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A robust and compact freestanding conducting polymer-
based electrode material based on nanocellulose coupled
Polypyrrole@Graphene oxide paper is straightforwardly
prepared via in-situ polymerization for wuse in high-
performance paper-based charge storage devices, exhibiting
stable cycling over 16 000 cycles at 5 A g as well as the
largest specific volumetric capacitance (198 F em™) so far
reported for flexible polymer-based electrodes.

The increasing energy consumption and the demands for
inexpensive portable electronic have turned the attention of
researchers toward sustainable and smart power sources. As a
result of this there is a strong requirement for the development of
flexible and lightweight electrode materials for the next
generation of energy storage devices.'® In this process,
electroactive conducting polymers (ECPs), such as polypyrrole
(PPy) and polyaniline (PANI) are highly promising since it has
been shown that these can be used to manufacture polymer-based
supercapacitors owing to their inherent high capacity, flexibility
and versatility, as well as lightweight and low-cost. "'
However, their limited post-synthesis processability due to their
poor solubility, infusibility, and mechanical brittleness' is
generally considered a major drawback regarding the
applicability of ECPs in flexible supercapacitors. Recently,
significant efforts have therefore been made to fabricate ECPs-
based flexible electrodes employing various types of carbon
materials (e.g., graphene, and carbon nanotubes (CNTs)) which
have emerged as an effective solution to achieve the above
goals.'””® Reports on flexible PPy or PANI-based electrodes
which can be directly used as freestanding electrodes (i.e. without
additional substrates), are nevertheless still sparse. In addition, a
large amount of CNTs or graphene (corresponding to at least 30 -
40 wt.%) were generally employed which complicates the
development of low-cost and environmentally friendly energy-
storage system for high-power applications. The quest for
sustainable and inexpensive freestanding flexible ECPs-based
electrodes for sustainable energy storage devices therefore
remains a challenge.

Cellulose, which is one of the most abundant organic
materials on earth and the major component in paper, has recently
been widely used in conjunction with electroactive materials to
fabricate flexible energy storage devices with high mechanical
strength and flexibility.”**® Cellulose combined with graphene
have thus demonstrated versatile feasibility for the development

of flexible electronics,””*’ while paper electrodes made from

so nanocellulose and PPy have been shown to be promising for low-
cost and sustainable charge storage devices.**** The possibilities
of armouring the nanocellulose fibers with graphene and ECPs to
obtain materials with high capacitances, low cost, mechanical
flexibility and robustness, as well as the subsequent moulding of
ss the electrode composites into soft paper sheets of desired shapes,
are therefore highly appealing. Such an ECP-cellulose-graphene
hybrid nanocomposite has, however, to the best of our knowledge
not yet been presented.
When used as electrodes for charge storage devices,
o gravimetric capacitances of about 250 F g' have been reported
for cellulose/ECPs*® ** and cellulose/graphene composites®’.
Since the volumetric capacitances are significantly less
competitive due to the relatively low density of the composites
it is, however, difficult to develop compact storage devices
6s based on these materials.** Although flexible yet dense ECPs-
based electrodes with high volumetric capacitances and little
environment impact are very promising in contemporary
electrochemical energy storage devices, such electrodes and
devices have so far proved very challenging to produce.**

70 Herein, we demonstrate a novel straightforward approach
for the  preparation of flexible and  compact
PPy@Nanocellulose@Graphene oxide (PNG) paper electrodes
containing only 5.8 wt.% graphene oxide as a reinforcing and
structural directing additive, employing a facile in-situ chemical

75 polymerization method. The obtained self-standing, binder-free,
dense and flexible PNG paper-based material, which exhibits
the largest volumetric capacitance of 198 F cm™ reported so far
for flexible ECPs-based electrodes, have been utilized in
symmetric charge storage devices demonstrating stable cycling

so  over 16 000 cycles at a current density of 5 A g”'.

The new and versatile approach has several advantages with
respect to current state-of-the art methods since i) strong
bonding between the nanocellulose and graphene oxide (GO) as
well as the PPy coating, which guarantees the integrity of the

s electrode and allows the preparation of compact electrodes; ii)
nanocellulose is attached to two-dimensional (2D)
PPy@graphene oxide where the latter not only acts as a
reinforcement to improve the mechanical properties but also
provides a 3D structure of interconnected pores available as

9 ionic transport pathways;* iii) the PNG paper in which the high
conductivity and capacitance of PPy is combined with the
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flexibility and high surface area of GO, holds great promise to
overcome the low mechanical strength and density problems
associated with PPy@nanocellulose  papers’” > and
PPy@graphene nanocomposites, ** *" while simultaneously
outperforming the low capacitance CNTs/cellulose® and
graphene-nanocellulose papers®™ which mainly store energy
within the electrical double-layer; iv) new possibilities for up-
scaling based on traditional cost-effective paper-making
processes are available. It is therefore reasonable to assume that
a flexible polymer electrode composed of nanocellulose, GO
and PPy, exhibiting a high volumetric capacitance and good
cycling stability, may significantly facilitate the development of
compact, low-cost and environmentally friendly paper-based
charge storage devices.
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Figure. 1 Schematic illustrations depicting the preparation and structure
of the PNG paper electrodes.

As shown in the schematic illustration in Figure 1, the
present strategy relies on the unique structure of the
nanocellulose fibers containing abundant functional groups
which give rise to strong inter- and intramolecular hydrogen
bonds and thus provide strong bonds between the components
of the composite. It should also be pointed out that
nanocellulose can serve as an aqueous dispersion agent to
prevent restacking between graphene layers.?® *° By introducing
an oxidation agent (e.g. Fe(Ill) nitrate), a PPy layer can
straightforwardly be polymerized both on the nanocellulose
attached to the GO sheets and the GO itself. This approach,
which provides a porous composite with a large electrolyte-
accessible surface area, also allows flexible and compact PNG
paper-like composite electrodes to be readily obtained by
solution casting after the polymerization step (see the
Experimental section and Figure 1).

Fourier-transform infrared (FTIR) spectroscopy results for
the PNG composite show well-defined peaks at 3352, 1113,
1057 and 1033 cm™ in Figure 2a, which can be ascribed to the -
OH glucose ring stretch and C-OH stretching vibrations of
cellulose,*' respectively. Compared to the FTIR spectrum for
the nanocellulose fibers, several characteristic PPy peaks can
also be found in the PNG paper electrode spectrum. The peaks
at 1542, 1307, 1169, and 1029 cm™ are thus assigned to the
vibrations of -C=C, -C-H, -C-N-C, and -N-H,* respectively,
which demonstrates that PPy was successfully incorporated into

the flexible paper electrode material. The presence of a PPy

s coating layer on the cellulose and GO is further supported by X-
ray diffraction (XRD) data (see Figure S1, in the supporting
information (SI)). The FTIR data further indicate that some
characteristic nanocellulose peaks due to C=0 and C-OH were
absent for the PNG composite and that the GO peaks were

so absent for the PNG composite. This indicates that a layer of PPy
was present on the nanocellulose and the GO. The absence of
the GO peaks can also be explained by the low mass percentage
of GO (5.8 wt.%) within the composite.
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Figure 2 (a) FTIR spectra for nanocellulose and a PNG paper composite,
respectively. (b) Digital image of a PNG paper composite. (c) and (d)
SEM images of a PNG paper composite at different magnifications. (e)
and (f) Cross-section SEM images of a PNG paper composite at different
magnifications.

w
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6 The insert in Figure 2b shows digital images of the
freestanding PNG paper electrode with a dark-grey colour. The
paper-sheet had a diameter of 9 cm which demonstrates the
possibilities to straightforwardly produce relatively large
flexible electrodes. The nanostructure of the PNG paper sheets

es were first studied by scanning electron microscopy (SEM). As
is shown in Figure 2b and 2¢, the PNG composites were
composed of a large quantity of wrinkled and crumpled
nanosheets with rough surfaces interconnected to form a free-
standing integrated film. The PPy/GO composites (i.e.

70 composites lacking nanocellulose) prepared under identical
conditions could, on the other hand, only be obtained as
powders (see Figure S2, Figure S3d) featuring individual
curved nanosheets with smoother surfaces (Figure S3a-3c).
These results clearly demonstrate that PPy/GO cross-links are

75 needed for the attainment of free-standing and flexible PNG
composite electrodes. It should also be mentioned that the
nanocellulose mass fraction has an effect on the morphology of
PNG electrodes. As shown in Figure S4, PNG composites
prepared with higher nanocellulose contents (e.g. a

o nanocellulose : GO ratio of 10:1) show two main features: the
fine fibrillar structure typical of PPy@nanocellulose
composites™ ** 33 4 # combined with the PNG wrinkled and
crumpled nanosheets in which both components are intertwined
and PPy@nanocellulose are embedded all over the surface of

ss the PPy@GO nanosheets (see Figure S4a and S4b). A further
increase in the nanocellulose : GO ratio to 20:1 resulted in a
higher content of PPy@nanocellulose fibers as can be expected
based on our previous studies,®*' although nanocellulose-PPy-
GO features still can be observed (see Figure S4c and S4d).
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Based on these results, which demonstrate the shape and
structure directing effect of nanocellulose during the formation
of PNG paper electrodes, it is reasonable to assume that the
PNG composites should be able to provide both good
mechanical strength and high electrical conductivity. Figure 2d
further shows a cross-section SEM image of the freestanding
PNG paper sheet with thickness of ~ 55 pm. The PNG paper
electrodes exhibited a compact layer-by-layer stacking structure
(see Figure 2e) as a result of the directional flow induced by the
vacuum filtration step, in good agreement with previous results
for reduced graphene oxide (rGO)/cellulose composite papers.”’
In addition, the PNG paper had a density of around 1.25 g cm™
which, incidentally, is a factor of two higher than for the carbon
electrodes generally used in high volumetric capacitance energy
storage devices.* The Brunauer - Emmett - Teller (BET)
specific surface area of the PNG paper electrode was 28.8 m* g’
"and the results also indicated that the material was mesoporous
(see Figure S5). The latter suggests that the dense packing of
the PNG paper still allows sufficient contact between the
electrolyte and the composite to allow efficient and rapid charge
storage.
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Figure 3 Electrochemical characterization of PNG paper composite
electrodes. (a) Cyclic voltammograms recorded in a 2.0 M NaCl aqueous
solution using a three-electrode setup and different scan rates. (b)
Galvanostatic charge/discharge curves obtained for a symmetric PNG
based charge storage device. (c) Specific gravimetric and volumetric
capacitances as a function of the current density. (d) Comparison of the
PNG electrode specific gravimetric and volumetric capacitance with
values reported for other flexible polymer electrodes, such as PVP/GO,!'!
GN-PPy/CNT,"®  PPy/CNT,'® 1GO-PANL™ PEDOT/A-CNTs,?!
PANI-NF,*? PEDOT/MWNT."*!! (e) Nyquist plot and (f) the long-time
cycling performance at 5 A g The last eight charge/discharge cycles are
displayed in the inset.

To evaluate the charge storage performance of the PNG
paper electrodes, cyclic voltammograms (CVs) were recorded
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with a three-electrode setup in a 2 M NaCl aqueous solution. As
is shown in Figure 3a, all voltammograms exhibited similar
and symmetric shapes as the scan rate was increased from 5 to
100 mV s, suggesting a well-defined PPy redox behaviour for
the PNG paper electrodes. To further investigate the
electrochemical behaviour of the PNG electrodes, symmetric
charge storage devices (containing two identical PNG
electrodes separated by a filter paper soaked with a solution of 2
M NaCl) were fabricated and subsequently subjected to
galvanostatic charge/discharge experiments at different current
densities in a cell voltage window between 0 and 0.8 V. As is
seen in Figure 3b, all the charge/discharge curves exhibited
nearly linear shapes and the charge and discharge curves
remained practically symmetric even at a current density of 10
A g, demonstrating a remarkable reversibility for the PNG
electrodes. The small voltage drop between 0.7 and 0.8 V for
the symmetric devices, which was caused by the equivalent
series resistance, was significantly smaller than that seen for the
PPy/GO electrode (see Figure S6a). This shows that the
resistance of the free-standing continuous PNG electrodes was
significantly smaller than those of the PPy/GO electrodes for
which additives such as binder and carbon black were required
in the electrode manufacturing process.

The specific gravimetric capacitance of the PNG paper
electrode (obtained from the galvanostatic discharge curves by
multiplying the device capacitance by a factor of four) was 244
F g at a current density of 0.2 A g'. The latter is comparable
to or even better than previously reported values for PPy/rGO**
47 and PPy/CNT electrodes.'® *® Although the specific
capacitance decreased with increasing current density, a
capacitance of 90 F g™! was still obtained for a current density of
10 A g (Figure 3c). For the PPy/GO composite, a specific
capacitance of 48 F g' at 5 A g was, on the other hand,
obtained (see Figure S6b), demonstrating that the free-standing
PNG electrode yielded a higher gravimetric specific capacitance
than the PPy/GO material. This clearly shows the energy
storage advantage of the binder-free and self-standing PNG
paper electrodes, in which the nanocellulose served to maintain
the mesoporous electrode integrity yielding an efficient and fast
ion transport.”> More importantly, as the PNG electrodes
exhibited remarkable volumetric capacitances (i.e. 112 F cm™ at
10 A g') owing to its highly compact structure, these electrodes
are highly promising for future charge storage applications. The
volumetric capacitance of the PNG electrode at 0.2 A g™ was,
in fact, found to be 198 F cm™ (corresponding to 301 F cm™
based on PPy) (see Figure 3d, Table S1). This is an extremely
high value for a conducting polymer based electrode. Given the
fact that the PNG electrodes also are strong and highly flexible
(as is described below), the materials are indeed very promising
for use in flexible energy storage systems.

In the Ragone plot in Figure S7, it is seen that the
maximum volumetric energy and power densities of the PNG
paper electrode (calculated as described in the electrode
evaluation section) were 3.4 Wh L' and 1.1 kW L
(corresponding to 5.1 Wh kg and 1.5 kW kg™), respectively.
As the latter energy density is comparable to those for many
commercial carbon/carbon capacitors (i.e. 5 ~ 8 Wh L)
working in high potential windows in organic solvents,* while
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the power density (i.e. 1.1 kW L") is much higher than those
reported for charge storage devices comprising flexible
polymer-based electrodes (0.4~1 kW L)' 30 36 jt s
immediately evident that these symmetric PNG devices hold
great promise for paper based energy storage applications.

The PNG symmetric energy storage devices were also
studied using electrochemical impedance spectroscopy (EIS).
As is seen in Figure 3e, the equivalent series resistance was
found to be approximately 0.7 Q. The absence of a semi-circle
and the presence of the line with a 45° slope in the Nyquist plots
followed by a close to ideal capacitive behaviour indicate that
the PPy redox reactions were diffusion controlled and that a
(pseudo)capacitive response associated with finite length
diffusion (i.e. a thin-layer behaviour) was seen at sufficiently
low frequencies, in good agreement with previous findings.*’

The long-time cycle performance of the symmetric devices
based on the PNG paper electrode was investigated employing a
current density of 5 A g and a cell voltage window between
0.0 and 0.8 V. As is depicted in Figure 3f, a specific electrode
capacitance loss was observed during the first 1000 cycles after
which the capacitance remained almost unchanged. This initial
decrease in the capacitance (which often is seen for conducting
polymer-based devices'> ** *%) could be related to the fact that
the potential distribution between the two PNG electrodes
undergo significant changes during the initial part of the
cycling, a process which also involves some degradation of the
positive electrode.’’ This hypothesis is supported by the fact
that the initial and final cycling curves generally exhibited
significantly different shapes (the insert in Figure 3f shows last
eight charge/discharge curves for which the coulombic
efficiency was very close to 100 %). After 16 000 cycles, the
electrode capacitance was stable at a value corresponding to
about 85% of its initial value, which is much better than those
found for ECPs-based energy storage devices (see Table S1),
demonstrating that flexible PPy-based charge storage devices
are able to charge/discharge over 10000 cycles without
significant additional loss of capacitance.
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Figure 4 (a) Digital photographs of a PNG paper electrode showing its
flexibility during bending (b) Stress - strain curve for a PNG paper
electrode (c) Cyclic voltammograms for PNG paper electrodes recorded
with tlwo different bending angles, i.e. 0° and 180°, at a scan rate of 20
mVs.

As has already been indicated above, it is reasonable to
assume that the PNG paper could be used as a flexible electrode
material. To investigate the flexibility of the material the
electrodes were subjected to repetitive bending as well as
experiments in which the tensile stress was measured
employing stress-strain experiments. As is seen in Figure 4a,
the freestanding PNG paper was highly flexible and could be
bent repeatedly without any obvious mechanical destruction.
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This can be ascribed to the strong bonds between the
nanocellulose and GO which result in a mechanical
reinforcement of the composite by nanocellulose, as well as the
inherent flexibility of both the PPy and the GO. The PNG paper
electrode was not only flexible but also mechanical robust as is
shown in Figure 4b depicting the results of a stress - strain test.
A tensile strength of 2.9 MPa at a strain of 3.7% was thus
obtained indicating good mechanical properties. To test the
electrochemical performance of the PNG paper electrode under
bending conditions, cyclic voltammetry experiments were
further performed on the paper electrodes employing two
different bending angles, i.e. 0° and 180° and a scan rate of 20
mV s”'. As shown in Figure 4c, no obvious difference could be
seen between the voltammograms, which suggests that the PNG
paper electrodes may indeed be used in flexible-device
applications. It should also be pointed out that the active mass
loading (i.e. ~ 42 mg cm?) of the PNG electrodes was
significantly higher than those (~ 1 mg cm?)'>'72%3% reported
for the previously studied flexible electrodes containing
conducting polymers. In addition, the PNG electrode was rather
compact and had a density of about 1.25 g cm™, which is higher
than for most previously presented flexible conducting
polymers-based electrodes (see Table S1).

It is worth to point out that PNG electrodes with larger
nanocellulose:GO ratios (i.e. 10:1 and 20:1) were destroyed
upon bending, their electrochemical performance was shown in
the Figure S8. It is seen that the cell capacitance decreased with
decreasing nanocellulose:GO ratios. In the Nyquist plots
(Figure S8b), it can be seen that a decreased nanocellulose:GO
ratio resulted in a larger influence of diffusion most likely as a
result of the attainment of a more compact composite. The latter
is in good agreement with the lower cell capacitances found for
the lower nanocellulose:GO ratios seen at increased current
densities. These results thus indicate that the incorporation of
GO into the composite gives rise to a more compact and
flexible composite and that the electrochemical and mechanical
properties of the composite can be tailored by varying the
nanocellulose:GO ratio. Higher ratios clearly yield higher cell
capacitances at high current densities but poor flexibilities.
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Figure 5. (a) Digital image of a CCF-PNG paper electrode. The inset
shows the flexibility of the CCF-PNG composite. (b) Cross-section SEM
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image for a CCF-PNG paper electrode. (c) Stress - strain curve for a
CCF-PNG paper electrode. (d) Specific gravimetric and volumetric
capacitances versus the current density for a CCF-PNG paper electrode.

As is demonstrated in Figure 5, an even stronger flexible
PNG paper can be obtained by including (~ 23 wt.%) chopped
carbon fibers (CCF) into the PNG composite. The CCF-
reinforced PNG paper (CCF-PNG), which had the appearance
of a black glossy paper, could be readily bent back and forth at
different angles. From surface SEM images of the present CCF-
PNG electrodes (see Figure S9), .no significant difference in
morphology and porosity as compared to the PNG electrodes
can be seen. In the CS-SEM image in Figure 5b it can be seen
that the material exhibited an open structure in which the 7-8
um-thick fibers randomly pierced through the layered PNG
paper electrode. Thanks to the high specific tensile stiffness and
ultimate tensile strength of the CCF, the CCF-PNG paper
electrode displayed a tensile strength of 17.8 MPa (see Figure
5¢) which exceeds the values for all other flexible polymer-
based electrodes presented this far.'” '8 20 22 30. 5253 Tpe
gravimetric specific capacitance for the CCF-PNG paper
electrode calculated from the galvanostatic discharge curves
(see Figure $10) as previously described was 276 F g at a
current density of 0.2 A g'. This value is somewhat higher than
the 244 F g obtained for the PNG paper electrode. The CCF-
reinforced PNG electrodes, also exhibited a slightly better
capacitance at a high rate than the PNG electrode (i.e. 107 F g”!
as compared to 90 F g at 10 A g, see Figure 5d). One
explanation for this could be the lower active mass loading (i.e.
~ 3.4 mg cm’ as compared to ~ 4.2 mg cm?) for the CCF-PNG
paper electrode as a lower active mass loading results in a
smaller iR drop. The density of the CCF-reinforced PNG
electrode (i.e. 0.8 g cm'3) was, however, much smaller than that
for the PNG paper which resulted in significantly lower
volumetric capacitances (see Figure 5d). A volumetric
capacitance of 138 F cm™ could still be obtained for the CCF-
PNG paper electrode, which is higher than the values reported
for many flexible polymer-based electrodes (see Table S1). It is
therefore evident that both the PNG and CCF-PNG approaches
constitute versatile and straightforward methods for the
fabrication of robust, compact and flexible polymer-based
electrodes with high volumetric capacitances.

Conclusions

In conclusion, we have demonstrated an efficient and novel
strategy for the fabrication of robust, highly flexible and compact
freestanding and binder-free paper electrodes based on
nanocellulose fibre reinforced PPy-GO nanocomposites. Since
nanocellulose interacts strongly with both the PPy and the GO, its
presence reinforces the entire electrode yielding a robust and
compact electrode which still contains a sufficient number of
mesopores to allow the material to undergo fast PPy charge and
discharge reactions. When employed in an aqueous symmetric
charge storage device, the PNG paper electrode exhibited the
highest volumetric capacitance (i.e. 198 F cm™ based on whole
electrode) reported so far for a flexible polymer-based electrode.
The robust PNG electrode also exhibited excellent long-term
stability with >85 % capacitance retention over 16 000 cycles at 5
A g, as well as high volumetric energy and power densities (i.e.

34 Wh L' and 1.1 kW L, respectively). The new and
straightforward procedures for the fabrication of flexible and

¢ dense conducting polymer - based paper electrode described in
the present work can readily be employed to manufacture flexible
and compact energy storage devices.
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