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Industrial applications of nanomaterials require large-scale production methods, such as liquid phase exfoliation (LPE). Regarding

this, it is imperative to characterize the obtained materials to tailor parameters such as exfoliation medium, duration, and mechani-

cal energy source to the desired applications. This work presents results of statistical analyses of talc flakes obtained by LPE in four

different media. Talc is a phyllosilicate that can be exfoliated into nanoflakes with great mechanical properties. Sodium cholate at

two different concentrations (below and at the critical micelar concentration), butanone, and Triton-X100 were employed as exfoli-

ation medium for talc. Using recent published statistical analysis methods based on atomic force microscopy images of thousands

of flakes, the shape and size distribution of nanotalc obtained using the four different media are compared. This comparison high-

lights the strengths and weaknesses of the media tested and hopefully will facilitate the choice of the medium for applications that

have specific requirements.

Introduction
Two-dimensional (2D) materials have attracted a lot of interest
due to their outstanding properties [1]. However, large-scale

production is still a challenge that needs to be addressed to inte-

grate 2D materials into industrial applications. One approach to
producing large quantities of few-layer flakes of a broad range

of exfoliatable materials is liquid-phase exfoliation (LPE) [2-5].
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This method relies on mechanical energy to exfoliate materials
in an appropriate liquid medium. To exfoliate a material of
interest, it must be reduced to a fine powder and mixed with a
liquid that serves as an exfoliation medium. The solution is
exposed to a mechanical energy source that leads to the delami-
nation of the material, resulting in a suspension of nanosheets
[6]. The energy may be provided by an ultrasonic bath, a shear
force mixer, or a tip sonicator. The solution serves three
purposes: it provides a medium to propagate the mechanical
energy, suspends the exfoliated nanosheets, and prevents them
from agglomerating again. The versatility of the method allows
it to be employed to obtain nanoflakes of a collection of materi-
als such as graphene [3,7], hexagonal boron nitride [8], transi-
tion metal dichalcogenides [9], and others [10,11].

Although the experimental setup is generally designed as de-
scribed before [6], numerous parameters must be adjusted to op-
timize the exfoliation for a given material and the available ex-
perimental setup. The exfoliation medium must be chosen
correctly to guarantee the optimum result. And one must keep
in mind that completely separating the nanoflakes from the
solution might not be an easy task, if possible at all. So, if the
flakes can be obtained in an application-friendly medium, it will
greatly facilitate the process.

In this study, we addressed the implications of the choice of me-
dium for shape and size of talc nanoflakes obtained by LPE.
This material is a hydrated magnesium silicate belonging to the
phyllosilicate group [12]. Phyllosilicates are crystalline miner-
als with a basic SioO5 composition that exhibit a layer structure,
making them ideal candidates for mechanical exfoliation. Talc
already has several industrial applications [12], ranging from
polymer and ceramics fillers [13-16] to pharmaceutical and
cosmetics uses [17]. It was shown that monolayer talc has out-
standing mechanical properties of the same order of magnitude
as graphene [12]. The breaking strength for uniaxial deforma-
tions ranges from 29 to 33 N-m~!, and the two-dimensional
elasticity modulus is E = 181 N-m~!. Also, talc’s flexural
rigidity is about three times that of graphene but it can be bent
to small curvatures without fracturing. These properties make
nanoscale talc a promising candidate for the application
[14,15,18] as reinforcement for polymers and other composites,
including biocompatible materials, and van der Waals hetero-
structures. Being able to scale the production is a crucial step to
realizing applications at an industrial level. We present the
results of liquid-phase exfoliation of talc using different liquid
media, namely sodium cholate aqueous solution (6 mg/mL and
1 mg/mL), Triton X-100 aqueous solution, and butanone. The
mechanical energy necessary to delaminate the mineral was
provided by an ultrasonic bath. We report a statistical analysis

of the dimensions (measured by atomic force microscopy) of
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the nanoflakes obtained employing the four routes, evidencing
that the exfoliation medium has an important influence on flake
size and shape and should be accounted for when designing a

production route with the desired application in mind.

Results and Discussion
Choice of exfoliation medium

Four exfoliation media were employed in this work, as summa-
rized in Table 1. The first one was an aqueous solution of sodi-
um cholate (SC) at 6 mg/mL, previously employed in the litera-
ture [11]. SC is a bile salt ionic surfactant widely employed in
LPE [6,19-21]. While it is less toxic than other organic com-
pounds usually employed for the same purpose, such as
N-methyl-pyrrolidone (NMP), it is expensive and can leave
residues on exfoliated flakes. Although fundamental to LPE, the
role of the concentration and chemical composition of the exfo-
liation medium is still not fully understood [6]. Bearing that in
mind, we also tested SC at a much lower concentration of
1 mg/mL. The critical micelle concentration (CMC) of SC at
room temperature ranges from 5.2 to 6.5 mg/mL [22]. The
dilute solution is guaranteed to be well below the CMC, which
is regarded as preferable [6]. To guarantee that the effects seen
in flake size after exfoliation were not due to a change in the
relative concentration of SC to talc, we also added less talc
powder to the solution, to keep the ratio constant. We also
tested the nonionic surfactant Triton-X100. Besides the absence
of charged groups, compared to SC, Triton-X100 is also less
expensive, although not environmentally friendly either.
Finally, we tested an organic solvent, namely butanone.
Butanone is volatile and has a boiling point of approximately 80
°C, making it the easiest medium to remove after exfoliation of
the four employed here. Also, unlike other organic solvents
commonly used in LPE, for example, NMP or dimethylform-
amide (DMF), that have a higher boiling point, butanone leaves
less residues when exfoliated flakes are deposited onto sub-
strates for atomic force microscopy (AFM) measurements.
Table 1 summarizes the solutions tested here, and details of the

sample preparation can be found in the Experimental section.

Table 1: Initial concentration of talc and surfactants/organic solvents
for exfoliation.

Sample Exfoliation medium Talc
concentration
SC6 sodium cholate/DI water 6 mg/mL
6 mg/mL
SCH sodium cholate/DI water 1 mg/mL
1mg/mL
Triton Triton-X100/DI water 6 mg/mL
1 mg/mL
butanone butanone (pure) 6 mg/mL
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Liquid exfoliation of talc

Talc powder was exfoliated in each liquid medium by exposure
to mechanical energy provided by an ultrasonic bath (full
details in the Experimental section). Talc was manually milled
down to a fine powder and characterized by X-ray diffraction
(XRD). Figure 1a displays the results. All peaks are assigned to
talc, when compared with the crystallographic database, and
many are labeled. The insert shows the structure and chemical
formula of talc [23]. Figure 1b shows the mineral that was
milled to a fine powder. The powder was mixed with the exfoli-
ation medium and subjected to mechanical energy provided by
an ultrasonic bath (Figure 1c).

Centrifugation was performed to separate non-exfoliated mate-
rial from nanometer-sized flakes. To analyze the influence of
the exfoliation medium on shape and size of the nanoflakes ob-
tained by LPE, we carefully chose acceleration and duration of
the centrifugation. Thick flakes (>100 nm) must be removed to

Q
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implement a semi-automated analysis of thousands of flakes
based on AFM images that provide a robust statistical represen-
tation of the sample [24,25]. At the same time, the removal of
flakes that are few to tens of nanometers thick would make the
effect of exfoliation medium on size and shape less evident.
Therefore, a single centrifugation step of one hour only at
1000g was employed. Such low acceleration will not produce a
monolayer-rich solution [26], which is crucial for the analysis

we aim to perform.

Atomic force microscopy characterization of

flake size

Figure 2 shows the results obtained for each exfoliation medi-
um. Figure 2a—d shows AFM topographical images of samples
exfoliated in butanone, SC1, SC6, and Triton-X100, respective-
ly. A single vertical scale was chosen to facilitate the visualiza-
tion of flakes of different thicknesses in all samples. The sub-
strate appears in black to dark blue. Following previous works,
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Figure 1: Talc characterization and exfoliation procedure. (a) XRD data for the sample employed here. The insert shows formula and structure of talc
[12]. Pink, red, green, and gray circles represent Si, O, Mg, and H atoms, respectively. (b) Picture of the source mineral before being manually milled.
It weighed approximately 1.3 kg. (c) Schematic representation of LPE. Micrometer-sized talc powder is exposed to mechanical energy, which leads to
delamination of its layers. After exfoliation, the sample is centrifuged to separate non-exfoliated flakes from nanometer-sized flakes, and the super-
natant is collected for further analysis.
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Figure 2: Atomic force microscopy images of the samples produced employing the four different media under investigation. (a—d) AFM images of
samples expoliated with butanone, sodium cholate at 1 mg/mL, sodium cholate at 6 mg/mL, and triton-X100, respectively. The scale bars are 1 pm.
(e—h) Statistics from the four different samples in the same order as the AFM images. The top histograms indicate the lateral size distribution, where-
as the side histograms show the thickness distribution. The green region marks flakes that are less than 10.5 nm thick while pink represents flakes

thicker than 10.5 nm.

we consider flakes with ten or less layers as “few-layer” [25].
Since talc has a layer thickness of approximately 1 nm [12], we
did not convert the height to the number of layers as it is a
direct conversion. Few-layer flakes appear in light blue. Flakes
that are thicker than 10 nm and thinner than 20 nm appear in
green, yellow, and orange shades. Red represents everything of

20 nm thickness or thicker.

It is easy to see that all four exfoliation media produced sam-
ples mainly consisting of few-layer flakes (thinner than
10.5 nm, accounting for a thicker first layer and/or exfoliation
medium residue [6,24]). At the same time, even without an
in-depth analysis, it is clear that the medium has a very impor-
tant influence on the flake size distribution. The sample exfoli-
ated in sodium cholate at 6 mg/mL has visually fewer flakes in
the pink region of the distribution graphics (Figure 2e—h).
Butanone seems to have yielded a less dispersed distribution of

flakes, although with higher thicknesses than other media.

Table 2 provides statistical parameters for the four samples. To
characterize the lateral size of the flakes, the so-called Feret di-
ameter was employed (the maximum Feret diameter of a flake,
F, is the largest distance between two parallel tangential lines in

any in-plane direction of a flake) [27]. It would be simple to

conclude that sodium cholate at 6 mg/mL produces the sample
with the smallest mean flake thickness (&) and lateral size. If
one desires a sample aimed at an application where flake thick-
ness is critical and monolayers and bilayers are preferable, at a
first glance, this would be the SC6 sample. However, much
more information can be obtained using the procedures pro-
posed by the authors of [24].

Table 2: Comparison of four different talc LPE samples. The total
number of flakes analyzed, mean height (h) and its standard deviation
(op), mean lateral size (Feret diameter, F), and its standard deviation
(oF), are shown.

Medium No. <h> Op <F> OF

(nm) (nm) (nm) (nm)
But. 11458 5.2 25 90 84
SC1 6286 4.5 2.6 100 106
SC6 8405 2.7 1.5 60 71
Triton 16494 3.4 2.0 77 84

As discussed by Fernandes and co-workers [24], simply looking
at mean flake thickness and standard deviation of a sample does
not account well for the volume (or mass) of few-layer flakes

versus bulk flakes (thicker than 10.5 nm for talc, which repre-

71



sents 10 or more layers). We calculated the mass ratio of bulk
(M) and few-layer (m) flakes. This ratio is defined as follows:

ﬂ:&(l_pv)
m pv(l_pn)’

6]

where p,, is the probability of a randomly picked flake being a
few-layer flake and py is the volume fraction of few-layer
flakes. See Supporting Information of [24] for details on the
calculation.

The sample with the smallest M/m ratio is SC1 (5.6), followed
by butanone (11.6) and Triton-X100 (16.6). Surprisingly, the
sample with the highest ratio is SC6 (40.5). This can be under-
stood in light of the meaning of the mass ratio. For every few-
layer flake in the SC6 sample, the bulk flakes will correspond to
a mass of ca. 41 few-layer flakes. Since the few-layer flakes are
very small in this sample (thickness and Feret diameter), a bulk
flake weights the same as many small flakes. This has serious

implications for applications that demand few-layer flakes.

Centrifugation at higher accelerations can remove bulk flakes
changing the parameters obtained here. An interesting hypoth-
esis discussed in recent works [25,28] is that centrifugation
might also lead to the loss of the smallest flakes along with the
large ones due to drag effects. Flakes of the SC6 sample would
be very susceptible to this effect, and a single centrifugation

step at high acceleration should be avoided.

Topological vector analysis

To further investigate the differences between samples exfoli-
ated in different media, we use now the methodology proposed
in [25]. Figure 3a shows a 3D graphic representation of all the
flakes in the four samples (several thousand flakes were
analyzed for each case). We characterize size and shape of each
flake considering its average thickness (), maximum Feret di-
ameter (Feret), and minimum Feret diameter (MinF, the
smallest distance between two tangential parallel lines in any
in-plane direction of a flake [27]). Recapping the discussion
made by the authors who also use some of the methodology
proposed by Chacham and colleagues [28], using AFM data we
calculate three dimensionless aspect ratios:

MinFeret

W o

Feret

W’ "™inF =

h
= W?’”Feret =

Next, we plotted the probability distributions of the logarithm of
these aspect ratios, In(ry,), In(rgere), and In(ryging). Figure 3b—d
shows the distribution histograms of these values for all four

different exfoliation media under investigation here. The distri-
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butions are skewed and best described by the exponentially
modified Gaussian (EMG) distribution [25]. The probability
density function of the EMG distribution is given by:

A o22x 2_
f(x;u,c,k):%&(zuﬁ 2){1—erf[u+fgcxﬂ, 3)

where p and o are the mean and the variance of the Gaussian
distribution and A is the exponential decay rate; erf(x) is the
error function. The applicability of this distribution and further
details are discussed in a previous work [25].

As can be seen in Figure 3b—d, an EMG function fitted the data
very well with R > 0.99. The thickness parameter distribution
is the widest one for all samples while the minimum lateral di-
ameter (MinFeret) one is the narrowest and most symmetrical
of all three parameters. This was observed and discussed before
for talc and graphene samples [25].

Using the most probable value (mode) as the representative
value for each of the three dimensionless aspect ratios, we
constructed the topological vector representation of each sam-
ple (Figure 3e). This representation is very useful since it imme-
diately brings out the differences between each sample. The
projections of the vector in the planes readily offer a compari-
son of the characteristics of the sample. The samples differ
more in thickness-related parameters (thus, the number of
layers) than in the lateral size-related parameters.

To further compare shape-related features of the samples, we
plotted topological vectors of pairwise ratios among these com-
ponents (Figure 3f) [26]. The arrows in Figure 3f emphasize the
meaning of the ratios. The ry,/rgeret axis correlates with the volu-
minosity of a flake, that is, a greater the value indicates a more
three-dimensional shape of the sample. A greater value of the
T'Feret/"MinF aXis indicates a more ribbon-shaped flake, that is, a
more one-dimensional shape. Finally, greater values of the
MinF/Th axis indicate a more plate-shaped flake, that is, a more

two-dimensional shape.

The four media investigated here clearly produce samples with
different shape characteristics. SC6 flakes are the most two-
dimensional, while those exfoliated with butanone are the least
two-dimensional, having a more 3D shape than all other sam-
ples. It is interesting to note that the SC1 and Triton-X100 sam-
ples are very alike. The dilution of sodium cholate has an im-
portant influence on the shape of the exfoliated flakes. Since the
talc concentration was also diminished to keep the mass ratio
between surfactant and talc constant, the effect must be due to

the surfactant arrangement (i.e., the presence or absence of mo-
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Figure 3: Characteristic lengths, normalized probability distributions, and topological vectors of the dimensionless aspect ratios ry, rreret, and rying for
talc flakes obtained via LPE in four different media. (a) 3D plot of average height and maximum and minimum Feret diameters for all flakes of the four
samples. (b—d) Normalized distributions of In(rp), In(rreret) @and In(rving), respectively, for each sample (black squares: butanone; red circles: sodium
cholate at 1 mg/mL; blue upward triangles: sodium cholate at 6 mg/mL; green downward triangles: Triton-X100). For rp, the absolute value of the loga-
rithm was plotted to avoid negative values and facilitate comparison with the other parameters. (e) Three-dimensional topological vector representa-
tion of ry, rreret, @and rvinr for all samples. (f) Topological vectors of three pairwise ratio combinations of rp, rreret, and ryink-
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lecular aggregates) and a higher relative amount of dispersion
medium (the water-to-talc ratio is larger in the SC1 sample).

As stressed by Santos and colleagues [25], shape and size are
different things. The previous analysis of bulk versus few-layer
flakes is very important to complement the topological vectors
just discussed because having a 2D shape does not mean that
the flake has few layers. A bulk flake that has a thickness much
smaller than both lateral parameters is 2D-shaped but behaves

like the bulk material and not like mono-layer or few-layer
flakes.

Adding to the discussion, let us consider the asymmetry of the

distribution curve for each sample. A Gaussian distribution is
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symmetric while the EMG is not; it is possible to characterize
this asymmetry by calculating two shape parameters, k (asym-
metry) and T (trimness), both functions of o and A:

k=(on)"! )
= )
»

An in-depth discussion of these can be found elsewhere [25,29].
Figure 4a,b displays the topological vectors constructed for
each sample for £ and 1. Starting with the k shape vectors, the
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Figure 4: Shape vectors k and 1 for each sample and normalized distribution of flake thickness. (a) Shape vectors k (each dimension is related to the
asymmetry of the distribution of the natural logarithm of one of the three dimensionless shape parameters ry, rreret, and rvinr). (b) Trimness shape
vectors T for all four samples. (c) Normalized histogram of the flake thickness h (black squares: butanone; red circles: sodium cholate at 1 mg/mL;
blue upward triangles: sodium cholate at 6 mg/mL; green downward triangles: Triton-X100). (d) 3D vector plot of three parameters obtained from the

EMG fit adjusted to the h data in (c): mode, k, and T.
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most symmetric distribution regarding ry, (thickness) was ob-
served for the SC6 sample. Butanone and SC1 samples have a
very similar asymmetry and Triton-X100 is the most asymmet-
rical of all four samples (thicker flakes cause the tail of the dis-
tribution to be more prominent). Exfoliation in butanone also
results in a more symmetric distribution of the rgee; parameter
and again, SC1 and Triton-X100 samples are very similar, with
SC6 being the most asymmetrical of all four samples.
Regarding the distribution of rygyp, in contrast, the SC6 sample

is the most symmetrical.

For the trimness parameter, T (Figure 4b), a small value indi-
cates a more symmetric and narrow distribution. The SC6 sam-
ple has the most trimmed distribution for all dimensionless
shape parameters of all four samples. SC1 and butanone
exhibit similar values (less trimmed) and Triton-X100 lies in
between.

Finally, let us add to the initial flake size discussion by
analyzing the flake thickness distribution instead of the dimen-
sionless parameters. The normalized histograms of flake
thickness for all four samples (Figure 3c) are well adjusted
by the EMG probability density function (Equation 3). The
thickness distribution is clearly asymmetric. Thicker flakes
resulting in the tail of the curve have not been removed
by the low-acceleration centrifugation. The mean flake thick-
ness values have the same trend as the mean values displayed in
Table 2: hgce < ATriton-x100 < hsc1 < Mbutanone- For
the SC6 sample, the most common flake would be a bilayer talc
flake.

For symmetry analysis, Figure 4d adds to what can be seen in
Figure 4c with vectorial representation of mode, k, and 1 for the
h distribution of all four samples. Triton-X100 and SC6 have
the most trimmed distributions while the most symmetrical are

Table 3: Summary of the analysis for all four samples.

Beilstein J. Nanotechnol. 2023, 14, 68—78.

those of butanone and Triton X-100. All comparisons can be
found in Table 3.

Finally, let us analyze advantages and drawbacks of each sam-
ple. An aqueous solution of 6 mg/mL sodium cholate is a
widely recommended medium for liquid exfoliation [6,11]. For
talc, it does yield the sample with the lowest average flake
thickness (2.7 nm). However, it has the largest M/m ratio. The
flakes are usually very small. Thus, many small flakes are re-
quired to compensate for the mass of rare but existing larger
flakes. This means that while the number of thin flakes greatly
exceeds the number of bulky ones, the mass of the latter is
considerably large. Regarding the symmetry of the dimension-
less shape parameters, the flakes of the SC6 sample are the most
symmetrical, except for rgerer, for which they are the second
most symmetric. The SC6 flakes are also the ones with the most
prominent 2D shape, that is, the flakes are more plate-like than
those of all other samples. All this makes this sample appro-
priate for applications in which monolayers and bilayers are re-

quired and flakes are all similar in a narrow range of 2D shapes.

The SC1 sample with more water added to the sample (sodium
cholate and talc concentrations are reduced to 1 mg/mL) makes
the average flake thickness increase to 4.5 nm. Also, it drasti-
cally brings down the M/m ratio (by more than seven times). It
also makes the distribution of shape and size parameters less
symmetrical. Nevertheless, this sample is well suited for appli-
cations that require thin flakes (mostly not a single layer) and
the overall mass of talc to be mostly constituted of thin flakes. It
should be stressed that SC is very difficult to remove from the
exfoliated sample and applications using this solution must
tolerate SC residues.

To avoid exfoliation medium residues, organic solvents of low
boiling points could be used. Butanone was tested here and

Parameter Meaning Order

mean flake lower values indicate thinner flakes SC6 < Triton-X100 < SC1 < butanone
thickness

M/m lower values indicate that fewer small flakes are needed to SC1 < butanone < Triton-X100 < SC6

account for the mass of a large bulky flake

Krp lower values indicate more symmetrical distributions SC6 < butanone < SC1 < Triton-X100
KrFeret lower values indicate more symmetrical distributions butanone < SC6 < SC1 < Triton-X100
KrMinF lower values indicate more symmetrical distribution SC6 < butanone < SC1 < Triton-X100

Trh lower values indicate more trimmed distribution

SC6 < Triton-X100 < butanone < SC1

TrFeret lower values indicate more trimmed distribution SC6 < Triton-X100 < butanone < SC1
TrMinF lower values indicate more trimmed distribution SC6 < Triton-X100 < SC1 < butanone
Kn lower values indicate more symmetrical distribution Triton-X100 < butanone < SC6 < SC1
Th lower values indicate more symmetrical distribution Triton-X100 < SC6 < SC1 < butanone
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yields the largest mean flake thickness (5.2 nm). This is almost
the double that of the SC6 sample, but it is still in the few-layer
range. The M/m ratio is the second smallest, indicating that
most of the mass of the sample is from few-layer flakes. The
distribution of the shape parameters is fairly symmetric com-
pared to the other samples but not very trimmed. The flakes are
the most 3D-like ones, meaning they are more voluminous than
other samples. Overall, if removability of the extraction medi-
um is critical and few layers are required without the need for

most flakes being monolayers, butanone is a good option.

Triton X-100 is also a widely employed surfactant for LPE.
Since it is a nonionic surfactant, it is compatible with materials
with surface charges. It is less expensive than SC and yields a
sample with an average thickness of 3.4 nm, the second lowest
one. Its M/m ratio is only smaller than that of the SC6 sample.
However, it is about 2.4 times smaller, making it a good candi-
date for applications that require few-layer flakes predomi-
nating in number and in mass at the same time. It is the least
symmetrical sample regarding the shape parameters, but it is
fairly trimmed and the most symmetrical in flake size distribu-

tion.

Conclusion

A thorough characterization of flake size and shape was per-
formed for samples of liquid-phase exfoliated talc in four differ-
ent media. LPE is a robust, scalable production route to obtain
2D nanomaterials from minerals. However, many parameters
need to be adjusted to obtain a product suitable for a given ap-
plication. Here, the choice of the medium was addressed while
other parameters (mechanical energy source, exfoliation time,
centrifugation acceleration and duration, and sample deposition)
were kept constant. Four different media were employed to
exfoliate talc. Aqueous solutions of sodium cholate at 1 and
6 mg/mL (with the talc powder concentration adapted to keep
the cholate/talc ratio constant), an aqueous solution of Triton-
X100, and pure butanone.

The exfoliation medium has an influence on flake size and
shape and should be chosen according to the desired applica-
tion. Implications go beyond the mean number of layers of the
flakes (all four media yielded few-layer-rich solutions). Flake
size (variance and asymmetry of distribution), few-layer-to-bulk

mass ratio, and 1D/2D/3D shape characteristics also varied.

Table 3 gives a summary of the efficiency of each medium in
producing flakes with the listed size and shape features. Our
procedure puts to use previously published flake analysis meth-
odology, highlighting the importance of obtaining information
on thousands of flakes and using appropriate statistical descrip-

tions to analyze the data.
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Experimental

Materials. Talc was obtained through a donation of a sample
from Minas Gerais state, Brazil. X-ray diffraction (XRD) was
performed to characterize the sample composition. The rock
was manually milled to a fine powder. Sodium cholate and
Triton-X100 were purchased from Sigma-Aldrich and used as
received. All organic solvents were of analytical grade and used
as received. Deionized water (resistivity 18.2 MQ-cm) from a
milliQ system was used for solution preparation. AFM mea-
surements were performed on silicon substrates with an oxide
layer, Si/SiO,. Substrates were functionalized with (3-amino-
propyl)triethoxysilane (APTES) following the procedure re-
ported by Fernandes and co-workers [24].

X-ray diffraction. XRD was performed in a Rigaku Geigerflex
2037 diffractometer with a graphite monochromator using
Cu Ka radiation (1.54056 A) in the Bragg—Brentano geometry
(6/20).

Talc liquid-phase exfoliation. Before submitting the material
to the liquid exfoliation process, a purification step was per-
formed to remove any contaminations [11]. Talc powder was
sonicated for 1 h in chloroform and then the solution was left to
decant. The supernatant was discarded, and the process was
repeated with acetone and water. Finally, the powder was
collected and dried for 12 h at 60 °C in an oven. The purified
talcum powder was placed in an aqueous solution of the surfac-
tant of choice (or pure butanone) (Table 1). For sodium cholate
(SC), 6 mg/mL (concentrated) and 1 mg/mL (diluted) solutions
in DI water were prepared. Talcum powder was added to the
surfactant solutions at 1 mg talc to 1 mL of diluted SC solution
and 6 mg talc to 1 mL of concentrated SC solution. Triton-X100
solutions were 1 mg/mL. Butanone was used pure as received.
For Triton-X100 and butanone, talc was added at 6 mg/mL.
Glass vials containing the solutions were placed in an ultra-
sonic bath (Elma, SIOH) for 15 h. The water bath temperature
was monitored and controlled by adding ice to keep it below
40 °C if required. The resulting solutions were centrifuged at
1000g for 1 h (Multifuge X3R Thermo Scientific) to remove
non-exfoliated material [26]. All analyses were performed with
the collected supernatant. Purified talc powder of the same
batch was used to prepare different medium samples to ensure
the starting material was the same. All exfoliation parameters
and material were kept as equal as possible to ensure that the
differences of the flakes were associated to the medium influ-

ence and not to any other parameter.

AFM measurements. Sample preparation for AFM measure-
ments followed the procedure designed by Fernandes et al. [24]
and Santos and co-workers [25]. In short, a solution (1:40) of

APTES in DI water was prepared. Si/SiO, substrates were
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immersed in the solution for 15 min. Subsequently, each sub-
strate was rinsed with DI water and blown dry with pure N, five
times to ensure the removal of any residual APTES molecules.
This step is crucial to ensure that talc flakes of all sizes adhere
to the substrate and do not stack. Talc deposition is achieved
employing spread coating of the solution onto the functionali-
zed substrate. A drop that covers all the substrate is deposited
on the surface and allowed to be in contact with it for 30 to 60 s
to ensure optimal coverage. Then the sample is rinsed again in
DI water to remove loose flakes and residual surfactant. An
in-depth discussion of this procedure can be found in [24].

AFM measurements were performed on a Park XE-70 micro-
scope, in intermittent contact mode using commercial silicon
probes (MikroMasch, HQ:NSC35/AIBs or HQ:NSC36/AlBs).
For each sample, nine different 5 um X 5 um fields were chosen
at random and scanned at 0.5 Hz with 500 pixels/line (lateral
resolution of 10 nm/pixel). Image processing (line and plane
corrections) and flake counting [24] was performed using
Gwyddion [30] and ImagelJ software, respectively. The stan-
dard particle analysis toolbox available in ImageJ was em-
ployed to obtain the flake dimensions.

Acknowledgements

The authors are thankful to Mr. Alexandre M. Moreira and the
Crystallography Laboratory (LabCri — Physics Department —
UFMG - Brazil) for the X-ray diffraction experiments and
Professor Ananias B. Alencar (UFVJM - Brazil) for the talc
structure schematic representation Figure 1. The authors are
thankful to Mr. Antdnio Pinto G. L. Neto for the mineral sam-
ple.

Funding

We acknowledge financial support from Fapemig, CNPq,
INCT-NanoCarbono, PRPPG-IFMG and PROPPI-UFOP -
Universidade Federal de Ouro Preto — Auxilio Financeiro a
Pesquisador 2020.

ORCID® iDs

Samuel M. Sousa - https://orcid.org/0000-0001-5050-3341
Helane L. O. Morais - https://orcid.org/0000-0003-2362-6949
Joyce C. C. Santos - https://orcid.org/0000-0002-6355-1083
Ana Paula M. Barboza - https://orcid.org/0000-0002-1807-971X
Bernardo R. A. Neves - https://orcid.org/0000-0003-0464-4754
Elisangela S. Pinto - https://orcid.org/0000-0002-8531-2470
Mariana C. Prado - https://orcid.org/0000-0003-0472-2433

References

1. Tan, C.; Cao, X.; Wu, X.-J.; He, Q.; Yang, J.; Zhang, X.; Chen, J ;
Zhao, W.; Han, S.; Nam, G.-H.; Sindoro, M.; Zhang, H. Chem. Rev.
2017, 117, 6225-6331. doi:10.1021/acs.chemrev.6b00558

Beilstein J. Nanotechnol. 2023, 14, 68—78.

2. Smith, R. J.; King, P. J.; Lotya, M.; Wirtz, C.; Khan, U.; De, S;
O'Neill, A.; Duesberg, G. S.; Grunlan, J. C.; Moriarty, G.; Chen, J.;
Wang, J.; Minett, A. I.; Nicolosi, V.; Coleman, J. N.
Adv. Mater. (Weinheim, Ger.) 2011, 23, 3944-3948.
doi:10.1002/adma.201102584

3. Paton, K. R.; Varrla, E.; Backes, C.; Smith, R. J.; Khan, U.; O'Neill, A.;
Boland, C.; Lotya, M.; Istrate, O. M.; King, P.; Higgins, T.; Barwich, S.;
May, P.; Puczkarski, P.; Ahmed, I.; Moebius, M.; Pettersson, H.;
Long, E.; Coelho, J.; O'Brien, S. E.; McGuire, E. K.; Sanchez, B. M.;
Duesberg, G. S.; McEvoy, N.; Pennycook, T. J.; Downing, C.;
Crossley, A.; Nicolosi, V.; Coleman, J. N. Nat. Mater. 2014, 13,
624—630. doi:10.1038/nmat3944

4. Nicolosi, V.; Chhowalla, M.; Kanatzidis, M. G.; Strano, M. S.;
Coleman, J. N. Science 2013, 340, 1226419.
doi:10.1126/science.1226419

5. Coleman, J. N.; Lotya, M.; O'NEeill, A.; Bergin, S. D.; King, P. J.;
Khan, U.; Young, K.; Gaucher, A.; De, S.; Smith, R. J.; Shvets, |. V;
Arora, S. K.; Stanton, G.; Kim, H.-Y.; Lee, K.; Kim, G. T.;
Duesberg, G. S.; Hallam, T.; Boland, J. J.; Wang, J. J.; Donegan, J. F.;
Grunlan, J. C.; Moriarty, G.; Shmeliov, A.; Nicholls, R. J.;
Perkins, J. M.; Grieveson, E. M.; Theuwissen, K.; McComb, D. W.;
Nellist, P. D.; Nicolosi, V. Science 2011, 331, 568-571.
doi:10.1126/science.1194975

6. Backes, C.; Higgins, T. M.; Kelly, A.; Boland, C.; Harvey, A,;
Hanlon, D.; Coleman, J. N. Chem. Mater. 2017, 29, 243-255.
doi:10.1021/acs.chemmater.6b03335

7. Giovannetti, R.; Rommozzi, E.; Zannotti, M.; D'Amato, C. A.;
Ferraro, S.; Cespi, M.; Bonacucina, G.; Minicucci, M.; Di Cicco, A.
RSC Adv. 2016, 6, 93048-93055. doi:10.1039/c6ra07617c

8. Wang, H.; Su, X.; Song, T.; Li, Z.; Zhao, Y.; Lou, H.; Wang, J.
Appl. Surf. Sci. 2019, 488, 656—661. doi:10.1016/j.apsusc.2019.05.296

9. Kedawat, G.; Kumar, P.; Nagpal, K.; Paul, S. J.; Singh, V. N.;
Kumar, S. S.; Gupta, B. K. ChemistrySelect 2019, 4, 6219-6226.
doi:10.1002/slct.201901325

10.Hanlon, D.; Backes, C.; Doherty, E.; Cucinotta, C. S.; Berner, N. C.;

Boland, C.; Lee, K.; Harvey, A.; Lynch, P.; Gholamvand, Z.; Zhang, S.;

Wang, K.; Moynihan, G.; Pokle, A.; Ramasse, Q. M.; McEvoy, N.;

Blau, W. J.; Wang, J.; Abellan, G.; Hauke, F.; Hirsch, A.; Sanvito, S.;

O’Regan, D. D.; Duesberg, G. S.; Nicolosi, V.; Coleman, J. N.

Nat. Commun. 2015, 6, 8563. doi:10.1038/ncomms9563

.Harvey, A.; Boland, J. B.; Godwin, I.; Kelly, A. G.; Szydfowska, B. M.;

Murtaza, G.; Thomas, A.; Lewis, D. J.; O'Brien, P.; Coleman, J. N.

2D Mater. 2017, 4, 025054. doi:10.1088/2053-1583/aab41a

12. Alencar, A. B.; Barboza, A. P. M.; Archanjo, B. S.; Chacham, H.;
Neves, B. R. A. 2D Mater. 2015, 2, 015004.
doi:10.1088/2053-1583/2/1/015004

13. Swietlicki, M.; Chocyk, D.; Klepka, T.; Proszynski, A.; Kwasniewska, A.;
Borc, J.; Gtadyszewski, G. Materials 2020, 13, 698.
doi:10.3390/ma13030698

14.Torres, H. S. S.; Varajéo, A. F. D. C.; Sabioni, A. C. S. Appl. Clay Sci.
2015, 112-113, 53-61. doi:10.1016/j.clay.2015.04.016

15. Castillo, L.; Lépez, O.; Lopez, C.; Zaritzky, N.; Garcia, M. A,;
Barbosa, S.; Villar, M. Carbohydr. Polym. 2013, 95, 664—674.
doi:10.1016/j.carbpol.2013.03.026

16. Balamurugan, G. P.; Maiti, S. N. Polym. Eng. Sci. 2010, 50,
1978-1993. doi:10.1002/pen.21724

17.Claverie, M.; Dumas, A.; Caréme, C.; Poirier, M.; Le Roux, C.;
Micoud, P.; Martin, F.; Aymonier, C. Chem. — Eur. J. 2018, 24,
519-542. doi:10.1002/chem.201702763

1

—_

77


https://orcid.org/0000-0001-5050-3341
https://orcid.org/0000-0003-2362-6949
https://orcid.org/0000-0002-6355-1083
https://orcid.org/0000-0002-1807-971X
https://orcid.org/0000-0003-0464-4754
https://orcid.org/0000-0002-8531-2470
https://orcid.org/0000-0003-0472-2433
https://doi.org/10.1021%2Facs.chemrev.6b00558
https://doi.org/10.1002%2Fadma.201102584
https://doi.org/10.1038%2Fnmat3944
https://doi.org/10.1126%2Fscience.1226419
https://doi.org/10.1126%2Fscience.1194975
https://doi.org/10.1021%2Facs.chemmater.6b03335
https://doi.org/10.1039%2Fc6ra07617c
https://doi.org/10.1016%2Fj.apsusc.2019.05.296
https://doi.org/10.1002%2Fslct.201901325
https://doi.org/10.1038%2Fncomms9563
https://doi.org/10.1088%2F2053-1583%2Faa641a
https://doi.org/10.1088%2F2053-1583%2F2%2F1%2F015004
https://doi.org/10.3390%2Fma13030698
https://doi.org/10.1016%2Fj.clay.2015.04.016
https://doi.org/10.1016%2Fj.carbpol.2013.03.026
https://doi.org/10.1002%2Fpen.21724
https://doi.org/10.1002%2Fchem.201702763

18.Mania, E.; Alencar, A. B.; Cadore, A. R.; Carvalho, B. R.;
Watanabe, K.; Taniguchi, T.; Neves, B. R. A.; Chacham, H.;
Campos, L. C. 2D Mater. 2017, 4, 031008.
doi:10.1088/2053-1583/aa76f4

19.Lund, S.; Kauppila, J.; Sirkia, S.; Palosaari, J.; Eklund, O.;

Latonen, R.-M.; Smatt, J.-H.; Peltonen, J.; Lindfors, T. Carbon 2021,
174, 123—-131. doi:10.1016/j.carbon.2020.11.094

20.Karger, L.; Synnatschke, K.; Settele, S.; Hofstetter, Y. J.; Nowack, T.;
Zaumseil, J.; Vaynzof, Y.; Backes, C. Adv. Mater. (Weinheim, Ger.)
2021, 33, 2102883. doi:10.1002/adma.202102883

21. Abreu, B.; Almeida, B.; Ferreira, P.; Fernandes, R. M. F.;
Fernandes, D. M.; Marques, E. F. J. Colloid Interface Sci. 2022, 626,
167-177. doi:10.1016/j.jcis.2022.06.097

22. Sugioka, H.; Moroi, Y. Biochim. Biophys. Acta, Lipids Lipid Metab.
1998, 1394, 99-110. doi:10.1016/s0005-2760(98)00090-3

23. Perdikatsis, B.; Burzlaff, H. Z. Kristallogr. 1981, 156, 177—186.
doi:10.1524/zkri.1981.156.3-4.177

24.Fernandes, T. F. D.; Miquita, D. R.; Soares, E. M.; Santos, A. P.;
Cancgado, L. G.; Neves, B. R. A. 2D Mater. 2020, 7, 025045.
doi:10.1088/2053-1583/ab7975

25.Santos, J. C. C.; Prado, M. C.; Morais, H. L. O.; Sousa, S. M;
Silva-Pinto, E.; Cangado, L. G.; Neves, B. R. A. npj 2D Mater. Appl.
2021, 5, 51. doi:10.1038/s41699-021-00234-z

26.Backes, C.; Szydtowska, B. M.; Harvey, A.; Yuan, S.;
Vega-Mayoral, V.; Davies, B. R.; Zhao, P.-I.; Hanlon, D;

Santos, E. J. G.; Katsnelson, M. I.; Blau, W. J.; Gadermaier, C.;
Coleman, J. N. ACS Nano 2016, 10, 1589-1601.
doi:10.1021/acsnano.5b07228

27.Merkus, H. G. Particle Size Measurements; Particle Technology Series;

Springer: Dordrecht, 2009. doi:10.1007/978-1-4020-9016-5

28.Chacham, H.; Santos, J. C. C.; Pacheco, F. G.; Silva, D. L.;
Martins, R. M.; Del'Boccio, J. P.; Soares, E. M.; Altoé, R.;
Furtado, C. A.; Plentz, F.; Neves, B. R. A.; Cangado, L. G.
ACS Appl. Nano Mater. 2020, 3, 12095-12105.
doi:10.1021/acsanm.0c02598

29.Foley, J. P.; Dorsey, J. G. J. Chromatogr. Sci. 1984, 22, 40—46.
doi:10.1093/chromsci/22.1.40

30.Necas, D.; Klapetek, P. Cent. Eur. J. Phys. 2012, 10, 181-188.
doi:10.2478/s11534-011-0096-2

Beilstein J. Nanotechnol. 2023, 14, 68—78.

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.14.8

78


https://doi.org/10.1088%2F2053-1583%2Faa76f4
https://doi.org/10.1016%2Fj.carbon.2020.11.094
https://doi.org/10.1002%2Fadma.202102883
https://doi.org/10.1016%2Fj.jcis.2022.06.097
https://doi.org/10.1016%2Fs0005-2760%2898%2900090-3
https://doi.org/10.1524%2Fzkri.1981.156.3-4.177
https://doi.org/10.1088%2F2053-1583%2Fab7975
https://doi.org/10.1038%2Fs41699-021-00234-z
https://doi.org/10.1021%2Facsnano.5b07228
https://doi.org/10.1007%2F978-1-4020-9016-5
https://doi.org/10.1021%2Facsanm.0c02598
https://doi.org/10.1093%2Fchromsci%2F22.1.40
https://doi.org/10.2478%2Fs11534-011-0096-2
https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.14.8

	Abstract
	Introduction
	Results and Discussion
	Choice of exfoliation medium
	Liquid exfoliation of talc
	Atomic force microscopy characterization of flake size
	Topological vector analysis

	Conclusion
	Experimental
	Acknowledgements
	Funding
	ORCID iDs
	References

