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ABSTRACT

The influence of different activation conditions, including activating agent/CNFs mass ratio, activation
temperature, activation time and He flow rate, on the pore structure development of herringbone carbon
nanofibers (CNFs) has been studied. Activation conditions with a KOH/CNFs mass ratio=5/1, activa-
tion temperature =850 °C, activation time=3h and He flow rate=700 mLmin~! gave rise to a material
with a very high micropore volume, a quite narrow micropore distribution and the highest surface area
(increased by a factor of 4.5 in comparison to the raw CNFs). The conditions outlined above also led
to the creation of some mesopores in the activation process due to the strong interaction between the
CNFs and the activating agent. On the other hand, the use of other activation conditions led to acti-
vated CNFs with different structural properties. For example, activated CNFs with the lowest mesopore
volume were obtained when the activation conditions were KOH/CNFs mass ratio=5/1, activation tem-
perature = 900 °C, activation time = 3 h and He flow rate = 500 mL min~". Therefore, depending on the final
application of the activated CNFs, it is possible to control their pore structure by selecting appropriate

activation conditions.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Carbon nanofibers (CNFs) represent one of the most promising
materials for many applications such as catalytic support [1], poly-
mer reinforcement agents [2], fuel cell electrodes [3],adsorbents [4]
and hydrogen storage [5] amongst others. In many cases, the prob-
lem associated with these structures is that their specific surface
area is not very high (typical value around 200 m2/g), a situation
that is detrimental for many applications such as those regarding
gas and energy storage, both of which are strongly dependent on
the remarkable surface and structural properties of such materials.

In this regard, the porosity properties of carbons can be sig-
nificantly modified by activation processes that remove the most
reactive carbon atoms from their structure. There are essentially
two different processes for the preparation of activated carbons, the
so-called physical and chemical activation approaches. The first pro-
cess involves carbonisation of a precursor followed by controlled
gasification of the carbonised material and then direct activation of
the starting material in the presence of an activating agent such as
CO, or steam (or a combination of the two). In the chemical activa-
tion process, the parent carbon material is mixed with an activating
agent (e.g. KOH, NaOH, ZnCl, ) and this is followed by pyrolysis [6,7].
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Chemical activation has been shown to be a very efficient
method to obtain carbons with high surface area and narrow
micropore distribution. The most important advantage of chemical
activation over physical activation is that the sample is activated at
a lower temperature. Other advantages are that higher yields and
greater porosity development are obtained and less time is required
for the activation process. Key disadvantages of the chemical acti-
vation process are the need for a thorough washing step due to the
incorporation of impurities arising from the activating agent, which
may affect the final chemical properties of the activated carbon [8]
and the corrosiveness of the process [6].

The recent literature contains many examples of the chemical
activation of carbon using alkali hydroxide (mainly KOH and NaOH)
[9-11]. Nevertheless, very few of these studies focused on CNFs and,
more specifically, on the study of the influence of the activation
conditions on their porous texture development [12-15]. In this
regard, the activation of materials with ordered graphitic structure
(such as CNFs) is more difficult than the activation of amorphous
carbon [16,17]. Furthermore, the type of carbon nanofibers, i.e. her-
ringbone, ribbon or platelet [12,18], can also influence the pore
properties of the final activated material.

Despite the fact that although the activation of carbon materi-
als is a common and frequently used process, its mechanism is not
well understood and the various interpretations that can be found
in literature underline the complexity of the process [11,19,20].
In general terms, chemical activation by hydroxides consists of
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Table 1
Textural properties and other characterization parameters of raw and activated CNFs by using KOH as the activating agent.
KOH/CNFs Temperature Time He flow rate Carbon BET surface Micropore area Micropore Mesopore npge TPO Range CNFs C H (0] C/O
mass ratio (°C) (h) (mLmin-1)? yield (%) area (m?/g) (m?/g)P volume volume temperature diameter$ (mol%) (mol%) (mol%)"
(cm®/g)* (cm?/g)? range (°C)f

Parent CNFs 127.2 33.2(26%) 0.147 (20%) 0.590 10.8 448-580(538)  5-160 92.0 55 25 373
11 850 3 500 90.4 161.3 72.3 (45%) 0.396 (45%) 0.472 10.7 398-520(498) 25-160 89.1 5.5 5.5 16.3
2/1 850 3 500 80.5 251.8 127.9 (51%) 1.110 (69%) 0.486 9.7 372-500 (472) 25-155 87.5 5.0 7.5 11.7
3/1 850 3 500 70.9 3349 153.5 (46%) 1.898 (80%) 0479 8.9 361-530(469) 15-90 83.7 5.0 114 7.4
4/1 850 3 500 55.1 407.5 173.0 (42%) 2.361 (74%) 0.806 8.2 330-500(435) 10-80 80.0 5.0 15.0 53
5/1 850 3 500 423 433.0 229.1 (53%) 3.137 (83%) 0.633 7.9 317-497 (424) 15-75 78.7 4.6 16.7 4.7
6/1 850 3 500 50.5 414.0 210.0 (51%) 2.867 (81%) 0.669 8.1 325-510(427) 30-80 79.9 5.0 15.1 53
5/1 700 3 500 84.6 226.0 100.1 (44%) 0.954 (66%) 0.498 9.7 382-520(477) 25-160 88.7 5.0 6.3 14.0
5/1 800 3 500 66.1 369.5 148.9 (41%) 2.748 (81%) 0.650 8.8 340-498 (432) 25-100 81.9 4.7 134 6.1
5/1 850 3 500 423 433.0 229.1 (53%) 3.137 (83%) 0.633 7.9 317-497 (424) 15-75 78.7 4.6 16.7 4.7
5/1 900 3 500 65.8 378.5 231.1(61%) 3.486 (93%) 0.272 8.7 334-502 (437) 25-85 81.1 4.9 14.0 5.8
5/1 850 1 500 66 364.7 159.0 (44%) 2.315 (80%) 0.603 8.8 359-511(449) 25-140 82.7 5.0 12.2 6.8
5/1 850 2 500 52.6 409.5 208.9 (51%) 2.875(82%) 0.614 8.3 325-484 (437) 20-110 80.0 4.6 154 52
5/1 850 3 500 423 433.0 229.1 (53%) 3.137 (83%) 0.633 7.9 317-497 (424) 15-75 78.7 4.6 16.7 4.7
5/1 850 4 500 45.1 431.7 205.6 (49%) 2.683 (77%) 0.786 7.9 329-494 (432) 20-100 78.9 5.0 16.1 4.9
5/1 850 3 150 74.2 3203 113.8 (36%) 1.860 (73%) 0.689 9 366-515(466) 10-110 83.9 5.0 11.1 7.6
5/1 850 3 500 423 433.0 229.1 (53%) 3.137 (83%) 0.633 7.9 317-497 (424) 15-75 78.7 4.6 16.7 4.7
5/1 850 3 700 20.1 569.9 305.0 (54%) 3.431(75%) 1.149 6.7 290-490(390) 5-75 73.1 4.6 223 33
5/1 850 3 850 30.3 537.7 244.3 (45%) 3.226 (77%) 0.986 7 307-507 (410) 10-80 74.9 4.7 20.4 3.7
5/1 850 3 1000 46.2 431.2 207.3 (48%) 2.344 (76%) 0.743 7.9 320-510(428) 25-110 79.1 5.0 15.9 5.0

2 He flow rate measurement to 25°C and 1 bar.
b In brackets: percentage of micropore area with respect to the total surface area.
¢ Cumulative micropore volume obtained using the Horvath-Kawazoe method. In brackets: percentage of micropore volume with respect to the total pore volume.

d

Cumulative mesopore volume obtained using the BJH method.

¢ Number of graphene planes in the crystallites (npg=Lc/doo2)

f

& Range CNFs diameter determined by counting ~200 CNFs on the TEM images.

" Ogifr: the oxygen is assessed by difference up to 100%.

In brackets: temperature at which the maximum of the oxidation temperature peak appears.
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solid-solid or solid-liquid reactions involving hydroxide reduction
and carbon oxidation to generate porosity [15,20-22].

Although a wide variety of carbon precursors have been
activated by alkaline hydroxides [23,24] (e.g. coals, polymers, lig-
nocellulosic materials), a very limited number of reports in the
literature concern the activation of carbon nanofibers by hydrox-
ides [7,12,13]. Moreover, it is also very important to investigate the
influence of different activation conditions on the final porous tex-
ture of these materials. In previous works [16,17], we studied the
influence of the metal cation in the hydroxide and the type of gas
used as the protector (He, Ar or N, ) during the process. It was found
that He was the best protector gas; KOH and RbOH were the best
activating agents.

In the work described here, we studied the influence of the
most important operating conditions on the activation of carbon
nanofibers: KOH/CNFs mass ratio, activation temperature, activa-
tion time and helium flow rate. Arange of different characterization
techniques were used to evaluate the structural changes in the
activated CNFs: N, adsorption-desorption, XRD, TPO, TEM and ele-
mental composition analysis.

2. Experimental
2.1. Preparation of CNFs

Carbon nanofibers (herringbone type) were grown at atmo-
spheric pressure in a fixed-bed reactor (quartz tube of 2.5cm
diameter and 75cm length) located in a vertical oven at a
temperature of 600°C. In each synthesis run, 100mg of the
prepared catalyst (Ni/SiO,) was placed in the centre of the reac-
tor and activated by heating (10°Cmin~1) in a flow of dry
20% (v/v) Hy/He (100 mLmin~1) at the desired reaction temper-
ature (600°C). The reduced activated catalyst was thoroughly
flushed with dry He (100mLmin~') for 1h before introducing
the CoHy/Hy (4%, v/v) feed. The growth time was 1 h. Silica sup-
ports were subsequently separated from the carbon product by
leaching the primary product in hydrofluoridic acid (70%) for
15h under vigorous stirring followed by filtration and washing
[8,24,25].

2.2. CNFs activation

The experimental setup used for the preparation of activated
CNFs consisted of a horizontal quartz reactor tube with a conven-
tional horizontal furnace. CNFs were chemically activated using
KOH as an activating agent. As a representative example, CNFs
(1.5g) were mixed with the corresponding activating agent and
distilled water (10 mL water for 2 g activating agent). The mix-
ture was heated at 85°C for 4h with stirring and then dried
for 12h at 110°C. The activating KOH/CNFs mixture was then
placed on a ceramic crucible located inside a horizontal reac-
tor tube. The heat treatment consisted of a heating ramp from
ambient temperature to the final heat treatment temperature at
a heating rate of 5°Cmin~!, followed by a plateau of 1, 2, 3 or
4h under a set helium flow rate. The system was then cooled
back to the initial temperature [6,12,13]. The activated prod-
uct was first washed with hydrochloric acid (5M) to remove
the activating agent and then with distilled water until a neu-
tral washing was obtained. The resulting material was dried for
12h at 110°C in air to remove water prior to characterization
[6,14].

2.3. Characterization of CNFs

Surface area/porosity measurements were carried out using a
Micromeritics ASAP 2010 sorptometer apparatus with Ny at 77 K
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Fig. 1. Influence of the KOH/CNFs ratio: (a) N, adsorption-desorption isotherms and
(b) micropore size distribution.

as the sorbate. The samples were outgassed at 453 K under vac-
uum (6.6 x 10~2bar) for 16h prior to analysis; specific surface
areas were determined by the multipoint BET method, pore geom-
etry and size distributions were evaluated using the standard BJH
treatment and micropore size distribution was evaluated using the
Horvath-Kawazoe (H-K) equation.

XRD analyses were carried out on a Philips X'Pert instru-
ment using nickel filtered Cu-Ka radiation; the samples were
scanned at a rate of 0.02° step~! over the range 5° < 26 < 90° (scan
time=2sstep~1).

The elemental composition of the carbon nanofibers was deter-
mined using a LECO elemental analyzer (model CHNS-932), which
had an IR analyzer for carbon, hydrogen and sulphur and a TCD
analyzer for nitrogen. Oxygen was assessed by difference.

Diameter distribution and the morphology of the carbon
nanofibers were probed by transmission electron microscopy
(TEM) using a Philips Tecnai 20T, operated at an acceleration volt-
age of 200 keV. Suitable specimens were prepared by ultrasonic
dispersion in acetone with a drop of the resultant suspension
evaporated onto a holey carbon supported grid. The diameter
distribution was measured by counting ~200 CNFs on the TEM
images.

Temperature-programmed oxidation (TPO) was used to deter-
mine the crystallinity of the carbon nanofibers. The analyses were
performed on 50mg samples using a Micromeritics AutoChem
2950 HP apparatus with a flow of 50 mLmin~! of 20% (v/v) O,/He
mixture and a heating rate of 5°C min~! up to 1000 °C.
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Fig. 2. Influence of the KOH/CNFs ratio: proportion of ultramicropores, supermicropores and mesopores. Representative TEM images.

3. Results and discussion

The strategy to maximize textural properties involved stepwise
changes in different parameters such as the KOH/CNFs mass ratio,
pyrolysis temperature, pyrolysis time and helium flow rate (mea-
surement to 25°C and 1 bar). The activation conditions that were
studied in detail are summarized in Table 1. All of these parame-
ters had a significant effect on the final pore characteristics of the
activated CNFs.

3.1. Influence of the KOH/CNFs ratio

In order to investigate the influence of the KOH/CNFs mass ratio
on the final properties of the activated material, the ratio was varied
in the range 1/1-6/1 while keeping the other parameters constant
(He flow rate, activation temperature and activation time were
maintained at 500 mLmin~!, 850°C and 3 h, respectively).

The porous texture characterization results for the activated
samples are given in Table 1. The BET surface area was, in all cases,
significantly larger than that of the parent CNFs, thus showing the
important effect that the treatment has on the porosity of carbon
nanostructures. It can be seen that both the BET surface area and
the micropore volume increased continuously with the KOH/CNFs

mass ratio, reaching a maximum for a value of 5/1. At higher val-
ues (6/1) the microporosity did not increase further [6]. As far as
the mesopore development is concerned, this only took place to
a significant extent at KOH/CNFs mass ratio values up to 4/1. It is
remarkable to note that the micropore volume percentages (with
respect to the total pore volume) of all activated samples increased,
after the activation process, up to a KOH/CNFs mass ratio of 4/1.

The nitrogen isotherms measured at 77K for different acti-
vated CNFs are shown in Fig. 1a. All the isotherms correspond
to a mixture of types I-IV (according to the IUPAC classification)
associated with both micropores and mesopores, with a hystere-
sis loop resulting from capillary condensation in the mesopores. It
can be observed that once the micropores were filled at low rel-
ative pressure (P/Py<0.03), the adsorption became significant on
the non-microporous surface to be characterized by the slope at
higher relative pressures. Thus, both the microporous and meso-
porous domains increased with increasing KOH/CNFs mass ratio
[12]. The activated CNFs micropore size distribution analyzed by
the Howard-Kawazoe (H-K) method is represented in Fig. 1b. Clear
differences can be seen between CNFs activated using different
KOH/CNFs mass ratios.

The proportions of ultramicropores, supermicropores and
mesopores in the activated samples are shown in Fig. 2. The
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following classification of the pores (IUPAC) was considered:
micropore < 2 nm (supermicropore: 0.7-2 nm and ultramicropores:
<0.7 nm); 2 nm < mesopore <50 nm and macropore >50 nm. It can
be seen that an increase in the amount of KOH in the activation
process produced a linear rise in the ultramicropore volume (coin-
cident with the BET surface area increase) of the activated materials,
reaching a maximum value when the KOH/CNFs mass ratio was 5/1.
Moreover, some supermicropores and mesopores were also gener-
ated, the latter only with high levels of KOH (KOH/CNFs mass ratio
values of 4/1). The total mesopore volume decrease observed in
activated materials (KOH/CNFs mass ratio values<4/1) compared
to that of the raw material is the result of the interaction between
the initial mesopores (inherent to raw CNFs) and the chemical agent
responsible for the activation process (K) generating new microp-
ores [26].Inall cases the percentage of mesoporosity inherentin the
parent CNFs decreased during the activation process due to large
amount of ultramicropores created. Based on these results, it is pos-
sible depending on the KOH/CNFs mass ratio used in the activation
process to control the pore size (ultramicropores, supermicropores
or mesopores) of the resulting activated CNFs. Thus, it is possible to
develop only micropores while maintaining a constant mesopore
level (KOH/CNFs mass ratio values > 4/1), decreasing the mesopores
(KOH/CNFs mass ratio values <4/1) or increasing both micropores
and mesopores (KOH/CNFs mass ratio values=4/1).

These results suggest that, in the pore development, there
were different pore opening mechanisms operating in CNFs acti-
vated using different KOH/CNFs mass ratios. While the micropore
development in CNFs can be correlated with the partial opening
of graphite layers (KOH/CNFs mass ratio values=4/1), the meso-
pore development is probably related to other phenomena such as
breaking of nanofibers or full exfoliation of graphite layers, which
can led to different sizes of mesopores depending on the extent of
the exfoliation process and can even result in the collapse of some
micropore structures [13]. This fact was verified by examination of
the TEM pictures in Fig. 2, in which a long but discontinuous hol-
low core is clearly visible along the fiber length at KOH/CNFs =4/1
due to exfoliation. New mesopores were not generated when the
KOH/CNFs mass ratio reached a value of 5/1 and, in fact, some even
disappeared, a phenomenon attributed to their interaction with
excess activating agent to generate new micropores [26].

As expected, the yield of CNFs was inversely proportional to
the BET surface area variation because, during the activation pro-
cess, the most reactive carbon atoms were removed from the raw
structure thus increasing the surface area of the resulting material.

X-ray diffraction was used to study the graphitic character of
the activated materials. The interpretation of the peak indexation
of CNFs is sometimes complicated due to their unique structure
(turbostratic nature, curvature, CNFs size, etc.), which may induce
peak broadening and eventually peak shift [27]. All samples showed
a peak near 26° and another one at around 45°, corresponding to
hexagonal and rhombohedral graphite, respectively [28,29]. These
peaks became sharper for lower KOH/CNFs mass ratio values, indi-
cating that these CNFs were more graphitic than those activated
with higher KOH/CNFs values when compared with the parent
CNFs. Nevertheless, since the activated samples had different diam-
eters (the diameter range shown in Table 1 indicates a narrower
distribution on increasing the pore development), the changes in
the X-ray patterns are due not only to changes in the structural
order but also to changes in the CNFs sizes. For this reason, to
ensure that changes in XRD peaks were due to changes in the
structural order of the CNFs, the degree of graphitization was also
measured by means of TPO analyses carried out under an O, envi-
ronment. During the activation process the graphitic structure of
the CNFs was, in part, destroyed, generating structural defects in
their structure. Thus, highly activated CNFs may be oxidized at
lower temperatures and over a wider temperature range (Table 1)
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Fig. 3. Influence of the KOH/CNFs ratio: variation of XRD parameters (Lcooz and doo2 ).

than raw CNFs or less activated CNFs. The results obtained are
clearly in good agreement with XRD analysis data.

The graphitization degree can be quantified using the average
interlayer spacing (dgpz ) and the average stacking height of carbon
planes (Lcggz ), which have been plotted against the KOH/CNFs mass
ratio (Fig. 3). The mean number of graphene planes in the crystal-
lites (npg), calculated using the formula npg=Lc/dgg, are given in
Table 1. It can be observed that dgg; values increased and Lcgg, val-
ues decreased in the activated samples when the KOH/CNFs mass
ratio was increased, reaching a maximum and minimum, respec-
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Fig. 4. Influence of the activation temperature: (a) N, adsorption-desorption
isotherms and (b) mesopore size distribution.
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tively, for a KOH/CNFs ratio of 5/1, which in turn led to a maximum
BET surface area value. The npg values decreased from 10.8 for the
raw CNFs to 7.9 for the CNFs activated using a KOH/CNFs mass ratio
value of 5/1. These values are relatively high when compared with
those reported for conventional activated carbon or activated car-
bon fibers, indicating that the graphitic nature of the raw CNFs was
retained in the activated samples [12].

Finally, according to the mass balance shown in Table 1, raw
CNFs were composed of carbon, hydrogen and oxygen, in a relative
molar proportion of 92%, 5.5% and 2.5%. After the activation pro-
cess, the carbon content decreased [30] and the hydrogen content
remained approximately constant, whereas the oxygen content
increased (C/Oratio decreased markedly in CNFs with the activation
degree) [16].

3.2. Influence of the activation temperature

The activation temperature was varied from 700 to 900°C
while keeping the rest of the parameters constant (KOH/CNFs
mass ratio, activation time and helium flow rate were 5/1, 3 h and
500 mLmin~!, respectively).

Nitrogen isotherms measured at 77K on raw CNFs and CNFs
activated at different temperatures are shown in Fig. 4a. As before,
all isotherms correspond to a mixture of types I-1V, indicating that

both micropores and mesopores were generated. The enlarged hys-
teresis loop space between the adsorption/desorption isotherms
for the activated samples indicates the presence of a large amount
of mesopores. On the other hand, the line climbs steeply in the
area of low relative pressure, indicating that plenty of micropores
were present [26]. As can be seen from the isotherms, a gradual
increase in the amount of adsorbed N, with the activation tem-
perature took place at temperatures lower than or equal to 850°C,
indicating a higher activation degree. However, as the tempera-
ture was increased to 900 °C amount of adsorbed N, decreased as a
consequence of the lack of mesoporosity (P/Py >0.2) in the resulting
material.

The textural characteristics of the CNFs activated in this study
are given in Table 1. As expected, the total BET surface area and
micropore volume increased with activation temperature up to
850°C, mainly due to the generation of micropores, and then
decreased again. Consequently, the mesopore volume remained
approximately constant at temperatures below 850°C and then
decreased at higher temperatures. As expected, the carbon yield
was inversely proportional to the surface area due to the elimina-
tion of the most reactive carbon atoms after the activation process.

The proportions of ultramicropores, supermicropores and
mesopores in the activated samples are shown in Fig. 5. It can be
observed that the amount of ultramicropores increased when the
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activation temperature was increased. Nevertheless, the amount
of mesopores remained constant or increased slightly up to 850°C
and then decreased at higher temperatures. These results can be
confirmed from the mesopore size distribution calculated from
desorption branch by the BJH method (Fig. 4b). The population
of micropores was enhanced even when the temperature was
increased to 900 °C in contrast with the situation observed for the
population of mesopores, which decreased significantly [26].

In summary, the activation temperature is a very important
parameter in controlling the porosity of CNFs. Activated samples
with a high level of micropores (mainly ultramicropores) can be
obtained at high temperatures (900 °C), but if a high proportion of
mesopores is also required, it would be necessary to activate the
raw CNFs at lower temperatures (around 800-850°C). The activa-
tion temperature used will depend on the end use of the activated
CNFs (catalytic support, hydrogen storage, etc.).

In order to explain the results obtained, it is necessary to take
into consideration the fact that K in the metal form must be formed
during the activation reaction. Although this metal can be removed
from the carbon matrix by evaporation (boiling point of K: 762 °C),
a proportion of it could also be intercalated, which would produce
a pore opening in the parent CNFs since some graphitic structures
would be destroyed and micropores and mesopores would be gen-
erated [26]. A strong interaction between the potassium and CNFs
will clearly led to the generation of new mesopores while a mild
interaction will induce only the generation of micropores (in some
cases at the expense of the original mesopores). In conclusion, the
generation of micropores would also require a weak interaction
between the activating agent and the CNFs. Moreover, this inter-
action would be easily improved on increasing the temperature.
Nevertheless, if the reaction temperature exceeded a certain limit,
no new mesopores would not be generated; in fact, they could
even disappear through the interaction with the activating agent
(K) generating some new micropores [26]. Mesopore development
is usually associated with exfoliation of graphite layers, which can
be confirmed by TEM (Fig. 5). At 850°C it was possible to observe
a CNF structure consisting of expanded graphite with zones of low
density. Moreover, whereas the TEM image of raw CNFs showed
arelatively smooth surface, activated CNFs (both weak and strong
interactions) showed many defects along the surface.

The two main XRD analysis parameters (dggy and Lcggy) and
the related npg parameter for raw CNFs and activated CNFs were
evaluated (Table 1). As expected, npg values decreased with the
activation temperature (Lcggy values decreased and dpgy values
increased in the activated samples with increasing temperature),
passing through a minimum at 850 °C. Therefore, it can be clearly
seen that the disorder of the carbon structures (dgg; ) increased and
the crystallite size (Lcggy) decreased after the activation process,
with maximum and minimum values, respectively, at 850 °C (max-
imum value of BET surface area). These results were also confirmed
by means of TPO analyses (Table 1).

Finally, the chemical composition of the raw and activated CNFs
according to elemental analysis is given in Table 1. The carbon con-
tent of CNFs decreased and the oxygen content increased after heat
treatment [30], reaching a minimum or maximum at 850°C and
then increasing or decreasing again, respectively.

3.3. Effect of activation time

In order to examine the effect of activation time on the activated
CNFs, this parameter was varied from 1 to 4 h while keeping the
other parameters constant.

The influence of the activation time on the N, adsorption
isotherms is shown in Fig. 6a. The differences between CNFs acti-
vated during 1h and the other materials were significant in both
the low and high relative pressure zones. However, the differences
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Fig. 6. Influence of the activation time: (a) N, adsorption-desorption isotherms and
(b) mesopore size distribution.

in the N, adsorption capacity between CNFs activated for 2,3 or4 h
were very small, principally in the low pressure zone (see the insert
in Fig. 6a). These results were also confirmed by the textural param-
eters shown in Table 1. On the other hand, the mesoporosity of the
activated CNFs (expressed as dV/dlog D in Fig. 6b) corresponded to
pore sizes in the range 2-10 nm. Mesopores with higher pore sizes
were only formed when the reaction time was longer than 3 h. All
activated samples showed a strong peak located at around 22 nm,
which was also observed for the raw CNFs, indicating that their
tubular structure was maintained to some extent after activation
[26].

The proportions of ultramicropores, supermicropores and
mesopores in the activated samples are shown in Fig. 7. It can
be seen that, in all cases, the inherent mesoporosity of the parent
CNFs decreased as a percentage during the activation process due
to the creation of micropores (mainly ultramicropores). In other
words, although some mesopores were generated, their percentage
with respect to the total was reduced. On that basis, microp-
ores were formed initially during the activation process and then
widened to give larger micropores and also mesopores. Thus, the
amount of micropores increased with increasing activation times,
reaching a maximum after 3 h of reaction. However, when the acti-
vation time was 4 h the amount and percentage of ultramicropores
and supermicropores decreased as the mesopore levels increased.
These results can be explained by considering the total consump-
tion of the activating agent. Thus, it is possible that KOH was totally
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exhausted after 3h of reaction (maximum values of the textu-
ral parameters). After that time, reforming reactions could occur
in the activated CNFs as a consequence of the high temperatures
used. Thus, some micropores widened to larger mesopores and
this would decrease the surface area and micropore volume but
increase the mesopore volume [31]. The TEM images shown in Fig. 7
reveal the higher degree of expanded graphite layers present in
CNFs activated during 4 h (a hollow core with low graphite density
is clearly visible).

As noted above, the yield of activated CNFs decreased as the
porosity of the material was increased (Table 1). Once again, the
carbon content was lower and the oxygen content was higher with
higher porosity structure development. On the other hand, the
hydrogen content remained approximately constantin all activated
samples.

Finally, the influence of the activation time on npg values
can be seen from the results in Table 1. The graphitization
degree decreased with the porosity development. Nevertheless, the
changes in npg values were not particularly marked (if compared
with those obtained in the study of the influence of other reac-
tion parameters), indicating that the reaction time is not a very
important parameter in controlling the crystallinity of CNFs after
the activation process.

3.4. Effect of helium flow rate

In the activation process, nitrogen is usually used as a protection
gas [6,14,31,32]. However, in a previous publication we reported
that He works better than N, and, at the same time, has a significant
effect on the porosity development [17]. Thus, the He flow rate
varied in the range 150-1000 mL min~! with the values of the other
parameters kept constant.

The nitrogen adsorption isotherms at 77 K for the activated CNFs
using different He flow rates are shown in Fig. 8 and the results of
the porous texture analysis for these samples are given in Table 1.
It can be seen that increasing He flow rates favoured the devel-
opment of porosity, including both micropores and mesopores,
until a value of 700 mLmin~! was reached. A further increase in
the He flow rate led to a decrease in the porosity development
[31]. As mentioned before, an increase in the N, adsorption capac-
ity was observed in all isotherm regions (both in the zone of low
and high relative pressure) indicating that all types of pores were
developed during the activation process. This fact can also be con-
firmed from the information in Table 1 (the values of the total
micropore and mesopore volume) and Fig. 9, which shows a plot
of the proportions of ultramicropores, supermicropores and meso-
pores.
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To explain the results obtained it is necessary to consider the
removal of gases evolved during the activation process. Thus, a
faster removal of gases favours the porosity development and this
occurred at higher flow rates. According to Raymundo-Pifiero et
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al. [19], the activation mechanism could be as follows: the reduc-
tion of hydroxide by carbon would lead to H, K and carbonates, a
simultaneous possible reaction between KOH and C could occur
although, depending on the temperature range considered, this
may not be thermodynamically feasible [11]; the CO, produced in
the last reaction could also react with the hydroxide [11]:

6KOH + 2C = 2K + 3H, +2K,C0; 1)
4KOH + C = 4K + CO, +2H,0 2)
4KOH + 2C0, = 2K,CO0;3 + 2H,0 (3)

As observed, K could be formed during the pyrolysis process and
this could be continuously removed from reaction site (due to the
He flow) once its role has been fulfilled. Once K is removed, the
equilibrium of reaction (1) would be displaced to the production of
further K, thus increasing the degree of reaction between CNFs and
KOH [6]. On the other hand, H,O formed during the pyrolysis reac-
tion at high temperature would have the ability to penetrate into
the solid material and aid both desorption and the efficient removal
of volatile products from the solid. The water vapour is also a reac-
tive agent and could react with pyrolysis products, stabilising the
radicals obtained in the thermal decomposition and thus increasing
the yield of volatiles [33]. As a result, the removal of H,0 (v) would
work against the activation, while the removal of CO, CO, and H,
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would favour the activation process. Therefore, a balance between
these two removal processes would exist: a He flow rate that is too
high could remove from the reaction site a large amount of H,O
and this would be detrimental to the porous properties of CNFs; a
low He flow rate would probably not remove sufficient amounts of
CO, CO,, which would be in detrimental to the activation [31,32].

The influence of the He flow rate on the average interlayer spac-
ing (dpo2 ) and the average stacking height of carbon planes (Lcggz)
expressed as npg values are shown in Table 1. Once again, it was
noted that the higher the activation degree the more marked the
change in the value of this parameter. The range of npg values in
this study (6.7-10.8) was higher than that obtained in the study
of other parameters, thus clearly establishing that the He flow rate
is one of the most important parameters in controlling the crys-
tallinity of the CNFs after an activation process. These results are in
good agreement with those obtained by TPO analyses.

Finally, the elemental composition (see Table 1) confirmed that
after activation the hydrogen content remained approximately
constant, that the carbon content decreased and the oxygen con-
tent increased. In this study, the range of variation in the elemental
composition was also higher when compared with other values in
this work.

4. Conclusions

This work described here focused on the study of the influence
of the activation conditions on the structure of herringbone carbon
nanofibers using KOH chemical activation process.

The structural properties of activated CNFs were found to
depend on the conditions used during activation process. In this
way, it possible to obtain CNFs with higher levels of mesopores or
higher levels of micropores depending on the end use of the mate-
rial. The highest surface area and micropore volume were obtained
using KOH/CNFs ratio=5/1, activation temperature = 850 °C, activa-
tion time =3 h and a He flow rate =700 mL min~!. Some mesopores
were also created due to the strong interaction between CNFs and
the activating agent. On the other hand, activation of the CNFs using
a KOH/CNFs ratio=5/1, activation temperature = 900 °C, activation
time =3 h and a He flow rate =500 mL min~! gave rise to the lowest
mesopore volume.

In summary, depending on the final application of the activated
materials, it is possible to control their pore structure by choosing
appropriate activation conditions.
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