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Hypercrosslinked porous polymer nanosheets:
2D RAFT agent directed emulsion polymerization
for multifunctional applications+

Wuxue Zhao,1? Zongsheng Hou,1® Zhaoquan Yao,? Xiaodong Zhuang,*®
Fan Zhang*® and Xinliang Feng®®

Two-dimensional hyper-cross-linked microporous polymers (2D HCPs) have been readily synthesized by
emulsion polymerization using trithiocarbonate functionalized graphene oxide as a 2D reversible
addition—fragmentation chain transfer (RAFT) agent. After a gel-type and permanently porous poly(vinyl-
benzyl chloride-co-divinylbenzene) precursor resin was grafted to the graphene surface, an FeClz-pro-
moted Friedel-Crafts reaction was carried out for benzyl chloride groups to construct a porous structure
confined within 2D nanosheets. The resulting HCPs exhibited superhydrophobic behavior, and had a pre-
dominance of micropores with a specific surface area of up to 1224 m? g~. Moreover, they showed
improved thermal stability in comparison with unadorned HCPs obtained without using the graphene
template. Their H, and CO, capacities at 77 and 273 K reached 1.27 and 9.74 wt%, respectively, at a rela-
tive pressure of 0.99. In addition, the as-synthesized 2D HCPs were used as carbon precursors to gene-

rate 2D porous carbons with a high specific surface area (871 m? g™%) and high-performance

www.rsc.org/polymers

Introduction

Porous polymers'™® with organic porous structures have
attracted tremendous attention owing to their controllable
porous features associated with prominent physical properties
and potential applications, such as in light harvesting,’
sensing,® gas separation’ and storage,'® catalysis,""™ and
energy storage and conversion.'* Among them, hyper-cross-
linked porous polymers (HCPs) represent one of the fastest
developing types of porous polymers—not only because of
their high specific surface areas and gas storage properties but
also due to the easy availability of many controllable polymeri-
zation methods and the wide variety of functional mono-
mers."> Most of the reported HCPs have been amorphous, and
were synthesized by traditional radical'®'®™*® and oxidation'®
polymerization methods, followed by an additional step for
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electrochemical energy storage (144 F g™ at 0.5 A g™%).

further cross-linking. Most of the previous studies on HCPs
have focused on pore construction, tuning the gas'®>' or
small-molecule®*** separation/storage properties through opti-
mizing the reaction conditions such as the monomer ratio,
catalyst percentages, the temperature, and the reaction
time.'>?* However, effort dedicated to morphology control has
rarely been reported for HCPs. Only quasi-zero-dimensional
microsphere'”?®> and three-dimensional monolith**** HCP
types have been successfully synthesized. Two-dimensional
(2D) HCPs are still under exploration owing to the lack of syn-
thetic methods or 2D templates and the thermodynamic
instability of 2D porous polymers in comparison with their
zero- and three-dimensional porous counterparts.

Graphene, which consists of a honeycomb-like hexagonal
array of sp>-bonded carbon atoms, exhibits many remarkable
properties such as superior electrical conductivity, a large
surface area, excellent mechanical flexibility, and high
thermal/chemical stability.”®*” Graphene oxide (GO), one of
the most widely synthesized derivatives of graphene and made
from graphite by a modified Hummers’ method, is an ideal 2D
template for the preparation of 2D porous polymers because
GO can be easily functionalized with many functional groups
and solution processing.”®** It is well known that the pro-
perties of graphene-based nanocomposites®* are highly depen-
dent on the good dispersibility and interfacial interactions
of graphene. In order to produce a homogeneous graphene
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dispersion during the preparation procedure, many attempts
have been made to attach small molecules and linear polymers
to the graphene surface by means of covalent bonds and weak
interactions.®® Several grafting routes have been explored using
either GO or functionalized GO with good dispersibility in
various organic solvents as templates for the preparation of
graphene-based 2D brushes and “sheet-coil” polymers.*®
Ruoff and co-workers have prepared GO-based macroinitiators
by the functionalization of GO with o-bromoisobutyryl
bromide for controlled styrene grafting via atom transfer
radical polymerization (ATRP).>’® Almost all the reported
studies have focused on linear polymers, such as poly-
styrene,*>*® poly(N-vinylcarbazole),** polymethacrylamide,****
and poly(N-isopropylacrylamide),** grafting from or grafting to
graphene surfaces. To the best of the authors’ knowledge, the
preparation of 2D porous polymers using the 2D chain-transfer
agent (CTA) promoted reversible addition-fragmentation
chain transfer (RAFT) polymerization method has not yet been
reported.

In this work, a highly soluble trithiocarbonate-based CTA
was used to functionalize GO to act as a 2D CTA as well as a
2D template. Then, poly(vinylbenzyl chloride-co-divinyl-
benzene) (PVD) grafted GO was prepared by RAFT emulsion
polymerization based on the as-prepared 2D CTA. After further
hyper-cross-linking by an FeCl;-promoted Friedel-Crafts reac-
tion of the benzyl chloride groups, graphene-based sandwich-
type HCPs with a 2D morphology (GHCPs) were successfully
prepared on a large scale (~100 g per synthesis). The resulting
GHCPs exhibited superhydrophobic behavior (contact angle
>150°) and had high specific surface areas of up to 1224 m>
g~ . They also exhibited an enhanced H, capacity at 77 K (1.27
versus 0.85 wt%) and CO, capacity at 273 K (9.74 versus 8.80 wt
%) at a relative pressure of 0.99 in comparison with unadorned
HCP obtained without using the graphene template. The high
specific surface areas and the enhanced H, and CO, capacities
can be the contributions of the 2D graphene template. Owing
to the carbon backbone of graphene, GHCPs were used to
prepare porous carbon nanosheets without removing the tem-
plate. The as-prepared porous carbon nanosheets exhibited
the typical 2D morphology and a high surface area (871 m?
g7"), and were successfully used in electrochemical capacitors
(144 F g " at 0.5 A g~ "). These results indicate that this method
is a good approach for the preparation of 2D HCPs and 2D
porous carbons with multifunctional applications.

Experimental section
Reagents and chemicals

Natural flake graphite, 1-dodecanethiol, carbon disulfide,
aliquot 336, 1,3-diaminopropane, N-hydroxy-succinimide
(NHS), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (EDC-HCl), divinylbenzene (DVB), 2,2"-azobis(2-
methylpropio-nitrile) (AIBN), and poly(vinyl alcohol) (PVA)
were purchased from Aladdin (Shanghai). Vinylbenzyl chloride
(VBC) was purchased from TCI. 1,2-Dichloroethane (DCE),
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tetrahydrofuran (THF), FeCls;, and other chemicals were pur-
chased from Sinopharm Chemical Reagent Co. (Shanghai).
THF, DCE and triethylamine were dried by standard methods
before use.

Functionalization of graphene oxide with amine groups*®

GO was prepared from natural graphite flakes by a modified
Hummers’ method.*® GO sheets (1.0 g) were added to dry DMF
(250 mL). After ultrasonication for 24 h, NHS (3.42 g,
30 mmol) and EDC-HCI (5.75 g, 3.2 mmol) were added to GO
dispersion at 0 °C. After stirring for 2 h, 1,3-diaminopropane
(5.0 mL) was added, and the solution was stirred overnight at
room temperature. After filtration and washing with water and
ethanol, the resulting powder was freeze-dried and denoted as
GO-NH,.

Preparation of 2D CTA

2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid
(DDAT), which is a widely used and highly soluble chain trans-
fer agent (CTA) for RAFT polymerization, was synthesized
according to reported methods.*”*® GO-NH, (1.0 g) was added
to dry DMF (250 mL) and sonicated for a few hours. Then, tri-
ethylamine (5.0 mL) was added to the dispersion. Acylchlor-
ide-DDAT was prepared as follows: DDAT (5.0 g) and excess
thionyl chloride (20 mL) were added to a 50 mL three-neck
round-bottom flask and refluxed overnight under a nitrogen
atmosphere. Then, unreacted thionyl chloride was completely
removed under reduced pressure and washed with anhydrous
THF (8 mL x 3). Lastly, the acylchloride-DDAT in THF (10 mL)
was transferred to the above GO-NH, dispersion very slowly
under vigorous stirring in an ice bath. The mixtures were
stirred at room temperature for 24 h. The resulting DDAT func-
tionalized GO (GO-DDAT) was washed with CH,Cl, and
ethanol, and dried overnight under vacuum at 50 °C.

RAFT emulsion polymerization

VBC/DVB modified GO precursor resin was prepared by con-
ventional RAFT emulsion polymerization.*>*® The aqueous
phase consisted of distilled water (50 mL), PVA (0.38 g) and
NaCl (0.17 g). The organic phase comprised GO-DDAT
(100 mg), VBC (6.37 g, 41.7 mmol), DVB (0.16 g, 1.2 mmol),
and AIBN (33 mg). The organic phase was suspended in the
aqueous phase at 80 °C by a stirring speed of 425 rpm under a
N, atmosphere. After 8 h, the beads were filtered and washed
three times with water, methanol and diethyl ether. After
drying under vacuum overnight at 60 °C, the copolymer
grafted GO (GO-PVD) was produced. Bare PVD without using a
graphene template was also synthesized using the same
method.

Synthesis of 2D hypercrosslinked microporous polymer

The VBC/DVB modified GO precursor resin beads (3.25 g) were
swollen in DCE (40 mL) for 3 h. The mixture was cooled in an
ice bath before adding FeCl; (2.0 g). After achieving a uniform
dispersion of FeCl; throughout the precursor beads in 2 h, the
mixture was heated to 80 °C for 12 h. After the resulting hyper-

This journal is © The Royal Society of Chemistry 2015
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crosslinked beads were filtered, the catalyst was washed out
using methanol, a mixture of acetone and HCI (0.5 M), and
deionized water. After drying under vacuum at 60 °C, the
resulting 2D hypercrosslinked microporous polymer (2D-HCP)
was produced. In the control experiment, GHCP-1, GHCP-2
and GHCP-3, denoting 100 mg, 200 mg and 800 mg of
GO-DDAT, were used in above procedure respectively. Accord-
ing to the same procedure, bare PVD was also used to prepare
HCP in order to compare with GHCPs.

Characterization

FT-IR spectra, using KBr tablets containing the sample, were
recorded on a Spectrum 100 (PerkinElmer, Inc., USA) spectro-
meter with a scan range of 4000-400 cm ™. The thermal degra-
dation was analyzed by means of thermogravimetric analysis
(TGA), which was measured by using a Q5000IR (TA Instru-
ments, USA) thermogravimetric analyzer with a heating rate
of 20 °C min™" under nitrogen flow. Scanning electron
microscopy (SEM) measurements were performed on a FEI
Sirion-200 (FEI Co., USA) field emission scanning electron
microscope. Transmission electron microscopy (TEM) images
were taken with an EOL-2100 (JEOL Ltd, Japan) electron micro-
scope at an operating voltage of 200 kV. The suspensions of
the samples were dropped onto a copper grid covered with
lacey support films. The nitrogen content was determined with
a Vario ELIIl/Isoprime (Elementar Co., Germany) isotope ratio
mass spectrometer. The Brunauer-Emmett-Teller (BET)
specific areas were measured on an ASAP 2010 M+C (Micro-
meritics Inc., USA) surface area and porosimetry analyzer
based on N, adsorption. The hydrogen and carbon dioxide
sorptions were measured with Autosorb-iQA3200-4 adsorption
equipment (Quantatech Co., USA).

Electrochemical capacity characterization was conducted on
an EG & potentiostat/galvanostat Model 2273 advanced electro-
chemical system. A conventional cell with a three-electrode
configuration was employed throughout this study. The
working electrode was prepared by mixing GHCP-1-900 with
carbon black (Mitsubishi Chemicals, Inc.) and a poly-
tetrafluoroethylene (PTFE) binder. The weight ratio of GHCP-1-
900, carbon black and PTFE was 80:10:10. A platinum foil
was applied as a counter electrode with a Hg/HgO electrode as
a reference electrode. The experiments were carried out in 6 M
KOH solution. The potential range was between —1 and 0 V
(Ag/AgCl) at different scan rates at ambient temperature.

Results and discussion

The strategy for the synthesis of GHCPs is presented in
Scheme 1. First, a GO sheet was functionalized by 1,3-diamino-
propane in the presence of NHS and EDC-HCI and then by
acylchloride-DDAT in the presence of Et;N. The sulfur content
of the produced DDAT-modified GO (DDAT) reached 2.3 wt%.
Using GO-DDAT as a 2D CTA, RAFT emulsion polymerization
was carried out on graphene surfaces using 1,4-divinylbenzene
and 4-vinylbenzyl chloride as monomers in water along with

This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Preparation of GHCPs: (i) N-hydroxy-succinimide
(NHS), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC-HCI), 1,3-diaminopropane, water, 0 °C, 12 h; (ii) N, acyl chloride-
S-1-dodecyl-S'- (o, o' -dimethyl-a"-acetic acid)trithiocarbonate (DDAT),
dry dimethylformamide, EtsN, 0 °C, 24 h; (iii) N,, water, polyvinyl alcohol
(PVA), NaCl, AIBN, 1,4-divinylbenzene, 4-vinylbenzyl chloride, 80 °C, 8 h;
(iv) 1,2-dichloroethane, FeCls, 80 °C, 12 h.

AIBN, PVA, and NaCl. Afterwards, the copolymer-modified GO
(GO-PVD) that was produced was hyper-cross-linked by using
an FeCl;-catalyzed Friedel-Crafts reaction. Finally, 2D sand-
wich-type GHCPs were obtained by vacuum drying. In this pro-
cedure, GO-DDAT not only showed very good dispersibility in
most organic solvents but acted as a 2D template for polymeri-
zation on graphene surfaces. In a control experiment,
GHCP-1, GHCP-2, and GHCP-3 (denoting 1, 2, and 3 equiva-
lents of GO-DDAT (see the Experimental section)) were
obtained using the same procedure. The color of HCP,
GHCP-1, GHCP-2, and GHCP-3 darkens as the GO-DDAT
content increases (Fig. 1a). Moreover, the uniform color of the
GHCPs indicates that the porous polymer has grafted uni-
formly to the GO flakes. The unadorned hyper-cross-linked
porous polymer was also prepared without using the graphene
template for comparison in this work (denoted HCP).

The morphology and microstructure of the as-prepared
GHCPs were investigated by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). All of the
GHCPs showed similar sheet morphologies (Fig. 1 and S17).
Thus, the results of GHCP-3 are discussed here as a typical
example. As shown in Fig. 1b, many free-standing sheets with
a morphology similar to that of graphene and with sizes
ranging from 500 nm to several micrometers were observed. In
addition, these porous polymer sheets exhibited wrinkles and
flexible features that stand in contrast to the rigid inorganic
porous silica sheets reported previously.”’ No free porous
polymer particles or naked graphene sheets were observed in
either the TEM or SEM investigations. This suggests that, as
expected, most of the monomers have been polymerized on
the surface of graphene. The control sample (HCP) without the
GO-DDAT template exhibited the amorphous nanoparticle
structure reported previously (Fig. $21).>> These results
strongly suggest the crucial role of graphene as a substrate in
the grafting of HCPs in a 2D manner.”

Polym. Chem., 2015, 6, 7171-7178 | 7173
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GHCP-1 GHCP-2

GHCP-3

Fig. 1 (a) HCP and the GHCPs. (b, c) SEM and (d, e) TEM images of
GHCP-3.

To analyze the molecular structure of the HCPs, Fourier
transform infrared (FT-IR) spectroscopy was employed. Typical
FT-IR spectra for GO, GO-DDAT, unadorned HCP, and GHCP-3
are shown in Fig. 2. The broad band at 3430 cm™" is attributed
to O-H stretching vibrations,>® which might originate from
carboxylic acid and hydroxyl groups on the GO sheets or from
adsorbed water. GO shows two adjacent peaks at 1720 and
1645 cm™', which correspond to C=0 and C=C stretching
vibrations.>® The peak at 1065 cm™" represents C-O stretching
vibrations,>® which indicate the presence of the epoxide group
in GO.”” In Fig. 2, unadorned HCP and GHCP-3 show a signifi-
cant peak at 1610 cm™' (skeletal vibrations from graphitic
domains), attributable to aromatic C=C.>* Additionally, the

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 2 FT-IR spectra of (a) GO, (b) GO-DDAT, (c) unadorned HCP and
(d) GHCP-3.
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peaks at 2925 and 2855 cm ' assigned to the methylene
stretch indicate the existence of CH, or CH groups.’® In par-
ticular, the peak at 1065 cm™" for GO shifted to 1108 cm™" for
GO-DDAT and GHCP-3, which might be attributable to hydro-
gen bond interactions.”® Compared with GO and GO-DDAT,
unadorned HCP and GHCP-3 have a distinctive peak at
820 cm ™", corresponding to C-Cl stretching,’® which suggests
the existence of a few unreacted Ar-CH,-Cl groups (see the
model reaction in Scheme 1).

In order to reveal the porous structures of the 2D HCPs, the
N, adsorption/desorption properties of GHCPs and unadorned
HCP were studied (Fig. 3 and Table 1). All the samples showed
a distinct step in the N, adsorption isotherm at a low relative
pressure (P/P, < 0.1), which corresponds to gas sorption in
micropores.®® According to the IUPAC classification,®" these
samples give rise to type I nitrogen gas sorption isotherms
with H3 hysteresis loops, indicating that the materials contain
micro- and mesopores. The specific surface areas of 1224 and
1693 m> g ' (the former calculated from the Brunauer-
Emmett-Teller (BET) theory, the latter from Langmuir’s
theory) for GHCP-1 are larger than those of HCP (600 and
832 m> g "), respectively. This result could be attributable to
the graphene template and the resulting 2D morphology. This
analysis was further confirmed by a pore size study. Pore size
distributions calculated by the nonlocal density functional
theory (NL-DFT) method for HCP and the GHCPs are illus-
trated in Fig. 3b. All of the samples exhibited pore diameters
centering around 1.6 nm, implying that they contained mainly
micropores (<2.0 nm). The GHCPs also showed several broad
peaks between 2.3 and 6.0 nm, implying the existence of a few
mesopores (2.0-50.0 nm). These results—when considered
together—indicate that the GHCPs prepared in this study
are new hierarchical porous organic materials with a 2D
morphology.

b) 25

4
°

W

- g

g 15 J

“’E 900 £ GHCP-2
S e
"o 400 sto
g 5 GHCP-1
3 >
g0 Bos

HCP

0.0 02 04 0.6 0.8 10 2

3 4 5 6 7 8
Relative Pressure (P/P)) Pore Width (nm)

Fig. 3 (a) Nitrogen adsorption and desorption isotherms of unadorned
HCP and the GHCPs at 77 K. (b) The pore size distribution calculated by
the NL-DFT method. (c, d) Illustrative images of a water droplet on the
superhydrophobic surfaces.
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Table 1 Nitrogen physisorption properties and H, and CO, uptake for
HCP and the GHCPs

H, uptake®  CO, uptake®

SBET “ SLang “ Vtot b

(m?>¢g™") (m’g? (em®g™") 77K 87K 273K 298K
HCP 600 832 0.69 0.85 0.63 8.80 5.86
GHCP-1 1224 1693 1.45 1.27 0.82 974  6.19
GHCP2 971 1344 0.71 116 077 9.84  6.22
GHCP-3 780 1083 0.78 1.09 0.67 9.06  5.82

“Surface area calculated from the N, adsorption isotherm using the
BET method and the Langmuir method, respectively. ”Total pore
volume at P/P, = 0.99. “ Gravimetric gas uptake (wt%) for H, and CO,
at P/P, = 0.99.

Additionally, the hydrophobic property of the GHCPs was
studied to better understand their unique hierarchical porous
structures. First, ethanol dispersions of the GHCPs and HCP
were sprayed onto glass surfaces. After drying in air at room
temperature overnight, water droplets were placed on these
surfaces (Fig. 3c and d). All the GHCPs showed a contact angle
of 155 + 4°, which is typically superhydrophobic, and margin-
ally larger than that of HCP (151 + 1°). The slightly improved
contact angle may result from the 2D morphology, and could
prove useful for the construction of better superhydrophobic
materials.

Hydrogen is an ideal and attractive candidate for industrial
applications, such as ammonia synthesis, automobile fuels,
and metallurgy, because of its abundance, renewability, and
environmentally “clean” aspect.”” Hydrogen isotherms for
HCP and the GHCPs up to a maximum relative pressure (P/P,)
of 0.99 at 77 K were examined, as shown in Fig. 4a. GHCP-1,
GHCP-2, and GHCP-3 exhibited hydrogen capacities of 142,
130, and 122 cm® g™* (1.27, 1.16, and 1.09 wt%), respectively,

a) b)
140
—~ — 74
o120 ——ancr.1 N‘\‘\H
——ahcp2
S 100] ——aners —~8 \\‘\,_,\___,
£ s
2 80 £s
580 2 ——tcp
S =4 —aHCR
> 40 ] ——cHCpa
~ o ——GHCPa
T 2 3
%0 oz os  0s o8 1o 2
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C) d) 40
50 35]
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Fig. 4 Volumetric (a) H; and (c) CO, isotherms of unadorned HCP and
the GHCPs at 77 K and 273 K, respectively. Isosteric heat of adsorption
of (b) H, and (d) CO, for HCP and the GHCPs at different gas loadings.
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which are all higher than that of HCP (95 cm® g™", 0.85 wt%).
Obviously, the hydrogen capacities decrease along with the
content of the graphene template. These results reveal that gra-
phene contributes to the total hydrogen capacity, and under-
line the importance of a high graphene surface area for
maximal hydrogen uptake capacity (Sger: GHCP-1 > GHCP-2 >
GHCP-3). Based on a variant of the Clausius-Clapeyron
equation, the hydrogen isosteric heat of adsorption can be cal-
culated (Fig. 4b).** At low coverage, GHCP-1, GHCP-2, and
GHCP-3 exhibited the highest adsorption enthalpies at 6.3,
6.7, and 6.9 k] mol™", respectively (Fig. 4b), which are slightly
larger than that of unadorned HCP (5.9 kJ mol™!). A more
rapid decrease to 4.7 k] mol™" for unadorned HCP was shown
in the high hydrogen uptake region. The high heat of adsorp-
tion may stem from the narrower pores, which allow stronger
overall interactions of the guest gas molecules because of
additional interactions with the opposite walls.®* The adsorp-
tion enthalpies of H, for the GHCPs increased with the
increase in graphene content, indicating that the interaction
between H, and the sample was increasingly dominating that
between H, molecules because of the higher content of the
graphene template.

In order to study the different gas capacities of the GHCPs,
their CO, storage capacities were investigated. The CO, adsorp-
tion isotherms of HCP and the GHCPs at 273 K are presented
in Fig. 4c. GHCP-1, GHCP-2, GHCP-3, and unadorned HCP
exhibited CO, uptake of 9.74, 9.84, 9.06, and 8.80 wt%,
respectively (see Table 1). It was found that adsorbed CO, was
not significantly affected in comparison with H, when employ-
ing the graphene template, implying that the interactions
between CO, molecules and samples were unaffected by the
graphene template. Unadorned HCP showed CO, adsorptions
of 44.8 em® g* (273 K) and 29.8 cm® g™" (298 K) at a relative
pressure (P/P,) of 0.99. Under the same pressure conditions,
the CO, adsorptions of GHCP-1 were 49.6 and 31.5 cm® g~ at
273 and 298 K, respectively. The isosteric enthalpies (Qg) for
CO,, were also calculated, and are shown in Fig. 4d. The CO,
Qs value at lower coverage mainly reflects the interaction
strength between CO, and the sorbent.®® As shown in Fig. 4d,
the CO, Qg values of HCP and the GHCPs were found to be
almost the same in the range 0-8.0 cm?® g™, indicating that (1)
the interactions between CO, and the porous samples are weak
and (2) morphology and the graphene template have a limited
impact on CO, uptake.®®

The thermal behaviors of unadorned HCP and the GHCPs
were recorded by thermal gravimetric analysis (TGA) at a
heating rate of 20 °C min™"' under a nitrogen atmosphere
(Fig. 5a). Unadorned HCP is thermally unstable below 400 °C.
Remarkably, the weight loss for the GHCPs started as high as
300 °C, and became rapid only in the range between 400 and
600 °C, which might be attributed to the alkane structure and
oxygen-containing groups in the materials. The improved
thermal stability of the GHCPs may be attributable to the high
thermal stability of the graphene sheets.”® After 600 °C, the
residual weight for all samples was almost constant, which
suggests that the samples had been converted to stable carbon

Polym. Chem., 2015, 6, 7171-7178 | 7175
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Fig. 5 (a) TGA curves of HCP and the GHCPs at a heating rate of 20 °C
min~t under nitrogen flow. (b) Nitrogen adsorption and desorption iso-
therms at 77 K (inset: the pore size distribution calculated by the NL-DFT
method). (c, d) TEM images of GHCP-1-900.

structures. At 800 °C, the residual weights of HCP, GHCP-1,
GHCP-2, and GHCP-3 were 28.9, 33.1, 36.8 and 45.4 wt%,
respectively, which also indicates that the graphene templates
in the GHCPs enhance the thermal stability. The porous
nature of GHCP-1-900 was further studied using nitrogen
physisorption measurements. It was found that the isotherms
for GHCP-1-900 were type I (Fig. 5b). The BET and Langmuir
surface areas of GHCP-1-900 were calculated as 871 and
1212 m”> g7', respectively. The pore size distribution of
GHCP-1-900 is presented as an inset in Fig. 5b. The two peaks
at 1.47 and 4.00 nm indicate that the hierarchical porous
carbon nanosheets can be easily produced via the direct pyro-
lysis of 2D HCPs. These results also indicate that the high
surface areas of 2D HCP-derived porous carbon nanosheets
can be achieved by taking advantage of the 2D structure of gra-
phene sheets. TEM images of GHCP-1-900 are shown in Fig. 5¢
and d: free-standing sheets with a morphology similar to that
of graphene and several micrometers in size can be observed.
It is clear that the 2D morphology with visible wrinkles can be
well preserved after high temperature pyrolysis of GHCP-1.
Interestingly, alternating light and dark regions can be easily
seen in the enlarged TEM image, indicating the possible cre-
ation of a porous carbon during pyrolysis.

The high specific surface area and unique 2D nanosheet
morphology as well as the porous structure of these newly pre-
pared porous carbon nanosheets hold promise for their appli-
cation in electrochemical capacitors. Therefore, the
electrochemical capacitance of GHCP-1-900 was examined
under alkaline conditions (6 M KOH) as a proof of concept.
Typically, as shown in Fig. 6a, symmetric and horizontal cyclic
voltammetry (CV) curves at a scan rate of 5-100 mV s~' were
observed for GHCP-1-900, indicating ideal capacitive behavior.
The capacitive performance was further investigated in galvano-
static charge/discharge cycling experiments (Fig. 6b). On the
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Fig. 6 (a) CV curves of GHCP-1-900 at 5-100 mV s~ in 6 M KOH
aqueous solution. (b) Galvanostatic charge/discharge curves for
GHCP-1-900 at a current density of 0.5-10 A g%,

basis of the discharge curve, the specific capacitances of
GHCP-1-900 were calculated to be 144, 116, 112, 127, and 122
Fg'at0.5,1,2,5 and 10 A g~", respectively. For supercapaci-
tor applications, the graphene layer in sandwich-type GHCP-1-
900 can act as both a mini-current collector and a long-dis-
tance in-plane charge transporter during the charge and dis-
charge processes, by taking advantage of the high electrical
conductivity and the 2D electron transport properties of gra-
phene. Additionally, inter-/intra-layer electrolyte transport also
contributes to the superior capacitance, given that the active
surface of nanosheets can be efficiently exposed to the
electrolyte.*"

Conclusions

In summary, GHCPs based on vinylbenzyl chloride and di-
vinylbenzene were successfully prepared by a RAFT emulsion
polymerization approach and a FeCl;-promoted Friedel-Crafts
reaction. A highly soluble trithiocarbonate functionalized GO,
which is the key 2D template in this approach, was used as a
2D micro-CTA for RAFT polymerization. The resulting GHCPs
exhibited superhydrophobic behavior (contact angle >150°)
and a high specific surface area of up to 1224 m*> g~'. They
also exhibited an enhanced H, capacity (1.27 wt%) at 77 K and
CO, capacity (9.9 wt%) at 273 K at a relative pressure of 0.99 in
comparison with unadorned HCP without using the graphene
template. The high specific surface areas and enhanced H,
and CO, capacities might come from the contribution of the
2D graphene template and the 2D morphology. The GHCPs
were also used to prepare porous carbon nanosheets without a
template-removing operation. The as-prepared porous carbon
nanosheets were successfully utilized in electrochemical
capacitors, which makes this method a good approach for the
preparation of 2D HCPs and 2D porous carbons with wide
applications.
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