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Electrospun carbon nanofibers (CNFs), with one-dimensional (1D) morphology, tunable size, mechanical
flexibility, and functionalities by themselves and those that can be added onto them, have witnessed the
intensive development and extensive applications in energy storage and conversion, such as super-
capacitors, batteries, and fuel cells. However, conventional solid CNFs often suffer from a rather poor
electrical conductivity and low specific surface area, compared with the graphene and carbon nanotube
counterparts. A well-engineered porous structure in CNFs increases their surface areas and reactivity, but
there is a delicate balance between the level and type of pores and mechanical robustness. In addition,
CNFs by themselves often show unsatisfactory electrochemical performance in energy storage and con-
version, where, to endow them with high and durable activity, one effective approach is to dope CNFs
with certain heteroatoms. Up to now, various activation strategies have been proposed and some of them
have demonstrated great success in addressing these key issues. In this review, we focus on the recent
advances in the issue-oriented schemes for activating the electrospun CNFs in terms of enhancing the
conductivity, modulating pore configuration, doping with heteroatoms, and reinforcing mechanical
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strength, in close reference to their applications in supercapacitors. The basic scientific principles involved
in these activation processes and their effectiveness in boosting the electrochemical performance of
CNFs are examined. Finally, some of the on-going challenges and future perspectives in engineering

rsc.li/nanoscale CNFs for better performance are highlighted.

nature, which are characterized by tunable architectures, a
large length to diameter ratio (LDR), efficient electron/charge
transfer along the longitudinal direction, robust mechanical

1. Introduction

Carbon materials, as a class of the most versatile materials on

Earth with a huge family, including activated carbon (AC), gra-
phene, carbon nanotubes (CNTs), carbon nanofibers (CNFs),
mesoporous carbon, etc., have been involved in various energy
applications, such as supercapacitors, metal-ion/air batteries,
fuel cells, and CO, reduction reaction, owing to their diverse
micro-/nano-structures (e.g., particle, sphere, fiber, tube, sheet,
and porous configuration), relatively good electronic/electrical
conductivity, rich surface chemistry, excellent chemical/
thermal/mechanical stability, abundant resources, low cost,
and excellent environmental compatibility." Among these
carbonaceous materials, CNFs with a one-dimensional (1D)
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flexibility, and easy assembly into wearable devices, have
attracted extensive attention over the past decade.” At present,
there are a variety of strategies to prepare CNFs, e.g., electro-
spinning, chemical vapor deposition (CVD), self-assembly,
template-directed synthesis, and hydrothermal conversion,*”
where electrospinning is considered as the most facile and
highly controllable approach to fabricate CNFs with designed
architectures and freestanding functionality.®*'° Specifically,
CNFs are often produced by the thermal treatment of electro-
spun polymer nanofibers (Fig. 1A), including those made of
polyacrylonitrile (PAN), polyvinylpyrrolidone (PVP), cellulose
acetate (CA), polyvinyl alcohol (PVA), polymethyl methacrylate
(PMMA), polyimide (PI), phenolic resin, pitch, lignin, etc.***™**
Among them, PAN has been most widely employed as the
carbon precursor for generating CNFs, owing to its high
carbon yield and predictable mechanical strength of the result-
ing products."® For the conversion of PAN nanofibers to CNFs,
it is essential to undergo a stabilization/pre-oxidation process
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Fig. 1 (A) Schematic illustration of the preparation route of electrospun CNFs. Typical chemical reactions in the (B) stabilization and (C) carboniz-

ation processes of the PAN precursor.>*”

in air, before the high-temperature carbonization is conducted
under an inert atmosphere, in order to form non-plastic cyclic
or ladder structures with increased thermal stability (Fig. 1B
and C).*''®'7 pyP is a common alternative, which can be
readily dissolved in nontoxic solvents, such as water and
ethanol, rendering it a useful carbon precursor.'®>° Some
other polymers used for the preparation of CNFs can be found
in Table 1."""?
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Carbon materials are among the most employed materials
in various energy storage and conversion devices, where they
offer the inevitably-required electrical, chemical/electro-
chemical and mechanical functions, acting as either active
materials by themselves or substrate supports for other active
materials or both. Taking supercapacitors as an example, they
mainly involve two types of working mechanisms, that is, elec-
trical double-layer capacitance (EDLC) and faradaic pseudoca-
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Table 1 Typical polymers as the precursors for fabricating electrospun CNFs

Polymers Solvents for electrospinning Cost Mechanical strength of CNFs Carbon yield Advantages or disadvantages
PAN DMF High High High High spinnability

PVP Water, ethanol Low Low Low Nontoxicity

CA DMAc/acetone, DMF Low Low Low Ease of production

PVA Water Low Low Low Environmental friendliness
PMMA DMF High Low Low Good porogen

PI — High High High Complicated preparation
Pitch THF/DMF High High High Low spinnability

Lignin DMF, water Low Low Low Renewable source

DMF: dimethylformamide, DMAc: dimethylacetamide, THF: tetrahydrofuran.

pacitance.*" Carbon-based supercapacitors are manipulated
mostly in the form of EDLC, in which case energy is stored by
the rapid electrostatic charge accumulation at the electrode/
electrolyte interface, thus resulting in a superior power density
and cycling stability, compared with those of metal oxide/
hydroxide- and conducting polymer-based pseudocapacitors
that incorporate underpotential deposition, redox reaction and
intercalation pseudocapacitance without phase transitions at

the surface/subsurface and even inside the electrode.**?
According to the following formula of EDLC:
Ae
Co =25 1
ST and’ (1)

where A is the active specific surface area (SSA) of the elec-
trode, ¢ represents the dielectric constant of the electrolyte,
and d is the effective thickness of the electrical double layer; it
is clear that the specific capacitance (Cs) of carbon-based

materials is linearly proportional to the ion accessible
23,24

area. Under normal conditions, a large SSA usually
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enables an extended electrode/electrolyte contact region,
which shortens the charge/discharge time.>® In addition, the
hierarchical porous structures serving as channels for fast
ion diffusion and favorable conductivity offering fleet
electron transfer are another two profitable items that can
guarantee the high rate capability and power density for
supercapacitors.>®

However, the traditional electrospun CNFs derived from
PAN precursors, in many cases, suffer from a much lower elec-
trical conductivity, in comparison with graphene and CNTs,*”
owing to the incomplete/poor graphitization of PAN even at an
extremely high carbonization temperature.”® Besides, the
resulting SSA of these electrospun CNFs with a solid interior
can be in the range of 10-30 m2 g™ ', almost 1-2 orders of mag-
nitude lower than those of graphene and CNTs,>® which
largely limit their charge storage ability, especially at the elec-
trode/electrolyte interface. The design of a well-developed
porous structure in CNFs would improve their surface areas,
but there is a delicate trade-off between the level and type of
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pores and mechanical robustness, as well as the electrical con-
ductivity. In general, CNFs by themselves often show unsatis-
factory electrochemical performance, due to their low theore-
tical capacitance. Therefore, it is required to rationally improve
the degree of graphitization, enlarge the surface area, and
control the porosity of the electrospun CNFs, where the desir-
able mechanical flexibility is also maintained. Carbon-based
materials by themselves are largely electrochemically inactive,
where for example, un-doped carbon can offer little pseudoca-
pacitance, due to the chemically inert nature. Therefore, to
further activate the favorable pseudocapacitance, doping CNFs
with various heteroatoms has been widely explored over the
past few years, giving rise to an increase in the overall specific
capacitance and energy density.

For almost all of their energy applications, mechanical
robustness is a key parameter for carbon-based materials. This
is especially so, as the new generation energy storage and con-
version have been steadily moving into those flexible devices
in recent years, where mechanical flexibility is required, in
addition to mechanical robustness. As mentioned above, to
tune the electrochemical performance of CNFs, one approach
is to design a well-developed porous structure, such that their
surface area will be improved. However, there is a delicate
balance between the level and types of pores and mechanical
properties, as well as with the electrical conductivity. On the
other hand, to rationally enhance the degree of graphitization
in electrospun CNFs, both the electrical conductivity and
mechanical flexibility can be improved. Therefore, there can
be a rather complicated interplay and/or trade-off among the
different key performance parameters of CNFs, when one or
more of the structural/compositional features are varied.

Together with the numerous attempts that have been made
to elevate the electrochemical performance of carbon-based
materials in energy storage and conversion, there are several
excellent reviews committed to this interesting and rapidly
evolving topic. They primarily focus on graphene, CNTs, meso-
porous carbon, and their nanocomposites, for energy-related
applications, such as supercapacitors, Li-ion batteries, fuel
cells, and hydrogen storage.’*® Although some of the
common issues facing these carbon-based materials have been
discussed in these reviews, those specific issues for electro-
spun CNFs have not been treated properly and exclusively.
Indeed, there has been a growing number of studies that are
dedicated to the manipulation of electrospun CNFs for high-
performance energy storage over the past couple of years,
notably for supercapacitors. In this review, we will look into
the recent progress made in addressing these key issues faced
by electrospun CNFs for their energy applications, where we
use supercapacitors as an example, including improving the
conductivity, tuning the pore structures, doping with hetero-
atoms, and reinforcing the mechanical robustness. The basic
scientific principles in these activation processes and their
effectiveness in boosting the electrochemical performance of
CNFs are examined. Finally, some of the challenges and future
directions in engineering CNFs for better performance are
highlighted.
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2. Electrical conductivity

A high enough conductivity for CNFs is of great importance
for applications in energy storage devices, such as super-
capacitors and batteries. Common CNFs are conductive;
however, they are not conductive enough for high performing
energy devices. The conductivity of CNFs is strongly related to
the degree of graphitization, which can be qualitatively esti-
mated by the ratio of G and D band intensity (Ig/Ip) in the
Raman spectra, where it is positively correlated to the in-plane
crystal domain size (L,). It is well known that the production of
CNFs from the electrospun PAN precursors involves two main
steps, one is the stabilization of PAN nanofibers in air at
200-300 °C, and the other is the high-temperature carboniz-
ation and graphitization under N, or Ar flow at
800-3000 °C.**° Simply elevating the stabilization and car-
bonization temperatures in the heat-treatment process can, to
some extent, improve the degree of graphitization and crystalli-
nity for the electrospun CNFs.”®?>3® For instance, a higher
stabilization temperature above ~260 °C was found to be in
favor of the complete cyclization, dehydrogenation, aromatiza-
tion, and oxidation reactions of PAN to form a thermally stable
conjugated ladder structure along the polymer chain axis with
the ability to tolerate the following carbonization
conditions.**?” Similarly, Gupta et al. have demonstrated that
both the calculated L, and Ig/I, values of the PAN-derived
CNFs monotonically increase as the carbonization temperature
varies from 1000 to 1800, and then to 2200 °C, leading to a
rise in electrical conductivity from 5.32 to 51.01 and finally to
75.91 S em™.%°

Unfortunately, as mentioned earlier, the conductivity of the
common CNFs is rather low, only reaching a level of tens of
siemens per centimeter, even when carbonized at 2800 °C with
huge energy consumption.”® A high carbonization temperature
also causes the reduction of nitrogen doping concentration in
CNFs.*® Tan et al investigated the dependence of electro-
chemical performance on the processing temperature for
CNFs in detail.>® An optimal specific capacitance of 155 F g™*
was observed at the carbonization temperature of 700 °C, with
a pre-oxidation temperature of 280 °C. A balance between the
nitrogen doping level and electrical conductivity can be rea-
lized by regulating the carbonization temperature, which is the
key to achieve a high specific capacitance.

Alternatively, incorporating certain metals, nonmetals and
their compounds (catalysts) or other carbon materials into the
electrospinning solution has been identified as an effective
strategy to improve the conductivity of final CNFs, which can
be achieved under mild thermal conditions. In this connec-
tion, we will look into two types of additives that strongly influ-
ence the structure and conductivity of CNFs, and therefore the
resulting capacitive properties, when they are employed in
supercapacitors.

2.1 Catalytic graphitization

The catalytic graphitization of CNFs by adding various metals
has been practiced, nevertheless it is a rather complex process,

This journal is © The Royal Society of Chemistry 2020
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as it involves both physical and chemical changes. There are
two major understandings:*° (i) transition metals, such as Fe,
Co, Ni, etc. can dissolve a degree of amorphous carbon to gene-
rate solid solutions, and the catalytic graphitization reactions
tend to take place according to the dissolution-precipitation
mechanism; (ii) high-valence metals, such as Ti, V, Mo, etc.
can be covalently bonded with carbon to result in the for-
mation of carbides, which will then decompose into metal
vapors and graphitic carbons at high temperatures; ie., the
catalytic graphitization occurs based on the carbide conversion
mechanism. The catalysts used to accelerate the graphitization
of CNFs can be in the form of elementary substances, alloys
and compounds.*’** For example, Kim and co-workers added
iron(m) acetylacetonate (IAA) and cobalt(n) acetate tetrahydrate
into polymer solutions, respectively, for the electrospinning
synthesis of CNF-based materials.*"*> The catalytic effects of
the metallic Fe and Co expedited the graphitization of the
local CNFs at a relatively low temperature of 650 °C, as a conse-
quence, giving rise to a satisfactory electrical conductivity.
Bimetallic MCo (M = Cu, Fe, Ni, and Mn) alloy nanoparticles
have also been doped into the electrospun CNFs, which

View Article Online

Review

exhibit a higher degree of graphitization than the pristine
CNFs, as evidenced by the larger Ig/Ip values.** Similarly, the
introduction of compounds like o-Fe,O; into CNFs helps
create more ordered graphitic crystallites of carbon (sp>
hybridized).*?

With the numerous research studies that have been made
in the catalytic graphitization of CNFs to enhance their con-
ductivity, one of the applications is in all-carbon super-
capacitors. Highly flexible porous carbon nanofiber (PCNF)
films could be fabricated by electrospinning in combination
with a metal etching process (Fig. 2A-E), which not only
showed a large SSA, but also an improved conductivity, due to
the high degree of graphitization caused by metal Co catalysis
in thermal treatments.”® When employed as supercapacitor
electrodes, the freestanding PCNFs gave rise to a specific
capacitance of 104.5 F g”* (0.2 A g¢”') and a rate capability of
56.5% (10 A g™'), both comparing favorably with the conven-
tional CNF electrodes. Furthermore, the assembled symmetric
supercapacitors delivered excellent flexibility and an energy
density of 3.22 W h kg™ at a power density of 600 W kg™*
(Fig. 2F-M). Similarly, Zhang et al. prepared the hierarchical

- P-CNFs | » CNFs .
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Fig. 2 (A) Schematic illustration of the fabrication of PCNFs with a high degree of graphitization by metal Co catalysis during thermal treatments. (B
and C) SEM and (D and E) TEM images of (B and D) Co—C composite fibers and (C and E) PCNFs. Inset in (E): The interplanar spacing of PCNFs.
Electrochemical performance of PCNFs measured in (F—I) three-electrode and (J—M) two-electrode systems: (F) CV curves at various scan rates, (G
and J) GCD profiles at different current densities, (H) specific capacitance as a function of current density, (I) Nyquist plots, (K) capacitance retention
of the symmetric device for bending cycles, (L) cycling performance, and (M) Ragone plots. Reproduced with permission from ref. 29. Copyright

2015, American Chemical Society.
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PCNFs (HPCNFs) via electrospinning, calcination, and the sub-
sequent acid corrosion utilizing CaCO; nanoparticles as both
the catalysts and templates."* The degree of graphitization,
electrical conductivity, and SSA of HPCNFs were all increased,
especially with a uniform dispersion of nano-CaCO;. As a
binder-free electrode for supercapacitors, the HPCNFs dis-
played a high specific capacitance of 251 F g¢~* (0.5 A g”"), an
outstanding rate performance of 63.7% (20 A g~ '), and a good
cycling stability with the capacitance retention of over 88%
after 5000 cycles.

In addition to the above metal-based species, some nonme-
tals have also been demonstrated to be graphitization catalysts
for CNFs. For example, boron is one of the canonical candi-
dates, which can substitute a fraction of carbon atoms in the
carbon networks and form a B,Oj; layer at high doping concen-
trations, thereby accelerating the graphitization of carbon-
aceous materials.*®*” Indeed, boron-doped CNFs have been
widely explored as supercapacitor electrodes in recent years,
whereas, considerable attention is paid to the porous structure
and extra pseudocapacitance of CNFs contributed by boron
doping. More discussions on heteroatom doping will be pre-
sented in section 4. Similar to other carbon-based materials,
the catalytic graphitization can give rise to strengthening in
mechanical properties, with an increased fraction of graphitic
carbon and minimized structural defects in electrospun CNFs.

2.2 Integration with other carbon forms

The introduction of graphene, CNTs, and other types of
carbon materials into the electrospun CNFs not only promotes
the electrical conductivity, but also affects the overall architec-
ture, hence boosting the electrochemical properties. Typical
examples including graphene-beaded CNFs,*** CNT-
reinforced porous CNFs,>>>’  graphene/CNT-embedded
CNFs,*® carbon black-doped porous CNFs,*® and activated
carbon nanowhisker-wrapped graphitized CNFs have been
reported,®® which show better capacitive performance than
that of CNFs alone as described in Table S1.}

However, only a slight increase in conductivity has been
achieved by the incorporation of a conductive component into
the CNF precursors. For instance, the electrospun CNF hybrids
containing 0.8 wt% of multiwalled CNTs exhibited a minor
improvement in conductivity from 0.86 to 5.32 S cm™', com-
pared with that of the pristine CNFs.°® Besides, a higher
content of additives usually leads to a poor electrospinnability
of the precursor solution.”” Post-chemical modification of elec-
trospun CNFs with graphene or CNTs may be a promising way
to construct certain nanostructures with enhanced electro-
chemical performance and/or novel functionalities, e.g,
pseudocapacitive behavior.®>®” Graphene-linked CNF compo-
site aerogels were fabricated via the surface-induced co-assem-
bly of pre-oxidized electrospun PAN and graphene oxide (GO),
and the subsequent carbonization, which led to an improve-
ment in electrochemical properties, as a result of the intercon-
nected macropores and conductive networks.®® Vertically
aligned CNTs were directly grown on the electrospun CNF
backbones,®® where these hierarchical three-dimensional (3D)
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nanostructures possessed high conductivity and large SSA,
thus boosting the charge transfer and ion diffusion.

3. Porous structures

For applications in EDLC-based supercapacitors, which
depend on ion diffusion and adsorption for operation, CNFs
preferably possess multi-scale pores, i.e., the combination of
micropores (<2 nm), mesopores (2-50 nm), and macropores
(>50 nm). Therefore, rationally electrospun CNFs shall be
made with a hierarchical porous structure, providing an
enlarged SSA for charge adsorption and abundant reservoirs
accessible for electrolyte ions.®®®? In this section, we will
examine some of the most representative approaches to create
different types of pores and their incorporation into electro-
spun CNFs for enhanced charge storage performance.

3.1 Template approaches

The template method is one of the most popular strategies to
precisely control the pore structure of CNFs, through tailoring
either the type or the dosage of templates. Typically, a template
in powder form is mixed evenly into the polymer solution used
for electrospinning, or the carbon precursor is deposited on
an electrospun nanofibrous template at first, and the porous
CNFs can then be obtained via the carbonization treatment,
followed by removing the templates. The commonly-used tem-
plates can be divided into inorganic and organic species.

3.1.1 Inorganic template. Silica (SiO,) is often selected as
the inorganic template for fabricating hierarchical porous
carbon nanostructures, owing to its wide availability, low cost
in large quantity, and facile regulation to various mor-
phologies and sizes.®® However, the number of reports on the
porous CNFs formed with individual SiO, as the templates,
such as SiO, nanoparticles, SiO, nanospheres, and meso-
porous SiO, (KIT-6) for supercapacitor electrodes is still rela-
tively limited.”®”® Lee et al. combined physical and chemical
activation methods by using a SiO, porogen and a KOH
etching agent to prepare the electrospun PAN-derived CNFs
with hierarchical pores ranging from micropores to mesopores
and macropores.”® The activated porous CNFs showed an
enhanced total pore volume of 1.53 cm® g™, which would
allow the steady access of ions to the carbon substrate at high
scan rates, resulting in an improved specific capacitance
(197-172 F ¢™') and capacitance retention (87.3%) compared
with the conventional CNFs (0.84 ecm® g~', 181-110 F g ',
60.8%). Nevertheless, the removal of SiO, templates suffers
from some drawbacks, because their dissolution usually needs
hydrofluoric acid or hot concentrated alkaline solutions with
acute toxicity and strong corrosivity.

Metals and their oxides are the alternatives to SiO, tem-
plates, as most of them can be readily removed by diluted
acids. Foamed porous CNFs composed of well-connected ultra-
thin carbon nanobubbles were obtained by coating ethanol-
derived carbon on electrospun ZnO nanofibers followed by a
reduction-evaporation process to remove the ZnO templates

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (A) Schematic of the synthesis of foamed PCNFs using electrospun ZnO nanofibers as the templates. (B) SEM and (C) TEM images of the
single foamed PCNFs composed of well-connected ultrathin carbon nanobubbles. (D—-G) Electrochemical performance of the corresponding elec-
trode in the three-electrode system: (D) CV and (E) GCD curves at different scan rates and current densities, respectively. (F) Changes of specific
capacitance along with current density. (G) Cycling stability. Inset: SEM image of the PCNFs after 35 000 cycles. Reproduced with permission from

ref. 74. Copyright 2017, Royal Society of Chemistry.

(Fig. 3A-C).”* The integrated CNF webs with excellent flexibility
were directly employed as the working electrodes, which dis-
played an acceptable specific capacitance of 150 F g~ (0.5 A
g™"), a high rate capability of 62.0% (0.5-70 A ¢”'), and a long
cycling life of 35000 cycles (94.1% capacitance retention) in a
three-electrode configuration (Fig. 3D-G). These electro-
chemical performance parameters can be well correlated to
the interconnected bubbled structure in the porous CNF mem-
branes. Interestingly, electrospun SnO,/Fe,O; composite nano-
fibers were also adopted as the templates for the manufacture
of inner porous CNFs with polydopamine as the carbon
source.”” The corresponding electrode presented outstanding
capacitive properties benefited from the large SSA and intrin-
sic nitrogen doping of CNFs. In connection with the above
unique synthesis strategy, porous CNFs are generally fabricated
through the carbonization of the electrospun polymer/tem-
plate composite nanofibers. Despite the advantage of being
apt to remove, nanoparticles of metals and their oxides tend to
aggregate and form precipitates in the spinning solution,
which can result in the blockage of the spinneret and the
uneven distribution of the template particles in the polymer
backbones. Therefore, it would be necessary to prepare

This journal is © The Royal Society of Chemistry 2020

uniform precursor solutions by using certain surfactants and
the constant stirring or vigorous ultrasonic treatments.

Given that many inorganic salts can be dissolved in the
polymer precursor solutions, they are more versatile than the
metal oxide templates for the engineering of porous CNFs.
Considering their reaction types in the pyrolysis steps, in-
organic salt templates can be mainly divided into two cat-
egories: one is the stable template and the other is the decom-
posable template.®® For the former, ionic compounds, such as
NaCl, KCl, K,CO3;, K,S, etc. with high thermal stability that
76778 For the latter,
the inorganic salts usually decompose into metal oxides or

remains unchanged, fall into this category.

metals during the pyrolysis process of carbon precursors,
serving as the hard templates to yield mesopores or macro-
pores. To date, numerous decomposable salt templates have
been developed for the preparation of porous CNFs, including
CaCOj3, NaHCO3;, Co(NO3),, Mg(NO3),, Mg(OH),, SnCl,, ZnCl,
and so on.>***7°7% Some of them, namely, CaCO; decompos-
ing into CaO and Co(NOj3), converting to Co, can also act as
the catalysts to accelerate the graphitization of the porous
CNFs.>>**8! NaHCO; is a special case, which begins to resolve
into Na,CO;, CO, and H,O at 50 °C, and then turns into Na,O
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at higher temperatures. The as-formed Na,O can be easily
removed by immersing it in water, giving rise to the creation of
stable and homogeneous mesopores in CNFs.?’ Mai et al. have
developed in situ nitrogen-doped mesoporous CNFs
(N-MCNFs) by electrospinning PAN/Mg(OH), composite nano-
fibers, followed by carbonization and etching.** The flexible
N-MCNF network possessed better water wettability and
higher SSA (926.40 m” g™') than the conventional electrospun
CNFs, due to the introduction of the Mg(OH),-derived MgO
template, which meets the general requirements of an ideal
EDLC-based electrode material (Fig. 4A-K). As a result, the
freestanding N-MCNFs showed a large capacity of 327.3 F g~*
(1 Ag™), a good rate capability of ~68% (20 A g™'), and a high
capacitance retention of ~93% after 10 000 cycles (Fig. 4L-O).

3.1.2 Organic template. Unlike those inorganic hard tem-
plates, most of the organic templates not only play the pore-
forming role, but also serve as part of the carbon resources.
Tetraethyl orthosilicate (TEOS), acetates, metal complexes,
polymers, and other organic compounds are among the
common types of organic templates that have been utilized to
generate porous structures both on the surface and in the
internal part of electrospun CNFs.

View Article Online
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TEOS is transformed into SiO, by an appropriate thermal
treatment, which however is different from SiO, templates, as
it is soluble in the spinning solution, rendering the uniform
and tunable porous architectures of CNFs.”*®® Cui and co-
workers reported the bamboo-like graphitic CNFs with period-
ically distributed hollow interiors along the longitudinal orien-
tation and hierarchical hole structures in the lateral direction,
which were obtained by electrospinning, carbonization, and
etching treatments using PAN and TEOS as the carbon precur-
sor and porogen, respectively (Fig. 5A-F).”° The well-balanced
macro-, meso- and micropores in the fibers enhanced their
mechanical durability, and facilitated ion penetration, thus
leading to the excellent electrochemical performance of the
flexible all-solid-state supercapacitor, tested even under con-
tinuous dynamic bending (90°) and twisting (180°) operations
(Fig. 5G-M).

Metal acetates, such as Zn(Ac),, Ni(Ac),, Mg(Ac),, Cu(Ac),,
etc., are frequently-used organic salt templates.”’ "' Their
pore-forming mechanism is the same as that of decomposable
inorganic salts. Hu et al. presented a simple Zn(Ac),-assisted
electrospinning-peroxidation—-carbonization method for the
production of foldable CNFs (FCNFs), where Zn(Ac), was
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Fig. 4 (A) SEM image and (B—D) elemental mappings of the PAN/Mg(OH), nanofibers carbonized at 900 °C. (E) SEM and (F) TEM images of the
flexible N-MCNF network. (G) Dynamic water contact angle tests. (H) High-resolution N 1s XPS spectra of N-MCNFs. (I) Possible locations for N
atoms in the carbon network. (J) N, adsorption—desorption isotherms and (K) pore size distribution (PSD) diagram. (L—O) Electrochemical perform-

ance of the N-MCNFs using a three-electrode configuration: (L) CV and

(M) GCD curves, (N) specific capacitance at various current densities. (O)

Cycling durability and coulombic efficiency of N-CNFs at 20 A g~*. Reproduced with permission from ref. 84. Copyright 2017, Royal Society of
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Society.

demonstrated to enhance the mechanical flexibility of FCNFs,
by relieving the stress concentration and creating porous struc-
tures.”” During the carbonization process, ZnO was generated
in situ from the decomposition of Zn(Ac),, which could oxidize
the local carbon to form pores and defects, accompanied by
the removal of ZnO itself (ZnO + C — Znt + CO,1). As a self-
supported electrode, the fabricated FCNFs delivered an overall
excellent electrochemical performance.

Metal complexes, including metal-organic frameworks
(MOFs), iron(m) acetylacetonate, tin(w)-citric, etc., are com-
posed of metal ions/clusters and organic linkers/ligands,
which can be decomposed or reduced to metal/metal oxide
nanoparticles and carbon species by pyrolysis.***>™'® Among
them, MOFs have been widely applied as the organic templates
for the construction of porous or hollow CNFs, due to their
largely controllable structures, pore types and levels.'’"'"?
There are two main synthesis approaches: (i) polymer/MOF
solution is electrospun to form nanofibers followed by the car-
bonization and subsequent removal of templates; (ii) MOFs
are deposited in situ or by polarity induction on the electro-
spun polymer nanofibers, and then the core-shell 1D hetero-

This journal is © The Royal Society of Chemistry 2020

structures are converted into porous or hollow CNFs. For
example, Lou et al. designed a type of hierarchical porous
nitrogen-doped CNF (HPCNF-N) assembled with intercon-
nected carbon hollow nanoparticles by carbonizing the electro-
spun zeolitic imidazolate framework (ZIF-8)/PAN composite
precursor (Fig. 6A-G)."* The SSA of the resulting HPCNFs-N
was 417.9 m” g* (Fig. 6H), which was much higher than that
of the solid PAN-derived CNFs (8.7 m> g '), indicating the
importance of incorporating the ultrafine ZIF-8 nanoparticles.
Thanks to its unique porous architecture and high nitrogen-
doping level, the as-prepared supercapacitor device based on
the HPCNF-N sample exhibited a remarkable specific capaci-
tance of 307.2 F ¢! (1 A g™'), a maximum energy/power
density of 10.96 W h kg™'/25000 W kg ', and a desirable
cycling durability with 98.2% capacitance retention over 10 000
cycles (Fig. 6I-M). There are other examples of similar work
that will not be listed here.'®>°® More recently, Gong et al.
developed a versatile polarity-induced method to decorate a
monolayer sheath of MOFs on the electrospun polymer nano-
fibers.'® The surface functional groups of the employed poly-
mers were found to have a great effect on the loading capacity
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Fig. 6 (A) Schematic illustration of the fabrication of HPCNFs-N. (B and D) SEM and (C and E) TEM images of (B and C) the PAN/ZIF-8 nanofibers
and (D and E) HPCNF-N sample. (F) HRTEM images, (G) elemental mappings, and (H) N, adsorption—desorption isotherms and PSD curves of
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plots of HPCNFs-N and other carbon-based devices. Reproduced with permission from ref. 102. Copyright 2017, Royal Society of Chemistry.

and uniformity of ZIF-8 nanoparticles, where they followed the
order of PAN > PVA > polylactic acid (PLA), due to the higher
polarity of -CN on the side chain of PAN than those of -C-OH
on PVA and -C=O0 on PLA. This general approach could also
be expanded to the growth of other types of MOFs on the elec-
trospun PAN nanofibers, such as Cu-BTC (trimesic acid), Ni-2-
MIM (2-methylimidazole), Ni-BTC, and Mn-BTC. The
PAN@ZIF-8 nanofibers were then transformed into nitrogen-
doped porous CNFs with a conductive carbon core and a
monolayer coating of hollow carbon frames, which yielded
superior electrochemical performance when used as the super-
capacitor electrodes.

Certain bicomponent or multicomponent polymers are
often mixed together and used as the electrospinning precur-
sors for the preparation of porous, hollow or multichannel
CNFs, considered for their different thermal stabilities and

13234 | Nanoscale, 2020, 12,13225-13248

solubilities. Typical polymer hybrids are PAN/PVP, PAN/PMMA,
PAN/PS (polystyrene), PAN/PEO (polyethylene oxide), PAN/CA,
PAN/PSF (polysulfone), PAN/PVDF (polyvinylidene fluoride),
PAN/APEG (allyl polyethylene glycol), PAN/pitch, PAN/PmAP
(poly(m-aminophenol)), PAN/pluronic F127, PAN/Nafion, PI/
PVP, PAN/PMMA/TPU (thermoplastic polyurethane), PAN/
lignin/pluronic P123, etc.’**™** For example, PVP, as both a
porogen and nitrogen/carbon source, is a commonly-used
polymer template for the fabrication of hierarchical porous
CNFs with micropores, mesopores and/or macropores. Li et al.
developed a non-woven network of porous nitrogen-doped
CNFs (PNCNFs) via electrospinning PAN/PVP precursors, fol-
lowed by stabilization and carbonization."™® The PNCNFs deli-
vered a high specific capacitance, when measured in a three-/
two-electrode configuration, due to their abundant interface
active sites and hierarchical pores for solvated ions. In

This journal is © The Royal Society of Chemistry 2020
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addition to being a self-template, the PVP in electrospun PAN/
PVP composites can be easily extracted by hydrothermal treat-
ment, ultrasonic-assisted vibration or leaching in hot water to
form porous PAN precursor nanofibers, which would be
further converted into CNFs with well controlled
hierarchical pores or hollow structures.'****>'17118 polymers
do have some advantages as the organic templates, owing to
their wide varieties, ease of removing, desirable pore-forming
ability, and low cost. However, the spinnability and compli-
cated pretreatments of some fossil/biomass polymers, such as
pitch, coal, lignin, and CA, should be taken into consideration.

Other organic compounds, such as terephthalic acid (TPA),
melamine, and itaconic acid (IA), have also been explored as
templates to in situ create pores on/in the electrospun CNFs,
the formation mechanisms of which are based on the sublima-
tion of TPA as well as the decomposition of melamine and IA
during pyrolysis.’>®™"*® The cross-linked CNF networks with a
hierarchical porous architecture derived from the PAN/TPA
composite fibers could be employed as flexible supercapacitor
electrodes.” The assembled solid-state device delivered a
maximum energy density of 10.18 W h kg™ and a high capaci-
tance retention of 95% after 20 000 cycles. Similar to most
polymer porogens, although these organic molecules can effec-
tively produce pores on/in the CNFs and also improve their
SSA, the quality of the resulting carbons, especially referring to
the degree of graphitization or conductivity, is inferior to that
of the electrospun CNFs using metal-containing species as the
templates.

TEOS/PVP/Ethanol
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In order to further regulate the pore structure of electro-
spun CNFs, dual templates of different types are introduced
into the carbon source precursors, where lignin/PVP/Mg
(NO3),, PAN/PVP/TPA, PAN/PVP/silicone oil, phenolic resin/
PVP/pluronic F127/Mg(NO;),, and lignin/PEO/TEOS/PVP are
typical examples.®*9>'%¢71%8 wang et al. designed the double-
capillary CNFs using coaxial electrospinning, where the inner
solution was lignin/PEO/DMF and the outer fluid was TEOS/
PVP/ethanol (Fig. 7A and B).”> The as-prepared CNFs with
micropores and mesopores in the core and shell layers,
respectively, helped achieve rapid ion diffusion, high conduc-
tivity, and good flexibility. The assembled binder-free super-
capacitors displayed a supreme energy density of 56.6 W h
kg™ and a maximum power density of 114 kW kg™ in the
ionic liquid electrolyte (Fig. 7C-J).

3.2 Etching approaches

Porous CNFs derived from the template methods often contain
meso- and macropores. In some cases, the dehydration and
dehydrogenation of organic compounds during the pyrolysis
process can also lead to the formation of micropores at a low
level.” To increase the amount of micropores, which are
known to benefit the ion accessible surface area and capaci-
tance, activation treatments are frequently implemented by
using various types of carbon-corrosion agents, such as oxidiz-
ing gases (air, CO,, and steam),"*8>¢:67:116:124,1607174 46i g and
alkalis (H3PO4, KOH, etC.).122'137‘138‘140'143‘145‘157'175_182 A Well'
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controlled etching treatment can give rise to a hierarchical
porous carbon structure, as has been extensively reported.

3.2.1 Physical activation. The activation of electrospun
CNFs using air, CO, and steam can be regarded as a physical
process, where some of the carbon atoms are finally oxidized
by these mild oxidants at high temperatures to release gases
and form pores.'®® The PAN-derived CNFs with porous and
cavernous structures on the fiber surface have been fabri-
cated via electrospinning, calcination, and CO, activation.'®
It was found that the SSA and pore volume of the activated
CNFs (ACNFs) were heavily dependent on the activation
time. When treated with CO, for 30 min, the ACNFs showed
an extremely high Brunauer-Emmett-Teller (BET) SSA of
1530 m® g~ and a well-developed pore structure with a total
pore volume of 0.82 cm® g™, which are conducive to the
electron and mass transfer, thus leading to the enhanced
electrochemical performance as supercapacitor electrodes.
According to the report of Ferraris et al, the carbonized aro-
matic polyimide 6FDA-DAM:DABA (6FDD) is more selective
than polybenzimidazole (PBI) toward CO, activation, as evi-
denced by its faster etching rate.'®® The CO,-activated CNFs
originating from the electrospun polymer blends of PBI/
6FDD with a weight ratio of 70/30 exhibited a high specific
capacitance of 142 F g~' at 10 mV s~ " and a superior energy
density of 67.5 W h kg™" at 1 A g”" due to their extended
graphite domains, large SSA of 3010 m> g ' and well-
balanced micro/mesopores.

Recently, the activation of CNFs with steam has been sum-
marized in a review by Lu et al.* In addition to the mentioned
PAN, PBI, and PI,'®*7"7? polymers of intrinsic microporosity
(PIM-1) can also be used as the electrospinning precursors to
prepare ACNFs by the steam activation process.'”> The BET
surface area of the flexible ACNFs reached up to 1162 m* g,
which was more than twice that of the unactivated CNFs
(546 m> g7'). These porous ACNFs, as binder-free super-
capacitor electrodes, provided a specific capacitance of 149 F
g~', an energy density of 60 W h kg™", and a powder density of
1715 W kg ™" at the current density of 1 A g”! in a symmetric
two-electrode cell with ionic liquid as the electrolyte. The excel-
lent electrochemical performance of the freestanding ACNFs
makes them potentially good electrode materials for high
energy/power applications. Steam has also been involved in
the activation of PAN-coal based CNFs,'”* where the obtained
ACNFs with the mass ratio of PAN to coal at 5:5 delivered a
large specific capacitance of 230 F ¢* (1 A g') and a high
capacitance retention of 97% (1000 cycles).

It is reported that physical activation reduces the fiber dia-
meter, and improves the total pore volume and SSA of CNFs in
the order of the oxidation reactivity with carbon: H,O > CO, >
N, (800 °C)."*® Compared with inert N,, the oxidative atmos-
pheres of H,O and CO, lead to an increase in micropore size.
Moreover, the porous CNFs activated by H,O possess poorer
conductivity and a lower nitrogen-doping level than those
treated with CO, and N,. As a result, the H,O-activated porous
CNFs, when used as supercapacitor electrodes, show the
lowest capacitance among the three samples.

13236 | Nanoscale, 2020, 12,13225-13248
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3.2.2 Chemical activation. Chemical activation is often
performed by immersing the electrospun polymer
precursors or CNFs into an aqueous solution of activating
agents, such as KOH, H;PO,, ZnCl,, etc., followed by carboniz-
ation at 600-1000 °C and washing
tI_eatl,nerlt'l22,‘137,138,140,143,145,157,1777182 In general, chemical
activation has some unique advantages over physical activation
in terms of carbon yield, porosity, and energy consumption.
However, it is associated with issues, such as the need for
equipment with strong corrosion resistance and extra effort/
cost for the removal of the aggressive chemical reagents, thus
limiting the widespread applications.

KOH has been known as an activating agent for carbon-
based materials for more than 40 years, and it is extensively
used among various chemical reagents, as it can result in the
generation of micropores and small mesopores in carbon
frameworks."”® The activation mechanism by KOH is complex
and dependent on both the experimental parameters (i.e. the
concentration of KOH, activation temperature, time, etc.) and
the reactivity of carbon sources, and also there remain some
unsolved issues. Even so, a commonly acknowledged under-
standing is the expansion of the carbon lattice caused by the
metallic K intercalation, which originates from the dehydra-
tion and reduction of KOH."”*'”?

The SSA and total pore volume of the electrospun PAN-
derived CNFs were found to increase as the KOH activation
temperature increased from 600 to 1000 °C, leading to a dra-
matic enhancement in specific capacitance."”” The carbon
yield of CNFs was only 5.7% when activated at 1000 °C, and
lower than 1% at higher temperatures. Besides, the KOH
uptake has a significant influence on the porous architecture
and surface chemistry of CNFs. Ma et al. fabricated CNF
papers by the KOH etching and subsequent carbonization of
electrospun phenolic-based nanofibers.'”® They discovered
that when the concentration of KOH solution increased from 0
to 20 wt%, the SSA of the activated CNFs was enlarged from
524 to 1317 m*> g, the total pore volume was improved from
0.228 to 0.699 cm® g™, the average pore width was increased
from 1.74 to 2.12 nm, and the oxygen content was elevated
from 9.7 to 15.1 at%. As binder-free supercapacitor electrodes,
the porous CNF papers treated with 20 wt% KOH exhibited a
maximum capacity of 362 F g”* (0.2 A g™ ), an outstanding rate
capability, and favorable energy densities in both aqueous and
organic electrolytes.

Similarly, the specific capacitance of the porous CNFs acti-
vated by H;PO, (0-1 wt%) and ZnCl, (2-20 wt%) increased
along with the increase in the mass percentage of activating
agents, due to the sequential increase in SSA and total pore
volume."*"'®> A maximum energy density of 21.46 W h kg™'
was achieved for the 1 wt% H;3;PO,-activated CNFs at a power
density of 500 W kg™, and even at an extremely high power
density of 10 000 W kg™", the energy density could still reach
10.98 W h kg™', which was ~9 times larger than that of the
unactivated CNF electrode.'®* The 20 wt% ZnCl,-treated CNFs
displayed superior electrochemical performance, with a large
specific capacitance (202 F g”' at 0.1 A g™), a high rate capa-
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bility (61% capacitance retention from 0.1 to 20 A g~'), and a
good cycling stability (92% of the initial capacity after 5000
cycles).'®?

Having looked into the two general approaches to tailor the
pore structure and surface conditions of electrospun CNFs, we
examine their impact on the overall electrochemical perform-
ance, when employed as the electrodes in supercapacitors.
Nevertheless, they involve several inter-connected key para-
meters. On the one hand, a properly engineered pore configur-
ation will increase the surface area, create transport channels
for electrolyte ions/charges, and increase the activity. On the
other hand, it will also strongly affect the overall conductivity,
which is also a key parameter for electrospun CNFs as dis-
cussed above. In general, an improperly designed porous struc-
ture would degrade the mechanical properties and flexibility,
which are the separate and also key parameters in the overall
equation.

4. Heteroatoms and electrochemical
activity

Chemical doping of carbon skeletons with heteroatoms,
including but not limited to the nonmetallic elements of
boron, nitrogen, oxygen, fluorine, phosphorus, and sulfur,
could manipulate the electronic structure and surface chem-
istry of the host carbonaceous materials,®®'®® and thus
enhance their electrochemical activity. Boron/nitrogen doping
is identified as a substitutional doping, which refers to the re-
placement of certain carbon atoms in the sp*hybrid lattice by
the foreign atoms. Similar to boron/nitrogen, fluorine doping
could also result in charge redistribution among carbon atoms
owing to the large electronegativity difference between
them."® It is a subject of argument as to whether the phos-
phorus/sulfur doping belongs to the substitutional doping or
not."®*'87187 The oxygen-containing functional groups, e.g.,
hydroxyl, carboxyl, carbonyl, and epoxy groups, that are chemi-
cally grafted on the surface of carbons could improve the
hydrophilicity/wettability of materials and introduce additional
active sites to electrodes.

There are two versatile preparation strategies for hetero-
atom-doped CNFs, namely, in situ doping and post
doping."®”'*® As the name suggests, in situ doping is con-
ducted by the direct carbonization of electrospun polymer pre-
cursors containing heteroatoms, while for post doping, it is
implemented by the post treatment of electrospun CNFs in the
presence of targeted heteroatom sources. This section will
elaborate the synthesis of heteroatom-doped CNFs with single-
or multi-element doping configurations, and their electro-
chemical performance thus derived.

4.1 Single doping

Nitrogen doping is the most representative strategy to tailor
the electrochemical reactivity, conductivity, and wettability of
electrospun CNFs through the active sites, free electrons, and
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C-N polar bonds generated by the four nitrogen functional-
ities, that is, pyridinic N (N-6), pyrrolic N (N-5), quaternary/gra-
phitic N (N-Q), and pyridinic N oxide (N-X).®®'8¢

As has been introduced above, nitrogen-doped CNFs
(NCNFs) can be realized by either co-heat treatment or post-
processing methods. There are a variety of nitrogen-enriched
precursors available for the direct solution electrospinning,
such as PAN, PVP, pitch, etc."**'%71%1 Some nitrogen-contain-
ing additives (e.g., g-C3N,, Li;N, and NH,Cl) can also be incor-
porated into the electrospinning process for further regulation
of the nitrogen doping level.**>™*°> For polypyrrole (PPy), polya-
niline (PANi), PI, polydopamine (PDA), and branched poly-
ethylenimine (bPEI), they are usually post-polymerized or
chemically grafted on the electrospun polymer nanofibers, and
then undergo a carbonization treatment to obtain hollow
NCNFs or to form nitrogen-doped carbon layers on the surface
of CNFs.'”®2% For example, the authors’ research group
designed flexible NCNFs using the electrospun PAN@DbPEI
nanofibers as the precursors, which delivered superior specific
capacitance compared to the pure PAN-derived CNFs, when
tested in a three-electrode system (Fig. 8A-E). The quasi-solid-
state symmetric supercapacitor based on the binder-free NCNF
electrodes exhibited a maximum energy density of ~8.0 W h
kg™ at the power density of 300 W kg ' and an excellent
mechanical stability with a slight capacitance loss of 8.1% at a
high bending angle of 180° (Fig. 8F-H).>*°

The post-processing of electrospun polymer nanofibers at
high temperatures under NH; or N, atmospheres could result
in the formation of NCNFs.'?%291"2%4 The nitrogen atoms in
NCNFs are deemed to originate mainly from PAN molecules,
and partially from the ambient NH;.>> By comparison, the
NCNFs carbonized in NH; possess a higher nitrogen content
than that treated with the inert N, under the same con-
ditions.””> However, NH; gas with a pungent smell is chemi-
cally aggressive and poisonous, which would need extra
control as far as safety is concerned. Urea is another effective
nitrogen source to prepare NCNFs. For example, He et al. fabri-
cated freestanding NCNFs from the lignin/PEO blend via
electrospinning, carbonization, and annealing in the presence
of urea.>®® Although the nitrogen doping level can be easily
controlled by tailoring the calcination temperature, there is
little clear relationship between the nitrogen content and
electrochemical performance of the NCNFs since the graphiti-
zation degree, surface area, and pore structures change along
with the variation of pyrolysis temperature.

4.2 Dual doping

Nitrogen-rich PAN is a commonly-used polymer precursor for
the preparation of CNFs by electrospinning, which inevitably
leads to the partial retention of nitrogen in CNFs. Therefore,
in a strict sense, electrospun CNFs are doped with nitrogen
already, and doping with another single heteroatom (e.g,
boron, oxygen, phosphorus, sulfur, etc.) gives rise to dual
doping in CNFs. Compared with single nitrogen doping, dual
doping can further improve the electrochemical activity of
CNFs by the synergistic effect in boosting the active sites,
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redox reactions, electron transport, and wettability of the
electrode.

The electron-deficient element boron is a p-type dopant for
carbon, and doping carbon with boron downshifts the Femi
level toward the valence band, which induces charge redistri-
bution among the carbon matrix.'®® At a low level of boron
doping concentration, there is a catalytic effect of boron on
carbon oxidation, helping to enhance the hydrophilicity and
incorporate extra pseudocapacitance.®® To date, various boron
sources have been developed for the fabrication of boron/nitro-
gen co-doped CNFs, including ammonium hydrogen borate
trihydrate (NH,HB,0,-3H,0), ammonia borane (NH;-BHj3),
boric acid (H3BO3), etc.'®”*°**°” Kim et al. fabricated boron/
nitrogen co-doped 3D PCNFs through electrospinning, solu-
tion impregnation (sodium borohydride (NaBH,) followed by
NH,HB,0,:3H,0), freeze drying, and carbonization treatment,
which were then employed as supercapacitor electrodes, and
yielded a specific capacitance of 295 F g¢”! at 0.5 A g”!, much
higher than that of the single nitrogen-doped CNFs (126 F
g7"), due to the enlarged SSA and better wettability in the
aqueous electrolyte."®”

Oxygen element is almost always present in electrospun
CNFs, resulting from the incomplete graphitization under
normal carbonization conditions. On the one hand, the

13238 | Nanoscale, 2020, 12,13225-13248

oxygen functionalities on CNFs can improve the hydrophilicity
and add the redox active sites, but on the other hand, excessive
oxygen-containing functional groups would reduce the con-
ductivity and cycle lifespan of CNFs. Although the oxygen
doping content has a great impact on the electrochemical per-
formance of carbon materials, few studies have addressed this
key issue up to now. Several effective post-treatment strategies
have been reported to regulate the oxygen doping concen-
tration in CNFs, e.g., nitric acid (HNO;) oxidation, microwave-
assisted oxidation, plasma oxidation, and the physical acti-
vation methods as mentioned in section 3.2.1.*°°*'? As the
HNO; treatment time increased from 0 to 5 h, the oxygen/
carbon (O/C) ratio on the fiber surface was increased signifi-
cantly from 6.0% to 22.4%, while the SSA was decreased from
247 to 165 m> g~'. The specific capacitance of the oxygen/
nitrogen co-doped CNFs at a low scan rate of 2 mV s~ was lin-
early dependent on the O/C ratio.”®® However, a completely
reverse conclusion was drawn by Rutledge et al.,*'° who found
a nonmonotonic relationship between the oxidation level and
capacitive behavior for the electrospun PAN-derived turbostra-
tic CNFs treated by microwave irradiation. The oxygen/nitrogen
co-doped CNFs with an intermediate degree of oxidation deli-
vered an extraordinarily high specific capacitance, outstanding
energy/power densities, and excellent cycling stability.
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Phosphorus possesses a higher electron-donating ability
than nitrogen of the same main group. However, different
from the nitrogen doping that has been extensively and
thoroughly investigated, the effects of phosphorus doping on
the carbon structure and electrochemical mechanism are still
equivocal. It has been reported that phosphorus doping can
facilitate the adsorption of alkali metal ions, enhance the
electrochemical reactivity, and improve the structural/inter-
facial stability of carbon.>'® Phosphorus-doped CNFs are
usually achieved by the in situ methods, and black phos-
phorus, red phosphorus, H3;PO,, and polyphosphoric acid
(PPA) are the common phosphorus sources.>*>'” For
example, phosphorus doping using the H;PO, precursor pro-
vides more pores and defects in the electrospun PAN-based
CNFs,”” and the introduction of H;PO, into the electro-
spinning solution increased the average diameter of CNFs.>'®
Yu et al. claimed that there was a synergistic effect between
N-5 groups and phosphorus functionalities, contributing to
the higher specific capacitance, better rate capability, and
lower electrochemical impedance of the phosphorus/nitrogen
co-doped CNFs compared with those of the single nitrogen-
doped CNFs.>'®

Sulfur doping in CNFs is somewhat less popular and needs
further research. The substitution of sulfur atoms in the sp”
carbon framework is tricky, due to the large covalent radius of
sulfur that cannot maintain a planar structure.>'® Sulfur with
lone electron pairs in -C-S—-C- bridges can affect the = elec-
tronic structure of the carbon lattice, which facilitates a more
polarized surface, thus increasing the local reactivity.”'® In
addition, the presence of S=O groups in sulfones and sulfox-
ides would enhance pseudocapacitive performance.®® Sulfur
doping can also enlarge the distance between the carbon
layers, beneficial for the accommodation of more electrolyte
ions.”® Despite these potential merits of sulfur doping in
carbon, the surface functionalization by sulfur causes a signifi-
cant decrease in the SSA of CNFs.>*®?'° For instance, the CS,-
activated NCNFs delivered a much smaller SSA of 25.22 m”> g~*
than that of NCNFs (267.44 m*> g~ ').>'° Besides the surface
sulfur enrichment, bulk sulfur doping is another pathway to
improve the electrochemical performance of CNFs.'*®?*?° pan
et al. obtained porous sulfur/nitrogen co-doped CNFs
embedded with carbon polyhedra (NSCPCNFs) by electro-
spinning a mixed precursor of ZIF-67, thiourea and PAN and
the subsequent carbonization.'”® The NSCPCNFs, as the super-
capacitor electrode, yielded a higher specific capacitance of
396 F ¢! (1 A g7') compared with that of the PAN-derived
CNFs (192 F g '), owing to the expanded SSA, enhanced
charge transfer ability, and Faradaic pseudocapacitance intro-
duced by sulfur/nitrogen dual doping. The assembled sym-
metric supercapacitor achieved a maximum energy density of
14.3 W h ke™' at a power density of 250 W kg™, a superior
long-term stability with 107% capacitance retention of the
initial value (3000 charge/discharge cycles), and an excellent
flexibility at varying bending angles ranging from 0 to 180°.

For fluorine-doped CNFs, there is an evident shortage of
research, while fluorine atoms with the largest electro-
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negativity can serve as electron acceptors to accelerate the
charge transfer between fluorine and carbon atoms. Fluorine
doping also improves the wettability of the carbon surface,
thus promoting the ion propagation into electrodes. However,
doping the carbon matrix with fluorine atoms suffers from two
bottlenecks: one is the limited fluorine source, and the other
is the low doping level.>*' PVDF is considered as a stable fluo-
rine precursor. Fluorine/nitrogen co-doped microporous CNFs
were prepared by electrospinning the tricomponent polymers
of PAN/PVP/PVDF (mass ratio = 1: 1: 1), hydrothermal removal
of PVP, and high-temperature carbonization.”*! The fluorine
content was maintained at a relatively low level, only 2.81%,
where an increase in the addition amount of PVDF would not
help. Therefore, more studies should be needed to regulate the
fluorine doping concentration, which may well affect the
electrochemical performance of CNFs.''*

4.3 Ternary doping

Similar to dual heteroatom doping discussed above, ternary
doping in CNFs could also create synergistic effects among the
heteroatoms and/or the as-produced defects, thereby improv-
ing the corresponding electrochemical activity. However, the
synergistic mechanisms of co-doping would require an in-
depth investigation by combining theoretical calculation and
experimental methods.?”” To date, only a few triply doped
CNFs have been reported, such as boron/fluorine/nitrogen and
phosphorus/fluorine/nitrogen co-doped CNFs, in which almost
no distinct fluorine was detected due to its trace
content.”**"2* For example, Ding et al. designed boron/fluo-
rine/nitrogen co-doped sponge-like PCNFs by chemical cross-
linking electrospinning and pyrolysis under N, flow using
H;BO;, poly(tetrafluoroethylene) (PTFE), and PVA as the pre-
cursors (Fig. 9A-E and H).*** The triply doped PCNFs with the
atomic percent of boron, fluorine, and nitrogen at 0.93%,
0.34%, and 1.25%, respectively, showed a specific capacitance
of 163.6 F g~ (5 mV s™) and a capacitance retention of 88.5%
after 9000 charge/discharge cycles in a Li-ion electrolyte
(Fig. 9F, G and L-N). When assembled into a symmetric super-
capacitor, a high energy density of 42.77 W h kg™' was
achieved at the power density of 1750 W kg~ with an enlarged
voltage of 3.5 V. Such superior capacitive performance of the
triply doped sponge-like PCNFs can be well attributed to their
large SSA, extraordinarily high porosity ranging from micro-
pores to macropores, and outstanding electrical conductivity
contributed by the synergistic effects of ternary doping
(Fig. 9I-K).

There is no doubt that doping various heteroatoms into
electrospun CNFs can strongly impact their electrochemical
activity. These heteroatoms can also affect other key para-
meters that have been discussed above, such as electrical con-
ductivity, surface area and degree of graphitization. For
example, N-doped carbon is known for better conductivity
than that of un-doped carbon, depending on the type and con-
centration of N-containing groups. The heteroatoms in CNFs
will change both the electronic and chemical structure, as well
as the surface termination groups.
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Fig. 9 (A) Schematic of the fabrication of B/F/N co-doped sponge-like

PCNFs by chemical crosslinking electrospinning and pyrolysis. SEM images

of (B) the cross section of the triply doped PCNF film and (C) the PCNFs with continuous macropores at high magnification. (D and E) TEM images of
a single PCNF. (F) Elemental mappings of PCNFs. (G) The proposed chemical model of the triply doped PCNFs. (H) Mechanical robustness of the
PCNF membranes. (I) N, adsorption—desorption isotherms and (J) PSD curves. (K) Conductivity of the PCNFs prepared with different PVA contents at
various pyrolysis temperatures. (L) Nyquist plots, (M) GCD curves, and (N) cycling performance of the symmetric supercapacitor. Reproduced with

permission from ref. 223. Copyright 2019, Springer Nature.

5. Mechanical robustness and
flexibility

Mechanical robustness and flexibility are among the essential
key parameters, especially for those energy-related applications
in bendable, foldable, and wearable electronics. Similar to the
commercial carbon fibers, the tensile modulus of electrospun
CNFs is largely determined by the degree of graphitization, the
size and configuration of graphitic domains, crystallite orien-
tation, and porosity. Therefore, those discussions presented
above on processing controls in an attempt to improve the con-
ductivity, pore structure and even heteroatom doping can be
linked to the mechanical properties of electrospun CNFs,
either directly or indirectly. To date, numerous efforts have
been devoted to correlating the modulus and strength to the
type and level of pores in fibers, with multiple relationships
being drawn. Some considered that the mechanical strength of
porous carbon materials was inversely dependent on the
overall porosity level, and some felt that it was influenced by
the total pore volume and the biggest pore size.'****¢**” Song
et al. and Ding et al. also agreed that micropores or mesopores
in the carbon structures do not benefit the mechanical robust-
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ness of CNFs.>*®??° It has been reported that macroporous
CNFs could steadily recover their original shapes after being
folded, which was presumably due to the fact that the macro-
pores effectively dissipated stresses when the CNFs were in the
bending deformation.>*®

The electrospun CNFs with an appropriate design have
indeed shown a certain mechanical stability in flexible devices
under different types of deformations.>®’*%%156:223 However,
there remains a rather long way to go before they are put into
practical applications in large scales. Several representative
processing strategies to significantly boost the mechanical per-
formance of CNFs have been proposed, including the orien-
tation of electrospun polymer nanofibers, regulation of pre-oxi-
dation and carbonization temperatures, and addition of CNTs,
graphene or other crossing-linking agents into CNFs. Aligned
polymer nanofibers can be obtained by the specific collecting
units, such as a rapidly rotating metal mandrel (cylinder, disc,
etc.), flowing water bath, and auxiliary magnetic or electric
field.>*°>** In order to further promote the orientation of
polymer chains, hot-/dry-drawing treatments can be conducted
prior to the pre-oxidative stabilization process.***™>*¢ Highly
oriented chain-induced graphitic alignment enhanced the
average strength and modulus of the hot-drawn PAN-derived
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CNFs to a large extent, and the strength carbonized at 1100 °C
was as high as 5.4 GPa (the tensile strength of the commer-
cially available Toray T1000® carbon fibers is ~7 GPa).>***%’

To strengthen electrospun CNFs, during the stabilization of
precursor fibers, the heating rate is often kept at a low value,
e.g., 3 °C min~" or even lower, to avoid the explosive release of
massive heat caused by the complicated chemical reactions,
otherwise, the fiber orientations might be reduced, owing to
the unwanted fusing of polymers.>” The pre-oxidation temp-
erature not only affects the structure of the stabilized PAN
nanofibers (see section 2), but also plays an important role in
tailoring their mechanical properties,®”**® so the robustness
and flexibility of the resulting CNFs are expected to change
accordingly. The same applies to the pre-oxidative stabilization
time, which must be appropriate, as a long pre-oxidative time
may result in the formation of undesirable defects in CNFs,
and too short a stabilization time will lead to the lack of ther-
mally stable ladder structures, decreasing the crystallinity of
CNFs, and all of these have great impact on the mechanical
strength of the CNFs.>*° Increasing the final carbonization
temperature has been demonstrated to boost both the electri-
cal conductivity and the mechanical robustness of electrospun
CNFs by expanding the graphitic structures.”** For example,
when the temperature was increased from 1000 to 2200 °C, the
tensile strength and the Young’s modulus of electrospun CNFs
were improved by ~67% and ~45% to (542 + 45) MPa and (58
+ 6) GPa, respectively.”**

A simple addition of CNTs or graphene nanoribbons to the
spinning solution can effectively enhance the mechanical flexi-
bility of the resulting CNFs by templated graphitization, where
CNTs or graphene nanoribbons act as the templates to facili-
tate the transformation of local polymers to highly-ordered gra-
phitic carbons.>**** When the size of graphene is reduced
down to a scale of quantum dots (QDs), the reinforcing mecha-
nism is mainly based on the cross-linking effect.>****> For
example, the KOH-activated graphene QD-reinforced CNFs
(AGRCNFs) with a well-developed porous structure, ultrahigh
SSA (2032 m” g™ "), and favorable conductivity present a tensile
strength of ~3 MPa, which is 2.5 times that of CNFs (1.2 MPa),
arising from the strong cross-linking between PAN chains and
graphene QDs that are rich in oxygen-containing functional
groups (Fig. 10A and C-E).**> As exhibited in Fig. 10B, the
AGRCNF membrane can readily recover to its initial state after
being grasped, folded, and twisted multiple times.
Interestingly, the folded AGRCNF membrane (thickness:
700 pm) can lift a weight of 200 g, indicating its remarkable
mechanical strength and flexibility. The as-prepared binder-
free electrode shows an excellent specific capacitance of 358.4
F g~ " at the current density of 1 A g~ " and a superior rate capa-
bility with 76% capacitance retention at 100 A g~' (Fig. 10F-
H). Electrospun nanofibrous membranes are usually nonwo-
ven assemblies, composed of randomly oriented nanofibers
overlapping each other with weak interactions. The introduc-
tion of certain cross-linking agents would increase the joints
between fibers, thereby forming a dense and robust 3D
network. Other cross-linking agents, such as Cu(NO;), can

This journal is © The Royal Society of Chemistry 2020

View Article Online

Review

coordinate with PVP to result in the fabrication of highly con-
ductive flexible CNFs.>*®

6. Summary and challenges

In summary, we have looked into the on-going approaches to
address some of the key issues faced by electrospun CNFs for
their energy applications, with reference to supercapacitors (as
listed in Table S17). To date, tremendous progress has indeed
been made with the strategies that aim to significantly
improve their electrochemical performance, including the key
parameters such as electrical conductivity, specific surface
area, electrochemical activity, and mechanical flexibility and
robustness, by approaches, e.g., catalytic graphitization, tem-
plate and etching methods for pore engineering, heteroatom
doping with single, dual and ternary elements, introduction of
CNTs, graphene and other conductive carbon forms or cross-
linking agents, control in fiber orientations, etc. For rationally
designed CNFs, the electrical conductivity could reach up to
~1000 S em™ ", and the surface area is as high as ~2400 m?
g~'. When applied as the electrode in supercapacitors, they
can achieve a specific capacitance of over 300 F g~*, which is at
least comparable to those of other competing carbon-based
materials, such as graphene. In addition, electrospun CNFs
have been widely used as substrate supports for many other
active materials, due to their excellent electrical conductivity,
high surface area, good stability and mechanical robustness,
giving rise to much improved electrochemical performance.
Flexible devices are among the currently on-going pursuits for
both energy storage and conversion, where electrospun CNFs
present favorable opportunities, owing to their 1D morphology
and outstanding flexibility, on top of the above-mentioned
electrical and electrochemical behaviors. In the present work,
we have described their energy applications by reference to
supercapacitors. The same discussions can be extended to
other energy devices, such as rechargeable batteries and
hybrid types.

There is no doubt that these key issues faced by electrospun
CNFs and those newly emerging ones will be further addressed
in the coming few years, especially for their application in the
wide spectrum of energy storage and conversion. There also
remain several challenges and opportunities:

(a) Trade-off among the key performance parameters:

Good electrical conductivity, large specific surface area,
high electrochemical activity, and strong mechanical robust-
ness are among important parameters for CNFs as freestand-
ing electrodes toward high-performance supercapacitors.
However, it is of challenge to integrate these functionalities to
full strength together in the same CNFs, since there exist one
or more trade-offs among them. In detail, micropores can
increase the specific surface area and promote the capacitance
at low current densities; mesopores facilitate a rapid ion trans-
fer and improve the rate capability. However, the introduction
of micropores and/or mesopores in the carbon structures will
apparently not contribute to the enhancement of mechanical
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strength, and may even have an adverse effect on the flexibility
of CNFs.>*®?*° On the other hand, certain macropores in CNFs
can effectively buffer the stress caused by the bending defor-
mation and/or volume expansion, but these materials usually
have large volumes, which is not conducive to the volume
specific capacity. Besides, when the continuous conjugated
network of the carbon skeleton in CNFs is interrupted by the
highly-developed pores, there can be a serious decrease in
conductivity.

(b) A complicated story with mix-ups:

In an attempt to improve the electrochemical performance
of elctrospun CNFs, a combination of multiple activation strat-
egies has often been employed, where there are dual/multiple
mechanisms to increase the overall performance. Even for a
single activation process, for example, by either physical or
chemical activation, it can bring in multiple structure and
functionality changes. In addition, as introduced in sections 2
and 3, some metal species produced by the decomposition of
the corresponding metal salts can catalyze the graphitization
of CNFs during thermal treatments, and at the same time,
they also act as inorganic templates for pore architectures. It is
thus difficult to generalize a quantitative structure-activity
relationship between the electrochemical performance and the
variables, such as conductivity, level of porosity, and hetero-
atom content, owing to the inability to accurately control a

13242 | Nanoscale, 2020, 12,13225-13248

single variable with other parameters unchanged. This does
not help the rational design of CNFs with an optimum struc-
ture and thus properties.

(c) still lack of understanding on some key basics:

Although electrospun CNFs have been extensively investi-
gated over the past more than one decade, there is still a con-
siderable lack of understanding on some of the key fundamen-
tal aspects. Taking the heteroatom doping as an example,
especially dual doping, ternary doping or multiple doping, pre-
vious efforts were mainly focused on proving the activation
concepts, approaches, and overall effects for CNFs. There is an
apparent lack of basic understanding on the interactions or
synergistic effects among different doping elements in most
cases. Nitrogen-doped carbon-based materials have been
extensively investigated, both experimentally and theoretically,
where the doping configuration and concentration in the
carbon lattice notably influence the electrochemical behavior.
Nevertheless, the local electronic structure and surface chem-
istry of the host carbon doped by other heteroatoms, such as
fluorine, phosphorus, and sulfur, remain unclear and disputa-
ble, which would need theoretical simulation to clarify how to
construct the optimal doping configuration experimentally.
Concerning the structure-performance relationship of CNFs,
there is still a considerable lack of understanding on some key
basic governing principles.

This journal is © The Royal Society of Chemistry 2020
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(d) Different functions:

The specific capacitance and energy density of carbon-
based materials are largely limited by the low theoretical
capacity, which is also applicable to electrospun CNFs. Instead
by themselves alone, CNFs shall be further expanded as con-
ductive substrates to support other electroactive materials, e.g.,
metal oxides/hydroxides, non-oxides, and conducting poly-
mers, to construct high-performance flexible wearable devices.
In this connection, there will be challenging issues on the
proper and optimum integration, especially at the interfaces.

(e) High cost and low yield limiting large-scale applications:

In research, a lot of “complicated stories” have been created
with CNFs in an attempt to raise one or two of their perform-
ance parameters, and the high cost arising makes them
impossible for industry to adopt. Mass production of CNFs at
low cost via electrospinning is a key technical issue that needs
to be addressed for large-volume applications. The extensively-
used PAN, which accounts for ~90% of the total market for
CNF precursors, is relatively expensive. In addition, it is rather
troublesome to recover some of the toxic solvents, such as
DMF, which adds on extra costs. Ideally, there shall be cheap,
high-quality polymer precursors and low cost, industry-scale
electrospinning equipment to be developed, which would
allow for the mass production of CNFs, in response to the
expected large demand for various energy applications. At the
time being, unfortunately, it appears to be a long distance off,
although great progress has been made with electrospun
CNFs, as has been reviewed in the present study, and it has
been moving in the right direction.
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