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ABSTRACT: Growing demands in flexible electronics have stimulated the rapid development of
electrodes with multifaceted attributes. Porous carbon fibers (PCFs) provide a potential means to
simultaneously achieve flexibility, durability, and energy density. High energy density often
necessitates large surface areas and thus pores, but pores generally diminish the mechanical
properties. Here, we electrospin poly(methyl methacrylate)-block-poly(acrylonitrile) (PMMA-b-
PAN) and examine the changes in the polymer morphology and resulting PCF porosity and
flexibility in response to relative humidity (R.H.). The determining factors of the fiber morphology
evolve from block copolymer microphase separation at 40—50% R.H. to vapor-induced phase
separation (VIPS) combined with microphase separation at 60—70% R.H. and to vapor-induced
precipitation at 80—90% R.H. After pyrolysis, the PCFs show the corresponding porosity, flexibility,
and electrochemical properties. Because VIPS enables the polymer fibers to outwardly reorganize
PAN and produce continuous graphitic structures, PCFs prepared from polymer fibers electrospun
at 70% R.H. develop a mesoporous core and long-range graphitic carbon sheath. Owing to the
core—sheath structure, these PCFs exhibit mechanical strength to withstand repeated bending while retaining a 249 + 20 F g™'
capacitance in flexible capacitor assemblies. This work highlights the potential for controlling block copolymer morphologies by
processing conditions and PCF properties, providing a platform for designing flexible PCFs for energy and environmental sciences.

Microphase separation
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B INTRODUCTION

Next-generation electronics demand structural electrodes that

have combined high power density, energy density, flexibility,

State-of-the-art carbon fiber electrodes focus on enhancing
energy density without compromising the mechanical proper-
ties. Enhanced energy density is often achieved with additives/
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durability, and safety." Structural electrode materials integrat-
ing all of these properties are limited.”” Fiber-based electrodes
can potentially address structural electronic needs owing to
their versatile functionality, flexibility, and strength.* Several
fiber-based materials have been studied including metal wires,”
metal composite fibers,” conductive polymer fibers,” and
carbon fibers.”™'" Traditional metal wires are highly
conductive but lack a large surface area to provide high energy
density.'' Metal composite fibers are attractive for their
conductivity and multifunctionality (piezoelectrics, nanogen-
erators, efc.); however, their architectures are susceptible to
tears and cracks.'”"®> Conductive polymer fibers (e.g,, polyani-
line (PANT),” poly(3,4-ethylenedioxythiophene) (PEDOT),"*
and polypyrrole (PPy)'®) possess good processability and can
be easily integrated with other materials such as cobalt oxide
wires, "¢ graphene oxides,'” and polymer binders.'® However,
swelling and shrinking of the conductive polymer fibers cause
short electrode life."”*° Carbon fibers are known for their
superior mechanical strength and have high conductivity
similar to metal wires and high redox stability.”" Therefore, the
development of carbon fiber electrodes is desirable for high-
performance flexible electrodes.

© 2022 American Chemical Society
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dopants such as nanoparticles,”” composite layers,”* and metal
oxides.”* However, pristine carbon fibers have low surface
loading of additives/dopants and reduced ca})acitance due to
their small surface areas and porosities.””*° Even with
exfoliation techniques, surface areas of carbon fibers remain
low (typical surface areas of pristine fibers are ~6 m* g~' and
exfoliated carbon fibers are ~92 m?> g_l).27 Porous carbon
fibers potentially address the issue of low surface area but they
often have a reduced mechanical strength.”* Adding metal wire
components ameliorates the strength of porous carbon fibers
but detrimentally increases weight and decreases the specific
surface area. Therefore, a direct approach to developing porous
carbon fibers (PCFs) that retain the mechanical properties
(particularly tensile strength and toughness) would allow

enhanced energy density and flexibility.
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Figure 1. (a) PMMA-b-PAN was synthesized via controlled radical polymerization using cumyl dithiobenzoate (CDB), azobisisobutyronitrile
(AIBN), acrylonitrile (AN), and dimethyl! sulfoxide (DMSO). (b) PMMA-b-PAN was electrospun into fiber mats under conditions of varying
humidities. (c¢) PMMA-b-PAN fiber mats were oxidized at 280 °C and subsequently carbonized at 800 °C. The photographs show representative
fiber mats after each step. (d) Due to the presence of nonsolvent water vapor, upon increasing humidity, the determining factors of PMMA-b-PAN
morphologies evolve from block copolymer microphase separation to VIPS and to vapor-induced precipitation.

High-mechanical-strength carbon fibers are typically made
from polyacrylonitrile (PAN) because of the long-range
graphitic carbon, but certain pore fabrication methods can
disrupt the graphitic structure. For example, PAN blended with
sacrificial polymers such as poly(styrene) (PS)** and poly-
(methyl methacrylate) (PMMA)®° leads to broad pore/
graphitic carbon distribution during carbonization, whereas
PAN-based copolymers reach even higher porosity and surface
area with narrow pore/graphitic carbon distribution in the
resulting PCFs.”*” The high degree of porosity and narrow
pore distributions might disrupt long-range graphltlc structures
and compromise the mechanical properties. Recently, our
laboratory has developed PCFs from poly(methyl methacry-
late)-block-poly(acrylonitrile) (PMMA-b-PAN).** Owing to
the block copolymer microphase separation and the narrowly
dispersed mesopores, these PCFs have shown outstanding
capabilities for energy storage.’ However, the mechanical
properties remain to be elucidated.”” Interestingly, in the
preparation of separation membranes, vapor-induced phase
separation (VIPS)***” has shown the potential to generate
pores in polymers while retaining excellent mechanical
strength.”” VIPS can tune the crystalline morphology of
polymers and maintain the mechanical properties.”’ However,
the effects of VIPS on the PAN-based block copolymer and
carbon fibers are unknown.””*> We hypothesize that the
synergistic integration of block copolymer microphase
separation with VIPS may provide uniform mesopores and
retain long-range graphitic structures in PCFs to ensure both
high energy density and mechanical strength.
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Herein, we study the morphologies of electrospun PMMA-b-
PAN fibers in relative humidity (R.H.) of 40—90% to
investigate synergistic microphase separation and VIPS (Figure
1). Water vapor acts as a nonsolvent to induce the VIPS effect
and reorganize the polymer morphology in the electrospun
fibers. The reorganization develops PMMA and PAN
structures that directly influence the PCF physical, mechanical,
and electrochemical properties. At lower humidity (40—50%),
the polymer fibers mainly undergo block copolymer micro-
phase separation, which develops into uniform mesopores. At
mid-range humidity (60—70%), the polymer fibers show the
reorganization of PAN toward sheath and PMMA to the core,
which results in a carbon sheath and larger internal pores. At
high humidity (80—90%), the polymer fibers develop beads
and clumps during electrospinning due to nonsolvent vapor-
induced precipitation. By systematically studying the effect of
humidity on the block copolymer fiber morphology, we
highlight the tunability of PCF properties for use as a flexible
electrode.

B MATERIALS AND METHODS

Chemicals. Methyl methacrylate (MMA, >99%), acrylonitrile
(AN, >99%), azobisisobutyronitrile (AIBN, >98%), benzene
(>99%), aluminum oxide (activated, neutral, Brockmann Activity
I), N,N-dimethylformamide (DMF, >99.7%), and dimethyl sulfoxide
(DMSO, >99.9%) were purchased from Sigma-Aldrich. Cumyl
dithiobenzoate (CDB) was synthesized via a previously reported
protocol.>> Methanol (Pharmco-AAPER) was used for polymer
precipitation. Nickel foam (MTI Corporation) was used as electrode
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substrates. Inhibitors in MMA and AN were removed by alumina
columns; all other chemicals were used as received.

Preparation of PCFs. PMMA-b-PAN was synthesized via
reversible addition—fragmentation chain-transfer (RAFT) polymer-
ization modified from a previous report.*****”***° First, MMA (70.0
mL, 618 mmol), CDB (169 mg, 0.318 mmol), and AIBN (50.8 mg,
0.310 mmol) were dissolved in benzene (120 mL) in a 1 L Schlenk
flask. The mixture was subjected to four cycles of freeze—pump—thaw
(FPT) followed by back-filling with N, to remove the dissolved
oxygen. The reaction proceeded at 60 °C for 27 h, resulting in a
PMMA macro-chain-transfer agent (macro-CTA). The macro-CTA
was precipitated in methanol, filtered, and dried in air for 24 h. The
purified macro-CTA (65.0 g, 1.08 mmol) was then mixed with AN
(260 mL, 4.33 mol), AIBN (4.40 mg, 270 ymol), and DMSO (700
mL) into a 2 L Schlenk flask to synthesize PMMA-b-PAN. The
mixture was degassed by four FPT cycles and then heated in an oil
bath at 65 °C under a N, atmosphere for 24 h. The resulting PMMA-
b-PAN block copolymers were purified following the same steps as
those of PMMA macro-CTA. The number average molecular weights
(M,) and polydispersity index (PDI) were measured with size
exclusion chromatography (SEC) (EcoSEC HLC-8320GPC) equip-
ped with a light scattering detector (DynaPro Nanostar photometer).

PMMA-b-PAN (M, = 171 kDa, PDI = 1.11) (Figure S1) was
dissolved in DMF at a concentration of 17 wt %. The dissolved
PMMA-b-PAN was electrospun at an injection rate of 0.020 mL
min~" and a voltage bias of 18 kV provided by a high-voltage supply
(Model PO30HP1, Acopian Technical Company) similar to previous
protocols.*” Electrospun fibers were collected by an aluminum drum
with a rotating speed of ~280 rotations per minute (rpm). The entire
apparatus was placed within a transparent epoxy chamber equipped
with a humidifier and a hygrometer to tune humidity during
electrospinning. Relative humidity (RH.) to room temperature
(~23 °C) was set to 40, 50, 60, 70, 80, and 90% with a +3%
tolerance to electrospin six sets of polymer fiber mats. All other
electrospinning conditions (except the relative humidity) remained
the same for all electrospun fiber mats in this study. The oxidized and
carbonized fibers were designated as oxidized or PCFs with their
corresponding RH. during the polymer fiber preparation step
throughout this paper (Table 1). The as-spun fibers were oxidized
and stabilized at 280 °C for 8 h (heating ramp rate, 1 °C min™") in air
and then pyrolyzed at 800 °C (heating ramp rate, 10 °C min™") for 1
h in an electrical tube furnace (Model STF55433C-1, Lindberg/Blue
M) with a constant N, flow of 200 standard cubic centimeters per
minute (sccm). The resultant PCFs were used without further
activation.

Material Characterizations. The fibers were imaged with a
scanning electron microscope (LEO Zeiss 1550 SEM, acceleration
voltage: 2—4 kV, working distance: ~3 mm). Because of inadequate
electrical conductivity, the as-spun and oxidized fibers were coated
with ~4 nm iridium prior to scanning electron microscopy (SEM)
imaging. N, and CO, physisorptions were conducted at 77 and 273 K,
respectively, on a 3Flex Pore Analyzer (Micrometric Instruments
Company). Prior to physisorption, PCFs were degassed at 90 °C for 1
h and 300 °C for 10 h to remove any potential adsorbents on the
carbon surfaces. Surface areas were calculated based on the
Brunauer—Emmett—Teller (BET) theory. Pore size distributions
were obtained using nonlocalized density functional theory
(NLDEFT), similar to previous reports.*> The mechanical properties
were evaluated based on the cross-sectional area of the fiber mats,
which were placed under tension. The fibers were tested with dynamic
mechanical analysis (DMA) with fiber mats in the tensile mode.
Calipers with +0.01 mm were used to measure the cross-sectional
area.

Electrochemical Characterizations. All electrochemical tests
were performed on a PARSTAT 4000+ electrochemical workstation
(Princeton Applied Research, AMETEK Inc.) with a three-electrode
testing configuration. PCFs (~2—3 mg) were placed between two
pieces of nickel foam (~1 X 3 cm?) so that only the top portion of the
PCFs was in contact with the nickel foam. The electrodes were then
pressed at 4 metric tons using a benchtop hydraulic shop press
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Table 1. Nomenclature of the Polymer, Oxidized, and
Carbonized Fibers Used in This Study”

relative humidity during

electrospinning (%) treatment process designation

40 none—as-spun 40% polymer
fibers
S0 none—as-spun 50% polymer
fibers
60 none—as-spun 60% polymer
fibers
70 none—as-spun 70% polymer
fibers
80 none—as-spun 80% polymer
fibers
90 none—as-spun 90% polymer
fibers
40 oxidized at 280 °C  40% oxidized
fibers
50 oxidized at 280 °C  50% oxidized
fibers
60 oxidized at 280 °C  60% oxidized
fibers
70 oxidized at 280 °C  70% oxidized
fibers
80 oxidized at 280 °C  80% oxidized
fibers
90 oxidized at 280 °C  90% oxidized
fibers
40 carbonized at 40% PCFs
800 °C
50 carbonized at 50% PCFs
800 °C
60 carbonized at 60% PCFs
800 °C
70 carbonized at 70% PCFs
800 °C
80 carbonized at 80% PCFs
800 °C
90 carbonized at 90% PCFs
800 °C

“Note that the polymer fibers are as-spun and the oxidized and
carbonized fibers are processed at 280 °C and 800 °C, respectively.

(Stongway, Model 46269). The actual mass loading of PCFs was
measured using an analytical balance (Model Mettler Toledo
XSE10S) with a sensitivity of +0.01 mg. The mass was checked
before and after pressing to account for any material loss during the
pressing process.

The PCF electrodes were then tested using cyclic voltammetry
(CV) to evaluate the electrochemical performance. A Ag/AgCl
electrode (in saturated KCl aqueous solution) and a piece of nickel
foam were used as the reference and counter electrodes, respectively.
The electrolyte was a 3 M KOH solution for electrochemical tests. CV
curves were collected within a potential window from 0 to —0.8 V vs
Ag/AgCl at various scan rates between 10 and 1000 mV s™". The PCF
gravimetric capacitances from CV were calculated using the following
equation44

1 Vi
/ I (V)ldV
Vi

“= 20— I (1)

where I (V) is the current density (A g™'), v is the scan rate (mV
s, and V, and V, are the lower and upper potential limits of the
potential window, respectively. For the flexible supercapacitors, a
quasi-solid-state electrode was created with PCF electrodes and a
PVA/KOH electrolyte. A solution of poly(vinyl alcohol) (PVA) (M,,
~ 35 kDa) and deionized water (1:2 wt ratio) was mixed for 2 h in a
flask at 80 °C. Once the solution appeared homogeneous, 10 mL of 6
M KOH solution was added and mixed for 15 min. The solution was
then poured into a glass Petri dish, which contained two symmetric
PCF electrodes. Once the electrodes were fully submerged, the Petri
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Figure 2. Representative SEM images of PMMA-b-PAN fibers immediately after electrospinning under R.H. of (a) 40%, (b) S0%, (c) 60%, (d)

70%, (&) 80%, and (f) 90%.

dish containing PCF electrodes and PVA/KOH was placed in a
freezer for 2 h. The subsequent quasi-solid-state gel electrode was
then tested with CV with a two-electrode setup from 0 to 1.1 V at
scan rates of 10—1000 mV s™'. The gravimetric capacitance was
calculated with 1.

Ultra-Small-Angle X-ray Scattering (USAXS)/Small-Angle X-
ray Scattering (SAXS) Characterization. Ultra-small-angle X-ray
scattering (USAXS)/small-angle X-ray scattering (SAXS) measure-
ments were collected at beamline 9-ID-C at the Advanced Photon
Source (APS) at Argonne National Laboratory (Lemont, Ilinois).*®
Samples were mounted between two pieces of 3M Scotch tape. The
X-ray energy was 21 keV, and the X-ray wavelength was 0.5904 A.
Data were acquired over 90 s for USAXS and 20 s for SAXS. The
beam size was 0.8 X 0.8 mm? for USAXS and 0.8 X 0.2 mm? for
SAXS. Data were reduced and corrected for background, thickness,
and transmission using the Indra*’” and Nika** programs for Igor Pro.
The data were output on an absolute scale. The Irena program for
Igor Pro was used to merge same-specimen USAXS and SAXS
profiles,*’” yielding a continuous scattering vector (q) range from
0.001 to about 16 nm™". Scattering plots are presented as scattering
intensity, I(q), versus scattering vector q, where q = (47/4)sin(0), 0 is
one-half of the scattering angle, and 1 is the X-ray wavelength. Slit-
smeared USAXS data were desmeared using Indra, yielding pinhole
equivalent data. Merged USAXS/SAXS profiles were fit to the Unified
Fit" function using Irena.

Unified Fit. The Unified Fit function® is used to fit multiple
populations of scatterers each with a Guinier knee and a power-law
decay. A single level can be expressed as

P,

J|

qug,i
, (erf( 7
B{———
q

I(9) = G e Rei/3 | o0 Rgeo,/
(2)

where g is the scattering vector, I,(g) is the intensity of the ith level as
a function of g, G; is the Guinier prefactor, B; is the power-law
prefactor, erf is the error function, and j; is the Porod exponent. Ry,
is a high g cutoff for the power law, typically equal to Ry(;_;). The term
kis 1 for surface fractals and 1.06 for mass fractals. Ry, is the radius of
gyration of the scatterer, which quantifies the size of a scatterer
independent of the scatterer’s shape.”> Many levels are summed as
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The Unified Fit can be modified to accommodate for a weak structure
factor. The Born—Green closure of the Ornstein—Zernike equation is
used to modify the scattering pattern*’

1
1+ px00g,n) &)

where S(q) is the structure factor, p is the packing factor, and 6(g, 1)
is the spherical amplitude function

S(q) =

sin(qn) — qn cos(qn)
(qn)’ ()
where 77 is the radial correlation distance.”' S(gq) is multiplied to I,(q)

to include structure factor contributions to the desired level in the
Unified Fit function.

9(‘1; ’7) =3

B RESULTS AND DISCUSSION

Electrospinning and Fiber Morphology. Block copoly-
mer-derived porous carbon fibers showed a high degree of
control over the pore structure, surface area, and electro-
chemical properties.*” Physical properties of the porous carbon
fibers can also be tuned by the volume fractions of the
constituent blocks and the molecular weight of the block
copolymers.32 In our previous reports,36’43’44 electrospun
PMMA-b-PAN fibers exhibited kinetically trapped microphase
separation of PMMA and PAN. The polymer morphology
carried over to the resulting porous carbon fibers, but the
effects of solvent/nonsolvent on block copolymer phase
separation in fibers have not been fully elucidated. In addition,
the morphological structures require further investigation in
the electrospun polymer fibers, oxidized fibers, and carbon
fibers.

Humidity serves as a nonsolvent vapor that directly
influences the morphology and domain size in block
copolymer fibers. Here, the PMMA-b-PAN fibers were subject
to various electrospinning conditions under 40—90% R.H. The
electrospun polymer fibers, oxidized fibers, and carbon fibers
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Figure 3. Representative SEM images of PMMA-b-PAN fibers after oxidization at 280 °C. The polymer fibers were electrospun under R.H. of (a)

40%, (b) 50%, (c) 60%, (d) 70%, (e) 80%, and (f) 90%.

are designated by the humidity levels during electrospinning
and current thermal processing steps (e.g., 40% polymer fibers,
70% oxidized fibers, etc.) (Table 1). The 40% polymer fibers
showed well-dispersed domains (Figure 2a). The fiber skin
appeared slightly smeared after the electrospinning flight. The
40 and 50% polymer fibers shared similar morphologies in the
cross section with microphase separation of PMMA and PAN
(Figure 2a,b). The 60% polymer fibers exhibited PAN sheath
development on the fiber surface (Figure 2c). The 70%
polymer fibers also showed a PAN sheath layer, and the
microphase separation was still visible in the cross section
(Figure 2d). Lastly, the 80 and 90% polymer fibers showed
tantamount PAN sheath development. In addition, larger pores
appeared inside the polymer fibers, possibly due to an effect of
nonsolvent-induced precipitation.”””*

The humidity also affected the structure of the fibers with
regard to fiber alignment. At a low drum-rotation rate of ~280
rpm, the fibers lacked significant alignment but were still
marginally aligned in the axial direction owing to the drum-
shaped fiber collector. The 40—70% polymer fibers retained
the individual fiber shape, and these fibers shared a similar fiber
alignment (Figure S2). However, the 80—90% polymer fibers
showed a different structure with much less axial alignment.
The adjacent fibers tended to fuse either intersectionally or
parallelly (Figure 2Se,f).

The block copolymer phase separation is of paramount
importance for the physical, mechanical, and electrochemical
properties of the resulting PCFs. Typically, lower humidity
levels barely affected the solvent evaporation and thus the
fibers exhibited kinetically trapped PAN and PMMA
domains,”* similar to the electrospun PMMA-b-PAN fibers
in our previous reports.””** The higher humidity levels,
however, induced a nonsolvent effect on the polymer jets and
disrupted the block copolymer microphase separation. Thus,
the PMMA-b-PAN fibers possessed complex phase-separated
structures arising from the combined effects of solvent
evaporation, nonsolvent VIPS, and block copolymer micro-
phase separation. First, SEM displayed a trend of PAN
reorganization toward the sheath and PMMA migration
toward the core, possibly driven by the greater hydro-
phobicity®>*® and surface energy’® of PMMA than those of

PAN. Surface energies of PMMA and PAN are ~41 and ~27
mN m~, respectively.’® In addition, PAN domains were
subject to electrostatic repulsion within the jet stream during
electrospinning, and thus the PAN domains reorganized along
the sheath of the fiber.’” Furthermore, a “polymer precip-
itation” effect was visible in the 80—90% polymer fibers, where
polymer clumps formed because of the high-humidity levels
(Figure S3). The clump formation is a known complication in
electrospinning that accompanies nonsolvent vapor (i.e.,
humidity).”" Lastly, the high humidity also reduces the speed
at which the solvent (DMF) evaporates from the fibers,
thereby providing the polymer chains with mobility to
reorganize. The reorganization in high humidity allows
PMMA-b-PAN to reach better microphase separation than
the kinetically trapped morphologies in lower humidity.”®

Oxidation provides stability for the polymer fibers prior to
carbonization and induces block copolymers to microphase-
separate and reorganize.” Previous reports have shown that
oxidation partially degrades PMMA into pores and cross-links
PAN into a network structure.”® The 40—50% oxidized fibers
retained the PMMA and PAN domains derived from the
polymer fibers, and both the skin surface and cross section
showed relatively uniform pores (Figure 3a,b). However, in
60% oxidized fibers, portions of the PMMA domains coalesced
and developed into nonuniform pores with greater dispersity
than in 40—50% oxidized fibers (Figure S4c). Portions of the
PAN domains developed into ridges along the fiber sheath
(Figure 3c). The 70% oxidized fibers showed the coalescence
of PMMA escalated, and the nonuniform pores were more
prevalent in both the cross section and skin surface (Figures 3d
and S4d). The pore nonuniformity was the most apparent in
80—90% oxidized fibers, as depicted by the large voids (Figure
3ef). A zoomed-out view of the 80—90% oxidized fibers
showed that they retained the fused structures from the as-
spun fibers (Figure SS).

Carbonization decomposed PMMA and completed the PAN
cross-linking, which solidified the final morphology into a
porous carbon network wvia pyrolysis. The 40—50% PCFs
resembled our previously reported PMMA-b-PAN-derived
carbon fibers prepared under similar conditions.”> These
carbon fibers consisted of the typical porous structures
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Figure 4. Representative SEM images of carbon fibers after the oxidation of PMMA-b-PAN fibers at 280 °C and carbonization at 800 °C. The
polymer fibers were electrospun under R.H. of (a) 40%, (b) 50%, (c) 60%, (d) 70%, (e) 80%, and (f) 90%.
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Figure S. Pore width distributions of PCFs calculated using NLDFT based on the physisorption of N, for mesopores and CO, for micropores. The
corresponding polymer fibers were electrospun under RH. of (a) 40%, (b) 50%, (c) 60%, (d) 70%, (e) 80%, and (f) 90%.

templated by the PAN and PMMA domains that were
kinetically trapped by electrospinning and PAN cross-linking
(Figure 4a,b). The 60% PCFs started to show a slight pore size
difference along the exterior of the fibers (Figure 4c). Reaching
a critical point of the nonsolvent effect, the 70% PCFs showed
nonuniform pore sizes, as well as a carbon sheath layer due to
the PAN sheath developed during electrospinning and
oxidation (Figure 4d). We expect these fibers to be flexible
because of a continuous layer of carbon sheath.”” The
nonsolvent effect became more severe as the humidity level
increased during electrospinning. The 80% carbon fibers
exhibited ridge-like carbon structures derived from PAN,
leaving behind grooves on the fiber skin surface (Figure 4e).
Similarly, the 90% PCFs possessed nonuniform pore shapes in
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the cross section arising from more nonsolvent-induced phase
separation than low-humidity fibers.**

The phase separation of block copolymer affects the physical
properties of the fibers including pore size, surface area, and
pore distribution. PMMA domains generate pores, but the
coalescent PMMA domains increase the pore size, reduce the
number of pores, and thus potentially decrease the overall
surface area. The PMMA domains tend to reorganize toward
the fiber interior during high-humidity electrospinning. The
PAN sheath layer therefore encapsulates the pores inside the
carbon fibers and makes them inaccessible. The potentially less
pore connectivity, broader pore distribution, and more pore
coalescence contributed to a decrease in surface area for high-
humidity fibers (80—90% R.H.). A portion of the carbonized
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fibers develops disconnected pores due to the PMMA
aggregation that evolved into macropores upon carbonization.
The reorganization also induces the fibers to shift from a
conventional cylindrical shape (40—60% humidity) to a
nonuniform clumping shape with the formation of beads
(80—90% humidity) (Figure S6). Overall, SEM suggests a
decreasing surface area, pore volume, and pore uniformity as
the humidity level increases (Figure S7).

Physisorption of PCFs. Physisorption revealed the pore
size and surface areas of PCFs. N, isotherms of the PCFs
showed type IV characteristics (Figure S8) and CO, isotherms
showed type 1 characteristics (Figure S9), as defined by the
International Union of Pure and Applied Chemistry
(IUPAC).** Based on the quantity of gas adsorbed and the
hysteresis, N, isotherms provided insights into mesopore sizes
(2—50 nm), mesopore volumes, and surface areas, whereas
CO, isotherms provided information about the micropores
(<2 nm).

By applying nonlinear density functional theory (NLDFT)
to both N, and CO, physisorption, the pore width
distributions were obtained (Figure 5).° The 40% PCFs
showed a clearly defined unimodal mesopore peak at ~14 nm
(Figure S). The 50% PCFs displayed a similar unimodal peak
centered at ~15 nm with similar pore volumes. At 60% R.H.,
the PCF mesopore size was centered at ~17 nm and the pore
size dispersity increased, as evidenced by the increasing full
width at half-maximum (FWHM). For the 70% PCFs, the
FWHM further increased, and a shoulder appeared at >30 nm,
but the mesopore size did not change drastically from the 60%
PCFs. The unimodal mesopore peak nearly disappeared at
80—90% humidity, and the population of mesopores >20 nm
notably increased. In addition, the overall pore volumes of 80
and 90% PCFs drastically decreased (Figures S and 7 and
Table 2). The micropores in all PCFs were trimodal and

Table 2. Surface Area, Pore Volume, and Peak Mesopore
Size Based on Nitrogen Physisorption Data for 40—90%
PCFs

RH. surface area mesopore volume peak mesopore size
(%) (m? g7) (em® g7) (nm)
40 567 0.487 ~14
50 559 0.491 ~15
60 545 0.512 ~17
70 536 0.572 ~16
80 383 0.102 ~13
90 231 0.053 ~12

centered about ~0.58, 0.86, and 1.2 nm (Figure 5). We
attribute the micropores to missing graphitic layers within
PAN-derived carbon, which is present throughout all PCFs and
PAN-derived carbon fibers.”**

The PCF surface area and pore width distributions reflected
similar trends to the microscopic observations of block
copolymer morphologies from SEM. The pore volume for
40% PCFs was 0.487 cm® g™. The pore volume increased with
humidity up to 0.572 cm® ¢! (at 70% RH.) and then
drastically decreased with humidity down to 0.053 cm® g™ (at
90% R.H.) (Table 2). The coalescence of the PMMA domains
was observed in the SEM images (for both the polymer and
oxidized fibers) and confirmed by physisorption. The
coalescent PMMA domains generated merged mesopores
and reduced the overall pore volume. Moreover, at 80 and
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90% R.H., the nonsolvent-induced phase separation became a
dominant effect that further reduced the pore uniformity and
pore volume. Lastly, the PAN layer created a carbon sheath,
which also likely decreased the accessible internal pore volume.

USAXS/SAXS Characterization of PCFs. USAXS/SAXS
was used to investigate the morphological evolution of the
electrospun mats. Merged USAXS/SAXS profiles for the spun
fibers (Figure 6a) show a knee between q = 0.02 and 0.1 nm ™,
which is attributed to dimensions of the phase-separated
domains between PAN and PMMA, in agreement with the
SEM data in Figure 2. These USAXS/SAXS data also show a
knee between q = 0.002 and 0.02 nm™', associated with the
diameter of the spun fiber. Intensity oscillations present for the
fiber diameter feature spun at 60, 70, and 80% relative
humidities in the range of g = 0.008—0.02 nm™" are associated
with a form factor for rods of low polydispersity. At 40% R.H.,
DMF quickly evaporates during electrospinning, such that no
phase separation occurs. As R.H. increases from 50 to 80%, the
vapor-induced phase separation increases, leading to distinct
knees in the scattering profiles. At 90% R.H., the scattering
profiles again become featureless, suggesting a phase mixed
morphology. Since PAN is slightly more hydrophilic than
PMMA, PAN partitions toward the surfaces of high R.H. fibers,
which may hinder further phase separation.

The USAXS and SAXS profiles for oxidized fibers were
combined (Figure 6b). A feature between 0.06 and 0.3 nm™
and a feature between q = 0.3 and 1 nm™" are observed in the
scattering profiles for the oxidized fibers, in addition to the
fiber diameter feature between q = 0.002 and 0.02 nm™". Many
concurrent processes, such as further phase development, PAN
cross-linking, and PMMA degradation, occur during oxidation,
making feature assignment challenging. The larger feature,
between q = 0.06 and 0.3 nm™’, likely arises due to PMMA and
PAN phase separation, and the smaller feature, between q = 0.3
and 1 nm™}, is likely due to the emergence of small pores.
Nevertheless, neither feature size trends strongly with relative
humidity.

USAXS/SAXS profiles for the pyrolyzed fibers are seen in
Figure 6¢c. The fiber diameter feature is observed between g =
0.001 and 0.03 nm ™, while the pore feature is observed from g
= 0.03 to 5 nm™". At the lower humidity values of 40—50%
R.H., pore features are observed at larger scattering vectors. At
these humidity values, the scattering profile displays a broad
peak shape, indicating that the pores are ordered relatively
close together. At the high R.H. values of 70—90%, pore
features are observed at lower scattering vectors. At these
humidity values, the scattering profile displays a knee shape
with no upturn, indicating that the pores are relatively dilute.
At the intermediate R.H. of 60%, no strong scattering is
observed, perhaps indicating that no single morphology is
dominant.

USAXS/SAXS profiles were fit to the Unified Fit function to
extract the radius of gyration of the features (Figure 7). Due to
the irregular shape of the phase-separated domains and the
pores, quantifying size with the shape-independent radius of
gyration is reasonable. In characterizing the average
dimensions of the pores (voids, postcarbonization), the radius
of gyration, R,, may be generally considered as the root-mean-
square distance from the center of the void to the outer edges
of the void. The radius of gyration of the phase-separated
domains observed in the electrospun mats was found to be
within 70 and 40 nm, with a minimum of 39.2 nm at 70% R.H.
Over the range of relative humidity, the features observed in
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Figure 6. USAXS/SAXS profiles of (a) the as-spun block copolymer fiber mats under R.H. of 40—90% and the corresponding (b) oxidized fibers

and (c) PCFs (carbonized).

90

= Polymer Fiber Phase Separated Domain
804 * Oxidized Fiber Pore
A Carbon Fiber Pore

70-
60-
504 .

401 .
301
201

1% I S

40 50 60 70 80 90
Humidity (R.H.%)

Radius of Gyration (nm)

Figure 7. Radius of gyration (Unified Fit) of the fibers in the as-spun
polymer, oxidized, and carbonized states as a function of RH. (40—
90%).

the oxidized fibers appear independent of relative humidity.
The oxidized mats have a feature with a radius of gyration
around 14 nm, attributed to the phase-separated domains, and
another feature with a radius of gyration of about 4 nm,
attributed to the pores (Figure 7).

USAXS/SAXS profiles from pyrolyzed samples were fit to
the Unified Fit function (Table S1). Pore radii of gyration of
7.6 and 8.4 nm were found for the 40 and 50% R.H. samples,
respectively. Assuming spherical pores, the pore radii can be
calculated using the following equation

_ |3
Rg‘\ER ©)

The spherical radii for 40 and 50% then become 9.9 and 10.8
nm, respectively. These radii values agree with the porosimetry
data, considering that the Guinier approximation overestimates
the radius of gyration.”* The Unified Fit function was modified
with the Born—Green closure to the Ornstein—Zernicke
equation to capture the structure found in the 40 and 50%
R.H. samples. The correlation radius increases from 20.3 to
22.5 nm with increasing RH. from 40 to 50%. Additionally, the
packing factor decreases from 2.81 to 1.57 with increasing R-H.
from 40 to 50%. These trends in the radius of correlation and
packing factor indicate that the pores are less ordered at 50%
R.H. Beyond 50% R.H.,, there is minimal influence of structure
in the scattering patterns.

Increasing the relative humidity generally increases the
radius of gyration of the pores (Figure 7), in agreement with
the pore size distributions from nitrogen sorption. Similar to
the BET and SEM results, the pore coalescence appears
probably owing to the phase development of PMMA, which
results in pore generation in the PCFs. The largest pores, with
a radius of gyration of 27.2 nm, are observed with the samples
spun at 70% R.H. This relative humidity may provide enough
thermodynamic driving force to develop phases that are an
optimal size and distribution for coalescence during pyrolysis.
At higher relative humidity, fewer pores are present along the
sheath region of the fibers (Figure S6), yet the PMMA
domains coalesce creating larger pore sizes (Figure 5S) due to
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Figure 8. (a) Tensile strength, (b) toughness, and (c) elongation of PCF derived from polymer fibers electrospun under varying R.H. levels of 40—
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fibers.

less well-developed phase separation. Notably, the pyrolyzed
pore radius of gyration ends up between the values for the
oxidized phase-separated domain size and the oxidized pore
radius of gyration for the low R.H. values (Figure 2). This
observation may indicate that the pores are growing as the
domains are shrinking and developing into pores. At the higher
relative humidity values of 70 and 90%, the pyrolyzed pores are
larger than the oxidized phase-separated domains. The
coalescence of several pores may allow growth to larger sizes
than the phase-separated domains. At 50 and 60% RH., a
smaller feature is seen between 1 and S nm™'. This feature
could indicate the presence of smaller pores (<10 nm).
Incidentally, the nitrogen porosimetry pore size distributions of
the 50 and 60% R.H. pyrolyzed fibers also indicate an increase
in the number of pores with widths smaller than 10 nm.

Mechanical Properties of PCFs. The varying porous
structures within the PCFs contributed to different mechanical
properties. As shown by tensile tests (Figures 10 and S10 and
Table S2), the tensile strength was the lowest for 40% PCFs
and increased steadily with humidity up to 70%. The tensile
strength of 70% PCFs was ~S-fold that of 40% PCFs and at
least 2-fold that of the rest of the PCF mats (Figure 8a). The
80% PCFs exhibited the second highest tensile strength but
still only half the strength of the 70% PCFs. As the humidity
further increased to 90%, the tensile strength decreased. The
toughness of PCFs showed a trend similar to tensile strength,
where the 70% PCFs exhibited the highest (13 MPa) and 40%
PCFs exhibited the lowest (<1 MPa) toughness (Figure 8b).
Most PCFs showed <1% elongation, except the 70% PCFs,
which exhibited 1.2% elongation (Figure 8c).

The development of a carbon sheath owing to polymer
domain reorganization benefited the mechanical strength of
certain PCFs. Typically, low-humidity PCFs (i.c., 40 and 50%)
lacked a continuous mechanically strong carbon structure
present in conventional gel-spun PAN-derived carbon fibers.*®
Instead, they have a perforated carbon network around the
pores. The network had “necking” regions, where stress could
concentrate and reduce the overall axial resiliency during
deformation.’® The necking regions can be strengthened by
tension during pyrolysis, similar to the tensioning conventional
carbon fibers during the pyrolysis process.”” As the relative
humidity was increased from 40—50 to 60—80%, a continuous
carbon sheath layer was developed in the PCFs. The long-
range carbon sheath layer increased the mechanical strength of
the fiber mats. Particularly, the 60 and 70% PCFs exhibited
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good flexibility despite the high porosity. The 80% PCFs
possessed low porosity and good flexibility, but the bead-and-
clump formation, which was caused by the nonsolvent
precipitation, diminished the mechanical strength of the fiber
mat (Table S2). Our results agreed with observations in a
previous report,”® where electrospun PMMA fibers from DMF
solutions showed a similar critical relative humidity level at
80%. At ~80% R.H., the nonsolvent effect reached a tipping
point and it started to distort the fiber morphologies (Figure
S11). Lastly, the 90% PCFs lacked flexibility, likely because the
carbon sheath layer was disrupted by the bead-and-clump
structures induced by the severe nonsolvent VIPS and polymer
precipitation. In addition to the carbon sheath layer, USAX
data indicated that the 70% PCFs had the largest average fiber
diameter, which also contributed to the strongest mechanical
strength (Figure S12). The larger diameter likely contributed
to more graphitic stacking of the carbon atoms, and thus the
fiber mats show higher tensile strength. In addition to the
carbon sheath layer, USAX data indicated that the 70% PCFs
had the largest average fiber diameter, which also contributed
to the strongest mechanical strength (Figure S10). The larger
diameter likely contributed to more graphitic stacking of the
carbon atoms, and thus the fiber mats show higher tensile
strength. Overall, the 70% PCFs showed the highest flexibility
because of the continuous carbon sheath and large fiber
diameter.

Electrochemical Performance of PCFs. Owing to the
conductivity of graphitic carbon, PCFs have excellent potential
for use as electrodes in energy storage. The gravimetric
capacitances of all PCFs were examined in a 3 M KOH
aqueous solution using a three-electrode cell with a Ag/AgCl
reference electrode. At a 10 mV s™! scan rate, the 40—70%
PCFs displayed the highest capacitances of ~300 F ¢! (Figure
9a). However, capacitance dropped by roughly half for the 80%
PCFs (153 F g') and by another half for the 90% PCFs (71 F
g™!). The scan rate capacitance of the PCFs followed
tantamount trends across the range of 10—1000 mV s~
(Figure 9b). Surface area correlates positively with the electric
double-layer capacitance of porous materials. Because of the
similar surface areas (difference within +16 m* g™' from the
average), the capacitance of 40—70% PCFs was comparable
(difference within +12 F g™' from the average) (Figure S13).
Additionally, there was pseudo-capacitance contributed by the
N and O heteroatomic doping, which resulted from PAN and
oxidation.
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Figure 10. Electrochemical performance of PCFs within the gel-state electrolyte (PVA/KOH). (a) Gravimetric capacitance of 40 and 70% PCFs at
0, 90, and 180° at a 10 mV s™" scan rate. (b) Rate capacitance of the 70% PCFs at bending angles of 0, 45, 90, 135, and 180° at scan rates of 10—
1000 mV s™". (c) Normalized capacitance for the 70% PCFs upon repeated bending and (d) representative CV curves at 20 mV s™" in the first
three and last two bending cycles. The bending angles are shown in parentheses. (e) Photographs of a capacitor made of the 70% PCFs bent at
angles of 0 to 90, 180°, and back to 0°. (f) A photograph of a lit LED bulb with two PCF capacitors in series.

Based on the physical, mechanical, and electrochemical B CONCLUSIONS
performances of the PCFs, the electrodes were investigated for
use in flexible supercapacitors. The 40 and 70% PCFs were
evaluated within a polyelectrolyte cell of PVA/KOH wrapped
by a parafilm. The electrodes were bent at various angles
between 0 and 180°, and the capacitances were measured with
cyclic voltammetry (Figure 10). At 0°, both 40 and 70% PCFs
exhibited congruous specific capacitances of 239 + 12 and 249
+ 13 F g7, respectively. At 90°, however, only the 70% PCFs
retained the same performance, while the 40% PCFs dropped
their capacitance by ~82% (Figure 10a). At 180° the 70%
PCFs retained the structure and capacitance of 249 + 20 F g™/, : o T ] .
while the 40% PCFs reduced further down to 22 + 14 F g\, width _ distributions. In. the mld'hun?l(_llty range (.69_.70%
Ultimately, the 70% PCFs provided reliable gravimetric R.H.), water vapor pr.o.v1ded enough driving forces to 1n1.t1ate a
capacitances upon being bent at various angles, whereas the VIPS effect, reorganizing the_PAN and PMMA .domalns. to
40% PCFs lost the energy storage capabilities. The 70% PCFs form a core—sheath structure in the fibers. Lastly, in the high-
were then subjected to bend angles of 0, 45, 90, 135, and 180° humidity range (80—90% R.H.), the fibers experienced strong

Block copolymer-derived PCFs hold significant promise in
developing advanced structural energy materials. Electro-
spinning conditions of the polymer fibers provided a way to
tune the mechanical and electrochemical properties of PCFs.
In conjunction with block copolymer microphase separation,
the use of a nonsolvent such as water vapor jointly controlled
the porosity and mechanical properties via VIPS. In the low-
humidity range (40—50% R.H.), water vapor showed little
effect and PMMA-b-PAN fibers mainly underwent microphase
separation, which developed into mesopores with narrow pore

at scan rates of 10—1000 mV s~ (Figure 10b). The 70% PCFs vapor-induced phase separation and even precipitation,
showed a 52 + 4% retention capability regardless of the forming large polymer clusters and thus nonuniform pores in
bending angle. One consideration for the flexible electrodes the PCFs that severely weakened the mechanical strength. The
was the ability to survive repeated bending. The 70% PCFs electric double-layer capacitance favored the lower humidity
were bent between 0 and 180° for 50 cycles, and the owing to the higher surface areas. The juxtaposition of both
capacitances were measured at 20 mV s~ (Figure 10c). At the flexibility and electric double-layer capacitance existed at 70%
50th bend, the fibers showed an ~99% capacitance retention R.H, showing a window for PCFs to achieve both electro-
(Figure 10c). Two in-series capacitors made of ~3 mg of 70% chemical and mechanical properties. Fabricated into flexible

PCFs provided a voltage of ~2.2 V and were able to light a capacitors, the 70% PCFs demonstrated the capability of
simple light-emitting diode (LED) (Figure 10e). Although serving as structural energy storage materials. The morpho-

rudimentary, the PCFs demonstrated the capability for logical study herein provides a systematic understanding of
developing advanced flexible electronics, where PCFs can nonsolvent effects on electrospun block copolymer fibers and
serve as both structural support and energy storage media. the resulting PCFs. The flexible block copolymer-derived PCFs
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underscore the potential in flexible electronics, energy storage,
and environmental science.
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