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ARTICLE INFO ABSTRACT

Keywords: For sustainable production and industrial adoption of graphene and related two-dimensional materials, an
Graphene important factor that has yet to be addressed is the ability to forecast material production under specific
GraP]_‘it‘? operating conditions. In this study, by monitoring changes in the distribution of graphite particles as they
izfcigzai" undergo breakup in a top-down liquid-phase exfoliation process, we show that statistical population balance
Syr[:thesis models (PBM) are a feasible and effective solution for establishing yield and future production of graphene
nanosheets, as well as other quantities of interest such as graphene nanoplatelets. A combination of laser
diffraction and few-layer graphene concentration measurements are used to recover the material distribution
and fit the PBM over all scales respectively. This fitted PBM can then be used to examine production over time,
or coupled with nuclear magnetic resonance proton relaxation measurements to recover surface area scaling
with particle size. Furthermore, to examine the dynamic process conditions inside the vessel, radioactively
labelled graphite flakes and density-matched glass beads functioned as tracer particles for positron emission
particle tracking during synthesis. This Lagrangian particle tracking technique can reconstruct the position of
the tracer temporally, allowing for ergodic measurements of averaged quantities inside the exfoliating system.
Collectively, these results and models provide insights on the breakage mechanisms and fluid dynamics that
underpin exfoliation processes for two-dimensional materials, and provide direction for the intensification and

optimisation of synthesis processes.
1. Introduction It has been shown that industry can produce material at scale using
top-down processes [5], which involve applying an external force to
Graphene and related two-dimensional materials (2DMs) have gar- break apart the layered material into smaller particles, and eventually
nered substantial attention since their extraordinary properties and me- nanomaterial. Numerous techniques exist to break these materials,
chanical isolation were demonstrated by Novoselov et al. [1]. Although encompassing chemical [6], electrochemical [7] or mechanical [8]
these materials and their larger stacked counterparts (nanoplatelets) methods. Above all, mechanical processes warrant consideration as

are making their way into diverse applications including construc-
tion [2], environmental remediation [3], and energy storage [4], the
challenge of efficient and controlled large-scale synthesis persists. Key
issues revolve around scaling production of 2DMs without introducing
structural defects which would hinder their performance, maintaining
material quality control of processes, and optimising process yields for
energy and resource efficiency. Presently, manufacturing technologies
are classified into two categories: top-down approaches disassemble a
3D precursor material (such as graphite for graphene), whereas bottom-
up methods directly synthesise 2DMs from their atomic foundations. once without altering the nanomaterial structure. In practice, forces on

they are generally applicable to all 2DMs, do not significantly alter
the chemical structure of the nanomaterial and can be inherently sus-
tainable when avoiding harsh chemicals, oxidising agents and recycling
solvent [9,10]. The generality of mechanical processes is exemplified by
the original scotch tape method, a form of micro-mechanical cleavage
employed by Novoselov et al. [1], where force is directly applied to
overcome the van der Waals forces. However, production becomes
challenging at scale, as one cannot easily apply forces to all sheets at
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nanoparticles and particle interactions can alter the size, structure and
morphology of the exfoliated material [11]. This juncture represents
a critical point in the pursuit of scalable, repeatable, and high-quality
2DM production systems.

Liquid phase exfoliation (LPE) via mechanical force is a low cost and
scalable option [12]. This methodology disperses particles in a liquid,
where under the exposure of a high shear environment, they break
apart into smaller material fragments including nanosheets. The long-
term stability of these nanosheets in the exfoliating medium is achieved
through the use of appropriate solvents or surfactant additives. The
force necessary to produce such an environment can be achieved by
a variety of different means, such as through cavitation [13], ultrason-
ication [14], and turbulence [8]. Intensive shear processes can produce
reasonable yields (~ 10%wt) of few-layer material at the cost of high
energy input, material blockages and material quality [15,16]; whereas
in milder processes such as Taylor-Couette devices [17], these points
are reversed (lower yield, low energy input, avoidance of blockages,
and high-quality few-layer material).

Discovering new systems for LPE and scaling their performance
from lab to industrial scales is difficult without a description of the un-
derlying breakage processes. Therein, predicting the few-layer material
yield achievable through some exfoliation technique ahead of empirical
observations can be immensely useful before any financial commitment
is made. Such methods to analyse production are still in their infancy.
There have been attempts to describe LPE at the nanosheet scale, defin-
ing the atomic interactions at which it occurs [11,18,19]. Empirical
models can be applied to estimate certain material parameters such
as the critical shear rate [8] and material stability [20], with the
advantage that it inherently captures the numerous parameters that
affect synthesis performance (e.g., precursor quality, Hansen solubility
parameters, solvent viscosity, surface tension, etc.). Beyond this, there
are no attempts to describe production according to the fluid dynam-
ics present in the process except by ascribing how production scales
according to key hydrodynamic parameters of the system [8,17].

The largest non-fluidic effects on the yield are attributed to the
dispersing solvent, and careful choice of dispersant is essential [20,21].
Barring this factor, synthesis is predicated by the internal dynamics of
the system, where precursor particle breakages occur and directly lead
to the production of nanomaterial. This breakage can take multiple
different forms, but is dependent on how the process imparts energy
to the system. For instance, under cavitating fluid conditions, through
high-power probe sonication or jet impingement, precursor particles
are shattered and nanosheets can fragment [22]. In the case of 2DMs,
this energy can lead to the development of edge defects through the
formation of kink bands as sheets separate from the graphite pre-
cursor [23]. Less intensive methods, such as LPE in Taylor-Couette
cells, produce small quantities of high-quality material through steady
attrition of the precursor material [17].

The population balance model (PBM) is a well-established statistical
method for exploring the dynamics and relationships of populations
applicable to numerous fields. As a system of equations, it defines the
dynamics of a population in time and space under a given system and
initial conditions. In the study of particle flows, it is a robust and
well explored model often applied to evaluate production of aggregates
and pharmaceuticals. As the defining trait of LPE is the destruction
of precursor particles into their 2DM constituents, there is potential
scope for applying PBMs to explore and predict the dynamics of this
multi-scale synthesis system. The only prerequisite to applying this type
of model is that enough information is collected on the particles in
suspension across all scales of interest. An example of a PBM used in
this work is given in Fig. 1. The PBM is fitted with only one internal
dimension, the particle’s volume based diameter x,, and is observed
changing in time. Once the PBM is fitted to the PSDs and the dynamics
of breakage are known, determining production of any particular size of
material over time can then be ascertained simply by integrating over
the fraction of interest. Given there are industrial uses for graphene
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nano-platelet (GNP) (> 10 atomic layers) and few-layer material (< 10
atomic layers), this provides several practical advantages for process
intensification, quality control, and end-user applications.

In this study, we present a PBM approach to predict the distribution
of particles over time for liquid exfoliation of graphite into graphene
related nanomaterial. We combine several material characterisation
techniques that span from the precursor particle down to the nano-
material scale, exploring the synthesis space and validating the model.
The results show that this pure PBM approach implicitly captures the
breakup characteristics of turbulent shear exfoliation processes, offer-
ing a method to predict and optimise the mechanochemical synthesis
of graphene and related materials. Furthermore, we reveal underlying
details about this shear exfoliation process using Raman spectroscopy
as well as positron emision particle tracking (PEPT) [25], the latter of
which tracks the motion of graphite particles as they move through the
system. Collectively, the observations in this work provide insights on
the hydrodynamics of mechanochemical synthesis processes for layered
materials, and a pathway for predicting material yield performance and
important material outputs.

2. Methods
2.1. Liquid phase exfoliation

A modified kitchen blender (Kenwood BLP31.DOWG, Havant,
Hampshire, UK) was used to conduct all LPE experiments (see Fig. 1a).
The blender is fitted with a ‘jug’ vessel, with four blades on the impeller
assembly set in opposition to each other, of radius ~ 30 mm. A
fixed experimentation volume of 200 mL was maintained throughout.
The mixer can reliably maintain stable speeds between 1000 < Q <
18500 rpm. Modifications to the blender centre around maintaining a
stable impeller speed, and an in-depth description of the system and its
construction can be found elsewhere [24].

2.2. Materials

Graphite (graphite flakes, Sigma Aldrich, St Louis Missouri, product
code 332461, CAS number 7782-42-5), with a mesh size +100 (>
149 pm) was chosen as the precursor material and has been used
extensively in the literature for LPE studies. Unless otherwise stated, the
initial concentration of graphite was 20 mg/mL. An aqueous-surfactant
mixture comprising of de-ionised water (200 mL) and sodium cholate
(sodium cholate hydrate, Sigma Aldrich, St Louis Missouri, product
code C1254, CAS number 206986-87-0) was used as a dispersant for all
tests. The concentration was fixed at the critical micelle concentration
of 43 mg/mL. Sodium cholate is a well documented surfactant in the
manufacture of 2DMs, and as a bile extract from natural sources has
a low environmental impact (bio-degradable), and is non-toxic at low
concentrations [26,27].

As the study investigates particle hydrodynamics and breakup mech-
anisms, particle-solvent and particle-particle interactions in turbulent
flows were examined by comparing with the one-way, two-way and
four-way coupled regimes identified by Elghobashi [28]. Graphite
dispersions considered in the literature span from low loading (dilute)
to dense particulate flows (see the supplementary information). Most
analyses in literature place under dilute or moderately dense particle
flow interactions, and typically demonstrate precursor material affect-
ing nanomaterial production linearly, i.e. C « C;. With a similar system
to that used here [29], Varrla et al. [30] demonstrated that under
high precursor loading (100 mg/mL) this relationship can break down,
suggesting a change in regime where both dense flow and solvent
effects may impact yield. Hence, all tests are conducted well below this
starting concentration.

In the case of UV-vis-NIR concentration measurements (Section 2.4)
and Raman spectroscopy (Section 2.6), exfoliated material was sepa-
rated from the sediment before analysis. Samples were taken from the
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Fig. 1. Graphene production and modelling approaches. (A) Impeller-driven blender used in this study, modified for process control [24]. (B) Progression of samples exfoliated
from 10 s to 1800 s duration, showing gradual darkening of the graphite/graphene suspensions with time. (C) Optical microscopy of the bulk material at different exfoliation times.
(D) Scanning electron microscopy (SEM) images showing the progression of breakage towards smaller particles (all samples analysed were highly polydisperse). (E) Surface plot
illustrating the population balance model (PBM) used in this article. An initial distribution of particles (in red) is gradually progressed forwards in time under the influence of
a shear exfoliating system. After a period of exfoliation, the original particle size distribution (PSD) gradually transforms as particles are destroyed and birthed into smaller size
fractions (in green). Height and colour of the surface indicate the amount of material at the point specified. Summing the mass values of the nano-sizes yields an indication of
the amount of nanomaterial produced. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

exfoliation process, placed in 15 mL centrifuge tubes, and centrifuged
at 380 relative centrifugal force (RCF) for 45 min, with the top 5 mL
of supernatant being recovered for characterisation. The purpose of
this centrifugation step was to characterise the few-layer graphene
product present within the polydisperse graphitic material in the liquid
dispersions.

2.3. Laser diffraction

A rapid and non-invasive technique, LD measures the angle and
intensity of light scattered by particles. Graphitic materials for char-
acterisation by LD were taken directly from the process to ensure
homogeneous sampling and measured using Malvern Panalytical Par-
ticle Size Analyser Mastersizer 2000 (Malvern, Worcestershire, UK.
Fig. 2a). These measurements were used as inputs for the PBM, and
were validated against other independent measurements taken using
a Malvern Panalytical Particle Size Analyser Mastersizer 3000, with
the additional Hydro Insight Dynamic Imaging accessory module. The
Hydro Insight module permitted in-line analysis of particle shape and
size in tandem to LD measurements. These measurements facilitated
prompt and accurate reconstruction of the bulk particle distribution
by volume. Where particle size is discussed, this relates directly to the
volume weighted radii recovered from laser diffraction measurements,
which is akin to the mass of the particle (through density).

Central to tracking production via the PBMs is obtaining a good
estimate of the PSD across all scales. This can be challenging for poly-
disperse cases when using LD, as larger particles can obscure smaller

particles, or the optical characteristics of the nanomaterial may differ
from the bulk material [31-33]. Smaller particles (< 1 pm) are typically
under-represented using LD methods, as LD itself is volume weighted
as opposed to number weighted. Further details about the process are
provided in the supplementary information (SI), and in Section 2.9. To
overcome this limitation, and bridge the gap between the microscale
and nanoscale graphitic materials, other characterisation approaches
were required to measure the contribution of the nanomaterial particles
produced by the process.

2.4. UV-visible-near-infrared spectroscopy

The concentration of few-layer graphene was determined in dis-
persion using UV-vis-NIR spectroscopy (Perkin Elmer, Waltham Mas-
sachusetts, US, Lambda 365 UV/Vis Spectrophotometer). For this, sep-
arated supernatant samples were used. In cases where the material
concentration in the supernatant was too high to measure, the super-
natant was diluted at a ratio of 1 2 (sample:solvent) to maintain
extinction levels below ~1 a.u. The concentration of graphene disper-
sions was then determined using the Lambert-Beer law and with a
measured extinction coefficient of €,_g50 ym = 1521 mg mL™' m~! [34].
The extinction coefficient was obtained by filtering the nanosheet
dispersions through a 220 nm pore-size polytetrafluoroethylene (PTFE)
membrane (Kinesis KX), oven-drying to remove the solvent, and mea-
suring the mass of the dried product. Average layer thickness was also
estimated from the extinction spectra using the empirical correlations
obtained previously for liquid-exfoliated few-layer graphene by Backes
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Fig. 2. Graphite breakup and production of few-layer graphene with exfoliation time. (A) Breakup of graphite at 11500 rpm. The PBM prediction is plotted in the background,
similar to the surface illustration in Fig. 1, with colour indicating volume of material produced. Independently measured experimental PSDs are plotted as green markers denoting
the 50th percentile diameter mark, with error bars stating the 10th and 90th percentile. The red line represents the numerically predicted 50th percentile. (B) Few-layer graphene
yield (UV-vis-NIR concentration measurements, circular points) with fits derived from different PBMs (trendlines). The predicted concentration is from the same model defined in
(A). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

et al. [35]. Across all samples analysed, this was found to be between
4 and 7 atomic layers.

2.5. Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) proton relaxation measure-
ments were performed using an approach outlined for graphene dis-
persions [36]. NMR as a technique, magnetically perturbs the solvent
molecules in solution, and then measures how long it takes for the
molecules to return to equilibrium, known as the relaxation time.
In solution, solvent molecules take longer to reach equilibrium than
molecules adsorbed onto particles. As particle breakages produce new
surface area, total surface area in solution increases, thereby leading to
a reduction in relaxation time. Spin—spin (T2) relaxation measurements
were performed with an Acorn Area benchtop NMR (Xigo Nanotools,
Freehold New Jersey, US) operating at ~ 13 MHz. The exact relation
between the measured relaxation time 7,, specific surface area A, the
relaxation rate R,, and solvent parameters is given in Eq. (1) [36].

1

77 = R =VAKy + R, 1
2

Where y is the volume fraction, K, is the specific surface relaxivity
constant and R, is the relaxation rate of the solvent alone. To ensure
representative aliquots of the system, samples were agitated for 5
mins in a light sonicating bath to break up any agglomerates, and
homogeneously sampled into 1.5 mL NMR tubes. It is essential for
NMR and LD measurements to maintain sample equivalency in terms
of volume fraction, to avoid underrepresenting certain size fractions in
solution (see SI).

2.6. Raman spectroscopy

Supernatant samples centrifuged at 380 RCF for 45 min were vacuum
filtered through an alumina membrane with 20 nm pore size. Sufficient
volume was filtered for each sample to ensure a robust coverage over
the entire membrane. Raman spectroscopy was undertaken with a
Renishaw inVia Qontor Raman spectroscope (Renishaw, Pontyclun UK),
using a 532 nm laser employed with a 50x objective lens. A map with a
100 pm X 100 pm area (5 pm step size) was measured, for a total of 441
spectra per sample. The final averaged spectra were low pass filtered
to reduce the higher frequency noise in the data.

2.7. Scanning electron microscopy

SEM images were taken using a Zeiss Supra scanning electron mi-
croscope by measuring secondary electrons (Carl Zeiss AG, Oberkochen,
Baden-Wiirttemberg, Germany. In lens detector, 5 kV accelerating volt-
age). Samples were processed at the 2 = 11500 rpm impeller condi-
tion, at varying processing times (>60 s, no significant morphological
differences were visible between the samples).

2.8. Positron emission particle tracking

Typically, particle motion within LPE systems is difficult to observe
directly due to the optically opaque conditions inside the process.
This imposes a challenge dealt with in previous work by limiting
measurements to low material loading and early-stage periods of the
process [17,29]. To complement the PBM analysis and measure the
particle flow behaviour in the real exfoliation system, positron emision
particle tracking (PEPT) was utilised. This approach was used to track
a radioactive tracer in space with high temporal resolution (kHz).
PEPT has previously been applied to evaluate a diverse range of fluid,
particulate and multiphase flows [25,37,38].

As the tracer undergoes radioactive decay, it releases a pair of high
energy gamma-rays in opposite directions, denoted as a singlular line
of response (LoR). Taking a group of LoRs together can locate the
tracer in the system [25]. To recover the positional trace from the LoRs,
the Birmingham method was used [25] as implemented in the peptml
library by Nicusan and Windows-Yule [39]. In this work, two different
radioactive tracers including glass beads (1 mm, quasi-spherical) and
large graphite flakes (flake length between 1 to 2 mm) were considered.
Graphite flakes were also the precursor materials for the graphene
synthesis, providing an opportunity to directly observe the conditions
inside the process (see example SI movie)). Glass beads serve as a close
density match to the graphite flakes (~ 2200 kg/m?), and demonstrated
similar particle velocity and shear fields within the blender. As the glass
beads are significantly harder than graphite flakes, it permitted study of
the exfoliating conditions where graphite flakes would tend to break up
very quickly, before a statistically significant number of samples could
be taken.

A single particle (graphite or glass) was radioactively labelled using
the University of Birmingham’s cyclotron facility to produce a suit-
able positron-emitting radioisotope: Fluorine-18 in the case of glass
and carbon-11 in the case of graphite. This tracer particle was then
introduced into the LPE process and its position (x,y,z) in time de-
termined from LoRs captured using either an ADAC Forte positron
camera [40] or CTI/Siemens ECAT PET scanners that were recently
developed for high data rate SuperPEPT measurements [41]. Solvent,
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surfactant, and initial graphite concentration were maintained to match
the same system conditions during graphene synthesis trials. This was
also necessary given the importance of four-way particle coupling in
this concentration regime (Figure S1, in the SI)

PEPT is a Lagrangian particle tracking approach. In this work, a
single particle is tracked throughout the LPE process for a sufficient
period of time to map out the flow behaviour across the entire batch
volume (applying the assumption of an ergodic process). For visualisa-
tion purposes, and to examine particle quantities in more detail, it is
useful to average these instances onto a grid; in this case, all particle
quantities were averaged onto an axisymmetric grid with a 1 X 1 mm
grid spacing. Using this grid, particle-particle shear rate was calculated
following the approach of Dapelo et al. [42].
ou,

or 2

[7 (r, )| =

ou,
— +
dy

Where u, and u, are particle velocity in the radial and axial directions of
the vessel. It is important to note that the particle shear fields obtained
using this method have been calculated using average graphite or
glass particle velocity measurements within the blender in the radial-
axial plane. Furthermore, these velocity field measurements have been
obtained using one particle size at the upper end of a polydisperse
distribution, and using a spatial discretisation (1 x 1 mm) that is larger
than most of the particles in the system. Therefore, Eq. (2) is not equiv-
alent to the local shear rates experienced between the graphite and the
solvent. Rather, it is used analogously in this work for identifying the
shear distribution within the liquid exfoliation process.

Though pristine glass proved strong enough to withstand all mixer
speeds, when irradiated by the cyclotron beam, particle fracture was
observed randomly at all speeds, adding to the variability in the data
acquired. Particle break-up, when significant, causes tracking to be lost
as the LoRs become too scattered to reconstruct a trace. Irradiated glass
beads would often also visibly distort in shape. Glass remained intact
for longer at the higher speeds, and allowed for reconstruction of the
velocity fields at speeds greater than 1500 rpm.

The flow fields and batch volumes were compared to investigate
the synthesis behaviour for each LPE operating condition. By equating
particle inertia to the inertial forces in the liquid, the non-dimensional
speed of the particle (u*) is described in Eq. (3), allowing for direct
comparisons between different mixer conditions.

_ P d; &)

P @ d;
where p, is the density of the glass bead, p, is the density of the solvent,
o and d; are the impeller rotational speed and diameter, and d,, is the
particle diameter.

2.9. The population balance

To model how the entire system of particles evolves with time,
population balance equations (PBEs) provide a system with which to
monitor the process relative to a set of input conditions. Assuming the
conditions are constant in time and are self-similar to the system, there
are a system of equations which model how the PSD develops. In this
work, simple particle breakage (by mass fraction f) is defined as:

% = Birth — Death
a (o]
LD - /f k(W) df’ — k() f @.1) @

As parent particles of volume o/ break, several child particles are
created with volume v. The breakage rate k is defined as a function
of particle size (using the diameter of a sphere with the same volume,
x,) and determines the frequency with which that size is destroyed.
@ is the breakage kernel, and sets how the parent mass is distributed
into the smaller mass fractions. The equation itself is a simple balance,
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equating the change in a particular size fraction f to the fraction
birthed into the size fraction minus the amount broken and distributed
into different fractions. Validation of the solver and system of equations
used against analytical solutions by Ziff and McGrady [43] is given in
the SI. By noting the mode of breakup through empirical particle size
measurements observed via LD, the form of the rate function k and the
kernel @ can be determined.
X

-G ®

ol =1, <(§)A> (6)

Constant A captures the spread of the log-normal distribution pro-
duced in this case. One further restriction within these models is that
both kernels are set to be zero where v > ¢/, as no particles can
break from a smaller to a larger volume. With this numerical model
of the general breakup, it is possible to sum volume fractions below a
cutoff, .S, to determine the amount of small scale material produced. S
took a value of 1.6 pm as it provided the best fit to the experimental
data across all scales and speeds measured. Indeed, this value makes
practical sense, as although the nanomaterial produced through shear
exfoliation are smaller by length of sheet (~200—800 nm, e.g., [24,30]),
the one step centrifugation process implemented here does not precisely
discriminate the material, and larger particles are retained which are
up to ~2 pm [8]. Raman spectroscopy also confirmed the presence of
graphitic contamination in the separated material, in Fig. 5b.

The volume based approach taken with the LD measurements is
replicated here in the PBM. Fitting the PBM is performed by finding
the minimum error between the LD measurements above the cutoff
and the UV-vis-NIR measurements below the cutoff. For these reasons,
this technique can be said to abstract detail from intermediate size
ranges, as it fits to the majority of particles by volume and the region
of interest.

3. Results and discussion

To explore breakage, impeller rotational speed was varied from
below the critical exfoliation point (approximately 1500 rpm [29])
where no breakage or nanomaterial production was observed, to highly
exfoliating (18500 rpm). This allowed the PBM to be fitted to a variety
of conditions in the mixer. Fig. 2a demonstrates an example of the PBM
fit to the LD-based PSD data for 11500 rpm, while Fig. 2b demonstrates
the fit to the graphene yield measurements taken from the supernatant
dispersions when summing below the cutoff .S = 1.6 pm. This same
value of S was used to fit all concentration data, and was selected
as it reduced error across all fits. Leaving S as a constant across all
speeds came at no reduction in the fit, and demonstrates that a unified
model for a breakage system would only require 3 coefficients from
Eq. (5) and (6) to capture the dynamics of the bulk graphitic material
and nanomaterials. The other coefficients A, E and B showed a distinct
trend in their value in correlation to the impeller speed (see the SI).
Almost no particle breakage or production was found at the lowest
speed of 1500 rpm, hence this is not included in Fig. 2.

The fit from bulk material to nanomaterial achievable through the
PBM provides an argument for describing production simply as owing
to breakage. While the breakage model predicts the magnitude of
production well for this shear exfoliation system, it is important to high-
light that in its current form, it is too simple to account for chemical
effects (such as material agglomeration). Nonetheless, conceptually it is
a framework that could be applied to different exfoliation processes by
expanding the functions of the PBM. Note too that fitting solely to LD
data alone, there is correlation but poor fit to the nanomaterial. This
discrepancy means that though one could use this method to infer how
production could scale from LD data, fitting from this alone omits key
information. Issues fitting the PBM stem from the similar contribution
between coefficients B, E and A, as they all affect the prediction of
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Fig. 3. Fitting the PBM by omitting all measurements except pairs of nanomaterial measurements, with (With PSD) and without (No PSD) inclusion of the PSD measurements as
aid, for two possible coefficient starting points (B=4x 102, E=1,A=4x10"" and B=2x 1073, E =2, A =2 x 107!). Histograms are constructed using the resultant coefficients,
darker regions overlap. Red dashed line indicates the fully fitted solution (4.0x1073,2.1,4.9x 107"), using all available measurements (i.e. £ = 11500 rpm condition in Fig. 2b). Final
root-mean-squared error between the predicted nanomaterial trendlines are noted in the legend. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

the smallest sizes in the distribution (i.e. the tail of the log-normal
distribution). Ideally, the use of different measurement techniques that
target different size ranges is essential to separate these contributions
and fit the PBM. Where less breakage occurs, the PBM tends to provide
a poor fit as it statistically predicts breakage occurs so long as enough
time has passed. This could be because fewer particles break or that
the breakage switches in mode (shattering to erosion, for example),
requiring different PBM treatment [44,45].

With the suitability of this approach for predicting graphite breakup
and graphene production demonstrated (Fig. 2), the effect of the num-
ber and type of sample data on the accuracy of the prediction was
investigated. The similarity in effect from the coefficients in the PBM
leads to an optimisation space with several local minima, and con-
solidates the importance of a well selected initial point (x,) to avoid
perturbing the PBM during fitting. For this initial condition, PSD mea-
surements provide an excellent technique to establish an estimate
for the coefficient value (B, E, A and S depending on method of
separation)'. Once an initial value for these coefficients is known, it is
simple to solve for the PBM with a small number of few-layer material
yield measurements. To study the stability of the solution, various PBM
coefficients were selected based on their best fit to a reduced selection
of data under the © = 11500 rpm impeller condition in Fig. 2. Presented
in Fig. 3, all possible combinations of two points from the selection of
few-layer yield measurements (Fig. 2b, £ = 11500 rpm) were selected
and fitted with or without the addition of LD PSD measurements
(Fig. 2a). This test was repeated with two pre-established initial values
(xo), based on the PSD solution (B=4x 103, E=1,A=4x10"'; B=
2x1073, E =2,A=2x10"1). One of these points (4x1073,1,4x1071) is
expected to perform better, as the relative difference in the initial value
is similar to that in the final result. The histograms show remarkable
coherence towards specific minima and vary little in spite of the lack
of information used to construct them, but they also show that a poor
initial value can lead to inaccurate results, a pitfall often encountered

1 Rough coefficient bounds can be manually estimated by examining where
the solution is stable.

in optimisation related problems such as this. If the rough order of
magnitude for the coefficients is known for the specific exfoliating
condition, it is possible to fit the PBM with relatively few measure-
ments. To summarise, PSD measurements across all scales are essential
to obtain a good starting point for the PBM and to understand the mode
of breakage. Nanomaterial measurements are essential for tracking
production, but relatively few of these nanomaterial measurements are
needed to enable an accurate estimation of the coefficients. Here, root-
mean-squared errors of 0.01-0.016% are introduced when using only
two concentration measurements with PSD measurements to construct
the PBM for this impeller speed. This is a significant advantage, given
the extensive time required to sample, post-process, and characterise
nanomaterials from liquid exfoliation processes.

To assess the validity of the breakage model under different initial
distributions, a representative quantity of larger graphitic material was
sifted from the store of flake graphite and exposed to the 11500 rpm
impeller speed (“Large particles”, red PSD in Fig. 4). The tests ran
with larger graphite particles were compared to tests using unsifted
material (“Small particles”, green PSD) at the same impeller condition.
The experiments initialised with the larger material ran at a lower
concentration 4 mg/mL, enough so as to not alter the conditions
inside the blender, but still capture their effect with limited material.
A comparison of the PBM’s performance to acquired LD PSD data is
presented in Fig. 4. In both cases, the distributions differ initially and
coalesce to become near identical within the first minute of processing.
It shows that for a specific exfoliating condition, assuming particle
material properties are maintained when scaled, a single model can
capture the underlying dynamics as a function of the particle size. This
independence between the conditions in the vessel and particle size
demonstrates that a PBM is robust for analysing and predicting these
types of mechanochemical synthesis processes.

An interesting implication of Eq. (6), is that for a parent particle
size of unity, the shape of the kernel is defined by Eq. (7):

P(v):A(%)l_A @

v<l1
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As v approaches 0, P(v) increases with 1/v, effectively showing that
this method of breakage has a high probability to break into small v,
indicative of an attritive process [45]. When A = 1 there is equivalent
breakage into all sizes, i.e. random breakage. The kernel function is
process specific, and though a power-law fit certainly describes the pro-
cess happening herein, it depends entirely on how the parent material
is broken. This suggests that the PBM approach applies more broadly to
other methods of LPE, and that similar exfoliating techniques promote
efficient production of 2DMs as the breakage kernel is skewed towards
smaller sizes.

Measurements of Raman spectra normalised to the G-peak in Fig. 5
uncovered changes in the product structure as liquid exfoliation pro-
ceeded. Raman spectral peaks, labelled G, D, D’ and 2D, evolve in time
to reveal the material conversion from bulk graphitic behaviour into
few-layer graphene. The shape of the 2D peak from the stepped shape
typical of bulk graphite at 10 s changed to resemble that of fewer layer
graphite (2-5 atomic layers) by 180 s [46]. Fig. 5 also shows a presence
and subsequent growth in the D ( 1350 cm™') and D’ ( 1620 cm™!) bands,
settling on a distinctive shape beyond 180 s. The growth of the D and
D’ bands are associated with an increase in nanomaterial defects. For
shear exfoliation processes on this precursor material, these are known
to be due to nanosheet edges rather than basal plane defects, suggesting
that the separated material is becoming smaller and therefore has more
edges [8,30].

The histograms in Fig. 5a confirm that for early synthesis times
(0 — 120 s) the Ip/I; ratio is skewed towards bulk graphite char-
acteristics (Ip/I; ~ 0.2). The measurement statistics for > 180 s
illustrate a shift in the mode with more of the product displaying
characteristics of few-layer graphene (I/I; ~ 0.5). This trend with
process time is in agreement with the PBM predictions which show
a significant broadening of the PSD tail into smaller size fractions
when the exfoliation time exceeds ~120 s (Fig. 4). The progression of
Raman spectra in Fig. 5b show the presence of graphite especially in
samples taken early in the exfoliation run, suggesting that the one-step

method of separation implemented here does not exactly discriminate
the few-layered material.

Another benefit of PBMs is the ability for them to be used as a
tool for predicting potential future production (up to t — o0) assuming
that production is not limited by extraneous factors (see Fig. 6). Some
limiting examples that have been observed are:

+ Solubility, saturation and reaggregation. An example of system
saturation was shown by Stafford et al. [17] using Taylor-Couette
exfoliation.

A drop in the breakage rate past a certain size, which has been
shown to be the case in studies with carbon nanotubes and
graphene [47].

Increasing nanomaterial concentration over time will result in
changes to the apparent liquid mixture properties, including vis-
cosity and density which would have an effect on production.

Though not an exhaustive list, these factors would be challenging to
correct for unless enough accurate preliminary measurements had been
taken across a range of scales. With current LD techniques this could
prove difficult to measure depending on the material [32], as discussed
earlier in Section 2.

The production curves given in Fig. 6a are provided to demonstrate
two aspects of the current breakage model. Firstly, that when yield in
LPE is unrestricted by other factors, it takes on a piece-wise power-
law form. This starts with a region of highest production, where large
bulk particles break superlinearly to form a log-normal distribution;
followed by breakup towards the smaller sizes with rate E. Secondly,
the model further conserves mass by default, reaching 100%wt yield by
the end of the run. The extrapolation in Fig. 6a shows the time taken to
reach 90%wt yield between the top two speeds differs on the order of
months. Of course, these extreme scenarios are not practical, however,
it illustrates that through the use of the PBM approach, it would be
possible to explore and optimise system-level process efficiencies and
trade-offs (e.g., energy consumption, yield, production rate, operating
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costs). Furthermore, there are a variety of graphitic nanomaterials that
have different applications based on their size. This includes graphite
flakes with thicknesses of up to 200 nm [15], and few-layer material
with thicknesses typically below 3 nm. The PBM approach described
in this study could also be used to predict the fractions (and yields)
of these different synthesis products, representing an important step
away from linear regression, and towards physically constrained and
informed models.

In conjunction with NMR measurements, the PBM can be used as a
predictor of the rate of surface area increase in the product. Examining
Eq. (1), if w, K, and R, remain constant, surface area represents the
only parameter changing in Fig. 6b. Comparing to the PBM, it is evident
that simply using the (minimum) spherical surface area obtained with
the diameter estimated from the volume of the particle (x,) was not
enough to provide an accurate fit, though suitable approximations can
be made for a better fit. As graphite particles typically exhibit some
surface roughness at all scales caused by inter-grain boundaries, a level
of self-similarity between particles is visible, with very little change
in the particle shape observed from optical measurements (see hydro-
insight imaging in the SI). In this case, as the shape does not change
drastically between the large and small size fractions, the surface area
should scale with xUD, where D is limited between 2 < D < 3, with
the lower limit indicating a perfectly smooth surface and the higher

and accounting for the rough surface area »~ x

23
pa

limit a surface which completely fills all available space. A value of
D = 2.3 was found to closely fit the NMR measurements and agrees
with empirical measurements taken by Persson [48], who found that
most brittle fractures typically cause self-affine surfaces with D ~ 2.2.

The dynamics behind the graphite breakup process were investi-
gated by obtaining particle velocity measurements in operando for the
liquid exfoliation process. Fig. 7 shows the particle flow behaviour
within the vessel spanning a range of impeller speeds from 2 = 1500
rpm to 11500 rpm. Here, a glass bead (density-matched with graphite)
was tracked within the batch to map out the flow behaviour. This
was necessary to overcome particle tracking challenges associated with
graphite tracer breakup at speeds > 1500 rpm (see the SI).

A comparison of the flow regimes between graphite and glass at
the lowest speed (1500 rpm) can be seen in Fig. 8. Though both sets
of particles behaved similarly in speed and particle-particle shear (the
latter is pictured in Figs. 8a-b), the residency maps in the SI show
the glass tracers tended to reside away from the bulk flow regions of
interest. Though graphite also demonstrated an affinity to the same
regions as the glass bead, it spent much more time in the fluid as a
whole.

Using the particle velocity fields in Fig. 7, it is possible to capture
the intra-particle shear rate, shown in Fig. 8. This particle-particle
shear rate aligned well with theoretical scaling estimates (Phipps [49],
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Fig. 8c) for the actual shear rate in similar stirred batch reactors, as
both the 90th percentile and the 50th percentile (by axisymmetric area)
produced a scaling with respect to impeller speed 2 of y ~ Q!5 [49].
Fig. 8d presents isobars of particle-particle shear rate, with a green line
to indicate the impeller speed at which few-layer graphene production
was first observed (£2 = 3800 rpm). Paton et al. [8] found the shear rate
of production to be around 7 ~ 1 x 10* s~! for graphene. For reasons
outlined in Section 2.8, the particle—particle shear rate measurements in
this work are only representative of the shear field distribution within
the exfoliation system, and never exceed 7 ~ 10* s~! across all speeds
measured. Residence itself is given as a percentage of the total time
spent in the dispersion. It is important to note that residency seemed
to differ significantly between glass and graphite tracers, due largely
to how the glass bead seemed to spend less time within the bulk fluid
regions. For the speeds measured, a residency comparison between the
two tracers is given in the SI. Despite the necessary compromises with
tracer particle selection, the trends in Fig. 8 demonstrate that with
increasing impeller speed, precursors will experience both an increase
in shear rate and exposure time to these higher levels of shear. This
facilitates the increased frequency and likelihood of particle breakup
events, resulting in significant differences in the concentration of few-
layer graphene (Fig. 2) and production times forecast for different
impeller speeds (Fig. 6).

Interestingly, the glass particle flow fields (Fig. 7) demonstrate shifts
in the circulation patterns within the mixer. Initially separated into
three distinct circulations, the central circulation eventually dominates
as speed increases, and moves away from the path of the blades. As the
immediate region surrounding the blades (i.e. r < 34 mm, y < 40 mm,
see S11 in the SI) is associated with blade impacts and high shear,
reduced residency here should correspond to a reduced efficacy in pro-
duction. To examine the change in the volume swept by the blades, the

mixer was analysed as two separate compartments, in the style of Alves
et al. [50]. The first compartment contains the blades (r < 34 mm,
y < 40 mm) and is associated with particle-blade interactions, while
the remaining vessel comprises the second compartment, representing
the majority of the time spent by the particle in the vessel. Comparing
the time the particle spent resident inside the first compartment as
opposed to the mixer as a whole represents a close analog to ‘residence
time’, 7., discussed in other works [17,29]. This ¢, is found to scale
inversely with the impeller speed, ¢, ~ 2706, Using spinning disk
and Taylor-Couette reactors, Stafford et al. [17] ascribes few-layer
graphene concentration (C,) to scale with C, ~ yt,. This was also
found to agree with the characteristic timescale predicted for complete
sliding of bi-layer sheets under shear flow [11]. Combining this with
our measurements for shear rate scaling in this work (7 ~ 2!, also in
agreement with theoretical scaling [49], Fig. 8c), arrives at a few-layer
graphene concentration scaling of C, ~ 2%%5. This solution correlates
to the few-layer concentration measurements, which ascribe a scaling
closer to linear (C, ~ Q). See the SI for more detail on this analysis.
Our work therefore confirms that the underlining mechanisms behind
shear exfoliation processes have similarity, despite the wide diversity
of production approaches that are available. Similarly, this supports the
idea that the PBM approach presented can have general applicability
for predicting nanosheet synthesis via liquid phase exfoliation.

4. Conclusion

In this paper, a method for modelling the production of few-layer
graphene within liquid exfoliation processes was developed and vali-
dated following a population balance approach. For high-shear, turbu-
lent, impeller-driven blending systems, the breakup process was found
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to obey simple breakage kernel and rate functions that were determined
from observations of graphitic particle size distributions. A complete
description of the exfoliation process was possible by implementing
only three coefficients within this model, which were found to be
sensitive to impeller rotational speed. The robustness was shown by
the ability to correctly predict the evolution of graphitic particle size
distributions that originated from different starting precursor sizes.
By modelling the evolution of the full particle size distribution, the
approach captures various carbon materials that have practical use in
many applications, including few-layer graphene and GNP. Examina-
tion of the breakage model revealed physical insights on the breakage
mechanisms. The high shear process used in this work produces a high
probability for large particle breakup into small particles, indicative
of an attritive process. This was confirmed with statistical Raman
spectroscopy measurements which revealed a rapid conversion from
graphitic to few-layer graphene materials in the first minutes of the
process. We show that when coupled with nuclear magnetic resonance
spectroscopy measurements performed on dispersions of graphitic ma-
terials, the model can also integrate particle surface area characteris-
tics. The dynamics within the graphene synthesis system were explored
by performing positron emission particle tracking to determine the
graphite particle velocity, shear rate and residence distributions. This
showed that increasing impeller speed leads to a combined positive
effect, increasing shear rate and the residence time of particles in
areas of high shear in the system. This leads to the higher probability
of breakup that was observed by the population balance models and
graphene concentration data for increasing speeds. As the population
balance requires empirical data to construct, an assessment on re-
duced sampling showed that the PSD data was important to use as
an input, yet only a limited set of few-layer graphene concentration

10

measurements were necessary to reconstruct the original model within
0.02%. Importantly, the population balance method is agnostic to the
measurement technique used to determine the particle size distribution
and graphene concentrations, which allows for the approach to be
extended to other materials characterisation data available (e.g., sta-
tistical AFM, TEM). Moreover, the population balance method is well
developed for the analysis of systems of breakage and agglomeration,
suggesting it can be extended to other two-dimensional materials that
are produced using similar mechanochemical approaches (e.g., Transi-
tion Metal Dichalcogenides). Overall, this provides a promising avenue
for creating physics-based predictive models of top-down synthesis,
opening up opportunities to forecast long-duration product yields from
shorter duration tests, and design synthesis approaches that improve
process intensification, optimisation, and material sustainability.
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