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ARTICLE INFO ABSTRACT

Article history:

A broadly varied series of activated carbons (ACs) was prepared from vine shoots (VS) by the method of
physical activation in air, CO, and steam, and by the method of chemical activation with H3PO,4, ZnCl, and
KOH aqueous solutions. Here, the temperature dependence of the dc electrical conductivity for the ACs is
studied from room temperature up to 200 °C. The bulk electrical conductivity of the carbon samples is
found to be the result of a complex interplay between several factors, texture and surface chemistry likely
being the most relevant ones. The best conductivity values are obtained for sample carbonized at 900 °C.
The physical activation stage has been proved to decrease the conductivity of the carbonized products,
the reduction being more pronounced for air than for CO, and steam. Such a detrimental effect of physical
activation on conductivity has been associated with the formation of oxygen groups and structures on
carbon surface rather than with the porosity development. The conductivity of ACs prepared by chemical
activation is even lower than for physically activated samples, likely due to the higher degree of porosity
development. All carbon samples, irrespective of the activation method and activating agent, behave as
semiconductor materials and therefore the electrical conduction is related to an energy gap (Eg). The
E, values widely vary from 0.084 eV for the sample carbonized at 900 °C up to 0.659 eV for the AC
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1. Introduction

Activated carbon (AC, hereafter) is an amorphous carbon mate-
rial characterized by its excellent textural properties (i.e. surface
area, porosity and pore size distribution) and surface chemistry.
It is well-known that these properties of AC strongly depend on
the raw material and the method employed in its preparation pro-
cess [1-4], including the activating agent as well as the operational
conditions. A great variety of precursors with high carbon content
and low amount of inorganic compounds are widely used in the
large-scale manufacture of AC, such as woods, coals, lignite, coco-
nut shell, peat, fruit stones, polymers, and so on [1,3,5-8]. Nowa-
days, the production of ACs from industrial and agricultural
waste products is an issue of active research, with a view not only
to their controlled removal and valorization but also to prepare
lower-cost ACs [9].
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Vine shoots (VS, henceforth) are an agricultural waste gener-
ated in most of the European Mediterranean countries as a result
of the pruning works carried out yearly in all vineyards after the
grape harvest. The annual production of VS in Spain is in the order
of several million tons [10], and such an amount has been
estimated to be at around 87,725 tons only for the Autonomous
Community of Extremadura (south-west Spain) [11,12]. Because
of their low density and thereby high transportation cost, the
valorization of VS is a very difficult task and as a result they are
usually burnt in the open air with release of greenhouse effect
gases. This solution is the fastest one but not the best one, both
from economic and environmental standpoints. As a way of diver-
sifying the applications of this agricultural residue and increasing
its profitability, some previous works have shown that VS are an
attractive precursor for the preparation of ACs [9,13-15], which
have been successfully applied in the removal of dyes from water
streams [16] and in the wine treatment [17].

AC has a wide range of applications, including water treatment,
gas separation and storage, removal of pollutants by adsorption
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both from liquid and gaseous effluents, solvent recovery, in heter-
ogeneous catalysis acting either as catalyst by itself or more
commonly as catalyst support, in electrocatalysis, sensors and
actuators, and so on [1-3,18]. Recently, special attention has been
focused on the use of AC as electrode material in electrical energy
storage devices, mainly supercapacitors [19-28] and lithium ion
batteries [29-33]. Among other factors (specific surface area, pore
size distribution, chemical and thermal stability, presence of elec-
troactive surface functional groups and structures, electrolyte, and
so forth [22,24,34,35]), electrical conductivity has been shown to
play a major role on the potential application and performance of
ACs in the aforesaid devices [36,37]. On the other hand, the prop-
erties of the carbon support, especially its electrical conductivity,
largely determine the electrochemical performance of carbon-
based electrocatalysts [38]. Therefore, it becomes apparent that
the measurement of the electrical conductivity of ACs at different
temperatures is essential in order to assess some of their potential
applications. Moreover, based on a previous literature review, the
influence of the preparation process of AC (i.e. activation method
and activating agent) on its electrical behavior over a wide temper-
ature range has not been reported yet. In fact, we only found a few
papers concerning the analysis of the temperature-dependent elec-
trical conductivity for ACs prepared from coconut shell [39] and
rice husk [40] by chemical activation with KOH and H3PO,,
respectively, and from Kapton® films [41] and rayon [42] by
physical activation in CO, and steam.

In the present work, the temperature dependence of the dc elec-
trical conductivity is studied for a broadly varied series of ACs,
which were previously prepared from VS by physical and chemical
activation methods and characterized elsewhere [9]. Thus, the
influence of both the activation method and the activating agent
on the conductivity and electrical behavior of the ACs is investi-
gated. The systematic use of complementary techniques for the
chemical, textural and electrical characterization of the materials
reveals the general trends in the electrical properties of the VS
derived-ACs.

2. Experimental
2.1. Raw material

The VS (Vitis vinifera variety) used in the present study were
grown and collected in a vineyard located in the wine-producing
region named Tierra de Barros (Badajoz province, south-west
Spain). The as-received VS were air-dried, size-reduced and sieved,
the fraction of particle sizes lower than 1 mm being selected for
the subsequent preparation of the various ACs.

2.2. Preparation and characterization of the ACs

The preparation of the ACs was carried out following the meth-
ods described in detail by Ruiz-Fernandez et al. [9,16], which are
summarized in Table 1 together with the codes assigned to the
resulting products. The textural characterization of the ACs was
accomplished by N, adsorption at —196 °C, mercury porosimetry,
and helium and mercury density measurements. The specific sur-
face area (Sggr) was estimated by applying the Brunauer, Emmet
and Teller equation [43] to the experimental N, isotherms. The
theoretical background for microporosity characterization was
based on Dubinin’s theory. Thus, the analysis of the adsorption iso-
therms by the Dubinin-Radushkevich (D-R) equation led to the
values of the micropore volume (Wy) [44]. The mesopore (V)
and macropore (V) volumes were derived from the mercury
intrusion curves. Finally, the total pore volume (V7') was calculated
from Wy, Ve and V,,.. These textural data for the prepared ACs
have been previously reported elsewhere [9], and are collected in
Table 2.

The surface functional groups and structures of the ACs were
qualitative and quantitative analyzed by FT-IR spectroscopy and
Boehm’s method [45], respectively. Using a Perkin Elmer® 1720
spectrometer, the spectra were recorded between 4000 and
400 cm™!, with 50 scans being taken at 2 cm™! resolution. Pellets
were prepared by first size-reducing a certain amount of the ACs

Table 1
Methods of preparation and sample codes for ACs.”
Substratum Mass (g) Atmosphere; AA Flow (mL min~1); AA:VS ratio MHTT (°C) t (h) Code
VS 10 N, 80 600 2 C600
VS 10 N, 80 900 2 C900
€600 1.5 Air 10 275 1 A
€900 1.5 CO, 10 750 1 CcD
€900 1.1 N,-steam 80 (Ny) 750 1 S
VS 25 H3PO4 5:1 85 2 PA-IP
VS 25 ZnCl, 5:1 85 7 ZC-1P
VS 25 KOH 2:1 85 2 PH-IP
PA-IP 10 N, 500 2 PA
ZC-IP 10 N, 500 2 ZC
PH-IP 10 N, 800 2 PH
¢ Abbreviations: VS, vine shoots; AA, activating agent; MHTT, maximum heat treatment temperature; t, isothermal time at MHTT.
Table 2
Textural parameters of the ACs.
Sample Sger (M*g™") Wo (em®g™") Vine (cm®g™") Vina (cm®g™") Vit (em’g ")
C600 34 0.010 0.07 0.54 0.62
€900 5 0.001 0.08 0.38 0.46
A 322 0.16 0.03 0.58 0.77
CcD 293 0.14 0.07 0.41 0.62
S 572 0.26 0.17 0.69 1.12
PA 1363 0.48 0.69 0.47 1.64
ZC 1726 0.59 0.81 0.37 1.77
PH 791 0.37 0.07 1.13 1.57

* Vi =Wy + Vine + Ving.
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for homogenization and then accurately weighing a mass of the
ground product, which was thoroughly mixed with KBr at the
1:500 AC/KBr weight ratio in a small size agate mortar. The result-
ing powder mixture was compacted in a Perkin Elmer® manual
hydraulic press at 10 Tm-cm~2 for 10 min. The spectrum of a KBr
pellet containing approximately the same mass of KBr as the pel-
lets of the ACs, was used as background. The FT-IR spectra regis-
tered for ACs prepared by the methods of physical and chemical
activation are plotted in Fig. 1(a) and (b), respectively.

As far as the Boehm'’s method is concerned, the titration of var-
ious acidic oxygen surface groups and structures was performed
using 0.05 M NaHCO3 aqueous solution for carboxylic acid groups

(a)
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Fig. 1. FT-IR spectra of ACs prepared by the methods of physical (a) and chemical

(b) activation.

Table 3
Surface chemistry of ACs. Content of oxygen surface groups.®

Sample  Oxygen surface groups and structures (meq g~ ')

Carboxylic  Lactone  Phenolic hydroxyl = Carbonyl  Total
A 1.40 0.28 0.87 19.34 21.89
cD 1.91 n-m 0.10 10.10 12.11
S 0.77 0.15 n-m 9.33 10.25
PA 0.22 0.11 0.13 0.98 1.44
PH 0.17 0.79 n-m 1.37 2.33
ZC 0.24 n-m n-m 1.25 1.49

¢ n-m: non-measureable.

and carboxylic acid anhydrides, 0.05 M Na,COs for lactones and
lactols, 0.05M NaOH for phenolic hydroxyl groups, and 0.25 M
NaOH for acidic carbonyl groups. Corrections were introduced in
measured titration volumes by allowing that a base of a given
strength is able to neutralize those surface functional groups and
structures which are more acidic [46]. The values of contents of
oxygen surface groups obtained for the prepared ACs are given in
Table 3.

2.3. Study of temperature dependence of dc electrical conductivity

In order to study the temperature dependence of the dc electri-
cal conductivity (o), the ACs were compressed into circular pellets
with a total mass of around 200 mg, 13.2 mm in diameter and a
variable thickness ranging from 1.0 to 3.0 mm. In the preparation
of such pellets, each sample in a series of successive steps was
oven-dried at 110 °C overnight, size-reduced for homogenization,
accurately weighed, and thoroughly mixed with powder polyvinyl-
idene fluoride (PVDF, Aldrich®) as binder, at the 80-20 wt.% ratio,
in a small size agate mortar. After that, the resulting homogeneous
powdery mixture was placed in a Perkin Elmer® manual hydraulic
press and compacted at 10 Tm cm 2 for 3 min with the aid of a vac-
uum pump. Prior to carrying out the electrical conductivity mea-
surements, the as-prepared pellets were stored in a desiccator to
prevent the adsorption of gases and vapors from the laboratory
atmosphere. As seen in Fig. 2, each pellet was placed inside a hol-
low alumina cylinder between two platinum foils forming the elec-
trodes, the upper one movable and the lower one fixed, to get
ohmic contact. The hollow cylinder was kept inside a vertical tubu-
lar furnace. A K-type thermocouple, whose hot junction is located
close to the pellet, was used to accurately monitor the temperature
during the measurements. The system was heated from room tem-
perature up to ca. 200 °C in air atmosphere at a heating rate of
10 °C min~! and, then, it was allowed to cool down to room tem-
perature under the same atmosphere. The dc electrical resistance
was recorded at different temperatures by the four-probe method
[47-49], using a digital multimeter (Agilent®, model 34401A) con-
nected to the electrodes. Since the conduction was considered to
be ohmic in nature, the electrical conductivity was given by the fol-
lowing expression [50]:

l
- 1
O=r7 (M
where R is the electrical resistance in Q, A the area of the pellet sur-
face in cm?, and [ the thickness of the pellet in cm. The resistance of
the platinum electrodes was verified and found to be at around
0.38 Q, much lower than those of the samples under study.

3. Results and discussion
3.1. Carbonized products

Fig. 3 shows the variation of electrical conductivity with tem-
perature for samples C600 and C900. It is seen first that conductiv-
ity increases with temperature for both carbonized products, being
a typical feature of semiconductor materials [51]. Also, one
observes that conductivity increases by three orders of magnitude
as the carbonization temperature rises from 600 to 900 °C, which is
in good agreement with the results previously obtained for a vari-
ety of lignocellulosic materials carbonized at similar temperatures,
including rice husk [40] and straw [52], oil palm fiber [53], bamboo
[54], lignin [55], woods [56-59], and so forth. The variation of con-
ductivity with increasing heat treatment temperature may be
explained on the basis of the chemical decomposition, degree of
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Fig. 2. Experimental device used for the measurement of the temperature-dependent dc electrical conductivity.
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Fig. 3. Temperature dependence of the dc electrical conductivity for carbonized
products.

conversion to carbon and microstructural evolution of VS compo-
nents during the carbonization, as seen below.

Regarding the chemical composition of VS, significant differ-
ences were not observed between VS belonging to four varieties
and two growing systems, being the average contents: holocellu-
lose (i.e. cellulose + hemicellulose) 67.14%, lignin 20.27%, and ash
3.49% [60]. Since cellulosic materials are the main components
(more than two thirds), it becomes apparent that their thermal
decomposition largely determines the conversion of VS into carbon
during the pyrolytic process as well as the properties of the result-
ing carbonized products, including their electrical conductivity. In
this regard, Rhim et al. [61] have recently identified five regions of
variation of conductivity as a function of heat treatment tempera-
ture during the carbonization of microcrystalline cellulose. At early
stages of thermal treatment, between 250 and 350 °C, conductivity
decreases with temperature due to the loss of polar oxygen-con-
taining functional groups from cellulose molecules. Then, conduc-
tivity starts increasing with heat treatment temperature up to
500 °C as a result of the formation and growth of highly conductive

carbon nano-clusters. At 600 °C, conductivity continues to increase
as the nano-clusters grow in size and are close enough to each
other to allow electron hopping and tunnelling between them
[58]. A sharp increase of conductivity is observed in the range from
610 to 1000 °C due to percolation and the improvement of intrinsic
conductivity of the carbon clusters. Finally, at higher temperatures
up to 2000 °C, conductivity reaches a plateau and remains almost
constant with increasing carbonization temperature [61,62]. This
plateau has also been observed in the conductivity of other heat
treated carbon materials [63-65].

The above-described behavior is consistent with the electrical
conductivities measured for carbonized samples C600 and C900.
According to Ruiz-Ferndndez et al. [9], the pyrolysis of VS is almost
complete at 600 °C. The resulting carbonized product is mainly
made up of carbon atoms arranged in turbostratic microcrystallites
[65-68], which are embedded in a matrix of low conductive amor-
phous carbon, typically observed for other carbonized organic
materials [61]. Such turbostratic microcrystallites are very small
in size and too far away to allow effective electrical conduction
by electron hopping and tunnelling between them, thus resulting
in a very poor conductivity for sample C600. The subsequent slight
decrease in mass as a result of rising the heat treatment tempera-
ture up to 900 °C is likely attributable to a small loss of heteroat-
oms, mainly hydrogen, increasing the C/H atomic ratio in C900
and thereby its degree of aromatization [9]. Mrozowski [65,68]
proposed the following explanation for the steady increase in con-
ductivity with increasing aromatization. As hydrogen atoms are
released from the edge of graphene layers, some of the g-electrons
belonging to carbon atoms which were bounded to hydrogen are
left unpaired. Some of these atoms become bonded to neighboring
aromatic rings, increasing the size of the graphene layers. In the
case of carbon atoms remaining unpaired, a m-electron is able to
jump from the 7-band into the g-state, forming a spin pair and cre-
ating a hole at the top of the n-band. As a result, a large number of
holes, i.e. positive charge carriers, are created and this accounts for
the great increase in conductivity with increasing carbonization
temperature.

As previously shown by Hernandez et al. [63] and Emmerich
et al. [64] for heat treated carbon materials, changes in porosity
occurring during the carbonization process should also be taken
into account to explain the bulk electrical conductivities of the
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resulting carbonized materials. The products of VS carbonization
have a very low development of micro and mesoporosity, being
essentially macroporous solids (see Table 2). In addition, pore
shrinkage occurs as heat treatment temperature rises from 600
to 900 °C [9] since V¢ is reduced from 0.62 cm®g ! for C600 to
0.46 cm> g~ ! for C900. A similar decrease in porosity at high car-
bonization temperatures has been reported elsewhere [69-71],
and associated with lateral growth and improvement in planarity
of graphene layer planes due to the aforesaid release of hydrogen
[72]. Therefore, it becomes apparent that not only the increasing
aromatization degree but also the decrease in porosity for sample
C900 contribute to its much greater electrical conductivity (up to
three orders of magnitude) as compared to C600. In this regard,
it should be noted that the overall resistivity of granular and pow-
der carbon materials is largely a function of the matter-free space
in the sample. Such space comprises both the interparticle voids
and the porosity corresponding to the intraparticle voids [49].
Therefore, the electrical conductivity should decrease as the total
pore volume increases.

It is well known that the temperature dependence of the electri-
cal conductivity for semiconductor materials can be expressed by
the following Arrhenius-type equation [51,73]:

Eg
0= 00 OXP{ ~ ok, T

where E, is the energy gap associated with electron hopping
between conductive sites [61,65,74-76], kg the Boltzmann’s con-
stant, T the temperature, and ¢, denotes a constant whose value
only depends on the material properties but not on the temperature
[51]. Obviously, the factor 2ksT must exceed the E, value in order to
electrical conduction takes place. The above equation can be
expressed linearly as follows:

Eg
ZkBT

Accordingly, if the carbon material exhibits semiconductor
behavior, the plot of In ¢ against T~! should give a linear curve,
and E; may be estimated from the slope of the corresponding fitted
line.

Fig. 4 depicts the plots of In ¢ versus T~! for the carbonized
samples C600 and C900. One observes that the plots give nearly
straight lines, which is the typical dependence of intrinsic
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Fig. 4. Arrhenius-type plot of In ¢ versus T~! for carbonized products and ACs
prepared by physical activation.

Table 4

E, values estimated for carbonized products and ACs samples.
Sample Eg (eV) R
C600 0.392 0.9967
C900 0.084 0.9945
A 0.659 0.9991
cD 0.107 0.9972
S 0.123 0.9950
PA 0.309 0.9972
ZC 0.455 0.9988
PH 0.121 0.9943

semiconductors. For such materials, the variation of conductivity
with temperature is mainly associated to the change in the number
of charge carriers [65]. Experimental data shown in Fig. 4 have
been fitted to Eq. (3) and the results are gathered in Table 4. It is
seen that the data fit quite well this equation, R?> values being
higher than 0.99. The energy gap (Eg) decreases from 0.392 to
0.084 eV as heat treatment temperature increases from 600 to
900°C, in very good agreement with the results previously
reported for other carbonized materials [40,61,65,73,77-79].

3.2. Activated carbons (ACs)

3.2.1. ACs prepared by physical activation

Fig. 5 shows the variation of conductivity with temperature for
ACs prepared from VS by physical activation in air, CO, and steam.
The plots for the carbonized products C600 and C900 have also
been included in the above figure for comparison purposes. From
this figure, it follows that physically activated samples also behave
as semiconductor materials as their electrical conductivities
increase with temperature. In addition, conductivity varies in the
order: C900 ~ S > CD ~ C600 >> A over a wide temperature range.
Since conductivity values are rather similar for samples C900 and
S, it becomes apparent that the conductivity of the former is not
significantly affected after its physical activation in steam. Con-
versely, activation of C600 and C900 with air and CO,, respectively,
results in ACs with lower electrical conductivities as compared to
their corresponding carbonized substrata.

Regarding textural data, Sger, Wo, Ve and V7 are higher as fol-
lows: S > A > CD, therefore being steam the most effective activat-
ing agent to create porosity in the carbonized product (see Table 2).
Since the presence of pores in the carbon samples acts as electrical
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Fig. 5. Temperature dependence of the dc electrical conductivity for ACs prepared
by physical activation.
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resistance, as noted above, electrical conductivity should decrease
with increasing V7. However, conductivity is found to increase in
the order: S > CD >> A. Therefore, neither the extent of surface area
nor the porosity of the ACs are the predominant factors determin-
ing the magnitude of their electrical conductivity. The divergence
between both variation sequences for conductivity and porosity
is likely attributable to other factors significantly influencing the
electrical properties of the ACs, such as their chemical composition
and surface chemistry.

As far as surface chemistry is concerned, a few previous works
have shown that the electrical conductivity of carbon materials,
including carbon blacks and activated carbons, is strongly depen-
dent on their surface chemistry [78-80] and as a rule increases
with decreasing concentration of surface functional groups
[78,80], especially those containing oxygen and sulfur [81]. In this
connection, it has been suggested that the activation with CO,
leaves in the structure of the resulting ACs a larger amount of oxy-
gen surface groups and structures as compared to steam [9,82-84].
Moreover, the ability of air to promote the formation of the afore-
said oxygen complexes in carbonized products during the activa-
tion stage is expected to be much higher than those for CO, and
steam mainly due to the strong oxidizing character of the oxygen
molecule, more pronounced at higher temperatures. Accordingly,
the concentration of surface oxygen groups and structures in sam-
ples prepared by physical activation should be higher in the order
A > CD>S, which is in line with the variation observed for the
conductivity of such ACs. The above sequence for the increasing
concentration of oxygen complexes has been corroborated by
using FT-IR spectroscopy [85] and by applying the Boehm'’s
method. As shown in Fig. 1(a), the spectra registered for ACs pre-
pared by physical activation display a great number of absorption
bands, which are frequently strong. The spectrum of A exhibit a
strong peak at 1703 cm~! due to stretching (v)(C=0) vibrations
in carboxylic acid and quinone type structures. The bands at
1601 and 1446 cm ™! are attributable to v(C=C) skeletal vibrations
in aromatic rings. The two bands centred at 1157 and 1047 cm™!
may be assigned to v(C—0—C) vibrations in ether type structures.
Finally, low intensity bands at 874, 760 and 580 cm~! may be
related to C—H vibrations in substituted aromatic rings. In the
CD and S spectra, a smaller number of less intense bands are
observed, and no bands ascribable to the v(C=0) vibration are reg-
istered. Accordingly, both the variety and concentration of oxygen
surface groups and structures are higher in A as compared to CD
and S. This latter assertion is well in agreement with the results
obtained for the concentration of oxygen surface groups by the
Boehm’s method. As seen in Table 3, sample A is characterized
by possessing a much higher total content of surface groups
(21.89meqg™') than for samples CD and S (12.11 and
10.25 meq g~ !, respectively). Concerning sample A, its contents of
carboxylic acid, lactone and phenolic hydroxyl groups are low,
whereas the content of carbonyl groups is markedly greater in
the material. Furthermore, as compared to A, the contents of the
various oxygen surface groups are substantially lower both for
CD and S. It is particularly true for the phenolic hydroxyl and car-
bonyl groups. As the only exception to the rule, the concentration
of carboxylic acid groups is slightly higher for CD (1.91 meqg™)
than for A (1.40 meq g~'). Therefore, in contrast to the activation
with air, CO, and steam do not enhance the creation of most oxy-
gen surface groups, except carbonyl ones. An explanation for the
detrimental effect of surface oxides on the electronic properties
of ACs was proposed by Smeltzer and McIntosh [86]. They sug-
gested that the formation of functional groups on activated carbon
by means of the reaction of oxygen with electron donating carbon
atoms on the surface gives rise to an increasing localization of
the conduction electrons and hence to a decreasing electrical
conductivity.

The plots of In ¢ against T~! for ACs prepared by physical acti-
vation are illustrated in Fig. 4, together with those for C600 and
C900. Similarly to carbonized products, these carbon samples also
behave as intrinsic semiconductors and the experimental data are
fitted very well by Eq. (3), the values of the determination coeffi-
cient (R?) being higher than 0.99. The energy gap values estimated
for these ACs are listed in Table 4. As shown in this table, the phys-
ical activation of the carbonized materials in air, CO, and steam
results in significant changes not only in the magnitude of the
conductivity but also in the energy gap associated with electron
conduction. Indeed, the E, values for the resulting ACs are higher
as compared to their corresponding carbonized substrata, irrespec-
tive of the activating agent. Thus, the activation of C600 in air leads
to an increase of E, from 0.392 to 0.659 eV, while the effect is
weaker for the activation of C900 with CO, and steam, E; increas-
ing from 0.084 to 0.107 and 0.123 eV, respectively. Therefore, it
becomes apparent that the physical activation in air, CO, and
steam strongly modifies the electronic band structure of the car-
bonized products from VS by increasing the band gap. Once again,
such an effect of band gap widening might be associated with the
formation of surface oxygen complexes during the activation stage
in the process of preparation of ACs. Obviously, the increase in Eg is
larger for sample A than for CD and S because of the greater
oxidizing character of air as compared to CO, and steam.

3.2.2. ACs prepared by chemical activation

The variation of conductivity with temperature for ACs pre-
pared from VS by chemical activation with H3PO,4, ZnCl, and KOH
is depicted in Fig. 6. Similarly to carbonized products and ACs pre-
pared by physical activation, chemically activated samples also
behave as semiconductors as their electrical conductivities
increase with temperature. Moreover, conductivity is higher as fol-
lows: PH >> PA > ZC over the entire temperature range. This varia-
tion sequence may be explained by taking into account the
differences in both texture and surface chemistry for the ACs as a
result of the performance of the three activating agents in the
preparation process.

As shown in Table 2, textural parameters for ACs prepared by
chemical activation are larger than those obtained for physically
activated samples. Sger, Wo, Ve and V¢ vary in the order
ZC > PA > PH, whereas V,,, is higher by PH > PA > ZC. Therefore, it
becomes apparent that by the method of chemical activation ACs
exhibiting a well-developed porosity in the three regions of pore
sizes are prepared. As expected, such a porosity development has
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Fig. 6. Temperature dependence of the dc electrical conductivity for ACs prepared
by chemical activation.
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a detrimental effect on conductivity, which is as a rule lower for
chemically activated samples as compared to their counterparts
prepared by physical activation. In this regard, an excellent corre-
lation has been observed between both variation sequences for
conductivity and total pore volume for samples PH, PA and ZC.

Concerning chemical composition and surface chemistry, it
should be noted that the conductivity of ACs prepared by chemical
activation may be strongly affected by the presence in the samples
of heteroatoms coming from the activating agent. In this connec-
tion, a number of works have proved the presence of a variety of
phosphorous-containing groups and structures in ACs prepared
from lignocellulosic waste products by chemical activation with
Hs;PO,4, including phosphate esters [13,86-91]. As previously
reported by Bedia et al. [90], the amount of surface phosphorous
in ACs prepared from olive stones by chemical activation with
HsPO4 may be significant, ranging from 2 to 6 wt.% depending on
both the impregnation ratio and the carbonization temperature.
These authors found that the amount and stability of phosphorous
incorporated to the carbon matrix increased with impregnation
ratio and heat treatment temperature, respectively. Because of
sample PA was prepared by using a H3PO,4:VS impregnation ratio
of 5:1 and by heating at 500 °C, it is evident that may have a rele-
vant phosphorous content. Such an assertion is corroborated from
the spectrum registered for PA (see Fig. 1(b)), which exhibits some
strong absorption bands or shoulders ascribable to various P—O
bond stretching modes, as follows: 1136 cm~!, ¥(P=0) in phos-
phates and v(P—0—C); 1066 cm~!, ¥(P*—0~) in acid phosphate
esters and v{(P—O—P) in polyphosphate chain; 987 cm™~!, v(P—0)
[13,90,91]. Similarly to carbon-oxygen complexes, the presence
of phosphorous-containing groups and structures on carbon sur-
face increases electronic localization and disrupts the m-conjuga-
tion, thus resulting in an increasing electrical resistance. An
attempt of testing the influence of phosphorous on the electrical
behavior of AC cloths prepared by chemical activation with various
phosphorous-containing activating agents, such as phosphoric
acid, sodium and potassium dihydrogen phosphate, and so on,
has been recently reported by Ramos et al. [92,93]. They found that
the electrical resistivity of the AC cloths was strongly dependent
not only on the nature of the activating agent but also on the
micropore volume and aromatization degree (i.e. the C/H atomic
ratio). However, no paper dealing with the influence of phospho-
rous content on the electrical conductivity of ACs has been found.
Therefore, it becomes apparent the need for further investigations
aimed at clarifying the role of such an element on the electrical
properties of ACs. On the other hand, the FT-IR spectra of PH and
ZC display a number of absorption bands and shoulders which
are assigned to various bond stretching vibration modes in atomic
groups and structures, such as: 1576 and 1568 cm™!, v(C=C) in
aromatic rings; 1232, 1151 and 1093 cm~!, v(C—O0) in ether type
structures. It should be noted that a weak band ascribable to the
v(C=0) vibration is only registered in the spectrum of ZC. Finally,
as compared to the spectra of physically activated samples (see
Fig. 1(a)), the spectra of those chemically activated show a smaller
number of absorption bands. Therefore, it becomes apparent that
the concentration of surface functional groups and structures is
much lower in the ACs prepared by chemical activation. This latter
assertion is also corroborated from the results obtained for the
concentration of oxygen surface groups and structures (see data
in Table 3).

In brief, from the above results it can be concluded that the
magnitude of the electrical conductivity for ACs prepared by the
method of chemical activation is largely controlled by the well-
developed porosity rather than by the surface chemistry.

Fig. 7 shows the temperature-dependent electrical conductivity
as an Arrhenius-type plot for ACs prepared from VS by the method
of chemical activation. These carbon samples also exhibit the
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Fig. 7. Arrhenius-type plot of Ino versus T-! for ACs prepared by chemical
activation.

Table 5

E; values estimated for selected carbon materials.
Carbon material Eg (eV) References
Graphene 0 [97]
Crystalline graphite 0.04 [97,98]
Fullerenes 1.80 [97,99]
Activated carbons 0.05-0.2 [39,40]
Amorphous carbons 1-4 [100-105]

typical semiconductor behavior described by Eq. (3), with values
of R? above 0.99. The energy gap values estimated for these ACs
by fitting experimental data to the aforesaid equation are collected
in Table 4. It is seen that the band gap widely varies depending on
the activating agent and by the following order: PH (0.121 eV) < PA
(0.309 eV) < ZC (0.455 eV).

3.3. Comparison with other ACs and carbon materials

Table 5 collects the energy gap values estimated by theoretical
calculations and experimental techniques, mainly optical and elec-
trical measurements, for a wide range of carbon allotropic forms
and materials, including graphene, graphite, activated and amor-
phous carbons, and so on. The Eg values estimated for ACs prepared
in the present work are well in agreement with those previously
reported for other activated carbons. As expected, the so-called
turbostratic structure proposed for activated carbons, and consist-
ing of aromatic sheets highly disorganized [94] and weakly bonded
by van der Waals forces, leads to E, values intermediate between
those estimated for crystalline graphite (i.e. 0.04 eV) and amor-
phous carbons (from 1 to 4 eV). In addition, it should be mentioned
that the relatively small E; values determined for most activated
carbons, and thereby their semiconductor properties, have been
recently identified as responsible for the photocatalytic activity
exhibited by these carbon materials in aqueous solution under
UV irradiation [95,96].

4. Conclusions

The bulk electrical conductivity of various ACs prepared from
VS by the method of physical activation in air, CO, and steam,
and by the method of chemical activation with H3PO4, ZnCl, and
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KOH is found to be the result of a complex interplay between sev-
eral factors. Among them, texture and surface chemistry seem to
be the more relevant. The physical activation has been proved to
decrease the electrical conductivity of the carbonized products,
the reduction being more pronounced in the order: air > CO, >
steam. Such a detrimental effect on conductivity is likely con-
nected with the formation of oxygen groups and structures on car-
bon surface during the activation stage rather than with the
porosity development. Conversely, the higher degree of porosity
development accounts for the low conductivity values measured
for ACs prepared by chemical activation, the effect of surface
chemistry being of less significance. In this case, both porosity
and conductivity varies by KOH < H3PO4 < ZnCl,. The tempera-
ture-dependent electrical conductivity measurements suggest that
both carbonized products and ACs behave as typical semiconduc-
tor materials, regardless the activation method and activating
agent. Consequently, the electrical conduction process is associ-
ated with an energy gap, which has been found to widely vary from
0.084 eV for the VS carbonized at 900 °C up to 0.659 for the AC
prepared by physical activation in air atmosphere.
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