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Abstract
A model FonsistinJ oI an eTXation ZKiFK inFlXdes JraSKene tKiFNness distriEXtion is Xsed to 
FalFXlate tKeoretiFal 002 ;5D SeaN intensities. $n analysis Zas SerIormed XSon JraSKene samSles 
SrodXFed Ey tZo diIIerent eleFtroFKemiFal SroFedXres� eleFtrolysis in aTXeoXs eleFtrolyte and 
eleFtrolysis in molten salts, EotK XsinJ reYerse FKanJe oI tKe aSSlied Sotential. TKe model aSSlied 
to tKe ForresSondinJ 2T interYal enaEles oEtaininJ tKeoretiFal FXrYes tKat e[KiEit IittinJ ZitK a 
sXIIiFient aFFXraFy to tKe ;5D intensities FXrYes oI tKe stXdied JraSKene samSles. 7Ke emSloyed 
eTXation Sarameters maNe it SossiEle to FalFXlate tKe n-layer JraSKene reJions FoYeraJe oI tKe 
JraSKene samSles, and tKe aYeraJe YalXe Ior nXmEer oI JraSKene layers. 5esXlts oI tKe analysis are 
in aJreement ZitK tKe FalFXlated nXmEer oI JraSKene layers Irom 5aman sSeFtra &-SeaN Sosition 
YalXes, and indiFate tKat JraSKene samSles are IeZ-layered.

Key words: *raSKene, eleFtroFKemiFal SrodXFtion, ;5D analysis, layers.

1. I ntroduction

*raSKene is 2D EXildinJ Xnit oI all Zide-
Yariety FarEon allotroSes, KaYinJ XniTXe and 
e[otiF SroSerties larJely dXe to its strXFtXre. 
*raSKene Fan Ee SrodXFed Ey many Zays 
sXFK as meFKaniFal e[Ioliation oI JraSKite, 
FKemiFal YaSor deSosition (&9D) oI FarEon 
EearinJ Jases on tKe sXrIaFe oI FoSSer Iilms 
>3@, FXttinJ oSen nanotXEes >4@.
EleFtroFKemiFal aSSroaFK is a SroYen loZ-
Fost metKod Ior a KiJK-yield SrodXFtion oI 
JraSKene.
DeSendinJ on tKe SrodXFtion SroFedXre, 
JraSKene Fan Ee SrodXFed as a mi[tXre oI 

monolayers, Ei-layers and mXltilayers (3– 10 
monolayers) in Iorm oI IlaNes or Ilat sKeets 
>5@.

+erein, an ;5D Sattern aroXnd a JraSKene 
002 SeaN Zas Xsed Ior layer nXmEer non-
XniIorm distriEXtion determination Ior 
JraSKene samSles oEtained Ey tZo diIIerent 
eleFtroFKemiFal SroFedXres� eleFtrolysis in 
aTXeoXs eleFtrolyte and eleFtrolysis in molten 
salts, EotK XsinJ reYerse Sotential.
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2. M odel that prov ides calculation of  g raphene thick ness distribution by X R D  data

The X R D  pattern was analyz ed by using the 
following Equation 1 that uses Laue functions 
which includes graphene thickness 

distribution and certain parameters, hence
X R D  intensities of the curves were calculated 
thereof:  [ 6]
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( 1)

where F is a structure factor, N is the number 
of graphene layer, )( Tf  is an atomic 
scattering factor which varies from 6.00 to 
6.15 e/ atom with incident radiation ranging 
from 2 to 433 K eV , OTS /)sin4( jj dk a = ,

where jd  is a lattice spacing between j th and 
( j -1)th layer, T is an angle between the 
incident ray and the scattering planes, O is a 

wavelength of X -ray, and jβ is an occupancy 
of j th graphene layer. The value of jβ is 
between 0 and 1. The employed equation 
parameters jβ make it possible to calculate 
the n-layer graphene regions coverage of the 
graphene samples produced by the two 
electrochemical procedures.

2.1. Graphene produced by electrolysis in molten salts and model (1)

Two graphene samples produced by 
electrolysis in molten salts are considered and 

discussed herein:  graphene sample 2G and 
graphene sample x.

 

                                                         

Figure 1. a)  T E M  images of 2 G  graphene sheets; b )  Diffraction pattern of 
image

U sing Eq. ( 1), X R D  intensities of the curves
in Fig. 2 are calculated as further discussed.
The three red lines are calculated curves from 

the Eq. 1 for 1zjβ , which suggests that the 
number of graphene layers has a distribution.
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Figure 2 . N on uniform multilay er distrib ution curv e for Sample 2 G  calculated from E q .( 1)

The broadest red dotted line in Fig. 2 is 
calculated curve for ideally distributed 
monolayer graphene, the light red line which 
is narrower than the monolayer graphene line, 
but broader than the green experimental 
curve, is calculated curve for a non uniform 
distribution of graphene layers number for a 
9-layered graphene. The dark red line is 
calculated curve for a non uniform 
distribution of graphene layers number for a
multi-layered graphene, which exhibits a 
good fitting to the experimental curve, as it is 
symmetrical and the correlation coefficient is

98 6.0=ρ . According to its jβ parameters, 
the coverages of n-layer graphene regions are 
calculated as in Table 1 a).

Apparently, the dominant structure is few-
layered, and the average value for number of 
graphene 2G layers is calculated as NGL=2.8 7 
for the dominant structure and NGL=5.16 for 
the overall structure.
In Fig.3 a), there are calculated theoretical 
curves from Eq. 1 presented in red, for 
graphene sample x, and the experimental 
curve x in green. In Fig 3 b), there is part of 
the R aman spectrum for sample x, showing 
off its C -peak. Its position NC )(P os  is 
directly connected to the graphene layers 
number N , and it varies with N as in the 
formula:  [ 7]
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where 318 Nm108.12 �u=D is the interlayer coupling, and 
2

27 Akg106.7
�

�u=
o

P is the graphene 
mass per unit area.
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Cal ( i deally  di st ri b u t ed
m onolay er grap h ene)
Cal ( non u ni f orm  9  lay er
di st ri b u t i on)
Cal ( non u ni f orm  m u lt i lay er
di st ri b u t i on)
2 G
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Figure 3 . a)  N on uniform multilay er distrib ution curv e for Sample x  calculated from E q .1;  
b )  C - peak  position in R aman spectrum for graphene sample x

According to the analysis of the X R D  002 peak, the n layer region coverages are as in Table 1 b).

T ab le 1. a)  C ov erages of n- lay er 2 G  graphene regions
b )  C ov erages of n- lay er x  graphene regions

a) M onolayer region coverage ~  35% b) M onolayer region coverage ~  18 .75%
2-3 layers region coverage ~  5-10% 2 layers region coverage ~  21.25%
5-6 layers region coverage ~  5% 3 layers region coverage ~   3.75%
7-8  layers region coverage ~  5% 4-6 layers region coverage ~   2.5%
9-10 layers region coverage ~  5% 7-8  layers region coverage ~   2.5%
>  10 layers region coverage < 20% 9-10 layers region coverage ~   1.25%

>  10 layers region coverage < 25%

The average value for number of graphene x
layers is calculated as NGL=2.4 for the 
dominant structure and NGL=7.43 for the 
overall structure.

According to the C -peak position, the number 
of graphene x layers for sample x is N=2.54.

2.2. Graphene produced by electrolysis in aqueous electrolyte and model (1)

Graphene samples 4 and 10 produced by electrolysis in aqueous solution, using reverse 
potential, are considered herein and analyz ed.

a) E)
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Figure 4 . a)  T E M  images of Sample 4  graphene sheets;            b )  Diffraction pattern of image

The three blue lines in Fig. 5 are calculated curves from the Eq. 1 for 1zjβ , which suggests that 
the number of graphene layers has a distribution.

Figure 5 . N on uniform multilay er distrib ution curv e for Sample 4  calculated from E q .1

The broadest blue dotted line in Fig. 5 is 
calculated curve for uniformly distributed 
monolayer graphene, the light blue line which 
is narrower than the monolayer graphene line, 
but broader than the green experimental curve 
4, is calculated curve for a non uniform 
distribution of graphene layers number for a 
3-layered graphene. The dark blue line 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 92.0=ρ , it provides an additional 
insight into n-layer graphene regions share, and 
the results are in agreement with the results

obtained by other methods. According to its jβ
parameters, the coverages of n-layer 
graphene regions are calculated as in Table 2 
a).
According to these calculations, the dominant 
structure is few-layered, and the average 
value for number of sample 4 graphene layers 
is calculated as NGL=2.57 for the dominant 
graphene structure and NGL=4.25 for the 
overall graphene structure.
In Fig. 6 the three blue lines are calculated 
curves from the Eq. 1 for 1zjβ , which again 
suggests that the number of graphene layers 
has a distribution.

0 5 1 0 1 5 2 0 2 5 3 0 3 5 4 0

Cal ( u ni f orm ly  di st ri b u t ed
m onolay er grap h ene)
Cal ( non u ni f orm  3 - lay er
di st ri b u t i on)
E x p eri m ent al c u rve 4

Cal ( non u ni f orm  m u lt i lay er
di st ri b u t i on)
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Figure 6 . N on uniform multilay er distrib ution curv e for Sample 4  calculated from E q .1

7Ke Eroadest ElXe dotted line is FalFXlated 
FXrYe Ior XniIormly distriEXted monolayer 
JraSKene, tKe liJKt ElXe line ZKiFK is 
narroZer tKan tKe monolayer JraSKene line, 
EXt Eroader tKan tKe Jreen e[Serimental FXrYe 
�0, is FalFXlated FXrYe Ior a non XniIorm 
distriEXtion oI JraSKene layers nXmEer Ior a 
3-layered JraSKene. 7Ke darN ElXe line is 

FalFXlated FXrYe Ior a non XniIorm 
distriEXtion oI JraSKene layers nXmEer Ior a 
mXlti-layered JraSKene ZitK a Forrelation 
FoeIIiFient 93.0=ρ , and aFFordinJ to its jβ
Sarameters, tKe FoYeraJes oI n-layer 
JraSKene reJions are FalFXlated as in 7aEle 2 
E).

T ab le 2 . a)  C ov erages of n- lay er graphene sample 4  regions
b )  C ov erages of n- lay er graphene sample 10  regions

a) Monolayer reJion FoYeraJe a �0� E) Monolayer reJion FoYeraJe ~ 30-3��
2 layers reJion FoYeraJe a �0� 3-� layers reJion FoYeraJe ~ 5-�0�
3-� layers reJion FoYeraJe a ��� 5-� layers reJion FoYeraJe ~ 5-�0�
7-�0 layers reJion FoYeraJe a �� 7-�0 layers reJion FoYeraJe ~ 5-�0�
! �0 layers reJion FoYeraJe < �0� ! �0 layers reJion FoYeraJe < �0�

7Ke dominant strXFtXre is IeZ-layered, and 
tKe aYeraJe YalXe Ior nXmEer oI samSle �0 
JraSKene layers is FalFXlated as N*/ 3.�3 Ior 

tKe dominant JraSKene strXFtXre and N*/=5.6 
Ior tKe oYerall JraSKene strXFtXre.

0 5 1 0 1 5 2 0 2 5 3 0 3 5 4 0

Cal ( U ni f orm ly  di st ri b u t ed
m onolay er grap h ene
Cal ( N on u ni f orm  3 - lay er
di st ri b u t i on)
E x p eri m ent al c u rve 1 0

Cal ( non u ni f orm
m u lt i lay er di st ri b u t i on)
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3 . C onclusions

7Kere are seYeral Flear FonFlXsions to Ee draZn Irom tKe SreFedinJ analysis. 7Ke model tKat is 
Xsed SroYides an additional insiJKt into JraSKene samSles n-layer oFFXSanFies and tKereIore 
FoYeraJes ZitK a sXIIiFient aFFXraFy. +oZeYer, a limitation to tKis model tKat sKoXld not Ee 
disreJarded is tKe IaFt tKat in Jeneral Fase JraSKene sKeets ZKiFK are sXEMeFt oI researFK may KaYe 
layer strXFtXre tKat Yaries aFross tKe stXdied samSle and KenFe an asymmetriFal 002 ;5D SeaN. 
E[Serimental 002 ;5D SeaNs ZKiFK are KiJKly asymmetriFal are inFonYenient to Ee analy]ed Ey 
tKis model, and tKereIore adeTXate alterations to tKe model sKoXld Ee Fonsidered and researFKed. 
7Ke resXlts releYant to JraSKene samSles SrodXFed Ey eleFtrolysis in aTXeoXs eleFtrolyte and Ey 
eleFtrolysis in molten salts, EotK XsinJ reYerse FKanJe oI tKe aSSlied Sotential, ZKiFK Zere stXdied 
and analy]ed Kerein XsinJ tKis model, are in aFFordanFe ZitK otKer metKods resXlts, and KaYe 
sKoZn tKat tKese JraSKene samSles are IeZ-layered. 

A ck now ledg ment:  7Kis stXdy Zas done ZitKin tKe )P� ProMeFt �&ost-eIIeFtiYe sensors, 
interoSeraEle ZitK international e[istinJ oFean oEserYinJ systems, to meet E8 SoliFies 
reTXirements� (ProMeFt reIerenFe ������) and tKe ProMeFt “5esearFK and deYeloSment oI neZ 
nanostrXFtXred sensors aimed Ior SroteFtion and deYeloSment oI enYironment and natXre´ IinanFed 
Ey Ministry oI enYironment SKysiFal SlanninJ oI 5. MaFedonia.
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