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Abstract

This work sought to obtain graphite oxide from the application of the high-energy ball mill (HEBM). The
grinding process occurred by inserting 4 g of the sample of a commercial graphite in the HEBM for the
times of 30min, 1 hour and 4 hours. Scanning electron microscopy (SEM) analysis was used for the samples
morphological characterization. The analysis of X-ray diffractometry (XRD) allowed to measure the
interplanar distances obtained from the comminution of the sample, in addition to evaluating the
structural difference between the post-ground samples obtained by the mechanical amorphization process.
The results indicated that the increase in the grinding time disturbed the structural order of the graphite
and increased the interplanar distance of the post-ground samples in comparison to the precursor graphite.
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1. Introduction

Carbon is one of the most important chemical elements, as it is indispensable for the existence of life and
for exhibiting applications in different areas of knowledge. Carbonaceous materials are those mainly
composed of the carbon element, with levels of 99% or more, which can be found in nature or synthetic
(MANTEL, 1968; SAVAGE, 1993; MARSH, 1998; CGEE, 2010).
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CGEE (2010) explains that carbonaceous materials can be developed from several organic raw materials
in solid, liquid or gaseous states. Depending on their formation conditions (natural or processed),
carbonaceous materials can be found in several ways. Natural carbonaceous materials have several
allotropic forms such as: amorphous carbon (carbon black, common coal, coke, glassy carbon, etc.),
crystalline in the form of natural graphite (hexagonal crystalline structure) or diamond (cubic crystalline
structure), fullerenes , graphene and carbon nanotube (ZARBIN & OLIVEIRA, 2013). Figure 1 exemplifies
some of these configurations.

d) e) f)
Figure 1 - Schematic representation of different carbon allotropes: a) natural graphite; b) diamond; c)
fullerene; d) single-walled carbon nanotube; ) multi-walled carbon nanotube; f) grapheneSource: Zarbin
and Oliveira (2013).

Synthetic or processed carbonaceous materials are artificially obtained, that is, they present laboratory
developed substances by the use of raw materials, such as: synthetic graphite, carbon fibers, glassy carbon,
carbon fiber reinforced carbon composite (CRFC), composite carbon/carbon (C/C), cokes, coals, resins,
piches and organic gases, being predominantly polygranular materials, composed of particles, fibers and
binders of organic origin (MANTEL, 1968; MARSH, 1988; MARSH, HEINTZ and REINOSO, 1997;
CGEE, 2010).

Graphite is one of the allotropic forms of naturally found carbon, being a classic example of a solid with
lamellar structure, in which each carbon atom with sp2 hybridization is linked to three other atoms forming
thousands of two-dimensional sheets (sheets) with the appearance of a hive (DRESSELHAUS,
DRESSELHAUS and EKLUND, 1995). Each slide is called graphene, and stacking them, via van der
Waals attractions, gives several planes of carbon atoms arranged in a hexagonal symmetry network
(BELEM, 2006; GEIM and NOVOSELOV, 2007; ZARBIN and OLIVEIRA , 2013). The graphite structure
can be seen in Figure 2.

International Educative Research Foundation and Publisher © 2020 pg. 200


http://www.ijier.net/

International Journal for Innovation Education and Research www.ijier.net Vol:-8 No-03, 2020

1,415 4

Interplanar
distance
14 &

a) b)
Figure 2 - Structural representation of graphite: a) crystalline arrangement; b) hexagonal structure
Source: OLIVEIRA et al., 2000; STANJEK and HAUSLER, 2004.

More recently, with the consolidation and accelerated growth of nanoscience and nanotechnology, different
physical, chemical and mechanical procedures have been developed for the preparation of nanometric
materials. Among the methods, the mechanic, usually called high energy grinding, stands out for being
easy to handle, efficient and quick to obtain nanometric powders. High energy ball milling is characterized
by subjecting a material to repeated cycles of deformation, cold welding, grinding and fragmentation within
a controlled atmosphere that causes high energy compressive impact forces (SURYANARAYANA, 1994;
SURYANARAYANA, 2004). High energy mills produce shearing or impact on material particles by
means of balls with powder at high speed generating a constant refinement of the material (MURTY and
RANGANATHAN, 1998; CERQUEIRA, 2014). As a result, there is a reduction in particle size and
structural variation of particles (SURYANARAYANA, 1994; SURYANARAYANA, 2004). This
technique was developed around 1996 at the INCO Research Laboratory where Paul D. Merica, whose
objective was to produce reinforced oxide dispersion in a nickel-based superalloy for gas turbine
applications (MURTY and RANGANATHAN, 1998).

It should be noted, according to the literature, the scarcity of works related to obtaining graphite oxide
using the high-energy ball mill (HEBM) of the SPEX type, in which few correspondents are found. To get
an idea of the research using the SPEX vibratory mill in Brazil, a survey was carried out on the CAPES /
MEC Portal page. As a result, there is only the research carried out by Junior in 2019, at the Federal
University of Amazonas. Junior's research (2019) sought to synthesize commercial graphite using the high-
energy SPEX mill to obtain graphene for application in supercapacitors. In this regard, the present research
aims to obtain graphite oxide by means of MAE, even understanding that there is a finding that the
procedure and theory issues have not yet been sufficiently explored in the specialized literature.

2. Materials and methods

2.1 Graphite Comminution

The proposed methodology for the execution of this work consisted of using the HEBM technique as a
study route for obtaining graphite oxide. In this context, its reduction was studied through the following
milling times: 30 minutes, 1 hour and 4 hours. The grinding process started with weighing the sample, and
then the material (4g) was inserted into the cylindrical container (D =2 ¥4 ”and h = 3”) with a load capacity
of up to 10g, along with two %2 inch steel balls to then start the mechanical comminution/amorphization
process. Figure 3 illustrates the HEBM of the Prep 8000 M Mixer/Mill® line from Spex Sample.
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Figure 3 - High power ball mill/lhomogenizer used in this work
Source: Suryanarayana (2001).

2.2 Scanning electron microscope (SEM)

For morphological investigation of the graphite samples, scanning electron microscopy (SEM) analysis
was used. For this, a scanning microscope, brand TESCAN, model VEGA 3 SBH, was used under
acceleration voltage of 15 kV. The analyzes were carried out at the Thematic Laboratory of Electronic
Microscopy and Nanotechnology (LTMN) of the National Institute for Research in the Amazon (INPA).

2.3 X-ray diffraction (XRD)

The x-ray diffraction technique was used to characterize the crystalline structure of the precursor (material
without grinding) and powders ground at different times (30 minutes, 1 hour and 4 hours). The samples
were analyzed by a PANalytical diffractometer, model Empyrean, with Cu-Ka radiation (1.541838A),
operating at 40 kV voltage and 40mA current intensity. With a scanning range of 10° <26 <80° of 20, and
with a rate of 0.02°/min. The preparations and measurements of XRD samples were performed at the
Materials Laboratory (LabMat) of the Federal University of Amazonas (UFAM). The average size and
average width of the crystallites can be calculated using the formula developed by Scherrer (1918)
(CULLITY and STOCK, 2001; XIAOQ et al., 2017).

L, = Kz (1)
Bcosd
kA
- (2)
Bcos@

Where Lc corresponds to the average size of the crystallite in the perpendicular direction to the basal
planes of the graphite, K the form factor, 0.90 for the diffraction peaks (002) (STOBINSKI et al., 2014),
La represents the average thickness of the crystallite 1.84 (Warren's constant) for bands (10) and (110)
(WARREN, 1941), A = radiation wavelength (A), for copper radiation (Cu-Ka) of 1.541838A, = width
at half the height of the most intensive diffraction peak (Figure 4) and 0 is the peak Bragg angle (hkl), in
degrees.

Interplanar distances (d002) can be calculated using the Bragg equation.
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The effective dimension of the crystallites (L) can be calculated from equation 4 (EMMERICH, 1995).

L=[(%j-<La)2.ch @

Bowman (1956) explains that the widening of the crystalline planes is based on the combination of the
widening of the plane due to the length of the crystallites , and due to the stresses arising from the
fluctuation in the interplanar spacing value. The relationship between peak widening and deformation is
defined as the structural stress (ec), along the c-axis and can be estimated by equation 5 (MIZUSHIMA,
1968).

1 £

= L. c
L 24y, )

C

Depending on the Mering-Maire empirical formula, the graphite degree of graphite fibers can be calculated
by equation 6 (XIAO et al., 2017).

0.344—d,,

=T S y100% (6)
0.344-0.3354

The average number of layers per stack (N) can be calculated through the relationship between the size of
the crystallite by the interplanar spacing between the graphite sheets (ALI UMAR et al., 2013). The average
number of graphite sheets (N) can be represented by equation 7 (XIAO et al., 2019).

N = (7)

d 002

The packing density of the graphite layers can be expressed by Equation 8, as described by Popova (2017).

7,267

d 002

d=

(8)

3. Results and discussion

3.1 Scanning electron microscope (SEM)

The graphite samples were characterized by scanning electron microscopy (SEM), where it was possible
to monitor the morphological modification of commercial graphite as a result of mechanical grinding.
Figure 4 shows the scanning electron microscopy images of the graphite before and after the mechanical
comminution/amorphization process in the HEBM. The employment of SEM to analyze the structure of
graphite is used to visualize the levels of comminution of the material on a Sum scale.
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SEM HV: 15.0 kV WD: 7.99 mm | VEGA3 TESCAN| SEM HV: 16.0 kV WD: 5.00 mm | VEGA3 TESCAN|
SEM MAG: 16.7 kx Det: SE SEM MAG: 16.7 kx Det: SE 5um
View field: 20.8 ym Date(m/dly): 10/07/19 INPA - LTMOE View field: 20.8 ym  Date(m/dly): 10/02/19 INPA - LTMOE

SEM HV: 15.0 kV WD: 7.88 mm | VEGA3 TESCAN| SEM HV: .15.0 kv WD: 6.03 mm | VEGA3 TESCAN|
SEM MAG: 16.7 kx Det: SE SEM MAG: 16.7 kx Det: SE 5pum
View field: 20.8 ym Date(m/dly): 10/07/19 INPA - LTMOE View field: 20.8 ym  Date(m/dly): 10/02/19 INPA - LTMOE

d)
Figure 4 - Comparative micrographs of the precursor and ground powders: a) commercial graphite; b)
graphite ground for 30 minutes; ¢) graphite ground for 1 hour; d) graphite ground for 4 hours.

Analyzing the images, Figure 4a shows the characteristic morphology of the graphite matrix, that is, it
shows the structure of the graphite in well-defined plates in its crystalline state, with a smooth and uniform
surface. Figure 4b shows the graphite comminuted for 30 minutes, where small changes in its crystalline
structure can be seen. These changes are more significant in the graphite sample ground for 1 hour (Figure
4c). In Figure 4d there is a structure in the shape of spherical bodies (not perfectly spherical) after the
mechanical grinding process for 4 hours. In particular, this almost spherical shape is characterized by the
4-hour mechanical amorphization process compared to commercial graphite, in which the graphite
structure collapsed and deformed in a disorderly manner resulting in several pores of different sizes. It is
also noted that the longer the grinding time, the greater the detachment between the plates. It is also worth
mentioning the exfoliation of the material as the mechanical grinding time increases.
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To better demonstrate the changes in the graphite samples due to the mechanical milling process, the Image-

Pro Plus software was used to generate topographic images of the upper graphite surface, as shown in
Figure 5.
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d)
Figure 5 - Peak intensity of surface micrographs: a) commercial graphite; b) graphite ground for 30
minutes; c) graphite ground for 1 hour; d) graphite ground for 4 hours.

Initially, in Figure 5a, the presence of intense peaks in the extremities is observed, which is characteristic
of this material in its crystalline state. Figure 5b shows the evolution of the graphite sample in relation to
the grinding time, in which the reduction of the peaks intensity in the central part to the extreme right of
the surface is noticed. In Figure 5¢, it is possible to verify the strengthening of the central and lateral peaks,
indicating the structural change of the material. Observing Figure 5d of the graphite ground for 4 hours,
the presence of peaks with medium intensity is observed in all the region of the microphotography. Also
noteworthy is a more homogeneous distribution of the peaks in the matrix and differentiated color (closer
to green) of the particles compared to the initial matrix and the matrices comminuted for shorter times,
indicating that the degree of amorphization (non-crystalline layer) of the sample ground for 4 hours
increased significantly due to the increase in the mechanical grinding time, which were initially totally
crystalline. This suggests the formation of a new structure.

3.2 X-ray diffraction (XRD)

The analysis by XRD allowed to evaluate the structural difference between the precursor and the post-
ground samples obtained by the mechanical amorphization process. Thus, for a better understanding of the
obtained results, and at the same time to get a complete description of the behavior of the particles in
relation to the mechanical effort, the diffractograms of the samples of commercial graphite and ground
powders for the times of 15 minutes, 30 minutes, 1 hour and 4 hours were analyzed separately, as shown
in Figure 6.

002

002

XRD Intensity (arb. units)

XRD Intensity (arb. units)

Iy

T T
T T T T T T 10 20 30 40 50 60 70 80
10 20 30 40 50 60 70 80 20(degree)
20(degree) b)

004

10

—004

a)

International Educative Research Foundation and Publisher © 2020 pg. 206


http://www.ijier.net/

International Journal for Innovation Education and Research www.ijier.net Vol:-8 No-03, 2020

0 )
€ 5
g g
) )
2 2
5 5 ‘
E E
x a4
< X ‘
| i
| p ‘\ ] 3 o
/| s 8 5 “ X :
g = > g . PN N A
T T T T T T T T T T T T
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
20(degree) 20(dearee)
c) d)

Figure 6 - X-ray diffractometers, individually analyzed a) commercial graphite, b) 30 min grinding, ¢) 1
hour grinding, e) 4 hours grinding.

In general, it appears that in all samples there is a crystalline plane (002), characteristic of graphite, located
in the 26.6 ° region (IWASHITA et al., 2004; RODRIGUEZ, 2015; LIU et al., 2017; GUO et al., 2017;
VIEIRA et al., 2017) and (004) in 54.7° (RODRIGUEZ, 2015), related to the average crystallite size (Lc)
and pointing out to be a crystalline material. In Figure 6a, it is possible to check the planes (002), located
at 20 = 26.6° and (004) at 54.7°, which are characteristic of the hexagonal carbon network, both being well
defined and without apparent noise, in which it reflects greater organization of the graphite layers
(RODRIGUEZ, 2015; BANDI et al., 2019). Regarding Figure 6b, there is a reduction in the intensity of
the crystalline plane (002) and a small displacement of the peak (004) by 54.6°, probably caused by the
reduction of the refractive index and the decrease in the size of the crystallite. A timid principle of
exfoliation of the material also stands out, where the peak (10) appears at 44.45°, indicating a structural
change due to the mechanical grinding time (STOBINSKI et al., 2014) consolidating the appearance of
two-dimensional structures, possibly with hybridization (sp2). The XRD spectrum of graphite ground for
1 hour (Figure 6¢) shows a small decrease in intensity and widening of the peak (002), which is indicative
of changes in ordering in relation to the original material. It was also possible to verify the consolidation
of the peaks (004) and (10). Finally, the peak (110) appears, this diffraction peak indicates a higher process
of exfoliation of the material and proof of graphite oxidation. In Figure 6d, there is a consolidation of the
crystalline planes (10) and (110), and a differentiated widening of all the crystalline planes in relation to
the other samples, pointing to a possible disorder in its structure, as well as the formation of a new
crystalline structure and reduction of the average particle size. This behavior is the result of defects in the
crystal and it can be caused by distortion of the graphite structure orientation. However, it is clear that the
characteristic structure of the graphite was not destroyed, that is, there was no complete oxidation of it, a
fact justified by the presence of the plane (002), showing an incomplete exfoliation of the graphite.
Advancing the analysis of the results, the diffractograms were plotted together, as shown in Figure 7.
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Figure 7 - X-ray diffractograms of commercial graphite and ground for different times: 15min, 30min, 1h
and 4h

In Figure 7, a considerable reduction in the intensity of the crystalline plane (002) for the amorphized
samples can be seen, when compared to commercial graphite, expressing a structure with a lower degree
of organization and showing the graphite exfoliation. It is also verified that no milling time studied was
able to exfoliate and separate the graphite layers completely, however differences were detected in the
intensity of the crystallinity peaks related to commercial graphite, as well as the appearance of the peaks
(10) and (110) for graphite samples ground for 1 hour and 4 hours. The highest intensity of the characteristic
peak (002) was obtained in the commercial graphite sample.

3.2.1 Characteristic of post-ground graphites
Table 1 presents the structural parameters of the precursor and for the respective materials ground for 30
minutes, 1 hour and 4 hours.

Table 1 - Structural parameters of graphite samples determined from the results obtained by means of
diffractograms.

Sample doo2 | Lcooz | Lato | Latzo| L e N d G
[nm] | [nm] | [nm] | [nm] | [nm] [9/cm?] | (%)
Graphite
ground for 30 | 3,359 |26,31|20,03| - |20,23|0,012747394| 7,83 |2,1635 |94,34
minutes
Graphite
ground for 1 | 3,360 |25,42|18,86|32,16|19,22|0,014017653| 7,57 | 2,1627 | 92,81
hour
Graphite
ground for4 | 3,361 [21,02| 4,19 |29,24| 6,62 |0,076303736 | 6,25 | 2,1621 |91,77
hours
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In Table 1, it is possible to observe a progressive change in the graphite structure, as the grinding time
increases, in which the mechanical comminution process disturbed the structural order of the precursor
grafite. A fact observed by the gradual reduction of the average size of crystallites in the perpendicular
direction to the basal planes, and the degree of graphitization and an increase in the specific surface area,
as the grinding time increases.

Consolidating the values of reduction of the average size of the crystalline particles for better visualization
of the results, we have the graph shown in Figure 8 that correlates the size of the crystallites (ordered)
according to the grinding time (abscissa).
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Figure 8 - Size of crystallites (Lcoo2).

According to the results of Figure 8, the graphite samples ground for 30 minutes, 1 hour and 4 hours show
Lc002 of 26.31nm, 25.42nm and 21.02nm, respectively, that is, the higher the value, the more organized
Lc002 the material is. In contrast, the longer the mechanical grinding time, the lower the value of Lc002
and G and, consequently, it translates into a less organized structure, an expected trend in the research in
question, from the mechanical amorphization of graphite.

In Figure 9 the profile of the crystalline planes (002) of the graphite samples is compared. The respective
values of Lc002 are also shown.
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Commercial graphite

Graphite ground for 30 minutes|
Lcooz:26,31nm

Graphite ground for 1 hour
LCOO2:25,42nm

Graphite ground for 4 hours
Lcpp2=21,02nm

XRD intensity (arb. units)

26(degree)
Figures 9 - Comparison of the intensity of the characteristic peaks (002) of the graphite samples.

When analyzing the profiles of the graphite peak (002) in Figure 9, it can be seen that the samples have
different dimensions for the graphite band (002), mainly in intensity and displacement, exposing different
degrees of graphitization. It is also possible to observe the micronization trend after the gradual grinding
process in relation to the precursor. The high-energy mechanical grinding process, in addition to favoring
changes in the properties of materials, is also responsible for a progressive process of mechanical
amorphization of graphite particles. Thus, increasing the grinding time can promote
comminution/amorphization of the particles, reducing their average size and increasing the specific surface
area of the material. In this way, longer mechanical grinding times play a fundamental role in increasing
the non-crystalline fraction, since the shearing action and the impact of the spheres on the crystalline
particles, from the surfaces, cause a reduction in the average size of the crystalline particles (CARRENO,
2008).

Also noteworthy are the results of the sample ground for 4 hours, in which it is possible to observe the
smallest crystallite size recorded, indicating the structural change of the material as well.

Advancing in the results analysis, Figure 10 shows the results of the distances between the planes (d002)
of the graphite samples as a function of the grinding time.

International Educative Research Foundation and Publisher © 2020 pg. 210


http://www.ijier.net/

International Journal for Innovation Education and Research www.ijier.net Vol:-8 No-03, 2020

3,361 /
3,360 /

3,359

d002 [nm]
[ |

3,358

3,357

T T T T T T T
Commercial 30 minutes 1 hour 4 hours

Molding Time
Figure 10 - Interplanar distance of samples as a function of grinding time.

Analyzing the graph in Figure 10, it is observed that the samples of commercial graphite, graphite ground
for 30 minutes, 1 hour and 4 hours show d002 of 3.359nm, 3.360nm and 3.36108nm, respectively. That is,
the post-ground samples have diffraction planes displaced to smaller angles, as the grinding time increases.
According to Rodriguez (2015), the graphite d002 interplanar spacing is referred to by the value of 3.35nm,
explaining a high crystallinity characteristic of the material. Therefore, the structural change of graphite
through the grinding process is noticeable. Thus, increasing the grinding time, in general, causes the
expansion of the blades present in the graphite structure. These changes in characteristic peaks (002) are
more clearly shown in Figure 11.

—— Commercial graphite
dy,=3,35725nm

Graphite ground for 30 minuteg
dyp,=3,35887nm

Graphite ground for 1 hour
dy,=3,360018nm

Graphite ground for 4 hours
0y5,=3,36108nm

XRD intensity (arb. units)

20(degree)
Figure 11 - Comparison of the doo2 interplar distance of the graphite samples.

International Educative Research Foundation and Publisher © 2020 pg. 211


http://www.ijier.net/

International Journal for Innovation Education and Research www.ijier.net Vol:-8 No-03, 2020

In Figure 11, an increase in the interplanar distance of post-ground samples compared to the precursor
can be seen . However, this increase was slight in relation to the precursor, which indicates that there was
no process of complete exfoliation of its structure to obtain graphite oxide.

4. Conclusion

This work aimed to study the obtaining of graphite oxide through the simple mechanical grinding process,
without using oxidizing agents or concentrated acids. According to the XRD and SEM tests, the grinding
process disturbed the structural order of the precursor graphite, in which both results agree that the
structural change of the graphite is proportional to the increase in grinding. In this way, there is an
interrelation between the results of XRD and the results of micrographs of the surface and SEM, in which
there is a structural change in the graphite, as the mechanical grinding time increases. Although the
structural changes are noticeable, as the mechanical grinding time increases, no time studied was able to
exfoliate and separate the graphite layers completely.
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