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Abstract 

Introduction. An incomplete list of the properties of graphene includes its high electrical and thermal conductivity, 

strength, specific surface area (SSA) and optical light transmittance. Graphene is a very promising material for use in 

micro- and nano-electronics applications. An additional advantage of graphene is the variety of means by which the ma-

terial may be obtained, allowing the creation of novel materials with useful physicochemical properties by appropriate 

technological methods.  

Objective. The study aims at investigating the influence of thermal reduction temperature on the physicochemical 

properties of graphene oxide (GO) films.  

Materials and methods. In the present work, GO films are obtained on the surface of a slide by means of its immersion in 

a graphene oxide water dispersion (dip coating). Obtained samples are studied using scanning electron microscopy, Raman 

spectroscopy and elemental CHN analysis methods. The resistance of the graphene sheet is measured using a four-point 

probe method. 

Results. A difference in the elemental content (C, H, N) in studied samples, along with an increase in graphene struc-

ture defectiveness and decreased sheet resistance, are found to be proportional to an increase in reduction tempera-

ture. A decrease in the thickness of GO films following heat treatment is also observed, which may be attributed to the 

loss of with a functional GO groups during thermal reduction.  

Conclusion. The research results demonstrate the possibility of obtaining carbon films from reduced graphene oxide 

(RGO). Such graphene films demonstrate desired physicochemical properties for use in thin-film technologies. The 

presented research is of potential use in understanding general issues relating to the acquisition and application of 

GO and RGO. 
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ВЛИЯНИЕ ТЕМПЕРАТУРЫ ТЕРМИЧЕСКОГО ВОССТАНОВЛЕНИЯ  

НА СТРУКТУРУ И ЭЛЕКТРОФИЗИЧЕСКИЕ СВОЙСТВА  

ПЛЕНОК ВОССТАНОВЛЕННОГО ОКСИДА ГРАФЕНА 

Аннотация 

Введение. Высокая электропроводность, теплопроводность, прочность, большая площадь поверхности, 

высокий коэффициент светопропускания – это лишь неполный перечень свойств графена – материала, 

являющегося весьма перспективным с точки зрения применения в микро- и наноэлектронике. Кроме того, 

к преимуществам графена можно отнести возможность его получения различными способами. Это поз-

воляет, используя соответствующие технологические приемы, создавать материалы с заданными физи-

ко-химическими характеристиками.  

Цель работы. Исследование степени влияния температуры термического восстановления на физико-

химические свойства пленок оксида графена (ОГ). 

Материалы и методы. В описываемой работе пленки ОГ были получены на поверхности предметного 

стекла посредством его погружения и извлечения из водной дисперсии оксида графена (dip coating). Полу-

ченные образцы были охарактеризованы методом сканирующей электронной микроскопии, спектроскопии 

комбинационного рассеяния света, элементного CHN-анализа. Удельное поверхностное электрическое со-

противление было измерено четырехзондовым методом.  

Результаты. Установлено отличие содержания элементов (C, H, N) в исследуемых образцах, снижение 

дефектности в графеновой структуре, а также уменьшение удельного электрического сопротивления 

пропорционально увеличению температуры восстановления. Также обнаружено уменьшение толщины 

пленок ОГ при термической обработке, что предположительно связано с потерей функциональных групп в 

ОГ при его термическом восстановлении.  

Заключение. Результаты исследований демонстрируют возможность получения углеродных пленок из 

восстановленного оксида графена (ВОГ) с заданными физико-химическими характеристиками, которые 

могут найти применение в тонкопленочных технологиях. Представленные материалы также могут 

быть полезны исследователям в вопросах получения и применения ОГ и ВОГ. 
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Introduction. An analysis of literature data re-

veals a significant number of works (Fig. 1) in the 

materials science field of graphene-based films, 

comprising a carbon atom monolayer material joined 

by σ- and π-bonds into a hexagonal two-dimensional 

crystal lattice. INTEL considers graphene as one of 

the possible foundations of future microelectronics 

[1]. The significant research interest in graphene can 

be explained in terms of the material's unique, empir-

ically-confirmed properties. For example, a mono-

layer graphene has the largest possible specific sur-

face area (SSA) of 2640 m2/g and can withstand 

high-density currents [2]. With a Young’s modulus of 

1TPa, graphene is the strongest material known to 

science, capable of undergoing significant defor-

mation without crystal lattice disordering [3]. Mono-

layer graphene is highly conductive with a thermal 

conductivity of 5000 W/(m·°C) and a maximum car-
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rier mobility at a room temperature of 

200 000 cm2/(V·s) [4]. The optical transmittance of 

graphene is 97.7%. Various approaches for the pro-

duction of graphene include chemical vapour deposi-

tion on a metal substrate from a carbon-containing 

gas mixture, direct graphite dispersion in various 

solvents in the presence of surface-active agents (sur-

factants) and epitaxial growth of graphene on a silicon 

carbide crystal face using thermal decomposition. An 

additional approach consists in chemical solution-

based synthesis method, known as Hummers’ meth-

od, which consists in a graphite chemical oxidation 

and its subsequent dispersion in the solution thus 

allowing formation of oxidised graphene, consisting 

of graphene flakes with oxygen-containing function-

al groups on the edges or inside the carbon network, 

where further thermal or chemical treatment results 

in recovery of graphene from graphene oxide (GO). 

According to the International Organisation for 

Standardisation (ISO) TS80004-13 dictionary [5], 

graphene materials (graphene and related two-

dimensional (2D) materials) include: graphene taking 

the form of a monolayer of carbon atoms; bilayer 

graphene (2LG) consisting of two layers of carbon 

atoms; trilayer graphene (3LG) consisting of three 

layers of carbon atoms; few-layer graphene (FLG) 

having three to ten layers of carbon atoms. This clas-

sification is in agreement with publications [6]–[8] 

confirming the unique properties of graphene materi-

als when they consist of no more than 10 layers of 

carbon atoms. 

Consequently, a combination of graphene proper-

ties such as high strength, electrical and thermal con-

ductivity, elasticity, optical transmittance, large spe-

cific surface area, as well as the possibility of its 

production using various technological methods in-

dicate graphene as a very promising material from a 

point of view of its application in micro- and nanoe-

lectronics. For example, it can be used to form electri-

cally conductive coatings on dielectric materials when 

creating elements used in measuring circuits, detec-

tors, sensor panels, photoelectric converters, photode-

tectors, heating compositions, as well as when devel-

oping shielding and radio wave absorbing materials 

and planar chemical current sources (CCS) [9]–[14]. 

The objective of the present work is to study the 

influence of thermal reduction temperature on the 

physicochemical properties of GO. 

Materials and methods. In order to obtain GO 

films via Hummers’ method, an aqueous dispersion 

of GO flakes was used, having a concentration of 

2.3 mg/ml, lateral size of 0.1–4 μm and thickness of 

up to 1.5 nm. The results were characterised by mod-

ern physicochemical analysis methods [15] as report-

ed in previously published works [16]–[18]. The dis-

persion method used for obtaining GO was as fol-

lows: first, concentrated sulphuric acid was poured 

into a glass beaker, then ammonium persulfate and 

phosphorus pentoxide were added under stirring with 

a magnetic stirrer. The resulting reaction mixture was 

heated up to 80–85°C until the reagents were com-

pletely dissolved. Next, a natural graphite powder 

(99.9%) was added into the beaker and the mixture 

was kept at 80°C for 5 hours while stirring. Then, 

distilled water was slowly poured into the mixture, 

which had previously been cooled to room tempera-

ture. After that, the obtained precipitate was repeat-

edly filtered with a help of a fritted glass filter to 

pH=7 followed by drying. The dried powder was 

then transferred to a beaker containing sulphuric acid 

that had been cooled in an ice bath. Then, potassium 

permanganate was added under constant stirring. Af-

ter that, distilled water was added in a volume equal 

to the reaction mixture volume keeping mixture tem-

perature below 40 °C. After some time, an equal vol-

ume of water was added together with a small 

amount of 30% hydrogen peroxide. This stage is ac-

companied by the release of gaseous bubbles and the 

suspension changing colour to yellow-brown. The 

obtained solid precipitate was filtered with a large 

amount of de-ionised water (DIW) and subjected to 

drying. In order to obtain the GO dispersion, the ob-

tained powder was placed in a cylindrical beaker and 

distilled water poured over it, followed by ultrasonic 

treatment (frequency 20.4 kHz, specific power 0.1–1 

W/cm3) for 15 minutes. The resulting dispersion was 

centrifuged for 10 min at 2000 rpm to remove large 

and poorly oxidised particles. 

 

Fig. 1. The number of publications in a graphene applications 

field in thin-film technologies over a period from 2006 to 

2018 (keywords search for "graphene films" by using the 

EBSCO Discovery Service database) 
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The films were obtained on the surface of a glass 

slide by dipping the glass substrate into an aqueous 

GO dispersion (dip-coating) followed by drying at a 

temperature of 40–50 °C. In order to simplify the 

handling of the studied objects, the film was not re-

moved from the glass. 

Preparation and cleaning of glass substrates were 

carried out in several stages, including the following 

treatments: 

– washing out the surfactants; 

– cleaning with DIW; 

– keeping in an aqueous solution of 20% NaOH 

at room temperature for 20 minutes; 

– cleaning with DIW; 

– keeping in an aqueous solution of 5% HF at 

room temperature for 5 minutes; 

– cleaning with DIW; 

– processing in an ultrasonic bath for 10 minutes; 

– cleaning with DIW; 

– air drying for 1 hour. 

In order to study the dependencies of changes in 

properties of GO film on thermal reduction condi-

tions, test samples were heated in a muffle furnace at 

a heating rate of 2 °C/min up to 200, 300 and 400 ºC 

with a holding time of one hour after reaching each 

predetermined temperature. 

A morphology study of the film surface was car-

ried out using a Carl Zeiss SUPRA 40 scanning elec-

tron microscope (Germany). When receiving images 

in secondary and backscattered electrons, the accel-

erating voltage was 1…10 kV. 

A Raman scattering (RS) method was used to 

study the atomic bond structure of the films with a 

Renishaw inVia spectrometer (UK) having a laser 

excitation wavelength of 514 nm. The spectrometer 

was calibrated on a standard sample of monocrystal-

line silicon with a fundamental vibration mode of 

520.5 cm-1. The D, G, and D’ band shapes are de-

scribed by a Gaussian function. 

The sheet resistance ( sR ) of thin-film samples 

was measured with an Elins P-30J potenti-

ostat/galvanostat (Russia) using a four-point probe 

method in a cell with platinum-coated point contacts. 

The distance between the contacts was 1.6 mm. 

The thickness of the studied coatings was deter-

mined by atomic force microscopy (AFM) using a 

NANOSCOPE III scanning probe microscope 

(USA). The dotted line shown in AFM images 

(Fig. 2) indicates the studied region used to analyse 

the surface relief profile. On the AFM images, the 

locations of triangular markers correspond to the dot-

ted lines on the cross-section plots.  

Elemental CHN analysis was performed using a 

vario Micro cube automatic analyser (Germany). The 

sample portion was 0.8…1 mg. The sample is burned 

at a temperature of 950 ºС. The CHN content is cal-

culated automatically by the instrument software. 

The program considers predetermined calibration 

coefficients for standard samples, as well as blank 

run results and sample portion. 

Results. The film samples obtained from the GO 

 

 а b 

Fig. 2. AFM images of the films and their cross-sections along the dotted lines: a – GO film;  

b – RGO film after the heat treatment at 400 °С 
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dispersion for the purposes of the experiment had 

thicknesses of no more than 37 nm (Fig. 2, a), as de-

termined by the AFM method. The thickness of the 

films was unaffected by heating at temperatures of 200 

and 300 ºС; however, processing at 400 ºС led to a 

film thickness decrease not exceeding 19 nm (Fig. 2, 

b), which is possibly due to a height decrease of GO 

monolayer (0.9…1.2 nm) up to graphene (0.335 nm) 

due to a thermal reduction and as a result of an oxy-

gen-containing functional groups loss, which is also 

indicated by CHN analysis results allowing to observe a 

carbon increase associated with decreasing of hydrogen 

and presumably oxygen in the total mass [19]–[24]. In 

addition, it is possible to note the dependence of a 

films sheet resistance decrease with the thermal reduc-

tion temperature increase (see Table) from 75 kΩ/□ for 

a sample of reduced GO (RGO) obtained at the ther-

mal reduction temperature of 200ºС to 8 kΩ/□ for a 

rGO sample obtained at the thermal reduction temper-

ature of 400ºС. 

By using scanning electron microscopy (SEM) 

method it was found that studied samples have a 

folded surface structure (Fig. 3) that remains un-

changed regardless of heat treatment conditions. 

The samples differences are confirmed by re-

search results obtained by Raman spectroscopy. 

Fig. 4 shows Raman spectra of RGO films acquired 

at different reduction temperatures. The main factor 

characterising the graphene structures in studied 

samples is a corresponding peaks presence in the 

Raman spectra. For example, G-lines indicate oscil-

lations of the sp2-carbon bonds system (1560 cm-1). 

D-lines (1360 cm-1), while D+G-lines (2940 cm-1) 

indicate the formation of a defective structure, which 

decreases in proportion to the thermal reduction tem-

perature increase that is evidenced by the absence of 

a D+G-line in the Raman spectrum obtained at 

400ºС; here, unlike sample spectra obtained at lower 

temperatures, a 2D-line (2690 cm–1) is clearly ob-

served, consisting in a D-line overtone indicating a 

Physico-chemical characteristics of the films of GO and RGO 

Sample 
red ,

...

t

C
o

 
,sR

 W
 

CHN- analysis 

C, % H, % N, % 

GO – – 45.97 3.25 0.65 

RGO 200 200 75 73.48 1.19 1.22 

RGO 300 300 9.5 74.09 1.09 1.39 

RGO 400 400 8 74.74 1.12 1.79 

 а 

Fig. 3. SEM micrographs of GO and RGO films surface structure: а – GO film; b – RGO film following heat treatment at 200 °С;  

c – film following heat treatment at 300 °С; d – film following heat treatment at 400 °С 
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small number of layers in this graphene structure 

[25], [26]. According to the estimation of the D GI I  

ratio, it can be observed that with an increase in the 

thermal reduction temperature, the D GI I  ratio de-

creases, indicating an increase in the degree of struc-

ture ordering [27]. 

Thus, the resulting conductive RGO thin-films 

having different hydrogen and oxygen contents can 

be used to create planar chemical current sources 

[28] (batteries and supercapacitors) having a high 

charge density and energy as widely used as compo-

nents of ultra-dense surface-mount on printed circuit 

boards for microelectromechanical system power 

supply, memory blocks and various sensors. 

Conductive RGO films can also be used as a 

conductive base for a subsequent deposition of CCS 

cathodes and anodes, which function as current leads 

having minimal thickness and weight [29]. This is 

very important when developing CCS having high 

specific power-capacitance characteristics. In addi-

tion, using the RGO films on surfaces of traditional 

current leads (copper and aluminium) of micro-

batteries and capacitors protects against corrosion by 

preventing direct contact of a metal with electrolyte 

decomposition products [30] formed during electro-

chemical cycling, thus reducing Faraday processes 

and – consequently – self-discharge and CCS irre-

versible capacity loss. The use of GO films having 

different degrees of reduction allows the creation ofg 

bipolar electrodes of a lithium-ion battery [31], [32], 

thus eliminating the necessity of cathode materials, 

which, having a higher density than graphene, great-

ly increase the weight of CCS structures. 

Conclusion. On the basis of conducted studies, 

the dependency of changes in the physicochemical 

properties of films, having thicknesses not exceeding 

37 nm and obtained from GO dispersion by the dip-

coating method, on thermal reduction conditions is 

established. During heat treatment at 400°С, a 

change in the film thickness up to 19 nm is observed. 

This is presumably associated with a decrease in the 

thickness of GO monolayers due to loss of oxygen-

containing functional groups, while thermal reduc-

tion, which is confirmed by CHN analysis results and 

Raman spectroscopy, additionally demonstrates a 

decrease in graphene structure defectiveness as the 

temperature of thermal reduction increases; this is 

also indicated by the peak appearance in Raman 

spectrum of a small number of graphene layers in a 

sample obtained by the heat treatment at 400°С. A 

decrease in the sheet resistance of the RGO films 

from 75 kΩ/□ to 8 kΩ/□ is proportional to the in-

crease in reduction temperature. The results indicate 

the possibility of using graphene to form electrically 

conductive coatings on dielectric materials.  
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