (carboxylate instead of sulfate half ester groups).
CNCs were first dispersed in deionized water at a concentration of 2—
10 mg mL™" using 10 min of probe sonication (Fisher Scientific Sonic
Dismembrator Model 500, 13 mm Branson tip) in a stainless-steel
beaker. Then, S0 mg mL™" of natural graphite flakes were added and
probe sonicated for 30—600 min to cause shearing into graphene
nanosheets. A Julabo F250 recirculating chiller was used to maintain a
constant temperature of 4 °C during the exfoliation process. This
procedure led to a polydisperse mixture of graphite and graphene that
required separation by centrifugation (Beckman Coulter Avanti J-26
XPI) at 4500 rpm (~3700g) for 30—120 min. Graphitic particles were
sedimented to leave a supernatant containing exfoliated graphene—
CNC. The resulting supernatant dispersions demonstrated high
colloidal stability with no detectable sedimentation over a period of 6
months.

57536

2.4. Vacuum Filtration and Film Transfer. Vacuum-filtered test
films of graphene—CNC dispersions were prepared by filtering diluted
supernatant (1 mg of graphene total) onto a mixed cellulose ester
filter with 0.1 gm pores. This film was transferred onto a glass slide by
dissolving the mixed cellulose ester filter in an acetone bath. The
graphene—CNC film on the surface of the glass slide was
subsequently annealed in a box furnace (BFS51818C-1, Thermo
Scientific) at 350 °C in air for 30 min to pyrolyze the cellulose
nanocrystals and improve the electrical conductivity of films.

2.5. Aerosol Jet Printing. To achieve suitable rheological
properties for aerosol jet printing (AJP), 5% (v/v) cyrene and 10%
(v/v) ethanol was directly added to the aforementioned supernatant
graphene—CNC dispersion followed by bath sonication for 10 min.
The resulting ink was filtered through a 1.6 ym glass microfiber
syringe filter (Whatman). Graphene—CNC films were aerosol jet
printed (AJ200, Optomec) onto glass, Si/SiO, wafer, or polyimide
substrates that were heated to 80 °C in air during printing. During the
AJP process, the ink was atomized in an ultrasonication bath held at
30 °C by applying a current of ~0.5 mA. The resulting aerosolized ink
was deposited with the aid of a nitrogen sheath flow and a nitrogen
carrier flow. Sheath flow rates were in the range of 40—60 sccm, and
carrier flow rates were in the range of 15—25 sccm. The printing
speed was maintained at 1 mm s™" for all 3 layers of printing for 4 X 3
mm films. Following printing, the devices were annealed in a box
furnace at 350 °C in air for 30 min.

2.6. Life Cycle Assessment (LCA). LCA is a robust and holistic
methodology to evaluate and compare the environmental impacts of
similar products, which can be produced by different processes.*”*" In
this study, LCA was completed on the inputs of six different
electronic-grade LPE graphene production methods, where elec-
tronic-grade is defined as a printable film with an electrical
conductivity exceeding 10* S m™'. The fossil energy usage, GHG
emissions, and water consumption were calculated based on the
functional unit of 1 g of graphene produced by each method.

2.7. Molecular Dynamics (MD) Simulations. MD simulations
were used to compute the tendency of the TEMPO-oxidized CNCs
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(CNC—-COO") to attach to graphene flakes or agglomerate based on
the effects of carboxylation. CNC—COO™ were built with I f crystal
structure, which consists of 18 cellulose chains composed of 8 glucose
units.”” Graphene sheets were positionally restrained (fixed-graphene)
ina 7.2 X 6.1 X 7.0 nm® box. See the Supporting Information for full
details on the simulation setup and procedure. For graphene
adsorption simulations, we calculated the potential mean force
(PMF) of binding for free-CNC—COO~ approaching a fixed
graphene sheet for both hydrophilic (110) and hydrophobic (100)
orientations of CNC—COO™. For the repulsion simulations, free-
CNC-COO™ approached a constrained CNC—COO~ (fixed-CNC—
COO™) through the hydrophobic—hydrophobic (100—100) and
hydrophilic—hydrophilic (110—110) orientations. For all studied
systems, binding partners were placed 1.7 nm apart in a simulation
box filled with water, and Na* ions were added to neutralize the
system. Then, we used a 120 000 kJ mol™! nm™ force constant to
push the free-CNC—COO™ toward the adsorbent in a 15 ns
simulation, using a pushing rate of 0.0001 nm ps™'. The pushing
simulation generated the reaction coordinate for the umbrella
sampling simulations and, accordingly, PMF calculations. Finally, we
used the weighted histogram method to remove bias from the window
simulations and construct the PMF profile of binding.** For the
systems where the pushing simulations did not yield direct contact
between the binding surfaces, we conducted pulling simulations
between fixed and free CNC—COO™ instead. In the pulling
simulations, CNC—COO~ or pristine CNCs (CNC—OH) were
placed adjacent to each other and then pulled apart to generate the
reaction coordinate for the PMF calculations.

3. RESULTS AND DISCUSSION

3.1. Optimization of Graphene—CNC Exfoliation
Procedure. Carboxylated CNCs were obtained from MxG
(Figure 1a) to explore their use in the biorenewable exfoliation
of graphite. The nanoscale dimensions of the carboxylated
CNCs (212 + 75 nm length, 1.8 + 0.4 nm height) intercalate
between graphite layers with the inclusion of shear forces
(Figure 1b), and the high crystallinity index (86%) suggests
well-defined amphiphilic surfaces that can enhance exfoliation
as discussed in previous work (Figure S1 of the Supporting
Information).”** Furthermore, the highly carboxylated surface
of the CNCs (~2.1 mol kg™') allows dispersibility in water
within 10 min of bath sonication, resulting in stable colloidal
suspensions for concentrations up to 35 mg mL™". The CNCs
were used to ultrasonically exfoliate graphite in aqueous media,
with initial optimization using a one-variable-at-a-time
(OVAT) approach to observe how different variables influence
graphene exfoliation yield and electrical conductivity of
vacuum-filtered test films (Figure 2a). Based on initial results
and previous LPE studies, we found that CNC loading,
exfoliation time, and centrifugation time contribute signifi-
cantly to graphene exfoliation yield and film electrical
conductivity.*** The conditions of 5 mg mL™" CNC loading,
240 min exfoliation time, and 120 min centrifugation time
were found to achieve the best performance following OVAT
optimization (Figure S2 of the Supporting Information),
resulting in a graphene concentration of 0.77 mg mL™" (~1.5
wt % yield) and an electrical conductivity of 1.9 X 10* S m ..

Despite the high electrical conductivity achieved, the OVAT
approach does not fully explore the phase space of the three
variables, nor does it optimize for both graphene exfoliation
yield and electrical conductivity simultaneously. Consequently,
we employed a Bayesian-based machine learning multivariable
optimization method in an effort to efficiently identify superior
processing conditions (Figure 2).*® In this method, Gaussian
process models are used to provide posterior predictive

distributions of graphene exfoliation yield and electrical
conductivity. Specifically, Gaussian processes have the
advantage of quantifying the experimental uncertainty and
prediction uncertainty that can be used for multivariable
optimization with a limited number of experiments. We trained
an initial Gaussian process using the initial experiments from
the OVAT optimization that enabled the prediction of the
graphene exfoliation yield and electrical conductivity for
untested processing conditions. An acquisition function was
then used to obtain new experimental sample points, which
balances the testing of unexplored regions in the phase space
and exploitative testing based on previously observed high
performing conditions. New sample conditions were tested and
added to the model with continued iteration until a stopping
criterion was met. Specifically, experimentation was stopped
once insignificant change in conditions for new sample points
was observed. This search strategy guides the model toward a
series of points on the Gaussian surface that have superior
graphene exfoliation yield or electrical conductivity in at least
one objective compared to all other points (named the Pareto
frontier). As such, the Pareto frontier is a series of points that
maximizes graphene exfoliation yield and electrical conductiv-
ity while minimizing the trade-off between them. Detailed
discussion of the theory and design of the Bayesian
optimization can be found in the Supporting Information.
The completed model builds on the data from the original
OVAT optimization and adds four iterations of 5—8 points for
a total of 37 points explored in the designed variable phase
space (Figure 2b). Exploration of the phase space was deemed
sufficient based on the convergence of the Pareto frontier and
insignificant expected improvement values after the last two
iterations of Bayesian-chosen points (panels ¢ and d of Figure
2).

Relationships between variables and responses were
elucidated by the results of the model. Graphene exfoliation
yield and electrical conductivity were both found to increase
monotonically with exfoliation time until the instrumentation
limit was reached at 600 min of exfoliation. At this limit,
centrifugation time and CNC loading had minimal effect on
electrical conductivity, but dramatically changed the graphene
exfoliation yield. In particular, graphene exfoliation yield is
maximized for high exfoliation times, excess CNC loading, and
low centrifugation times. Specifically, longer exfoliation time
and excess CNCs lead to more shearing and collisions to
produce more graphene. Meanwhile, shorter centrifugation
time sediments out less product to improve graphene
exfoliation yield at the cost of a more polydisperse flake size.
However, these extremes for optimizing graphene exfoliation
yield also influences the quality of the resulting graphene flakes
and thus their electrical conductivity in a film.

The graphene flake size distribution is a key factor in
determining the electrical conductivity of a percolating film as
it directly affects the nature of flake—flake junctions.
Conductivity has been suggested to be maximized at either
extreme: smallest flake sizes can potentially improve the quality
of junctions formed between flakes, and largest flake sizes can
minimize the number of junctions in a film for efficient charge
transport.”>*%*7 Longer exfoliation and centrifugation time can
reduce flake size by enacting more flake scission and crashing
out larger flakes, while shorter times result in larger
particles.**™>° Dynamic light scattering (DLS) was used to
rapidly screen the hydrodynamic particle size (Z-avg) of
graphene nanosheets and directly supported these relationships

https://doi.org/10.1021/acsami.4c12664
ACS Appl. Mater. Interfaces 2024, 16, 57534—57543


https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12664/suppl_file/am4c12664_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12664/suppl_file/am4c12664_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12664/suppl_file/am4c12664_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12664/suppl_file/am4c12664_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c12664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

across all data points in our optimization (Figure S3 of the
Supporting Information). Separately, an excess of CNCs
introduces an abundance of electrically insulating residue on
the surface of the graphene flakes even following annealing.”
Therefore, a balance between processing variables must be
struck such that the electrical conductivity of the films is not
significantly compromised in pursuit of high graphene
exfoliation yield (i.e., no single globally optimal point
concurrently maximizes both responses).

The Pareto frontier from our model suggests that a
competitive balance is found by using high exfoliation time
to produce a small flake size and accommodating for graphene
exfoliation yield by using relatively low centrifugation times.
The trade-off between graphene exfoliation yield and electrical
conductivity can be directly determined based on CNC
loading. The two end points along the Pareto frontier were
found to maximize either electrical conductivity or graphene
exfoliation yield with minimal compromise to the other
response (points highlighted as stars in Figure 2c). In
particular, electrical conductivity was maximized at conditions
of 2 mg/mL of CNC loading, 600 min of exfoliation, and 30
min of centrifugation, while graphene exfoliation yield was
maximized at 10 mg/mL of CNC loading, 600 min of
exfoliation, and 42 min of centrifugation. These results were in
stark contrast to conditions chosen from OVAT optimization;
the maximized electrical conductivity condition increased
electrical conductivity by 68% (3.2 X 10* S m™") and graphene
exfoliation yield by 406% (3.9 mg/mL or 7.8% graphite-to-
graphene conversion yield), and the maximized graphene
exfoliation yield condition increased electrical conductivity by
47% (2.8 x 10* S m™') and yield by 780% (6.8 mg/mL or
13.6% graphite-to-graphene conversion yield). The multi-
variable optimization thus complemented empirical observa-
tions to pinpoint ideal processing conditions for graphene—
CNC exfoliation. The maximum electrical conductivity
conditions were used to achieve the highest performance for
printable graphene—CNC inks (see below).

3.2. Characterization of Graphene Nanoplatelets.
Following Bayesian optimization, optical absorbance spectros-
copy and atomic force microscopy (AFM) were used to
measure the concentration and dimensions of the graphene
nanoplatelets, respectively. A graphene concentration of 3.92
mg/mL (7.8 wt % graphene exfoliation yield) was calculated
from the optical absorbance at 660 nm via the Beer—Lambert
law using a measured extinction coefficient of 3622 mL mg™'

(Figure 3a). Raman spectroscopy was also used to
characterize the graphene nanoplatelets compared to the
starting graphite, exhibiting an increase in the D band and a
downshifted 2D band without a shoulder after exfoliation
(Figure 3b). The more symmetric 2D band is indicative of the
few-layer graphene structure, which generally forms a shoulder
if there are five or more layers of graphene.’”*> The increase in
the D/G ratio from 0.17 to 0.35 also indicates the formation of
few-layered graphene nanoplatelets with more edge defects
than the starting graphite.'' AFM showed flakes with an
average lateral size of 219 + 85 nm and thickness of 3.8 + 1.4
nm, suggesting that few-layer nanoplatelets were successfully
obtained (panels c and d of Figure 3). It should be noted that
the measured thickness is larger than the theoretical height of
the graphene layers since adsorbed CNC residue on the
surfaces increases the measured height. Overall, the character-
ization of the exfoliated dispersion and films corroborate the
formation of few-layer graphene nanoplatelets.

1.0 s
—— Graphene-CNC
> Graphite
0.8 =
1] 2 D 2D
Q 2
3% R?=0.999 £
5 a= 3620 mgmL'm" 3 ‘
804 S
©
< . £
0.2 Agsonm= 0.282 1 S i A
Conc. =3.92 mgmL* 1 Z| A ]
'
0.0 L

300 400 500 600
Wavelength (nm)

~
=3
o
-

000 1500 2000 2500 3000
Wavenumber (cm™')

40 dAn
2 40
3
3 30 830 -
< ’5 x
© 23| ®©
TR =| [
‘5 20 1 | B2
o) 19
o 0 o
§10 §1o
z z] !
/ \ 5 N
0 ‘ | | M P 72 I [~
100 200 300 400 500 600 2 4 6 8 10 12

Lateral Size (nm) Thickness (nm)

Figure 3. Characterization of graphene—CNC nanoplatelets. (a)
Optical absorbance spectrum and calibration curve used for
determining the graphene extinction coefficient (inset). (b) Raman
spectra of raw graphite powder and exfoliated graphene—CNC
nanoplatelets. (c) Histogram of atomic force microscopy (AFM)
measurements for graphene flake (n = 116 flakes) lateral size
(measured as square root of mean flake area) and representative AFM
image of an individual graphene—CNC nanoplatelet (inset). (d)
Histogram of AFM measurements for graphene flake thickness (n =
116 flakes). A log-normal curve was fit to the AFM histogram data.

3.3. Formulation of Aerosol Jet Printing Ink. Aerosol
jet printing (AJP) was used to pattern the high-concentration
graphene—CNC dispersion. The exfoliated dispersion was used
directly after centrifugation without any additional processing
steps, which significantly improves ease of use compared to
other reports that require solvent exchange or concentration
via evaporation. However, despite achieving a printable film,
directly inputting the graphene—CNC dispersion into AJP
leads to suboptimal line resolution issues due to overspray and
inconsistent spreading (Figure 4c). Hence, additives were
considered to alter the viscosity and volatility of the AJP ink to
reproducibly print high-resolution features.

Common additives for graphene ink formulation include
ethylene glycol, terpineol, or other nonvolatile and viscous
solvents that can adgust rheological properties to suit different
printing needs.'”*>>* While some of these solvents have the
potential to be sustainably sourced, they generally carry
concerns related to toxicity, biocompatibility, and safety.
Recently, it was found that graphene disperses well in cyrene,
a biorenewable cellulose-based solvent that has high viscosity
and low volatility.'>**>> By increasing the concentration of
cyrene added to the graphene—CNC dispersion, we were able
to tune the viscosity of ink from 1 to 14 mPa s™', indicating
that we can directly formulate the graphene—CNC ink to fulfill
requirements of different printing techniques (Figure 4a). The
final ink formulation for AJP only required 5% (v/v) cyrene to
marginally increase the viscosity of the ink, and 30% (v/v)
ethanol to decrease the boiling point for more efficient drying.
The viscosity of the final graphene—CNC ink was 1.5 mPa s™/,
which falls within the specifications for AJP (Figure 4d).*°
Based on optical microscopy images, uniform and high-
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Figure 4. Printing resolution and optimization of graphene—CNC
during aerosol jet printing (AJP). (a) Adjustment of AJP ink viscosity
based on cyrene content demonstrates the tunability of graphene
aqueous dispersions over the range of 1—14 cP (R* > 0.99 for both
curves). (b) Viscosity curves for the final graphene—CNC ink
formulation and as-exfoliated graphene dispersion. (c) Optical
micrograph of AJP graphene lines produced from the as-exfoliated
graphene dispersion. (d) Optical micrograph of AJP graphene lines
after ink formulation optimization.

resolution lines were achieved with ~20 um line width and 50
um line spacing (Figure 4b), which enables the patterning of
detailed components such as interdigitated electrodes.’’
Furthermore, the formulated ink remained stable after 6
months and showed highly negative zeta potential from DLS
for both the diluted raw dispersion (—47.7 mV) and
formulated ink (—44.8 mV) (Figure SS of the Supporting
Information). Thus, this graphene ink formulation with only
cellulose-derived additives was deemed to be a stable colloidal
dispersion with shelf life appropriate for commercial printing
applications.

3.4. Performance of Aerosol Jet Printed Graphene
Films. The optimized ink formulation was then used to print
thin films on glass slides and polyimide substrates (Figure Sa).
AJP allowed for precise printing of multiple layers to achieve a
thicker film with lower sheet resistance (Figure Sb). A 3-layer
printed film on glass achieved a high electrical conductivity of
22 + 0.1 X 10* S m™" after annealing at 350 °C in air. This
electrical conductivity is competitive with other reports of
aqueous-based graphene printing, and the highest for AJP
without the use of harmful additives or dopants.””**~" This
high electrical conductivity can be attributed to the
decomposition of the CNCs that leaves behind an sp’-rich
residue on the surface of the graphene similar to previous
observations for graphene inks with ethyl cellulose.'”®" This
carbonaceous char provides improved charge transport by
bridging flake—flake junctions to create a more continuous
percolating film. Indeed, a uniform and dense percolating
network of graphene nanoplatelets was observed in scanning
electron micrographs of the film surface (Figure Sb). Cross-
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Figure S. Performance of graphene—CNC AJP films. (a) Photographs of graphene—CNC 3-layer AJP films on polyimide and glass. (b) Scanning
electron micrograph of the graphene—CNC film surface. (c) Scanning electron micrograph of a cross-section of the graphene—CNC 3-layer film.
(d) Profilometry scans of the surfaces of 1- and 3-layer graphene—CNC films, which allow the height of the final printed films to be extracted. (e)
Electrical conductivity of graphene—CNC 3-layer films as a function of the post-printing annealing temperature, suggesting effective CNC
decomposition beyond 250 °C and compromised conductivity due to graphene oxidation above 350 °C. Triplicate measurements of both
conductivity and thickness of films were taken to confirm this behavior, with associated error bars generated from the propagated standard
deviation. (f) Normalized sheet resistance of the graphene—CNC 3-layer film when folded to a radius of curvature of 2.5 and S mm, showing
retention of conductivity over 1500 bending cycles. The sheet resistance is normalized to the value prior to bending. High reproducibility is
demonstrated by the small error bars that were generated from the propagated standard deviation from triplicate measurements of sheet resistance.
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Figure 6. Life cycle assessment. Raw materials life cycle assessment comparison for recently published electronic-grade graphene inks that were
nominally produced using eco-friendly liquid-phase exfoliation: (a) Fossil fuel energy required, (b) greenhouse gas emissions, and (c) water
consumption. In all cases, the reported numbers are per gram of graphene produced.

sectional images of multiple-layer printed films also showed
well-aligned stacking of graphene flakes (Figure Sc). The
dependence of the film electrical conductivity on the post-
printing annealing temperature demonstrates the importance
of the spz-rich residue formation, where the greatest
conductivity was measured at 350 °C (Figure Se).
Thermogravimetric analysis (TGA) suggests that the majority
of the weight loss from CNCs occurs for temperatures between
200 and 300 °C (Figure S2e of the Supporting Information).
The mechanical resilience of the graphene—CNC films was
also tested by measuring the electrical conductivity of the film
over many bending cycles (Figure 5f). Even after 1500 bending
cycles at a radius of 1.5 mm, minimal changes in the film
electrical conductivity were observed, thus confirming the
suitability of printed graphene—CNC films for flexible
electronic applications.

3.5. Life Cycle Assessment. To assess the sustainability
and environmental friendliness of the graphene—CNC ink, we
performed raw material life cycle assessment (LCA) in
comparison to other electronic-grade graphene inks that
were nominally produced using eco-friendly liquid-phase
exfoliation. In each comparison case, electronic-grade was
defined as achieving a film electrical conductivity exceeding 10*
S m™! (Figure 6). The comparative LCA indicates that the raw
materials used in the graphene—CNC ink have the lowest fossil
energy usage, GHG emissions, and water consumption by
margins of 62, 84, and 63%, respectively compared to the next
best performing ink.”” These improvements can be attributed
in part to the high yield of graphene produced using CNCs,
where the graphite used per gram of graphene produced is
notably low compared to other LPE-derived inks. In addition,
the use of aqueous media and biorenewable, cellulose-based
additives provides further environmental benefits. If we expand
the LCA system boundary to include the electricity consumed
in exfoliation, purification, or other processing instruments in
our bench-scale process, we estimate that this would add 41
M]J of fossil fuels, 3.0 kg of CO, equiv of GHG emissions, and
25 kg of water consumption (Table S3 of the Supporting
Information). However, at industrial scale, sonication would be
replaced by large-scale shear mixing or wet jet milling, where
the electricity costs per unit gram of graphene produced would
be reduced by greater than an order of magnitude and
ultimately be comparable to or less than the electricity
demands of competing electronic-grade graphene inks. There-
fore, our comparative LCA illustrates that the utilization of

CNC:s as a graphene dispersant has significant eco-friendliness
advantages compared to incumbent procedures.

3.6. Molecular Dynamics Simulations. Since previous
work using CNCs to exfoliate graphene has employed CNCs
functionalized with sulfate half ester surface groups,”*’ we
conducted molecular dynamics simulations on our carboxy-
lated CNCs to confirm that they also aid graphene exfoliation
via their amphiphilicity. In particular, molecular dynamics
simulations were performed on CNC—COO™Na" to deter-
mine binding energies based on the potential of mean force
(PMF) calculations. The PMF profile resulting from pushing
the (100) surface of CNC—COO™ to the graphene surface is
displayed in Figure S6a of the Supporting Information, where
the PMF difference between the separated (d = 2.82 nm) and
aggregated (PMF minimum at d = 1.36 nm) states indicates a
negative free energy of —66 kcal mol™', which suggests a high
binding affinity of the CNC—COO~ (100) hydrophobic
surface to graphene. Meanwhile, simulations of the CNC—
COO™ (110) hydrophilic surface binding to graphene resulted
in unstable contact, where the CNC—COQ™ lattice rotated
around the chain length axis to the more favorable (100)
adsorption to graphene. These observations agree with
previous reports using analogous models, such that only the
hydrophobic face of the CNCs binds favorably to gra-
phene.*>%

Next, we confirmed that the (110) surfaces of CNC—COO~
with negatively charged carboxyl groups would repel each
other to assist with exfoliation of graphite. Indeed, the
approach of a free-CNC—COO~ (110) to the fixed (110)
face led to excessive force build-up (after 16 ns) that breaks the
crystallinity of the free-CNC—COO~ (Figure S7a of the
Supporting Information), all without direct contact between
the two CNC—COO~ (110) surfaces. This result implies that
the repulsion between the charged surfaces impedes
aggregation, and any added external force only disrupts the
crystallinity of the CNC—COO™. To further examine the
influence of repulsive interactions on the binding free energies,
we carried out PMF calculations on the reaction coordinate
generated by pulling apart two initially contacting crystals.
Pristine CNC (CNC with only surface —OH groups) and
CNC—-COO™ were compared to observe the effect of the
charged surface groups. As displayed in Figure S7b of the
Supporting Information, the absolute value of the binding free
energy is significantly reduced from 96 kcal mol™ to 24 kcal
mol ™" with carboxylated CNCs, caused by the added repulsive
interaction of the functionalized surface. Moreover, the pristine
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CNC travels a barrier-free path to bind, while CNC-COO™
confronts a 4.5 kcal mol™" energy barrier at the 2.55 nm point
on the reaction coordinate, which prevents the binding of the
CNC—-COO™. These observations corroborate earlier work,
which showed that the charge density increment of the
carboxylate groups elevates the repulsive inter-CNC—COO™
interactions to prevent binding.64 In summary, our PMF
calculations revealed that carboxylated CNCs (100) surfaces
have a high tendency to bind to graphene and that the outward
facing (110) surfaces impede aggregation with electrostatic
repulsion to enhance graphene exfoliation and colloidal

stability.
4. CONCLUSION

In this work, we have developed an environmentally friendly
pathway to exfoliating graphene nanosheets by harnessing
biorenewable MxG-derived CNCs. Three variables from the
exfoliation procedure were optimized simultaneously using a
Bayesian machine learning model, allowing the identification of
conditions that produce concurrently high graphene exfoliation
yield and electrical conductivity of vacuum-filtered films. The
optimized graphene—CNC dispersion was directly formulated
to an AJP ink using cellulose-based additives of cyrene and
ethanol, resulting in films with conductivity comparable to
other electronic-grade aqueous graphene inks. High-resolution
printing of films with superlative mechanical resilience suggests
that the bioderived graphene—CNC ink can be employed for
intricate device designs in flexible electronics. Furthermore,
LCA of our graphene—CNC exfoliation process compared to
other environmentally friendly approaches indicates that the
raw materials in our electronic-grade ink have the lowest fossil
fuel consumption, greenhouse gas emissions, and water
consumption. In addition to the use of biorenewable raw
materials, this eco-friendliness can be attributed to the
exceptionally high graphene exfoliation yield of carboxylated
CNCs, which is consistent with molecular dynamics
calculations of the favorable binding of the CNC (100)
hydrophobic faces to graphene and the repulsive interactions
between the CNC (110) hydrophilic faces. Overall, this work
establishes biorenewable carboxylated CNCs as the key enabler
for efficient, scalable, eco-friendly, and sustainable manufactur-
ing of electronic-grade graphene inks for printable and flexible
electronics.
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