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Abstract

This work reports a study of the electrical conductivity under compression of
nanostructured carbon powders with different physicochemical properties (texture,
chemical-surface and morphology): a commercial carbon black (Vulcan XC-72R) and
synthesized ordered mesoporous carbon (OMC), carbon nanocoils (CNC) and carbon
nanofibers (CNF). The electrical conductivity was determined from the sample resistance
under compaction (from 0.5 to 140 MPa) using the four-probe technique. A comparison
of intrinsic and grain electrical conductivities (calculated according to the percolation
theory and the general effective media approximation) was performed. Additionally,
samples were subjected to chemical oxidation or graphitization treatments to evaluate the
effect of oxygen content and structural properties on the electrical conductivity. In spite
of the physicochemical differences of carbon materials, an exponential decrease of the
electrical conductivity with the oxygen amount was stated. Finally, thermal treatment of
OMC at 1500 °C led to a surprising increase in its conductivity due to the graphitization

of the amorphous carbon structure of the original material and the oxygen removal.
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1. Introduction

In the last decade, the study of filler materials that impart electrical conductivity in
polymer composites has been implemented in order to be used for antistatic electricity,
electromagnetic shielding, electronic components or electrodes in energy conversion
electrochemical devices [1-12]. Among these fillers, nanostructured carbon materials
exhibit clear advantages over the use of metal powders or fibers as filler, according to
their high electrical and thermal conductivities, potentially low production cost, oxidation
stability or low density [5]. The irruption of carbon nanotubes (CNT) in 1999 in this field
[13], that was already explored with carbon blacks [14-16], graphite [17] and carbon
fibres [18], has brought up the use of other carbon materials whose basic structural unit
is also graphene such as carbon nanofibers (CNF) [19, 20], fullerenes [21, 22] or 2D
graphene-based materials [23]. Carbon nanofilaments, and especially CNT, exhibit high
electrical conductivity due to their graphite-like structure, low mass density and high
aspect ratio, which allows both using them as a conductive filler using a very low content
and reducing the electrical percolation threshold to extremely low values [6, 13, 24-26].
In this regard, only graphene with a laminar morphology has obtained electrical
percolation thresholds comparable to CNT [23, 27] and outstanding electronic properties
[28]: very high electron mobility even at room temperature (10° cm? V1 s1) [29], very
high electrical conductivity (108 S m™) resisting current densities of 108 A cm [30, 31],
or ballistic transport at room temperature [28]. These unusual electronic properties are
intrinsic to the graphene structure and they are due to the w-orbitals in which each carbon

atom contributes an electron to form a cloud of delocalized electrons.

Electrical conductivity of carbon nanofilaments is related to the electronic structure
(e.g. chirality in case of single-wall carbon nanotubes (SWCNT)) [32], contact effects

and size of the graphene layers [33], being its magnitude of orders very different



depending on whether it is an isolated nanofilament [34-39] or a bulk system made by
hundreds of them [33, 40-43]. Electrical conductivities as highas 2 - 107and 2 - 10°S m
! for isolated single (SWCNT) and multiwall carbon nanotubes (MWCNT), respectively,
were measured [35-37]. In addition to this high conductivity, other exceptional properties,
such as electron ballistic transport or superconductivity, have been demonstrated for
carbon nanotubes [38, 44, 45]. On the other hand, the so-called bulk electrical
conductivity (or powder electrical conductivity) of carbon nanofilaments is not easy to
measure and it depends on their compaction degree. Marinho et al. [41] reported an
electrical conductivity about 540 S m™ at 5 MPa of pressure for a MWCNT powder. In
the case of CNF, electrical conductivity measurements of an isolated nanofiber have not
been reported; however, bulk conductivity has been found to be in the range
20-3000 S m™ (depending on the measurement conditions), which is comparable to that
shown by MWCNT [33, 40, 46, 47]. According to the production cost, host matrix
features or functionalization possibilities, the use of other carbon materials cannot be
discarded. Thus, in addition to MWCNT [41-43] and CNF [33, 40], the bulk electrical
conductivity under compaction of a wide variety of carbon materials has been measured:
synthetic and natural graphite [41-43, 48-52], petroleum and isotropic coke [49, 51],
activated carbon [49, 51], carbon black [41, 42, 49, 51, 53-55], ordered mesoporous
materials [56] and graphene, graphene oxide (GO) and reduced graphene oxide (rGO)

[41-43, 57].

Besides to the aspect ratio or the particle shape, other parameters have influence on
the electrical percolation threshold, such as the surface area, anisotropy, impurity content
or surface functionalization, being also very influential in the interactions between
particles and particles/matrix. Anisotropic conductivity has been determined in graphite

with electrical conductivities around 10°-10° and 102-10* S m? in parallel and



perpendicular directions to graphene layers, respectively [58, 59], since delocalized =-
electrons move mainly along the 2D network of sp?-carbon. In a graphite-like
nanostructure carbon material, the electrical conductivity will depend on the connection
and arrangement of the graphene stacks. As Sebastian et al. pointed out in [33], CNF
show a semiconducting behaviour [60] as a result of the electrical conduction in the
perpendicular direction to graphene layers [58, 61]. At this point, a conductive carbon
material containing highly conductive graphite stacks at the nanoscale may present a
lower bulk (or apparent) electrical conductivity due to restrictive contributions, i.e.
structural defects like vacancies or dislocations in the graphene layers, or those due to
contacts at different scales (among crystal domains, particles and grains) [58, 62]. In
compressed powders, the resulting electrical conductivity will be the result of a
combination of the electrical conductivity of the individual particles, and other potentially
modifiable parameters under compression, such as the contact degree among the particles
or their packing [54]. Under pressure, the higher the number of contacts among particles,

the higher the number of channels available for the transport of electric current.

In spite of hampering electronic conduction in a sp? carbon network, oxygen
functionalization is a useful tool to improve the homogeneity and interfacial bonding
between the filler particles and the host polymer matrix when they are not initially
compatible [27, 63]. Conversely, electrical conductivity of carbon-based fillers can be
increased by deoxygenation. In this context, graphitization treatments proven to be highly
effective, restoring the graphitic network of sp? bonds [23, 64]. The influence of the
surface chemistry on electrical conductivity of nanostructured carbon materials has
already been addressed for compressed powders, including acid-oxidized CNF [40],
carbon blacks with different O and S contents [53, 55], graphitized OMC [56] or rGO

[43, 57].



Although considerable research has been devoted to the study of the electrical
conductivity of composites using carbon as filler [5-7, 9, 10, 13-17, 19, 20, 25], rather
less attention has been paid to the bulk electrical conductivity of nanostructured carbon
powders in isolation (without polymer matrix). On the other hand, there is a lack in
existing literature of comparative studies about the electrical conductivity of carbon
powders, especially using the same experimental device. Additionally, the electrical
conductivity values are usually reported at a given applied pressure (apparent
conductivity), which makes difficult a direct comparison of the results of different carbon
materials and only few studies focus on the calculation of intrinsic conductivities, as it is

addressed in this work.

This paper reports a comparative analysis of the electrical conductivity
measurements of powders of different nanostructured carbon materials under
compression (from 0.5 to 140 Mpa). Electrical conductivity was calculated from the
sample resistance measurement under compaction using the four-probe technique. A
commercial carbon black (Vulcan XC-72R) and synthesized carbons (CNF, ordered
mesoporous carbon (OMC) and carbon nanocoils (CNC) [65, 66]) were compared by
relating their electrical conductivities and other physicochemical features, such as
textural, chemical-surface, structural and morphological properties. In addition, Vulcan,
CNF and CNC were chemically oxidized with concentrated nitric acid and OMC were
subjected to a graphitization treatment in order to study the effect of the oxygen content
and structural properties on the electrical conductivity. For the first time, a comparison of
intrinsic and grain electrical conductivities of different powdered carbon nanomaterials
is presented. It is worth noting that the intrinsic electrical conductivities of OMC and

CNC have not been reported before in literature.



2. Experimental

2.1. Synthesis of nanostructured carbon materials

The carbon black Vulcan XC-72R (supplied by Cabot) was used to establish a
comparison with a commercial material. In addition, Vulcan was subjected to a strong
oxidation treatment (Os) with concentrated nitric acid (65 wt. %, Panreac) for 2 h at 120
°C to create oxygen functional groups on the carbon surface [67, 68]. In this way, the
effect of oxygen functionalization on the electronic conductivity was studied. The
oxidized carbon was labelled as Vulcan-O:s.

OMC were prepared by the nanocasting technique using a mesoporous silica
(SBA-15) as template and a furan resin/acetone as carbon precursor [66]. In order to
increase the crystalline degree and consequently, the electrical conductivity of
synthesized OMC, the carbon material was subjected to a heat treatment under an Ar flow
at 1500 °C for 1 h with a heating rate of 10 °C/min [56]. The graphitized carbon was
denoted as OMC-g.

CNF were synthesized by methane decomposition at 700 °C on a NiCuAl,O;
(atomic ratio 78:6:16) catalyst [66]. After CNF synthesis, the metal particles were
removed by means of two different oxidation treatments with concentrated nitric acid (65
wt. %, Panreac) for 2 h at 25 °C (mild oxidation: Om) or 120 °C (strong oxidation: Os),
resulting in the materials denoted as CNF-On, and CNF-Os, respectively.

CNC were prepared by the catalytic graphitization method using Ni and Co
nitrates as graphitization catalysts, a mixture of resorcinol and formaldehyde as the carbon
precursor and silica sol to generate mesoporosity [66]. Obtained CNC were treated with
concentrated nitric acid (65 wt. %, Panreac) at 25 °C for 2 h for eliminating the metal

content, obtaining the material labelled as CNC-On,.



Besides to the removal of metal nanoparticles, the treatments with nitric acid result

in the introduction of oxygen functionalities on CNF and CNC [65].
2.2. Physicochemical characterization

The morphology of nanostructured carbons was studied by scanning electron
microscopy (SEM) using a Hitachi S-3400N microscope and transmission electron
microscopy (TEM) using a JEOL-2000 FXII microscope equipped with a LaB6 gun.

X-Ray diffraction (XRD) patterns of the materials were recorded using a Bruker
AXS D8 Advance diffractometer with a §-6 configuration and using Cu Ka radiation (A4
= 0.15406 nm). The graphite interlayer spacing (dos2) was obtained from the position of
the (002) peak applying the Bragg’s equation and the crystallite sizes (Lc) were calculated
from Scherrer’s equation on the (002) peak [66].

N> adsorption-desorption isotherms of carbons were measured at 77 K using a
Micromeritics ASAP 2020. The total surface area (Sper) was calculated from BET
equation and the total pore volume (V7) was determined using the single point method at
P/Po = 0.99. The mesopore volume (Vmeso) Was obtained from the analysis of the
desorption branch of the N> isotherm using the BJH method. The real density (or bulk
density) (pb) of nanostructured carbons was determined by helium pycnometry at 30 °C
using a Micromeritics AccuPyc II 1340 pycnometer.

Temperature programmed desorption (TPD) experiments were carried out in an
AutoChem 1II 2920 apparatus to study the surface chemistry of carbon materials. The
profiles of desorbed CO and CO> were obtained in a quartz reactor heated under a constant
flow of Ar (50 mLmin'') at a heating rate of 10 °C min™! up to 1000 °C. The amounts of
CO and CO; desorbed from the carbon samples were analyzed online by mass
spectroscopy. The total amount of CO and CO; released was calculated by integrating the

area under the flow rate versus time curve.



X-ray photoelectron spectroscopy (XPS) analyses were carried out with an
ESCAPlus OMICRON system equipped with a hemispherical electron energy analyser
operating at 150 W, using a MgKa X-ray source (hv = 1253.6 eV) [65]. Survey scans
were recorded from 0 to 1000 eV at 0.5 eV step, 0.2 s dwell and 50 eV pass energy. Cls
and Ols scans were obtained at 0.1 eV step, 0.5 s dwell and 20 eV pass energy. For
calibration purposes, the C Is binding energy of the graphitic peak (BE) was referenced
at 284.6 eV. The CASA XPS data processing software allowed smoothing, Shirley type
background subtraction, peak fitting and quantification.

Elemental analysis (EA) of carbon materials were performed in a CHNS-O

Analyzer Thermo FlashEA 1112.
2.3. Electronic conductivity measurement

The experimental setup for the determination of the apparent electrical
conductivity (o) of carbon powders consists of a thick-walled PVC cylinder (inner
diameter = 8 mm, length = 60 mm) in which the sample is housed and closed between
two steel plungers. The upper plunger compresses the sample at pressures from 0.5 to 140
MPa, monitored by a calibrated pressure sensor. The experimental setup has been
described in more detail in [33, 40].

The height of the carbon powder (h) at each applied pressure was measured with
a digital micrometer (Mitutoyo; accuracy = £0.02 mm). The apparent density (p) of the
sample was determined from the weight and the volume occupied by the pressed powder
in the cylinder. The starting apparent density (p,) corresponds to the non-compacted state.
Initially, 1 cm?® of sample was placed into the cylinder in each run.

o was calculated from the corresponding resistance of the compressed powder (R)
at room temperature by a four-probe technique. R was obtained from the adjustment of

voltage and current slope, which are set by applying known values of potential (current



up to 20 mA) with an Array 3645A power supply, and registering the voltage drop in the
sample and calibrated resistors with a 6'4 digits Array M3500A multimeter. ¢ was then

determined from R by using the following equation (Eq. 1):

o= % Eq. 1
where h and A are the height and the cross-sectional area of the compressed samples at
each applied pressure. The system contribution to the total resistance (about 80 mQ) was
determined before each experiment with the empty system and it was subtracted from the
total experimental resistance.

To note that ¢ values are given at different applied pressures. Thus, the apparent
electrical conductivity depends on the carbon compaction degree. Carbon materials with
different morphology and textural features are studied in this work, which may result in
a different apparent density (or a different compaction degree) at a given pressure. In
order to address this issue, intrinsic (ai) electrical conductivities of carbons were
calculated according to the percolation theory and the so-called general effective media

(GEM) approximation (assuming that the air phase conductivity is zero) [33, 49]. Further

details of the determination of intrinsic conductivities are given later (section 3.2).

3. Results

3.1. Physicochemical characterization of nanostructured carbon materials

The morphology of nanostructured carbon powders was studied by SEM and TEM
(see Fig. 1). The commercial carbon Vulcan consists of an aggregation of spherical
nanoparticles which are composed of random aligned crystallites (Fig. 1a). On the other
hand, CNF present a nanofilament morphology with well-aligned graphitic layers as can
be in Fig. 1b for CNF-Om. SEM images of CNC evidenced the spherical morphology of
this material, which is opened forming graphitic carbon curved ribbons (Fig. 1c for CNC-

Om). SEM and TEM characterization also confirmed that the metal was (at least partially)

10



removed from CNF and CNC matrixes by the HNOj3 treatments. Indeed, the surface metal
content of carbons obtained by XPS decreased substantially after oxidation (see Othersxps
in Table 2). However, oxidation treatments did not affect the morphological properties of
Vulcan, CNF and CNC (see Fig. S1, Supporting Information). Finally, OMC showed an
ordered honeycomb structure consisting of carbon nanorods with uniform mesopores
(Fig. 1d). After OMC graphitization, the resulting material (OMC-g) preserved partially
their ordered structure (Fig. S1).

The structure of carbon materials was studied by XRD. All carbons presented a
peak around 26 = 25° which is associated with the graphite (002) diffraction line, with the
exception of OMC (Fig. S2 in the Supporting Information). Table 1 reports the XRD
parameters obtained from the (002) peak. Crystallite sizes, and hence, the crystalline
character of carbons increases following the sequence: OMC-g < Vulcan < CNC < CNF.
These differences are explained by the structure of carbons. CNF and CNC evidenced
larger L. values (10.3 and 8.0 nm, respectively) due to their graphitic structure originated
by the regular alienation of graphene layers. On the other hand, Vulcan exhibited a lower
crystal size (1.7 nm), which is explained by the crystallites present in the amorphous
carbon primary particles. Interestingly, oxidation treatments did not affect substantially
the graphitic character of Vulcan, CNF and CNC since similar dypg> and L. values were
obtained after oxidation with HNOs;. Finally, the mesoporous material OMC did not
present diffraction due to its amorphous nature. After graphitization, the resulting
material (OMC-g) showed a slight diffraction at 25° (L. = 1.3 nm) due to an increase oOf

the crystallinity character during the heat treatment at 1500 °C.
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Table 1. XRD parameters of carbon materials obtained from the graphite (002) peak.

Sample 26 (°) FWHM (°) docz (A) Lc (nm)
Vulcan 25.01 4.82 3.559 1.7
Vulcan-Os 25.05 4.79 3.552 1.7
CNF 26.56 0.79 3.353 10.3
CNF-On, 26.54 0.78 3.356 10.5
CNF-O; 26.55 0.72 3.355 11.3
CNC 26.30 1.01 3.386 8.0
CNC-On 26.23 0.97 3.394 8.4
OoMC - - - -
OMC-g 24.75 6.10 3.595 1.3

The surface chemistry of carbon materials was studied by TPD. The profiles of
desorbed CO and CO: can be found in Fig. S3, while Table 2 reports the amount (pmol
g) of oxygen functional groups released as CO and CO,. The total oxygen amount was
determined by TPD (Ozpp) and EA (Og4) (Table 2). Similar results were obtained by both
techniques indicating that the volatile matter of carbons correlate with the amounts of
released CO and CO,. However, OMC presented an Otpp amount of 4.8 wt. %, while
around 2 times more (8.4 wt. %) was measured from EA, which is attributed to surface
groups in interior sites which are not desorbed at 1000 °C due to pore diffusion restrictions
[65].

HNO:s treatments led to the introduction of oxygenated species on the carbon
samples (see Table 2). However, in the case of CNC, a lower oxygen amount was
obtained after oxidation, which is explained by the removal of metal oxides from the
graphitization precursor salt (Co and Ni) and mesoporous generator (Si) [65]. On the other
hand, oxygen-containing functional groups were almost completely removed during the
graphitization of OMC.

The surface oxygen amount was also obtained by XPS (Oxps). XPS survey spectra
can be found in Fig. S4 in the Supporting Information. Higher oxygen contents were

determined by XPS for all the carbons in comparison to those obtained by TPD or EA

12



due to an oxygen enrichment at the carbon surface. XPS was also used to quantify the
atomic composition of the nanostructured carbon samples. Three components were
deconvoluted by Gaussian/Lorentzian (40:60) fitting from XPS Cls high-resolution
spectra [69, 70]: sp* graphitic carbon (C=C) and sp® hybridized carbon (C-C) were
combined in an asymmetric peak at 284.5 eV [71], C-O bonds in hydroxyls (C-OH) or
epoxides (C-O-C) at 286.1-286.8 eV, and C=0 bonds in carbonyls (C=0) or carboxyl
(O=C-OH) at 288.1-289.0 eV. An additional peak at 290.9 eV attributed to the n-n* shake
up satellite contribution was found in all samples. The atomic compositions calculated
from the survey as well as the deconvoluted XPS Cls spectra analysis are summarized in

Table S1.

Table 2. Bulk and surface chemistry measured by TPD, EA and XPS of carbon materials.

Sample CO _ CO2 ) Orrp Oka Oxps Cxps Oxps  Othersxps

(umol g)  (umol g?) | (wt. %) (wt. %) (wt. %) | (at. %) (at. %) (at. %)?
Vulcan 174 106 0.6 0.4 2.8 97.9 2.1 0.0
Vulcan-Os 1603 957 5.6 7.0 12.5 90.3 9.7 0.0
CNF 245 80 0.6 0.5 3.1 97.3 2.4 0.3
CNF-On, 320 71 0.7 1.2 4.8 96.3 3.7 0.0
CNF-Os 704 645 3.2 2.0 6.9 94.8 5.2 0.0
CNC 1139 356 3.0 35 11.3 83.3 10.2 6.4
CNC-On 2602 832 6.8 6.8 10.7 89.3 8.5 2.2
OoMC 1475 770 4.8 8.4 11.2 91.4 8.6 0.0
OMC-g - . 01 02 07 | 995 05 0.0

a=Niand Al in CNF; Ni, Co and Si in CNC and CNC-Oy,.

The materials present different textural properties. Table 3 summarizes the

calculations obtained from N» physisorption. Comparing the results of the untreated
carbon materials, OMC presented the highest adsorption capacity (Sger = 812 m? g'!, Vr
= 0.55cm’ g'!) although with the lowest mesopore fraction (57 % in terms of pore
volume). In contrast, CNF evidenced the lowest surface area (70 m? g'') with a developed
mesoporosity (98 %). Vulcan and CNC presented intermediate Szzr (238 and 306 m? g,

respectively) and mesopore contents (83 and 61 %, respectively).
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After oxidation treatments, textural properties presented a different behavior
depending on the carbon material. A decrease of the specific surface area was evidenced
for Vulcan and CNC, which might be partially explained by a slight modification of the
original bulk morphology during the oxidation [67]. On the other hand, a slight increase
of the surface area and pore volume was observed after CNF oxidation with nitric acid
due to a combination of the growth catalyst removal and roughening of the outer surface
of the nanofilaments [40]. With respect to the effect of graphitization of OMC on textural
properties, a decrease of the surface area and the pore volume was evidenced associated
to a removal of the microporosity by the surface annealing during the high temperature
treatment.

Table 3 reports also the grain density (pg) calculated from the real density (pn)

obtained by He pycnometry and the Vt from N2 physisorption according to Eq. 2 [49]:

. 1
Pe™ VT+pib Eq. 2

CNF and CNC presented lower pore volumes in comparison to Vulcan and OMC, and
consequently, the former materials are denser, as showed by the higher values of the grain
density (as observed initially for the non-compacted state density, pp). After oxidation
with nitric acid, the pg was preserved in the case of Vulcan, while a slight decrease was
evidenced for CNF and CNC. In contrast, a larger grain density was obtained after

graphitization of OMC from 0.84 g cm™ for the original material to 1.18 g cm™ for OMC-

g.
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Table 3. Textural properties of carbon nanomaterials derived from N> physisorption and

He pycnometry analyses.

Sample SgeT V71 Vmeso Vmeso Phb Pg Pp
(m?g"h* (m’gh) (em®gh) (%" (gem®)° (@oem®) (gom?)
Vulcan 238 0.38 0.31 83 1.95 1.12 0.27
Vulcan-Os 181 0.38 0.33 86 1.95 1.12 0.37
CNF 70 0.23 0.23 98 2.29 1.50 0.57
CNF-On, 76 0.24 0.24 98 2.18 1.43 0.58
CNF-Os 78 0.25 0.24 97 2.19 1.42 0.58
CNC 306 0.19 0.12 61 2.28 1.59 0.86
CNC-On 234 0.17 0.13 78 1.90 1.44 0.65
oMC 812 0.55 0.31 57 1.57 0.84 0.33
OMC-g 417 0.34 0.27 82 1.96 1.18 0.27

a = BET equation applied to N, isotherms. b = mesopore fraction in terms of pore volume. ¢ = He
pycnometry. d = Non-compacted state.

3.2. Electrical conductivity of nanostructured carbon materials

It is known that the electrical conductivity measurement of a bulk powder results
in a lower value than that of its isolated particles; likewise, the apparent electrical
conductivity of a powder increases as it is compacted due to a greater contact between its
components: crystals, particles and grains [33, 49, 72]. The apparent electrical
conductivity of different carbonaceous powders was measured at different degrees of
compaction as can be seen in Fig. 2. In all cases, the apparent electrical conductivity
increases with the applied pressure as a result of an apparent density rise. As-synthetized
carbon nanomaterials showed different apparent electrical conductivities, increasing in
the order: OMC < CNC < CNF < Vulcan. Although Vulcan and CNF present apparent
electrical conductivities of the same order of magnitude, CNC exhibit values 10 times
lower, and up to 10%-10° times lower in the case of OMC (Fig. 2b). These differences may
be related to the different structure of carbon nanomaterials: the amorphous carbon OMC
evidenced the lowest electrical conductivity, while an improved conductivity was
obtained for samples with well-aligned graphitic layers, CNF and CNC. In spite of the
intermediate structure of Vulcan (it is formed by an aggregation of amorphous primary

15



particles, which consist of graphitic crystallites), it presented the highest apparent
electrical conductivity.

Regarding the oxidation treatments, most samples show a remarkable loss of
electrical apparent conductivity. This decrease is more evident depending on the severity
of the treatment: treatments with nitric acid at 120 °C (Os) reduce the apparent electrical
conductivity more than 50 %, as can be see for Vulcan and CNF, while mild treatments
at room temperature (Om) evidenced a lower decrease. In particular, a reduction of the
electrical conductivity around 5-20 % (depending on the applied pressure) is observed in
the case of CNF or even a slight increase for CNC. However, this increase is explained
by a modification in the apparent density of CNC, as will be explained later. Oxidation
hinders the electronic movement in the powder particles as a result of the disruption of
the graphene sp2-carbon network in graphite stack-based materials by oxygen-containing
functionalities. This has already been proven in bulk conductivity measurements of CNF
under different oxidation degrees [40]. Conversely, the graphitization treatment of OMC,
which initially present a very low conductivity, led to a surprising increase of the
electrical apparent, with values similar to Vulcan. In this case, the high temperature
treatment favours both the formation of sp?-carbon domains and the oxygen functional
groups removal improving the electrical conductivity.

However, differences of the apparent electrical conductivity might be attributed to
a different degree of compaction. At a given pressure, each carbon powder shows a
different apparent density which is related with its inherent porosity, as shown in Fig. 3.
In this context, the large difference in the surface area and pore volume of carbon
materials (see Table 3) result in a different packing density, influencing the macroscopic
conductivity of the carbon during powder compression. CNC and CNF exhibited initial

apparent densities higher than Vulcan and OMC (Fig. 3). The low apparent density (or
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high porosity) of the OMC might partially explain its low electrical conductivity. In either
case, both oxidation and graphitization result in a reduction in apparent density, except
for CNF, which showed no significant differences.

Based on the above, there seems to be a synergistic effect of the inherent
crystallinity degree and the compaction of each sample in the resulting electrical
conductivity. In Fig. 4 the electrical apparent conductivity is related with comparable
solid (Fig. 4a-b) and grain (Fig. 4c-d) volume fractions, @ and @y, respectively, which
correspond to the volume occupied by the solid and the grains (the porosity is included)
with respect to the volume occupied by the powder at a defined pressure. Despite the great
differences concerning the morphology, structure and textural properties of carbon
powders, the use of these volume fractions allows a direct comparison of their electrical
conductivity. The calculation of solid and grain volume fractions can be found in [33, 49].
According to the GEM approximation to describe the electrical conductivity of a powder
[33, 49], the intrinsic and the grain electrical conductivities of a compacted carbon

material, o and og, respectively, can be described by Eq. 3 and Eq. 4:

_ @-a,\!

o=0; (1_@) Eqg. 3
— (Dg—(DC’g !

o= () =04

Here, @; and @cg correspond the threshold volume fractions of solid and grains,
respectively. These parameters are related to the minimum value of @ or @q that forms a
connected path between the conducting solid or the grains, respectively. @ is also so-
called as percolation threshold or critical volume fraction [49]. t is an exponent that
depends on the critical volume fractions and the shape of the grains [49]. The models
described by Eq. 3 and Eq. 4 and the experimental data are represented in Fig. 4. In

addition, the calculated parameters obtained from the fitting of the experimental values
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are collected in Table 4. @¢ and @,q have been estimated by the extrapolation of the
curves of Fig. 4 to a conductivity of zero [33, 55]. As expected, calculated values of oi
are higher than the values of o4 due to the non-conductive contribution of the porosity of
the grains in the last case. ai represents the theoretic electrical conductivity of the carbon
materials when the entire volume is occupied by the solid. The calculation of the og in
this work responds to the need to provide theoretical values of conductivity (closer to
reality) of a powder system formed by the particle entanglement. Carbon materials show
intrinsic electrical conductivities from 1.5 to 3.3 times greater than grain conductivities,
being this effect less remarkable for carbons with a lower total pore volume as in the case
of CNF and CNC sample sets. Indeed, contacts between nanofibers or nanocoils represent
35-50 % of the total resistive contribution ((0i-0¢)/07) in a grain (see Fig. S5). In the same
way, this resistivity is higher in Vulcan (60 %) and OMC (47-69 %). Leaving aside the
effect of the material porosity or the interparticle contact effect, it can be seen that the
intrinsic conductivity of the carbon powders studied in this work varies from 855 to
9523 S m! (within the range of previously reported carbonaceous powders [33, 49, 57])
with the exception of the very low conductivity exhibited by the amorphous-nature OMC
(0.033 Sm™).

On the other hand, differences in electrical conductivity are more evident if we
compare the structure or oxygen content in samples. Thereby, oxygenation treatments or
graphitization in the case of OMC, had a remarkable influence on the intrinsic or grain
electrical conductivities, highlighting the conductivity increase exhibited by OMC after
graphitization (OMC-g), which corresponds with the higher intrinsic electrical
conductivity measured in this study (9523 S m™). In addition, graphite crystals (which
are presented in all the carbon structures with the exception of OMC, see Table 1) have a

clear influence on the electrical conductivity of carbon powders. After oxidation
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treatments higher crystal sizes (L.) and higher interlayer spacings (dps2) were obtained
due to the oxygenated group intercalation, which led to an electrical conductivity
decrease. In agreement with these results, Vulcan and OMC-g with a low size of the
graphite crystals (1.7 and 1.3 nm, respectively) exhibited the highest intrinsic electrical

conductivity.

Table 4. Intrinsic electrical conductivities and fitting parameters calculated from the

apparent electrical conductivity curves.

Sample D g ag (Sm) t D ci (Sm?)
Vulcan 0.20 2822 1.46 0.11 7324
Vulcan-Os 0.33 1318 1.23 0.19 3279
CNF 0.34 1967 0.96 0.22 3449
CNF-On 0.37 1645 0.92 0.24 2856
CNF-Os 0.39 966 0.95 0.25 1779
CNC 0.52 561 1.09 0.36 1132
CNC-On 0.43 559 0.94 0.33 855
omMC 0.38 0.033 1.36 0.20 0.109
OMC-g 0.21 5055 1.03 0.13 9523

Finally, the oxygen content showed also a clear role on the electrical conductivity
of carbon powders. Indeed, the electrical conductivity exhibited an exponential decrease
with both the bulk oxygen content (measured by TPD and EA) and the surface oxygen
(measured by XPS) for all the carbon powders studied in this work, regardless of their
different origin and graphitic structure (see Fig. S6). Briefly, oxygen fundamentally
disrupts the graphene sp? network that makes up each graphite stack in the form of both
basal functional groups as epoxides or phenols and edge functional groups such as
carboxylic acids or carbonyls [69, 73]. This alteration in the atomic scale alters the
passage of the electronic current in the first instance with the destruction of the cloud of
delocalized electrons that form the conductive = orbitals on the graphene plane. The
involvement of the latter in electrical conductivity of a specific carbon material has
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already been proven in some works [55], and it is clearly showed here considering the
n-t* transition component in the deconvoluted C1s region of the XPS spectra (Table S1).
Therefore, there is a direct relationship between the surface oxygen content and the
electrical conductivity of a carbon powder even for samples of such different nature as
those presented in this work. In fact, both intrinsic and grain electrical conductivities fall
exponentially as the oxygen content increases (as can be seen in Fig. 5).

This fact can be also verified considering the different types of carbon
nanomaterials, where the oxidation or graphitization treatments imply a modification in
the oxygen content and therefore in the electrical conductivity. Oxidation treatments led
to the creation of oxygen-containing functionalities on the carbon surface which led to a
decrease of the conductivity. Note that in the case of CNC, an electrical conductivity loss
is also obtained after the oxidation process (CNC-Om), however the oxygen content is
lower due to the removal of oxides of Co, Ni and Si [65]. In addition, it is important to
highlight the high electrical conductivities offered by Vulcan both before and after its
oxidation, which could be related to the low size of the graphite crystals (1.7 nm) and its
outstanding textural properties already commented. In contrast, the heat treatment at 1500
°C of OMC resulted in a clear removal of the oxygen content and the graphitization of the
carbon (with crystals of 1.3 nm), and thus a great increase of the electrical conductivity

(the highest of the materials studied in this work).

4. Conclusions

This work reports a study of the electrical conductivity of powders of
nanostructured carbons with different structural, morphological and textural properties: a
commercial carbon black (VMulcan XC-72R) and synthesized OMC, CNF and CNC.
Additionally, carbons were subjected to chemical oxidation treatments or graphitization

to study the effect of the oxygen content and the structural properties on the electrical
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conductivity.

The apparent electrical conductivity was calculated from the sample resistance
measurement under compaction using the four-probe technique. The apparent electrical
conductivity of a powder increases as it is compressed due to a greater contact between
its components: crystals, particles and grains. However, differences in the
physicochemical properties of carbons led to a different apparent density at a given
pressure, which hinders a direct comparison of apparent electrical conductivities. In order
to address this issue, the intrinsic and grain electrical conductivities of carbon powders
were determined according to the percolation theory and the GEM approximation.
Carbons presented an intrinsic electrical conductivity in the range from 855 to 9523 S m-
1 with the exception of the very low value exhibited by the amorphous-nature OMC (0.033
S m™). Oxidation treatments resulted in the generation of oxygen species at carbon
surfaces, which disrupt the graphene sp? network, decreasing the electrical conductivity.
In contrast, the high temperature treatment in inert atmosphere of OMC resulted in a
surprising increase of its electrical conductivity due to the oxygen removal and the carbon
graphitization. Interestingly, Vulcan and graphitized OMC presented the highest
conductivities (with intrinsic values of 7324 and 9523 S m™, respectively), which seems

to be related to the low size of their graphite crystals (1.7 nm and 1.3 nm, respectively).

Additionally, a correlation between the intrinsic and grain electrical conductivities
and the surface oxygen amount was stated among the different carbon materials. Despite
of the different nature of carbon powders, an exponential decrease of the electrical

conductivity with the oxygen amount was evidenced.

This study provides a useful and comparative overview of the effect of oxygen
amount and structural properties of the electrical conductivity of nanostructured carbon

powders, which could guide researchers in the field of nanocomposites to better
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understand the behaviour of these carbons as fillers.
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FIGURE CAPTIONS

Fig. 1. SEM (left) and TEM (right) images of selected carbon materials: Vulcan (a), CNF-
Om (b), CNC-Onm (c) and OMC (d).

Fig. 2. Variation of apparent electrical conductivity with applied pressure.

Fig. 3. Variation of apparent density with the applied pressure.

Fig. 4. Electrical conductivities (¢) of various carbonaceous powders as a function of
their: a-b) solid (®); and c-d) grain volume fractions (@,). The fitting curves are
calculated from Eq. 3 and Eq. 4.

Fig. 5 a) Intrinsic and b) grain electrical conductivities versus surface atomic oxygen

(measured by XPS).
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Figure 3
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Figure 4
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Figure 5
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