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This work studied the impact of graphene content and heat treatment on the structural

changes and electrical parameters of graphite/N-doped graphene mixtures. Using

photoelectron spectroscopy the appearance of two types of carbon-containing phases was

detected in the visible range of the N-doped graphene samples synthesized from liquid

nitrogen. The following features of the samples were shown: one typical structure of

graphene (sp2C–sp2C), two atypical structures (sp3C–N and the C–O bond), and graphene

components modified with nitrogen (pyridine–N, pyrrole–N, graphite–N and oxidized

N–O). The dependence between the ratio of components in graphite–graphene mixtures

and their electrochemical properties was found. The effect of graphite content and heat

treatment on the change in the type of conductivity in a graphite–graphene mixture was

determined by comparison of resistance and capacitance distribution in the frequency

range of 100–900 Hz. The change of the graphite concentration in the graphene–graphite

mixture allows governing the type of doping and electrical parameters of the mixtures.
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Introduction
The graphene-based supercapacitor is one of

the most discussed topics in the scientific community
today. They have the ability to a formation such
structures as carbon nanotubes, based on graphene
sheets rolled into a tube with a diameter in the range
of 1 nm to 100 nm [1]. The specific surface area of
carbon nanotubes can vary in the range of 300 to
400 m2/g. The specific surface area of many graphenes
under alternating current (AC) increases by 3–8 times
and is approximately 1000–3000 m2/g due to the
entire surface of carbon nanotubes being available
for ions [2,3]. Therefore, such properties of graphene
as a new carbon nanostructure have promoted
scientists from different countries to produce new
electrochemical two-layer capacitors [4,5]. In 2006,
Ruoff et al. [6] used chemically modified graphene
to obtain a capacity of 130 F/g. In 2010, electrodes
made from a mixture of carbon nanotubes and
graphene flakes were investigated [7]. Capacitors
made from these electrodes showed a capacity of

290 F/g and 200 F/g in aqueous and organic
electrolytes, respectively. These values were 20%
higher than for graphene-based electrodes without
modification. This was explained by the fact that
graphene alone is capable of repackaging with the
formation of graphite and nanotubes due to van der
Waals forces from beams, reducing the active surface
area. A composite of these structures, on the contrary,
prevents repackaging ability and the formation of
beams in the entire graphene structure, thereby
increasing the active surface area, which accelerates
the diffusion of ions [8].

In the graphene/graphite composite with
nitrogen admixture, the graphite particles are
dispersed in a three-dimensional graphene framework
with a large number of open pores. These pores in
the graphene framework act as connectors of graphite
particles and improve ions transfer. The graphene
framework also acts as an expansion absorber in the
anodes of the lithium-ion battery, reducing large
voltages that can occur at high discharge rates. As a
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result, the nitrogen-doped graphene/graphite mixture
provides excellent electrochemical characteristics for
the lithium-ion battery, such as a high specific
capacity of up to 781 mAh/g, a bandwidth of
351 mAh/g, and rather interesting stability:
maintaining a capacity of 98.1% at 100C after 1000
cycles [9]. A challenge, however, will remain for
facile integration of graphene into electronic devices:
control over the deposition of graphene
nanostructures (GNRs), control on the atomic edge
arrangements, and creating efficient electrical
contacts [10]. In many cases, graphite is used as an
electroconductive impurity for these purposes [11].
Graphite is an infinite three-dimensional crystal
complicated of stacked layers consisting of sp2

hybridized carbon atoms. In 3D graphite crystals,
the layers interact weakly through van der Waals
forces. In the presence of graphite with sp2 hybridized
carbon atoms, often infinite graphene crystals become
finite, surface and boundaries appear, forming non-
three coordinated atoms at the edges, and if the size
is in the order of nanometers, we have a graphitic
nanostructure (GN) that exhibits different properties
from those observed in pure graphite. As the number
of graphene layers increases, the band structure
becomes more complicated: several charge carriers
appear [10,12], and the conduction and valence bands
start notably overlapping. On the other hand, it was
found that the N-doped-graphene-like material
exhibited an n-type semiconducting behavior, and
contained between 2 and 6 layers with a variable N
concentration (i.e. 1.2–8.9 at.%), depending on the
NH 3 f low rate used in the CVD process.
Subsequently, graphene nanoribbons doped with
nitrogen via Joule heating in the presence of NH3

were produced [10]. It was theoretically found that
the presence of C–O bonds on edges resulted in
p-doped carbon nanoribbons [10]. Thus, the presence
of a 3D structure with free sp2 hybridized atoms of
C in graphite could regulate electrical properties and
types of the semiconducting conductivity of the
graphite–N-doped graphene composites.

Therefore, our study was aimed to establish
the effects of graphene content and heat treatment
on the structural changes and electrical parameters
(conductivity and capacity) of graphite–N-doped
graphene mixture in which graphene was from liquid
nitrogen.

Experimental
Electrolytic graphite and graphene synthesized

in a plasma-arc discharge in liquid nitrogen were
used as starting components. To prepare samples,
nitrogen residues were evaporated at room
temperature of 200C. The fabricated graphene was

mechanically transferred to a closed container.
Then, graphene and graphite were mixed

according to ratios given in Table 1. Acrylic glue
(5 wt.%) with impurities of dimethylformamide was
used as a plasticizer of the active mass to reduce the
viscosity of the plasticizer (10 wt.%). Next, the
samples were pressed on a press Dezimalpresse DP
36 with a maximum pressure of 50 N in a round
mold with a diameter of 2 cm.

Heat treatment of the samples was performed
in an oven SNOL 67/350 for 1 h with a gradual
increase in the temperature to 2500C.

Table  1

Composition and processing conditions of

graphite–graphene mixtures

No. Sample 
Mass ratios of 

graphene/graphite 
Note 

1 1/5.26  

2 1/3  

3 1/1  

4 

Synthesized 

graphene in 

a nitrogen 

medium 1/1 treatment at 2500C 

 
The electronic structure of the internal C1s and

N1s levels of the synthesized nanostruc�tures was
studied by X-ray photoelectron spectroscopy. The
electronic surface structure of graphene-like
nanoparticles was investigated on an electronic
spectrometer EC-2402UM (E MgK*=1253.6 eV,
P=300 W), the depth of analysis was 2–3 nm, and
the vacuum in the measurement chamber was
10–7 Pa. Calibration of the spectra was performed
along the C1s line (Eb=285.0 eV). The RFS spectra
of the C1s and N1s levels were decomposed into
components by the Gauss-Newton method. The
intensity of the components and their binding energy
varied. The total width of the components
Å=1.4 eV and the Gauss-Lorentz contribution ratio
G/L=0.7 during the spectrum decomposition were
fixed. During decomposition, the intensity of the
components and their binding energy varied. Samples
were prepared in the form of thin films on an
aluminum substrate (1010 mm) by evaporation of
the alcohol suspension.

EIS measurements were performed on an
electrochemical module Autolab 30 PGSTAT301N
MetrohmAutolab in a two-electrode cell (disk cell)
in the frequency range of 10–2 to 103 Hz. The results
were processed using ZView2 software.

The following equations were used to calculate
the capacity and obtain charge distribution map:

C

1
X ,

C



  (1)
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where XC is the resistance of the capacitor; and XL

is the resistance of the inductor.
At XL=0, we have:
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Results and discussion
The appearance of carbon-containing phases

of the graphene samples without nitrogen and with
nitrogen in the visible range of the photoelectron
spectrum was fixed by the XPS analysis. Gauss-
Newton method showed that Ñ1s-line decomposed
into a few components (Figs. 1 and 2) next to the
bond sp2C–sp2C (Åb=284.8 åV) that is typical of
graphene. It was detected the binding of the
component with Åb=286.4 åV with two links such as
the nitrogen-mods field graphene bond sp3C–N and
the C–O bond [12]. The presence of the C1s-line in
the energy area with Åb=287.3 åV applies to the
C=O bond, which is missing in the C1s spectrum in

the optical range of the transparent phase.
Depending on the local configuration, the

different chemical shifts are seen in the N1s spectrum.
Thus, there are typical nitrogen modified graphene
components on the N1s-bands (Figs. 3 and 4) with
Åb=398.4 åV (pyridine–N), Åb=400.0 åV (pyrrole–N),
Åb=401.6 åV (graphite–N), and Åb=402.7 åV
(oxidized N–O) [12]. The component in the area of
398.4 åV can also be assigned to the nitrile-N group,
where nitrogen is covalently linked to a carbon atom
and two hydrogen atoms. The component that
belongs to pyrrole–N can also be a substitution of
N in the stone-wales defect or part of the amine,
pyridine, nitroso, or cyan group [13]. All detected
components are summarized in Table 2.

Calculations of the average electrical
conductivity data in systems with graphene
synthesized in a nitrogen medium show the
dependence of the increase of the electrical

Fig. 1. The photoemission response of carbon phase without

nitrogen. SWCNTs were measured with a 400 eV photon

excitation. Eb is the binding energy

Fig. 2. The photoemission response of carbon phase with

nitrogen

Fig. 3. The photoemission response of nitrogen phase
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conductivity and an increase of the capacitance on
the graphene content (Fig. 5). Increasing the
graphene content leads to an increase in the capacity
and the electrical conductivity of the mixture, which
indicates an increase in the electron’s mobility
[10,11]. High values of capacitance and conductivity
were obtained in the systems with a ratio of graphene/
graphite=1:1 (samples 3 and 4). However, the
maximum average values of capacity (almost 2 times
higher) are observed in the system with equal content
of graphene and graphite, which is synthesized in
nitrogen with heat treatment of the sample at 2500C.
Further analysis of the impedance spectra of these
samples detected the absence of the visible impact
of the graphite content on the Z data. (Fig. 6).
However, the graphical integration of the active
resistance and capacity data on the frequency plane
[14,15] showed the changes in the charges distribution
in the samples in various frequency ranges (Fig 7).

For the samples 1 and 2 with high content of
graphite (Fig. 7,a,b) at the frequency less than
200 Hz, an increase in the active resistances was
detected which is connected with a high density of
charges. In the frequency range more than 200 Hz,
low resistance was observed in a narrow region. Such
dependence of the resistance (conductivity) is

characteristic of p-type semiconductors [15].
Pyridine–N and pyrrole–N have electron acceptor
atoms that formed the positive vacancies. Therefore,
the pyridine nitrogen at high concentration of
graphite takes part in the formation of an extrinsic
p-type semiconductor.

For samples 3 and 4 with graphene/graphite
content=1:1, the dependence between resistance and
frequency has an opposite nature. At the frequencies
less than 200 Hz, a decrease in the active resistances
was detected, while in the frequency range more
than 200 Hz the presence of narrow high resistance
region was observed. Such behavior looks like the
behavior of pure graphite, and nitrogen-substituted
graphene (graphene–N) with an sp3C–N bond. In
such a case, the decrease in the graphite content
increases the part of electron’s donors and changes
the semiconductor configuration into n-type doping.
Thermal treatment of sample stabilizes such type of

Fig. 4. The photoemission response of nitrogen phase

Table  2

Results of photoemission measurements

Materials max C1s, eV max N1s, eV G/L, eV 

graphite 284.4 – 0.16–0.18 

graphene 284.8 – 0.529 

graphene–N 286.4 – 0.37 

graphite–N – 401.6 0.83 

pyridine–N – 398.4 0.42 

pyrrole–N – 400 0.43 

 

Fig. 5. Comparison of the average conductivity and capacity

between the samples (numbering is given according to Table 1)

Fig. 6. EIS data of the samples

(numbering is given according to Table 1)
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doping. So, due to change of the graphite
concentration in the graphene/graphite mixtures,
there is the ability to regulate both the type of doping
and electrical parameters.

Conclusions
The electrical parameters of graphite–graphene

systems with different mass concentrations of
graphene synthesized from liquid nitrogen were
investigated by photoelectron spectroscopy and
impedance spectroscopy. Photoelectron spectroscopy
revealed the following: the one typical of graphene
structure (sp2C–sp2C), two atypical structures
(sp3C–N and the C–O bond), and typical nitrogen

modified graphene components (pyridine–N,
pyrrole–N, graphite–N and oxidized N–O). The
dependence between graphite-graphene ratio and
electrochemical properties was established. In the
samples with high content of graphite, the pyridine
nitrogen takes part in the formation of an extrinsic
p-type semiconductor. In the samples with graphene/
graphite content=1:1, the share of donors of electrons
increases and the semiconductor configuration
changes into n-type doping. Thermal treatment of
sample stabilizes such type of doping. The change
of the graphite concentration in the graphene/
graphite mixture allows regulating both the type of
doping and electrical parameters of the mixture.

Fig 7. Maps of charges distribution in the samples: a – 1, b – 2, c – 3, d – 4 (numbering is given according to Table 1)

 

a b 

 

c d 
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ÑÒÐÓÊÒÓÐÍ² ÒÀ ÅËÅÊÒÐÎÕ²Ì²×Í² ÂËÀÑÒÈÂÎÑÒ²
N-ËÅÃÎÂÀÍÈÕ ÃÐÀÔÅÍ–ÃÐÀÔ²ÒÎÂÈÕ ÊÎÌÏÎÇÈÒ²Â

Ð.À. Ïàíòåëåéìîíîâ, Î.Â. Áîé÷óê, Ê.Ä. Ïåðøèíà,
Â.Ì. Îãåíêî

Äîñë³äæåíî âïëèâ âì³ñòó ãðàôåíó òà òåðì³÷íîãî îá-
ðîáëåííÿ íà ñòðóêòóðí³ çì³íè òà åëåêòðè÷í³ ïàðàìåòðè ñóì³ø³
ãðàô³ò/N-ëåãîâàíèé ãðàôåí. Ìåòîäîì ôîòîåëåêòðîííî¿ ñïåê-
òðîñêîï³¿ çàô³êñîâàíî ïîÿâó âóãëåöüâì³ñíèõ ôàç áåç àçîòó
òà ç àçîòîì ó âèäèìîìó ä³àïàçîí³ çðàçê³â N-ëåãîâàíîãî ãðà-
ôåíó, ñèíòåçîâàíèõ ³ç ð³äêîãî àçîòó. Âèÿâëåíî: òèïîâó äëÿ
ñòðóêòóðè ãðàôåíó (sp2C–sp2C), äâ³ íåòèïîâ³ ñòðóêòóðè
(sp3C–N ³ çâ’ÿçîê CO) ³ òèïîâ³ êîìïîíåíòè ãðàôåíó, ìîäè-
ô³êîâàí³ àçîòîì (ï³ðèäèí–N, ï³ðîë–N, ãðàô³ò–N òà îêèñ-
ëåíèé N–O). Âñòàíîâëåíî çàëåæí³ñòü ì³æ ñï³ââ³äíîøåííÿì
ãðàô³ò-ãðàôåí òà åëåêòðîõ³ì³÷íèìè âëàñòèâîñòÿìè. Ïî-
ð³âíÿííÿì ðîçïîä³ëó îïîðó òà ºìíîñò³ â ä³àïàçîí³ ÷àñòîò 100–
900 Ãö ó ãðàô³ò-ãðàôåíîâ³é ñóì³ø³ âèçíà÷åíî âïëèâ âì³ñòó
ãðàô³òó òà òåðì³÷íîãî îáðîáëåííÿ íà çì³íó òèïó ïðîâ³äíîñò³.
Çì³íà êîíöåíòðàö³¿ ãðàô³òó â ñóì³ø³ ãðàôåí-ãðàô³ò äàº ìîæ-
ëèâ³ñòü ðåãóëþâàòè òèï ëåãóâàííÿ òà åëåêòðè÷í³ ïàðàìåòðè
ñóì³ø³.

Êëþ÷îâ³ ñëîâà : ãðàôåí, ãðàô³ò, ºìí³ñòü,
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åëåêòðîïðîâ³äí³ñòü, ñèíòåç, ð³äêèé àçîò.
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This work studied the impact of graphene content and
heat treatment on the structural changes and electrical parameters
of graphite/N-doped graphene mixtures. Using photoelectron
spectroscopy the appearance of two types of carbon-containing
phases was detected in the visible range of the N-doped graphene
samples synthesized from liquid nitrogen. The following features
of the samples were shown: one typical structure of graphene
(sp2C–sp2C), two atypical structures (sp3C–N and the C–O bond),
and graphene components modified with nitrogen (pyridine–N,
pyrrole–N, graphite–N and oxidized N–O). The dependence
between the ratio of components in graphite–graphene mixtures
and their electrochemical properties was found. The effect of
graphite content and heat treatment on the change in the type of
conductivity in a graphite–graphene mixture was determined by
comparison of resistance and capacitance distribution in the
frequency range of 100–900 Hz. The change of the graphite
concentration in the graphene–graphite mixture allows governing
the type of doping and electrical parameters of the mixtures.
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