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Graphite Oxide as an Olefin Polymerization Carbocatalyst:
Applications in Electrochemical Double Layer Capacitors

Daniel R. Dreyer and Christopher W. Bielawski*

Graphite oxide (GO) is shown to be an efficient heterogeneous catalyst for
the polymerization of various olefin monomers, including n-butyl vinyl ether,
N-vinylcarbazole, styrene, and sodium 4-styrenesulfonate. The GO-catalyzed
polymerization of n-butyl vinyl ether (0.1-5.0 wt% GO relative to monomer)
proceeds rapidly under solvent-free conditions and affords polymers with
moderate number average molecular weights and broad polydispersities.
Analysis of the carbon recovered at the conclusion of the polymerization
reactions reveals that the material’s catalytic activity is retained and multiple
polymerization cycles can be performed without regenerating the catalyst. GO
also catalyzes the polymerization of N-vinylcarbazole and styrene, although
only low molecular weight polymers are obtained. Sodium 4-styrenesulfonate
polymerizes in the presence of GO to afford poly(sodium 4-styrenesulfonate)
(PSS) composites. After thermal treatment, the composites can be fabricated
into electrodes for use in electrochemical double layer capacitors (EDLCs).
The devices display high specific capacitances (25-120 F g') and low equiva-

practical utility.’¥ In an effort to circum-

vent this problem and enhance the inter-
facial interactions between the carbon
filler and these polymers, Tsubokawa and
co-workers elegantly showed that carbon
black, graphite, and carbon fibers may be
functionalized with acylium moieties that
serve as initiators for the cationic poly-
merization of vinyl ethers,['*1 N-vinylcar-
bazole,!'® styrene,l'”!8 and various cyclic
monomers.'*2! While effective in pre-
venting the aforementioned phase separa-
tion of the carbon additive, this approach
often requires extensive engineering of the
carbon surface. Since many olefins polym-
erize in the presence of various strong
acids, we reasoned that other well-known
and inherently Lewis or Brensted acidic

lent series resistances (14-27 Q).

1. Introduction

The polymerization of olefins via cationic chain growth proc-
esses represents one of the most fundamental and widely uti-
lized methods for synthesizing polyolefins.'™* Poly(vinyl ether)
s, in particular, are an important class of polymers prepared via
this method, and have found widespread use as lubricants,!
adhesives,ll and optical coatings,”) among other applications.
Polymerizations of the corresponding vinyl ether monomers
are commonly performed using AlEt,Cl, BF;, mineral acids
or other similarly strong Lewis or Brensted acids.®! The need
to modulate these polymers’ properties (e.g., for increased fire
retardation,”) enhanced viscoelasticity,'%) etc.) has led to interest
in the incorporation of additives. For example, poly(vinyl ether)
s and other cationically-prepared polyolefins may be blended
with various carbon materials (e.g., carbon black) to produce
composites with desirable viscoelastic, barrier, thermal, elec-
tronic, or pigmentation properties.'!12l As in many composite
materials, however, phase separation of these additives from
the polyolefin matrices often challenges their preparation and
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carbon materials may exhibit similar reac-
tivity while also avoiding phase separation
from the polyolefin.

An example of one such acidic carbon
material is graphite oxide (GO). Originally prepared over 150
years ago,?? GO has enjoyed a fresh resurgence of interest as
a result of its ability to facilitate access to graphene and related
materials.’l In addition to using various chemical reduct-
ants to facilitate its conversion to graphene-like materials,
we have recently shown that GO is a strong chemical oxidant
and may be harnessed for the productive synthesis of a wide
range of small molecule species (e.g., aldehydes, ketones, sul-
foxides, and disulfides).?42l Moreover, it has been shown that
GO’s surface functionalization renders the material acidic,?’!
a feature that has been applied toward the formation of poly-
mers.[*”28 Indeed, we recently showed that GO can be used
to facilitate the dehydrative polymerization of benzyl alcohol
(BnOH), resulting in the formation of poly(phenylene meth-
ylene) (PPM),1?’] as well as initiate the ring opening polymeriza-
tion of various lactones and lactams.?!] Moreover, the products
obtained from the polymerization reactions were found to dis-
play a range of useful properties, such as high mechanical stiff-
ness and thermal stability.

Building on these results, we envisioned using GO’s acidity
(pK, ~ 3 in water)?® to polymerize olefins via acid-initiated
mechanisms. Herein, we show that GO catalyzes the polym-
erization of butyl vinyl ether,?” as well as other olefinic mon-
omers, such as N-vinylcarbazole, styrene, and sodium 4-sty-
renesulfonate. Moreover, composites comprising reduced GO
(-GO) (formed by the mild thermal deoxygenation of the GO)
and poly(sodium 4-styrenesulfonate) (PSS) showed high con-
ductivity (o) and specific capacitance (C;,) when fabricated into
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Figure 1. Graphite oxide (GO) (left) was used to catalyze the cationic polymerization of various

olefins (right).

electrodes and tested in an electrochemical double layer capac-
itor (EDLC).

2. Results and Discussion

GO (see Figure 1) was prepared using a modified Hummers
method (see Supporting Information).3% Briefly, natural flake
graphite (-10 mesh) was reacted with KMnO, in concentrated
H,SO,, and the reaction was quenched by dilution in deion-
ized water and the addition of aqueous H,0,. The carbon
product (also termed a “carbocatalyst”®1-33)) was isolated by
filtration and purified by rinsing with aqueous HCI and deion-
ized water.

In a preliminary reaction, excess n-butyl vinyl ether (1.0 g)
was mixed with GO (25 mg, 2.5 wt%). Upon addition of the
carbocatalyst to the monomer, the polymerization proceeded
rapidly, as evidenced by a brief exotherm (T;,,, = 90 °C) and
a noticeable increase in viscosity, which were consistent with
autoacceleration behavior.33% After 14 h, the mixture became
a viscous gel with carbon particles heterogeneously dispersed
throughout. The monomer exhibited complete conversion, as
determined by 'H NMR spectroscopy upon dissolution of the
polymer in CDCl; and filtration of the insoluble carbon mate-
rial.?® The reaction afforded a polymer with a number average
molecular weight (M,) of 5200 Da and a polydispersity index
(PDI) of 9.42, as determined by gel permeation chromatog-
raphy (GPC) referenced to poly(styrene) standards in tetrahy-
drofuran (THF). Broad polydispersity is often observed in cati-
onic polymerizations initiated by either Brensted or Lewis acids
due to the high reactivity of the propagating carbenium ions,/®!
particularly when the initiator exhibits multiple active species
such that initiation, propagation, and termination events of the
polymerization occur at significantly different rates.?’40l

Differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TGA) were used to characterize the thermal
properties of the poly(vinyl ether) composite. The polymer
exhibited a glass transition temperature (T,) of —63 °C, con-
sistent with previous reports on neat poly(butyl vinyl ether)
(PBVE),I"* and the polymer-carbon composite was found to
be highly stable, exhibiting a decomposition temperature (T;)
of 354 °C. No changes in the polymer’s T, or T; were observed
when the residual carbon catalyst was removed by trituration
in THF.

In an effort to optimize the reaction time, 2.5 wt% GO was
mixed with butyl vinyl ether at 22 °C. After 5 min, 97.8% of

R Neat
R = O(n-butyl), 22-90°C
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the monomer was converted to PBVE, as
determined by 'H NMR spectroscopy, and
Nn the polymer obtained at this reaction time
R exhibited nearly the same molecular weight
(M,, = 5400) and polydispersity (PDI = 10.37)
as the previously described product obtained
after 14 h. After 4 h, no unreacted monomer
was observed by 'H NMR spectroscopy, indi-
cating that the reaction had reached comple-
tion. Based on these results, all subsequent
polymerization reactions involving butyl vinyl
ether were performed for 4 h at 22 °C.

Further optimization efforts were directed
toward minimizing the required GO loadings. No reaction was
observed in the absence of GO, indicating that butyl vinyl ether
did not self-polymerize under the conditions explored (see
Table 1). Likewise, low monomer conversion (2.3%, determined
gravimetrically) and molecular weight (700 Da versus 5700 Da)
were observed when a very low loading (0.01 wt%) of GO was
used. We reasoned that such a small quantity was unable to
efficiently initiate the polymerization, leading to low conversion
and the observed low molecular weight products. Monomer
conversion increased with the GO loading although the molec-
ular weight of the polymer produced decreased. For example,
a polymer with a M, of 8100 Da was obtained at 0.1 wt% GO,
while a polymer with a M,, of 5000 Da was observed at 5.0 wt%
GO, consistent with an increase in the number of propagating
chains generated at higher initiator loadings.[*’]

To test the catalyst’s recyclability, the recovered carbon mate-
rial was reused in the polymerization of butyl vinyl ether under
the standard conditions employed (2.5 wt% catalyst, 22 °C,
neat, 4 h) without further treatment or regeneration. As shown
in Figure S1 (Supporting Information), monomer conversion
dropped by only 9.2% after five use and recovery cycles.

To confirm that the observed polymerization behavior was
due to GO’s acidity, several control experiments were per-
formed wherein other carbon materials were substituted for
GO. Under conditions otherwise identical to the optimized

Table 1. Catalyst loading optimization for the polymerization of butyl
vinyl ether initiated by GO.?)

GO loading [wt%] Monomer conver-  Molecular weight PDI9
sion [%]?) (M,) [Da]?

0 0.0 - -
0.01 2.39 700 1.45
0.1 92.5 8100 13.88
1.0 98.7 7700 10.88
2.5 100.0 5700 9.45
5.0 100.0 5000 10.35

2 Polymers prepared by reacting butyl vinyl ether (1.0 g) with the indicated amount
of GO under solvent-free conditions at 22 °C for 4 h; Y Determined via '"H NMR
spectroscopy after dissolving the polymer in CDCl; and separating from the cata-
lyst via filtration; @ Number average molecular weights (M,) and polydispersity
indices (PDlIs) were determined by GPC against poly(styrene) standards after dis-
solving the polymer in THF and separating from the carbon additive via filtration;
9 Determined by mass after removal of the unreacted monomer under reduced
pressure; no polymer was observed by "H NMR spectroscopy.

Adv. Funct. Mater. 2012, 22, 3247-3253



s
Met oS
www.MaterialsViews.com

conditions previously described (2.5 wt% catalyst, neat, 22 °C,
4 h), natural flake graphite, hydrazine-reduced graphene oxide
(a derivative of GO whose oxygen functional groups have been
removed via reaction with a strong reductant*¥)), and basified
GO (prepared by reacting as-prepared GO with aqueous K,COs)
were all unable to polymerize butyl vinyl ether, as determined
by 'H NMR spectroscopy and GPC. Collectively, these results
indicated that the chemical potential intrinsic to GO was neces-
sary to polymerize butyl vinyl ether.

Having optimized the polymerization of a vinyl ether using
GO as the initiator, we next sought to expand the reactivity
of GO toward other olefins that are commonly polymerized
via cationic pathways. Two monomers (N-vinylcarbazole and
styrene) known!® to be amenable to cationic polymerizations
were selected for this purpose. N-vinylcarbazole, dissolved in a
minimum of chloroform, polymerized rapidly and exothermi-
cally when GO (2.5 wt%) was added, similar to the reaction of
butyl vinyl ether with GO (see above).*’! After 4 h, no unre-
acted monomer was visible by '"H NMR spectroscopy and GPC
analysis of the polymer revealed that the material possessed a
molecular weight (M,) of 1900 Da and broad polydispersity.[®!
Polydisperse polymers and composites such as those described
herein can exhibit useful properties, such as high processa-
bility in extruders or other similar apparatus.l*’] Though more
widely studied than N-vinylcarbazole or butyl vinyl ether, sty-
rene is comparatively more challenging to polymerize under
acidic conditions.®l Indeed, under the conditions explored
(2.5 wt% GO, neat, 25 °C, 4 h), only low molecular weight
oligomers of poly(styrene) were formed (M, = 400 Da), even
at high monomer conversion (91.2%). Increased reaction
temperatures (50-100 °C) led to self-polymerization of the
monomer.[*]

In addition to the properties of the polymeric materials and
composites produced in the aforementioned polymerizations,
we were also interested in the chemical and physical characteris-
tics of the carbon catalyst in order to understand the changes the
catalyst underwent during the reactions. The nature and extent
of GO’s surface functionalization was studied both qualitatively
and quantitatively using FT-IR spectroscopy and elemental
analysis. As-prepared GO exhibited strong absorbances in its
FT-IR spectrum (Figure 2) associated with hydroxyl (3430 cm™),
carbonyl (1740 and 1625 cm™), and ethereal (1075 cm™) func-
tional groups, consistent with the extensive surface modifica-
tions introduced during the oxidation process. Moreover, the
high degree of oxygenation was confirmed by elemental anal-
ysis which revealed a carbon-to-oxygen (C:O) ratio of 1.60:1.

At the conclusion of the reaction between GO and butyl
vinyl ether (2.5 wt% GO, 22 °C, neat, 4 h), the heterogeneously
blended carbon and polymer were separated from one another
by trituration of the composite material in THF followed by
vacuum filtration. The recovered carbon retained many of the
diagnostic FT-IR spectral features (Figure 2), including reso-
nances at 3428, 1736, 1572, and 1088 cm™! associated with
various C=0 and C-O containing oxygen functional groups.
These spectroscopic data indicated that a significant portion
of the surface functionality was retained following the polym-
erization reaction. Additionally, a series of strong absorbances
appeared in the range of 2870-2965 cm™!, consistent with C-H
stretching frequencies. As graphite, GO, graphene, and other
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Figure2. FT-IR spectra (KBr) for graphite oxide (top) and the carbon recov-
ered after reaction of butyl vinyl ether with GO (2.5 wt%) (bottom).

similar carbon nanomaterials do not possess a significant
number of C-H bonds, we surmised that these absorbances
were due to functionalization of the carbon material's surface
with PBVE. Gravimetric analysis of the recovered carbon, after
extensive rinsing with THF and drying of the material under
vacuum, indicated a 12.8% increase in mass, relative to the
amount of GO used in the starting mixture. To estimate the
amount of polymer attached to the surface, we reasoned that
under these reaction conditions GO was minimally deoxygen-
ated. Although GO can be thermally stripped of its function-
ality,*! the temperatures required for this process to occur
efficiently are typically much higher (usually ranging from
500-900 °C,%%! or more) than the short exotherm (t < 5 min,
Tax ~ 90 °C) observed during the polymerization of butyl
vinyl ether. Thus, we assumed that the GO experienced no
mass loss during the reaction. Indeed, heating GO under sol-
vent-free conditions to 90 °C for 5 min resulted in no measur-
able mass loss. Therefore, the 12.8% mass increase observed
in the post-polymerization product was attributed to function-
alization of the GO surface by poly(butyl vinyl ether) (PBVE)
(1.29 x 1073 moles of monomer equivalent per gram of recov-
ered GO).

The physical structure and morphology of the as-prepared
GO and recovered carbon were studied using powder X-ray
diffraction (PXRD), Raman spectroscopy, surface analysis and
powder conductivity methods. While as-prepared GO exhibited
an interlayer spacing of 7.6 A (compared to 3.3 A in the starting
graphite material) (see Figure S3, Supporting Information),’>?
the carbon recovered from the polymerizations was amorphous;
no discernible peaks were observed in the diffraction pattern.
The lack of regular interlayer spacing was consistent with the
disruption of the carbon’s lamellar structure by the polymer.
However, as determined by measurements performed on the
powdered materials, the recovered carbon exhibited a decreased
conductivity (o = 3.02 x 10™* S m™) compared to the starting
GO (0=4.68 x 107 S m™!). While this result was not consistent
with the conversion of GO to highly conductive graphite- or
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graphene-like materials, functionalization of the carbon with
PBVE (see above) could disrupt the m-conjugated network
responsible for those materials’ conductive properties. Raman
spectroscopic analysis of GO (Ip/Ig = 0.96:1) and the recovered
carbon (Ip/Ig = 0.96:1) indicated a high degree of disorder in
both materials, confirming the PXRD results.’*** Collectively,
the analyses of the carbon materials involved in the polymeriza-
tion of butyl vinyl ether indicated that a small portion of the
polymer grafted to the carbon’s surface, as determined by FT-IR
spectroscopy and PXRD, which contributed to the observed low
conductivity and high morphological disorder.

Building on these results, we next sought to merge graph-
ene’s remarkable electronic and charge storing capabili-
ties>>%¢ with the ability to form polyolefin composites. Com-
posites of reduced graphene oxide (r-GO) and polyelectrolytes
(e.g., poly(vinylimidazolium)s) have previously been shown
to be excellent materials for use as electrodes in EDLCs.>7*!
Indeed, polyelectrolyte-coated electrodes have shown marked
improvement in specific capacitance (Cy,), relative to uncoated
electrodes, likely as a result of the polymer’s ability to facili-
tate wetting of the hydrophobic carbon surface by the electro-
lyte.>%%01 We reasoned that composites comprising poly(sodium
4-styrenesulfonate) (PSS), prepared from the corresponding
sulfonated styrene monomer, and r-GO would exhibit similar
behavior, and as a result, improve the Cy- PSS has been pre-
viously shown to interact strongly with -GO to the extent that
stable aqueous dispersions may be prepared when the two
materials are blended,®%2 though to the best of our knowledge
GO has never been used to directly polymerize the sulfonated
monomer, and the EDLC properties of these composites have
not been investigated.

We began by exploring the reactivity of GO with sodium
4-styrenesulfonate. In a preliminary reaction, a saturated
aqueous solution of sodium 4-styrenesulfonate was prepared
(approximately 180 mg mL™). A 0.1 mL aliquot of this solu-
tion was then mixed with 0.9 mL of deionized water and 50
mg of GO (approximately 280 wt%, relative to the dissolved
monomer), and heated at 100 °C for 12 h in a sealed vessel
to catalyze the polymerization. The reaction mixture was then
diluted to 8 mL with methanol after which the composite
was recovered by vacuum filtration and washed with excess
methanol (50 mL) to remove unreacted monomer. Under
these reaction conditions, it is possible that the GO under-
went partial hydrothermal deoxygenation, as has previously
been reported.[%3] However, this may be beneficial as removal
of GO’s oxygen functionality is typically desirable for EDLC
applications.l®* Carbon materials with extensive m-conjugated
networks typically exhibit higher conductivities and better
capacitive properties than materials whose conjugation is dis-
rupted.®] In order to facilitate deoxygenation of the GO in
the composite, we subjected the recovered PSS-GO composite
to thermal treatment by heating under vacuum at 175 °C for
24 h.[#% The resulting composite was found to be conduc-
tive (0= 1.93 x 102 S m™!) (see Figure S16, Supporting Infor-
mation), indicating that efficient deoxygenation of the carbon
had taken place. For comparison, highly reduced graphene-
like materials prepared from GO typically exhibit conductivi-
ties on the order of 500-2000 S m™1,12*l while a conductivity of
only 2.59 x 107 S m™! was observed for a similar PSS:r-GO
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Figure 3. FT-IR spectra of an authentic PSS sample obtained commer-
cially (top) and a PSS:r-GO composite prepared by reacting sodium 4-sty-
renesulfonate with GO (bottom).

composite that was not subjected to thermal treatment, pre-
pared under otherwise identical conditions.

Incorporation of PSS into the composite was qualitatively
confirmed by FT-IR spectroscopy (Figure 3), which revealed a
diagnostic absorbance at 1203 cm™!, attributable to the pres-
ence of sulfonate groups. In order to determine the amount of
sodium 4-styrenesulfonate that was polymerized and deposited
onto the carbon surface, the thermally treated composite was
analyzed by elemental combustion analysis and found to con-
tain 1.09 wt% sulfur (see Table S1, Supporting Information).
Assuming all of the sulfur in the composite was from the PSS
fraction, we calculated that the composite contained 6.8 wt%
PSS and 93.2 wt% 1-GO. Moreover, by subtracting the oxygen
content attributable to the PSS portion of the composite and
assigning the remaining oxygen content to the r-GO, the deoxy-
genated carbon material was calculated to have a C:O ratio of
3.98:1. Comparatively, GO exhibited a C:O ratio of 1.60:1, which
further indicated that the thermal treatment was effective in
removing the oxygen functional groups from GO. Efforts to
separate the water-soluble polymer from the carbon material by
triturating in D,O proved unsuccessful, even under prolonged
sonication (2 h) and heating (90 °C), as indicated by the lack of
'H NMR resonances attributable to either the polymer or unre-
acted monomer. Additionally, no phase separation between the
components was observed, as indicated by the lack of graphitic
peaks in the material's X-ray diffraction pattern. Such insepara-
bility could be the result of covalent attachment of the polymer
to the carbon surface, as observed in the GO-mediated polym-
erization of butyl vinyl ether, or of strong, non-covalent inter-
actions with the carbon surface (e.g., Coulombic effects) as a
result of the polymer’s ionic character.

The material recovered after thermal treatment (surface
area = 4.37 m? g!) was then fabricated into electrodes suit-
able for use in EDLCs and soaked in 6 M aqueous potas-
sium hydroxide (a commonly utilized electrolytel®’)) for 12 h.
The electrolyte-soaked electrodes were then assembled into

Adv. Funct. Mater. 2012, 22, 3247-3253
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Figure 4. Test cell configuration (top) and galvanostatic charge-discharge
plot (/=5 mA) (bottom) for EDLCs fabricated from a PSS:r-GO composite
(starting mixture: 50 mg GO, 0.1 mL saturated solution of sodium 4-sty-
rene sulfonate, and 0.9 mL deionized water) using potassium hydroxide
(6 M aq.) as the supporting electrolyte.

a two-electrode test cell (Figure 4) and analyzed by cyclic vol-
tammetry (CV), galvanostatic charge-discharge (also referred
to as constant current (CC) charge-discharge), and impedance
spectroscopy to characterize the device’s capacitive and elec-
tronic properties. As shown in Table 2, the C, of the device
ranged from 50 to 120 F g™!, depending on the measurement
technique. The equivalent series resistance of the cell, deter-
mined from the galvanostatic charge-discharge plot, was found
to be low (Rgsg = 27 Q). After an initial rapid drop in C, of
approximately 7.5%, possibly due to partial pseudocapacitive
behavior,*®) slow degradation of the C,, was observed over 1000
successive charge-discharge cycles (see Figure S24, Supporting
Information) and eventually decreased 22.5%, relative to the the
initial capacitance. As shown in Table 2, increased monomer
loadings in the starting mixture led to EDLCs with uniformly
decreased C,, values (<70 F g™!). We reasoned that this was due
to inhibition of charge buildup on the carbon electrode by the
polymer. As has been previously reported,®®7% obstruction of
the carbon electrodes’ surface can impede access by the elec-
trolyte and lead to long charge and discharge times. Slow ion
migrations were also supported by the relatively long RC time
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Table 2. EDLC properties of PSS:r-GO composites as a function of var-
ying monomer-to-GO ratios.?

Ratio of sodium Analysis Specific capaci- Equivalent ~ RC time con-
4-styrenesul- method® tance (C,)  series resist- stant (1)

fonate (saturated [Fg ance [s]9

aqueous solution) Qe

to deionized water

[v/v]

0.0:1.0 CV; 50 mVs™! 25 52 32.0
CV; 10 mvs™ 50
CGC; 500 mA g’1 15
CC; 250 mA g™ 40

0.1:0.9 CV; 50 mV s~ 75 27 47.1
CV;10mV s 120
CC; 500 mA g™ 50
CC; 250 mA g™ 75

0.5:0.5 CV; 50 mVs™! 55 15 23.5
CV; 10 mVs™ 85
CC; 500 mA g7 60
CC; 250 mA g™! 75

1.0:0.0 CV; 50 mV s~ 40 14 15.2
CV; 10 mVs™ 70
CC; 500mA g™ 25
CGC; 250 mA g™! 45

3 Composites prepared by reacting GO (50 mg) with an aqueous solution of sodium
4-styrenesulfonate (1.0 mL) at the indicated ratio of sodium 4-styrenesulfonate
(satd. ag. soln.)-to-deionized water at 100 °C for 12 h, followed by thermal treat-
ment of the recovered composite at 175 °C for 24 h; PEDLC analyses performed
using the two-electrode cell described in the ESI (see Figure S19, Supporting Infor-
mation). CV = cyclic voltammetry; CC = constant current or galvanostatic charge-
discharge; 9CV specific capacitances (C,) determined by averaging the discharge
current (I) on the fifth charge-discharge cycle and applying the average current to
Eq. S3; CC specific capacitances (C,,) determined by calculating the rate in voltage
decrease (dv/dt) on the fifth charge-discharge cycle and applying the resulting dv/
dt value to Eq. S3; YIDetermined from the discharge phase of the galvanostatic
charge-discharge plot (current density = 250 mA g™') (see ESI).

constants (>15 s) for electrodes containing varying amounts of
the monomer in the starting mixture (see Table 2).

To determine if the one-step approach to preparing the com-
posite was advantageous to adding pre-formed poly(sodium
4-styrenesulfonate) (PSS) to pre-formed r-GO, a commercial
PSS sample (MW = 70 kDa) was mixed with r-GO (prepared
by a hydrazine-mediated reduction of GO) by stirring in a
minimum of deionized water at room temperature for 4 h to
form an analogous PSS:r-GO composite. The resulting carbon
material was collected, fabricated into EDLC electrodes, and
analyzed by cyclic voltammetry, galvanostatic charge-discharge,
and impedance spectroscopy. A maximum C;, of 85 F g™' was
measured, suggesting the one-step approach described above is
preferable to the multi-step approach incorporating pre-formed
components.
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Finally, to demonstrate that the inclusion of PSS in the
electrode composite was operative in improving the Cg, of
the device, a sample of 1-GO was prepared in the absence of
sodium 4-styrenesulfonate under otherwise identical condi-
tions (1.0 mL of deionized water, 100 °C, 12 h, followed by
annealing at 175 °C for 24 h). The resulting PSS-free material
(surface area = 9.96 m? g') exhibited Cy, values ranging from
15 to 50 F g! using the same analysis techniques described
above. The diminished C, of the carbon material, relative to
the previously described PSS:r-GO composites, suggested to us
that the incorporation of the polyelectrolyte improved the elec-
trodes’ wettability by the supporting electrolyte and, ultimately,
afforded a EDLC with increased capacitance.

3. Conclusions

In summary, we have shown that GO may be used as a solid
state acid catalyst for the polymerization of various olefins. The
polymerization of butyl vinyl ether under solvent-free condi-
tions was rapid (>97% conversion after 5 min) and afforded
PBVE of moderate molecular weight (M, = 5000-8100 Da).
Moreover, catalyst loadings as low as 0.1 wt% (relative to the
monomer) were found to be effective for the formation of pol-
ymer. FT-IR and PXRD analyses indicated that a small amount
(approximately 12.8%, as determined by mass balance) of the
PBVE formed was grafted to the carbon material's surface.
Sodium 4-styrenesulfonate was also polymerized using GO.
After thermal treatment, the resulting PSS:r-GO composite
was successfully employed as an electrode material for use in
EDLCs. Indeed, the composite’s high conductivity (o = 1.93 X
10% S m™") and specific capacitance (Cy, up to 120 F g™) allowed
the devices to outperform those prepared from PSS-free r-GO.
The devices containing these composite materials exhibited a
200-300% improvement over electrodes formed from PSS-free
r-GO, similar to other previously reported graphene-based elec-
trode materials.l>%l

The results described herein indicate that GO and other sim-
ilar carbon materials (e.g., activated carbon’!) may be used as
solid state initiators for a broad range of acid-catalyzed polym-
erizations, or as co-catalysts for use in the presence of other
compatible acid initiators. The low cost, ease of preparation,
and simplicity of removal (if desired) from the target products
make carbon catalysts practical choices for the facile formation
of a range of commercially and technologically useful polymer
materials. Moreover, when retained within the as-produced
polymer, catalysts derived from GO may enhance the electronic
properties of a broad range of graphene-enhanced composites.
Indeed, the ability to retain the catalyst within the polymer
matrix represents a key advantage over other acidic polymeri-
zation catalysts (e.g., mineral acids), allowing for the single-
step formation of highly conductive and capacitive polymer
composites.
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