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ABSTRACT

The present study reports data referring to the determination of the layers of graphene samples obtained by elec-
trolysis in aqueous electrolytes and molten salts using a reverse change of the potential applied. The analysis, based on the
calculation of 002 XRD peak intensities, is carried out with the application of the Scherrer equation and the Laue functions
model. The latter results differ from those obtained on the ground of Scherrer equation but coincide with data obtained

by Raman spectroscopy and other methods. This is attributed to the multi-layer structure of the graphene samples studied.
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INTRODUCTION

Graphene is the building unit of all carbon allotropes
[1]. Mechanical exfoliation of graphite, chemical vapor
deposition (CVD) on copper film surfaces [2], nanotubes
cutting [3], and different electrochemical methods are
used for the production of graphene [4, 5]. It can be
obtained as monolayer- bi-layer- and multilayer-flakes
or sheets [6] depending on the procedure used. The
structural characterization of graphene is of outmost
importance because its highly unusual properties are
largely determined by its structure.

The number of layers in graphene samples can be
estimated using XRD data. The latter can be described
by the Scherrer equation which is found adequate [7].
But the application of the Laue functions model presents
also definite interest as the results it gives are based on
the treatment of the graphene thickness distribution. The
present study is aimed at the comparative examination
of the data obtained with the application of the Scher-
rer equation the Laue functions model using grapheme
samples produced electrochemically in aqueous and
non-aqueous electrolytes.

Laue functions model in uniform and non-uniform
graphene thickness distribution

The XRD pattern is analyzed using the following
Laue functions model which includes graphene thickness
distribution and certain parameters [8]:

N 2
z ﬁjejkujl
(1)

where F is a structure factor, N is the number of gra-
phene layer, | /()| is an atomic scattering factor which
varies from 6.00 to 6.15 e/atom with incident radiation
ranging from 2 to 433 KeV, ka; =(4zd;sin0)/ 4,
where d; is a lattice spacing between jth and (j-1)th
layer, @ is an angle between the incident ray and the

F[ |1 @)

scattering planes, / is a wavelength of X-ray, and £ ;
is an occupancy of jth graphene layer. The value of ;
is between 0 and 1. The employed equation parameters
ﬂj make it possible to calculate the n-layer graphene
regions coverage of the graphene samples produced by
the two electrochemical procedures.

Hence XRD intensities of the curves in Fig. 1 (a-d)
were calculated thereof.

In Fig. 1 (a-d), theoretical XRD curves are shown,
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Fig. 1. Theoretical curves obtained by model (1) calculations: a) Theoretical XRD representation of uniformly distrib-

uted bilayered graphene; b) Theoretical XRD representation of uniformly distributed 3-layered graphene; c¢) Theoretical

XRD representation of uniformly distributed 16-layered graphene; d) Theoretical XRD representation of non-uniformly

distributed multilayered graphene.

with intensities calculated using model (1). The values
of employed parameters g provide an insight into oc-
cupancies of each of the graphene layers and therefore
corresponding coverages. In Fig. 1 (a-c) are shown
graphenes with uniform thickness distribution, meaning
all B, parameters are equal and therefore highest layer
covering 100 % of the area. Thus the curves represent
bilayered graphene with 100 % coverage of the second
layer, 3-layered graphene with 100 % coverage of the
third layer, and 16 layered graphene with 100 % cover-
age of the 16-th layer.

In Fig.1d is shown a theoretical XRD curve of
multilayered graphene with non-uniform thickness
distribution. The employed S, parameters enable the
calculation of each of'the j#& layer region occupancy and
hence the jth layer d; coverage percentage, where d,, =
p.,—p.,1=2,3,..

are given in Table 1.

., . The calculations of the coverages

From the results given in Table 1, it is clear that
the layers are non-uniformly distributed, where the
monolayer graphene part covers 60 % of the structure.
The average number of graphene layers is calculated as
NGL =3.312.
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Scherrer equation and graphene layers number
in uniform and non-uniform graphene thickness
distribution

The mean dimension of the crystallite perpendicular

to the plane of graphene samples L, canbe determined
by the familiar Scherrer equation:
k-A
Ly, =
pcosb
)

where k =0.94 s the shape factor, £ is the full width at
half maximum given in radians, A is a wavelength of X-
ray, and @ is the angle between the incident ray and the
scattering planes. The number of graphene layers N may
be determined from the equation L, = (N —1)d,,, where
d,,, 1s the average distance between graphene planes [7].

In Table 2 are given the values for the curves, shown
in Fig. 1 (a-d).

In the last two columns in Table 2, one may easily
compare the values which are calculated results for
number of graphene layers. In the case of uniform dis-
tribution of the graphene layers, the results are in good
agreement, whereas in the case of non-uniform thick-
ness distribution, the values greatly differ. Studies and
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Table 1. Occupancies and coverages of each of the layers in grapheme, shown in Fig.1d.

Parameter f3;: Value Occupancy of Layer Share of
7=1,2,...,23 the j-th layer in % the j-th layer in %
B 1 100 d, 60
B> 0.4 40 d, 10
B 0.3 30 d3 3
B 0.27 27 d, 5
B 0.22 22 d, 2
B 0.2 20 d, 5
5, 0.15 15 d, 1
Bs 0.14 14 d, 1
Bo 0.13 13 d9 2
Bro 0.11 11 d, 2
P 0.09 9 dll 2
B 0.07 7 d, 1
B 0.06 6 d, 1
Bra 0.05 5 d, 1
Bis 0.04 4 dlS 1
Bis 0.03 3 d, 1
Brr 0.02 2 d, 1
Brs 0.01 1 d 0
B 0.01 1 d, 0.5
Bo 0.005 0.5 d, 0
Bo 0.005 0.5 d,, 0.4
B 0.001 0.1 d, 0
B 0.001 0.1 d,, 0.1

analysis that were performed upon graphene samples
obtained by two different electrochemical methods,
and which are further presented, show that in the case
of non-uniform distribution, model 1 is more reliable
method for determining the number of graphene layers.

Determining graphene layers number for pro-
duced graphene samples with non-uniform graphene
thickness distribution

Two graphene samples are analyzed, with the focus

on the determination of the graphene layers number.
Scherrer equation method and model 1 are compared for
obtaining results for the layers number of the graphene
samples studied. The graphene samples were prepared by
two different electrochemical methods: high temperature
electrolysis in molten salt (graphene sample GMSE2)
and electrolysis in aqueous solution (graphene sample
GAE1), both using non-stationary current regime.

In Fig. 2a, are shown the theoretical curves calcu-
lated using model 1, in the case of graphene sample
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Table 2. Calculated values for curves shown in Fig. 1a-d from Eq. 2 and model 1.

0 FWHM (in | Lgp (in nm) N (by Looz) | N (by model 1)
Deg)
Fig.1a 12.36 11 7.17 2.9 2
Fig.1b 12.36 8 9.86 3.7 3
Fig.1c 12.36 1.5 51.6 153 16
Fig.1d 12.36 1.5 51.6 15.3 33

GMSE2 produced by electrolysis in molten salt at non-
stationary current regime. The theoretical curves (1 and
2) are given for comparison to the theoretical curve (3)
that exhibits good fitting to the experimental curve. The
experimental curve GMSE?2 is presented as (4).

In Fig 2b part of the Raman spectrum of sample
GMSE2 is given, showing its C-peak. Its position
Pos(C), is directly connected to the graphene layers
number N, and it varies with N as in the formula [9]:

Pos(C), = \/E 1+cos(;)
a

where o =12.8x 10(128 Nm™ is the interlayer coupling, and
1=7.6x10"kgA is the graphene mass per unit area.

According to the analysis of the XRD 002 peak and
the employed B, parameters, the j layer region cover-
ages are given in Table 3.

The average value for number of graphene layers for
graphene sample GMSE2 is calculated as NGL =2.4 for
the dominant structure (above 75 %) and NGL = 7.43
for the overall structure, by calculations from model 1.
Using the Scherrer equation for the number of graphene
layers determination, was obtained N = 27.7.

According to the C-peak position, which is the
only value from Raman spectra that directly points the
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number of graphene layers [9], for sample GMSE2 was
calculated N =2.54.

Model 1 stands out as the method giving results in
accordance to C-peak calculations for graphene layers
number.

In Fig. 3 are shown curves, calculated from the
model 1, for graphene sample GAE1 produced by elec-
trolysis in aqueous solution at non-stationary current
regime, for ﬁj # 1, which suggests that the number of
graphene layers has a distribution.

The dotted line (1) in Fig. 3 is calculated curve for
uniformly distributed monolayer graphene, the line (2)
which is narrower than the monolayer graphene line, but
broader than the green experimental curve (3) GAEI,
is calculated curve for a non uniform distribution of
graphene layers number for a 3-layered graphene. The
line (4) is calculated curve for a non uniform distribution
of graphene layers number for a multi-layered graphene.
There is a noticeable discrepancy with the experimental
curve due to its asymmetry. However, as the correlation
coefficient is p=0.92, it provides an insight with a fair
accuracy into j-layer graphene regions share. Accord-
ing to S, parameters, the coverages of n-layer graphene
regions are calculated (Table 4).
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Fig. 2. a) Non uniform multilayer distribution for Sample GMSE2 calculated from model 1;

b) C-peak position in Raman spectrum for graphene sample GMSE2.
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Table 3. Coverages of j-layer GMSE2 graphene regions.

Monolayer region coverage ~18.75%
2 layers region coverage ~21.25%
3 layers region coverage ~ 3.75%
4-6 layers region coverage ~ 2.5%
7-8 layers region coverage ~ 2.5%
9-10 layers region coverage ~ 1.25%
> 10 layers region coverage <25%

Cal (uniform by distributed
manolayer graphene)

Cal (mon uniform 3-layer
distribution)
GAEL

Cal (non uniform multilayer
distribution)

(1)
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Fig. 3. Non uniform multilayer distribution curve for Sample GAEI calculated from model 1.

According to these calculations, the dominant
structure (above 90 %) is few-layered, and the average
value for number of sample GAE!1 graphene layers is
calculated as NGL = 2.57 for the dominant graphene
structure and NGL=4.25 for the overall graphene
structure. According to Scherrer equation the number
of graphene layers is N = 15.3.

However, considering GAE1 TEM images and
GAE1 Raman spectrum analysis results (Fig. 4 a, b),
model 1 again stands out as a method producing results
which are in accordance with TEM images results and
Raman spectrum 12D/IG FWHM ratio. TEM images in
Fig. 4 a, clearly indicate high share of few-layer region,
particularly monolayer region, whereas from GAE1

Raman spectroscopy in Fig. 4 b, 12D/IG = 1.49, which
estimates the number of GAE1 graphene layers as N~4.
The obtained number N of graphene layers is in accord-
ance with the number obtained by model 1.

CONCLUSIONS

This study shows that the accuracy of Scherrer equa-
tion method for determining the number of graphene lay-
ers by XRD data decreases as the level of non-uniformity
of graphene thickness distribution increases. Therefore,
another method is involved for determining the aver-
age number of graphene layers by XRD data in the
studied graphene samples. It is a Laue functions model

Table 4. Coverages of j-layer graphene sample GAE1 regions.

Monolayer region coverage ~40%
2 layers region coverage ~10%
3-6 layers region coverage ~15%
7-10 layers region coverage ~5%

> 10 layers region coverage <10%
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Fig. 4. a) TEM images of Sample GAE1 graphene sheets; b) GAE] Raman spectrum.

which includes graphene thickness distribution and the
employed parameters allow calculations of graphene
Jj-layer region coverage, thus enabling determination of
the graphene layers number.

Graphene samples which are subject of our study
are produced by two different methods: high temperature
electrolysis in molten salt and electrolysis in aqueous
solution, both using non-stationary current regime.

The analysis and comparison of the two methods
show that both are in agreement as far as graphene sam-
ples that are considered have uniform thickness distribu-
tion. However, in non-uniform distribution cases, Laue
functions model (model 1) stands out as reliable and in
accordance with other methods results. It additionally
provides information on graphene samples j-layer oc-
cupancies and therefore coverages with a fair accuracy.
The results relevant to graphene samples produced by
electrolysis in aqueous electrolyte and by electrolysis in
molten salts, both using reverse change of the applied
potential, have shown that these graphene samples are
few-layered.
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