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Abstract: The electrical properties of isolated graphene established precedents for studies of electrical
superconducting materials at room temperature. After the discovery of stabilized graphene and
graphite nanoplatelets in a geological context, the interest in characterizing the properties of these
minerals arose. This work evaluates the electrical resistance evolution of mineral graphite and talc
heterostructures under progressive metamorphism simulated in the laboratory. The experiments were
conducted on an end-loaded piston-cylinder apparatus. This equipment allows for the application
of equal pressure in all sample directions (lithostatic pressure) and heating, simulating geological
phenomena. The behavior of two sets of mineral samples were compared: graphite and talc in
billets and powder. Samples in billets were submitted to treatments at 400 °C and 4 kbar; 400 °C
and 6 kbar; and 700 °C and 9 kbar. The powder samples were subjected to 700 °C and 9 kbar, with
two ways of disposing the mineral powders (mixed and in adjacent contact) beyond 900 °C and
9 kbar (in adjacent contact). The results show that the samples in billets had lower electrical resistance
when compared to the powder samples. The lowest electrical resistance was observed in the sample
treated at 400 °C and 6 kbar, conditions that are consistent with metamorphic mineral assemblage
observed in the field. Powdered samples showed better cleavage efficiency during the experiment,
resulting in thinner flakes and even graphene, as pointed out by Raman spectroscopy. However,
these flakes were not communicating, which resulted in high electrical resistance, due to the need
for an electrical current to pass through the talc, resulting in a Joule effect. The maximum electrical
resistance obtained in the experiment was obtained in the sample submitted to 900 °C, in which
talc decomposed into other mineral phases that were even more electrically insulating. This work
demonstrates that electrical resistance prospecting can be an efficient tool to identify potential target
rocks with preserved mineral nanometric heterostructures that can form an important raw material
for the nanotechnology industry.

Keywords: applied mineralogy; experimental petrology; mineral technology; natural graphene;
mineral feedstock

1. Introduction

The graphite mechanical microcleavage to obtain graphene was responsible for the
emergence of two-dimensional (2D) materials science [1]. Among the outstanding prop-
erties of 2D materials are the electrical superconductivity at room temperature and high
transparency, initially observed in graphene [2—4], which earned its authors the 2010 Nobel
Prize in Physics [5]. Graphene’s electrical and optical properties are key to the devel-
opment of high-speed electronics [6-8], single molecule detection [9-11], high-capacity
sensors [12,13], field-effect devices [14-16], and transparent electrodes devices [17-19].

Despite its strategic properties, graphene is still not widely available in industry [20,21].
The two main problems with the popularization of graphene devices are instability and
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the high cost of producing the material [22]. Graphene is unstable and tends to recombine
with itself or other flakes in the sample. To avoid this phenomenon, graphene needs to be
anchored in a substrate or dispersed in a solvent that reduces its surface energy [23,24].
Graphene production processes are still expensive, especially when dependent on synthetic
raw materials [25]. In addition, most large-scale processes have low profitability and
logistical difficulties (with storage and transport) [26].

Boggild et al. [27] pointed out that the price of an ideal monolayer graphene flake in
2006 was 1 EUR/ pum?. In 2016, this value dropped to 1 EUR/cm?, which represents a factor
108 reduction. The evolution of both top-down (from bulk precursors) and bottom-up (from
chemical reagents) techniques led graphene production processes to become progressively
more profitable, allowing the production of larger volumes of material at a lower operating
cost. Even so, it is still of high value to make graphene an everyday material.

A new way of obtaining graphene and other 2D substances via top-down techniques
is the extraction from mineral deposits [28]. There are tectono-structural contexts that allow
graphite-bearing rocks to be sheared, forming graphite nanoplatelets and graphene [29].
These contexts are recorded in metamorphic rocks. Metamorphism is the process in which
any type of rock undergoes structural and compositional transformations (mineralogically)
in a solid state, becoming denser and more compact. This process occurs as a result of the
increase in temperature, pressure, presence and composition of fluids, in addition to the
time the rock was kept under these deformation conditions [30].

The thin crystals of graphite and graphene found in rocks have crystalline defects and
compositional impurities but are stabilized in rock, remaining stable for over a hundred
million years [31]. These nanomaterials require simple and low-cost processing and have
the potential to be used for various functionalities that do not depend on perfect crystallinity
and analytical purity [32-35].

In a geological context, graphene stabilization also needs to occur in a substrate. It is
necessary that the rock has another mineral of placoid structure with van der Waals forces to
anchor the exfoliated graphite [36]. Clay minerals [37,38], micas [39,40], molybdenite [41,42]
and talc [43,44] are examples of minerals with these characteristics.

Talc is proving to be a prominent candidate as a mineral substrate for geological
graphenes [45]. The epitaxial relationship between bulk minerals favors the maintenance of
thin flakes, in addition to the relative abundance of talc and graphite in metamorphic rocks
deformed by shear zones [45-48]. Therefore, talc was chosen as the graphite substrate in
this study’s experiments.

The possibility of prospecting, identifying, and extracting graphene or its by-products
from rocks opens possibilities to transform it into a mineral commodity. This would be
an important step towards popularizing its use in everyday products. These are mineral
deposits of smaller dimensions, with less environmental impact for their extraction, with
simpler processing than other mineral commodities that require large mining plants. This
would enable the production of large volumes of raw material for the nanotechnology
industry [49,50].

Graphene geology had its first mention in 2011 [51] and is an emerging interdisci-
plinary area between Material Sciences and Geosciences. Research in this area has been
highlighted by demonstrating that the petrological genesis of graphite directly affects the
properties of graphene and graphene oxide produced from it [52]. At the same time, this
research line demonstrated the existence of rocks bearing stabilized graphene [33,47] and
showed that the presence of graphenes and graphite nanoplatelets added quality to lithic
artifacts [53].

As the variation in electrical resistance is one of the main mechanisms for recognizing
the presence of graphene in rock during fieldworks, this property was chosen to charac-
terize the samples of the proposed studies. Field reconnaissance is the first tool used in
mineral resource prospecting surveys. In graphitic rocks, significant reductions in electrical
resistivity are indicative that the mineral was cleaved in a privileged way, possibly being a
graphene-bearing rock.
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This experimental study proposes the formation simulation of fine talc and graphite
heterostructures in different metamorphic contexts to evaluate which one presents the low-
est electrical resistivity. In this way, the developed studies aimed to evaluate the electrical
resistance behavior of bulk and nanometric talc and graphite geological heterostructures.
The precursor minerals (graphite and talc) were treated under different conditions of pres-
sure and temperature (simulating the metamorphic process) that favor minerals’ mutual
diffusion in the solid state. The minerals were placed in different ways in the sample holder
so that the arrangement of precursor minerals as controllers of electrical resistance could
be analyzed.

The cleavage efficiency of graphite was analyzed by Raman spectroscopy. Raman
spectroscopy gained notoriety for the study of graphitic materials as it allows the relative
measurement of the covalent bonds and van der Waals forces abundance in their structure.
This analytical technique can represent whether an originally multilayer graphite passed to
a 2D system after treatment or deformation.

The diffusion zones formed under experimental conditions were subjected to elec-
trical resistance measurements. These results allowed us to infer which metamorphism
conditions and which distribution of minerals in the rock are more favorable for the natural
availability of heterostructures with low electrical resistance.

2. Materials and Methods
2.1. Precursor Minerals and Piston-Cylinder Apparatus

The study included the preparation and analysis of six samples. The thermobarometric
treatment conditions chosen were 400 °C and 4 kbar; 400 °C and 6 kbar; 700 °C and 9 kbar;
900 °C and 9 kbar, which correspond to conditions of progressive metamorphism existing
inside the Earth’s continental crust.

The samples treated under 700 °C and 9 kbar were arranged in three different ways
in the sample holder: (i) minerals in billets (named B); (ii) minerals in adjacent powders
(named P); and (iii) minerals in homogeneous powder mixture (named MP). These configu-
rations allowed for the evaluation of the contact relationship between precursor minerals
for electrical resistance analysis purposes.

In this way, the nomenclature of the samples and their experimentation conditions
were as follows:

B-400-4: Graphite and talc in billets, treated at 400 °C and 4 kbar;

B-400-6: Graphite and talc in billets, treated at 400 °C and 6 kbar;

B-700-9: Graphite and talc in billets, treated at 700 °C and 9 kbar;

MP-700-9: Graphite and talc in a homogeneous mixture of powders, treated at 700 °C
and 9 kbar;

P-700-9: Graphite and talc in adjacent contact powders, treated at 700 °C and 9 kbar;
P-900-9: Graphite and talc in adjacent contact powders, treated at 900 °C and 9 kbar.

The end-loaded piston-cylinder apparatus is a set of equipment adapted from com-
mercial devices that allows for the simulation of temperature and pressure conditions
found in the Earth’s crust and upper mantle [54]. Traditionally, it is used for melting and
crystallization studies of geological materials [55]. In this study, the equipment simulated
processes for obtaining and stabilizing natural graphite nanoplatelets and graphenes in
rocks [45].

The studies were carried out with an end-loaded Bristol-type piston-cylinder appara-
tus, and the temperature was set up and monitored using a B-type thermocouple and a
2404 Eurotherm PID controller.

The precursor minerals were placed in contact to yield diffusion and mutual exfoliation
inside the sample holder. The sample holder was a tube 6 mm long (L) and 2.6 mm in
diameter (w), made of a AuysPdys alloy, which was welded at its ends to avoid material
exchange with the outside. This metal capsule was inserted into a 3/4” concentric furnace
assembly consisting of crushable MgO, which acts as a sample holder fixer, graphite
heater, pyrex (B-silicate) glass (spacer), and NaCl sleeves to maintain the almost friction-
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free sample, besides steel plugs. An alumina two-bore insulator allowed thermocouple
insertion and temperature measures on the capsule top-end, isolated from the thermocouple
probe with a thin Al disk [56]. The 3/4” furnace assembly used in the studies can be seen
in Figure 1.
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Figure 1. The 3/4” furnace assembly used in samples processing at the piston-cylinder apparatus.

All samples were subjected to thermobarometric treatment for 24 h so that it was
possible to observe diffusion zones. The experiments were carried out up to a pressure
of 9 kbar, which ensures the phase stability of graphite [57]. Experiments carried out in
temperatures up to 700 °C aimed to keep the talc stable in the system, as it transitions
to other phases at higher temperatures, given the pressure conditions used [58]. The
experiment conducted at 900 °C analyzed whether the progressive phase change from talc
(Mgs Sig O19(OH),) to enstatite (MgSiO3), silica (5i0;), and water (H,O) was relevant to the
electrical resistance of graphite nanoplatelets and graphene formed in the diffusion zone.

After completing the 24 h period, the power supply to the equipment was cut and the
furnace set was cooled down to room temperature at a rate of approximately —30 °C/s.
This cooling rate was fast enough to avoid phase re-equilibrium, which preserved the
structures formed under the chosen thermobarometric conditions.

2.2. Diffusion Zones Characterization

The AuPd capsules after the experiments were sawn by microtome to expose the
minerals and their diffusion zone and were fixed in epoxy resin to facilitate handling
during characterization.

A diffusion zone between the mineral precursors contacts was observed with reflected-
light optical microscopy (RLOM, Zeiss Axio Imager, equipped with the Zeiss AxioCam
system) and scanning electron microscopy (SEM, LEO 440I) with compositional mode of
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backscattered electrons (BSE). The SEM analytical conditions were 20 kV voltage, working
distance of 25 mm, and a sample current between 600 and 1200 pA.

Contact zones between graphite and talc were studied by Raman spectroscopy using a
WITec Raman microscope alpha 300 R with a 633 nm excitation laser, with 30 accumulations
in an integration time of 3 s.

Raman spectroscopy is a strategic characterization technique used to evaluate the
systematic cleavage of van der Waals interactions in the graphite structure [59,60]. This
technique measures the relative intensity between discrete graphite—graphene spectral
bands, namely D (approximately 1350 cm !, corresponding to defects in covalent bonds),
G (approximately 1580 cm !, associated with the sp? carbon atoms’ plane vibration), and
2D (approximately 2700 cm ™!, linked to the structural arrangement of the two-dimensional
plane) [61,62].

2.3. Electrical Resistance Tests

The electrical resistances of the samples were obtained using a two-probe method (in
a modified version of the four-wire Kelvin method) [63,64]. Due to the small dimensions
of the sample plane surfaces, the same pair of probes, separated by a distance (d) of
1.30 mm, was used to impinge the probe current and to measure the voltage on the device
under test (DUT). The constant current values were adjusted with a precision digital
ammeter connected in series with the DC source and the DUT, so the voltage drop was
measured directly on the DUT using a precision digital voltmeter and a separated pair
of wires. The high resistance of the digital voltmeter ensures the probe current flows
predominantly through the DUT and that the measured voltage is the voltage drop (V)2
across the DUT, allowing an accurate resistance measurement. Figure 2 shows a scheme of
the experimental setup.

Figure 2. Experimental setup used for the electrical resistance measurement. L = 6 mm; w = 2.6 mm;
d = 1.30 mm; V: voltmeter; A: ammeter.

3. Results
3.1. Microscopy of Treated Samples
Figure 3 presents the RLOM result. In these images, it is possible to verify the distri-

bution of talc and graphite, in addition to the formation of diffusion zones between the
precursor minerals.
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ffusion zone

Figure 3. RLOM photomicrographs. (a) B-400-4; (b) B-400-6; (c) B-700-9; (d) MP-700-9; (e) P-700-9; (f)
P-900-9.

Details of the interface zone between graphite and talc can be seen in the BSE-SEM
images in Figure 4.

It was possible to verify that in all six samples, there was the formation of a diffusion
zone, proving the success of experiments in simulating metamorphic rock structures from
which the electrical resistance was measured.

The microscopy images showed that the samples treated under lower-pressure and
temperature conditions (B-400-4 and B400-6) practically did not deform the flat surface of
contact between the precursor minerals. This is indicative of an efficient mineral diffusion
and intercalation process with low precursor crystal deformation, while in the other samples
(MP-700-9, B-700-9, P-700-9, and P-900-9), despite having formed zones of efficient diffusion,
the sample deformation was significant. The least efficient diffusion occurred in the MP-
700-9 sample, as the minerals were already uniformly mixed before the thermobarometric
treatment. The main phenomenon that occurred that was observed in this sample was
the minerals” dynamic recrystallization. Among the samples treated equally at 700 °C
and 9 kbar, sample B-700-9 had the formation of a low-strain diffusion zone with greater
efficiency, while P-700-9 showed strong deformation and formation of microfractures in the
diffusion zone.
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Figure 4. BSE-SEM photomicrographs. (a) B-400-4; (b) B-400-6; (c) B-700-9; (d) MP-700-9; (e) P-700-9;
(f) P-900-9.

3.2. Raman Spectroscopy of Graphite and Graphene

Raman spectroscopy aimed to analyze the evolution of the graphite-graphene system
from the pure graphite zone to the interior of the talc—graphite diffusion zone to show an
effective disruption of the van der Waals forces in the graphitic structure. Graphene and
graphite nanoplatelet formations are evidence of efficient exfoliation and, consequently, a
reduction in electrical resistance in flakes in heterostructures. Figure 5 displays the Raman
spectra of the six studied samples.

It is possible to observe that in all samples, there is a relative increase in the intensity
of the 2D band in relation to the graphite G band in the diffusion zone. This is evidence
of the efficient cleavage of graphite in all simulations of metamorphic conditions. It was
also possible to observe an increase in the intensity of the D band in sample B-400-6 where
the diffusion zone begins, revealing that before cleaving, the graphite deforms to form
heterostructures. This happens because the graphitic structure is stressed before breaking
the van der Waals interactions in the formation of heterostructures.



C2023,9,75 8 of 14

B-400-4

Graphite zone 1
Diffusion zone

a (b
(@) ) B-400-6
Graphite zone
Diffusion zone start|
| Diffusion zone 4

L

I
!
1

AL
b

|

1
A\

Intensity (arbitrary units)
-Q
Intensity (arbitrary units)

| |
|
i

1
1

IR = TR Y. S P,

1000 2000 3000 1000 2000 3000

Raman shift (cm") Raman shift (cm™)

T T T T T T T T
© | B-700-9 ] @ G MP-700-9

Graphite zone | | —— Graphite crystal center
Diffusion zone| |

Graphite crystal border

| ‘
|
{
I

|

2D

-
o

Intensity (arbitrary units)
Intensity (arbitrary units)

R e s T

_ N |
| | L 2

T T T T T
1000 2000 3000
Raman shift (cm™)

T T T
1000 2000 3000
Raman shift (cm™)

T T T

P-900-9

Graphite zone
DifTusion zone

© P-700-9 ®

Graphite zone
DifTusion zone

1
-
1

\ 2D
Wﬂ“mm ,_,f'l_‘

! ‘”“"" T ) T, b

/[ gt

et
I\ \

- N ! Mrmrmrerivarme s ivaangs
TR G VI U o A I —— e

[ntensity (arbitrary units)
- ~ )
Intensity (arbitrary units)

it

T T T T T T T T T T
1000 2000 3000 1000 2000 3000

Raman shift (em™) Raman shift (cm™)

Figure 5. Results of graphite-graphene system Raman spectroscopy. (a) B-400-4; (b) B-400-6;
(c) B-700-9; (d) MP-700-9; (e) P-700-9; (£f) P-900-9.

3.3. Electrical Resistance Tests

The V vs. I curves are shown in the Figure 6. The symbols represent the experimental
data, while the lines are the linear fits obtained using commercial data analysis software.
The probe current values were varied from zero up to 5 mA and 2 mA for the low (Figure 6a)
and high resistance (Figure 6b) samples, respectively. In these ranges of current values,
all samples presented ohmic behavior, so the electrical resistance could be obtained from
the Ohm law (V = RI) as the linear coefficients of the linear fits. The results are shown in
Table 1.
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Figure 6. Measurements of electrical resistance as a function of V and I. (a) The V vs. I curves for the

low-resistance samples. (b) The V vs. I curves for the high-resistance samples.

Table 1. Resistance values obtained from the linear fit of the V vs. I curves.

Sample Resistance (02)
B-400-4 2.67
B-400-6 217
B-700-9 3.05
MP-700-9 6.51
P-700-9 2655.00
P-900-9 3583.00

4. Discussion

Six samples were processed using a piston-cylinder apparatus to simulate the meta-
morphic behavior of natural talc and graphite for the formation of heterostructures. The
choice of 400 °C and 4 kbar refers to conditions where these structures have already been
reported in the literature [65,66]. Based on these conditions, the aim was to assess the
progression of metamorphism for the cleavage and generation of graphite heterostructures
in another mineral substrate.

All experiments were successful in forming a diffusion zone after 24 h of processing.
The micrographs reveal that the samples treated at 700 °C and 900 °C deformed severely,
losing the flat faces between the precursor minerals. The experiments at 400 °C, on the
other hand, formed diffusion zones but preserved the original structure of the precursor
minerals in the sample holder.

The graphite zone showed uniform behavior in all samples following Raman spec-
troscopy. The G band in all graphite zones was always more intense than the 2D band.
Similarly, Raman spectra acquired from the diffusion zone of all experimental products
revealed an approximation of the intensity of the G and 2D bands. This represents a signifi-
cant reduction in the van der Waals forces of the mineral structure compared to its covalent
bonds, which is indicative of efficient cleavage.

Considering the potential of graphene and its associated materials as an electrical
superconductor at room temperature, the electrical resistivity of the heterostructures formed
in the diffusion zone was measured to verify which metamorphism conditions allowed the
formation of less resistive flakes.

Figure 7 shows the electrical resistance as a function of the samples. In Figure 7a,
it is possible to observe the electrical resistance of the samples in billets, showing that
the conditions of lower resistance are those observed in B-400-6. Figure 7b reveals the
electrical behavior of the powdered samples, highlighting the greater resistance obtained
in the experiments on the P-900-9 sample. As there was the beginning of the talc phase
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transition and the formation of other more resistive minerals, the diffusion zone did not
allow the fine flakes formed to communicate and reduce the electrical conductivity in this
sample. Figure 7c shows the comparison of samples treated at 700 °C and 9 kbar under
different disposition of precursor minerals. Figure 7c shows the comparison of samples
treated at 700 °C and 9 kbar under different disposition of precursor minerals. It is possible
to observe that the samples in adjacent powders are not efficient in communicating fine
heterostructures of low electrical resistance, whereas in the samples in billets, diffusion
occurs in the most prominent way and maintains the communicating flakes. The sample
in homogeneous mixed powders presents communicant flakes; however, the exfoliation
of the graphitic structure is less prominent, which justifies the intermediate resistance.
Figure 7d summarizes all electrical characterization results as a function of the pressure
and temperature conditions of each sample.
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Figure 7. Compilation of electrical resistance data as a function of thermobarometric treatment.
(a) Samples in billets. (b) Adjacent powder samples. (c) Comparison of samples arranged differently
in the sample holder and uniformly treated at 700 °C and 9 kbar. (d) Compilation of electrical
resistance as a function of pressure and temperature of each evaluated sample.

The highest values of electrical resistance were obtained in samples P-700-9 and P-900-
9. As the P-900-9 sample surpassed the talc stability temperature at 9 kbar, there was the
beginning of the formation of other mineral phases (such as enstatite and quartz) that do
not have a planar structure and do not act as an efficient substrate for exfoliated graphites.
Despite the treatment conditions of the P-700-9 sample maintaining the stability of the
precursor minerals, the high pressure is more efficient in deforming the precursor crystals
than in allowing the interdigitation of talc and graphite, fundamental for the formation of
heterostructures with lower electrical resistance.
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5. Conclusions

The results indicate that graphene formation is feasible in metamorphism and shearing
of graphite and talc-bearing rocks. If talc is the mineral substrate for natural graphenes, the
most suitable metamorphism temperature occurs below 700 °C, guaranteeing the thermal
stability of talc.

To ensure the barometric stability of graphite, it is important that the pressure does
not exceed 9 kbar. At the same time, it was possible to observe that pressures above 6 kbar
are severe enough to deform the minerals in a non-planar way, which compromises the for-
mation of communicating heterostructures that are, consequently, less electrically resistive.

The most efficient way to form heterostructures of low electrical resistance is from
precursor minerals in billets. This arrangement favors the formation of communicating
heterostructures that are more electrically conductive.

It was possible to verify that graphene and other 2D structures can be prospected in
natural rocks when there are favorable mineralogical and tectonic contexts for their forma-
tion and stabilization. The electrical resistance survey can be used as a preliminary analysis
tool, in fieldwork or even in a laboratory environment, to assess whether a given metamor-
phic graphite-bearing rock may have stabilized graphite nanoplatelets and graphene in its
structure. Based on systematic surveys and discoveries of areas where this phenomenon is
complete, it will be possible to obtain graphene in abundance as mineral resources.
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