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The production of 2D material flakes in large quantities is a rapidly evolving field and a cornerstone for their industrial applicability.
Although flake production has advanced in a fast pace, its statistical characterization is somewhat slower, with few examples in the
literature which may lack either modelling uniformity and/or physical equivalence to actual flake dimensions. The present work
brings a methodology for 2D material flake characterization with a threefold target: (i) propose a set of morphological shape
parameters that correctly map to actual and relevant flake dimensions; (ii) find a single distribution function that efficiently
describes all these parameter distributions; and (i) suggest a representation system—topological vectors—that uniquely
characterizes the statistical flake morphology within a given distribution. The applicability of such methodology is illustrated via the
analysis of tens of thousands flakes of graphene/graphite and talc, which were submitted to different production protocols. The
richness of information unveiled by this universal methodology may help the development of necessary standardization

procedures for the imminent 2D-materials industry.
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INTRODUCTION

The much-anticipated “2D-materials” revolution heavily relies on the
availability of industrial-scale quantities of well-characterized 2D
material flakes'?. One of the most promising and scalable
production methods is liquid-phase exfoliation (LPE)>™. Previous
works investigating statistical distributions of 2D material flakes
produced via LPE have suggested that some morphological
parameters seem to be normally distributed, while others are
heavily skewed®®. Different distribution functions were employed
to model distinct morphological parameters®®, which may have
weak correspondence with actual flake dimensions that are relevant
for several separation and filtration processes®. Here, we propose an
analysis methodology based on an original set of morphological
parameters that effectively map to actual and relevant flake
dimensions. These parameters are extracted from a single distribu-
tion function and the information is summarized by a representation
system, the topological vectors, that uniquely characterizes the
statistical flake morphology within a given distribution.

Flakes produced via LPE of 2D materials are far from being
isotropic objects'™®. Due to the large differences between in-plane
and out-of-plane separation energies (the former being much larger
than the latter), flake thickness usually is much smaller than any of
its lateral lengths”®, Additionally, random shear/tear forces during
exfoliation produce a broad and non-uniform distribution of flake
lateral lengths. In other words, an actual flake has a rather complex
polygonal geometry, which may not be realistically described by
simple geometric areal shapes like rectangles or ellipses. Addition-
ally, the use of “effective area shapes” yields lateral dimensions that
do not correspond to any actual dimension of a given flake. Since
the use of a large number of lateral lengths to accurately describe
flake areal geometry is not practical, two characteristic lateral
lengths are often used due to their relevance to several processes in
different fields, from particle filtration to tumor evaluation: the

maximum and minimum lateral calipers (or gauges)®'. The
maximum caliper, also known as Feret length (or diameter), is the
largest distance between two parallel tangential lines in any in-
plane direction of a flake®. For example, during filtration, a sieve
with pore diameter larger than the Feret length would never retain
such flake. The minimum caliper, also known as MinFeret length or
Breadth, represents the smallest distance between two tangential
parallel lines in any in-plane direction of a flake’. A filter with pore
diameter smaller than the MinFeret length of a flake will certainly
retain it. Therefore, Feret and MinFeret lengths are key parameters
in any flake separation/filtration process. In an unrelated field, the
Feret/MinFeret ratio is an important parameter in the differentiation
between benign and malignant tumors'®"2,

In a first approximation, it might seem reasonable to use a flake’s
thickness, Feret and MinFeret values as its morphological character-
ization parameters. However, there is an important additional
parameter: flake volume V, which is strongly correlated with these
three values—the larger the former, the larger the latter. A natural
solution to account for this correlation is, therefore, defining three
distinct dimensionless aspect ratios: Iy, rrerety @and rying, Where
r, = #, Treret = S22 and ryinr = YOt These three shape para-
meters can be directly mapped into the flake’s actual and relevant
dimensions. In other words, given the 3D image of a flake, as readily
produced via atomic force microscopy (AFM), these three para-
meters are accurately and straightforwardly determined for that
flake. Therefore, they should constitute an interesting basis set for a
threefold (or three-dimensional) shape characterization system.

RESULTS AND DISCUSSIONS
AFM imaging and morphological parameters

This idea was tested for four different liquid-phase exfoliated 2D
material flake products. These products comprise two distinct 2D
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Fig. 1
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Atomic force microscopy images of all four investigated systems. Panels a, b show a representative AFM image of the graphene

Parent (17 kg) sample, while panels ¢, d show a typical AFM image of the ultrasound- (shear-) produced talc sample Talc-US (Talc-Sh). The 1-
pm-long black scale bars in all images indicate their lateral dimensions, while the colored vertical bars indicate sample height (from 0 to

10 nm).

materials, graphene and talc, which underwent through diverse
LPE processes (shear or sonication, centrifugation and specific
surfactants)—see Methods section for sample preparation details.
Figure 1 shows representative AFM images of all four systems
investigated here. The graphene samples, named Parent and
17 kg, were produced via the same shear/surfactant process
(Fig. 1a, b, respectively). Their only difference is that the 17 kg
sample went through an additional centrifugation step at 17 kg
acceleration (g =9.806 m/s?). One of the talc samples was
produced via surfactant-enhanced ultrasonication (Talc-US—
Fig. 1c) and the other was produced via a similar shear/surfactant
process of the graphene samples (named Talc-Sh—Fig. 1d). The
AFM images in Fig. 1 readily reveal a large variation in flake’s size
and shape for all systems. In order to characterize them, we took
advantage of an AFM protocol that enables the statistical analysis
of thousands of individual flakes'>. Therefore, for each system,
more than 10,000 flakes were analyzed, which required several
AFM images for each case and enabled a robust and statistically
representative picture of all systems. Figure 2a, 2b shows 3D plots
of average thickness h, maximum caliper Feret and minimum
caliper MinF for each flake for both graphene and talc systems,
respectively. These plots and their respective projections along
defined planes readily reveal some significant differences among
these systems. For the graphene case (Fig. 2a), centrifugation
filters out not only larger flakes (as expected), but also removes
the smallest flakes, which is somewhat unexpected, but previously
reported®. For the talc case, (Fig. 2b) the values of all three
parameters (h, Feret and MinF) seem to be less spread for the Talc-
Sh sample than for the Talc-US one. Even though it is possible to
make several analyses based on Fig. 2a, b®8 there is an important
morphological parameter missing in such representation: flake
volume V (in an AFM image, flake volume V is defined as the
product of flake area A by its average thickness h, V= A.h).

As discussed above, this problem may be taken care of by the
use of dimensionless aspect ratios ry, rerers and ryine. Additionally,
following the work of Chacham et al.?, which suggests that the
natural logarithm of some quantities may be normally distributed,
it seemed appropriate to investigate the probability distributions
of the logarithm of these aspect ratios: In(ry), In(fkerer), and IN(rping)-
Thus, Fig. 2¢, d, e shows normalized histogram distributions of
these parameters for all four systems investigated here (Parent—
black squares; 17 kg—red circles; Talc-US—blue up triangles;
Talc-Sh—green down triangles). It is evident that all distributions
have a well-defined peak, i.e., the most-probable value for a given
shape parameter. They also present different degrees of symmetry
around the peak, with asymmetric tails being the most common
cases. Since the definitions of all three aspect ratios (ry, rrerer, and
I'ming) are similar, it also seemed natural and practical to employ a
single model to fit all distributions, regardless their degree of
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asymmetry. A symmetric distribution of n data points around a
peak is often well described by a center parameter (e.g., mean m)
and a spread parameter (e.g., standard deviation s) like, for
example, a Gaussian function'*. However, nonsymmetric (skewed)
distributions require an additional third parameter: the skewness
¥, which is defined as y = ﬁ%, where y is the third moment about

the mean m (X =157 (xi —m)* )" Several skewed distribution

functions have been proposed to efficiently model such data and
the exponentially modified Gaussian (EMG) is one of the simplest
and widely used in different fields from cell biology, radiotherapy
and chromatography to online game modelling>=%. It describes
the sum Z of independent normal X and exponential Y random
variables, Z =X + Y, where X is a Gaussian distribution with mean
u and variance o and Y is an exponential distribution with decay
rate A">?°. The probability density function f of the EMG
distribution is:
2
Fx;p,0,0) = ie%(ZuHoLZX) [1 _erf (W)] )
2 V20

where erf(x) is the error function'®. Due to its simplicity and
general character, Eq. 1 was chosen to fit all normalized
probability distributions in Fig. 2c, d, e. Fitted R? values >0.99
for all cases attest the suitability of the EMG function to accurately
describe the behaviors of all three aspect ratios. Besides the
normalized vertical axis, all plots in Fig. 2c, d, e cover the same
range in the horizontal axis, which enable some straightforward
comparisons among them (for this purpose, the absolute value of
In(r,) was plotted in Fig. 2c). For example, it is easy to verify that
the thickness-related aspect ratio r,, shows the widest distribution
among the three ratios for any system. In other words, for any
material or production method, the observed relative variation in
flake thickness is notably larger than the variation of both
characteristic lateral lengths. It is also noteworthy that the flake
minimum caliper (rwine) distribution is the narrowest and most
symmetrical for all four systems, while the maximum caliper (rgerer)
presents the most asymmetric distributions, with pronounced tails
beyond the peak position. All these features are closely related to
delamination/tear mechanisms during LPE®®?' and, therefore,
these three dimensionless aspect ratios should form an interesting
basis set for the analysis and optimization of LPE processes.

The topological vectors

Although any system can be characterized by these three
distributions in Fig. 2¢, d, e, it would be beneficial, from both
industrial and scientific viewpoints, that a system (or sample)
could be representatively depicted by a single graph (or plot) that
summarizes all the relevant information. This can be accomplished
with the use of a three-dimensional vectorial representation of the
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Fig. 2 Characteristic lengths, normalized probability distributions, and topological vectors of dimensionless aspect ratios ry,, rrerer» and
rminr for graphene and talc flakes. a, b 3D plots of characteristic lengths (average height, maximum, and minimum calipers) for more than
10,000 flakes each of two graphene systems and two talc systems, respectively. The projections along each plane are also shown.
c—e Normalized distributions of In(rp), IN(reerer) and In(rving), respectively, for each system (Parent—black squares; 17 kg—red circles; Talc-US—
blue up triangles; Talc-Sh—green down triangles). For the r,, case, the absolute value of the logarithm was plotted to enable a direct
comparison with the other two distributions. f Three-dimensional topological vector representation of ry,, rrerer, and rying for all four systems,
with projections along each plane. g Topological vectors and their respective plane projections of three pairwise ratio combinations of

Th Treret, @Nd ik

distributions using the most-probable value (or the mode) as the
representative value for each vector component. Such vectorial
space, formed by three independent directions 7y, Frerer, aNd Fuing,
is a topological vectorial space since each vector can be
transformed via topological operations into another vector. Figure
2f shows, therefore, the topological vectors that represent each

Published in partnership with FCT NOVA with the support of E-MRS

investigated system (Parent—black; 17 kg—red; Talc-US—Dblue,
and Talc-Sh—green) together with their projections along the
defined planes. The differentiation efficiency of the vectorial
representation is evident, as it clearly distinguishes all four
systems. Such representation, including vector projections, also
enables a more straightforward visual representation of each
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system’s characteristic morphology. For example, the graphene
Parent sample has the smallest thickness-related ratio r;, and the
largest lateral ratios reeer and ryine, making it the most “two-
dimensional” system. On the other extreme, the Talc-US system
portrays the largest r, and smallest lateral ratios, constituting,
thus, the least “two-dimensional”, or more 3D-like, system. It is
evident that any modification on system characteristic morphol-
ogy, due to, for example, an alteration in the production process,
would readily change its topological vector. In other words, the
topological vector and its projections constitute a fingerprinting
system for the specification of a characteristic system morphology.

Additional vectorial spaces can be defined via simple mathe-
matical operations among vector components 7y, Frerery aNd Fpting-
For example, topological vectors of pairwise ratios among these
components can be defined, which also reveal interesting shape-
related features of these systems. Figure 2g shows an example of
such topological vectors for the case where the vector compo-
nents are freret/minE Mine/Th and Fo/reerer. Many analyses within
each projection plane are possible, but to illustrate the potential of
this representation system, only a few simple analyses on each
plane will be carried out here. Initially, considering the Freret/IminF X
Th/Yrerer Plane (light yellow shades in Fig. 2g), it is important to
note that both material systems (graphene and talc) are clearly
differentiated, forming two distinct sub-groups. Shape-wise, the
I'/frerer @xis may be directly correlated with the voluminosity (or a
“3D-like” shape) of a flake, while the rreet/rming axis correlates with
a dominant lateral flake dimension, or a more “1D-like” or “ribbon-
shaped” flake—see pink arrows in Fig. 2g. Analyzing the graphene
samples within such framework reveals interesting features: as the
Parent graphene sample is centrifuged, creating the 17 kg sample,
the characteristic flake shape changes. Interestingly, the centri-
fuged sample has a more “3D-like” or “voluminous” aspect ratio,
while, at the same time, it has a larger in-plane lateral aspect ratio
(or a more “ribbon-like” or “1D-like” shape). In other words, strong
centrifugation favors the separation of relatively thicker (vertically)
and narrower (laterally) flake shapes. Such apparently counter-
intuitive centrifugation effect, which has also been reported
before”?, is probably related to larger frictional drag coefficient of
prolate objects (more “1D-like” shaped) in comparison to oblate
objects (more “2D-like”)?>%3,

We consider now the Fyine/rn vector, which is actually
proportional to the flakiness parameter f (f=minimum caliper/
height) that can be associated with a two-dimensional shape
tendency of a given flake®. In other words, the larger the flakiness
(or the Ppmine/ry value), the larger the 2D shape aspect of a flake
(see pink arrow on the light orange plane in Fig. 2g)°. Therefore,
the Pmine/Th X Fn/frerer Plane (light orange shades in Fig. 2g) directly
shows 2D/3D flake shape trends among the four systems: the
graphene Parent system has the largest flakiness parameter, or the
most “2D-like” character, combined with the smallest voluminos-
ity, or “3D-like” character. In other words, among the four systems
investigated here, this is the one, which is mostly comprised by
flakes with a “2D-like” shape. And again, heavy centrifugation
decreases the flakiness and increases the voluminosity of
graphene flakes (17 kg system). At the other end of the flakiness
vector, the Talc-US flakes show the smallest “2D-like” shape and
the largest “3D-like” shape. To put it another way, there is a lot of
room for improvement in this sonication-based process if
majoritarily 2D-shaped flakes are to be expected. Finally, the
Treret/Tmink X Tmine/fh Plane (dark yellow shades in Fig. 2g) correlates
the flakiness of a system with its in-plane asymmetry (or tendency
for a dominant in-plane directionality—the “1D-like” or “ribbon-
like” shape). Both graphene systems are more “2D-shaped” than
the talc systems and, within the graphene systems, the 17 kg
flakes have a larger in-plane asymmetry (or “1D-shape”) than the
Parent flakes (the centrifugation effect discussed above®*%?3). On
the other hand, both talc systems portray a slightly larger in-plane
symmetry (or smaller “1D-shape”) than both graphene systems.
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The Talc-Sh flakes are probably the most three-dimensionally
symmetrical (isotropic) among all four systems studied here.

It is important to stress here a difference between shape and size
of a flake when defining its “1D-", “2D-", and “3D-like” character. For
example, a conventional (and macroscopic) dinner plate certainly
has a large flakiness parameter (or a “2D-like” shape). However, due
to its thickness, it hardly can be defined as a true 2D object.
Therefore, one should keep in mind that the above discussion is
shape-related and not size-related. For example, as said above,
graphene Parent flakes portray the largest flakiness, or 2D-like
shape. But they are not necessarily the thinnest flakes (or truly 2D
flakes—mono- or few-layered). As shown in Fig. 2a, the Parent
sample has a large number of thick (large h) flakes in comparison
with the centrifuged 17 kg sample. A large flakiness (or “2D-like”
shape) simply tells that an object has two characteristic dimensions
much larger than its third characteristic dimension (as a dinner
plate) regardless of their respective size values.

So far, the analysis of the topological vectors presented here
relies on the most-probable values, or the peak positions, of the
distributions shown in Fig. 2¢, d, e. Nevertheless, this topological
vector system can also be used to characterize the asymmetry of
each distribution curve. The asymmetry of the EMG distribution
(or its “shape” parameter k) is related to its skewness y, or a
combination of the A and o values of the distribution, through the
definition k = (oA)~'?*. Using the mathematical relation between
standard deviation s and skewness y with ¢ and A, it is easy to see
that k is a function of the distribution skewness y only *°:

(v/2)'"?
1-(y/2)*?

which is a monotonically increasing function of y for y<2. A
Gaussian distribution has y =0, whereas an exponential distribu-
tion has y = 22°. The smaller the k value, the closer to Gaussian (or
more symmetric) the distribution. Alternatively, the larger the
k value, the more asymmetric (or skewed) the distribution.

Figure 3a shows k-shape vectors for all systems. It is evident to
see that the Talc-US system has the most asymmetric distributions
(larger vector components)—which is in accordance with the plots
in Fig. 2. At the other end, the Talc-Sh system has the most
symmetrical distributions. It is interesting to observe as well on the
graphene systems that centrifugation makes the distribution less
symmetric in the lateral dimension directions (larger Kgerer and
kmine), but slightly more symmetrical on the vertical (thickness-
related) direction kj,. Yet another interesting shape parameter for
the EMG distribution can be defined: its trimness 1, where
trimness is defined here as a combination of both asymmetry and
variance. The trimness vector components are related to both
skewness y and standard deviation s of the EMG distribution and
can be calculated via the following definition:

k= (oA '= (o))

1/2

o= 2w ®)
Trimness is a monotonically increasing function of both standard
deviation s and skewness y (for y<1.7). In this case, a small
trimness value indicates both a symmetric (gaussian-like) distribu-
tion with a small width (or small variance)—or a “trimmed” shape.
Figure 3b shows trimness vectors for all four systems investigated
here. It is interesting to observe that the Talc-Sh system shows the
best combination of small asymmetry and small variance of them
all. The Talc-US system, on the other hand, albeit being the most
asymmetrical (see Fig. 3a), has trimness values comparable with
the more symmetrical graphene samples. This is due to its smaller
variance (or smaller distribution width). Within the graphene
systems, centrifugation trims the r,-related distribution, but spoils
both reerer- and ryine-related distributions.

We recall now the brief size/shape difference discussed above.
We must remember that any dimensionless aspect ratio, like r,

T=
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Fig. 3 Distribution shape vectors k and T and normalized distributions of flake thickness h and partitioned ry, including their respective
vectorial representations. a k-shape vectors with components ky,, Kreret» and kuing for all four systems. b Trimness vectors with components ty,
Trerery aNd Tins for all four systems. ¢ Normalized histogram of flake thickness h for each system. d Vectorial plot of the three characteristic
parameters of each distribution: mode, k and . e: Normalized histogram of In(ry,) for the Parent and 17 kg samples partitioned into FLG and
graphite flakes. In Panel a through d: Parent—black; 17 kg—red; Talc-US—blue and Talc-Sh—green. In panels e and f: Parent-Graphite—black;
Parent-FLG—Gray; 17 kg-Graphite—red; 17 kg-FLG—pink. The projections along each plane are also shown in a, b, d, f.
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Iferet aNd Iying, OF any other we may define using ratios of sizeable
quantities, are, by definition, shape descriptors and not size
descriptors. In other words, using such dimensionless parameters,
one can infer a lot of information about the shape of a
characteristic flake, but not about its size. Size analysis must be
discussed, thus, using pure size quantities separately, such as flake
thickness h or its maximum caliper Feret. Nevertheless, all the
methodology developed in this work, including the vectorial
representation, is also useful in the description of size parameters.
Flake thickness h was chosen to illustrate such applicability and
Figs. 3c and 3d summarize it. Figure 3c shows the normalized
histogram distribution of the thickness h for more than 10,000
flakes of each sample investigated here. A peaked skewed
distribution is found for all cases and the EMG distribution
efficiently fits them all (R*>0.99 for Parent, 17kg and Talc-US
samples and R? > 0.96 for Talc-Sh). Therefore, we can also construct
the vectorial space representation shown in Fig. 3d, which digests
all the information in the histograms and expedites their
comparison. In such representation, the three -vector components
of a distribution are: mode (or its most-probable height value), k-
shape (its symmetry) and trimness T (its symmetric spread). The
resulting vectors and their respective projection along the defined
planes enable a multitude of analyses. For illustration purposes, we
will retain our attention to the mode versus k plane for the
graphene samples (light yellow shades in Fig. 3d) and to the mode
versus trimness plane for the talc samples (light orange shades in
Fig. 3d). Beginning with the talc samples, both LPE protocols
(ultrasound or shear) yield similar results in terms of flake thickness,
with the most-probable flake being a talc bilayer®®. However, the
Talc-Sh distribution is more trimmed than the Talc-US (smaller 1)
and, therefore, has a significant smaller number of thick flakes
(smaller distribution tails). In other words, for industrial application
purposes, the Talc-Sh sample may be the best option because,
flake thickeness-wise, it is a more homogeneous sample.
Considering now the graphene samples and because a pure size
parameter is being analyzed (flake thickness h), one can safely say
that the average flake thickness actually increases after centrifuga-
tion, instead of a decrease that is normally reported in the
literature’. Such apparent discrepancy is explained by different
centrifugation protocols: while several works employ cascade
centrifugation, which readily yields a decreasing thickness with
centrifugation’, a single step centrifugation with high acceleration
is used here and only the supernatant part is analyzed. As a
consequence, a strong hydrodynamical drag caused by large
graphite flakes being accelerated downward also pulls tiny
graphene flakes downward upon strong centrifugation. Thus, not
only large graphite flakes are filtered out, but also the small
graphene ones (see also Fig. 2a)°. As a result, the Parent graphene
sample has the thinnest flakes of this sample set, with a large
number of truly 2-dimensional flakes (less than 5 graphene layers,
also called few-layer graphene - FLG). However, it shows the most
asymmetric distribution, with a long tail of thick graphite flakes.
Even though centrifugation significantly removes FLG flakes, it also
makes their thickness distribution more symmetrical by removing
thick graphite flakes as well. To further compare FLG and graphite
flakes in both systems and taking advantage of their large number
of measured flakes, both systems were repartitioned into three
categories according to the number of graphene layers in a flake:
FLG (between 1 and 5 layers), multilayer graphene (between 6 and
10 layers) and graphite (above 10 layers). Each partition comprises
several thousand flakes and, for illustration purposes, the r,, shape
parameter was analyzed for both FLG and graphite partitions in
both Parent and 17 kg systems (Fig. 3e, f). The fact that the Parent
sample has the most 2D flakes in number (~1/3 of flakes are FLG in
comparison with ~1/4 of FLG flakes in the 17 kg sample) does not
mean that it also has the largest amount of 2D flakes in mass. As
discussed by Fernandes et al., a small fraction of thick flakes (~15%
for the Parent sample), can actually represent the vast majority of
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the mass of a given sample'>. In other words, the 17 kg centrifuged
graphene sample (with only ~8% of graphite flakes) may actually
be a better fit for industrial applications due to the absence of
large and thick graphite flakes, which are produced during the
initial phases of LPE and may dominate the sample mass'>.
Additionally, Fig. 3e, f bring interesting observations: (i) as
expected, the vertical shape morphology r, is smaller (thinner
flakes) for FLG flakes than for graphite flakes in the Parent sample.
However, for the centrifuged sample, both FLG and graphite flakes
portray similar most-probable morphology (peak positions in Fig.
3e). This is another unexpected shape selection effect from
centrifugation, as those discussed in Fig. 2g. (ii) Regarding the
symmetry parameter k, the graphite shape distribution is much
more symmetrical (smaller k values in Fig. 3f) than the FLG
distribution for both Parent and 17 kg systems. Since FLG flakes are
a result of many more breaking-and-tear processes than graphite
flakes, one should expect, indeed, a higher asymmetry of shape
distribution in FLG flakes in comparison with graphite flakes within
a given system. (iii) Regarding the trimness T of the distributions, in
the Parent system, FLG distribution is more trimmed (normally a
combination of larger symmetry and smaller dispersion) than the
graphite distribution. But since, as discussed above, FLG flake
distribution is actually more asymmetrical than the graphite
distribution (the k parameter), the smaller trimness in FLG is a
result of a much smaller dispersion (see Fig. 3e), which
compensates for its larger asymmetry. For the 17 kg system, both
FLG and graphite In(r,,) distributions show similar trimness, which is
a result of the larger symmetry of the graphite distribution and the
smaller dispersion of the FLG distribution. This is yet another
interesting shape selection effect of centrifugation.

Finally, we discuss on the possible origin of the exponentially
modified Gaussian distributions observed in the analyses of size
and shape parameters of flakes produced by LPE. It has been
suggested that particle size B (where B may denote thickness,
length or width), produced via several comminution processes such
as milling, grinding or vibration, generally follows a lognormal
distribution®®. As a consequence, the logarithm of any size
parameter In(B) should follow a normal distribution. The physical
origin of the lognormal distribution is the random nature of the
breaking events leading to the formation/detachment of a small
“offspring” particle with characteristic size 3, from a large “parent”
body with characteristic size Bo (81 < Bo)*°. Suppose now that an
additional secondary process is possible: the breaking of the first
generation “offspring” particles into smaller second-generation
“offspring” particles. Obviously, the characteristic size ; of the first
generation “offspring” particle limits the respective size (3, of the
second-generation “offspring” (8, cannot be larger than {3,). The
number Ny(B,) of second-generation particles with characteristic
size 3, in this secondary process is, thus, proportional to the
number N;(B;) of first generation “offspring” particles with the
constraint B, < B4. Clearly, this process can continue in tertiary,
quaternary and so forth processes (i =2, 3, 4...). In all cases, Ni,1(B;1)
« Ni(B;) with the constraint (i, < ;. Therefore, such chain of
processes should yield a given number N of particles with an
exponential-type law with decreasing size B. In other words,
sequential events should create a large number of small objects
(small B) with an exponential decrease in the number of particles
N as B gets larger. The overall process of particle creation is, thus,
the sum of both primary and chain mechanisms. In this way, the
distribution of the logarithm of size parameters of the generated
particles should be the convolution of a normal distribution
process with an exponential-type process, which is the definition
of an exponentially modified Gaussian distribution.

In summary, the topological vector methodology developed here
trails a few steps on the route towards thorough and meaningful
characterization of 2D material flakes. Initially, a new set of shape-
related characteristic flake parameters is proposed. Its association
with a well-chosen distribution function enables a good evaluation
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of each flake shape distribution, also describing quantitatively its
asymmetry and dispersal. Then, a new graphical description system
is presented—the topological vectors—, which facilitates the
simultaneous visualization and comparison of several characteriza-
tion parameters. All these new methodological features were
illustrated with a brief analysis of two typical 2D materials: graphene
and talc, which enabled interesting insights into their flake
morphology. The methodology introduced here forms a complete
visual toolset to efficiently characterize, or fingerprint, industrial-
scale amounts of different LPE-produced 2D materials. Therefore, it
enables an efficient comparison between 2D systems, creating both
a trustful positive feedback into production protocols and a
universal representation candidate to be easily implemented across
the entire 2D-materials industry.

METHODS

Sample preparation for AFM measurements

A bare SiO,/Si substrate is immersed for 15 minutes into an aqueous
solution of (3-aminopropyl)triethoxysilane—APTES). Subsequently, the
substrate is repeatedly cleaned with DI water and then dried with an N,
blow. Nanoflake samples are prepared by drip-coating the APTES-
functionalized substrate with the appropriate nanoflakes’ solution
(graphene or talc) for 20s. Subsequently, the drop is discarded, and the
sample is repeatedly cleaned with DI water before being finally dried with
an N, blow to remove any residual surfactants '>.

AFM measurements and analysis

The AFM characterization was carried out on Park NX10 and Park XE-70
microscopes using the silicon cantilever HQ:NSC35/AIBS or HQ:NSC36/AIBS
(MikroMasch), in intermittent contact mode with a free amplitude of 30 nm
and a setpoint of 15 nm. The region to be measured was chosen randomly
and image lateral sizes of 5 um with 500 x 500 pixels, 10 pm with 1000 x
1000 pixels or 15 pm with 1500 x 1500 pixels at 0.5 Hz scan rate were used
in this work. The generated AFM images are plane-corrected using the
Gwyddion software. Individual flake analysis for the AFM images was
performed using ImageJ particle analysis toolbox, where flake dimensions
(height, maximum and minimum calipers and volume) are acquired'>.

Production of LPE graphene samples

The graphene Parent dispersion was obtained through high-shear exfolia-
tion of graphite dispersed in water with a nonionic surfactant for
stabilization. The experimental arrangement consists of a high-shear mixing
connected to a 100L tank. The material was continuously processed
overnight at room temperature. The stratification process of the Parent
dispersion was performed through direct centrifugation using a Hettich
Rotanta 460 R centrifuge. For the 17 kg acceleration sample, a fresh aliquot
of the Parent solution was placed in a 50 mL Falcon tube and centrifuged for
1 hour. Afterwards, the supernatant was separated from the sediment by
pipetting 15 mL of the dispersion from the top of the dispersion.

Production of LPE talc samples

Talc was obtained through a private donation of a steatite crystal from Minas
Gerais state, Brazil. The rock was milled to a fine powder and X-ray diffraction
(XRD) was performed to characterize the sample’s composition®. Part of this
talc powder was used for production of the Talc-Sh sample and part for the
Talc-US sample. The Talc-Sh sample was produced via a shear process similar
to the graphene Parent sample. For the sonication-based talc sample, the
following protocol was employed: Deionized water (resistivity 18.2 MQ.cm)
from a MiliQ system was used for solution preparation. A commercial
surfactant, Triton™-X100, was purchased from Sigma-Aldrich and used as
received. Before submitting the material to the liquid exfoliation process, a
purification step was performed to remove any contamination®’. Talc powder
was sonicated for 10 min in chloroform and then the solution was left to
decant. Supernatant was discarded and the process was repeated for acetone
and water. Finally, the powder was collected and dried for 12 h in an oven at
60 °C. Purified talcum powder was placed in an aqueous Triton™-X100 solution
(6 mg/ml Talcum/liquid and 1 mg/ml Triton™-X100 to DI water). Glass vials
containing the solutions were placed in an ultrasonic bath (Elma, S10H) for
15 hours. The bath water temperature was monitored and controlled with ice
additions to keep it below 40 °C. The resulting solutions were centrifuged at
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1 kg for 1h (Sorval Legend Mach 1.6) to remove non-exfoliated material?®. All
analyses were performed with the collected supernatant.

Relation between EMG parameters and distribution mean,
standard deviation and skewness

The three parameters y, o, and A of the EMG function can be directly
calculated from the extracted values of the distribution mean m, standard
deviation s and skewness y via:

u:m—s(%)l/g (4)
o=s [1 - (%)2/3] (5
and

v=s(h)” ©)

The position xy of the Mode (peak top position—or the most-probable
value of the distribution) can be calculated via:

Xy =t + Ao — V20E @)
Where ¢ is the solution (root) of the equation

erfox(€) = /\lo ; ®

And erfex(x) is the scaled complementary error function.
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