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Abstract—The method of the chemical synthesis of reduced graphene oxide was developed. Sodium hypo-
phosphite and sulfi te were used as reducing agents. The formation of reduced graphene oxide was confi rmed by 
several methods. Volt-ampere characteristics of electrodes based on reduced graphene oxide were investigated in 
an experimental model of an oxygen fuel cell with an alkaline electrolyte. Characteristics of oxygen electrodes 
based on reduced graphene oxide were stable over semiannual tests. The resulting reduced graphene oxide is 
a promising material for oxygen electrodes of chemical current sources. 
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Application of air or oxygen electrodes in devices 
generating electrical energy is rather promising, as it does 
not trouble ecology and makes it possible to save natural 
resources such as petroleum and gas. Air and oxygen 
electrodes in current sources represent a three-phase 
system electrode–electrolyte–gas, where processes of 
electric current generation are localized at the boundary 
between these phases. The current generated on such a 
gas-diffusion electrode depends on the size of the triple 
contact zone between these three phases. The electrode 
consists of a catalyst and a carrier, and the interaction 
between them basically defi nes the value of generated 
current strength. At present the most effective catalyst of 
oxygen reduction is platinum, however it has an essen-
tial drawback, a high price. There are a great number of 
works dedicated to the study of other effective catalysts 
[1]. Another important problem concerns a catalytically 
active and stable catalyst carrier. The advantage of carbon 
nanotubes as carrying agents of catalysts has been shown 
in the publications [2–5]. 

At present owing to the appearance of the new nano-
carbon material graphene a series of works were dedicated 
to its studying as an electrode material for lithium-ionic 
accumulators [6] and also as a catalyst carrier in fuel 
cells [7–11]. Graphene is a carbon layer of one atom 
thickness consisting of condensed six-membered rings. 

Carbon atoms in graphene are bound by sp2 bonds into a 
hexagonal two-dimensional (2D) lattice. Ideal graphene 
consists exclusively of six-membered rings; appearance 
of defects results in the formation of a quantity of fi ve- 
or seven-membered rings in the graphene structure and 
hence in the bending of a fl at surface. At the same time the 
extended π-system of conjugated aromatic rings makes 
graphene rather stable as compared with others nanosub-
jects. Structural features of graphene sheets are those that 
charge carriers, having unlimited freedom of transition in 
the plane, are closed in the narrow space between “walls” 
arranged at the shortest atomic distance from each other 
of ~0.3 nm, which results in the appearance of graphene 
unique electrophysical characteristics and other unusual 
properties (Fig. 1).

In this connection it is of a great interest to study elec-
trochemical properties of reduced graphene oxide (RGO) 
used as a catalyst carrier for fuel cell oxygen electrodes 
in relation to the method of its production.

EXPERIMENTAL 

Multiwall carbon nanotubes (MCNT) were selected 
as precursors, because their structure reminds a set of 
graphene layers coiled into a tube. Using a strong oxi-
dizing agent, it is possible “to unzip” nanotube with the 
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formation of nanotapes of oxidized graphene [12]. For 
this purpose we have chosen the procedure of the MCNT 
oxidation by septivalent manganese [12] with postreduc-
tion. We used alkaline solutions of sodium hypophosphite 
and sulfi te as reducing agents for oxidized graphene.

Double-layer oxygen electrodes were prepared by 
pressing. The hydrophobic layer contained 0.07 g cm–2 
of acetylene black with 25% of polytetrafl uoroethylene, 
the active layer contained 0.02 g cm–2 RGO with 5% 
of polytetrafl uoroethylene. Experiments were carried 
out with a fuel cell model using a zinc electrode as the 
anode. The experimental model for testing gаs-diffusion 
electrodes is described in the work [13]. A solution of 5 
M KОН with 1 M LiOH served as an electrolyte. A silver 
chloride electrode connected through a salt bridge was 
used as a reference electrode. All potentials were mea-
sured and given with respect to standard silver chloride 
electrode. Electrochemical load characteristics were 
obtained in a galvanostatic mode. A U-tube electrolyzer 
with the alkaline electrolyte was a source of oxygen. 
Oxygen moved to gas electrodes under excess pressure 
of 0.01 MPa. Before measurements the oxygen electrode 
was blown through by oxygen within 1 h. Electronic mi-
crophotographs were taken by means of a JEM-100 CXII 
electronic microscope. The X-ray analysis was carried out 
on a DRON-4 X-ray diffractometer with CuKα radiation. 
Electronic absorption spectra were recorded on a Perkin 
Elmer UV/VIS Lambda 35 spectrophotometer.

Fig. 1. Schematic structure of graphene. (a) dorsal view, (b) lateral view. 

Fig. 2. X-ray pattern of graphene oxide samples reduced by: 
(a) sodium hypophosphite and (b) sodium sulfi te. (I) intensity 
(arbitrary unit), (2θ) Bragg angle (degree).

(a)

(b)

(a) (b)
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To synthesize oxidized graphene, we applied Hum-
mers’ modifi ed method [12, 14], using MCNT with bulk 
weight of 25–30 g dm–3 treated by a hydrofl uoric acid 
solution to remove catalyst admixtures. The external di-
ameter of nanotubes was 10–30 nm and specifi c surface 
area, 230 m2 g–1.

An MCNT sample of 1 g was dispersed within 1 h by 
stirring in 300 ml of concentrated sulfuric acid. Then 5 g 
of KMnO4 were added with stirring within 1 h at a tem-
perature not higher than 17°С. After that the mixture was 
heated up to 55°С for 30 min on a water bath and kept 
for 1 h. Then temperature of the solution was brought to 
65°С and it was left to cool down to room temperature. To 
prevent the formation of manganese dioxide, the resulting 
mixture was diluted by 400 ml of bidistilled water with 
ice, which contained 5 ml of 30 H2O2. Then the dilute 
mixture was fi ltered on a narrow-porous paper fi lter. The 
fi ltered precipitate was dispersed in bidistilled water. Two 
samples were chosen to be reduced. One sample of the 
oxidized product was reduced with an alkaline sodium 
hypophosphite solution (pH 11), another, with an alkaline 
sodium sulfi te solution (pH 11). The reduced substance 
was fi ltered on a narrow-porous paper fi lter, then sepa-
rated from the fi lter, and dried up in a drying oven at 
140°С within 3 h. The solid fi ltrate was investigated by 
electron microscopy and X-ray analysis and the liquid 
fi ltrate, by spectral photometry. 

Figure 2 contains the X-ray patterns of products ob-
tained by reduction with sodium hypophosphite (curve 1) 
and sodium sulfi te (curve 2). It is seen from the X-ray 
patterns that RGO is fi rst divided into separate layers and 
then is agglomerated, the main peak being observed at 
2θ ≈ 23–24º [15]. An analysis of the published data allows 
us to estimate the distance between layers at 3.7–3.8 Å  

Fig. 3. Microphotograph of a graphene oxide sample reduced 
by sodium sulfi te.

Fig. 4. Microphotograph of a graphene oxide sample reduced 
by sodium hypophosphite.

Fig. 5. Absorption spectra of graphene oxide reduced by (1) 
sodium hypophosphite and (2) sodium sulfi te. (A) absorption 
(relative units). Cell thickness 1 cm. (λ) wave length (nm).

0.2 μm 0.2 μm

A
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of the oxygen reduction for the RGO-GН electrode 3–4 
times exceed those for the initial MCNT electrode. The 
electrodes based on RGO also surpass those based on 
the MCNT-MnO2 nanocomposite, as follows from the 
comparison with the data of [2]. The characteristics of 
oxygen electrodes based on reduced graphene oxide were 
stable over semiannual tests. 

CONCLUSIONS

The proposed procedure of graphene oxide reduction 
makes it possible to obtain high-performance materials 
for oxygen electrodes of chemical current sources. The 
procedure of the synthesis is adaptable to streamlined 
production and does not demand application of high-
toxic reagents.
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