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ABSTRACT: In this study, we synthesized two forms of the polypeptide-

based rod—coil diblock copolymer poly(ethylene oxide-b-y-benzyl-L-gluta- -
mate) (PEO-b-PBLG), comprising hydrophilic PEO as the coil segment and o
hydrophobic PBLG as the rod segment, with different degrees of polymer- By
ization (DPs) of the PBLG segment (DP = 20 and 45), through ring-opening
polymerization of N-carboxyanhydride with amino-terminated PEO as the
macroinitiator. Fourier transform infrared (FTIR) spectroscopy revealed the
secondary structures of the resultant PEO-b-PBLG block copolymers with an
a-helical conformation, while wide-angle X-ray diffraction (WAXD) revealed a
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hexagonally packed cylinder structure for the PBLG segments. When we

blended the diblock copolymers with a resol-type phenolic resin at various compositions, FTIR spectra suggested that the resol OH
groups preferred to hydrogen-bond with the ether oxygen atoms of the PEO segment, rather than with the C=O groups of the
PBLG segment. At high resol contents, the crystalline structure of the PEO segment was destroyed, while the a-helical conformation
and hexagonal cylinder structure of the PBLG segment remained unchanged, as determined using differential scanning calorimetry,
FTIR spectroscopy, and WAXD. We prepared a series of microporous carbons through thermal calcination of resol/PEO-b-PBLG
blends at various compositions. The microstructures of the resulting carbons were strongly influenced by the secondary structure of
the PBLG segments, rather than the microphase separation of the block segments, in the resol/PEO b-PBLG blends. These
microporous carbons exhibited an extremely high supercapacitor performance, with massive specific capacitances (up to 758.4 F g™
at a current density of 0.5 A g™') and excellent stabilities (up to 97.32% after 2000 cycles at a current density of 10 A g™*).

B INTRODUCTION

The rapid development of electronics and electric trans-
portation has spurred research into durable and renewable
energy storage and conversion devices.' ™ Supercapacitors—
especially, electrical double-layer capacitors (EDLCs)—are
among the most widely used energy storage devices because of
their ultralong cyclic lives, high power densities, low-cost
maintenance, and environmentally friendly compositions.*™°
Supercapacitors have been applied in a wide range of
applications, including fuel cells, portable electric equipment,
lead-acid batteries, uninterruptable power sources, medical
devices, and lithium-ion batteries.””'* The energy storage
efficiency of a supercapacitor, especially an EDLC, depends
strongly on the nature of its electrode materials. Porous
carbonaceous materials are often used as electrode materials
because they provide high electrical conductivities, large
surface areas, and outstanding structural tenability, thereby
enhancing the adsorption and transfer of anions and cations at
the interface between the electrolyte and the electrode.>™"”
Industrially, activated carbons have been the most popular
EDLC electrode materials; in the laboratory, several other
porous materials (e.g., graphenes, templated carbons, carbide-
derived carbons, and hierarchical porous carbons'®~*"), as well
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as conjugated microporous polymers, covalent triazine-based
frameworks, covalent organic frameworks, and metal organic
frameworks, have been developed as promising electrode
materials.”” "

The physicochemical properties of carbonaceous electrode
materials and the efficiencies of their corresponding super-
capacitors are strongly influenced by the nature of their carbon
sources and their synthesis strategies.””*> The carbon sources
of most porous carbon materials were initially obtained from
fossil sources (e.g., coal and bones), even though such sources
have obvious shortcomings. For example, carbons obtained
from the pyrolysis of coal generally contain huge amounts of
impurities and their purification can be complicated and
costly.”* Therefore, the quest remains to find highly pure and
effective carbon sources that can enhance the energy storage
efficiency. Chemical and physical synthetic strategies toward
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Scheme 1. (a) Synthesis of Resol; (b) Chemical Structure of mPEO-NH,; (c) Synthesis of the PEQ-b-PBLG Diblock
Copolymers; and (d) Hydrogen Bonding in Resol/PEO-b-PBLG Blends
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porous carbon materials have also been developed as
promising alternatives to fossil-based carbons. Several intrigu-
ing synthetic approaches have been used to obtain high-quality
carbon materials, including excimer laser ablation of graphitic
targets, carbonization of organic/polymeric precursors, arc
discharge syntheses, chemical vapor deposition, chemical
methods, and sputtering/plasma-based syntheses.”> " Never-
theless, these methods can require harsh conditions, and the
resulting ultra-microporosity can cause desolvated electrolyte
ions to be positioned too close to the electrode surface,
thereby decreasing the thickness of the electrode in the EDLC
and lowering the capacitance efficiency.*

Block copolymers comprise at least two polymer segments
connected together through covalent bonds. One of the
attractive characteristics of block copolymers is that they can
display microphase separation resulting in self-assembly into
various morphologies.”' ~** The use of block copolymers as
soft templates for the preparation of microporous, mesoporous,
and even macroporous materials has received much attention
for a diverse array of applications, including nanotechnology,
drug delivery, photonic crystals, and energy storage."™** A
common strategy for the fabrication of porous carbons from
block copolymers involves organic—organic self-assembly of
the block copolymer as a structure-directing agent with a
phenolic resin as a carbon source.*”** The triblock copolymer
Pluronic F127, a noninoic hydrophilic surfactant comprising
two hydrophilic polyethylene (PEO) segments and one
hydrophobic polypropylene (PPO) segment, has been used
widely as a structure-directing agent for the preparation of such
porous carbons.”” > Pluronic F127 has been applied in the
fabrication of various kinds of porous carbons through its
assembly with phenolic resins or other natural carbon
precursors (e.g., melamine—formaldehyde resin, resorcinol
resin, polypyrrole, starch, lignin, and fructose).””~>° Never-
theless, use of the F127 triblock copolymer is restricted in its
ability to tune the arrangement and size of the pores;
accordingly, other PEO-based block copolymers have also
been employed, including PEO-b-PS, PEO-b-PMMA, PEO-b-
PCL, and PEO-b-PLA, which can be classified as coil—coil
diblock copolymers.**~” Using typical PEO-based coil—coil
diblock copolymers as templates readily provides mesoporous
materials (pore size > 2 nm) displaying long-range order.”*™%’

In addition to coil—coil diblock copolymers, rod—coil
diblock copolymers composed entirely of rigid-rod and
flexible-coil blocks generally form unique self-assembled
nanostructures induced by several noncovalent interactions
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(e.g., electrostatic interactions, hydrogen bonding, and hydro-
phobic and hydrophilic effects). The microphase separation of
the rod and coil blocks and the resulting formation of their
various anisotropic structures are mainly controlled by such
%9772 Rod blocks have been studied widely; they
generally undergo phase separation into nematic or layered
smectic structures.””’* Among the synthetic rod polymers,
those with helical and rod structures are attractive because
their secondary structures can be highly stabilized through
intramolecular and/or intermolecular interactions. Polypep-
tides are widely investigated types of helical and rod polymers,
in which their a-helical secondary structures be forced to the
rod structure. This rod structure of a polypeptide controls the
formation of lyotropic and thermotropic crystalline
phases.””~” We suspected that the incorporation of a coil
block (e.g, a PEO segment) into a helical rod polypeptide
[e.g, poly (y-benzyl-L-glutamate) (PBLG)] would form a
helical rod—coil block copolymer that could be used as a soft
template to prepare interesting porous materials.

In this study, we synthesized two poly(ethylene oxide-b-y-
benzyl-L-glutamate) (PEO-b-PBLG) rod—coil diblock copoly-
mers—PEQO,,-b-PBLG,, and PEO,,,-b-PBLG,;—as soft
templates through simple ring-opening polymerization
(ROP) using amino-terminated PEO (mPEO-NH,) as an
initiator (Scheme 1). The chemical structures and molecular
weights of the copolymers and the secondary structures of their
PBLG segments were determined using Fourier transform
infrared (FTIR) spectroscopy, nuclear magnetic resonance
(NMR) spectroscopy, gel permeation chromatography (GPC),
and wide-angle X-ray diffraction (WAXD). We blended these
PEO-b-PBLG diblock copolymers with a resol-type phenolic
resin at various compositions (Scheme 1). We used FTIR
spectroscopy, WAXD, and differential scanning calorimetry
(DSC) to investigate the hydrogen bonding interactions,
secondary structures, and microphase separation of these
resol/PEO-b-PBLG blends. Finally, we prepared microporous
carbons from the PEO-b-PBLG diblock copolymers as soft
templates and resol as the carbon source (Scheme 2). We used
thermogravimetric analysis (TGA), N, sorption isotherms,
WAXD, and transmission electron microscopy (TEM) to
evaluate the characteristics of these microporous carbons.
Because of their high surface areas and microphase structures,
the synthesized microporous carbons displayed an excellent
performance for energy storage applications.

factors.
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Scheme 2. (a) Schematic Representation of the Chemical Structure of a PEO-b-PBLG Rod—Coil Diblock Copolymer: PEO
Coils with a Crystalline Domain and PBLG Rods Aligned Parallel to the Normal Layer of PEO with a Hexagonal Packed
Cylinder Spacing of 1.34 nm; (b) Microphase Separation of the Self-Assembled Structure in Resol/PEO-b-PBLG Blends; and
(c) Preparation of a Microporous Carbon after Thermal Curing of the Resol Resin and Subsequent Removal of the Templating
PEO-b-PBLG Diblock Copolymer
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B EXPERIMENTAL SECTION and precipitated from cold MeOH again. The PEO-b-PBLG diblock
copolymer was purified three times from MeOH/diethyl ether to give
a pure white powder. The sample was dried at 40 °C in a vacuum
oven (yield: 80%). The physical properties of the two different PEO-
b-PBLG block copolymers are summarized in Table 1.
Microporous Carbons from Resol/PEO-b-PBLG Blends.

Materials. Trimethylamine, L-glutamic acid, fert-butanol, benzyl
alcohol, sodium bicarbonate, and triphosgene were obtained from Alfa
Aesar. Amino-terminated mPEO-NH, (M, = 5000 g/mol) (Scheme
1b) was purchased from Sigma-Aldrich. MeOH, EtOAc, N,N-
dimethylformamide, sulfuric acid, and EtOH were used as received. )
Benzyl L-glutamate N-carboxyanhydride (BLG-NCA)”® and resol-type Dlﬂerent ‘amounts of resol/PEO-b-PBLG b.lt.ands (Table S1) ‘were
phenolic resin were synthesized using procedures described previously dissolved in tetrahydrofuran (blend composition: § wt %) until the
(Scheme 1a and Figure S 1).0068 solutions become transparent and homogeneous. The solution was

PEO-b-PBLG Diblock Copolymers. The PEO-b-PBLG diblock

copolymers were synthesized from the monomer BLG-NCA through Table 1. Physical Characterization Data for the PEO-b-

ROP using mPEO-NH, as the initiator (Scheme 1c). The mPEO- PBLG Block Copolymers Synthesized in This Study

NH, was placed in a flask connected to the vacuum line,

dimethylformamide (DMF) was added via a syringe, and then, A — M, ('H NMR, Da)  PDI (GPC) T, (°C)

different amounts of the monomer BLG-NCA were introduced. The

PEO-b-PBLG diblock copolymer was precipitated from the solution PEO,14-b-PBLGy, 9700 1.10 583

at 0 °C for 24 h in cold MeOH. The precipitate was dissolved in DMF PEO,14-b-PBLGys 16,100 1.09 59.0
1032 https://dx.doi.org/10.1021/acs.macromol.0c01748
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Figure 1. 'H NMR spectra of (a) BLG-NCA, (b) mPEO-NH,, (c) PEO,,,-b-PBLG,,, and (d) PEO,,,-b-PBLG,s in CDCl; containing 15%
trifluoroacetyl.
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Figure 2. FTIR spectra of (a) BLG-NCA, (b) mPEO-NH,, (c) PEO,,,-b-PBLG,,, and (d) PEO,,-b-PBLG,;.

poured into a Teflon dish and the solvent was evaporated at 30 °C for (a)25°C (b) 120 °C
10 h (evaporation-induced self-assembly). The solid compound was
heated at a heating rate of 1 °C/min up to 150 °C and then left at that
temperature for 24 h. Pyrolysis of the PEO-b-PBLG diblock
copolymer was performed at 420 °C for 6 h (based on TGA); the 12002
microporous carbons from resol/PEO-b-PBLG = 50/50, 60/40, and
70/30 blends were provided after further heating at 700 °C for 3 h in
a tubular furnace under a N, atmosphere (Scheme 2).

PEO;,-b-PBLG,,

PEO,;,-b-PBLG,,

Bl RESULTS AND DISCUSSION
PEO-b-PBLG Diblock Copolymers. We synthesized two

PEO-b-PBLG diblock copolymers through NCA ROP
(Scheme 1c). PBLG block segments having two different
molecular weights were obtained using amino-terminated PEO
(mPEO-NH,) as the macroinitiator. We used 'H NMR

Intensity (a.u.)

PEO,,-b-PBLG,| PEO...-b-PBLG,
11470 4

spectroscopy to determine the molecular weights of the two 5 10 15 20 25 30 5 10 15 20 25 30
PEO-b-PBLG diblock copolymers. For the BLG monomer, g (nm™)

multiple signals appeared at 7.31—7.38 ppm for the aromatic

protons, a singlet appeared at 6.40 ppm for the NH proton, Figure 3. WAXD patterns of PEO,;,-b-PBLG,, and PEO,,-b-

and a signal appeared at 5.12 ppm for the methylene protons; PBLG,; diblock copolymers recorded at (a) 25 and (b) 120 °C.

other peaks are assigned in Figure la. The spectrum of mPEO-
NH, featured a signal at 3.65 ppm [peak (e)] for the

1033 https://dx.doi.org/10.1021/acs.macromol.0c01748
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Figure 4. FTIR spectra of resol/PEO,,,-b-PBLG,, blends of various
compositions: (a) C=O and (b) C—O-C stretching regions
recorded at room temperature.
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Figure S. WAXD patterns of resol/PEO;,-b-PBLG,, blends of
various compositions recorded at (a) 25 and (b) 120 °C.
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Figure 6. TGA thermograms of microporous carbons obtained after
calcination of (a) resol/PEQO;,4-b-PBLG,, and (b) resol/PEO;,-b-
PBLG,; blends of various compositions.

methylene units of the PEO segment (Figure 1b). Figure 1c,d
displays the '"H NMR spectra of the PEO-b-PBLG block
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Figure 7. Nitrogen adsorption/desorption isotherms of microporous
carbons obtained after calcination of (a) resol/PEO;4-b-PBLG,, and
(b) resol/PEO,,4-b-PBLG,; blends of various compositions. Insets:
NLDEFT pore-size distributions of the corresponding microporous
carbons.

copolymers featuring the PBLG segments of two different
molecular weights. After NCA ROP, the signal for the NH
proton had shifted downfield from 6.40 ppm (for BLG) to 8.32
ppm and the signal of the methine proton [peak (a)] had
shifted to highfield from 4.37 ppm (for BLG) to 3.90 ppm; the
positions of the other signals were close to those of the BLG
monomer, as assigned in Figure Ic,d. We calculated the
molecular weights of the PEO-b-PBLG block copolymers from
the ratio of peak (e) (from the PEO segment) to peak (d)
(from the PBLG segment). Table 1 summarizes the properties
of the PEO-b-PBLG diblock copolymers determined from their
"H NMR spectra and GPC traces.

Figure 2 presents FTIR spectra of the BLG monomer,
mPEO-NH,, and PEO-b-PBLG diblock copolymers measured
at room temperature. The spectrum of BLG featured
absorption signals at 1720, 1785, and 1882 cm™ correspond-
ing to the side chain C=0 and anhydride units; the signal for
the NH units appeared at 3250 cm™' (Figure 2a). The
spectrum of mPEO-NH, featured an absorption signal at 1110
cm™ representing the C—O—C stretching of the PEO segment
(Figure 2b). The FTIR spectra of the PEO-b-PBLG diblock
copolymers displayed two new absorptions at 1652 and 1550
cm™! corresponding to the amide I and II absorptions of their
PBLG segments, respectively; in addition, the signal of the side
chain C=O0 units of the PBLG segments had shifted to 1734
cm™' after NCA ROP of the BLG monomer (Figure 2c,d).
The amide I band at 1652 cm™ is characteristic of an a-helical
secondary structure; we did not observe signals for the f-sheet
conformation (near 1627 cm™) or the fB-turn conformation
(near 1693 cm™') in the spectra of either the PEQ,,-b-
PBLG,, or PEO,,,-b-PBLG,; diblock copolymer. This finding
is reasonable because a degree of polymerization (DP) of less
than 18 for a PBLG segment results in both the a-helix and -
sheet conformations; only the rigid a-helical conformation is
observed when the DP is greater than 18.”

To confirm the a-helical secondary structure, we recorded
WAXD patterns of both the PEO-b-PBLG diblock copolymers
at room temperature and 120 °C (Figure 3). At room
temperature, the patterns featured two strong PEO diffraction
peaks for the (120) and (032) planes with d-spacings of 0.46

https://dx.doi.org/10.1021/acs.macromol.0c01748
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Table 2. BET and Raman Analyses of Microporous Carbons Templated by PEO-b-PBLG Diblock Copolymers

templated by resol/PEO;,-b-PBLG,, Sper (m?/g) Smeso (M*/g) Smicro (M?/g) Vieta (cm®/g) pore size (nm) Iy/Ig
50/50 474 67.9 406.1 0.247 1.29 0.94
60/40 478 159.0 319.0 0.208 1.20 1.07
70/30 576 142.1 433.9 0.247 1.29 0.99
resol/PEO, 4-b-PBLG,s
50/50 619 167.6 451.4 0.277 1.10 0.93
60/40 S1S8 63.4 451.6 0.219 1.13 0.96
70/30 508 188.5 316.5 0.212 1.38 0.98
(@) (®) ©
o
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Figure 8. (a—c) WAXD patterns and (d—f) TEM images of microporous carbons obtained after calcination of resol/PEO;,4-b-PBLG,, blends at

compositions of (a,d) 50/50, (be) 60/40, and (c,f) 70/30.
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Figure 9. Raman spectra of microporous carbons obtained after
calcination of (a) resol/PEQ;;4-b-PBLG,, and (b) resol/PEO,,-b-
PBLG,; blends of various compositions.

and 0.32 nm, respectively (Figure 3a);*" these two crystal
peaks from the PEO segment disappeared when the temper-
ature was higher than the melting temperature (T,,) of the
PEO segment (60 °C) and the temperature for the nematic-
like liquid crystal phase transition of the PBLG segment (ca.
105 °C, Figure S2), as displayed in Figure 3b. The PBLG
segment displays the irreversible first order transition, which
corresponds to the irreversible transition from a 7/2 to an 18/
S a-helical conformation. The higher value of q at 14.3 nm™
(d = 0.44 nm) was due to the amorphous halo from the molten
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stage for the PEO segment; strong diffraction peaks were
observed, however, at a value of g* of 4.70 nm™' (d = 1.34 nm)
with a lattice parameter because of the hexagonally packed
cylinder structure of the PBLG segment, based on a peak ratio
of 1:\/ 3:\/ 4 in this diblock copolymer, which is the solid-state
modification from the nematic-like paracrystalline phase of the
18/5 a-helical conformation. As a result, both the PEO; ,-b-
PBLG,, and PEO,;,-b-PBLG,; diblock copolymers featured
only the a-helical conformation. FTIR and 'H NMR spectra
confirmed the syntheses of these PEO-b-PBLG diblock
copolymers; GPC analyses provided their polydispersity
indices; Table 1 summarizes their physical data.

Thermal and FTIR Spectral Analyses of Resol/PEO-b-
PBLG Blends. Figure S3 presents the second heating scans of
the DSC profiles of both resol/PEO,,-b-PBLG,, and resol/
PEO,,,-b-PBLG,s blends. We observed glass transition
temperatures (T,) for pure resol, pure PEO, and pure PBLG
at —40, —60, and —18 °C, respectively.78’81’82 In this case,
however, because of the high crystallinity of the PEO segment,
we observed only the melting temperatures (ca. 60 °C) of the
PEO block segment (Figure 3a). The melting temperature of
the PEO segment decreased (and ultimately disappeared)
upon increasing the concentration of resol, suggesting that the
OH groups of the resol interacted with the oxygen atoms of
the ether units of the PEO segment to destroy their crystalline
structure, as we have discussed in previous papers.*> The T,
behavior of the PBLG segment was maintained at ca. —16 °C
upon increasing resol concentration, and the resol/PEO
domains displayed the highest T, value ca. =30 °C for both
resol/PEO-b-PBLG = 50/50 blends, which is both higher than
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Figure 10. CV curves, recorded at various scan rates, of microporous carbons obtained after calcination of (a—c) resol/PEO,,,-b-PBLG,, blends at
compositions of (a) 50/50, (b) 60/40, and (c) 70/30 and (d—f) resol/PEO;,-b-PBLG,; blends at compositions of (d) 50/50, (e) 60/40, and (f)

70/30.

their individual block segments because of intermolecular
hydrogen bonding interactions.

Figure 4 displays the FTIR spectra of various resol/PEO, 4
b-PBLG,; blends recorded at room temperature. In the
absence of resol, C=0 absorption signals appeared at 1652
cm™! for the a-helical conformation and at 1735 cm™" for the
side chain C=O units of the PBLG segment (Figure 4a).
These two peaks remained upon increasing the resol
concentration, but we did not, however, observe any signals
for intermolecular hydrogen bonding of the resol OH groups
with the PBLG segment in the spectrum of the PEO-b-PBLG
diblock copolymer—in contrast to the situation for the
phenolic/PBLG binary blend system.*” In the ether region
(Figure 4b), the band at 1110 cm™" for the free ether units of
the PEO segment shifted to 1094 cm™ (representing ether
units hydrogen bonded with resol OH groups) when the resol
concentration was 70 wt %. In previous studies,””** we found
that resol OH groups could interact through hydrogen
bonding with both PEO and PBLG segments; the interasso-
ciation equilibrium constants of phenolic/PEO (K, = 264.8)*
and phenolic/PBLG (K, = 9.0)* blends, determined using the
Painter—Coleman association model,** implied, however, that
resol OH groups prefer to interact with PEO segments over
PBLG segments. As a result, in this present study, the OH
groups of resol interacted with the PEO segment only and
destroyed its crystal structure (thus, the signal for the melting
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temperature disappeared); the OH groups of resol did not
interact with the PBLG segments because of the weaker
intermolecular hydrogen bonding (T, values did not change).

To further examine the behavior of the crystal structure and
the a-helical conformation in these resol/PEO,,,-b-PBLG,,
blend systems, we recorded their WAXD patterns at both
room temperature and 120 °C (Figure S). At room
temperature, the strong PEO diffraction peaks for the (120)
and (032) planes were depressed upon increasing the resol
concentration, ultimately disappearing at 60 wt % resol (Figure
5a), consistent with the DSC data. At 120 °C, the a-helical
conformation remained for the PBLG segment, based on a
peak ratio of 1:\/ 3:\/ 4, upon increasing the resol concen-
tration (Figure Sb); thus, the a-helical conformation of the
PBLG segment was stabilized through blending with resol
resin, even at higher temperature. In addition, the expansion of
the hexagonally packed cylinder structure of the PBLG domain
upon increasing resol concentration of resol/PEO, ,-b-PBLGys
blends at 120 °C is shown in Figure S4. The d-spacing is
increased from 1.30 to 1.33 nm upon increasing resol
concentrations, indicating that resol is able to swell PBLG
domains in resol/PEQO,;,-b-PBLG,; blends, as shown in
Scheme 2b.

Microporous Carbons Templated by PEO-b-PBLG
Diblock Copolymers. To obtain microporous carbons
templated by PEO-b-PBLG diblock copolymers, it was
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Figure 11. (a,b) Calculated capacitances at various current densities and (c,d) cycling performance measured at a current density of 10 A g™ for
2000 cycles of microporous carbons obtained after calcination of (a,c) resol/PEO, ,-b-PBLG,, and (b,d) resol/PEO, ,-b-PBLG,; blends of various

compositions.

necessary for us to determine a reasonable pyrolysis temper-
ature. Thus, we performed TGA of both the resol/PEO,,-b-
PBLG,, and resol/PEO;;-b-PBLG,s blends (Figure 6). The
TGA trace of pure PEO-b-PBLG recorded under a N,
atmosphere exhibited two major thermal degradation temper-
atures (Ty) of 330 and 415 °C corresponding to the pyrolysis
temperatures of the PEO and PBLG segments, respectively.
The values of Ty and char yields both increased upon
increasing the resol concentration; thus, we selected a pyrolysis
temperature of 420 °C and a pyrolysis time of 6 h to remove
the PEO-b-PBLG diblock copolymer template; the micro-
porous carbon was then obtained after further heating at 700
°C for 3 h in a tubular furnace under a N, atmosphere.

Figure 7 presents the N, sorption isotherms of the
microporous carbons at 77 K. The adsorption/desorption
curves of these microporous carbons were type I isotherms. A
sharp rise occurred at a relatively low pressure (P/P, = 0—0.1),
with a slight increase at intermediate pressures (P/PO =0.1—-
0.9), and then, a sharp increase at higher pressure (P/P, =
0.9—1), consistent with microporous materials. For the
microporous carbons templated by these two PEO-b-PBLG
diblock copolymers, the Brunauer—Emmett—Teller (BET)
surface areas ranged from 474 to 619 m* g™'; the total pore
volumes were between 0.208 and 0.277 cm® g™, and the pore-
size distributions based on nonlocal density functional theory
were 1.10 and 1.38 nm (see insets to Figure 7), as displayed in
Table 2.
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We used small-angle X-ray scattering (SAXS) to determine
the mechanism of formation of these microporous carbons
(Figure SS). All of the SAXS patterns revealed a disordered
structure, with no well-defined mesoporous structure, different
to those obtained when using other PEO-based diblock or
triblock copolymers (e.g, PEO-b-PS, PEO-b-PCL, PPO-b-
PEO-b-PPO, and PEO-b-PLA) as templates.’*®” Not all
PEO-based block copolymers as templates can form long-
range-ordered mesoporous materials. For example, the
crystallization behavior was a key factor in the synthesis of
mesoporous materials templated by the block copolymer PEO-
b-PLLA;® because crystallization of the PLLA segment was
favored over microphase separation of the PEO-b-PLLA block
copolymer, we had observed only the disorder lamellar
mesoporous structure. Therefore, we suspected that the rigid
rod of the a-helical conformation of the PBLG segments might
also have favored microphase separation in the PEO-b-PBLG
diblock copolymer; furthermore, the a-helical conformation
for the PBLG segment remained after blending with resol
(Figure Sb). The resol OH groups possibly interacted with
both PEO and PBLG, even though we did not observe any
evidence for intermolecular hydrogen bonding in the resol/
PBLG domain. We did, however, observe the a-helical
conformation for the PBLG segments based on FTIR spectral
(Figure 4a) and WAXD (Figure Sb) analyses of the resol/
PEO-b-PBLG blends. Figure S6 presents WAXD patterns of
the resol/PEO,4-b-PBLG,, = 60/40 blend and its correspond-
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ing microporous carbon obtained after thermal calcination at
700 °C. The signal for the a-helical conformation of the PBLG
segments disappeared in the pattern of the microporous
carbon, as expected; a broad peak appeared, however, at a
value of g* of 4.70 nm™', giving a value of d of 1.34 nm, which
was presumably close to the microporous size of the carbon. As
a result, we suspect that the microporous size of these porous
carbons templated by PEO-b-PBLG block copolymers arose
from the removal of the a-helical conformation of the PBLG
segment (Scheme 2); thus, the microporous sizes of 1.10 and
1.38 nm, close to the strong diffraction peaks at a value of g* of
4.70 nm~', were due to the hexagonally packed cylinder
structures of the PBLG segments, as determined from the
WAXD analysis. This result is similar to those of previous
studies.**™® For example, Shantz et al. proposed that the
secondary structures of templating poly(r-lysine) (PLLy) play
an important role in the porous size of silica through the sol—
gel process; they found that the a-helical conformation of
PLLy led to cylindrical pores of approximately 1.5 nm in size,
whereas larger-pore silicas resulted from the f-sheet con-
formation of PLLy; furthermore, grand canonical Monte Carlo
simulations suggested that pores derived from the a-helical
conformation of the polypeptide would have sizes between 1.3
and 1.7 nm.*® We have also observed (Figure S3) that the
amorphous halo from the resol/PEO domain (g* = 14.3 nm™';
d = 0.44 nm) shifted to a higher value of q (¢* = 17.05 nm™’; d
= 0.36 nm), corresponding to the (002) plane of porous
carbon after thermal calcination,” implying the continuous
removal of oxygen, hydrogen, and even carbon atoms from the
resol/PEO-b-PBLG matrix during pyrolysis. Figure 8 displays
WAXD patterns and TEM images of several selected
microporous carbons; the broad peak at lower values of g
correspond to microporous-sized carbon, while the signals at
higher values of q represent the (002) plane of porous carbon,
as presented in Figure 8a—c. Figure 8d—f displays TEM images
of these microporous carbons, an interlayer spacing was
approximately 0.36 nm, based on the (002) plane of the
carbon structure.

We used Raman spectroscopy to examine the intrinsic
properties of these microporous carbons. The intensity ratio
Ip/Ig could be used to roughly calculate the degree of
graphitization; the D- and G-bands appearing at 1324 and
1580 cm™, respectively, represent the sp>- and sp>-hybridized
orbitals of the C—C bond (Figure 9). Table 2 summarizes the
Ip/Ig ratios of our microporous carbons; this ratio was the
highest for the microporous carbon obtained from the resol/
PEO,4-b-PBLG,, = 60/40 blend, implying a highly defected
structure. Furthermore, the Ij/I; ratios of the microporous
carbons templated by PEO,,-b-PBLG,; were lower than those
templated by PEO,,-b-PBLG,,, implying that the former had
less defected structures.

We used XPS to investigate the elemental contents and
types in our microporous carbons. The XPS survey spectra
from 0.0 to 1200 eV featured two peaks at 284 and 530 eV,
corresponding to the aromatic carbon atoms of the micro-
porous carbon skeletons and the O 1s orbitals of adsorbed
H,O, phenolic OH groups, and adsorbed O,. In addition, the
XPS survey spectra of these microporous carbons revealed that
the O atom content increased upon increasing the concen-
tration of resol in the resol/PEO-b-PBLG blends. The
microporous carbon obtained from the resol/PEO,,-b-
PBLG,, = 70/30 blend possessed the highest O atom content
(23.5%); the microporous carbons obtained from the resol/
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PEO,4,-b-PBLG,;, = 50/50 and 60/40 blends possessed O
atom contents of 17.3 and 19.9%, respectively. Similarly, the
microporous carbons obtained from the resol/PEO;,-b-
PBLG, = 50/50, 60/40, and 70/30 blends possessed O
atom contents of 19.2, 24.4, and 26.1%, respectively (Table
S2). Furthermore, to investigate the type of O atoms in our
microporous carbon skeletons, we fitted various signals for O
atoms, as shown in Figure S7; Table S2 summarizes the fitting
data. The O 1s spectra of all of the microporous carbons were
fitted with five peaks at 531.3, 532.3, 533.3, 534.2, and 535.9
eV representing quinone, C=0, C—0, and C—OH units, and
H,O, respectively. The fractions of the C=0, C—0, and C—
OH units in all of our synthesized microporous carbons were
high, reaching up to 48.59, 29.90, and 27.91%, respectively,
implying that these carbons might have great potential as
electrode materials for supercapacitors.

Because of their high BET surface areas, we examined the
microporous carbons obtained from the resol/PEO, ,-b-
PBLG,, = 50/50, 60/40, and 70/30 blends and from the
resol/PEO,,-b-PBLG,5 = 50/50, 60/40, and 70/30 blends for
their suitability as electrode materials for supercapacitors. We
used cyclic voltammetry (CV) and galvanostatic charge—
discharge (GCD) measurements in a three-electrode cell to
determine the electrochemical performances of these micro-
porous carbons. We employed a basic electrolyte of 1 M KOH
to provide a wide range potential window from —1.0 to 0.0 V
for the CV measurements. The CV curves of the microporous
carbons obtained from the resol/PEO;,-b-PBLG,, |(Figure
10a—c) and resol/PEO,;;,-b-PBLG,; (Figure 10d—f) blends
revealed the hybrid-type supercapacitor behavior of a minor
pseudocapacitor (PC) and a major EDLC, originating from the
O atoms in our carbon materials.”' ~”* Interestingly, within the
range from —1.0 to 0.0 V, the shapes of CV curves of all six of
our carbon materials remain unchanged, with only the current
densities increasing upon increasing the sweep rate from S to
200 mV s'. Figure S8 displays the GCD curves of the
microporous carbons obtained from the resol/PEO,;,-b-
PBLG,, (Figures S8a—c) and resol/PEQ,,-b-PBLG,; (Figures
S8d—f) blends recorded at various current densities from 0.5
to 20 A g~'. All of the GCD curves of these carbon materials
had triangular shapes with slight bends, confirming the
combination of PC and EDLC behaviors. In the case of the
microporous carbons obtained from the resol/PEO,,,-b-
PBLG,, blends, the discharge time of the microporous carbon
from the resol/PEO, 4-b-PBLG,, = 70/30 blend was longer
than that of the microporous carbons from the resol/PEO, ,-b-
PBLG,, = 50/50 and 60/40 blends; in the case of microporous
carbons obtained from the resol/PEO,,-b-PBLG,; blends, the
discharge times of microporous carbons from the resol/
PEO, 4-b-PBLG,s = 50/50 and 60/40 blends were longer than
the time of the microporous carbon from the resol/PEO, ,-b-
PBLG,s = 70/30 blend. These findings suggested that we
would measure high supercapacitor efficiencies for the carbons
obtained from the resol/PEO,;,-b-PBLG,, = 70/30 and the
resol/PEO,,-b-PBLG,5 = 50/50 and 60/40 blends. We used
eq S1 to calculate the specific capacitances from the GCD
curves. Figure 1la reveals that the microporous carbon
obtained from the resol/PEO,,-b-PBLG,, = 70/30 blend, at
a current density of 0.5 A g~' exhibited the highest specific
capacitance of 758.4 F g~'and that obtained from the resol/
PEO,4,-b-PBLG,;, = 50/50 and 60/40 blends had specific
capacitances of 222.9 and 418.2 F g, respectively. On the
other hand, the microporous carbons obtained from the resol/
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PEO, 4,-b-PBLG,s = 50/50 and 60/40 blends had the highest
specific capacitances of 596.6 and 640.1 F g™/, respectively, and
those from the resol/PEO,,-b-PBLG,, = 70/30 blend had a
specific capacitance of 373.4 F ¢! (Figure 11b). We attribute
the higher specific capacitances of the carbon materials
obtained from the resol/PEO,,-b-PBLG,, = 70/30 and
resol/PEO;4,-b-PBLG,s = 50/50 and 60/40 blends to their
having the highest surface areas and pore volumes, as
determined from the N, sorption isothermal analyses.
Furthermore, we examined the durability of our microporous
carbon by cycling them for up to 2000 cycles under a current
density of 10 A ¢! (Figure 11c,d). The microporous carbons
obtained from the resol/PEO,,-b-PBLG,, = 50/50, 60/40,
and 70/30 blends were highly stable, retaining 95.65, 92.88,
and 92.21%, respectively, of their initial capacitances (Figure
11c); likewise, the microporous carbons obtained from the
resol/PEO;,-b-PBLG,s = 50/50, 60/40, and 70/30 blends
retained 97.32, 93.99, and 93.48%, respectively, of their initial
capacitances (Figure 11d). These high durabilities suggest that
such mesoporous carbons are promising materials for industrial
energy storage applications.

B CONCLUSIONS

We have synthesized two PEO-b-PBLG diblock copolymers
through ROP of BLG-NCA when using mPEO-NH, as the
macroinitiator. WAXD analyses confirmed that both PEO-b-
PBLG diblock copolymers presented only the a-helical
conformation, with a hexagonally packed cylinder structure,
for the PBLG segment. We used FTIR spectroscopy and
WAXD to determine the secondary structures, microphase
separation, and self-assembled structures of PEO-b-PBLG after
blending with various amounts of resol-type phenolic resin.
FTIR spectra revealed that the resol OH groups preferred to
hydrogen-bond with the ether O atoms of the PEO segment,
rather than the C=O groups of the PBLG segments; WAXD
revealed the increased stability of the a-helical conformation
and the hexagonally packed cylinder structure of the PBLG
segments after blending. We prepared microporous carbons
using resol as the carbon source and our PEO-b-PBLG
copolymers as soft templates, with a process of thermal curing
followed by thermal calcination of the resol/PEO-b-PBLG
blends. The resulting microporous carbons had high surface
areas (up to 619 m* g™') and small pores (ca. 1.10—1.38 nm).
These microporous carbons also displayed high supercapacitor
capacitances (up to 758.4 F g™' at a current density of 0.5 A
g~") with excellent cyclic stabilities (up to 97.32% after 2000
cycles at a current density of 10 A g™'). This paper provides a
convenient method for the synthesis of polypeptide-based
diblock copolymers that can be used as templates for the
preparation of microporous carbons for electrochemical
applications.
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