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Abstract: Morphology and porosity are crucial aspects for designing electrodes with facile transport
of electrons, ions and matter, which is a key parameter for electrochemical energy storage and
conversion. Carbon nanofibers (CNFs) prepared by electrospinning are attractive for their high
aspect ratio, inter-fiber macroporosity and their use as self-standing electrodes. The present
work compares several strategies to induce intra-fiber micro-mesoporosity in self-standing CNF
webs prepared by electrospinning polyacrylonitrile (PAN). Two main strategies were investigated,
namely i) a templating method based on the addition of a porogen (polymethyl methacrylate,
polyvinylpyrrolidone, Nafion® or ZnCl,) in the electrospinning solution of PAN, or ii) the activation
in ammonia of previously formed CNF webs. The key result of this study is that open intra-fiber
porosity could be achieved only when the strategies i) and ii) were combined. When each approach
was applied separately, only closed intra-fiber porosity or no intra-fiber porosity was observed.
In contrast, when both strategies were used in combination all CNF webs showed high mass-specific
areas in the range of 325 to 1083 m?-g~!. Selected webs were also characterized for their carbon
structure and electrical conductivity. The best compromise between high porosity and high electrical
conductivity was identified as the fibrous web electrospun from PAN and polyvinylpyrrolidone.

Keywords: carbon nanofiber; porous fiber; electrospinning; mesopore; micropore; porogen; ammonia
activation; surface area

1. Introduction

The performance of electrodes in electrochemical energy storage and conversion devices strongly
depends on two key factors: a) the density of active sites or active area where faradaic or capacitive
phenomena occur; and b) the mass- and charge-transport of species (gases, liquids, ions and electrons)
to and from the active sites across the porous electrode [1,2]. The design of porous and hollow
nanostructures is crucial to obtain high surface areas, nanoscale porous structures and a high density of
electrochemically accessible active sites. In particular, carbon is widely used as a support (e.g., for fuel
cells) or as an active material (e.g., in supercapacitors and in some batteries) due to its sufficiently high
electrical conductivity, low cost and reasonable stability in specific electrochemical potential windows.

Among carbon materials, carbon nanofibers (CNFs) are very promising for the fabrication of
electrochemical electrodes due to their high aspect ratio and the possibility to assemble CNFs in unique
three-dimensional web structures with very high macropore volume between the fibers. High porosity
within electrodes is critical to avoid a slow Knudsen diffusion regime in gas-diffusion electrodes
(as in fuel cells), or to avoid reactant/ion depletion (in supercapacitors, redox flow batteries, etc.).
A very efficient and upscalable approach to prepare a CNF network is via the electrospinning and
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carbonization of a polymer solution [3,4]. Furthermore, CNF webs obtained via electrospinning can
often be designed to possess sufficient mechanical stability and through-plane electric conductivity to
be used as free-standing electrodes, as shown in recent studies on batteries [5,6], supercapacitors [7-9],
fuel cells [10-12], vanadium redox-flow [13] and Li-O; batteries [14]. This technique may not only
simplify the electrode fabrication process, but also maximizes the macropore volume in the electrode
and avoids binders, otherwise necessary with dispersed CNFs or other carbon powder materials to
form the electrode. Such binders or additives often reduce the accessibility of active sites by ions
in the electrolyte, by electrons from the current collector and/or by reactants in the gas-phase or in
the electrolyte.

Electrospun CNFs are generally prepared by electrospinning a polymer precursor
(e.g., polyacrylonitrile (PAN), polyimide, polybenzimidazole or polyvinyl alcohol), followed by at least
one thermal treatment to convert the polymer fibrous network into conductive carbon [15]. The nature
and molecular weight of the polymer precursor, its concentration in the electrospun solution as well as
the thermal treatment conditions all can influence the morphological and physical properties of the
CNF web obtained. Typical CNF diameters obtained are in the range 100-500 nm, resulting in specific
surface area in the range of 440 m?-g~! if the CNF does not possess internal porosity. In order to
improve the specific surface area of CNF-based electrodes obtained by electrospinning, and therefore
their electrochemical properties, it is crucial to develop strategies that result in CNF webs with internal
porosity inside the fibers. The other possible approach, namely reducing the CNF diameter to <10 nm
(to result in an expected specific area of ca 200 m?-g~1), is limited both in terms of the possible increase
of specific area and also by the limitations of the mechanical stability of a CNF web with such an
ultralow fiber diameter.

Two main strategies have been investigated previously to prepare porous carbon fibers by
electrospinning, one in which a porogen is introduced in the electrospinning solution and which
results in biphasic polymer-porogen fibers, and another in which the plain CNFs are subjected after
their synthesis to a reactive chemical (gas or solid). In the former case (labelled “pre-synthesis”),
the carbonization of the biphasic polymer fibers leads to the selective removal of the porogen during
the temperature ramp-up, resulting in CNFs having either a closed or open porosity. In the second
case (labelled “post-synthesis”), the selective etching of less-organized carbon domains in the CNFs
by the reactive chemical may result in the formation of open pores from the outer surface of CNFs
and the inward. However if the carbon structure of the CNF is homogeneous the reactive etching may
simply result in a thinning of the CNEF, without the creation of internal porosity.

In the pre-synthetic approach, the electrospinning technique allows for the introduction of various
porogens in the polymer precursor solution, whereby the porogen acts as a hard or soft template during
the subsequent carbonization step. The most studied hard templates for preparing CNFs are preformed
nanoparticles or nanostructures (silica [8,16], nano-CaCOj3 [17]) that generate porosity upon their
removal with chemical and/or thermal treatments. The hard template approach allows control of the
size and morphology of the pores and minimizes undesired chemical reactions between the template
and the carbon structure [18]. Hard templates can also form during the carbonization treatment
itself, as is the case when introducing metal salts (e.g., Co(NOs3), 6H,O, Ni(CH3COO),, ZnCly) in the
electrospun polymer solution. The transition metal salts form metallic or metal oxide particles (e.g., Co,
Ni, ZnO), which then serve as porogen, and in some cases, as a catalyst for enhanced graphitization
of the CNF formed from the polymer precursor carbonization [19-23]. Other templates including
Prussian blue analogues [24] and metal organic frameworks [25-27] have been used in conjunction
with polymer precursors, conferring both porosity and heteroatom doping to CNFs obtained by
electrospinning and carbonization. Sacrificial polymers or organic molecules such as polymethyl
methacrylate (PMMA) [6,14,28-30], polyvinylpyrrolidone (PVP) [31,32], poly(ethylene oxide) [33],
Nafion® [34], polysulfone [35], polystyrene [36], poly-L-lactic acid [37] and beta-cyclodextrin [38] can
also be spun together with the main carbon precursor (any polymer forming conductive carbon with
high yield during pyrolysis), allowing the formation of porous CNFs upon their removal by solvent
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or thermal treatment. Different kinds of templates can further be combined to produce hierarchical
porosity, which is crucial for the transport of different species (ions, gases, liquids) in the electrodes of
various electrochemical devices. For instance, the combination of PVP with Mg salts [22,39] gave rise to
hierarchical meso- and microporosity inside CNFs prepared by electrospinning. For the post-synthetic
approach, various chemical activations have been investigated to create porosity in preformed CNFs.
Immersion of CNFs in concentrated KOH solutions followed by a treatment at high temperature is
a recognized approach [40,41]. Other more direct approaches consist of re-pyrolyzing the CNFs in a
reactive atmosphere, such as steam [42,43] or ammonia [44].

While a number of studies on CNFs prepared by resorting to either a pre-synthetic approach
involving a given porogen and given carbon precursor, or a post-synthetic approach, few studies have
compared the merits of using different porogens in otherwise identical preparation conditions for CNFs,
and even less studies have reported on the combination of i) porogen-PAN electrospun solution and ii) a
post-synthetic treatment to further increase intra-fiber porosity. In this paper, we therefore investigated
the formation of intra-fiber porosity in self-standing CNF webs that were derived from electrospun
PAN, resorting either to pre-synthetic and/or post-synthetic approaches to create porosity. PAN was
selected for its relatively high melting point, high carbon yield and facility to be electrospun [15].
For the pre-synthetic approach, various hard (ZnCl,) and soft templating agents (PMMA, PVP, Nafion®)
were co-electrospun with PAN. For the post-synthetic approach, NH3 pyrolysis was applied to CNF
webs derived from electrospun porogen-PAN solutions. The resulting CNF webs were characterized
for their properties relevant to electrochemical applications, including not only mass-specific surface
area and porosity, but also morphology, structure, composition and electrical conductivity.

2. Materials and Methods

To prepare reference CNFs, PAN (Mw = 150,000 g-mol_l, Sigma-Aldrich, Saint Louis, MO, USA)
was first dissolved in N,N-dimethylformamide (DMF, pure, Carlo Erba, Val de Reuil, France) for
12 h at 50 °C (10 wt % PAN concentration), after which the solution was cooled to room temperature.
The polymer fibers were then electrospun at 20 °C and collected on a drum rotating at 100 rpm
(Spraybase ®, Dublin, Ireland). The distance between the tip of the needle (22 gauge) and the collector
was 10 cm, and a voltage of 13 kV (Auto-Reversing High Voltage Power Supply Spellman CZE1000R,
West Sussex, United Kingdom) was applied to obtain a stable Taylor cone. The flow rate was kept as a
constant 1 mL-h~! (syringe pump KDS 100 Legacy Syringe Pump, KD Scientific, Holliston, MA, USA).

The obtained PAN-based fibers were submitted to stabilization and carbonization to give rise to
carbon materials [45,46]. In particular, the electrospun PAN fibers were treated in air at 150 °C for 2 h
with a heating rate of 2.5 °C-min~!, and then at 250 °C for 3 h with a heating rate of 2.5 °C-min~1.
The stabilized nanofibers were finally carbonized at 1000 °C (ramp rate 5 °C-min~!) for 2 h under
flowing argon atmosphere. After 2 h at 1000 °C, the heating was stopped and the sample cooled
down naturally to room temperature under flowing Ar. The obtained CNFs are labelled PAN;(-CNF,
the scalar 10 standing for the wt % PAN in DMF solution.

To prepare biphasic polymer fibers comprising PAN, the porogen was solubilized or dissolved
in a PAN/DMEF solution. The investigated porogens are PMMA (Sigma-Aldrich, Mw = 15,000 or
120,000 g-mol_l), PVP (Sigma-Aldrich, Mw ~1,300,000 gomol_l, Steinheim, Germany), Nafion® (NR50,
Sigma-Aldrich, Saint Louis, MO, USA) and zinc chloride (ZnCl, anhydrous, >98%, purchased from
Alfa Aesar, Kander, Germany). For PMMA and ZnCl,, the PAN and/or porogen concentrations in
DMF were varied, since the introduction of the porogen had an obvious influence on rheological
properties of the solution and morphology of the electrospun polymer fiber web. Table 1 details the
investigated compositions of the electrospun solutions. Such biphasic polymer fibers were stabilized in
air and carbonized in flowing Ar in the exact same conditions as described above for pure-PAN based
fibers. The final materials are labelled as Porogenx-PANy-CNF, with x standing for the wt % of porogen
in the electrospun solution, y the wt % of PAN in the electrospun solution, and CNF indicating the
pyrolysis was performed in Ar (see labels in Table 1).
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Table 1. Composition of the polyacrylonitrile (PAN)/Porogen electrospun solutions and labels of the
resulting carbon nanofibers (CNFs) and NH;z-activated CNF webs (ACNFs). The DMF amount in the
electrospun solutions was (100-porogen wt %-PAN wt %).

CNF Label CNF Label
Porogen (My,) Porogen wt % PAN wt % (after Carbonization in (after Carbonization in Ar
Ar) and NH;3 Activation)
None 0 10 PAN1(-CNF PAN1p-ACNF
PMMA (15,000) 2 8 15kPMMA,-PANg-CNF 15kPMMA,-PANg-ACNF
PMMA (120,000) 4 6 120kPMMA4-PAN4-CNF -
PMMA (15,000) 2 8 15kPMMA,-PANg-CNF -
PMMA (120,000) 4 6 120kPMMA4-PANg-CNF -
PVP 5 10 PVP5-PAN79-CNF PVP5-PAN;9-ACNF
Nafion® 2 8 Nafiony-PANg-CNF Nafion,-PANg-ACNF
ZnCl, 1 10 Zn1-PAN1o-CNF -
ZnCl, 3 10 Zn3-PAN1o-CNF -
ZnCl, 5 10 Zn5-PAN1o-CNF -
ZnCl, 7 10 Zny-PAN1o-CNF Zn7-PAN19-ACNF

Chemical activation of selected CNFs was performed by applying a flash pyrolysis in ammonia
at 900 °C. Unless otherwise indicated, the pyrolysis duration in ammonia was 15 min. The resulting
materials are identified by their label ending with ACNE, instead of CNF for non-activated material.

The morphology of the polymer fibers and/or CNFs was investigated by field emission-scanning
electron microscopy (FE-SEM) using a Hitachi 5-4800 microscope (Hitachi Europe SAS, Velizy,
France). Data analysis and fiber diameter distribution were performed using an image processing
software Image J 1.48 v (U. S. National Institutes of Health, Bethesda, MD, USA). CNFs were
analyzed by transmission electron microscopy (TEM) using a JEOL 2200FS (Source: FEG) microscope
operating at 200 kV equipped with a CCD camera Gatan USC (16 MP) (Tokyo, Japan). For TEM
cross-sectional analysis, a microtome was used on resin-encapsulated sample and slices were deposited
on carbon-coated copper grids (Agar Scientific, Stansted, Essex, United Kingdom).

Surface area and porosimetry of the samples were analyzed with N, physisorption with a Tristar
IT Micromeritics instrument (Norcross, GA, USA) at 77 K. Prior to analysis, all samples were outgassed
overnight at 120 °C under vacuum. The resulting isotherms being of type I according to the IUPAC
classification, BET plots were drawn below the relative pressure of 0.1 from the adsorption branches and
employed to evaluate the BET specific surface (Sger). The alpha-plot method was utilized to determine
the mesoporous (Vimeso) and microporous volumes (Vicro) as well as average pore diameter (dpore)-

C, H, N, O elemental analysis was performed with a Vario MICRO Element Analyzer
(Elementar Analysensysteme, Hanau, Germany).

Raman spectra were recorded on a LabRAM Aramis IR2 Horiba Jobin Yvon spectrometer
(Villeneuve d’Ascq, France) equipped with a He/Ne laser (A = 633 nm) and a long work distance
objective x50. The spectra were fitted with five bands using Origin software (OriginLab Corporation,
Northampton, UK).

The in-plane electrical conductivity of self-standing CNF webs was measured using a
2400 Keithley in a four-electrode configuration on a 5 mm x 40 mm X 0.05 mm carbon electrode strip
in a Fumatech MK3-L cell operated in the current range of 0-100 mA.

3. Results and Discussion

3.1. Characterization of Porogen-PAN Fibrous Webs After Carbonization in Ar

As a reference, the CNF web prepared only from PAN was characterized (labelled PAN;(-CNF).
The resulting CNF web was self-standing and flexible, as already reported by the authors [10].
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The morphology of PAN;9-CNF was investigated by SEM and TEM. The material was observed to be
randomly oriented cylindrical fibers (Figure 1a) with an average diameter of 200 nm (Figure 2a).
These fibers were smooth and dense, as demonstrated by the TEM cross-section in Figure 3a.
According to the latter image and to previous reports [47], the porosity and specific surface area
developed by such fibers is very low (ca 20 m?-g~!), mainly attributed to the outer surface area of
the fibers, with no internal porosity. The nearly flat N, adsorption isotherm demonstrates the lack of
porosity inside the fibers (Figure 4).

In order to create internal porosity within fibers, a range of porogens were added to the precursor
PAN solution prior to electrospinning, as described in the experimental methods. The investigated
polymer templates (PMMA, PVP, Nafion®) were selected for their relative stability and rigidity.
They are known to be stable up to 250 °C in air, the conditions used during the stabilization step.
When heated to much higher temperatures in inert gas, they decompose and form mainly volatile
products, thereby acting as porogens, while PAN decomposes as well but is converted to carbon in
high yield.

The results obtained with PMMA are discussed first. PMMA of two different molecular weights
(15,000 and 120,000 g-mol ') and in different ratios to PAN (1:4 and 2:3) was added in the electrospun
DMF-based solution. Those ratios were selected on the basis of a previous study on PMMA-PAN
composite fibers [36]. In all the cases, the addition of PMMA resulted in CNFs with slightly smaller
average diameter (compare Figure 1a,b) than for the reference PANo-CNF web (average diameter of
175 nm, see Figure 2b), but with otherwise practically identical features and properties (Figure S1).
Figure 1b depicts the sample 15kPMMA,-PANg-CNF as an example. The decrease in fiber diameter
is most probably due to the lower concentration of PAN in the electrospun solution relative to the
reference PAN1(-CNF (8% vs. 10%), and was also expected due to the change in precursor viscosity
already observed upon addition of this polymer [6]. The developed porosity is clearly visible on
the cross-sectional TEM micrograph (Figure 3b), where pores with an average diameter of 10 nm
appeared within the fibers. The modification of the preparation parameters (higher molecular weight
for PMMA, or different PMMA:PAN ratio) did not have significant effects on the obtained morphology
and porosity (images not shown). The question as to whether the formed porosity is open or closed is
discussed later.

The results obtained with PVP porogen are now discussed. A PVP:PAN ratio of 1:2 was employed
(sample labelled PVP5-PAN1o-CNF). In these conditions, carbon fibers with considerably greater
diameter compared to the reference PAN1y-CNF (average diameter of 750 nm) (Figures 1c and 2c)
were obtained. This can be attributed to a modification of the viscosity of the electrospun solution,
affected by the presence of PVP aggregates and consequent decrease in chain entanglement. The pores
generated inside the CNFs presented an average size around 3 nm (Figure 3c).
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Figure 1. FE-SEM micrographs of: (a) PAN1o-CNF; (b) 15kPMMA,-PANg-CNF; (c) PVP5-PAN;o-CNF;
(d) Nafiony-PANg-CNF; (e) Zni-PANjo-CNF; (f) Zn3-PAN;1o-CNF; (g) Zns-PAN;o-CNF;
(h) Zny-PAN1(-CNE. The scale bar corresponds to 6 pm.
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Figure 2. Histograms of the fiber diameter distribution for: (a) PAN19-CNF; (b) 15kPMMA,-PANg-CNF;
(C) PVP5-PAN10-CNF,’ (d) NaﬁOl’lZ-PANg-CNF,' (e) Zl’ll -PANlo-CNF; (f) an-PANlo-CNF;
(g) ZI‘I5-PAN1()-CNF; (h) Zn7-PAN10-CNF.

The third polymer template investigated was Nafion® perfluorosulfonic acid. It has been
previously demonstrated to be effective in creating nanoscale porous domains inside carbon
nanofibers [34]. In this work, its addition to PAN (sample labelled Nafiony,-PANg-CNF) resulted
in the formation of thin carbon fibers (average fiber diameter of 180 nm) (Figures 1d and 2d). The CNF
webs also had an obviously a higher density of fibers (compare Figure 1a,d), which is beneficial for
improved conductivity and mechanical stability. The fibers have a well-developed internal porosity,
as shown by TEM analysis of the cross-sections, Figure 3d. A homogeneous distribution of pores with
a size of 4 nm can be observed within the CNF structure.
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Figure 3. TEM micrographs of: (a) PAN1o-CNFs; (b) 15kPMMA,-PANg-CNF; (c) PVP5-PAN;(-CNF;
(d) Nafiony-PANg-CNF; (e) Zni-PAN1jo-CNF; (f) Zn3-PAN;1-CNF; (g) Zns-PAN;o-CNF;
(h) Zl’17-PAN10-CNF.

Finally, the inorganic template precursor ZnCl, was investigated. The presence of ZnCl, may
allow the formation of pores during the ensuing stabilization-carbonization steps in air and in
Ar with the following mechanism: during the stabilization step, hydrated chloride hydrolyzes
and forms an oxychloride, from which zinc oxide forms creating microporosity by etching carbon
atoms [23]. FE-SEM characterization of Figure le—h showed that increasing the ZnCl, concentration
in the electrospun solution from 1 wt % to 7 wt % (samples Zn;-PAN1yp-CNF, Zn3-PAN79-CNF,
Zn5-PAN19-CNE, Zn;-PAN1(p-CNF) the diameter of the carbon fibers increased tremendously from
300 to 700 nm (Figure 2e-h). It is known that solution conductivity affects fiber uniformity. The high
conductivity of the PAN/ZnCl, (52:1) solution was reported to lead to instability in the electrospinning
process with the formation of large fibers and bundles as a cotton-like 3D deposit [48]. However,
the reverse has also been observed: increasing the conductivity through the addition of salt may
produce finer, more uniform fibers, resulting in an increased elongational force exerted on the fiber
jet [49]. Indeed, other reports on the electrospinning of ZnCl, /PAN solutions showed that the average
diameters of the obtained CNFs gradually decrease from 350 to 200 nm with increasing zinc chloride
content from 1 wt % to 5 wt % [23].
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Another particular feature of CNFs derived from electrospun ZnCl, /PAN solutions is the
formation of progressively larger fiber bundles with increased Zn salt concentration (see Figure 1g,h
in particular). This phenomenon was already observed for PAN/polystyrene mixtures, where the
template not only acted as sacrificial decomposable phase, but also controlled the formation of these
architectures [13]. In the TEM micrographs of the cross-sections of Zn;-PAN1(-CNF, Zn3-PAN;(-CNF,
Zn5-PAN19-CNF, Zn;-PAN1o-CNF samples (Figure 3e-h), no pores are visible inside the fibers.

500 T T T T T T T T T T T
—— 7Zn -PAN, -ACNF

—— Nafion,-PAN,-ACNF

40071 o PMMA,-PAN,-ACNF 1
—o— PVP_-PAN, -ACNF

300 - —— PANm-CNF

200+

100

Amount adsorbed (mmol g'1)

0 e — T L T T T
0,0 0,2 0,4 0,6 0,8 1,0

Relative pressure (p/p,)

Figure 4. Selected N, adsorption-desorption isotherms of carbonized and NHj-activated CNF webs
(ACNEF). The carbonized web obtained from PAN-only is also shown as a reference (PAN7¢-CNF).

Except for the latter Zn-PAN-CNF samples, all other CNFs derived from polymer/PAN
solutions containing the sacrificial polymers presented pores visible by TEM in the mesoscopic range,
in agreement with previous works [6,14,29,30,34]. The nitrogen adsorption/desorption isotherms
of all the investigated CNFs showed however very low Sggr values (below 20 m?-g~!, see * in
column 2 of Table 2), almost unchanged compared to the reference PAN-CNFs (Table 2). This result,
apparently in contrast with the micrographs of Figure 3 showing pores of different size in the
prepared CNFs and in contrast with previous reports using the same templates and similar synthesis
conditions [6,14,28-30,34], demonstrates that the obtained porosity is closed, and not accessible from
outside the CNFs. This observation may be due to the partial collapse of the percolating porous
network formed during the thermal removal of the template or porogen [34]. As a result, free-standing
porous fiber webs are obtained, with closed porosity and low surface area. The latter is assigned
only to the outer surface area of plain and smooth CNFs with diameters in the range 150-700 nm,
depending on the porogen used. The appealing approach of using a soft or hard template added
during the preparation step of electrospinning seems therefore ineffective in creating open porosity.
The conditions necessary to reach an open porosity are shown later in this study:.

Graphitic character and the related electrical conductivity of the carbon based electrode materials
are relevant properties for electrochemical applications. To investigate them, Raman spectroscopy and
the four-electrode method were used to characterize the carbon nanofiber networks prepared in this
work. In particular, the modification of this properties upon the different steps of preparation was
studied. The Raman spectra of all CNFs prepared with different porogens (Figure S2) present two
intense and broad bands, the so-called D band at 1357 cm ™! ascribed to defects and disorder in the
graphitic structure and the so-called G band at 1560 cm~! corresponding to the in-plane vibration of
sp?-bonded carbon in graphite. The spectra were fitted with more contributions, namely the D4 band,
ascribed to sp3—carbon (1180 cm™1), the D3 band (1500 cm 1) associated with an amorphous sp2 carbon
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bonded in the graphitic phase and the D2 band (1580 cm~!) corresponding to graphitic lattices in the
structure (Figure S3) [50]. The relative intensities of the D and G bands (Ip/Ig) as well as the relative
areas (Ap/Ag) are often used to estimate the degree of graphitization of carbon materials [39,51].
Lower Ip /I ratios indicate higher levels of crystalline spz-carbon [52,53]. The Ip/Ig and Ap/Ag
values obtained after deconvolution of the spectra of all CNFs derived from the carbonization of
porogen/PAN solutions are summarized in Table 3. It is evident that the addition of polymer or
inorganic salt porogen did not significantly influence the graphitization of the carbon fibers. Similar
Ip/Ig ratios were obtained for reference PAN1o-CNFs and the other CNF webs. Their values between
1.8 and 2.7 demonstrate that the fibers are composed by disordered carbon (due to the relatively low
carbonization temperature of 1000 °C) with local graphite inclusions (turbostratic domains) already
evidenced for electrospun CNFs [24,39,47,54].

Table 2. Textural properties of carbonized (CNFs) and ammonia-activated (ACNFs) carbon nanofibers.

. CNFs ACNFs
Fiber Precursor
Sger, m2-g~! Sger, m?-g~! CgeT Vinesor €m®+g ™1 Viyiero, cm3-g ™1 dpore, nNm
PAN10 20 1’1/ a* - - -

15kPMMA,-PANg 35 450 3034 0.0599 0.1243 2.9
120kPMMA,-PANg n/a* 645 2410 0.0877 0.1669 1.9
15kPMMA 4-PANg n/a* 360 2927 - 0.1006 0.5
120kPMMA4-PANg n/a* 410 3324 0.0083 0.1177 0.8
PVP5-PANjo 3 325 2012 - 0.0941 1.8
Nafion,-PANg n/a* 535 1993 0.1166 0.1327 2.4
Zn1-PANyo n/a* 680 1986 0.0791 0.1814 1.6
Zn3-PANy n/a* 570 1707 0.0721 0.1614 25
Zns-PAN7g n/a* 865 1791 - 0.1982 1.5
Zn7-PAN7g n/a* 1083 3558 0.0980 0.3098 1.4

*SggT <3 m2_g—l

Table 3. Relative areas and intensities of D and G bands (Ip/Ig, Ap/Ag) in the Raman spectra after
carbonization in Ar (CNF) and after a subsequent activation in ammonia (ACNE).

Fiber Precursor CNFE ACNFE
Apsc Ipig Apsc Ipig
PAN7 3.01 1.83 2.95 1.86
15kPMMA,-PANg 4.73 2.45 3.06 1.88
120kPMMA,-PANg 4.59 2.02 5.00 2.39
15kPMMA 4-PANg 3.24 2.20 3.78 2.08
120kPMMA 4-PANy 3.14 1.86 3.76 2.02
PVP5-PAN7, 4.69 2.09 3.21 2.28
Nafion,-PANg 5.34 2.77 2.52 2.33
Zn1-PANy 4.40 243 4.65 2.49
Zn3-PANq 6.34 2.40 9.61 2.56
Zn5-PANy, 4.24 2.57 2.30 1.88
Zn7-PANy, 6.54 2.39 3.06 1.89

The electrical conductivities of the CNFs prepared by electrospinning, determined directly
on the self-standing CNF webs, are consistent with the partial graphitic character evidenced by
Raman spectroscopy. Except for the fibers prepared using zinc chloride as porogen precursor, which
show significantly lower conductivity, all CNF networks present similar conductivity values around
6-9 S-cm~! (Table 4), which is in agreement with previous results obtained on PAN based electrospun
materials [10,47,55].
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Table 4. In-plane electrical conductivity and elemental content of all CNF webs and selected ACNF webs.

CNF ACNF
Fiber Precursor Conductivity C N (o) Conductivity C N (0]
S-cm~1 wt% wt% Wt % S-cm~1 wt% wt% wt %
PAN1 6.6 66.8 5.6 17.5 3.8 78.4 7.0 7.8
15kPMMA,-PANg 8.8 75.8 5.5 11.1 1.9 77.8 5.8 6.7
PVP5-PANj 9.7 76.2 2.2 10.9 4.8 78.8 7.0 8.2
Nafion;-PANg 7.0 74.3 5.5 16.0 2.4 70.3 5.5 9.6
Zn;-PANyg 1.1 70.3 5.2 14.6 - - - -
Zn3-PANyg 0.8 71.5 4.6 17.1 - - - -
Zns5-PANqg 3.3 61.2 6.8 20.9 - - - -
Zn7-PANqg 0.8 68.1 2.5 19.2 0.3 71.3 6.1 11.3

The carbon fibers prepared from ZnCly-PANjg fibers demonstrated very low conductivity,
between 3.3 and 0.8 S-cm™~!. The graphitic structure being the same for all the samples as indicated
by the Raman study, this decrease in conductivity from the pristine CNFs may be ascribed to
the microstructure of the ZnCl,-PAN-CNFs in which, due to ZnCl, removal, electron paths are
likely disrupted. Furthermore, its particular morphology with fibers forming large bundles can
affect the inter-fiber/inter-bundle connection (decreased number of connection points) and thus
the electron transport.

3.2. Characterization of Porogen-PAN Fibrous Webs After Carbonization and NH3 Activation

The post-treatment with ammonia at high temperature is a conventional approach to creating
porosity in carbon-based materials by etching, which can also introduce nitrogen functionalities on
the surface [56]. The mechanism for the formation of both pores and nitrogen groups is based on the
reaction of ammonia with carbon. This gasification reaction continuously occurs during NH3 pyrolysis
and react with surface carbon atoms forming volatile compounds such as HCN [57,58]. When the
reaction between ammonia and carbon occurs at different rates on the surface (due to carbon structure
heterogeneity), increased porosity is obtained. When the ammonia pyrolysis is stopped, nitrogen atoms
that were reacting with carbon surface atoms at that moment remain on the surface, with different
environments including amino, cyanide, pyrrolic, pyridinic and quaternary nitrogen groups [59,60].

We first subjected the reference electrospun carbon nanofibers PANo-CNF web to treatment
under pure flowing ammonia at 900 °C [61]. The resulting activated nanofibers (ACNFs),
labelled PAN10-ACNFs, did not present significant modification of their average diameter (200 nm)
nor of their porosity, still not visible by TEM cross-sectional observations (Figure S4). As a consequence,
specific surface area determined from nitrogen adsorption/desorption isotherms remained low
(Table 2). Due to the low surface area obtained with the porogen/PAN template method after
carbonization in Ar, as described previously, and the low surface area obtained with ammonia
activation on pure PAN-derived CNFs, the combination of the two approaches was then investigated
as a last attempt to develop high specific area. All CNF webs that had been prepared by porogen/PAN
templating and carbonized in Ar (labelled CNF) were then further activated in flowing ammonia gas
in the same conditions as for PAN7o-ACNF.

N, adsorption-desorption measurements were performed to characterize their porosity and
specific surface area (Table 2 and Figure 4). Figure 4 clearly shows that ACNF webs adsorbed a
significant amount of Ny, the three polymer porogens resulting in intermediate adsorbed volumes
and the ZnCl, porogen resulting in the highest adsorbed volumes. The isotherms of the different
ACNF webs are of type I and/or type II according to IUPAC classification, which indicates that
fibers presented an overall microporous structure, as well as mesopores. With Nafion® as a porogen,
significant hysteresis of type H4 is observed during desorption, closing at P/Pg = 0.45. This is assigned
to mesopores with a bottleneck shape, which may be related to the existence of Nafion® polymer
aggregates in the electrospinning solution [62,63], while other polymers were fully dissolved. In the
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case of microporous structures, the BET energetic constant (Cpgr, related to the energy of adsorption
of the first layer of N; adsorbate on the carbon surface) is expected to be higher than the usual value
expected for mesoporous carbon structure as seen in Table 2 [64]. The values of the specific surface
area, meso and micropore volume as well as average pore diameter of all ACNF webs are summarized
in Table 2. The specific surface area of all ACNF webs ranged from 325 to 1083 m?-g~!, the maximum
value corresponding to ZnCl;-PAN;(-ACNE, while the average pore size was comprised between
0.5 and 2.9 nm.

The carbon fibers derived from PMMA-PAN solutions presented surface areas between
360 and 645 m?-g~!. The specific area increased by increasing the molecular weight of the sacrificial
polymer from 15,000 to 120,000 g-mol ! and by decreasing the PMMA:PAN ratio from 2:3 to 1:4.
The carbon fibers derived from the PVP-PAN solution with a PVP:PAN ratio of 1:2 presented a surface
area of 325 m?-g~!. This is comparable to the BET value obtained with PMMA in high ratio to
PAN (2:3), and may also be increased if the PVP:PAN ratio had been further optimized (lowered).
The carbon fibers derived from Nafion®-PAN solution with Nafion®:PAN ratio of 1:4 presented a
surface area of 535 mz-g’l, also comparable to the Sgpt value obtained with PMMA:PAN ratio of 1:4
(450 m2-g~! and 645 m?-g~!, depending on PMMA molecular weight). The carbon fibers obtained
from ZnCl,-PAN solutions showed a Sgpt value of 680 m?- g_1 already at a low ZnCl,:PAN ratio of
1:10, further increasing with increasing amounts of ZnCl,: PAN ratio from 3:10 to 7:10. Due to the high
value of 1083 m?-g~! measured for the carbon fibers obtained using a ZnCly:PAN ratio of 7:10 and for
the regular ammonia activation duration of 15 min at 900 °C, the effect of the duration of activation was
performed for this sample, at the same temperature of 900 °C. It is noted that the ammonia pyrolysis
was performed in flash mode [65], (sample heated from room temperature to 900 °C in the range
of 1-1.5 min), which allows very precise control of the pyrolysis duration down to 5 min. To stop
the pyrolysis, the quartz tube was immediately removed from the split hinge oven. The results are
depicted in Figure 5. The specific area was already high after only 5 min of ammonia activation, with
slightly increased values for increased durations up to 20 min. The optimal duration was considered
to be 15 min, corresponding to the maximum compromise between high developed area and high
mechanical resistance. A longer treatment of 20 min led to an increased fragility of the carbon web,
limiting its utilization as a self-standing electrode.
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Figure 5. Effect of the duration of ammonia activation at 900 °C on the mass-specific surface area (Spgr)
of Zn7-PAN10-CNF.

Raman spectra recorded on activated fibrous webs were very similar to those obtained with
carbonized samples (Figure S5). The calculated I /I ratios (Table 3) were practically unchanged upon
activation in ammonia, demonstrating that the degree of graphitization was not significantly impacted
by the etching treatment.
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As already mentioned, ammonia activation usually leads to (additional) nitrogen doping of
the carbon [56,59]. In order to evaluate the introduction of nitrogen sites in the prepared ACNF
webs, elemental analysis was performed before and after the NHj3 treatment, for selected CNF webs
(Table 4). The nitrogen amount in the CNF derived from PAN only was around 5.6 wt % after
carbonization (PAN1o row in Table 4, CNF column), in agreement with previous reports and with the
carbonization temperature of 900 °C. It is known that higher pyrolysis temperatures result in lower
nitrogen content [15]. For the reference PAN79-CNF, the nitrogen amount slightly increased to 7.0%
after ammonia activation, while a decrease in O wt % was observed. The latter effect is explained
by selective etching of surface O-containing groups by ammonia. For PVP5-PANg and Zn;-PANjy,
an approximately three-fold increase in nitrogen amount was observed from CNF to ACNF webs,
accompanied by a reduction in O wt % [59]. All ACNF webs however had comparable N wt %
amounts, in the range of 6.1 to 7.0 wt %.

Nitrogen doping, in particular with ammonia (highly basic nitrogen groups), is interesting
for some electrochemical applications such as supercapacitors or oxygen-reducing sites (in alkaline
electrolytes in particular). The etching of some carbon masses during ammonia activation results in
carbon fibers with increased internal porosity and also possibly weakened inter-fiber connections,
which may impact the mechanical stability of self-standing fiber webs and also their electrical
conductivity. The electrical conductivity of selected carbon fiber webs (one selected for each type
of porogen) was halved after the ammonia activation (Table 4). For example, it dropped from
6.6 to 3.8 S:cm™! for the reference web derived from PAN only, and from 9.7 to 4.8 S-cm™! for
PVP5-PAN1o-CNF and PVP5-PAN1(-ACNEF, respectively. Interestingly, the fact that the conductivity
decreased significantly even for PAN1o-ACNF while such fibers have no open porosity, indicates that
the decreased in-plane conductivity cannot be assigned to the formation of open pores in the fibers.
The decreased conductivity of carbon fiber webs after ammonia activation may be due to the nitrogen
doping itself (decreasing the intrinsic conductivity of carbon) or weakened electrical contact at the
nodes of the fibrous web (possibly due to etching of carbon at the nodes). As already mentioned
earlier for the series of Zn;-PAN1(-CNF fibers subjected to various duration of activation in ammonia,
activation longer than 20 min still resulted in a self-standing web but with greatly increased fragility,
which is directly related to the quality of the nodes of the webs.

All these results lead to the conclusion that the open porosity in the PAN-derived CNFs resulted
from a two-step approach involving the combination of a template route with a chemical activation
step. The porogens incorporated in the electrospun PAN solution led first to carbon fibers with closed
pores after the carbonization in Ar. The closed pores could be opened and interconnected within the
fiber upon a post-treatment in ammonia atmosphere at high temperature. Other examples of etching in
combination with the use of porogens have been reported (e.g., water etching-assisted templating) [31].

The purpose of this work was the rationalization of an effective strategy to obtain CNF webs
with both high porosity between fibers and high specific area by introducing porosity inside the fibers
for application in electrochemical energy conversion and storage devices. Having this objective in
mind, it is also important to maintain the electrical conductivity of the self-standing CNF webs to
sufficiently high values. Typically, to be not be limited by the conduction of electrons across an electrode,
the electric conductivity must be about 100 times higher than the electrolyte conductivity. The results
indicate that the approach combining the introduction of templates and chemical activation led to
open micro- and mesoporosity inside the fibers, while the electric conductivity was approximately
halved during the ammonia activation step. This decrease in conductivity may be due to the removal
of a fraction of the carbon from the bulk of the CNFs during ammonia activation and/or the
fragilization of the interfibrous connection. In addition, when the electrical conductivity of self-standing
CNF ammonia-activated webs is plotted against their BET area, a negative linear correlation is
observed (Figure 6). The identification of such a correlation is useful to select the best compromise
between conductivity and BET area, which will depend on the exact electrochemical application
and range of typical current densities produced by an electrode (in the order of increasing current
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density: batteries < fuel cells < supercapacitors). With current densities <10 mA-cm~2, the reported
conductivities [66] are not a limiting factor in batteries, and thus any of the ACNF webs could be
selected. With current densities in the range of 1-2 A-cm~2, fuel cells are more demanding in terms of
electron conductivity in the electrodes. By comparison, the effective proton conductivity in typical
active layer of PEMFC is only in the range of 1-2 S-m~!. Therefore, if the electronic conductivity
through the active layeris >20 S'm~! (0.2S-cm 1), it should not be a factor limiting the porous electrode
performance [67-70]. All present ACNF webs could therefore be applicable for self-standing electrodes
in, e.g., PEMFCs. Lastly, in electrochemical supercapacitors the instantaneous current density can
reach extremely high values on the order of 10 A-cm~2 due to the non-faradaic process resulting in
higher electric conductivity requirements. Moreover, the high electric conductivity requirement is
accompanied by the high BET area requirement [71], which are shown in Figure 6 to be antagonistic.
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Figure 6. Electrical conductivity versus specific surface area of the ACNF fiber webs. e—PAN;(-ACNEF;
O—PVP5-PAN;(-ACNF; <—Nafion,-PANg-ACNF; *—15kPMMA,-PANg-ACNF; [—Zn;-PAN;(-ACNF.

4. Conclusions

e  The templating approach of PAN fibers with polymer or inorganic porogens (PMMA, N afion®,
PVP, ZnCly) resulted in CNFs with closed porosity after carbonization in Ar.

e  Subsequent activation in ammonia at 900 °C opened this porosity, resulting in specific surface
area in the range of 325-1083 m?-g~ 1.

e Ammonia activation systematically decreased the electric conductivity of the ACNF webs by a
factor of approximately two to three.

e A negative linear correlation between electric conductivity of ammonia-activated ACNF webs
and their BET area is revealed.

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-9637/2/1/13/s1,
Figure S1. TEM micrographs of PAN CNFs prepared from PAN and PMMA after carbonization and activation;
Figure S2. Raman spectra of template based CNFs after carbonization; Figure S3. Example of deconvolution of a
Raman spectrum of CNFs (PAN1o-CNF) by using Gaussian and Lorentzian curves (Voigt); Figure S4. FE-SEM
(left side) and cross-section TEM (right side) micrographs of PANo-ACNF fibers; Figure S5. Raman spectra of
CNFs after activation.
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