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The sulfur-doped graphene oxide/graphite oxide composite material was synthesized in an original way, and 

a detailed study of its structural arrangement was carried out using XRD and Raman spectroscopy. Negative 

differential resistive properties of the obtained material were observed on the current-voltage curve at room 

temperature as a result of limited proton hopping through water molecules adsorbed on the hydrophilic surface of 

graphene oxide layers in the presence of a sulfur-enriched graphite oxide component with high electron 

conductivity, which promotes spatial charge separation and increases the efficiency of H+ transport. The obtained 

result offers a new way for the one-pot synthesis of new graphene-based composite materials with a wide range of 

possible applications. 
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Introduction 

The rapid development of nanoelectronics is based on 

the latest achievements in material science, including 

graphene based materials [1; 2; 3; 4]. Graphene oxide 

(GO) allows the formation of large thin transparent films 

to replace ITO conductors in solar panels, creating new 

biomedical applications and microwave absorbers for 

electromagnetic interference [5]. It is known that the 

properties of carbon-based nanostructures can be 

controlled by doping with both metal and non-metal 

ions [6]. 

The effect of negative differential resistance (NDR) 

has attracted much attention due to the possibility of its 

application in a wide range of nanoelectronic devises, 

including not only resonant-tunneling diodes, high-

frequency multipliers in the THz range [7, 8]. The NDR 

behavior has been experimentally observed in graphene 

[9] and graphene-based materials [10]. At the same time, 

the development of new technologically simple and 

accessible NDR materials is an important task of applied 

materials science. Graphene oxide and reduced graphene 

oxide have significant prospects as materials with voltage 

controlled negative differential resistance that can be used 

in low-power and high-speed devices [11]. Significant 

NDC properties found earlier at room temperature for 

sulfur doped graphene oxide (GO/sulfur) demonstrate [7] 

that it is of considerable interest for the obtaining new 

functional materials for nanoelectronics.  

The aim of this work is a comparative study of the 

structural, morphological, and electrical properties of 

graphene oxide/graphite oxide composites synthesized by 

the chemical oxidation of graphite with sulfur acids. 

I. Experimental details 

The synthesis process can be described as follows: 

10 ml of 96 % solid sulfuric acid is added to a beaker; 1 g 

of highly dispersed graphite (purity 99.9995 %) is 
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mechanically poured into 0.5 g of sodium hydroxide in the 

well of a Petri dish and over solid sulfuric acid. The 

remaining amount (13 g) is added to the system with a 

magnetic stirrer, adding solid sulfuric acid. Potassium 

permanganate (3 g) is added to the system in portions over 

2 hours. During this period, the mixture comes into contact 

with an ice bath and the temperature is maintained at 20 

degrees. After mixing is stopped, the system comes into 

contact with the steam of a hot water bath. This time the 

temperature is maintained at 35 degrees. Thus, the mixture 

is obtained in the form of a chestnut-gray paste. 46 ml of 

distilled water is added to the mixture. Immediately put to 

boil in a boiling water bath. After 1 hour, mix by adding 

250 ml of distilled water. After a while, 100 ml of 

perhydrol are added and mixed. There is a change in color. 

Thus, the formation of a yellowish compound in chestnuts 

visually proves the production of graphene oxide. The 

mixture is filtered after lowering the temperature. The 

remaining substance on the filter paper is washed with 

distilled water. The product was dried at 50oC for 2 hours 

under vacuum. The weight loss of the obtained material 

after complete drying was about 40 %, which corresponds 

to [12]. 

X-ray diffraction phase analysis was performed on an 

XRD-7000 diffractometer (Shimadzu) using CuK 

radiation with 2 scanning from 10° to 70° 2° per minute 

with a step of 0.02°. The Raman spectra were measured 

on a T64000 Jobin-Yvon spectrometer (1800/mm, 

resolution about 1 cm-1) in inverse dispersion geometry 

using an argon-krypton laser ( = 532 nm). The laser 

irradiation power was less than 1 mW/cm2, which made it 

possible to avoid local overheating of the samples. SEM 

analysis was carried out using a Scanning Electron 

Microscope by JEOL (Oxford Instruments, 15 kV SEI, 

WD of 4.5 mm). Samples for electrical testing were cut in 

the form of rectangles and placed on a Teflon substrate. 

Silver paste contacts were applied to the substrate for 

attaching the wires so that resistance could be measured 

using the usual two-prong method. Volt-ampere 

characteristics were measured at room temperature. 

II. Results and discussion 

XRD patterns of the obtained materials demonstrate 

the presence of different phases and are fitted using the 

OriginPro 8.5 program with four Lorentzian functions 

(Fig. 1). Intense peaks at 2 of about 9.75о correspond to 

the (001) reflex of graphene oxide. The calculated value 

of the interplanar distance d(001) perpendicular to the basal 

plane of the graphene packages is 0.888 nm. 

The Scherrer equation was used to estimate the average 

package size D in the direction perpendicular to the (001) 

plane using the analysis of the position of the reflex (2, 

rad) and its full width at half maximum (, rad):  

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
, where K = 0.89. The calculated value of D(001) 

was about 11.11 nm, which corresponds to an average 

number N of graphene layers in a package of 13 - 14. A 

broad peak in the range 2 = 12 - 40o, observed on XRD 

patterns, corresponds to (002) reflexes of the structure of  
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Chi^2/DoF = 965.42024

R^2 =  0.97305

  

y0 0 ±0

xc1 9.74793 ±0.00539

w1 0.71029 ±0.0158

A1 615.07919 ±10.02025

xc2 20.58771 ±0.03987

w2 7.79428 ±0.1291

A2 4240.95973 ±74.85417

xc3 26.72195 ±0

w3 12.51702 ±0.11579

A3 7759.02635 ±81.98244

xc4 42.2601 ±0

w4 1.68845 ±0.30414

A4 80 ±0 
Fig. 1. XRD patterns of the synthesized graphene 

oxide/graphite oxide composite materials with the results 

of deconvolution. 

 

a distorted graphite oxide lattice (Fig.1, a). It was 

optimally fitted with two sub-peaks, each of which allows 

one to calculate the most probable values of d(002) and D 

for two fractions of graphite oxide. The first (Component 

1) has maxima at 2 = 26.7, which is very close to the 

properties of the microcrystalline structure of graphite  

(
( )
(1)

200
d = 0.335 nm) and corresponds to 

( )
(1)

200
D  value of 

0.646 nm. The average number of layers N is only 3, and 

these values rather correspond to the sizes of coherently 

scattered regions of incompletely exfoliated graphite. 

Component 2 has maxima at 2 = 20.59o, which 

corresponds to 
( )
(2)

200
d )=0.431 nm, and for  

( )
(2)

200
D =1.025, 

calculated value of N is 3 - 4. This value is consistent with 

characteristics of Component 1, and the formation of 

Component 2 can be explained by the relaxation of the 

crystal structure of coherently scattered fragments of 

graphite oxide after exfoliation from microcrystalline 

graphite particles. The last observed component of XRD 

pattern at 2 = 20.59o corresponds to the two dimensional 

(10) reflection of the graphene oxide structure. To analyze 

this peak, the Scherrer equation with the Warren constant 

K = 1.84 was applied in accordance with [13] and the 

average lateral size of the GO stacking layers  

L(10) = 10.3 nm was calculated. According to the analysis 

of the integral intensity of the deconvoluted components, 

the relative content of graphene oxide in the graphite 

oxide/ graphene oxide mixture is about 15 - 16 %. 

Independent information about the structural 

arrangement of the obtained materials was obtained by 

Raman spectroscopy.  

The Raman spectra of the resulting composite 

(Fig. 2a) exhibit a characteristic first-order G-mode at 

1561 cm−1, formed as a result of in-plane stretching 

vibration of sp2-bonded carbon atoms corresponding to 

E2g optical phonons, as well as a “defect” D band about 

1322 cm-1 (weak), which is the result of graphite 

disordering. The high intensity of the D band indicates 

structural defects in the obtained carbon material. The 

ratio of the integral intensities of the D and G bands 

(ID / IG) is inversely proportional to the size of graphite 

oxide crystallite in the basal (002) plane [14]: 
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Fig. 2. (a) Raman spectra of graphite oxide/graphene 

oxide composite material and (b) D- and G-mode 

deconvolution results. 

 

𝐿(𝑛𝑚) = (2.4 × 10−10)𝜆4 (
𝐼𝐷

𝐼𝐺
), where  is the laser 

excitation wavelength. The observed D and G bands were 

fitted with two Lorentzian peaks (Fig.2, b). The average 

size of the graphite oxide packages L was 11.5 nm. 

Summarizing the XRD and Raman results, we can 

propose the following model for the formation of a 

composite material. Synthesis conditions ensured local 

surface exfoliation of the original graphite particles. The 

exfoliation of the near-surface layers of the particles 

causes the formation of a graphite oxide fraction 

corresponding to Component 2 of the XRD pattern. At the 

same time, the dispergation of the initial particle leads to 

the formation of Component 1. The next oxidation of a 

small fragment of graphite oxide leads to the formation of 

colloidal graphene oxide. 

SEM images (Fig. 3a) show highly wrinkled broken 

graphitic layers. The EDX maps (Fig. 3b–d) indicate the 

presence of carbon, oxygen, and sulfur on the surface of 

the samples, with sulfur being uniformly distributed both 

over the surface and along the edges of the lamellar 

particles of the material. Observed amount of elements: 

carbon –76.6 mass %, oxygen – 21.6 mass % and 

1.8 mass %. The residual amount of sulfur in the range of 

1.5 - 2 mass % is typical for graphene materials obtained 

by the Hummers method [15]. 

A study of the electrical properties of the resulting 

sulfur-doped graphene oxide/graphite oxide composite 

was carried out. Figure 4a shows current-voltage (I–V) 

curves with two prominent NDR regions observed along 

with an increase in current. Obtaining a differential curve  

allows one to clearly calculate the characteristics of the 

NDR signal, such as the peak voltage point (Vp), the valley 

voltage point (Vv), and also calculate the negative 

differential resistance 𝑟𝑑𝑖𝑓𝑓 =
[𝑖(𝑉𝑝)−𝑖(𝑉𝜈)]

[𝑉𝑝−𝑉𝜈]
 . The results 

obtained are summarized in Table 1.  

 

Table 1 

Parameters of the NDR effect observed for the graphene 

oxide/graphite oxide composite material 

Vp, V Vv, V i(Vp), mA Vv, mA diffr  

17.01 17.99 0.0865 0.0838 -0.0028 

 

The electrical conductivity of the obtained graphene 

oxide/graphite oxide composite material is the result of a 

complex mutual influence of both mechanisms. The first 

is an electronic hopping between partially oxidized 

graphite particles forming a randomly distributed grid, and 

the second is a protonic mechanism of charge transport 

according to the Grotthuss mechanism [16]. 

 

 
 

Fig. 3. (a) SEM image of the graphite oxide / graphene 

oxide composite material; EDX maps of the corres-

ponding area for (b) carbon, (c) oxygen, and (d) sulfur. 

)a

)b
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Fig. 4. I–V characteristics for a graphene oxide/graphite 

oxide composite with observation of a negative 

differential resistance. 

 

Based on the synthesis conditions, it can be assumed 

that GO fragments are located between graphite oxide 

particles, and water molecules are embedded between 

graphene stacking layers [5]. The appearance of the NDR 

effect on the I–V characteristics of the conductivity of the 

graphene oxide/graphite oxide composite can be 

explained by H+ hopping with reversible reduction of GO 

according to the following two-stage mechanism [10]: 

 

H2O → 4H++ 4e-+ O2   and   GO+2H++2e–→ rGO + H2O 

 

An increase in the proton flow through the network of 

hydrogen bonds with an increase in the channel current is 

limited by the slow diffusion of adsorbed water molecules 

between hydrophilic functional groups (–OH, –COOH, 

and C–O–C) located on the surface of graphene layers. 

The imposition of these processes leads to the depletion of 

conduction channels and, thus, to NDR effects. It is clear 

that the magnitude of the NDR effect is determined by the 

fractions of functional groups immobilized on the GO 

surface and can be controlled by the synthesis conditions 

with an exact carbon-oxygen ratio. Doping with sulfur is 

an effective way to increase the GO conductivity due to its 

strong electron donor ability [17]. Sulfur atoms are 

preferably located at the sites of oxygen functional groups 

in GO, which contributes to a more efficient reduction 

process [18]. An increase in the electronic transport 

properties of S-doped GO as a component of the 

composite leads to an increase in the spatial separation of 

protons and electrons, as well as to an increase in the 

efficiency of the Grotthuss mechanism of charge 

transferring. 

Conclusion 

In this study, we have demonstrated a simple one-pot 

synthesis of sulfur doped graphite oxide / graphene oxide 

sheets as a promising functional material. The observation 

of negative differential resistance effect (NDR) in the 

current-voltage characteristics is due to a successful 

combination of the structural and electrical properties of 

materials consisting of a 3D grid of graphite oxide 

particles filled with interconnecting graphene oxide 

stacking layers. The proton hopping paths formed by 

water molecules adsorbed on the hydrophilic graphene 

layers are unstable due to thermal diffusion of these 

molecules, which causes depletion of the conduction 

channels and leads to the observation of NDR. The 

presence of sulfur atoms incorporated into the graphite 

oxide lattice most likely leads to an increase in the 

electronic conductivity and an increase in the NDR 

efficiency due to electron transfer to graphite oxide 

particles and increases the lifetime of H+ transport ions. 
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Оригінальним шляхом було отримано легований сіркою нанокомпозитний матеріал оксид 

графену / оксид графіту. Здійснено детальне вивчення структурного впорядкування синтезованого 

композиту методами рентгеноструктурного аналізу та раманівської спектроскопії. Прояви явища 

негативного диференціального опору для отриманого матеріалу спостерігалися при кімнатній температурі 

було інтерпретовано в рамках моделі, яка передбачала просторово обмежений перколяційний транспорт 

протонів через молекули води, адсорбовані на гідрофільній поверхні шарів оксиду графену. Присутність 

збагаченого сіркою оксиду графіту з високою електронною провідністю сприяє просторовому розділенню 

протонів та електронів і підвищує ефективність перенесення Н+. Отримані результати відкривають 

можливості розробки нового способу синтезу композиційних матеріалів на основі графену з широким 

спектром практичних застосувань. 

Ключові слова: оксид графену, оксид графіту, нанокомпозит, негативний диференціальний опір. 
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