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DOI: 10.1039/X0XX00000x structures in the polymer composite. The selective decomposition of thermally labile poly-acrylic resin introduced
www.rsc.org/ into the composite during synthesis creates pores of varying size and shapes. It is noted that samples synthesized with
lower weight percent acrylic polymer produced more uniform sized pores than those with higher weight percent. The
presence of pores increased available surface area of the stacked graphene sheets available for ion adsorption and
double layer formation. Scanning electron miscroscope (SEM) images confirms the presence of pores and reveals
filler orientation around porous regions. Cyclic voltammetry (CV) show an increase in specific capacitance from 39
F/g to 133 F/g and electrochemical impedance spectroscopy (EIS) shows significant decrease in bulk resistance and a
100% increase in theoretical porosity when tested in 0.4M potassium hexaflorophosphate VI (KPF6)/propylene
carbonate electrolyte solution. Shifts in imide peaks to lower wave numbers in Raman and Fourier transform
spectroscopy (FTIR) suggests presence of chemical interaction between filler and matrix confirming uniform
dispersion of fillers in the material. Thermogravimetric analysis (TGA) shows thermal stability for the composite
systems at temperatures above 700°C. The material is investigated for use in super capacitor applications especially in

devices which require high end-use temperatures.
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. . . . e . Graphitic electrodes have shown enhanced electron transport rates, improved
(ACs), nanostructured metal oxides like ruthenium oxide, iridium oxide, P P P
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cyclabilities, and higher sensitivities to reactions [10-11]. In the last couples
of years, graphene has been used as an alternative carbon-based nanofiller in
the preparation of polymer nanocomposites and have shown improved

mechanical, thermal, and electrical properties [12-13].

The growing interest in composite material in electrode applications is due to
their availability, low cost, thermal stability and environmental friendliness.
Graphene based polymer nanocomposites possess much higher active
material utilization ratios and superior ultrafast charge and discharge ability
[13,14]. Murugan et al [14] synthesized a graphene/PANI composite
containing 50wt% graphene with an overallc double layer capacitance and
psuedo-capacitance of 408F/g. However, due to poor stability of polyaniline
at ambient condition, cycle stability and lifetime is limited. Other polymers
like polystyrene, polytetraflouroethylene (PTFE), e.t.c [4, 11] have been used
for molecular dispersion of chemically modified graphene (CMG) sheets in
producing high performance electrodes. Polyimides, a useful class of
polymers is recently been explored as matrix for dispersing graphene due to
their high chemical and thermal stability (stable up to 750°C), high optical
transmission and high mechanical strength. They are a suitable matrix for
incorporation of metal, salts, carbon materials and chromophores as
nanoscale particles to obtain of nanocomposite materials [15-16]. Graphene-
polyimide nanocomposites have the combined superior properties of
graphene and polyimide [17]. The superior electrical and the extremely large
surface area of graphene and the excellent mechanical and thermal stability of
polyimide makes this nanocomposite material a strong contender for use in
energy storage, supercapacitors, fuel cell, solar energy, electronic display
devices and biosensors [7,17-18 ]. Extensive research has been carried out to
study the electrical, thermal and mechanical properties of graphene-
polyimide composites [10, 16, 20-21], however not much work has been

published on its electrochemical and energy storage capabilities.

Graphene-polyimide composites exhibit poor electrochemical properties due
to the rigid structure of the composite restricting diffusion pathways of
electrolyte ions resulting in decreased capacitance [15]. Aliphatic polyimide
precursors usually yield less rigid polyimides with better chain flexibility
however, they are not as reactive as aromatic polyimide precursors. Yuena

meng el at [19] recently synthesized flexible graphene-polyimide using
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aliphatic (ethylene diamine) and an aromatic dianhydride (PMDA) precursors
in the presence of interconnected macroporous graphene fillers. The
hierarchical structure of graphene in the composite system results in low
resistances for the reaction of lithium ions during battery testing yielding

specific capacity values as high as 175mAh/g when tested in 1M lithium

electrolyte solution.

In this work, aromatic polyimide precursors, 4, 4’ oxydianiline (ODA) and
pyromellitic dianhydride (PMDA) are used as starting matrix in the presence
of 50wt% nano-graphene sheets (50-100nm layers) to synthesize graphene-
polyimide composite films. The resulting composite is a very stiff material
with a high glass transition temperature (Tg) of ~ 440°C and storage modulus
of 7.20GPa [39]. The material’s rigidity limits ion permeation through the
bulk and hence, reduces contact between embedded graphene fillers and
electrolyte ions during electrochemical testing. Theoretically, it’s been shown
that ion adsorption on graphene surfaces/edges yields specific capacitance as
high as 550 F g' when all the surface is used [8]; this becomes a unique
possibility if all the embedded graphene surface within the polymer matrix is
available for ion adsorption. To improve graphene filler contact with
electrolyte ions, we introduce a thermally labile flexible poly-acrylic resin
with a molecular weight of 100,000g/mol., Tg of 30°C and viscosity of
0.105N.s/m? into the composite during synthesis. Poly-acrylic resin is chosen
due to its low viscosity which enhances processability and miscibility with
composite during sysnthesis. Selective degradation of the resin during
curing/thermal annealing creates pores, deep gashes and crevices on the
material surface which exposes embedded graphene fillers to electrolyte ions
thereby creating more available adsorption sites for double layer formation.
The ability of the resin to gradually unzip/degrade during the imidization
process of polyimide ensures that it is leached out in a systematic manner
during the imide ring closure thereby leaving distributed porous regions on
the film. Proper control over pore size and specific surface area is required to
ensure good performance in terms of both power delivery rate and energy

storage capacity [6, 21].

To aid in analysis, neat graphene-polyimide composite synthesized without
the poly-acrylic resin is compared with graphene-polyimide composites

synthesized with varying weight fractions of the resin (1wt%, 5wt% and
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20wt%). We report remarkable improvement in specific capacitance (up to
250% increase) and specific capacity (up to three orders of magnitude) in the
porous samples compared to the neat composite. It is noted that samples
synthesized with lower weight fraction of acrylic polymer showed better
overall performance due to uniform distribution of pores in the system and
better filler orientation. This novel method leaves room for optimization and
design of similar composite materials for high electrode performance.
Several electrochemical techniques including cyclic charge discharge (CCD),
cyclic voltammetry (CV) and electrochemical impedance spoectroscopy
(EIS) is used to study electrochemical behavior of the composite material.
BET experiment is used to calculate surface area, SEM is used to study
morphology of the composites. Raman spectroscopy, Fourier transform
spectroscopy (FTIR) and Xray diffraction (XRD) is used to study graphene
structure as well as filler-matrix interfacial properties. Surface elemental

composition is studied using Xray photospectroscopy (XPS).

2. Experimental

2.1 Materials

The reagents used in this study are: nano-graphene sheets (98.48% purity)
with thickness 50-100nm and length 7um purchased from Angstron
materials, Dayton, Ohio. Pyromellitic dianhydride (PMDA) (99% purity), 4,
4-oxydianiline (ODA) and N-methyl-pyrrolidone (99% purity) purchased
from Sigma—Aldrich company and Poly-acrylic resin with a glass transition
temperature of 30°C and viscosity of 105cP obtained from Mallard creek

Polymers Inc.
2.2 Synthesis of porous graphene/PI films

0.05g, 0.227g and 1.07825g corresponding to 1wt%, Swt% and 20wt% of
poly-acrylic resin is added to a round-bottom flask containing 100 mL of N-
methyl pyrrolidone (NMP) and mechanically stirred for 15 minutes, 5.1608 g
of 4, 4-oxydianiline (ODA) is added to the stirring mixture followed by
steady mechanical stirring for 30 minutes. 10.782 g (50wt %) of nano-
graphene powder is added to the mixture in a gradual steady manner and
stirring speed increased. After 8 hours of stirring, 5.6216 g of pyrromellitic

dianhydride (PMDA) is added to the mixture and mechanical stirring

This journal is © The Royal Society of Chemistry 2012
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continued for another 12 hours while the temperature is maintained at 10 °C
via a temperature bath. The experiment is carried out in an inert atmosphere
with a steady purge of nitrogen gas. The same procedure is employed to

synthesize the neat sample (0wt% sample) without the addition of poly-

acrylic resin.

Free standing films are prepared by traditional solution casting method. The
composite mixture is cast onto a clean glass substrate and thermally imidized
in a step-wise manner using a Fisher scientific iso-temp vacuum oven with
pressure 100psi (model 281A) at 120 °C for 2 hours, 200 °C for 1 hour,
250 °C for 1 hour and 300°C for 4 hours. The cast films are delaminated
using a sharp blade and are stored in transparent bags. The samples are
named: neat sample (0%PA), 1 wt% sample (1%PA), Swt% sample (5%PA)

and 20wt% samples (20%PA). Figure la shows an illustration of the

synthesis and preparation of the composite film.
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Figure 1a: Schematic illustration of porous graphene/polyimide composite
synthesis

2.3 Materials Characterization

2.3.1 Surface area and Pore size measurements
For the BET experiment, composite films are first crushed and weighed, each
having a minimum mass of 0.1g and de-gassed in a Micromeritics de-gassing
chamber for two hours in nitrogen atmosphere at 150°C. De-gassing is done
to remove trapped moisture and open up pores for better adsorption of
nitrogen gas. The samples are re-weighed after de-gassing and the new mass
subtracted from the initial weight and placed in the BET chamber for
measurement using nitrogen gas as adsorbate. Pore morphology is studied
XL30 ESEM FEG environmental

using Phillips scanning electron

J. Name., 2012, 00, 1-3 | 3
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microscopy. Sample films are cut into thin strips and mounted onto the
ESEM electron stage. Secondary electron beams is shot through the samples

at different power and magnification and screenshots taken for analysis.

2.3.2 Electrochemical Measurements

The Gamry 9600 Instruments is used for all electrochemical measurements.
A two electrode system shown in figure 1b consisting of a working and
counter electrodes (positive and negative terminals) with an internal test
surface area of 0.850cm? is used. 0.4M of potassium hexaflourophosphate VI
(KPFg) dissolved in propylene carbonate is used as electrolyte solution.
Potassium hexaflorophosphate VI is selected for this study due to the high
mobility and low stoke radius of potassium ions in propylene carbonate
(solvated potassium ions have a radius of ~0.426nm in propylene carbonate);
this allows ease of penetration of ions through the material. The composite
films are cut in small circular sizes of area 0.725cm” and mass 0.005g and are
swollen for 24 hours in the electrolyte solution to improve wettability. The
cell is assembled by inserting two composite films separated by a permeable
separator and 0.5ml of the electrolyte solution added in a drop-wise manner.
A potential range of -2V to 3.5 V and scan rate of SmV/s is used for CV
experiment, a sinusoidal amplitude voltage of 10mVs rms and an initial and
final frequency of 10 Mhz and 0.01Hz respectively is used for the EIS
experiment and a voltage range of OV to 1V and a constant current of 12pA

is used for CCD experiment.

Negative terminal

Composite film

Figure 1b: Two-probe set-up used for electrochemical tests

2.3.3 Structure, Conductivity and Thermal measurements

For these measurements, the composite samples are cut into thin strips. The
Renishaw inVia Raman microscope with a laser beam of wavelength 2,
785nm and laser power of 200 mV and an InGaAs detector is used for Raman
studies. Fourier transform spectroscopy (FTIR) is carried out using the

thermo scientific Nicolet 6700 FT-IR diamond small orbit module, Xray
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diffraction is done using X’pert Phillips instrument with a monochromatic
beam wavelength CuKa = 1.5418A in a continuous scanning mode, voltage
and current of 45kV and 40mA respectively. Xray photospectroscopy (XPS)
is carried out using Perkin-Elmer instrument with dual anode x-ray source.
Jandel RM3000 four probe test unit is used to measure sheet resistance of
sample films with dimensions 2.60cm x 1.0cm x 0.012cm. The probes are
first standardized using indium tin oxide (ITO) strip before measurement and
a total of three readings are taken. Thermogravrimetric analysis (TGA) is
done using TGA Q50 from TA instrument at a heating rate of 10 ° C/min and

a temperature scan range of 25 — 800°C in nitrogen atmosphere.

3. Results and discussion

3.1 BET analysis and Morphology studies
The Brunauer, Emmett, Teller (BET) technique calculates surface area
(Sger) of a material based on the amount of gas adsorbed on the surface
at a given pressure. Figure 2a-d shows BET isotherms for all samples
and they exhibit a type IV adsorption/desorption isotherm with a
hysteresis due to capillary condensation of adsorbed gas. A little knee
between 0 and 0.1Pa represents monolayer adsorption of nitrogen gas in
micro-pores while a slight slope in the mid region represents multilayer
adsorption of the gas within meso and macro-pores. The adsorption and
desorption curves coincides at (P/P, ~ 0.4) signifying the presence of
meso-porous structure nestled in between randomly aligned graphene
sheets. Compared to the neat (0%PA), 1%PA, 5wt%PA and 20%PA
samples show higher surface areas due to increase in available surface
area created by thermally induced pores. Generally, high surface area
provides larger area for adsorption and for an electrode material; high

surface area is desirable for maximum adsorption of electrolyte species.

This journal is © The Royal Society of Chemistry 20XX
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Figure 2: Type IV adsorption/desorption isotherm for (a) 0%PA, (b) 1%PA,
(c) 5%PA and (d) 20%PA samples showing measured BET surface area

SEM images in figure 3(i-iii) a-d shows pore and surface morphology for
each sample. Images taken at very low magnification (figure 3ia-d) shows
non-uniform porous features on the sample surfaces which are more
distinguishable in the 20%PA sample. Images taken at ~2500X (figure 3iia-
d) shows finer details with sponge-like interconnected pores more evenly
distributed in 1%PA samples. Individual pore morphology can be seen at
higher magnification ~8000X (figure 3iiia-d) from which pore diameter is
measured. The size of the pores depends primarily on the quantity of poly-
acrylic resin present in each sample. 1%PA sample synthesized with the
lowest weight fraction of poly-acrylic resin show smaller well distributed
pores. Its pore distribution allow for better graphene filler
dispersion/alignment with fewer aggregates. The 5%PA and 20%PA samples
show larger pore sizes due to higher weight fractions of degradable polymer
with 20%PA showing very large poorly distributed pores. Compared to the
BET, the SEM gives better measurement of the pores primarily because the
pores are located on the outer surface. SEM measurements shows show
average pore diameter of 2.35um, 6.02pm and 24.43um for 1%PA, 5%PA
and 20%PA samples respectively. Smaller pores can be created by using
lower weight fractions of poly-acrylic resin. Electrochemical measurements

is used to study the effect of induced porosity on the ionic mass transport of

diffusing species as well as material’s energy storage capabilities.

This journal is © The Royal Society of Chemistry 2012
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Figure 3(i) a-d: SEM images showing aerial view of 0%PA, 1%PA, 5%PA
and 20%PA samples at low magnification

Figure 3(ii) a-d: SEM images showing structural morphology of 0%PA,
1%PA, 5%PA and 20%PA samples at ~2500X magnifications

J. Name., 2012, 00, 1-3 | 5
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Figure 3(iii) a-d: SEM images showing pore structure of 0%PA, 1%PA,
5%PA and 20%PA samples at ~ 8000X magnification

3.2 Electrochemical measurements

The efficacious exposure of graphene surfaces to electrolyte ions is one
of the keys to generating high specific capacitances, however random
stacking of the sheets limits surface area available to electrolyte ions
thus reducing double layer formation. Pores increase surface area
utilization so electrolyte ions have better accessibility to graphene
located not only on the outer surface of the material, but also in the
inner regions. During degradation, graphene fillers trapped around the
poly-acrylic regions loosen and randomly align around created pores.
Filler preferred orientation is of great interest while analysing
electrochemical behaviour of the composite material, unique ordering
causes maximum surface area exposure to diffusing electrolyte ions
which increases double layer capacitance. Continuous overlap of filler
is observed around the pore regions as shown in the SEM image (figure
3iii). The larger pore diameter of 20%PA sample show higher
overlap/stacking of fillers around the pore regions and the non-uniform
distribution of pores is due to removal of huge chunks of aggregated
resin during curing which limits facile ion transport across pores due to
poor pore connectivity. On the other hand, samples synthesized with
lower weight fraction of resin (1%PA and 5%PA) yield smaller
uniformly distributed pores due to degradation of smaller aggregates of
resin within the composite. SEM image for those samples show better

well connected pores with improved filler end to end contact. This
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explains the reason for the slightly higher specific capacitance values
observed in samples synthesized with lower resin percent than in
20%PA sample. The rigid non-porous morphology of neat 0%PA
sample limits electrolyte contact with embedded fillers thereby causing
diffusing ions to be mainly in contact with graphene at the outer regions

of the film and not in the bulk.

Unlike planar electrodes, porous electrodes have higher resistances due
to cumulative solution resistances. Longer and narrower pores results in
more voltage drop down the pore length. The presence of bottlenecks in
the pores may decrease penetration depth causing only a small portion
of the electrode’s surface area to be charged leading to lower capacity
values. At lower scan rates, more of the electrode depth is charged
hence, higher capacitance values are obtained [20-21]. Cyclic
voltammetry (CV), one of the most useful electrochemical techniques is
used to acquire qualitative information about electrode/solution
interface. CV consists of scanning linearly the potential of a stationary
working electrode in an unstirred solution using a rectangular waveform
[28]. CV is run at room temperature with a scan rate of Smv/s in
KPF¢/propylene carbonate electrolyte solution. Specific capacitance is
determined from voltage window (V,,), measured current (I), scan rate
(dV), mass of working electrode (mwg) and potential range (Vyand V,)

[10]

o
Co= J v

vo Mwe Vi M

Figure 4a-b shows a plot of specific capacitance versus number of
cycles and CV curves respectively. Specific capacitance is stable across
50 CV cycle runs. The specific capacitance of 1%PA, 5%PA and
20%PA samples are an order of magnitude higher than the neat 0%PA
sample due to increased surface area of exposed graphene in the porous
regions as earlier explained. A direct correlation is made between
capacitance and BET surface area shown in figure 5, specific
capacitance increases linearly with BET surface area. This trend is in
agreement with what has been widely reported in literature, that specific
capacitance increases linearly with specific surface area due to the

presence of a larger area available for ion adsorption and separation of

This journal is © The Royal Society of Chemistry 20XX
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charges [29]. The 5%PA sample with the highest BET surface area has
the highest average specific capacitance value of 133.25F/g followed
closely by 1%PA with 129.01F/g, 20%PA has a value of 122.5 F/g and

the 0%PA sample has the lowest specific capacitance value of 38.94

F/g.
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Figure 4: (a) Plot of specific capacitance vs no. of cycles (b) Cyclic
voltammogram curves
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Figure 5: Plot showing relationship between BET surface area and specific
capacitance

EIS is used to study mass transport of electrolyte through the material’s bulk
at varying frequencies. The presence of porous/tortuous network structure
increases diffusion resistance and hence affects electrochemical behaviour.
To understand this, the complex response of the material to a frequency range

of 10 mHz to 1MHz is used for analysis and represented on a nyquist plot

This journal is © The Royal Society of Chemistry 2012
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with the imaginary impedance plotted against the real impedance. Figure 6a
shows nyquist plots for the composite samples. The shape of the nyquist plot

is typical for an electrolyte diffusing through a porous medium.

10000 e ——
(=]
A
" Owt% ¢

S s000f | ® 1w% o (@) 4
& A 5wt% 24
E' * 20Wwt% °
§ s
; 6000 - ° A —
e "4

A E
2 *2
& 4000 | ‘y :
g 4 A®
g ® 2 .
g .. Ae
S 2000 |- o,A x
@©
E

0 " 1 " 1 A 1 A 1 "
0 2000 4000 6000 8000 10000

Real Impedance (ohm.cm2)

Figure 6a: Nyquist plot showing imaginary vs real impedance

At higher frequencies, resistance and capacitance is low because almost no
current flows deep down into the pores of the material [30]. However at low
frequencies, diffusion through the bulk is influenced by a Warburg
impedance due to distributed resistance and capacitance in the porous
electrode and represented as a 45° line with slope ~ 0.5 intercepting the real
axis. A purely capacitive behaviour shows a straight vertical line with a slope
of 1 however, this system reveals non-ideal capacitive behaviour with

associated constant phase element (CPE) impedance given by:

1

Zere = G

where Y, represents capacitance and o an exponent with values 0< a <1

measuring deviations from ideal capacitive behaviour indicating a
distribution of relaxation times due to the effect of pore distribution on
electrolyte relaxation [31]. Impedance for an ideally polarizable porous

electrode. is given by [32]:

R,
'u_'C coth,/jwR,,C

Z(w) =
V')

where at high frequency, Z(w —» ) = R,,/jwC ; and at low frequency,

Z(0) = 1/jwC. Total impedance/resistance is summation of ionic resistance

J. Name., 2012, 00, 1-3 | 7
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of the bulk electrolyte, the separator material resistance, cell contact
resistances and the low frequency resistance. A transmission line model
(shown in figure 6b) consisting of Warburg element (W,) coupled with
resistors (R) and constant phase elements (Cq) arranged in series is used to fit

data points on the nyquist plots.

(6] C2 Ci

| | | I

| | |
AW AV .
R1 R2 R3

Figure 6b: Transmission line model used for fitting nyquist plots consisting
resistors and constant phase elements arranged in series with a Warburg

element (W)

Specific Bulk Porosit
%PA capacitance o Resistance (%) Y
()
(F/g) kQ)
0 38.94 0.660 0.890 10.42
1 129.01 0.720 0.227 25.90
5 133.25 0.692 0.302 21.50
20 122.51 0.603 0.714 12.09

Table 1: Summary table showing electrochemical results

Results obtained from the fit tabulated on table 1 shows material bulk
resistance and deviation parameter (a) for each sample. 1%PA sample
exhibits the lowest bulk resistance as well as the least deviation from ideality
with a ‘o’ parameter value of 0.72 due to better transport of electrolyte ions
through the material bulk. The material pore morphology and filler
orientation seems to enhance ion diffusion due to well-connected porous
pathways hence resulting in lower resistances. 5%PA and 20%PA samples
show slightly higher resistance than 1%PA possibly due to larger pore sizes
which causes aggregation of fillers in pore regions resulting in high material
tortuosity. 0%PA sample expectedly has the highest bulk resistance due to its

rigid morphology.

8 | J. Name., 20XX, 00, 1-3

Porosity is theoretically estimated from EIS measurements by first
calculating effective ionic conductivity (o) using a modified form of
Archie’s law [33] given by o,rr = t/R,A ; where R is bulk resistance, ¢ is
thickness of the sample measured as 0.012cm and A4 is the contact area of
electrode which is 0.725cm”. Porosity (o,) is then related to the effective
conductivity by @, = W ; where 0, is electrolyte conductivity
given as 6.4mS/m for propylene carbonate, C is the coefficient of saturation
ranging from 0.1 to 1 and m is the cementation factor typically in the range of
1.5 to 4 [33]. Calculated porosity values are shown in table 1. 1%PA sample
shows the highest porosity which in part explains the reason for its lower
resistances. The Cycle life and specific capacity of the composite samples
studied using cyclic charge discharge experiment show good capacity
retention and cycling stability. Figure 7 shows a plot of log specific capacity
vs number of cycles, specific capacity is stable across 100 cycles for all
samples. Specific capacity for 1%PA, 5%PA and 20%PA samples is atleast
two magnitudes higher than that obtained for the 0%PA sample. This is due
to a higher porosity which allows for better capacitive charging within the
material’s inner creating higher specific capacity. Low porosity of the 0%PA

sample only allows a portion of the surface to charge yielding lower capacity.
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Figure 7: Log of specific capacity vs number of cycles for 100 cycles

3.3 Conductivity measurements
Active graphene fillers exhibit remarkable anisotropic behaviour with
respect to electrical conductivity. They are highly conductive in the

direction parallel to the graphene layers because of the in-plane metallic

This journal is © The Royal Society of Chemistry 20XX
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character, whereas exhibit poor conductivity in the direction
perpendicular to the layers due to weak van der Waals interactions.
Electrical conductivity of free standing graphene prepared by a solvo-
thermal reduction of graphene oxide suspension in N-methyl-2-
pyrrolidone (NMP) dried at 250°C is 1380S/cm as reported by Chung at
al [9]. The presence of functional groups and defects dramatically alters
the structure of the carbon plane and affect its conductivity which
mainly depend on the long-range conjugated network of the graphitic
lattice [42,44]. Functionalization breaks conjugated structure and
localizes p-electrons, which results in a decrease of charge carrier.
Kumar et al [9] recently reported sheet conductivity of 8.66S/cm for
polyaniline grafted graphene composite. The four probe method has
been used to estimate sheet conductivity of the samples. Four probe
typically measures material’s sheet resistance and sheet conductivity
calculated from reciprocal of sheet resistivity. Table 2 shows values for
sheet resistance and sheet conductivity for the samples. Maximum sheet
conductivity obtained is 7.16 S/cm for the 1%PA sample; about twice
the value obtained for other samples. This is said to be due to the
ordering and orientation of graphene sheets in the sample, the fillers are
oriented parallel to the hexagonal plane allowing for ease of electron
transport. Sreemanta Mitra et al [43] studied tunnelling conduction of
graphene in an insulating polymer matrix. They showed that electrical
conductivity arises due to hopping of electrons between localized states
provided by the graphene sheets. The close proximity of graphene
sheets in 1%PA sample enables fluctuation induced tunnelling of

electrons from one sheet to another.

%PA  Sheet Resistance ((/Sqr)

Sheet Conductivity (S/cm)

0 22.66 3.15
1 9.97 7.16
5 19.34 3.69
20 28.40 2.52

Table 2: Four probe measurement of sheet resistance and conductivity of

samples

3.4 Structure and Compositional analysis

This journal is © The Royal Society of Chemistry 2012

Journal of Materials Chemistry A

Raman spectroscopy, a useful technique used to observe vibrational,
rotational, and other low-frequency modes in a system was used to
study composite’s interfacial properties. Highly ordered graphite has a
couple of Raman-active bands which includes the in-phase vibration of
the graphitic lattice G band (1580cm™), a second order overtone of a
different in plane vibration (2690cm™) and a first order D band
(1350cm™) caused by defects in graphite edges [26-27]. The D band is

usually absent for perfect graphite and only becomes prominent due to

the presence of sps-hybridized carbon atoms present at defects and/or
anchor sites of functional groups. The 2D band in functionalized
graphene shifts to lower frequencies and narrows compared to that of
graphite [28-29]. The presence of functional groups and defects
dramatically alters structure of carbon plane and hence affects its
properties. Figure 8(ii) shows Raman spectra for all the samples. The
characteristic graphitic D, G and 2D bands are observed at lower
frequencies 1084cm™, 1331.29cm™ and 2478.56cm™ respectively
suggesting interfacial interaction between the polymer matrix and
graphene conjugated aromatic rings [19]. Raman spectra for pristine
graphene sheets is shown in figure 8(i). 20%PA sample show additional
peaks at 1175cm™, 1580cm™ and 1375.02cm™ corresponding to C-C
stretching, -COO- asymmetric stretching and -COO- rocking of the
carboxylate groups from poly-acrylic acid groups due to the higher
content of the resin [38]. Ratio of peak intensities Ip, I and L,p relative
to one other gives useful information on degree of disorder/defects in
graphene basal planes as well as the number of layers of the stacked
graphite sheets [34]. The Ip/I; ratios for 0, 1, 5 and 20% PA samples is
0.288, 0.508, 0.391 and 0.388 respectively. The ratio is higher in 1, 5
and 20% PA samples compared to the 0%PA which confirms
successful attachment of poly-acrylic acid chain to graphene during
synthesis. The Lp/Ig peak ratios is significantly less than 1 for all the
samples, which is due to multilayer graphene sheets (50-100nm) used
for experiment. Single or few layer graphene typically have Lp/I ratios

between 2 and 3.
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Figure 8: Raman spectra of (I) Pristine graphene nano-sheets (II)
graphene/polyimide composite with (a) Owt% (b) 1wt% (c) Swt% and (d)
20wt% poly-acrylic content

XRD diffraction spectra (figure 9) shows a sharp intense peak at 20 angle of
about 26.5° corresponding to a d-spacing of 3.36 A due to inter-planar
spacing of the graphene sheets. This suggests the graphitic structure is
maintained in all the samples. The peaks become narrower with poly-acrylic
content due to increase in grain sizes possibly due to aggregation of sheets.
Changes in the peak position is said to be due to interaction between rigid
fillers and polymer matrix. Graphene orientation is affected during
degradation of soft polymer segment which leads to changes in inter-gallery
spacing shown from the slight shift in 26 peak positions. Schrerrer’s equation
L. = kA/Byo1CosB can be used to estimate grain size and the number of
graphene sheet grain is calculated using N, = L./dyo; +1 where L, =
kA/BooiCos6, k=1 and Sy, is full width at half maximum (FWHM) of the 001
peak in radians. [39]. Average number of sheets per stack is estimated to be

between 50 to 100 layers
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Figure 9a-d: XRD diffraction spectra of (a) 0%PA, (b) 1%PA, (c) 5%PA
and (d) 20%PA showing a 26 angle of ~ 26.5° corresponding to a d spacing
of 3.36A

Compared to Raman, FTIR yields a more meaningful spectra for imide
functional groups [40]. Figures 10 (I) and (II) show FTIR spectra for the
samples before and after curing. FTIR is used to confirm the presence of
chemical interaction/bonding between the phases. Intense peaks observed at
1150cm™ and 1350cm™ in the uncured samples is attributed to stretching of
the C-O bond in poly-acrylic acid and is slightly shifted to the left. The
presence of multiple peaks at 1720cm™ wavenumber is due to overlap of the
carbonyl (C=0) bonds of acrylic group and polyamic acid present. Poly-
acrylic resin degradation is tracked using the CO peak at 1150cm™. Its peak
intensity before and after curing at 300°C shows significant decrease by over
80% suggesting successful bond scission of the resin. The characteristic
imide peaks become more prominent after curing at 300°C with an out of
phase stretching and in phase stretching of the imide carbonyl C=0 bond is
observed at 1717cm™ and 1774cm™ respectively which is lower than what is
typically observed in neat polyimide at 1720cm™ and 1780cm™ respectively.
These shifts can be attributed to carbonyl group interaction with filler phase
present. Other peaks at 1370cm™ and 1500cm™ are due to the stretching of the
imide C-N bond and the benzene ring respectively. A graphitic peak is

observed at 1175cm™ and the one at 1694cm™ is overlapped by the imide

This journal is © The Royal Society of Chemistry 20XX
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carbonyl peak at 1717 cm™ further confirming interfacial interaction between

the filler and polymer matrix phase.

C=0

y

C-O0

(1)

Absorbance (a.u.)
o

1400 1200
Wavenumber (cm )

1800

4

Xo
(o]
.

Absorbance (a.u.)

RS o ___-_;\/,,__________-_____

1150

N M\
/ / \
NVAY!

1550
‘Wavenumber (cm™)

1850 1750 1650 1450 1 1250

Figure 10: FTIR spectra (I) before curing for (a) 1%PA (b) 5%PA (c)
20%PA samples and (II) after curing at 300°C for (a) 0%PA (b) 1%PA (c)
5%PA and (d) 20%PA samples

X-ray photoelectron spectroscopy (XPS) was used for surface analysis.
Bleda-Martinez et al [26] demonstrates the effect of surface chemistry on
double layer capacitance. Oxygen atoms bonded to CO- groups are shown to
contribute to higher capacitance values observed for activated carbon
materials. Quantitative elemental analysis tabulated in table 3 show changes
to surface chemistries of the samples due to variations in C/N and C/O ratios
with increasing poly-acrylic content. It is suspected that bond scission of the
acrylic bonds introduces more CO- groups into the system thereby partly
contributing to higher specific capacitance values observed for those samples.

Further studies however needs to be carried out to ascertain this.

This journal is © The Royal Society of Chemistry 2012

Journal of Materials Chemistry A

Atom %
%PA Cls Ols Nls
0 70.341 18.141 4.094
1 65.549 20.071 4.150
5 56.686 25.215 3.921
20 49.486 28.778 3215

ARTICLE

Table 3: Summary table showing C, N and O elemental composition of
composites
De-convoluted carbon 1s peak (figure 11) show peaks at several binding
energies, the characteristic intense peak at 284.5¢V is mainly due to carbon
atoms attached to C-C bond, peaks at higher binding energies suggests the
presence of oxidized carbon atoms, C=O at 288.4eV (which are from
carbonyl and quinone), C-O-C and C-OH at 286.1eV. The phenyl imide
carbon atom C-N is seen at a binding energy of 285¢V. Additional peaks at
289.1eV and 289.3eV binding energies seen in samples containing poly-
acrylic acid corresponds to O-C=0 and OH-C=0O due to poly-acrylic acid

functionalities while peak at 283eV is attributed to a carbon impurities.
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Figure 11: De-convoluted carbon peak for (a) 0%PA, (b) 1%PA, (c) 5%PA
and (d) 20%PA samples

3.5 Thermal analysis
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Poly-acrylic resin degradation was studied using the TGA. Figure 12a-b 20 7777
shows TGA and derivative TGA plots for sample weight loss between I
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Figure 12: TGA plot showing (a) Weight loss versus temperature and
showing the highest weight loss of about 20% at 550°C. Neat polyimide (b) Derivative weight loss versus temperature
(PI) and pristine graphene nano-sheets (GNS) show high thermal

stability up to 700°C. 4.0 Conclusion

Porous graphene-polyimide composite films synthesized by thermal
degradation of grafted poly-acrylic leachable phase was studied. The
electrochemical behaviour of the system is greatly improved due to
changes to the material’s morphology and surface characteristics.
Induced porosity improved filler available surface area, enhanced
wettability/diffusion of ionic species from the surface to the bulk of the
material and yielded enhanced double layer capacitance. A direct
correlation is seen between pore size and electrochemical properties,
smaller sized pores produced higher capacitances due to better pore

distribution which enhances facile ion transport between pores and

12 | J. Name., 20XX, 00, 1-3 This journal is © The Royal Society of Chemistry 20XX
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[10]

material bulk. Compared to neat graphene-polyimide composite, the
samples synthesized with poly-acrylic resin showed better overall
improved properties. Structural analysis reveals the formation of a
homogeneous composite system with strong interfacial bonds between
the phases. Further pore size tuning is expected to significantly increase

material’s electrochemical behaviour.
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