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ABSTRACT: We report a microfluidic-based droplet generation platform for synthesizing micron-sized porous carbon
microspheres. The setup employs carbon materials such as graphite, carbon nanotubes, graphene, fullerenes, and carbon black as
starting materials. Custom composition, structure, and function are achieved through combinations of carbon materials, cross-
linkers, and additives along with variations in process parameters. Carbon materials can be assembled into spheres with a mean
diameter of units to hundreds of ym with relatively tight size distribution (<25% RSD). Pore structure and size (tens to hundreds of
angstrom) can be modulated by incorporating porogen/coporogen dilutants during synthesis. The microbeads have excellent
mechanical stability with an elastic modulus of hundreds of MPa. They can sustain high dynamic fluid flow pressures of up to 9000
psi. This work lays the foundation for synthesizing novel tailorable and customizable carbon microbeads. It opens avenues for
applying these novel materials for composite and additive manufacturing, energy, life science, and biomedical applications.

B INTRODUCTION spheres with micro- and milliscopic dimensions employing
carbon material—-binder compositions has not been demon-
strated. Studies have also recognized that small molecules,
oligomeric or polymeric binders may be required to process
carbon materials to obtain specific physical characteristics (e.g.,
shapes or sizes) and physicochemical properties (e.g.,
mechanical, electrical) uniquely required for the above
applications.”**’ Employing these carbon material—binder
compositions to synthesize carbon microspheres of various
sizes in a controlled manner has not been demonstrated due to
the complexity of the requirement. First, a suitable method
must be developed to generate microspheres. Next, the right
combination or composition of the carbon, binder, and any
other additional additive(s) need to be determined, which
produce mechanically stable microspheres that do not
agglomerate within the constraints posed by the generation
method. Finally, any additional structural (e.g., porosity) or
functional (e.g., mechanical property) changes in the micro-
spheres may require other processing steps.

Nano-, micro-, and milliscopic spheres assembled from pristine
or functionalized carbon structures (e.g, graphene, carbon
nanotubes, fullerenes, natural graphite) could serve as excellent
candidate materials for a wide range of applications: energy,
composite additives, separation and filtration, pharmaceutical
delivery, and regenerative medicine.”* Over the last four
decades, various methods have been explored to synthesize
spherical carbon microbeads. Porous graphitic carbon
compositions have been manufactured using carbon-rich
molecules or polymers coated onto sacrificial inorganic
templates, followed by template removal and high-temperature
graphitization.” Liquid phase carbonization using aromatic
hydrocarbons such as coal tar, heavy oil residue, and pitch has
been demonstrated to form mesophase carbon beads.” Flame
pyrolysis processes have been employed to synthesize pyrolytic
graphite shells.”™” However, these techniques’ harsh con-
ditions (e.g, elevated temperatures) provide suboptimal or no
control to tailor the bead’s physiochemical properties
(composition, pore size, and bead diameter).

The techniques used to produce carbon nanomaterials (e.g., Received: July 13, 2023
graphene, carbon nanotubes, and fullerenes) have been Accepted:  August 16, 2023
described elsewhere.*” Three-dimensional (3D) micro- and Published: September S, 2023

milliscopic structures using these feedstock carbon nanoma-
terials have been successfully assembled in the past
decade.'”™ However, the controlled synthesis of carbon
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Figure 1. (a) Depiction of the customizable carbon microbead platform. Carbon sources are combined through a microdroplet assembly to create
mechanically stable spheres. (b) Various feedstock inputs serve as a combinatorial library or “toolbox” to custom tailor end products with desired

physical and chemical attributes.

Historically, microspheres using mainly unsaturated poly-
mers have been synthesized employing traditional emulsion
free-radical polymerization by manual or mechanical (using
sonicators and homogenizers) agitation.28 Carbon materials
such as carbon black, carbon nanotubes, and graphene were
used as stabilizing agents in water/oil spherical droplets known
as Pickering emulsions.””** Issues with these traditional
methods, which include polydispersity and poor reproduci-
bility, have led to the development of sophisticated
emulsification methods like membrane extrusion, viscoelastic
shear, microchannel emulsification, microthread generation,
and microfluidic emulsification.*® Spray devices (ak.a. atom-
izers, applicators, sprayers, or nozzles) that discharge liquid at
high velocity into a gaseous phase (usually slowly moving air)
or utilize electrical or ultrasonic pressure to generate droplets
have been used in material synthesis.’°"*® Indeed, the
atomization technique has created microbeads employing a
mix of carboxylic acid-functionalized carbon nanotubes and
other additives.” However, these techniques provide inad-
equate control over the size of the microdroplets.

Microfluidic-based micron-sized droplet generation for
material synthesis has emerged as a promising techni-

ue.”**>*" These methods allow for much higher precision

and repeatability than conventional atomization techniques.
Microfluidic-based droplet generation technologies have
mainly been explored for low viscous dispersions to generate
spherical soft gel or hydrophobic polymeric micropar-
ticles.”**>*"** Commercial end-to-end microfluidic-based
solutions that input viscous raw materials and output final
dried products (customized to composition, density, size,
shape, or porosity) are unavailable. Current commercially
available technologies are unsuitable or cannot be directly
adapted for viscous slurries (>200 mPa-s) of carbon materials
to generate hard carbon microspheres due to the complexity of
the requirements, which includes the following:

(a) Customized setup that can handle viscous carbon
slurries.

(b) Customized setup for postprocessing the generated
droplets into solid spheres.

(c) Additional changes in the slurry preparation and
processing steps for any further structural (e.g., porosity)
or functional (e.g., mechanical property) changes in the
spheres.

This report presents a carbon microbead synthesis platform
that addresses the above-stated challenges. This platform
integrates a scalable microdroplet-based viscous slurry
processing method and unique carbon material, binder, and
additive combinations to generate carbon microbeads.

B RESULTS AND DISCUSSION

Figure la presents a depiction of the carbon microbead
platform. The choice of carbon materials, cross-linkers, and
optional additives provide a toolbox to customize composition,
structure, and function (Figure 1b). Any carbon material with
carbon—carbon double bonds can be used. Thus, carbon
materials such as micrographite, graphene, carbon nanotubes,
and fullerenes serve as good starting materials. Carbon black
and activated carbon materials with high percentages of sp’
carbon could also be used as starting materials. Binder
molecules that are either hydrophobic or hydrophilic can be
used. These binders may include functional groups and may be
of various lengths. A key requirement is the presence of at least
one carbon—carbon double bond (preferably terminal) in
these moieties. Additionally, additives could be included
during synthesis. The binder and additives facilitate control
over composition, structure, and function.

Figure 2a depicts a droplet generator system used to
fabricate carbon microbeads. This novel system has four main
components: (1) continuous phase reservoir/pressure tank,
(2) syringe pump, (3) hydrophilic coflow or flow-focused
nozzle, and (4) hydrophilic reaction chamber. The water-based
continuous phase is loaded into the reservoir and pressurized
into the tank. The flow rate and pattern of the continuous
phase are controlled with the pressure regulator/pulse
solenoid. The dispersed phase (carbon slurry) is loaded into
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Figure 2. (a) Depiction of the synthesis setup. Inset: flow-focusing
and coflow nozzle designs. A viscous suspension containing a mixture
of natural carbon powder and a cross-linker (carbon slurry) is passed
through a microfluidic nozzle device to generate uniform size droplets.
A UV lamp facilitates the in situ binding of the mixture in microbeads.
The microbeads are collected, washed, and dried. (b) Flowchart of
carbon microbead synthesis steps.
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a quartz capillary controlled with a syringe pump. The
continuous and dispersed phases meet in the nozzle, where
shear forces between the flowing immiscible fluids cause
droplet snap-off. The hydrophilic surface chemistry of the
nozzle ensures that the water-based continuous phase is the
outer phase, keeping the hydrophobic dispersed phase as
isolated drops in the center of the channel.

Figure 2b shows a flowchart of the entire carbon microbead
synthesis steps. A viscous suspension (slurry) mixture of a
carbon starting material and a cross-linker is passed through a

microfluidic device to generate uniform size droplets. A high-
temperature oven or UV lamp facilitates in situ binding of the
mixture in the reaction chamber. The droplets are collected,
separated, and dried. The key parameters that control the size
of the microbeads are the size of the capillary tube nozzle, flow
velocities, and viscosities of the two phases.

The platform (Figures 1 and 2) solves the challenge of
processing high-viscosity slurries, which is needed when the
carbon feedstock is in sufficiently high concentrations. When
aiming to produce mechanically stable beads capable of
withstanding high pressures, solid carbon content significantly
increases these slurries’ viscosity (>200 mPa-s). As a frame of
reference, the viscosity of water is 0.89 mPa-s. The organic
solvent decane and saftflower oil have viscosity values of 1 and
50 mPa-s, respectively. Droplets formed using carbon
dispersions in these viscosity ranges (0—SO mPa-s) have
insufficient amounts of carbon materials per droplet to form
mechanically stable microbeads. Droplet generation of high-
viscosity solvents by others employing phase inversion
techniques™~* has not demonstrated the capability to create
droplets tailored to specific sizes.

Carbon slurry droplets are generated when two immiscible
phases merge (carbon slurry is the hydrophobic phase, and the
aqueous solution is the hydrophilic phase). The carbon slurry
is pumped as the “inner phase” to the aqueous solution’s outer
phase. The droplets take a spherical conformation due to the
thermodynamic principle of a minimum interfacial energy.
Control over droplet formation is best achieved if the aqueous
phase preferentially wets the channel walls. Thus, commercially
available capillary microfluidic devices consisting of coaxial
assemblies of glass capillaries on glass slides or a poly-
(dimethylsiloxane) (PDMS) surface treated with hydrophilic
[ (polyethylene-oxy)propyl]trimethoxysilane were initially ex-
plored.*

Early in the design process, conventional off-the-shelf
microfluidic equipment components and commercial capillary
tubes were found inadequate or unsuitable and, thus,
abandoned. Three key issues were noted. The first issue was
the geometry of the microfluidic chip or nozzle. It could not
accommodate the passage of a viscous slurry of carbon
particles without clogging, while still producing droplets at the
desired diameter. In the region of droplet formation, typical
microfluidic chips scale down the channel width to under 100
um in each dimension.””*® Standard “off-the-shelf” chips,
designed as sealed chambers, did not lend to disassembly for
cleaning clogged channels. Thus, custom-designed geometries
using quartz glass were fabricated to address this issue.

The second issue was the volume limitations of the
microfluidic continuous phase reservoir (a few hundred
microliters to units of milliliters). Based on the ratio of
continuous—dispersed phase volumes (50:1—300:1, depending
on droplet size) required to achieve droplets in the size regime
we were targeting for this highly viscous slurry, working in the
scale available with off-the-shelf microfluidics equipment was
not possible. Thus, a method was developed to precisely
deliver the continuous phase’s large volumes (hundreds of
liters). The most practical solution was a large capacity tank
that could be pressurized and have the fluid output controlled
with a regulator and solenoid.

The third issue was that the commercial capillary tubes were
unsuitable for our system. Thus, we also fabricated coflow
capillary tubes of various internal diameters (300 to <20 uM).
Previous studies showed that a commercially available spray
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Figure 3. (a) Bright view and SEM microscopic images illustrating the spherical conformation and surface texture of carbon microbeads produced
with various carbon sources. (b) Size analysis of 3 representative samples of carbon microbeads synthesized in the 10 um (left), SO ym (mid), and
150 pm (right) size distributions. Sample: natural graphite using the BDDMA binder. (c) Mean pore diameter and specific surface area of cured
microbeads are controlled by the choice of slurry components and porogen. Sample 1: graphite with the divinylbenzene (DVB) binder. Sample 2:
graphite with the 1,4-butanediol dimethacrylate (BDDMA) binder. Porogen: 1-propanol.

nozzle, which generates multiple simultaneous droplets, leads
to variation in droplet size. Our customized microfluidic setup
replaced these commercially available nozzles and allowed
control of the size of individual droplets. Control over shear
forces between the fluid phases in our coflow and flow-focusing
nozzle system delivers precise control over droplet snap-off,

allowing set droplet volumes."’

Literature review indicated that no existing theoretical
modeling and experimental studies were used to predict the
conditions to generate spherical droplets of a particular size
using highly viscous slurries. Thus, many empirical experiments
were performed due to the unpredictability and number of
variables (viscosity, flow rate, surface tension, and geometric
constraints). Refinement of the droplet diameter formation
indicated that spherical droplets could be achieved by varying
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the phase velocity parameters. We noted that the outer phase
must flow much faster than the inner phase to produce the
desired monodisperse spherical droplets. The results provided
the insight that the droplet diameter and, thus, the microbead
size can be controlled (decreased or increased) by modulating
the phase flow velocities, modulating the viscosity of the
continuous phase, and reducing the inner phase quartz
capillary size.

Low-density carbon slurry droplets, once formed, are
buoyant. They immediately rise in an unmodified aqueous
phase, breaking apart as they reach the surface. Thus,
hydrocolloids were added to modify the aqueous phase’s
viscosity to extend the time frame for the newly formed
droplets to reach the surface. The hydrocolloids served as
emulsifying agents to keep the newly formed droplets in
suspended animation, resisting buoyant forces. This pause in
droplet movement also provides the needed time for the
carbon material—binder cross-linking process.

UV and thermal-activated techniques were investigated to
cure the drops. Thermal methods were eventually pursued. We
found that not all UV-activable cross-linkers could be used
with carbon slurries. Instant UV-based cross-linking methods
or binders that lead to quick curing for other hybrid spheres**
did not work similarly or efficiently with carbon materials. The
reason for this discrepancy is as follows. Photoinitiators used
for UV curing find absorbance in the 250—400 nm spectral
range. Glass filters out most of the shorter wavelengths emitted
by a UV source. Optimal curing conditions require direct
contact unobstructed by glass tubing, containment vessel, or
specialized UV transparent materials such as fluorinated
ethylene propylene (FEP)*° or cyclic olefin copolymer
(COC).>" The black color of the carbon material slurry
further added to the challenge. The slurry’s opaque nature
reduces the UV light’s efficiency in penetrating each drop to
facilitate complete curing. Thus, the right combination or
composition of the carbon, binder, and any other additional
additive had to be identified to obtain mechanically stable
microspheres that do not agglomerate within the constraints
posed by the generation method. Although heat-induced
curing is a lengthy process compared to UV curing,>>"’ it
alternately allows a more consistent curing protocol across the
various slurry combinations.

The carbon microbead’s morphology and structural (e.g,
porosity) or functional (e.g,, mechanical strength) properties
were investigated. The morphology of the carbon microbeads
was characterized by optical and scanning electronic
microscopy. Figure 3a(i—iv,ix) presents bright field optical
microscopy, and Figure 3a(v—viiixxi) shows scanning electron
microscopy images of carbon microbeads synthesized using the
following inputs (natural micrographite, graphene oxide,
carbon nanotube, fullerene, carbon black) with hydrophobic
(1,4-butanediol dimethacrylate (BDDMA)) or hydrophilic
binders (poly(ethylene glycol) diacrylate). Some carbon
microbeads are loaded with additives (porogen, 1-propanol,
and cyclohexane) (Figure 3a(xi)). Spherically shaped mechan-
ically stable microbeads can be synthesized from single to
hundreds of microns in diameter (see Figure 3b for microbead
histograms with average diameters of 10, 50, and 150 pm).

Microbead pore sizes were modulated by preparing slurries
with and without using organic solvents as porogens. 1-
Propanol and cyclohexane were investigated as liquid porogens
due to their differences in miscibility with the liquid binder 1,4-
butanediol dimethacrylate (BDDMA). The Hansen solubility

parameter’* (HSP) distance R, was calculated as 182.1 for the
BDDMA-—1-propanol pairing and 98.8 for the BDDMA—
cyclohexane pairing. Smaller R values indicate that the
pairings are more alike and, therefore, more soluble with each
other than pairing with a larger R, Studies show that pairings
with greater solubility tend to create smaller pore structures. In
contrast, less soluble pairings tend to generate larger pore
structures.”>® In addition to porogens, the concentration of
the carbon source, choice of the binding agent, amount of the
radical initiator, polymerization times, and intensity of
activation energy all factor into controlling the pore geometry.
Figure 3c illustrates the controlled variation in both the pore
diameter and specific surface area observed in samples of
microbeads produced by altering only slurry composition
parameters.

Table 1 offers a more comprehensive characterization of
microbeads formed for sample 1. For this sample, a mean pore

Table 1. Summary of Carbon Microbeads’ Pore Diameter,
Volume, and Specific Surface Area as Determined by Water
Intrusion Porosimetry and BET Analysis

water intrusion

parameters porosimetry BET analysis
mean pore diameter 100.3 + 18.6 1583.22 + 16.55
total pore volume 0.5768 + 0.0763 0.85 + 0.82
(mL/g)
SSA (m?/g) 233.0 + 30.6 262.26 + 57.59 (Langmuir)

23.62 + 6.93 (BET)

diameter of 100.3 + 18.6 A, a total pore volume of 0.5768 +
0.0763 (mL/g), and a specific surface area of 233 + 30.6 (m?*/
g) were measured for carbon microbeads by water intrusion
porosimetry. The same lot of beads measured using multipoint
nitrogen gas adsorption isotherms applying Brunauer—
Emmett—Teller (BET) analysis showed a mean pore diameter
of 153.22 + 16.55 A, a total pore volume of 0.85 + 0.82 (mL/
g), and specific surface areas of 262.26 + 57.59 (m*/g)
(Langmuir) and 23.62 + 6.93 (m?*/g) (BET).

Mechanical properties of carbon microbeads prepared using
natural micrographite as the starting material were evaluated
through two different methods: (1) nanoindentation analysis
of individual microbead samples and (2) backpressure analysis
of fluid flow through columns packed with the microbeads.
SEM imaging of the media packed in the column following the
backpressure analysis was performed to assess the structural
integrity and morphology of the carbon microbeads post-test.

Nanoindentation analysis performed on a sample of the
carbon microbeads in the 45 pym size distribution showed the
following mechanical properties: Young’s modulus = 513 + 78
MPa, reduced modulus = 587 + 88 MPa, hardness = 304 + 65
MPa, stiffness = 6149 + 1377 N/m, and toughness = 130,281
+ 96,2470 X €, where o is the stress in uN and ¢ is the strain in
UM (Table 2). Additionally, the material’s Poisson ratio’” was
calculated to be 0.27.

These elastic modulus values for carbon microbeads are
higher than or in line with those measured for various
polymeric or silica microbeads (Table SS in the Supporting
Information).

Fluid flow backpressure analysis investigated micron-sized
particles’” mechanical stability in a packed microbead bed, such
as those found in liquid chromatography (LC) columns.>®
Previous studies have shown that if column backpressure is
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Table 2. Summary of the Mechanical Properties of Carbon
Microbeads Derived through Nanoindentation

Young’s modulus 513 + 78 MPa
reduced modulus 587 + 88 MPa
hardness 304 + 65 MPa
stiffness 6149 + 1377 N/m
toughness 130,281 + 96,2476 X €
poisson ratio 0.27

unstable over long-term use, it could stron‘}gly indicate a
mechanical failure of the packed material.”®*” Loading and
unloading forces exerted in the high-pressure packed bed
environment could fracture particles creating smaller sub-
particles called fines. Column permeability can be reduced
significantly by fines, causing backpressure to grow over time.
Conversely, if backpressure drops abruptly, it is likely due to
voids forming within the column—épacked bed resulting from
the breakage of the microbeads.®”®!

The carbon microbeads packed into a 4.6 mm X 150 mm
stainless steel column were subjected to significant hydraulic
forces in two ways: first, in the column packing process and
then through a continuous mobile phase flush for 24 h. During
the packing process,’” a slurry containing a homogenized
mixture of microbeads and solvent was driven into the column
under pressure to create the packed bed. A maximum force of
620 bar (9000 psi) was continuously applied to the column
bed over 30 min while packing. Next, the stability test was
conducted by running an isocratic mobile phase of water/
acetonitrile (80:20) through the column continuously for 24 h,
equating to 836 column volumes (void volume). The column
void volume was determined by V. = 0.727°L,>® where r and L
are the radius and length of the column, respectively. For our
column, we use 1.745 mL = 1 column void volume. The
criterion used to judge column stability was that backpressure
AP showed no change of statistical significance and remained
under 350 bar, similar to the published criteria.”"* The results
indicated a stable packed bed throughout a 24 h continuous
flush. The mobile phase flow rate of 1 mL/min developed a
mean backpressure of 24.85 bar, showing a maximum and
minimum of 25.63 and 23.81 bar, respectively (see Figure 4a).
No statistical significance differences were observed in the
pressure readings (p = 0.97).

Following the backpressure analysis, the mechanical stability
of the carbon microbeads was evaluated directly through SEM
imaging. The exact column used in the backpressure analysis
study was disassembled, and a sample of the media nearest to
the outlet frit was collected and imaged. The resulting image
analysis showed no structural change to the beads and no sign
of fines or other particle fragments in the unpacked column
(see Figure 4b).

The microscopy, porosity, and mechanical characterization
results (Figures 3 and 4) taken together indicate that the
carbon microbead’s composition and structural (e.g., porosity)
or functional (e.g, mechanical strength) properties could be
modulated through changes in the slurry preparation and
processing parameters. For example, changes in microbead
chemistry could be accomplished by changing the carbon type
or binder chemistry (Figure 3a), and the microbead diameter
could be increased or decreased (Figure 3b) by processing
parameters (continuous phase flow rate). Porosity could be
modulated by adding a porogen (Figure 3c). As stated above in
Figure 1, the choice of carbon materials, cross-linkers, and
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Figure 4. (a) Stability analysis. Backpressure as a function of column
volumes. No statistically significant difference in backpressure was
observed for the carbon microbeads packed in a liquid chromatog-
raphy column for a continuous 24 h test. (b) Mechanical stability
analysis. Representative SEM image of microbeads unpacked from the
column after being continuously flushed for 24 h with water/
acetonitrile (80:20) mobile phase. No indication of mechanical failure
of the bead structure or the presence of fines in a packed bed.

optional additives provide a toolbox to customize composition,
structure, and function. For instance, the porosity may also be
modulated with the assistance of not only organic porogens
(Figure 3c) but also other types (e.g,, sodium chloride, silica,
or polystyrene particles) followed by leaching of the
porogen®*®® or temperature annealing.”>°” Additional changes
in chemical properties (e.g., hydrophobicity) and/or physical
properties (e.g,, electrical, thermal, or magnetic properties)
would require functionalization of the carbon material or
incorporation of atoms or molecules into the carbon slurry
(e.g, copper to modulate electrical conductivity or iron to
modulate magnetic properties). Alternatively, the carbon
microbead’s external surface could be further functionalized
through modifications.’® Tailored sphere preparation protocols
will be required to address these specific manufacturing
constraints.

A key property of carbon microbeads is their excellent
mechanical stability (Figure 4 and Table 2). Three-dimen-
sional, free-standing, porous carbon structures possessing
nano- and microscale-interconnected pores by radical-initiated
thermal cross-linking of the sp> carbon bonds and annealing of
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carbon nanostructures (fullerenes, single- and multiwalled
carbon nanotubes, and graphene as the starting materials) have
been developed.”*””® While structures fabricated using this
method exhibit structural integrity, i.e., they do not fall apart
once formed, the bulk mechanical properties of these
structures were not characterized. In general, these structures
are brittle. Their structural integrity is insufficient for
applications requiring high mechanical strength or dynamic
loading and unloading forces (e.g., biomedical implants and
chromatography stationary phase materials). Dynamic stresses
cause fatigue due to constant loading and unloading cycles
(e.g., bone in vivo or fluid flow in a chromatography column).
Consequently, these structures loosen, leading to a crumbling
or fragmentation. These 3D structures fabricated by the
methods described above exhibit significant batch-to-batch
porosity and pore size variability. The carbon microbeads
overcome the above challenges. The microbeads show robust
structural integrity and the ability to sustain high dynamic
loading and unloading forces.

The results introduce a novel and scalable method to
fabricate spherical carbon microbeads using graphite, graphene,
fullerenes, carbon nanotubes, and carbon black. This method
can be easily adapted to other inorganic carbon-like materials
(e.g., boron nitride) or organic monomers with sp> carbons.
Additionally, while the microbead architectures presented in
this work are spherically shaped,”' other shapes could be
explored using droplet-shape-control techniques. The physi-
ochemical results have mainly focused on microbeads
synthesized by using natural graphite. Additional studies are
underway to characterize and examine differences produced in
the physicochemical and functional properties of microbeads
synthesized using the various carbon sources described
(graphite, graphene, fullerenes, carbon nanotubes, and carbon
black). The findings of these additional studies should provide
insights into how these physicochemical differences may be
applied to energy, life science, and biomedical applications.

B CONCLUSIONS

Carbon microbeads were synthesized by employing a state-of-
the-art microfluidic droplet generation and processing setup
that can handle highly viscous slurries. Any carbon material
with sp® carbon networks such as graphite, carbon nanotubes,
graphene, fullerenes, and sp® carbon-rich molecules can be
used as a starting material. The inclusion of cross-linkers to
bind the carbon material, along with additives and variations in
process parameters, allows control over microbead’s compo-
sition, size (diameter) with tunable pore structures, and surface
area. The carbon beads exhibit excellent mechanical stability
with the ability to withstand hydrostatic and hydrodynamic
pressures up to 9000 psi. The results open avenues to
synthesize novel carbon microbeads and study their functional
properties for potential applications in separation sciences,
energy storage, additive manufacturing, and drug delivery.

B METHODS

Chemicals. The carbon sources for this work were graphite,
graphene, fullerenes (C60), graphene oxide, multiwalled
carbon nanotubes, and mesoporous carbon, all obtained from
Sigma-Aldrich (St. Louis, MO). Additional carbon used
included pristine natural graphite (Millennial Materials &
Devices (India) Private Limited), graphene oxide (Therag-
nostic Technologies Inc.), single wall/double wall carbon, and

nanotubes (Cheaptubes, Cambridgeport, VT). 1,4-Butanediol
dimethacrylate, methyl methacrylate, styrene, divinylbenzene,
poly(ethylene glycol) diacrylate, Luperox A98 benzoyl
peroxide, 2-azobis(isobutyronitrile) 98%, 2-hydroxy-2-methyl-
propiophenone, 1-propanol, cyclohexane, and 1,4-butanediol
were all obtained from Sigma-Aldrich (St. Louis, MO).
Xanthan gum (Bob’s Red Mill), poly(vinyl alcohol) (Elvanol
71-30), and gum arabic (food grade) were purchased from
Chemical Store.com. Span 80 and Hypermer were obtained
from Croda (Plainsboro, NJ). Ultrapure water was sourced
from a Millipore Direct Q3 UV system. Acetonitrile (HPLC
grade) was purchased from Sigma-Aldrich (St. Louis, MO).

Synthesis Procedures. Microdroplet Generator. The
custom system we developed to fabricate carbon microbeads
at a pilot production scale consists of five main components:
(1) continuous phase reservoir/pressure tank, (2) continuous
phase pressure regulator/pulse solenoid, (3) hydrophilic
coflow or flow-focused nozzle, (4) hydrophilic reaction
chamber, and () syringe pump. The continuous and dispersed
phases are directed to meet in either a coflow or flow-focusing
geometry within the confines of a chamber with hydrophilic
walls. Shear forces between the flowing immiscible fluids cause
droplet snap-off. The hydrophilic surface chemistry of the
nozzle and reaction chamber ensures that the water-based
continuous phase is the “outer phase,” keeping the hydro-
phobic carbon slurry as isolated drops in the center of the
channel. Either through UV radiation or heat delivered in the
reaction chamber, the materials within the newly formed
droplets immediately receive activation energy to initiate cross-
linking to form mechanically stable microbeads.

Carbon Slurry. The carbon slurries used to produce hard,
mechanically stable carbon microbeads are formed by using at
least one item each from the following groups: (1) carbon
source (e.g, graphene, micrographite, carbon nanotubes,
fullerenes, carbon black, etc.), (2) binder, with at least one
carbon—carbon double bond (e.g., 1,4-butanediol dimethacry-
late (BDDMA), styrene—divinylbenzene blends, poly(ethylene
glycol) diacrylate, etc.), and (3) radical initiator (e.g., benzoyl
peroxide (BP), azobis(isobutyronitrile) (AIBN), 2-hydroxy-2-
methylpropiophenone, etc.). The carbon feedstock materials,
radical initiator, and any additional additives (e.g,, porogen,
other molecules) were dispersed directly (as is) into the binder
solvent and mixed using a high-speed mixer.

Continuous Phase. The microbeads produced in this
investigation were formed by using a continuous phase of
water with a hydrocolloid additive. These additives include but
are not limited to, xanthan gum (Xanthomonas campestris),
gum arabic (Aacacia senegal), poly(vinylpyrrolidone) (PVP),
and poly(ethylene glycol) (PEG). Depending on the
application, the additive concentration ranges from 0.05 to S
mg/mL.

Characterization Methods. Size Analysis. All microbeads
used in these studies were characterized by the Coulter
principle using a Multisizer 4e Coulter counter (Beckman
Coulter, Brea, California). The electrolyte solution used is
Isoton II (Beckman Coulter). The Coulter counter was fitted
with a 100 pm glass aperture to measure particles in the 2—60
pum range, a 560 ym glass aperture to measure particles in the
11-336 um size range, and a 2000 um glass aperture to
measure particles in the 40—1200 ym size range. Microbead
sample electrolyte solutions were prepared at 10% concen-
tration (the upper operating limit of the Multisizer 4e) to yield
distribution counts in the n = 50,000—100,000 range. Results
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are reported as the mean diameter, standard deviation (SD),
relative standard deviation (RSD), and do,/d;,.

Pore Structure/SSA. Water Intrusion Porosimetry. The
microbeads were characterized by an Aquapore water intrusion
porosimeter: Aquapore-Sk-A-1 (Porous Materials Inc. Ithaca
NY). The porosimeter was operated from 1S5 to S000 psi to
drive water into the hydrophobic pore structure of the
microbead samples. Milli Q ultrapure water was used for
water intrusion. 0.5 g of dry microbead samples were used for
each analysis. The results are reported as the mean pore
diameter (A), total pore volume (mL/g), and specific surface
area (m?*/g).

BET. All microbeads used in these studies were characterized
by a Brunauer—Emmett—Teller (BET) sorptometer: BET
201A-N-SA (Porous Materials Inc. Ithaca NY). Gas sorption
analyses were conducted with N, (at —196 °C) as the sorbate
gas. Before analysis, all samples were degassed at 80 °C in a
low vacuum (~25 Pa) for 2 h to remove adsorbed species. The
pore size, volume, Langmuir-specific surface area, and BET-
specific surface area were calculated from 10-point N,
adsorption isotherm analysis. BETWIN software (Porous
Materials Inc. Ithaca, NY) performed all reported calculations.

Mechanical Testing. Nanoindentation. A Femto Tools
FT-NMTO04 in situ SEM Nanoindenter fit with a Berkovich tip,
guided with an optical microscope, was used. Nanoindentation
was conducted at the Center for Functional Nanomaterials,
Brookhaven National Laboratory, New York. Individual
microbeads were isolated and compressed multiple times,
increasing the compression depth by 2 ym each until fracture.
A video of the compression trials was analyzed with Image]
software to determine each bead’s lateral deformation in
response to the axial compression to calculate the material’s
Poisson ratio v.

lateral strain

axial strain
Young’s modulus E was calculated through the relationship
1 -

1 1- viz
E, E,

i

E =

where v is the microbead’s Poisson ratio, E, is the microbead’s
reduced modulus, and v; and E; are parameters of the
nanoindentation tip. The microbead’s Poisson ratio was 0.27,
Berkovich tip v; = 0.07, and Berkovich tip E; = 1140 GPa.

The material parameters’ hardness (MPa), reduced modulus
(MPa), and stiffness (N/m) were directly provided by the
output of the nanoindenter. Each microbead sample subjected
to nanoindentation was measured multiple times (3—5), and
average values were calculated.

The material toughness was found in four samples by
determining the area under their stress—strain curve through
numerical integration by way of the trapezoidal rule

N
/bf(x) — Z f(xk—1)2+ f(xk) -Axk

where a = 0 and b = strain value of the material rupture and

_b-a

Ax, = N
Hydraulic Pressure Analysis. All measurements were
carried out on an Agilent 1100 HPLC system equipped with

a quaternary pump, column heating compartment, degassing

unit, and a variable wavelength detector model G1314A.
Control and analysis were conducted with Open Lab CDS
ChemStation software application v. ¢.01.10[201]. 4.6 mm X
150 mm stainless steel columns fitted with 0.2 pm frits
(Restek) were used. The columns were packed using a
Teledyne SSI, CP class column packing unit at a maximum
pressure of 9000 psi.

Mechanical stability was evaluated by subjecting the
microbeads to a hydraulic pressure. To achieve this, we
packed samples of microbeads into stainless steel columns used
for high-performance liquid chromatography. These columns
were then fitted into an HPLC system to continuously pump a
liquid mobile phase through the packed bed at pressures up to
350 bar (5076 psi) for 836 column volumes. For the duration
of each run, column backpressure was monitored by the HPLC
system (mobile phase A: ultrapure water, mobile phase B:
acetonitrile, gradient: isocratic at 20%B, flow rate: 1 mL/min,
column temperature: 25 °C)

The column volume was determined by
V. = 0.77r’L

C

where 7 and L are the radius and length of the column,
respectively.””

Image Analysis. Optical Microscopy. All microbeads used
in these studies were characterized by an OMAX optical
microscope model M837ZL-C180U3 40X-2500X fitted with
an 18-megapixel camera model A35180U3. OMAX Toupview
software application 3.7 was used for image analysis. Small
quantities of dry microbeads were placed on the surface of the
glass slides. Next, slides were held on the edge to pour the
microbeads off and gently tapped. Excess layers of microbeads
were removed by gravity and tapping, leaving only a fine
monolayer of beads behind. Slides with a monolayer of
microbeads remaining were directly applied to the microscope
and imaged with 10X and 40X objective lenses.

SEM. SEM imaging was performed on a Hitachi 4800
scanning electron microscope at the Center for Functional
Nanomaterials, Brookhaven National Laboratory, New York.
Images were generated with an accelerating voltage of 5 kV
and an emission current of 10 yA. Microbead samples were
mounted on 2 in. sample pucks (Ted Pella Inc.) using double-
sided adhesive carbon conductive tabs (PELCO Tabs). Before
imaging, each sample was sputter-coated with a 7 nm thick
layer of gold.

Statistical Analysis. Statistical analysis was performed
using Student’s t test and one-way ANOVA followed by Tukey
Kramer post hoc analysis. A 95% confidence interval (p < 0.05)
was used for all statistical analyses.
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