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Electrochemical capacitors are used for
the accumulation of electric energy sto-
red in the form of electric charges on the
phase boundary of the electron and ion
conductors. An electrochemical capacitor
consists of two solid electrodes placed in
an electrolyte solution and separated by a
microporous ion-permeable separators.
The ability to achieve periodical durabili-
ty  and high capacities and high power at
discharging arises from the working prin-
ciple of the electrochemical capacitors, i.e.
storing electric charges without proce-
eding electrochemical reactions [1]. An
indispensable condition for high power
consumption is low electric resistance of
the system resulting in the use of electro-
de materials with as low a resistance as
possible. Active carbon materials are very
attractive among materials which permit
high electric capacity to be obtained. The-
se are characterised by considerable struc-
ture orientation when compared to pulve-
rised carbon, grains, and granules. This
feature allows us to achieve good electro-
nic conductance along the fibres and al-
most stable three-dimensional fixing of the
fibres which ensures good contact betwe-
en them. Such carbons are manufactured
by means of thermal and oxidation pro-
cessing of fibrous materials, among which
regenerated cellulose fibres appear to be
very attractive. This results from the abi-

lity to achieve high parameters of the po-
rous structure and of the surface's chemi-
cal structure. The pyrolysis of various cel-
lulose fibres takes place at a temperature
of about 320±15°C, and leads to the de-
struction of the cellulose chain, to the bre-
aking of the oxygen bridges and to the
disintegration of glycoside rings. The con-
ducting structures appear newly formed in
the carbon matrix at a temperature of abo-
ve 380°C. The carbon remains of the gly-
coside rings begin to form six-segmental
aromatic rings which, upon further incre-
ase in temperature, join together into lar-
ger and larger condensed fragments in the
shape of graphen layers of low resistivity.
Such a structure confirms the approach of
applying carbon fibres in electrochemical
capacitors. In general, the technological
parameters of manufacturing active car-
bon nonwovens have been optimised with
the aim of achieving a large surface of the
pores and a 'rich' chemical structure of the
surface; both these features influence the
charge amount stored on the electric do-
uble-layer of the capacitor.

The capacity loss of the capacitor to a con-
siderable degree results in its resistance,
which in turn is the result of the conducti-
ve features of fibres and the nonwoven's
structure. The following factors influence
the nonwovens' resistivity: the kind of fi-
bres, the degree of their internal arrange-
ment (connected mainly with the tempe-
rature of processing), the thickness of the
fibres, the development of their surface,
the way in which the fibres are positioned
in the nonwoven, and the number of con-
tact points between the fibres.

The aim of this investigation was to esti-
mate whether and to what degree it is po-
ssible to influence the resistance of active

carbon nonwovens predestined as electro-
de material in electrochemical capacitors
at the stage of cellulose precursor selec-
tion, under the condition that the parame-
ters of further processing have been opti-
mised to achieve the maximum porosity
of the fibres.
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For these investigations, three types of
regenerated-cellulose fibres produced by
the Austrian company Lenzing were se-
lected. The fibres are made using diffe-
rent technologies, and so differ from one
another in both their physical properties
and structure [2]. The characteristics of the
fibres are presented in Table 1.

The procedure for manufacturing precur-
sor nonwovens was elaborated with the
aim of obtaining a structure which would
meet the following requirements:
� as many fibres as possible should be in

the position perpendicular to the surface;
� as many contact points as possible sho-

uld be formed between the particular
fibres, and

� the specific mass of the precursor non-
woven should be as great as possible
for the thickness assumed.
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Abstract
Active carbon nonwovens tend to be attractive intermediate products for electrochemical
sources of electric current; they may be applied as electrode material in electrical capaci-
tors and super-capacitors. Low internal electrical resistance of the electrode material is an
indispensable condition for manufacturing good capacitors. This article presents the re-
sults of investigations we have carried out into developing active carbon nonwovens from
regenerated cellulose. Three types of cellulose were used, and the influence of the precursor
type on the resistance of the active carbon nonwovens was estimated. Only a small depen-
dence of the kind of precursor used on the nonwoven's resistance was stated. The resistance
values achieved (of the through resistance below 1 ohm and of the surface resistance about
1 ohm) allow us to state that these parameters fulfil the conditions for electrode materials of
electrochemical capacitors.

Key words: electrode materials, resistance, active nonwovens.
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Table 1. Characteristics of the precursor fibres.
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From the viscose fibres presented in Tab-
le 1, five variants of precursor needled
nonwovens were made and the same tech-
nological parameters were used, namely:
the web had an ortothropic structure with
a surface mass of 900 g/m2, thanks to a
laboratory carding machine; the fibres
were needled with an Asselin needling
machine , using the same number of ne-
edlings and needling depth. The active
nonwovens were made in two stages. At
the first stage, precursor nonwovens were
subjected to pyrolysis in an atmosphere
of vapours and gases up to a final tempe-
rature of 600°C. Thermal treatment was
carried out by the periodical method in a
chamber reactor at a low rate of tempera-
ture increment. At the second stage, car-
bon nonwovens were activated at a tem-
perature of 850°C. Oxidation was conduc-
ted by means of the physicochemical me-
thod using steam as an activator until ap-
prox. 50-60% of the carbon substance was
gasified (a mass loss of 0.75 l/h). The amo-
unt of oxidant used was significantly hi-
gher than the stoichiometric one. Activa-
tion was performed in a periodically ope-
rating horizontal tube reactor. The non-

uniformity of all types of nonwovens were
assessed based on the value of the coeffi-
cient of variation in their mass and
thickness.

The morphology of the nonwovens was
studied on the basis of the binding stan-
dards [2]: the surface mass according to
PN-EN 29073-1, the thickness according
to PN-EN 2907-3, and the apparent den-
sity according to PN-73/P-04613. The
characteristics of the carbon and active
precursor nonwovens are presented in
Table 2.

From the point of view of the use of active
nonwovens for electrode materials, their
resistance is a very important feature. In-
vestigations into the through resistance (in
perpendicular to the surface of the speci-
mens) and the surface resistance (along the
surface) were carried out based on the stan-
dards PN-EN 1149-2 and PN-92/E-05203.
The electrode diameter was 89 mm and its
mass 1430 g, whereas the value of pressu-
re over the measuring period was determi-
ned by predicting the working conditions
of the material tested. The results obtained

are presented in Tables 3 and 4, and in a
graphic form in Figures 1, 2 and 3.
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The non-uniformity of physical features
of the precursor fibres was on average less
than 7 per cent. The process of carbonisa-
tion and activation of the nonwovens had
no effect on the uniformity of mass and
thickness of carbon and active nonwovens.
It is of the same order as that of the pre-
cursor nonwovens.

As can be seen from the results shown in
the tables and figures, the through resistan-
ce of the precursor nonwovens is of the
order of 1010 ohm. After the precursor
nonwovens have been carbonated, the car-
bon nonwovens are characterised by a
through resistance of an order of 106 ohm,
i.e. smaller by four orders of magnitude.
The activation process results in a decre-
ase in the through resistance of active non-
wovens by another six orders of magnitu-
de, down to the value of less than one ohm.

Precursor fibres are dielectrics whose re-
sistance largely depends on the size and
orientation of crystalline areas in a fibre
during its formation [4,5], the chemical
composition and content of functional gro-
ups on the fibre surface, and the tempera-
ture-time conditions during the formation.
The results obtained reveal the following
differences between the structure and the
manner of formation of the types of cellu-
lose fibres studied.

As far as precursor nonwovens are con-
cerned, one can see that the type of raw
material from which they were made has
an effect on the magnitude of their resi-
stance. And so, the nonwovens made from
Lyocell have the highest resistance, while
those formed from Viscose fibres the lo-
west. This refers both to through and sur-
face resistance.

The non-uniformity of through and surfa-
ce resistance of the precursor nonwovens,
characterised by the value of the coeffi-
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Table 2. Characteristics of the carbon and active precursor nonwovens.

Table 3. Through resistance of carbon and active precursor nonwovens.

Table 4. Surface resistance of the carbon and active precursor nonwovens.
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cient of variation, does not differ from the
non-uniformity of the physical properties
studied, and is significantly below 10%.

In the case of carbon nonwovens, the in-
ternal structure of carbon fibres not yet
stabilised after the process of carbonisa-
tion, has a decisive effect on the non-uni-
formity of resistance of nonwovens. After
the process of carbonisation of the precur-
sor nonwovens at a temperature of 600°C,
their resistance decreases by four orders
of magnitude down to about 106 ohm. This
is related to the rearrangement of the car-
bon matrix structure during pyrolysis
aimed at the cyclisation and formation of
ordered graphen structures [6,7]. The or-
dered conducting areas of small resistivi-
ty co-exist with amorphous regions of low
conductance [8]. In such a multi-conduc-
ting system, the conducting phase begins
to predominate with an increase in treat-
ment temperature. In different fibres the
degree of formation of a conducting struc-
ture depends on the initial temperature of
the thermal viscose decomposition and the
depth of further changes. This stage is the
most intensive over the range of tempera-
tures of 600-900°C [11]. The smallest re-
sistance of Viscose 1,7 fibres can be expla-
ined by their highest reactivity and the lo-
west temperature of thermal decomposi-

tion which results in the most advanced
rearrangement of the carbon matrix struc-
ture. This is also the consequence of their
smallest resistance as a precursor fibre.

Viscose fibres are classical fibres of a bark
structure. Their outer layer, of a large edge
line responsible for electrical conductan-
ce, manifests a significantly greater struc-
tural anisotropy, compared with the rema-
ining fibres, which in consequence , leads
after thermal treatment to the formation
of a highly-ordered, conducting carbon
layer. According to Backona [9] and others
[10], this layer, unlike the inner part of a
fibre, undergoes even partial graphiti-
sation.

In view of the scatter of the results obta-
ined, the effect of the type of precursor
material upon the magnitude of resistan-
ce of carbon nonwovens cannot be evalu-
ated unambiguously. The very low resi-
stance of active fibres is a consequence of
the rearrangement of the internal structu-
re of the fibres and the gasification of a
considerable part of the amorphous com-
ponents. The fibres obtained during acti-
vation at a temperature of 850°C thus have
a highly-developed internal structure and
a large number of conducting cyclic frag-
ments in the form of graphen layers. The

internal surface also has a considerable
number of surface functional groups, of
both acidic (among others, carboxyl, car-
bonyl and hydroxyl) and basic character,
which has a beneficial effect on a decre-
ase in the fibre resistance. Significant dif-
ferences in resistance occurring in carbon
fibres were clearly equalised, testifying to
a stage of the internal arrangement simi-
lar to that of all the fibres subjected to ac-
tivation. Active nonwovens made from
precursor raw material of the Lyocell type
are characterised by a slightly higher thro-
ugh and surface resistance. The differen-
ces which still exist seem to result from
the primary structure of precursor fibres.
The magnitude of non-uniformity of the
resistance of active nonwovens corre-
sponds to that of precursor nonwovens. In
this case, however, it can be seen that the
values of resistance for the particular va-
riants are close to one another.

It should also be noted that thinner fibres
(1.7 dtex) have a smaller resistance, which
can result from the greater amount of them
in the nonwoven, hence the greater num-
ber of contacts between them, and the gre-
ater total outer area of the fibres which
conducts electric current.

These observations allow us to state that
the resistance of carbon fibres activated
at a temperature of 850°C is low, and  de-
pends to a limited extent on the type of
precursor fibres. The temperature of the
treatment is even more important. Thus,
if a further decrease in the resistance of
active fibres as an electrode material in
electrochemical capacitors is to be obta-
ined, studies should be carried out to de-
termine and design a morphological struc-
ture of nonwoven that allows the number
of electric contacts between single fibres
to be increased and their quality to be
improved.

Figure 1. Through and surface resistance of precursor nonwovens in
MΩ × 104.

Figure 2. Through and surface resistance of carbon nonwovens in MΩ.
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Figure 3. Through and
surface resistance of
active nonwovens in Ω.
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� The resistances of the precursor non-
wovens are significantly differentiated,
which results in their structural and
morphological arrangement after pyro-
lysis. The resistance values, which de-
creased 104 times, are a measure of the
degree of restructurisation of the fibres'
carbon matrix at the temperature of
pyrolysis, and at a smaller degree con-
ditioned by the preliminary resistance.

� Further heating and activation of the
carbon fibres leads to a further signifi-
cant decrease in the resistance of acti-
ve carbon fibres and to an equalisation
of their values which do not depend on
the kind and thickness of the precursor
fibres.

� The low through resistance (below 1
ohm) and low surface resistance (abo-
ut 1 ohm) allow us to state that the re-
generated cellulose fibres tested meet
the condition accepted for electrode
materials, and that their parameters will
not be the reason for significant power
loss during the working periods of the
capacitors.
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