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Abstract—The methods of the coprecipitation of chitosan and copper-containing particles on a carbon fi ber used 
as a cathode and also of the precipitation of copper(II) on a carbon-fi ber electrode preliminarily modifi ed by chi-
tosan were studied for feasibility of obtaining composites containing copper oxide/copper in a chitosan matrix. 
The composition, morphology, structure of the organic-mineral composites were studied by the methods of X-ray 
phase analysis, scanning electronic microscopy, X-ray photoelectron spectroscopy, and ESR spectroscopy.
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At present electrodeposition of metal oxides and hy-
droxides is being developed intensively. A great number 
of oxides, both mixed and individual including copper 
oxides, are obtained with the use of electrochemical 
methods [1].

Among numerous oxides of transition metals, copper 
oxides are of interest in due to their wide practical use. 
The cupric oxide CuO is applied as a basis for obtaining 
high-temperature superconductors and materials with 
giant magnetoresistance; Cu2O is used in solar elements, 
electronics, magnetic memory units, and gas sensors [2]. 
Catalysts based on copper, its oxides and complexes are 
used in various chemical processes [3, 4]. Both copper(I) 
oxide itself [5] and materials modifi ed by it, for example 
chitosan [6] or carbon nanotubes [7], are of interest as 
photocatalysts. Materials modifi ed by copper nanopar-
ticles possess antibacterial properties [8].

Highly dispersed cuprous oxide powders can be ob-
tained with the use of electrochemical techniques [5, 9]. 
The cuprous oxide Cu2O can be deposited on various 
carriers (chitosan [6, 10], carbon nanotubes [7]) or can 
be precipitated as thin fi lms on conducting substrates 
[11–13]. In the fi rst two cases Cu2O is obtained by 
anode dissolution of copper plates, and to obtain fi lms, 

Cu2O is precipitated on a metal cathode. Deposition of 
nanoparticles of copper(I) oxide on a substrate is caused 
by the necessity to stabilize obtained particles, as Cu2O 
nanoparticles are readily agglomerated [7, 10]. As known, 
the application of polymers is rather effective for raising 
stability of metal-containing nanoparticles [14]. Recently 
the attention is being paid to a new class of composites 
containing inorganic nanoparticles in polyelectrolyte 
matrixes [15]. In particular, the method of cathode elec-
trophoretic deposition of cationic polyelectrolyte chitosan 
with simultaneous electrosynthesis of inorganic nanopar-
ticles of oxides and metals was used for the formation 
inorganic nanoparticles in a polymeric matrix [16]. Appli-
cation of the biocompatible polymer chitosan is attractive 
due to the opportunity of fi xing highly dispersed Cu2O 
nanoparticles. Furthermore, chitosan is capable to play 
a role of a sorbent for removing copper(II) ions formed 
in the course of degradation of pollutants, if Cu2O is used 
as a photocatalyst [10].

Among other methods most often used for the prepara-
tion of nanoparticles, electrochemical synthesis has some 
advantages as it is a low-temperature method, is rather 
simple in implementation, and is characterized by a pos-
sibility to control parameters defi ning the composition of 
synthesized products. According to published data, when 
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the method is applied to the preparation of copper oxides 
it allows controlling the appearance (morphology) of the 
crystals obtained both in the form of powders [9] and of 
a deposit on a graphite electrode [17], or controlling the 
orientation of growth of Cu2O crystals [12].

The aim of the present work was the approbation of 
the method of electrochemical synthesis for obtaining 
Cu2O/chitosan/carbon fi ber composites by precipitation 
of copper-containing particles from acid solutions of 
copper(II) chloride and chitosan on a carbon fi ber used as 
a cathode and also the study of the resulting composites.

EXPERIMENTAL 

For an initial activated carbon fi ber (ACF) we used 
a fi ber in the form of a plait: Aktilen (of B grade). Its 
specifi c surface area determined by the BET method 
of nitrogen adsorption, volume of pores, and average 
radius of pores are equal to 700 m2 g–1, 0.4 cm3 g–1, 
and 0.4 nm, respectively (LenNII “Khimvolokno”). The 
fi ber was fi rst washed out by distilled water in a bath 
under an ultrasound action. To modify fi brous materials, 
we used high-molecular chitosan of Joint-Stock Com-
pany “Vostok–Bor” production, 9289-092-00472124-99 
specifi cation. A basic chitosan solution was prepared by 
dissolution of a chitosan weighted sample in 0.1 M HCl.

Formation of ciprous oxide and copper precipitates 
on a carbon fiber surface was carried out by the 
electrochemical method. The electrodeposition was 
carried out in an electrochemical cell with separated 
anode and cathode spaces in a potentiostatic mode, using 
a carbon fi ber as a main electrode and a graphite rod as 
an auxiliary electrode. The deposition was carried out in 
an interval of potentials from –500 up to –1000 mV in 
relation to the Ag/AgCl reference electrode (the standard 
electrode potential +222 mV [18]). Hybrid materials 
were obtained by electrodeposition of copper on an 
initial fi ber from a copper(II) chloride solution of the 
concentration 17.1 mg l–1, and also in the presence of the 
biopolymer chitosan in the copper(II) process solution. 
The deposition was carried out on a background of 0.1 M 
NaCl. The formation of an organic-mineral composite 
was carried out in situ (with a simultaneous precipitation 
of chitosan and metal-containing particles), and also 
on a composite chitosan–carbon material ChCM(-900) 
previously modifi ed by chitosan, in which chitosan in 
the insoluble form was precipitated on ACF Aktilen B at 
the potential Е = –900 mV [19]. The resulting composites 

were studied in comparison with materials formed as 
a result of copper(II) sorption on chitosan and on the 
initial activated carbon fi ber.

Infl uence of the electrodeposition potential on the 
morphology and phase composition of composites was 
studied by the methods of X-ray diffraction (ADVANCE 
D-8, Germany), scanning electronic microscopy (EVO-
50 XVP, Germany), and X-ray energy-dispersive micro-
analysis (INCA-350, Germany).

The ESR spectra were recorded on a standard EMX-
6.1 spectrometer (Bruker, Germany). Intensities and 
values of g-factors of ESR signals of all studied samples 
were calibrated by the intensity and value of g-factor of a 
conduction electron spin resonance signal of lithium metal 
nanoparticles in a standard LiF : Li sample (the width 
and g-factor value of the specifi ed signal are ~0.027 mT 
and 2.002293 ± 0.000003, respectively). Temperature 
studies were carried out by means of a standard BVT3000 
temperature block (Bruker, Germany) in the range of 
300–100 K. 

The data of X-ray photoelectronic spectroscopy were 
obtained on an ES-2401 electronic spectrometer (FGUP 
EZAN, Chernogolovka, Russia). The spectra were 
measured with the use of non-monochromatized AlKα 
radiation. Vacuum in an energy analyzer chamber was 
maintained at a level 7 × 10–8 Torr. The C1s, O1s, and 
N1s spectra were measured with a step of binding energy 
sweep of 0.1 eV at the analyzer pass energy Ea of 20 eV. 
The resolution with respect to the gold 4f7/2 peak was 
1.3 eV. To minimize the effect of Cu(II) photoreduction, 
we used a mode of the “accelerated” recording of the 
Cu2p spectrum with a step 0.2 eV at Еа = 50 eV. In this 
mode the resolution with respect to gold was 1.5 eV. The 
binding energy scale was calibrated in relation to Eb of 
carbon 1s electrons of ACF in use equal to 284.8 eV 
[18]. When calculated concentrations of elements we 
took into account cross sections of photoionization of 
core electrons after Scofi eld [20], asymmetry of wave 
functions, and an angle between directions of incident 
X-ray radiation and output of emitted photoelectrons. 
Concentrations of chemical elements in samples were 
estimated in relation to the total amount of carbon. If the 
corresponding corrections are accounted for, the error 
is not higher than 20% [21]. If necessary, experimental 
spectra were separated into components using the 
XPSPEAK 4.1 program. In the computer simulation of 
the С1s spectra we took into account the data on the Еb 
of the components of the chitosan carbon spectrum [19] 
and applied a technique described in the works [22, 23]. 
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Table 1. Conditions of formation and composition of metal oxide–Cu/chitosan/ACF materials

Sample 
no. Composition of a material, a preparation methoda Found composition 

of an active componentb

1 Simultaneous precipitation of chitosan and copper(II) on CF; Еr = –940 mV; 
dried  up in air

0.77% Сu in CF; Cu(0) is present

2 Simultaneous precipitation of chitosan and copper(II) on CF;
Еr =–700 mV; dried up in air; c(Сu)in = 17.1 μg ml–1; cchit = 0.022% 

0.74% Сu in CF; Cu(0) is present

3 Simultaneous precipitation of chitosan and copper(II) on CF;
Еr = –500 mV; dried up in air; с(Cu)in = 17.1 μg ml–1; сchit = 0.022%

0.7% Сu in CF; Cu(0) is present

4 Electrodeposition on a preliminarily modifi ed ChCM(-900) electrode Ер = 
–700 mV; dried up in air; с(Сu)in = 17.1 μg ml–1; сchit = 0.022%

1.11% Cu in CF; Cu2O and Cu (0) 
are present

5 Electrodeposition of copper(II) on ACFin (Aktilen, in the absence of chitosan; 
Еr = –700 mV; dried up in air; с(Сu)in = 30.4 μg ml–1

0.78% Сu in CF; Cu(0) is present

6 Chitosan (in a sorption regime); c(Сu)in = 45.6 μg ml–1; s : l = 1 : 500 2.06% of Cu in chitosan

7 ChCM (-900) (in a sorption regime); c(Сu)in = 22.8 μg ml–1; s : l = 1 : 1000 1.18% Cu per ChCM weight
a cchit is the concentration of chitosan in electrolyte; c(Сu)in, initial concentration of the metal in a solution.
b Content of the metal in a composite calculated from the loss of metal from the initial solution by the atomic absorption method.

This technique of the description of spectra is based on 
the proposition on the approximate equality of integrated 
intensities of lines of chemical elements (in view of 
corresponding corrections) participating in the formation 
of chemical bonds between each other or entering into 
the functional groups. When simulating the Cu2p3/2 
spectrum, we took the ratio of integrated intensities of 
satellite structure and basic line of Cu(II) equal to 0.55 
[24]. The Auger parameter α' of the copper spectrum 
was calculated as the sum of the kinetic energy of Auger 
electrons of copper (in the maximum of the L3M45M45 
band) and Еb Cu2p3/2 [25].

Precipitation of copper(II) on a preliminarily modifi ed 
ChCM(-900) electrode;

Conditions of formation of the copper oxide(copper)/
chitosan fi lms on the surface of ACF used as a cathode 
and also the components entering into the composite 
determined by the X-ray diffraction (XRD) are presented 
in Table 1.

The choice of the reagents in use is caused by the 
known facts that copper(I) is mainly precipitated from 
chloride-containing solutions as Cu2O, whereas from 
a CuSO4 solution, on the contrary, metal copper Cu(0) 
is precipitated on a cathode [14].

Processes of the precipitation of chitosan and copper-
containing particles on the surface of a carbon electrode 
proceed owing to the reaction of water electroreduction:

2Н2O + 2e → H2 + 2OH–.                       (1)

Therewith hydrogen is sorbed by a carbon fi ber with 
the reduction of surface groups:

С + H2O + e → C–H + OH–.                     (2)

Here C is a carbon material surface [19].
The solubility of the natural biopolymer chitosan 

(CHIT) depends on рН. Protonated chitosan is a soluble 
cationic polyelectrolyte, which can be neutralized by an 
electrogenerated base according to reaction (1) to form 
an insoluble precipitate on the surface of a carbon fi ber 
cathode [15]:

CHIT–H+ + OH– → CHIT + H2O.                  (3)

Furthermore the precipitation of copper hydroxide by 
chemical reaction (4) is not ruled out.

СuCl2 + 2OH– → Cu(OH)2 + 2Cl–.                 (4)
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Other reactions, which can proceed on the cathode, 
are shown in Table 2.

Apart from the listed reactions, the recombination 
reaction between Cu0 and Cu2+ is possible, which also 
can result in the formation of Cu2O in neutral media [8].
The morphology of the obtained materials is presented in 
Figs. 1–3. Chitosan on a carbon fi ber surface is present in 
the form of an insoluble fi lm with thickness, which gener-
ally depends on deposition time, electrode potential, and 
chitosan concentration in a solution (Fig. 1). Thickness of 
the fi lm deposited in the region of cathodic potentials can 
be from tens nanometers up to several micrometers [15].

The cuprous oxide Сu2O is precipitated on the surface 
of the initial carbon fi ber (sample no. 5) as aggregates of 

particles in the characteristic octahedral form (Y-form), 
which is obtained in the presence of chloride ions [9, 17] 
(Fig. 2). In the case of the precipitation on the surface 
of the electrode made from modifi ed chitosan–carbon 
material ChCM(-900) (sample 4) oxide particles are in-
clined to aggregation to a greater degree than in the case 
of simultaneous precipitation of the oxide and chitosan. 
According to the SEM data, the size of particles in sample 
4 is about 150 nm (Fig. 3).

As XRD data show, metal copper is present in 
samples obtained at coprecipitation of copper and chi-
tosan at Еr = –500 mV and at more negative potentials 
(Table 1). Examination of X-ray patterns of composites 
obtained by deposition of copper on the surface of elec-

Fig. 1. SEM image of ChCM(-900) used in the sorption regime, sample no. 7.

Fig. 2. SEM image of a particle on an initial Aktilen surface, sample no. 5.

1 μm
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Table 2. Possible electrochemical reactions on the cathode [9, 18]

Reaction Reduction Standard electrode potential E0, V

(1)
(5)
(6)
(7)
(8)
(9)

2 Н2O + 2 e = H2 + 2 OH–

Сu2O + H2O + 2 e = 2 Cu + 2 OH–

Cu(OH)2 + 2 e = Cu + 2 OH–

2 Cu(OH)2 + 2 e = Cu2O + 2 OH– + H2O
CuCl2 + 2 e = Cu + 2 Cl–
CuCl32– + e = Cu + 3 Cl–

–0.828
–0.361
–0.22
–0.08
 0.190
 0.178

trodes made from initial fi ber (sample no. 5) and also 
from ChCM(-900) modifi ed by chitosan (sample no. 4) at 
potentials of –700 mV points to the fact that a Сu2O pre-
cipitate with a cubic cell [card fi le PDF 2 77–0199 (C)] is 
formed on the surface of fi bers. The refl exes correspond-
ing to copper(I) oxide and metal copper are very weak 
and were obtained with a prolong signal accumulation.

It is necessary to note that it is possible to separate out 
ranges of potentials, in which target phases (Cu2O or Cu) 
are formed upon the deposition on a metal electrode. For 
example, the electrodeposition of Cu2O polycrystalline 
phase on a titanium substrate was observed in the 
range of potentials 0–300 mV (relative to the saturated 
calomel electrode with the standard electrode potential 
of +268 mV [18]). At –400 mV the coprecipitation of Сu 
and Cu2O began. In the range of potentials from –700 to 
–900 mV metal copper fi lms are deposited. The formation 
of a thin fi lm of the Cu2O polycrystalline phase in the form 
of cubic particles of size 1–2 μm appeared possible only at 
potential close to –200 mV [13]. When copper-containing 
particles are precipitated on an amorphous carbon 

electrode from solutions with various salt composition 
and рН at potentials lower than –0.55 V (relative to the 
saturated calomel electrode) Cu2O and metal copper are 
deposited simultaneously, and at higher potentials: only 
Cu2O [17].

At the same time copper(II) can be precipitated on 
an electrode surface in the form of complexes with chi-
tosan, as copper(II) is known to be sorbed by chitosan, 
cross-linking together chitosan molecules [26]. The 
opportunity of participation of a copper complex with 
chitosan in the formation of particles of oxides or a metal 
during the electrodeposition was studied by the X-ray 
photoelectron and ESR spectroscopy methods.

The ESR spectra of chitosan containing copper 
(sample no. 6) and of initial ACF with electrodeposited 
copper oxide (sample 5), and also of ACF with sequen-
tially (sample no. 4) and simultaneously (sample no. 3) 
electrodeposited chitosan and copper oxide irrespective 
of regimes of their electrodeposition have a qualitatively 
similar appearance and are typical for powders of the 
magnetically-diluted compounds of bivalent copper 

Fig. 3. SEM image of a composite surface, sample no. 4.

2 μm
600 nm
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Table 3. Parameters of ESR spectra of bivalent copper ions in 
chitosan, initial ACF, and chitosan on a ACF surface

Sample no. Т, K g| | g
┴

A||, Gs

6 300 2.25 2.08 170

120 2.24 2.08 175

5 120 2.29 2.07 165

4 120 2.26 2.07 185

3 120 2.23 2.08 193

(Fig. 4). The appearance of the ESR spectra of the speci-
fi ed composites and values of their parameters (Table 3) 
allow us to draw a conclusion that bivalent copper ions in 
these composites are in a crystal fi eld of axial symmetry 
generated by tetragonal or square planar coordination of 
ligands [4].

In the ESR spectra of ACF with electrodeposited 
chitosan and copper oxide irrespective of a regime of 
their precipitation the lines of hyperfi ne structure (HFS) 
of the spectrum corresponding to g|| (Fig. 4, spectra c 
and d) are less pronounced than the corresponding HFS 
lines of ESR spectrum of copper(II) sorbed by chitosan 
(sample no. 6; Fig. 4, spectrum a). This result points to 
the fact that the degree of a crystal fi eld variation in the 
location of a paramagnetic ion in samples nos. 4 and 3 is 
noticeably greater than in sample no. 6. Distinctions of 
parameters of ESR spectra in composites with sequentally 
(sample no. 4) and simultaneously precipitated chitosan 
and copper(II) (sample no. 3) (Table 3) suggest that the 
average confi guration of the nearest environment of 
bivalent copper ions depends on conditions of composites 
preparation. It is necessary to note that bivalent copper 
is present in the carbon fi ber, on which copper was 
precipitated without chitosan (sample no. 5) (Fig. 4, 
spectrum b). Possible it points to the formation of bivalent 

copper complexes with functional oxygen-containing 
groups present in the initial fi ber. The degree of resolution 
of one of HFS lines in the spectrum corresponding to g┴ 
(marked off by asterisk in Fig. 4) allows us to assume that 
the concentration of bivalent copper ions in the considered 
composites increases in the series of samples no. 5 < 
no. 4 < no. 3 < no. 6. However in this case the accuracy 
of measuring parameters of ESR spectra of the obtained 
composites caused by a high degree of their structural 
heterogeneity does not allow us to make a conclusion 
about composition of the copper(II) coordination sphere 
in a chitosan fi lm precipitated on a carbon fi ber surface.

The spectra of core electrons of carbon, oxygen, 
nitrogen, and copper were obtained by the XPS method. 
Binding energies Еb C1s and Cu2p3/2 are presented in 
Table 4. 

In the spectra of composites synthesized with the 
chitosan participation (samples nos. 1–3) or in its presence 
on the ACF surface (sample no. 4) alongside with the 
signal of С1s electrons of ACF the lines of carbon of 
chitosan are observed (Fig. 5a). A part of chitosan amino 
groups is protonated as demonstrated by a low-intensity 
component in the N1s spectrum, which is shifted in 
binding energy by approximately 1.7 eV with respect 
to the basic line. Spectra of copper are presented by a 
spin-orbital 2р doublet (Fig. 5b, insert). It is impossible 
to confi rm the XRD data on the presence or absence of a 
metal phase by the Cu2p spectrum, as Еb for Cu(0) and 
Cu(I) coincide. Therewith the satellite structure on the 
side of greater Еb in relation to the Cu2p3/2 line (Fig. 5b) 
caused by a fi nal state 2p3/23d9 shows that copper on the 
surface of samples is partially in the oxidation state (+2). 
We have separated the Cu2p3/2 spectra into components by 
the electronic data processing. The low-energy maximum 
of Cu2p3/2 (Fig. 5b) is assignable to the signal of Cu(I) 
in the composition of Cu2O. The value of the Auger α'-
parameter of the spectrum of copper measured on this line 
for the sample no. 4 and equal to 1489.9 ± 0.2 eV is close 

Table 4. Binding energies and assignment of components in C1s and Cu2p3/2 XP spectra of surface of composites

Line
Еb of C1s and Cu2p3/2, eV, in a sample

Assignment of components
3 2 1 4

C1s

Cu2p3/2

284.8
286.8
287.4
289.1
933.6
935.7

284.8
286.7
287.3
289.0
933.6
935.1

284.8
286.6
287.2
288.9
933.4
934.8

284.8
286.5
287.1
288.8
933.6
935.8

ACF carbon
>CH–NH2, >CH–NH3

+ (CHIT)
>CH–OR (ACF, CHIT)
RO–CHR–OR, >C=O (chitosan, ACF)
Cu(I), Cu(0)
Cu(II)
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to the tabulated data for α' of monovalent copper [25]. 
Values of Еb of 2p electron of Cu(I) in this case are higher 
than those, which are usually present in a great number 
of works. This can be explained on the assumption that 
Cu2O particles, being on a surface of composites, have no 
direct electric contact with ACF, which leads to the effect 
of “internal” charging [27] of metal oxide particles and 
correspondingly to the increase in Еb of Cu2p-electrons.

Values of Еb of the components of Cu2p3/2 spectrum 
assigned to bivalent copper (Fig. 5b) agree with the data 
for copper complexes with H2msalpn-1,3 [28], tetraoc-
tylammonium bromide, and polyvinylpyrrolidone [24], 
which points to an opportunity of the formation of Cu(II) 
complexes with the insoluble chitosan form both in the 
case of the coprecipitation with it on an ACF surface 
(samples nos. 1 –3) and in the case of the electrodeposi-
tion on a surface of the modifi ed electrode made from 
ChCM(-900) (sample no. 4).

Conditions of the electrochemical synthesis and com-
position of supporting electrolyte allow the presence of 
a quantity of copper carbonate and also of CuCl and CuCl2 
on the surface of composites. However it is impossible to 
isolate correctly a component in the C1s spectrum, which 
could be assigned to carbon in CO3

2– groups of copper 
carbonate. The general content of chlorine on the surface 
of composites is 2–3 times smaller than the copper con-
tents, therefore CuCO3, CuCl, and CuCl2 are considered 

as possible insignifi cant admixtures.
Thus, composites obtained by copper electrodeposi-

tion on the surface of carbon fi ber modifi ed by chitosan 
and by coprecipitation of copper with it were studied 
with the use of a set of physical methods. The ESR 
data allowed us to establish the presence of a copper(II) 
complex with chitosan in the composition of the studied 
materials. At the same time, because of a high degree of 
heterogeneity of composites, it is impossible to identify 
the copper(II) coordination sphere from these data. The 
XRPA data allow us to refi ne the composition of the 
composites. They agree with the ESR data and point to 

Fig. 5. Experimental XRPE C1s and Cu2p3/2 spectra of sample 
no. 4 with separation into components. Eb binding energy 
(eV). (a) (1) carbon of ACF; (2) >CH–OR (ACF, chitosan); (3)  
>CH–NH2, >CH–NH3

+ (chitosan); (4) RO–CHR–OR, >C=O 
(chitosan, ACF); R is a hydrocarbon radical or Н; (b) (1) Cu(I), 
(2) C(II), (3) satellite structure of the Cu(II) spectrum. Insertion: 
spectrum of copper 2р electrons of sample no. 4.

Fig. 4. ESR spectra of copper(II) ions in samples of composites. 
Spectra are taken at 120 K. (n) number of scans, (B0) intensity 
of a magnetic fi eld (mT). (a) chitosan with a sorbed copper(II) 
ion (sample no. 6), (b) copper oxide/ACF (sample no. 5), (c) 
copper oxide/ChCM (sample no. 4), (d) copper oxide/chitosan/
ACF (sample no. 3).

B0

a

b

c

d

Eb

Eb

Eb

(a)

(b)g׀

g┴
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the presence of copper(II) complexes with chitosan in 
the composites.

CONCLUSIONS

(1) Regularities of the formation of composites based 
on copper oxides and carbon fi bers by toe precipitation 
from diluted aqueous solutions were determined with the 
use of the electrochemical method. The compositions of 
the synthesized products depending on the nature of ini-
tial salts-precursors, time, and potential of the syntheses 
were determined. The interrelation between conditions 
of formation of composites based on copper oxides and 
their electrochemical properties was established.

(2) The XRD and ESR study of compositions of coat-
ings on the fi ber surface suggests that the formation of 
the composites copper(I) oxide/chitosan/carbon fi ber in-
volves the formation of copper complexes with chitosan.
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