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Abstract

Herein, wesreport:assimple route for fabrication of highly porous activated few-layer graphene
for application in supercapacitors as electrode material. The process makes use of natural and
renewable materials which is an essential prerequisite, especially for large scale application.
Few-layer graphene is exfoliated in aqueous suspension with the aid of microfibrillated
cellulose, an environmentally benign eco-friendly medium that is low-cost, biodegradable and
sustainable. The exfoliated product is subsequently activated to increase the surface area and
to form the desired pore structure. The prepared electrode materials exhibit a high surface area
of up to 720 m’ g'l. We also use microfibrillated cellulose as a non-toxic environmentally
friendly binderin'the electrode application. The electrochemical performance was evaluated
in a three-electrode system and the prepared samples showed a high specific capacitance of up
to 120 F g™ at a current density of 1 A g”'. The samples also exhibit a high capacity retention

rate of about 99 % after 5 000 cycles and 97 % after 10 000 cycles. The proposed method for
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fabrication of graphene-based supercapacitor electrode material, based largely on renewable

and sustainable materials, offers potential for commercially viable application.

1. Introduction

The need for renewable and sustainable energy has become of even greater
importance‘inrecent years due to the growing energy demand and ecological concerns such as
climate change. Supercapacitors, also called electric double layer capacitors or
ultracapacitors, are-energy storage devices that store electrical energy in an electrochemical
double layer that.is.,formed at the interface between the electrode and electrolyte, and is able
to deliver that'stored energy at an extremely high rate. In comparison to conventional
capacitors, supercapacitors are generally more efficient and have high capacitance values,
longer lasting eyelability, low maintenance, wide temperature working range and extremely
high charge-discharge cycles . Due to their ability to release energy quickly, supercapacitors
are ideal for application where quick energy bursts are required, such as in electronic devices,
fuel cells, hybrid vehicles, backup power systems etc. 2.
Thewelectrode is one of the most important parts of supercapacitors. The

181 Some

performance of supercapacitors is hugely affected by the type of electrode materia
electrode materials that are commonly used include conductive polymers (polyaniline, polypyrrole)
%31 metal oxides @MnO,, NiO) [** and carbon-based materials (activated carbon, graphene,

31 Metal oxides are used due to low resistance and high specific

carbon nanotubes'etc.) !
capacitance-and whilst, as with conducting polymers, reduction and oxidation processes are
responsible for the storage of charge '), In commercially available supercapacitors, activated
carbon (AC) is typically used due to low cost and high surface area. The main limiting factor for
achieving the highest specific capacitance for activated carbon electrodes is the limited

accessibility of the electrolyte ions to all the carbon atoms !*. Moreover, low electrical

conductivity of activated carbon limits the application in high power density devices "\, In the last
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two decades or so, carbon nanotubes (CNT) have also been extensively investigated for application
in supercapacitors '® ). However, CNT have not reached the promised potential in terms of
applications and performance due to high production cost and observed high resistance between
the electrode and current collector [ 16181,

In recent years, graphene has emerged as a unique 2-dimensional technological material
that has huge'technical potential for application as electrode material in supercapacitors due its
superlative propetties, such as extremely high electrical conductivity, large surface area and
excellent chemical stability and mechanical properties (1921 "Unlike CNT and AC, the effective
surface area of graphene does not depend on the pore distribution in the solid state, but rather on
the number.of graphene layers. A single graphene layer has a theoretical surface area of 2 600 m* g
"and if the entire aréa is utilised, graphene based supercapacitors are capable of reaching specific
capacitance'valuesas high as 550 F g'1 221 However, despite all the excellent properties, graphene
fabrication especially for large scale application is still the biggest challenge. Graphene is
commonly produced by chemical oxidation of graphite. Large scale application, however, is still
problematic due to the negative ecological effect from the traditional synthesis processes and toxic
raw materials-useddnsthese process. Moreover, the harsh chemical treatment also introduces
defects in graphene structure that leads to deterioration of the excellent graphene properties.

Forhighperformance energy storage devices, electrodes are required to have excellent
electrical and thermal conductivity, interconnected micro- and mesopores and good mechanical
properties.*! Untfortunately, none of the individual carbon-based electrode materials can meet
these requirements. In order to overcome some of the limitations from these individual
components, sp> hybrid carbon structures have been synthesized. For example, graphene and CNT
can provide excellent electrical and mechanical properties but limited surface area and accessible
pores mostly due to aggregation whilst activated carbons offer high surface area and abundant pore
volume with a well-structured micro- and mesoporous network but poor electrical conductivity.

These hybrid structures can be tailored during synthesis to supplement the limitations of each other
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(24,25 ], CNT/activated carbon

). For instance, hydrothermal prepared CNT/carbon composites *°

blends *, 3D graphene based framework ** etc., have been used to fabricate high performance
electrode materials for energy storage devices with superior electrochemical performance. The
homogeneous distribution of sp® nanocarbons in the carbon matrix is essential in achieving the
desired properties and generally requires one carbon phase to self-organize into the other carbon
matrix or scaffold:“The synthesis of hybrid structures with dispersed nanocarbons into a well—
designed and structured carbon matrix is vital in achieving the excellent electrochemical properties
required to meet the.growing high performance demand. However, the construction of these high
performance carbon hybrid based electrodes is still a big challenge.

Insthe present study, we aimed to develop a novel and simple route for fabrication of
few-layer graphene based composites for supercapacitor electrode application based largely on
renewable‘materials. We showed in our earlier study that few-layer graphene sheets can be directly
exfoliated from graphite in microfibrillated cellulose (MFC) suspension by high shear exfoliation
] MFC is renewable, biodegrade and sustainable and has a high potential for large scale
application. MFC in aqueous suspension was also used as a binder for the electrode fabrication,
which is more ecologieally friendly in comparison to commonly used highly toxic binders such as
poly(vinylidene fluoride) or poly(tetrafluoroethylene) and solvents such as N-Methyl-2-
pyrrolidone. We show in this study that this simple and yet "green’ approach for the synthesis of
graphene/activatedicarbon after co-exfoliation of graphene in MFC suspension, can be used to
synthesise high performance composites for supercapacitor electrode with high scalability

potential.
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2. Results and discussion

The general synthesis route of graphene/AC composite is schematically illustrated
in Figure 1. Briefly, natural graphite was added into MFC suspension at a predetermined
range of concentrations and subjected to high shear exfoliation **). The exfoliated few-layer
graphene sheets together with MFC fibres were then activated with KOH at 800 °C for 1 h.

Seanning electron microscopy (SEM) was employed to study the morphologies of
the samples (Figure 2 and 3). A porous structure with big pores is observed for G0-0% with
quite smoothysurfages. However, a three-dimensional porous hierarchical structure is observed
for samples with,5.% graphene, as shown in Figure 3. A randomly interconnected porous
network with*varying pore sizes is revealed in the magnified SEM image in Figure 2b,
showing that the graphene/carbon skeleton is formed around the pores to create a randomly
porous multidimensional structure, very similar to that previously observed in activated
carbon %), The addition of 5 % graphene led to a well-developed pore structure and enhanced
surface area which'is expected to increase the ionic transfer within the porous carbon network
and, thus, improve the electrochemical performance ', At high graphene concentration of 10
% (Figure 2¢)pamore,densely packed structure is observed with less cavities than those
observed in G1-5%. At 15 % (Figure 2d), small clumps and agglomerates are visible
throughout the structure and this is likely attributed to the agglomeration of graphene.
Chemical activation, with KOH for example, is widely implemented for the fabrication of
highly porous a¢tivated carbon/graphene-based composites **. KOH is believed not only to
digest the'graphene/activated carbon composites but also plays a significant role in
reorganization into highly porous hierarchical structure .

Raman spectroscopy is the most used non-destructive method for characterization

of the structure and quality of carbon based materials, particularly to determine the degree of
defects and disorder. In Figure 4a, the Raman spectra show that all graphene doped samples

display the three dominant bands, D-band (~1 540 cm™), G-band (~1 567 cm™) and 2D-band
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(~2 678 cm™"), commonly present in graphene. However, for the reference sample without
graphene, the 2D is not visible. The G-band is related to the relative vibration of the ordered
sp” bonded carbon atoms, while the D-band is due to the ring breathing modes and arises due
to defects and disorder in carbon atoms **. The 2D band is the second order of the D-band,
and its presence is not dependent on defects and is always present even in pristine graphene.
The shapeandposition of the 2D-band in all prepared samples is consistent with that of few-
layer graphene sheets °*!. The Ip/I; intensity ratio is a used to estimate the quantity or degree
of disorder and defects. The reference sample showed a high degree of disorder as evident by
the high /I ratio, indicating a lower degree of graphitisation than all the graphene doped
samples which showed a very low degree of disorder as shown by low Ip/[g ratio in Table 1.
XPS analysis was used to study the surface chemistry of the samples. The XPS
wide scans‘are’shown in Figure 4b. The pronounced peaks with binding energies at around
284.8 and 533 eV are assigned to the elements C and O, respectively. The exact composition
is shown in Tabled, and it is evident that almost no inorganic impurities are detected in any
of the samples. Generally, the amount of graphene added in the samples did not have much
effect on the . chemieal,composition of the samples. The Cls for the pure carbonised MFC
fibres shown in Figure 4c can be fitted by three components corresponding to C-C, C-O and
C=0 functional groups *°. However, with the addition of graphene, the high resolution Cls
spectra (Figure 4d-f) showed that all samples consist of four main groups. The peaks at
binding energies of around 284.8, 285.5, 286.4 and 287.6 eV corresponding to C=C, C-C, C-

137-38] 1t can also be seen that all the samples are dominated

O and C=0.groups, respectively
by the sp® hybridised carbon atoms, evident by the large area occupied as identified C=C
atoms °?). The oxygen containing functional groups present in all the samples can aid in the
wettability of the electrodes especially in aqueous based electrolyte which can lead to

[36

enhanced capacitive performance ®. Moreover, heteroatoms such as oxygen can provide

pseudocapacitance which can lead to an overall increase of effective capacitance.
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The capacitance of supercapacitors is greatly dependent on the surface are and pore
structure of the electrode materials. The pore structure of the samples was analysed by N,
sorption measurements at 77 K (Figure 5). The nitrogen isotherm in Figure 5a for all the
samples shows a typical International Union of Pure and Applied Chemistry (IUPAC) type-1V
isotherm ¢urve'with a well-pronounced hysteresis in the p/p° region of around 0.4-1.0,
indicating the,presence of mesopores. Besides, the steep increase of adsorbed nitrogen at low
relative pressure indicates the presence of microspores. The Brunauer- Emmett- Teller (BET)
specific surface.area (SSA) of G1-5% is ~720 m’ g'1 whilst for G2-10% and G3-15% is ~546
and ~424 m*g", respectively. When the amount of graphene is increased, the distances
between the graphene flakes are reduced, which, in turn, leads to a high overall intensity of
the van der'Waals forces acting between the graphene particles and, thus, high graphene
aggregation. These results are in agreement with what was observed in SEM and Raman
analyses. Thewelectrochemical performance of carbon-based supercapacitors is greatly
affected by the pore structure profiles. Micropores are considered to have a great effect on the

[ %01 whilst the mesopores are thought to have a big influence on

specific capacitance
capacitance retention especially at high scan rates 1 The pore size distribution (PSD) and
cumulative pore volume of the samples are shown in Figure 5b and c, and Table 2 shows
some pore size characteristics. The PSD for G1-5% is dominated by both micro- and
mesopores and peaks at 1.58 nm. As the concentration of graphene is increased, the peak is
shifted to bigger pore width, i.e. 1.69 and 2.66 nm for G2-10% and G3-15%, respectively.

Moreover, at high graphene concentration, the composites consist of a wide range of PSD

comprising a high amount of meso- and macrospores.
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The electrochemical performance testing of the samples was conducted in a three-
electrode system by using 6 M KOH aqueous solution as the electrolyte. Cyclic voltammetry
(CV), galvanostatic charge-discharge and electrochemical impedance systems were employed
for the analysis. The CV of the samples is shown in Figure 6a, ¢ and e. The measurements
were performed at room temperature within the potential window of 0 to -1 V. The shape for
all three samples'showed a typical rectangular form at all different sweep rates indicating
excellent reversible electric double-layer capacitive behaviour [*). Moreover, the absence of
Faradic peaks alsojindicate the excellent capacitive charging and discharging behaviour with
small equivalent series resistance and good electrochemical performance (31 This behaviour
was observed for all samples at various scan rates. It is also important to note that the broader
voltammogram area observed for G1-5% indicates that it has a much more efficient cycle
reversibility"andhigher electrical double layer capacitance during the charge/discharge cycles
compared to samples G2-10% and G3-15%.

Theygalvanostatic charge/discharge cycles (GCD) curves for all samples at different
scan rates are shown in Figure 6b, d and f. All the charge-discharge curves show a similar
symmetrical triangular curve which is a typical charge/discharge characteristic of carbon-
based electrical double-layer capacitators. A sharp and sudden initial potential drop (known as
iR drop) is usually'seen at the start of current discharge in electro double layer capacitors.
This iR drop is caused by high electrolyte resistance and limited diffusion mobility of
electrolyte ions in the electrode. The iR drop is virtually negligible in the prepared samples,
showing that.they have a very high rate of ion transfer inside and between the electrode and
electrolyte. Furthermore, when comparing the three samples, the discharge slope of G1-5% at
all current densities showed a straight line which indicates excellent stability and discharge
properties **. Moreover, G1-5% also shows significantly longer charge-discharge times at
the same current density in comparison to G2-10% and G3-15%, indicating higher

capacitance and more efficient charge/discharge cycles caused by the higher number of
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electrons and ions rapidly transferring between the electrolyte and electrode. The linear and
symmetrical charge/discharge curves observed even at very high current density also indicate
the excellent electrochemical reversibility and very low voltage drop at the start of the
discharge curve. In contrast, both G2-10% and G3-15% showed non-linear discharge curves
at all current densities, being more pronounced at high current densities. This shows that at
high graphéneloading, there is a poor electrochemical reversibility caused by the low specific
surface area and poorly formed pore structure caused by high concentration of graphene
aggregation and, thus, poor electron and ion exchange between the electrolyte and electrode.
Figure 7a shows the specific capacitance of the samples calculated from the
discharge curves obtained at current densities ranging from 0.5 to 10 A g”'. The decrease of
specific capacitance is usually observed with an increase in current density due to the internal
resistance’of the'electrode. G1-5% samples exhibit a high specific capacitance of 120 F g'1 at
1 A g which decreases to 102 F g at 10 A g™ (85 % retention). However, for the G2-10%
and G3-15%,80.% and 69 % retentions are observed, respectively. The high retention of the
G1-5% can be ascribed to low internal resistance, high surface area and well-developed
porosity that;Jeads‘te;superior high-rate charge/discharge capability, which is in agreement

with the BET measurements.

The electrochemical performance of the prepared electrodes was also analysed by
electrochemical impedance spectroscopy (EIS). Figure 7b shows the Nyquist plot measured in
the frequency range of 0.01 Hz to 1 MHz, where the Z axis displays the real part representing
ohmic resistance while Z”” the imaginary part represents the presence of non-resistive
elements (**). The Nyquist plot for all the three samples reveals three main segments. The first
segment is the vertical line in the low frequency region. This represents the dominance of

capacitive behaviour of the electrode [***”). The G1-5% shows more capacitive behaviour
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than the other two samples, as shown by the vertical line being more parallel to the imaginary
axis. The second segment is the part of the curve having a slope of 45° in the middle
frequency range, also known as Warburg resistance, represents ion diffusion and transport
between the electrolyte and electrode [**). Interestingly, the G1-5% has a shorter ion diffusion
path than that of G2-10% and G3-15%, which allows easy access and rapid transfer of ions in
and out of the"electrode and, thus, leads to a higher capacitance. The third segment consists of
a depressed semicircle or arc in the high frequency region. This is related to the faradic charge
transfer resistance of the electrode and its pore structure. The lack of a more pronounced
semicircle represents the low resistance of the electrodes. However, G1-5% shows the
smallest aredndicating the smallest charge transfer resistance. This indicates a well-developed
pore structure as earlier indicated by SEM and BET analyses. The semicircle radii of G2-10%
and G3-15% arevery similar and much larger than G1-5%, which indicates high resistance.
Furthermore, the intersection with the x-axis in the high frequency region represents the
equivalent series resistance (ESR) of the supercapacitors (] ESR can be used to determine
the rate capability of the charge-discharge cycles of the supercapacitors. The ESR also shows
electron conduetionsand ionic transport resistance within the electrode and to and from the
electrolyte °%. Forisamples G1-5%, G2-10% and G3-15%, the ESR is determined to be 0.219,
0.393 and 0.481 Qjrespectively, which is relatively low. The range of the values is typical for

[59-311 1t is important to note that the

carbon-based.supercapacitors, as reported earlier
resistance is increasing with increase in graphene content. This is probably due to graphene
aggregationywhich prevents the formation of a continuous network. The results are in
agreement with what was observed in SEM and Raman analyses.

High stability and durability of electrode materials is required to ensure long term
and high efficient operation. GCD was employed to study the stability of the electrode

material (G1-5%) by constant charge-discharge cycles. As shown in Figure 8, the G1-5%

electrode was tested at 5 000 cycles at the constant current density of 5 A g”'. The insert
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shows the charge-discharge cycles at the beginning and end cycles. It is clear that the shape is
not altered, indicating excellent stability of the electrode. After 5 000 cycles, the electrode
retained 99.1 % of the initial capacitance, showing an excellent electrochemical stability rate
and cycling reversibility. It is important to note that the slightly lower capacitance retention
(~98 %) 1s observed after the initial 1 000 cycles and then started to increase after about 2 000
cycles. The"initial'apacitance decrease maybe ascribed to the existence of heteroatoms, such
as oxygen, as.confirmed by XPS, which can lead to the pseudocapacitance, and, after a few
cycles, fades;awaysafter all the heteroatoms have been exhausted %, The further increases in
the capacitance.might be due to the complete wetting of the electrode with the KOH
electrolyte.Besides, the swelling of the MFC binder used in this study increases with time

and thus leads to a higher amount of ions stored, which, in turn, translates to high capacitance.

3. Conclusions

In summary, a simple and environmentally benign method is proposed for the synthesis of
activated graphene-based carbon composites for supercapacitor electrodes. A natural and
sustainable material, microfibrillated cellulose (MFC) is used for exfoliation of graphene and
as a binder in'the electrode fabrication. In comparison to commonly used toxic materials
employed for.exfoliation of graphene and as binders in supercapacitors, MFC is also
biodegradable, renewable and readily available. The optimal graphene concentration for the
system was.found to be 5 %. At this concentration, a well-developed porosity and a high
surface area of 720 m? g’ insured an excellent electrochemical behaviour. Besides, the
prepared showed a superior cycling stability by retaining 99 % capacitance after 5 000 cycles
and 97 % after 10 000 cycles. This type of composite could find significant potential use in

advanced applications such as catalysts, energy storage and adsorption.
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4. Materials and methods
Materials: Natural graphite flakes were provided by Asbury Carbon. Microfibrillated
cellulose was provided by Suzano Pulp and Paper at 5 wt% solids. The MFC was a relatively
course grade produced by mechanical defibrillation of hardwood Kraft pulp. The length
weighted average fibre length was 0.52 mm measured using a FiberLab laser instrument from
Metso Autemation” Other properties of MEC can be found in our earlier published work P,
Deionised water was used throughout the experiments.
Preparation of graphene/MFC suspensions: Co-exfoliation of graphene in MFC suspension
was achieved using an IKA Magic Lab micro-plant equipped with a single-walled open 1-
dm3 vessel)#*The MFC was first diluted to a consistency of 0.8 wt%. Subsequently, natural
graphite was added to the suspension in various proportions to yield a graphite solid content
of 5, 10 and"15Wt% with respect to that of solid MFC. The resulting mixtures were then
subjected to high shear exfoliation for 60 min. The same procedure was repeated with 100 %
MFC suspension.alone. The prepared samples are denoted as G0-0%, G1-5%, G2-10% and
G3-15%, where 0, 5, 10 and 15 %, represent the concentration of graphite in the initial
production processThe detailed experimental procedure can be found in our earlier
publication ¥,

After co-exfoliation, excess water from the suspensions was removed by vacuum
filtration. Thessuspensions were then soaked in KOH solution at the mass ratio of 1:1 for 2 h
followed by drying in an oven at 105 °C. The dried samples were then activated at 800 °C for
1 h, at a heating rate of 5 °C min™ in nitrogen atmosphere. The yield of pure MFC after
carbonization with KOH at a MFC/KOH ratio of 1 was estimated to be around 5 %. The
overall yield was around 9.5 %. After carbonisation, the samples were thoroughly washed

with HCI and water and subsequently dried for at least 24 h at 105 °C.
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Material characterization: The structure of carbonised materials was recorded using a Zeiss
Sigma VP scanning electron microscope at 5 kV acceleration voltage. The powders were first
sputtered with a gold film before SEM measurements. Raman spectra were measured using a
WilTec alpha300 R Raman microscope (alpha 300, WITec, Ulm, Germany) equipped with a
piezoelectric scanner using a 532 nm linear polarised excitation laser. Surface area and pore
volume were'determined by nitrogen sorption using a Micromeritics Tristar II by Brunauer-

Emmett-Teller (BET) method and Barrett-Joyner-Halenda (BJH) theory, respectively.

Electrochemical. measurement: Cyclic voltammetry, galvanostatic charge-discharge, and
electrochemi€al impedance spectroscopy (EIS) measurements were carried out using a Gamry
600+ Reference potentiostat, using a three-electrode cell configuration system. The
measurements wete conducted in 6 M KOH aqueous electrolyte solution at room temperature.
The KOH solution was purged with nitrogen before the experiment. A platinum wire and
Ag/AgCl electrode were used as counter and reference electrodes, respectively. The specific
capacitance was obtained from galvanostatic charge-discharge using the formula:
C = IAt/(AVm)s(where, C (F g'l) is specific capacitance, I (A) is discharge current, At (s) is
discharge time, AV (V) is the potential window, and m (g) mass of the active material).
Tofprepare the electrode, the carbonised materials were directly mixed with MFC
suspension, diluted to 1 wt%, to form an electrode consisting of 90 wt% active material and
10 wt% MFC binder. No conductive additives were used. The prepared paste was then coated
on a Ni foam,and dried in an oven at 105 °C for at least 24 h. The areal mass loading was
between 1.5-2 mg cm™. Before the measurements, the coated Ni foam was pressed at about 7

MPa for 30 s.
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Figure 1 tic representation of the fabrication process of graphene/AC composites
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Figure 2 SEM images showing the morphologies of the synthesised samples (a) G0-0%; (b)
G1-5%; (c) G2-10%; (d) G3-15%

Figure 3 SEM images of G1-5% at different resolutions showing a more pronounced 3-
dimensional structure.
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Table 1 Average Ip,g value and XPS chemical composition of the samples

Composition, (at. %)
Samples Ipg
) D
G0-0% 0.864 88.4 11.0
G1-5% 0.147 81.0 14.7
G2-10% 0.153 96.8 2.9
G3-15% 0.201 97.3 2.2

Table 2 Porosity characteristics of the samples and specific capacitance at the current density
of 1A g!

BET, Pore volume, cm’ | Average pore Specific capacitance,
Samples
m’ g’ g’ width, nm Fg'
G0-0% 314 0.42 8.2 15
G1-5% 720 0.24 1.8 120
G2-10% 546 0.35 3.1 94
G3-15% 424 0.42 6.5 61
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performanctorage devices based largely on renewable and sustainable materials
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