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Printed electronics is a disruptive technology in multiple applica-
tions including environmental and biological sensors, flexible dis-
plays, and wearable diagnostic devices. With superlative electronic,
optical, mechanical, and chemical properties, two-dimensional
(2D) materials are promising candidates for printable electronic
inks. While liquid-phase exfoliation (LPE) methods can produce
electronic-grade 2D materials, conventional batch separation pro-
cesses typically rely on centrifugation, which requires significant
time and effort to remove incompletely exfoliated bulk powders,
hindering the scale-up of 2D ink manufacturing. While cross-flow
filtration (CFF) has emerged as a promising continuous flow separa-
tion method for solution-processed 2D nanosheets, previously
demonstrated polymer CFF membranes necessitate low 2D
nanosheet concentrations to avoid fouling, which ultimately limits
mass throughput. Here, we demonstrate a fully flow-based,
exfoliation-to-ink system for electronic-grade 2D materials using
an integrated cross-flow separation and concentration system.
To overcome the relatively low-throughput processing concentra-
tions of incumbent polymer CFF membranes, we employ porous
ceramic CFF membranes that are tolerant to 10-fold higher
nanosheet concentrations and flow rates without compromising
separation efficiency. Furthermore, we demonstrate a concen-
tration method via cross-flow ultrafiltration, where the retentate
can be directly formulated into printable inks with electronic-grade
performance that meets or exceeds centrifugally produced inks.
Life cycle assessment and technoeconomic analysis quantitatively
confirm the advantages of ceramic versus polymer CFF membranes
including reductions of 97%, 96%, 94%, and 93% for greenhouse
gas emissions, water consumption, fossil fuel consumption, and
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New concepts

Printed electronics is a disruptive technology in multiple applications
including flexible displays, environmental sensors, and wearable diag-
nostic devices. With superlative electronic, mechanical, and chemical
properties, two-dimensional (2D) materials are promising candidates for
printable electronic inks. While liquid-phase exfoliation methods can
produce electronic-grade 2D materials, conventional separation processes
rely on batch centrifugation, which hinders the scale-up of 2D ink manu-
facturing. To avoid batch centrifugation, cross-flow filtration (CFF)
provides a continuous-flow separation method for solution-processed
2D nanosheets, but previously demonstrated polymer CFF membranes
necessitate low 2D nanosheet concentrations to avoid fouling, which
ultimately limits mass throughput. Here, we demonstrate a fully flow-
based, exfoliation-to-ink process for electronic-grade 2D materials using
integrated cross-flow separation and concentration. To overcome the
relatively low-throughput of incumbent polymer CFF membranes, we
employ porous ceramic CFF membranes that are tolerant to 10-fold
higher nanosheet concentrations and flow rates without compromising
separation efficiency. Life cycle assessment and technoeconomic analysis
quantitatively confirm the advantages of ceramic versus polymer CFF
membranes including reductions of greenhouse gas emissions, water
consumption, fossil fuel consumption, and specific production costs by
>90%. Overall, this work presents an environmentally sustainable and
cost-effective solution for the fabrication, separation, and printing of
electronic-grade 2D materials.

specific production costs, respectively. Overall, this work presents
an environmentally sustainable and cost-effective solution for
the fabrication, separation, and printing of electronic-grade 2D
materials.

“ Department of Materials Science and Engineering, Northwestern University, Evanston, Illinois 60208, USA. E-mail: m-hersam@northwestern.edu
b Department of Chemical and Biological Engineering, Northwestern University, Evanston, Illinois 60208, USA

“ Department of Chemistry, Northwestern University, Evanston, Illinois 60208, USA
4 ALSYS USA, CeraMem, Waltham, Massachusetts 02453, USA

¢ Department of Electrical and Computer Engineering, Northwestern University, Evanston, Illinois 60208, USA
+ Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4mh01205d

5960 | Mater. Horiz., 2024, 11, 5960-5971

This journal is © The Royal Society of Chemistry 2024


https://orcid.org/0000-0002-2065-5106
https://orcid.org/0000-0003-4120-1426
http://crossmark.crossref.org/dialog/?doi=10.1039/d4mh01205d&domain=pdf&date_stamp=2024-10-08
https://doi.org/10.1039/d4mh01205d
https://rsc.li/materials-horizons
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4mh01205d
https://pubs.rsc.org/en/journals/journal/MH
https://pubs.rsc.org/en/journals/journal/MH?issueid=MH011023

Open Access Article. Published on 03 October 2024. Downloaded on 1/16/2026 4:42:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

Introduction

The increasing demand for two-dimensional (2D) materials has
inspired efforts to realize industrial-scale production methods,
where the highest processing throughputs have been achieved
using solution-based processing.' Since the thickness and
lateral size of 2D materials have significant effects on their
electronic properties, it is critical to achieve high monodisper-
sity in these parameters, which has traditionally been achieved
through centrifugation-based batch separation following
liquid-phase exfoliation (LPE).>™* However, since batch proces-
sing introduces bottlenecks into scalable manufacturing, it is
of high interest to identify and demonstrate alternative
continuous-flow separation methods. Flow-based separation
techniques commonly rely on membrane-based processes,
such as reverse osmosis, dead-end filtration, and cross-flow
filtration (CFF), which are ubiquitous in the fields of biotech-
nology, pharmaceuticals, and chemical engineering.””® When
translating these techniques to the field of 2D materials,
relatively low exfoliation yields imply the need to isolate the
smallest nanosheets that make up a miniscule fraction of the
total input stream and are often orders of magnitude smaller
than poorly exfoliated bulk powders, which results in rapid
fouling of membrane-based processes, thus hindering their
deployment in industrial-scale production of electronic-grade
2D materials.’

Graphene is the prototypical 2D material,"® and solution-
processed graphene nanosheets have already been successfully
deployed in composites, printable conductive inks, and elec-
1112 A these applications continue to grow on
the industrial scale, graphene demand is rapidly approaching 1
tonne year '.° Despite this growing demand, the environmen-
tal impact of graphene manufacturing is largely unexplored,*®
particularly for post-exfoliation separation techniques that are
required for reliable downstream performance. Ultimately,
widespread commercialization of graphene production will
require consistent quality, low cost, reproducibility, processa-
bility, and safety at all steps of the manufacturing pipeline.’
Environmental impacts will also become increasingly impor-
tant when production levels exceed 1 tonne year '.**

Achieving mass production of electronic-grade graphene
nanosheets is challenging due to the need to achieve high
monodispersity in structural features (e.g., thickness and lateral
size) while maintaining low defect and impurity levels."® Typi-
cally, industrial-scale production of graphene is accomplished
using LPE methods. This approach entails the suspension of
bulk graphite particles in a liquid solvent, often with surfac-
tants or stabilizing polymers, after which exfoliation is achieved
via mechanical agitation that induces cavitation-induced
shearing.'® While the mechanical agitation is often performed
in a batch processes (e.g., sonication), LPE has also been
implemented using continuous-flow methods such as shear
mixing or wet jet milling."”

Since the exfoliation yield down to nanoscale thicknesses for
LPE is typically on the order of 1%, it is essential to employ
a post-exfoliation separation strategy to remove the poorly

trode materials.
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exfoliated bulk powders. For electonic-grade graphene nano-
sheets, this post-exfoliation separation is almost exclusively
achieved using batch centrifugation.'®'” During centrifugation,
the poorly exfoliated bulk powders rapidly sediment, allowing
the desired nanosheets to be isolated into the supernatant. The
supernatant can then be powderized by removing the solvent
using batch methods such as vacuum filtration or rotary
evaporation.'® Overall, these post-exfoliation steps are effective
at the lab-scale, but become bottlenecks to scalable manufac-
turing due to their labor-intensive and energy-intensive batch
processing."’

In contrast, membrane-based separation is an appealing
flow-based alternative for post-exfoliation processing due to
its low capital equipment cost, continuous-flow operation, and
lower energy consumption.'®?® However, the fact that up to
99% of the output from LPE consists of relatively large, poorly
exfoliated particles, membranes experience rapid fouling for
LPE separations, which undermines the advantages of this
methodology.*"*?

Cross-flow filtration (CFF) is a membrane-based process
where colloidal suspensions pass tangentially across a membrane,
thereby minimizing the build-up of a filter cake on the membrane
surface. The CFF process allows for extended filtration times and
higher feed concentrations compared with dead-end filtration
because the turbulent flow across the membrane surface
mitigates fouling.”® CFF is categorized by the pore size of the
membrane, where cross-flow nanofiltration, ultrafiltration, and
microfiltration feature pore sizes of 0.1-10 nm, 10-100 nm, and
100-10000 nm, respectively. Traditionally, cross-flow micro-
filtration (CF-MF) processes isolate the desired product in the
retentate (i.e., the colloidal dispersion that does not travel
through the membrane) and the permeate is subsequently
discarded.”®™*® In these cases, the filtration is performed at
relatively low feed concentrations, requiring multiple trials to
obtain sufficient quantities of material required for commercial
applications. CF-MF typically employs polymer membranes
(e.g., polysulfone, polyethersulfone, or polycarbonate), which
have relatively low pressure ratings that limit the use of high
cross-flow velocities. While these conditions are acceptable for
cases where the feed stream has a low percentage of impurities
that need to be removed, LPE dispersions present the opposite
condition where the nanosheets to be retained are the minority
species. Therefore, CF-MF for LPE dispersions needs to be run
under conditions where the desired nanosheets are isolated in
the permeate stream and the retentate stream is discarded or
recycled.

Since most nanomaterial separation problems exist in this
unconventional regime for CF-MF, CF-MF has only been
demonstrated for nanomaterials in the limited cases when
the standard conditions have been met (i.e., removing minority
impurity species through the permeate from a dispersion that
is already enriched with the targeted nanomaterial).>**” In
these cases, relatively low concentrations and flow rates have
been employed, which has limited overall processing through-
put to the lab-scale.”®*® Recently, we demonstrated conditions
under which CF-MF can be employed for LPE graphene
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nanosheet separation by employing CF-MF in the unconven-
tional regime (i.e., isolating graphene nanosheets in the perme-
ate stream). However, this proof-of-concept study employed
hollow fiber polysulfone membranes, which required low
concentration feed streams to avoid fouling, thus still limiting
throughput to the lab-scale.'® Moreover, while CF-MF allowed
the isolation of electronic-grade graphene nanosheets, post-
separation flocculation and vacuum filtration were required to
powderize the graphene nanosheets so that they could then be
redispersed into printable ink formulations, implying that
batch processing steps were not completely eliminated. Like-
wise, other attempts to scale-up electronic-grade graphene ink
production have relied on centrifugation,**™** and thus a fully
integrated continuous-flow processing scheme for 2D electro-
nic inks has not yet been achieved.

Here, we integrate CF-MF and cross-flow ultrafiltration (CF-
UF) to achieve a fully integrated continuous-flow processing
system for electronic-grade graphene inks. In this integrated
system, the graphene nanosheets are separated from the input
LPE dispersion in the CF-MF permeate stream, which is then
fed into CF-UF. In the CF-UF stage, the solvent is removed
through the permeate stream, leading to concentration of the
CF-UF retentate stream up to levels suitable for printable inks,
thereby eliminating any batch processing. A key innovation in
this continuous-flow processing system is the use of porous
ceramic CFF membranes in place of polymer CFF membranes.
The improved mechanical integrity of the ceramic CFF mem-
branes allow the input flow rate to be substantially increased,
which minimizes fouling even at high input concentrations,
ultimately allowing 10-fold higher nanosheet concentrations
and flow rates without compromising filtration efficiency. The
resulting printable graphene inks show superlative electronic
properties that meet or exceed incumbent electronic-grade
graphene inks. Moreover, life cycle assessment and techno-
economic analysis confirm that the higher flow rates and
concentrations enabled by ceramic versus polymer CFF mem-
branes result in reductions of 97%, 96%, 94%, and 93% for
greenhouse gas emissions, water consumption, fossil fuel con-
sumption, and specific production costs, respectively. Impor-
tantly, the generality of this methodology implies that it can be
broadly applied to other solution-processed 2D materials, thus
enabling environmentally sustainable and cost-effective deploy-
ment of 2D materials in industrial-scale applications.

Experimental

Materials

Graphite powder (MICRO 450, #27391) was purchased from Asbury
Carbons (Port Huron, MI). Ethanol was manufactured by Decon
Laboratories (King of Prussia, PA) and purchased from Fisher
Scientific (Waltham, MA, Catalog no. 04-355-223). Ethyl cellulose
(4 cP, 5% in 80: 20 toluene : ethanol, #200646) was purchased from
MilliporeSigma. For polymer membrane control studies, polysul-
fone (PS) hollow fiber cartridges from Cytiva (Marlborough, MA)
with pore sizes of 0.65 pm (#CFP-6-D-5A) were used.

5962 | Mater. Horiz., 2024, 11, 5960-5971
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Liquid-phase exfoliation

A dispersion of 82 g of ethyl cellulose (EC) in 7570 mL of
ethanol (=~ 1% w/v) was prepared by mixing the solution using
a magnetic stir bar overnight. 893 g of graphite powder
(~12% w/v) was then poured into the container and stirred
using a magnetic stir bar at 700 rpm for 30 min while heating at
45 °C. The resulting dispersion was transferred into a holding
vessel for a Starburst Labo wet jet milling instrument (Sugino
Corporation, Itasca, IL). The wet jet milling instrument was
operated at 200 MPa for 120 min to achieve 10 passes through
the system.

Cross-flow filtration

CFF experiments were performed using a cross-flow filtration
system constructed in-house. A 2.5-gallon tank (Ace Roto-Mold,
McMaster Carr #471870) was affixed to the top of a mobile cart.
Polyethylene pump tubing (Everbilt, Cole Parmer #301762) was
run from the base of the tank through a peristaltic feed pump
(Cole-Parmer, Model #77111-71). At the discharge of the feed
pump, polyethylene tubing was plumbed to the entry of the
Al,O3 microfiltration membrane element (pore size = 1000 nm,
Kleansep). Additional polyethylene tubing connected the reten-
tate port to the holding tank to recirculate the dispersion for
successive passes through CFF. The permeate stream was split
from the retentate, wherein polyethylene tubing was routed
into a separate container to collect the permeate dispersion.
A digital pressure monitor (Spectrum Labs, Model no. 900-
1607) was used to collect pressure readings from pressure
transducers at the feed, permeate, and retentate ports on the
microfiltration apparatus.

Thereafter, a peristaltic pump (MasterFlex, 07528-10) drove
the microfiltration permeate dispersion into the feed port
of the Al,O; ultrafiltration membrane element (pore size =
100 nm, Ceramem). The retentate from the ultrafiltration
element was concentrated by removing ethanol and ethyl
cellulose at the permeate port until the final volume of the
ultrafiltration retentate was ~5% of the original feed volume.
Barbed and tri-clamp adapters, reducers, and fittings were
installed throughout the flow path to minimize the presence
of leaks.

Membrane regeneration procedure

Between experiments, both water and ethanol were pumped at
6.0 GPM in standard and backflush modes to flush away
retentate particles physiosorbed to the membrane surface.
The solvent was then drained from the system. Subsequently,
exfoliated dispersion was mixed in the tank with diluent
ethanol by recirculating the mixed solution for 5 min to obtain
a constant feed concentration of 1 g L' for the polymer
membrane studies and a feed concentration of 10 g L™* for
the ceramic membrane studies. Across the CFF experiments,
the feed flow rate was modulated from 3.03-22.7 L min~" for
CF-MF, and the feed flow rate for CF-UF was modulated from
0 - 1.68 L min~". The channel-flow velocity was regulated by

This journal is © The Royal Society of Chemistry 2024
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modifying the flow rate and was determined by dividing the
flow rate with the channel area.

Preparation of printable inks

To prepare inks for aerosol jet printing, the concentrated CF-UF
retentate containing graphene/EC was combined with terpineol
at a solvent volume ratio of 90: 10 with a powder concentration
of 10 g L™". The ink was then fed through a nylon Whatman
syringe filter with a pore size of 3.1 pm prior to printing.
Aerosol jet printing (AJP) experiments were carried out using
a commercial aerosol jet printer (Aerosol Jet 200, Optomec)
equipped with a 150 pm nozzle, following previous studies with
graphene inks.**** The platen temperature was set to 60 °C,
and the bath temperature was set to 30 °C. The inks were
printed onto an ozone plasma-cleaned glass substrate using a
print speed of 5 mm s~ ', with nitrogen sheath flow set to 60
scem, a carrier gas flow rate of 15-22 scem, and an atomization
current of 0.354 mA. The specimens were heated in a box
furnace at 350 °C for 30 min after printing to pyrolyze the EC
binder.

Life cycle assessment and technoeconomic analysis

Life cycle assessment (LCA) was based on ISO 14040/44
standards.>>*® Technoeconomic analysis (TEA) evaluated the
energy, material, and water usage as well as the cost effective-
ness of each process through a comprehensive analysis of
material and energy flows and an annualized cost methodo-
logy.>” The functional unit used for comparison between the
two processes was 1 L of graphene ink. To convert the LCA/TEA
impacts from graphene produced in grams (g) to graphene ink
in liters (L), we assumed an impact factor of 10 based on the
required concentration of graphene required to produce 1 L of
ink (10 g L") as summarized in eqn (1):

1 1

B » 10 g of graphene
L of graphene ink g of graphene

L of ink &)

All costs were defined using the US Dollar ($) in 2023. The
specific production cost of graphene ink (Cp, $ L") was
determined through an annualized cost approach as shown
in eqn (2):

_ Cac + Coam

Cp T

+Cwm (2)
The annualized capital costs (Cac) were calculated based on the
process lifetime (7, 20 years) and discount rate (r) as shown in

eqn (3):

rx (1+r)"

Cac=Cex oyt

(3)

The operating and maintenance expenses (Cogy) for each
process include the total costs from labor, electricity, and
consumables. The capital costs (C¢) of the two processes were
estimated by the equipment list prices. The material costs (Cy)
were defined as the costs from the raw materials, mainly
graphene, ethanol, ethyl cellulose, and terpineol in comparison
to the functional unit of 1 L of graphene ink, where T is

This journal is © The Royal Society of Chemistry 2024

View Article Online

Materials Horizons

throughput of graphene ink. We empirically observed that
ceramic membranes can operate for 50-70 cycles and thus
assumed that 10 filters are needed on a yearly basis for
~7000 runs. Complete information and assumptions regard-
ing all LCA/TEA parameters are provided in the ESI.{

Results and discussion

Process overview

The flow-based manufacturing process, shown in Fig. 1(a),
begins with thorough mixing of graphite and ethyl cellulose
in ethanol to achieve a homogeneous dispersion. The resulting
dispersion is then introduced into a wet jet milling apparatus
for LPE, producing graphene nanosheets with a conversion rate
of 1-3%. To separate the desired graphene nanosheets from the
poorly exfoliated bulk powder, CF-MF is employed using cera-
mic membranes with micron-sized pores. A detailed discussion
of the flow characteristics and membrane properties are pro-
vided in the ESLf The ceramic membranes were placed into a
stainless-steel support as shown in Fig. 1(b). A 2.5-gallon
reservoir tank was installed on the upper shelf of the cart to
hold the input LPE dispersion. Commercially available pump
tubing and adapters were fitted to create a closed-loop recircu-
lation pathway for the graphene dispersions.

A high-flow (~ 11 GPM) peristaltic pump transports the feed
LPE dispersion from the tank into the input stream for CF-MF.
A secondary small-scale (< 0.5 GPM) peristaltic pump promotes
cross-flow filtration by introducing a pumping force on the
permeate steam perpendicular to the primary flow direction
inside the ceramic membrane. The retentate stream is pumped
back into the reservoir tank and recirculated for subsequent
passes through CF-MF.

After CF-MF, the secondary small-scale peristaltic pump
transports the CF-MF permeate into the input stream for CF-
UF as shown in Fig. 1(b). A separate small-scale peristaltic
pump is used on the permeate side of the nanometer-sized CF-
UF membrane to promote ethanol and EC removal, thus
concentrating the graphene nanosheet dispersion in the CF-
UF retentate stream. This CF-UF process functions similarly to
conventional demonstrations of CFF in the nanomaterials
literature, which purify or concentrate the target material in the
retentate.”””® The integrated CF-MF/CF-UF system was oper-
ated continuously until the ultrafiltration retentate was con-
centrated by a factor of 20, meaning that the CF-MF permeate
was concentrated from 0.5 ¢ L™* to 10 g L™

Typical protocols employed for the isolation and separation
of 2D materials necessitate a solid-liquid evaporation step to
achieve ink formulations, incorporating methodologies such as
rotary evaporation,”’” flocculation,®® and solvent exchange.**
Instead of pursuing these conventional batch processes,
we pursued a direct ink concentration approach using CF-UF.
CF-UF directly concentrates the graphene nanosheet dispersion
in the retentate stream, which is then combined with terpineol
to attain an ink formulation amenable for aerosol jet printing
(AJP). Leveraging the versatility of AJP, we printed multiple,

Mater. Horiz., 2024, 11, 5960-5971 | 5963
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Cross-Flow

Fig. 1 Gallon-scale manufacturing of graphene inks. (a) Process overview for the scalable production of graphene inks via cross-flow filtration (CFF).
Ethyl cellulose (EC) and graphite are dispersed in the presence of ethanol and then fed into a wet jet mill for liquid phase exfoliation (LPE). The
polydisperse sample, containing partially-exfoliated graphite and well-exfoliated graphene, is processed via microfiltration to remove graphite.
Subsequently, the graphene/EC/ethanol dispersion is concentrated via ultrafiltration by a factor of 20. (b) Photograph depicting the integrated CFF
process, with microfiltration highlighted in yellow and ultrafiltration highlighted in blue. (c) Through the incorporation of ceramic membranes in CFF,
the resulting high-throughput, continuous-flow process enables gallon-scale production of electronic-grade printable graphene inks.

high-resolution films using this concentrated ink, showcasing
the scalability and efficiency of our flow-based approach to the
gallon-scale (Fig. 1(c)).

Process characteristics of cross-flow filtration

In both CF-MF and CF-UF, the process fundamentally differs
from traditional dead-end filtration in that the dispersion
travels tangentially along the membrane surface rather than
directly through it. The main advantage of this process is that

5964 | Mater. Horiz., 2024, 11, 5960-5971

this flow pattern minimizes the formation of a filter cake,
which rapidly inhibits the filtration efficiency. In our process,
the feed dispersion for CF-MF is driven by a large-scale peri-
staltic pump and passed through channels containing a dis-
tribution of pores (Fig. 2(a) and (b)). The dispersion travels
tangentially along the membrane surface (‘‘channel flow’), and
particles smaller than the pore size travel perpendicular to
the channel surface into the permeate (‘“permeate flow”). The
larger particles that do travel through the membrane pores are

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Cross-flow filtration. (a) Schematic diagram of the cross-flow filtration (CFF) process, depicting the three process streams: feed, retentate, and
permeate. (b) Flow pattern of the process streams in an individual channel cross-section. (c) Permeate concentration plotted with respect to channel
flow velocity (CFV). (d) and (e) High CFV dislodges fouling particles and result in a clean ceramic membrane surface, as shown in scanning electron
microscopy (SEM) images at the start and end of CFF processing, respectively. (f) and (g) Polymer membranes have limited mechanical durability, and thus
can only tolerate low CFV before fouling occurs, as illustrated by SEM images at the start and end of CFF processing, respectively.

retained as the “retentate flow” and recirculated back into the
filter. Throughout this process, the underlying driving force for
filtration is the transmembrane pressure (TMP, eqn (4)):

(Pr + PRr)

Transmembrane Pressure (TMP) = 3

—Pp (4)
where the first term corresponds to the average of the feed
pressure (Pr) and the retentate pressure (Pg), and the second
term corresponds to the permeate pressure (Pp). Nominally,
membranes are rated for a range of transmembrane pressures
based on the constituent material. For example, polysulfone
membranes are rated up to 10 PSI, whereas the more mechani-
cally robust ceramic membranes are rated upwards of 140 PSI.
As a result, polymer membranes are typically implemented in
filtration processes at low flow rates and low transmembrane
pressures.

Membrane selection is paramount to the successful filtra-
tion of the selected material. Specifically, careful consideration
must be given to the membrane material, geometry, surface
area, number of channels, porosity, pore size, and process charac-
teristics. These parameters all contribute to the membrane flux
(/) that is described by eqn (5):*®

J:T—NIP (5)

H(Rm + Re)
Flux is reported in units of L m~> h™", where u corresponds to the
viscosity of the dispersion, TMP is the transmembrane pressure,
and R, and R, correspond to the internal membrane resistance
and cake resistance from particulate buildup. In an effort to
maximize process throughput, we focused on enabling high
flow rates and high dispersion concentrations. Therefore, the
critical process control parameters are transmembrane pressure,

This journal is © The Royal Society of Chemistry 2024

membrane material, and channel flow velocity (CFV), which are
tabulated in the ESL{ In order to ensure consistently high
membrane flux, we designed our system for high channel flow
rate to minimize the possibility of cake buildup even at high
concentrations. In this regard, polymer membranes are subopti-
mal since their transmembrane pressure operating window falls
well below the necessary flow rates to prevent cake buildup at high
concentrations. Consequently, ceramic membranes became the
primary focus of this work.

In order to quantitatively evaluate ceramic membranes for
CFF of LPE graphene dispersions, we performed a series of
experiments to collect and measure the permeate concentration
at various CFVs (Fig. 2(c)). For the polymer membrane studies,
we followed the same experimental procedure from our previous
report'® using a feed concentration of 1 ¢ L ". In contrast, the
high flow rates enabled by ceramic membranes allowed 10-fold
higher feed concentrations of 10 g L. In the case of the polymer
membrane, as we began to ramp the channel flow, we observed a
corresponding increase in the permeate concentration. However,
after reaching a CFV of 0.35 m s~ ', membrane fouling caused the
permeate concentration to decrease before ultimately resuling in
complete clogging. Although we attempted to recover the polymer
membrane through exhaustive cleaning procedures, the fouling
proved to be irreversible for the polymer membrane (Fig. S1,
ESIt). Alternatively, the ceramic membrane experiment began
at a higher CFV of 0.5 m s™'. The CFV was similarly ramped,
and the permeate dispersions were collected for characterization.
We found that increases in CFV improved the filtration perfor-
mance as indicated by the increased permeate concentrations.
Impressively, the ceramic membranes performed well with no
evidence for fouling up to the maximum flow rate of the peristaltic
feed pump.
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To evaluate the degree of membrane fouling, the membrane
surface was imaged with scanning electron microscopy (SEM)
before and after CFF. The membrane surface was coated with a
10 nm layer of OsO, in order to minimize charging during SEM
imaging. SEM images of the ceramic membrane surface
revealed no detectable changes before and after CFF, thus
confirming the absence of fouling (Fig. 2(d) and (e)). In con-
trast, the initially porous microstructure on the exterior surface
of the polymer membrane (Fig. 2(f)) was obstructed with a
dense layer of graphitic particles following CFF (Fig. 2(g)).
Evidently, the ability of the mechancially durable ceramic
membrane to withstand high CFVs leads to minimal fouling
even for high feed concentrations.

Material properties of graphene following cross-flow filtration

To evaluate our flow-based process in comparison to batch-
based processes like centrifugation,'”**"*? extensive materials
characterization of the resulting graphene nanosheets was
performed using SEM, atomic force microscopy (AFM), Raman
spectroscopy, and optical microscopy. In particular, we evalu-
ated two classes of CFF dispersions side-by-side. First, the CF-
MF feed and retentate dispersions containing mixed popula-
tions of graphene nanosheets and graphite particles were
transferred from the CFF reservoir tank to a rotary evaporator
in order to remove the solvent. The collected graphitic solids
were then redispersed and formulated into the first ink. Sec-
ondly, the CF-UF retentate stream containing concentrated
graphene nanosheets was sampled directly as the second ink.
Both the mixed CF-MF feed/retentate and the CF-UF retentate
ink were drop-cast onto plasma-cleaned glass substrates to
form percolating films. The stabilizing EC was then removed
by thermal decomposition, similar to previous reports on EC
decomposition.'®?'3+3%%° SEM imaging (Fig. 3(a)-(c)) reveals
clear differences between the two inks: the CF-MF feed/reten-
tate (Fig. 3(a) and (b)) contains micron-sized graphite particles
throughout the film, whereas the CF-UF retentate (Fig. 3(c))
exclusively contains graphene nanosheets.

AFM was used to characterize the drop-casted CF-UF reten-
tate to quantify the lateral size and thickness of the graphene
nanosheets (Fig. 3(d)). From a population (n = 300) of graphene
nanosheets, we found an average lateral size (square root of
flake area) (\/Agake) = 452.74 nm and average thickness (tgaxe) =
2.86 nm (Fig. 3(e) and (f)). In comparison to graphene
nanosheets prepared by polymer membrane CFF'® and related
studies on electronic-grade graphene nanosheets,'”*° the flake
thickness is comparable and the flake lateral size is marginally
greater, which is consistent with the marginally larger pore
size of the ceramic membranes compared to the polymer
membranes.

Raman spectroscopy was performed as an additional quality
control measure (Fig. S3, ESIf). Graphene quality can be
assessed using the intensity ratio between the D and G peaks
(Ip/Ig), where the D peak stems from the presence of struc-
tural defects such as vacancies, lattice disorder, and edge
defects,**> and the G peak corresponds to the graphitic peak
resulting from the sp” carbon atoms."' The CF-UF retentate
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showed an Ip/I; ratio of approximately 0.28, and the G, D, D’,
and 2D peaks were found at approximately 1350 cm ™,
1580 cm™ %, 1620 cm !, and 2700 cm ™ ?, respectively, which is
consistent with electronic-grade graphene nanosheets.'®*?
Additionally, the position of the G peak and the ratio of the G
and 2D peaks (Ig/I,p) serve as indicators of the number of
graphene layers. The G peak position at ~1580 cm ™" and the
Is/Lyp ratio of approximately 2.08 suggest a film composed of
few-layered graphene flakes, which agrees with the AFM thick-
ness data and a previous report on graphene produced from
polymer CFF."°

To confirm the electronic properties of the graphene
nanosheets, the concentrated CF-UF retentate was combined
with terpineol to produce an ink suitable for AJP. Before AJP,
the graphene inks were filtered through a 3.1 pm membrane,
which is a standard practice for AJP with colloidal inks."®** The
resulting ink was ultrasonically atomized using a frequency of
~1 MHz and printed onto glass slides using conditions derived
from previous reports of AJP graphene inks processed via batch
centrifugation.>® After printing, the substrates were thermally
treated to remove the stabilizing EC, similar to the drop-casted
samples. Following this treatment, well-defined 20 pm wide
lines were observed with optical microscopy, while SEM con-
firmed the formation of a percolating network of tightly packed
graphene nanosheets (Fig. 3(g)).

The electronic properties of the printed graphene patterns
were evaluated using four-point probe charge transport
measurements.*® The film conductivity was confirmed to be 4
x 10" S m™" (Fig. 3(h)), which is competitive with the electronic-
grade graphene produced with polymer membrane CFF*® and
conventional centrifugally processed graphene inks in blade-
coated,"” inkjet-printed,*® and screen-printed*® films. Addition-
ally, we found that the viscosity of the graphene ink remained
consistent throughout the manufacturing process, which is
important to ensure process stability, printing performance,
and batch-to-batch consistency (Fig. S4, ESIt).** In addition,
the graphene ink produced from the CF-UF retentate retained
shear-thinning behavior consistent with conventionally manu-
factured graphene inks from centrifugation (Fig. S5, ESIT).***°

To demonstrate the advantage of ceramic membrane CFF on
manufacturing throughput, the mass throughput and feed
concentration were compared against previous nanomaterial
CFF reports (Fig. 3(i) and Table S3, ESIt). Here, we define mass
throughput as the product of volumetric throughput and the
mass concentration of solid particles (Fig. S6 and Table S3,
ESIt). It is worth noting that most of these demonstrations are
operated in the conventional mode of CFF, where the permeate
is discarded and the retentate is further processed. While
our previous demonstration of CFF-processed graphene with
polymer membranes showed a high volumetric throughput of
~15 L hour ', the feed concentration was below 1 g L7,
significantly limiting the mass throughput.’ In contrast, cera-
mic membrane CFF not only enables a higher volumetric
throughput (~ 100 L hour™ ') but also higher feed concentra-
tions, resulting in a 10-fold increase in mass throughput.
Additionally, the elimination of centrifugation and rotary

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Material properties of graphene nanosheets produced using cross-flow filtration. (a) Scanning electron microscopy (SEM) image of drop-casted
CF-MF feed dispersions, showing the presence of large graphite flakes. (b) SEM image of the drop-casted CF-MF retentate dispersions, which show a
similar morphology to the feed dispersion. (c) SEM image of the drop-casted CF-UF retentate dispersions, showing the formation of a smooth film
comprised of graphene nanosheets. (d) Atomic force microscopy (AFM) of the CF-UF retentate sample, again confirming the presence of graphene
nanosheets. (e) and (f) AFM histograms (n = 300) of the drop-casted CF-UF retentate sample, showing log-normal distributions of lateral size and flake
thickness, respectively. (g) Optical microscopy image (top) and SEM image (bottom) of aerosol jet printed (AJP) features showing smooth edges and well-
defined graphene nanosheet morphology. (h) Four-point probe charge transport characterization of aerosol jet printed graphene confirms ohmic
current-voltage behavior with an electrical conductivity of 4 x 10* S m~. (i) Mass throughput and feed concentration in this work show significant

improvements compared to previously reported nanomaterial cross-flow filtration processes. The references are detailed in Table S3 of the ESI.{

evaporation steps significantly reduces energy consumption,
which will be further discussed in the following section.
In summary, this comparison underscores the value of ceramic
membrane CFF in processing electronic-grade 2D materials at
industrial-scale.

Life cycle assessment and technoeconomic analysis

To assess the environmental sustainability improvements for
our process, we first conducted a comprehensive life cycle
assessment (LCA) comparing the use of ceramic membranes
with our previous study employing polymer membranes
(Table 1)."° Additionally, we conducted a comparative techno-
economic analysis (TEA) to quantify the economic benefits of
our process. Fig. 4(a) depicts the system boundary for both

This journal is © The Royal Society of Chemistry 2024

Table 1 LCA/TEA inventory for the production of 1 L of graphene ink

Polymer membrane

Ceramic membrane

Input Unit  values values
Graphite 4.5 76

Ethyl cellulose g 0 0.05
EtOH g 0.71 0.20
TpOH g 0.093 0.093
Glass g 0.50 0.50
Membranes g 0.0032 0.00070
Tubing g 0.0018 0.00060
Electricity M] 24 0.34

analyses. Using a functional unit of 1 L of graphene ink, we
considered the entire ink production process. These results
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Fig. 4 Life cycle assessment (LCA) using 1 L of graphene ink as a func-
tional unit. (@) Schematic of the graphene ink production process and the
LCA system boundary for polymer (top) and ceramic (bottom) membranes.
(b)-(d) Greenhouse gas emissions, water consumption, and fossil energy
consumption is reduced by 97%, 96%, and 94% respectively, when using
ceramic membranes compared to polymer membranes.

thus expand upon the scope of our past work in which CFF with
polymer membranes had notable limitations including high
capital equipment costs, labor-intensive requirements, and
non-trivial energy consumption.'® With polymer membranes,
we assumed that we can recycle all of the ethyl cellulose and
ethanol using rotary evaporation, while recovering all of the
unexfoliated graphite. With ceramic membranes, we similarly
assumed that we can recycle all of the unexfoliated graphite
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along with the ethyl cellulose present in the graphitic suspen-
sion and the ethanol unused to produce the graphene ink. We
also completed sensitivity analyses to evaluate the effect of
membrane operation and cleaning on mass throughput (ESIT).

The resulting LCA calculations reveal that the implementa-
tion of ceramic membranes in an integrated CF-MF/CF-UF
process to produce graphene inks reduces greenhouse gas
(GHG) emissions, water consumption, and fossil fuel consump-
tion by 97%, 96%, and 94%, respectively, in comparison to CFF
using polymer membranes (Fig. 4(b)—-(d), Table 2). Four factors
contribute to these improvements. First, when the membrane
is polymeric, both CF-MF and CF-UF operate for longer dura-
tions because the reduced surface area of the membrane
necessitates extended operation. Second, rotary evaporation is
not required in the ceramic membrane-based process. The
rotary evaporator is energy intensive since it requires a chiller
to condense gaseous solvent and a high-vacuum pump to pull
gas into the condenser. When a ceramic membrane is used in
both the CF-MF and CF-UF processes, the CF-UF permeate can
be directly used to produce inks without a rotary evaporation
step. Third, ethanol consumption is an order of magnitude
lower when ceramic membranes are used because the feed
concentration to CF-MF can be increased by 10-fold compared
to polymer membranes. Fourth, producing polymer mem-
branes (29 MJ kg™ ') is more energy-intensive than producing
ceramic membranes (0.79 MJ kg™ ").*?

Since the higher throughput from CFF with ceramic mem-
branes is also likely to imply economic benefits, we directly
compared the cost of graphene ink production using ceramic
and polymer membranes (Fig. 5). In this TEA evaluation,
significant gains are achieved in total specific production costs
with ceramic membranes reducing cost by 93% compared to
polymer membranes. In particular, per 1 L of graphene ink
produced, the ceramic membrane process saves $$195 per L or
$$738 per gallon at scale. Further analysis of the amortized
capital cost, consumables, electricity, and labor required for
both processes (Table 3) revealed a cost reduction of 97%. We
note that these costs were calculated in $$ per year, so we
divided the unit by the respective graphene throughput (g of
graphene per year) to obtain $$ per g of graphene, enabling a
direct comparison to previous work.'® Afterwards, we took the

Table 2 Gross environmental impacts per 1 L of graphene ink via cross-flow filtration with different membrane materials

Graphite EC EtOH“ TpOH" Consumables Electricity Total
Greenhouse gas emissions (kg CO,e per L ink)
Polymer 0.035 0 2.3 0.010 0.060 13 16
Ceramic 0.035 0.0022 0.040 0.0010 0.0020 0.45 0.53
Fossil fuels (MJ L™ ink)
Polymer 1.1 0 24 2.9 14 148 191
Ceramic 1.1 0.050 0.40 0.17 0.84 4.9 7.5
Water consumption (kg L ™" ink)
Polymer 0.41 0 63 4.0 0.84 51 119
Ceramic 0.41 0.17 1.05 0.24 0.17 4.9 6.9

“ Here, EtOH corresponds to ethanol and TpOH corresponds to terpineol.
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Fig. 5 Technoeconomic analysis (TEA) for ceramic membranes com-
pared to polymer membranes using 1 L of graphene ink as a functional
unit.

Table 3 Gross technoeconomic impacts ($) per 1 L of graphene ink

TEA ($ per L of graphene ink)

Graphite EC EtOH TpOH SPC® Total
Polymer membrane 0.23 0 7.3 32 180 220
Ceramic membrane 0.23 6.6 0.12 1.9 544 14

% Here, SPC corresponds to specific production cost.

product of $ per g of graphene and the concentration necessary
to produce one liter of ink (10 g graphene per L).

The primary driver for the 97% cost reduction in the ceramic
membrane process is the improvement in mass throughput;
specifically, the CF-MF permeate/CF-UF retentate has signifi-
cantly greater graphene concentration compared to the CF-MF
permeate from the polymer membrane process (Table S5, ESIT).
Moreover, producing the required 10 g of graphene per L of ink
necessitates considerable resources in the polymer membrane
CFF process (i.e., ethanol, electricity, and labor). Additional
sensitivity analyses were considered, such as the effect of
fouling, increased run time, and labor, which are discussed
in length in the ESL

Scaling cross-flow filtration with ceramic membranes towards
industrial levels may introduce challenges from membrane foul-
ing, which can reduce efficiency and increase maintenance costs.
To mitigate these challenges, ceramic membranes can be regen-
erated while additional membranes are used for separation, a
process that can be repeated with multiple membranes operating
simultaneously. As a result, ceramic membranes consistently

This journal is © The Royal Society of Chemistry 2024

View Article Online

Materials Horizons

outperform polymer membranes with regard to both environ-
mental sustainability and cost, further reaffirming the benefits of
ceramic membrane CFF for the production of electronic-grade
graphene inks.

Conclusions

A major limitation of previous CFF processes for solution-
processed 2D materials has been the utilization of polymer
membranes, which require low feed and permeate concentra-
tions that limit the overall mass throughput. To overcome
this limitation, we utilized porous ceramic membranes
whose higher mechanical integrity enable high-flow and high-
concentration processing for graphene ink production. Cera-
mic membranes further allow the integration of CF-MF and CF-
UF to establish a fully flow-based, direct exfoliation-to-print
process for electronic-grade graphene inks. The resulting pro-
cess produces monodisperse graphene nanosheets with super-
lative percolating film conductivities of 4 x 10* S m ™.
Moreover, the CF-UF retentate, with concentrations ranging
from 10" to 10> g L™, can be directly combined with terpineol
to produce graphene inks compatible with AJP. The resulting
inks meet or exceed the performance of centrifugally produced
inks and films as confirmed by AFM, SEM, Raman spectro-
scopy, and charge transport measurements. The incorporation
of ceramic membranes in the CFF process leads to substantial
improvements in environmental sustainability and cost with
LCA and TEA revealing 97%, 96%, 94%, and 93% reductions for
greenhouse gas emissions, water consumption, fossil fuel con-
sumption, and specific production costs, respectively. Overall,
this work establishes ceramic CFF as an environmentally
sustainable and cost-effective separation method for solution-
processed 2D materials.
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