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A facile method of polymerizing polypyrrole (PPy) on poly(N-vinylpyrolidone) (PVP) coated
cellulose nanocrystals (CNCs) was developed. The PPy/PVP/CNCs possessed a well-defined

core-shell structure with well-preserved one-dimensional (1D) fibril geometry. Stable hybrid
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CNC was produced and no PPy particles was formed in the bulk solution. Significant

improvement in the electrochemical performance was achieved when compared to PPy coated

Tempo-CNC reported previously. A high conductivity of 36.9 S/cm was achieved with an

excellent specific capacitance of 322.6 F/g and improved cycling stability of less than 9 and

13% loss after 1000 and 2000 cycles respectively. The strategy of using PVP as an effective

surface modifier to improve the conductive polymer deposition on CNC proves to be a critical

necessary step.

1. Introduction

The increasing demand for various consumer electronics
and hybrid vehicles capable of delivering a high power in short
pulses with an extremely long cycle life has prompted renewed
interest in supercapacitors (SPs). Polypyrrole (PPy) has been
extensively studied for decades as a promising electrode
material for SPs due to its ease of synthesis, low cost, good
conductivity, stability '? and excellent specific capacitance
(Cs). * However, being mechanically weak, PPy experiences
significant structural breakdown resulting from volumetric
swelling/shrinkage resulting in a fast capacitance decay over
extended cycles (less than 50% retention of the initial
capacitance after 1000 cycles). *° Another drawback is the
poor processibility and unsatisfactory specific capacitance (Cs)
(F/g) due to agglomeration resulting from strong
intermolecular, intramolecular interactions and possible cross-
linking of PPy chains.”®

The key to addressing these shortcomings will depend on the
controlled synthesis of the active material. Generally, a large
surface area between electrode material and electrolyte is
critical for improving the capacitance, because of enhanced ion
mobility. A thin and uniform coating of active material is also
necessary for a fast and effective ion diffusion in the polymer
matrix. With the advent of nanotechnology, various
polypyrrole-based nanocomposites were developed by
polymerizing polypyrrole as a thin layer on another template
material, such as graphite °, carbon nanotubes (CNT) '*',
graphene oxides (GO) '*'®'°. Large increase in the surface area
arising from the nanosize effect of these PPy-based hybrid
nanocomposites produced higher Cs compared to their bulk
counterparts. Improved cycling stability was also achieved due
to the enhanced reinforcement, e.g. PPy/GO achieved 249 F/g
of Cs with 81% of the Cs retention after 1000 cycles under 0.3
A/g*® A Cs of 183.2 F/g at a high current density of 8 A g
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was obtained for CNT embedded PPy network with Cs
retention of 85% after 1000 cycles at 1 A/g. %!

Recently, several research efforts have been devoted to
PPy/cellulose nanocomposites, due to their abundance,
lightweight, good mechanical property, abundant hydroxyl
group for further functionalization, biodegradability and low
cost. Many PPy/nanocellulose hybrids were synthesized via
chemical polymerization in the form of films, gels, or cakes,
due to the length of entangled cellulose network.”>” More
recently, individually coated nanocellulose was achieved on
cellulose nanocrystals (CNCs) **3°  These rice-shaped
nanoparticles (100-400 nm long, 5-20 nm in diameter) are
extracted from cellulose fibres by removing the amorphous
region via acid hydrolysis yielding well-dispersed nanoparticles
with high density of surface sulfuric acid groups. Liew et al.
reported the successful synthesis of PPy/CNC via
electrochemical deposition and demonstrated that the
capacitance was comparable to PPy/CNTs synthesized under
similar conditions. The high capacitance is largely attributed to
the highly porous structure, thin coating of PPy on individual
fibers, and rigidity of CNC substrate.”®** However, the end
product from electrodepostion is a dense film on the electrode
that limits further processing. Using a facile in situ chemical
polymerization, our recent study on a PPy/CNC system with a
core-shell structure possessed attractive supercapacitor
behavior.*

Despite the success in the development of PPy-coated
nanocomposites, the precise control of a uniform and thin PPy
morphology at nanoscale remained a significant scientific
challenge, hindering the commerical application of these
composite electrode material. It is difficult to fully prevent the
formation of free PPy particles in bulk solution, and deposited
conjugated polymers on the nanoparticles are often irregular
and thick. In most cases, the PPy-based hybrid material looses
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its fine fibril structure due to agglomerations.>' Our previous
strategy to improve the affinity between CNC and PPy coating
via additional hydrogen bonding sites did not completely
eliminate the formation of PPy particles and the irregular PPy
coatings.*® Previous studies have found that conductive
polymers such as PPy favor the growth on CHj; terminated
hydrophobic regions than hydrophilic OH groups.*> Several
studies have demonstrated that the deposition of PPy onto
relatively hydrophobic polystyrene latex particles®*** led to a
much smoother, and continuous coating, while the deposition
onto more hydrophilic poly(methyl methacrylate) latex
produced discontinuous and patchy PPy coating.>>* Studies on
PPy coated microsized silica particles with hydrophilic silanol
groups led to highly globular-surfaced particles that aggregated
to form ‘raspberry’-like structure.’’” This problem can be
addressed through a simple pretreatment with either silanes via
chemical grafting, or coating of a monolayer of poly(N-
vinylpyrolidone)(PVP), to yield a uniform PPy coating on the
substrate,*®3%40:41

In this paper, we report on the development of a core-shell
PPy/PVP/CNC nanorod that displays a smooth and uniform
PPy coating. Surface modification on CNC was achieved
through the physical adsorption of PVP to alter the hydrophilic
nature of CNC for the favorable growth of PPy. PVP also acts
as a steric stabilizer to prevent PPy-coated hybrid particles from
further agglomeration. The degree of surface modification of
CNC was also systematically evaluated since it is a crucial
parameter to achieve an optimal PPy deposition. The optimally
synthesized PPy/PVP/CNC on an insulating template possesses
superior conductivity and demonstrates improved capacitance
and cycling stability for SP applications. The current synthesis
and characterizations were compared to the PPy/Tempo CNC
system reported recently by our group.

2. Experimental Section
2.1 Materials

Cellulose nanocrystal (CNC) was provided by FP
Innovations and Celluforce Inc. The chemicals used in this
study were reagent grade, purchased from Sigma-Aldrich, and
used as received. The chemicals for reaction are: poly(N-
vinylpyrrolidone) (PVP) (MW 10,000 Da), Iron(IIl) chloride
(97%), and pyrrole (98%).

2.2 Synthesis of PPy/PVP/CNC hybrid nanostructure

The surface-modified CNCs were first prepared by mixing
0.2 wt% CNC solution with PVP at different PVP/CNC mass
ratio of 100/0, 40/60, 10/90, 5/95, and 0/100 ( samples denoted
as PVP100/CNC, PVP 40/CNC, PVP10/CNC, PVP5/CNC and
PVPO/CNC respectively). The dispersion was mixed for 24
hours to ensure sufficient adsorption of PVP on CNC surface,
which is referred herein as PVP/CNC.

In one typical polymerization for PPy/PVP/CNC, 15 ml of
PVP/CNC solution was transferred to a double-jacketed
reaction vessel kept in an ice water bath at 0 °C. Then 364.5 mg
of FeCl; dissolved in 5ml water was added dropwise to the
suspension and vigorously stirred. After an hour, 106.5 pl of
pyrrole monomer (Py) dissolved in 5 ml water was added
slowly and the polymerization was left to mix under mild
stirring for 16 hours, and the reaction was quenched by
repeated washing with DI water in an ultrafiltration cell. Finally,
the precipitates were freeze-dried, and the dried fine powder
and was pressed into pellet for conductivity measurements.
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2.3 Characterization

The morphology of PPy/PVP/CNC system was
characterized using a Philips CM10 electron microscope.
Transmission electron microscope (TEM) samples were
prepared by depositing one drop of 0.01wt% sample onto a
carbon coated copper grid and dried at room temperature. The
same TEM sample grid was used directly for Scanning electron
microscopy (SEM) imaging (Philips XL-30 microscope) and by
attaching onto carbon tape. The zeta potential of the PPy/CNC
system was monitored throughout the polymerization process
using a Malvern Zetasizer Nano ZS (Worcestershire, UK).
Sample aliquots were collected from the reaction vessel at
different time intervals, filtered with DI water and measured.
The zeta potential of the particles was calculated from the
electrophoretic mobility values using the Smoluchowski
equation. The thermal stability of the PPy/PVP/CNC systems
were studied by thermal gravimetric analysis (TGA). All
samples were placed in an inert ceramic crucible and heated
from 25 to 800 °C at a heating rate of 10°C min™' in 20 mL
min’! of air.

2.4 Electrochemical Measurements

Conductivity was measured using an in-house four-probe
station. The freeze-dried bulk powder of PPy/PVP/CNC was
pressed into thin rectangular pellets and the conductivity a in
S/cm was calculated using the expression:

a=(D/R)x(1/WT)
where D is the distance between the electrodes, R is the
measured resistance of the pellet, W and T is the width and
thickness of the pellet respectively.

Cyclic Voltammetry (CV) was conducted using a CHI
760D electrochemical station (CH Instruments, USA) equipped
with a three-electrode half-cell configuration with a platinum
electrode and a saturated calomel reference electrode (SCE).
Cyclic voltammetry (CV), charge and discharge (CD), and
electrochemical impedance spectroscopy (EIS) were performed
following a 25-cycle CV activation between -0.6 and 0.4 V
versus SCE in KCI electrolyte (0.5 M). The working electrode
was fabricated by repeated casting (twice) of the PPy/CNC (1
mg mL™ in 50% water/ethanol) dispersion onto the graphite
carbon (GC) electrode (3 mm in diameter) at 10 pL. each time
and dried (mass loading on the electrode for testing is 20 Hg).
The CV test was performed with scan rates of 1, 10, and 100
mV.s'. The capacitance obtained from the CV curve was
calculated as follows:

L jidV

T 2xmxAV xS
where Cg is the specific capacitance, [ idV is the integrated
area of the CV curve, m is the mass of active material, AV is
the potential range, and S is the scan rate. Cycling stability test
was carried out under the same experimental setup at a scan
rate of 100 mV.s™.

Charge and discharge (CD) tests were performed by
applying a constant current density of between 2 to 10 A g™
The cell capacitance was determined from the CD curve using
the equation below:

C=1/(dV/dt)
where dV/dt was calculated from the slope of the CD discharge
curve, and I is the charge current density (A g'). Cycling
stability was performed with the same testing setup at 10 A g™

This journal is © The Royal Society of Chemistry 2014
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3. Results and Discussion

The experimental strategy for the synthesis of the core-shell
structured PPy/PVP/CNC is illustrated in Fig. 1. Surface
modified CNC was simply achieved by mixing PVP with CNC.
After PVP was physically adsorbed on the CNC surface, the
oxidant and the monomer were then introduced.

J/J;// = eNC
/ \) Fe3*
T 007 evp

=
="
=

.‘ Pyrrole

Fig.1. Schematic illustrating the formation of proposed core-
shell PPy coated CNC. PVP was adsorbed onto the CNC
surface prior to the polymerization to promote the
homogeneous growth of PPy shell.

The degree of CNC surface modification with PVP and its
effect on PPy growth were characterized with a TEM and
shown in Fig. 2. A noticeable size expansion was observed in
Figs. 2(b) - (f) for all the PPy/CNCs synthesized at different
PVP/CNC ratio confirming the successful polymerization of
PPy shell. The fibril shape of CNCs with 150-250 nm in length
was preserved after PPy coating. The most attractive feature of
the PPy coating using this protocol is the continuous and
uniform PPy coating. During our synthesis, we observed an
appreciable increase in the polymerization Kkinetics from
PVP100/CNC to PVPO/CNC based on the accelerating color
change from light yellow to black, which was confirmed using
a TEM. In Fig. 2(b), CNCs were not completely covered by
PPy and the magnified image clearly showed some exposed
CNC surface that was not coated with PPy. By decreasing the
PVP/CNC mass ratio to 10, a more uniform PPy coating with a
thicker shell was formed on the CNC. When the PVP/CNC
ratio was reduced, the PPy coating became inhomogeneous
(Fig.2(e)). When no PVP was added, the PPy coatings were
irregular and rougher, caused by the fast polymerization rate
resulting in agglomeration (Fig. 2(f)). TGA studies (data in
supplementary material Fig. S1) for PPy/PVP100/CNC and
PPy/PVP10/CNC also suggested a more efficient growth of
PPy layer at a lower CNC modification degree with enhanced
thermal stability.

To highlight the important role of PVP in the synthesis
process, we mixed equal mass of pristine CNC with PVP
modified CNC, and performed the polymerization in the same
reaction vessel. Interestingly, the TEM image revealed two
dramatically different phenomena: polypyrrole was exclusively
grown on PVP coated CNC, while those without PVP displayed
inhomogeneously coated and globular PPy particles deposited
on CNC surface. (Fig. 3) The PVP is believed to serve two
functions: (i) firstly, being an amphiphilic polymer, PVP
provides hydrophobic domain that promotes a favorable growth
of PPy on CNC surface; (ii) secondly, being a macromolecule,
it acts as steric stabilisers that minimizes the agglomeration of

This journal is © The Royal Society of Chemistry 2014
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PPy/CNC particles producing stable PPy/PVP/CNC hybrid
nanoparticles in aqueous solution.’” In addition, hydrogen
bonding between the carbonyl groups of PVP and the N-H
group of Py promotes a uniform growth of PPy on PVP-coated
CNC.

4

, T 5 =
Fig. 2. TEM images for pristine CNC; (b)
PPy/PVP100/CNC; (©) PPy/PVP40/CNC; (d)

PPy/PVP10/CNC; (e) PPy/PVP5/CNC; (f) PPy/PVPO/CNC

\
PPy/PVP/CNC

Fig. 3. PPy polymerization in the presence of equal amounts of
pristine CNCs and PVP/CNCs with cartoon illustrating the two
drastically different morphologies of the end products.

The conductivity of PPy/PVP/CNC samples prepared at
different PVP/CNC ratio were evaluated and summarized in Fig.
4(a) together with the zeta potential (ZP). Due to the negatively
charged sulfuric acid groups on the surface (i.e. OSOj;7), CNC
possessed a negative ZP of -55 mV and is extremely stable in
aqueous solution. Coating of PPy neutralized the surface
negative charges on CNC by the positively charged PPy
backbone. From PPy/CNC10/CNC, the ZP increased sharply to
a positive value signifying a homogeneous coating of PPy on
CNC (i.e. CNCs are fully covered with PPy layers, thereby
shielding the sulfuric acid groups). This correlates with the
conductivity data, where PPy/CNC10/CNC possessed the
highest conductivity and the most positive ZP. However, when
PVP addition was insufficient (less than 5% PVP), the ZP
decreased to a negative value, indicating a non-uniform PPy
coating on the CNC. The conclusions based on ZP
measurements agreed with the TEM observations for all the
samples prepared at different PVP/CNC as shown in Fig. 2(b)-
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(). The reaction kinetics of the PPy/PVP10/CNC sample were
examined by monitoring the changes in ZP over a period of 24
hours, and Fig. 4(b) summarises the conductivity and zeta
potential as a function of time. The ZP results suggested that
the polymerization occurred rapidly in the first 3 hours, and it
plateau after 10 hrs. The PPy growth on the surface of CNC
approached the conducting percolation threshold at 3 hours
with the conductivity reaching a plateau and remained constant
for the next 10 hrs and it decreased rapidly after 16 hours. This
is not unexpected since extended polymerization often leads to
overoxidation that disrupts the ordered conjugated structure of
conductive polymers*?. The inset TEM image shows the
PPy/PVP10/CNC sample at 24 hours. Compared with the
sample at 16 hours (Fig. 2(d)), the surface morphology of PPy
layer at 24 hours polymerization was much rougher and fluffier,
which confirmed our earlier hypothesis.
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Fig.4. (a) The effect of the degree of surface modification on
CNC on the zeta-potential and conductivity of the hybrid
material of PPy/PVP/CNC after polymerization. (b) Kinetic
study: the effect of polymerization time on the conductivity and
zeta-potential of PPy/PVP10/CNC. TEM image shows the
morphology of PPy/PVP10/CNC sample under polymerization
time of 24 hours.

Cyclic Voltammetry (CV) was conducted on different
PPy/PVP/CNC systems. The Cs result from CV tests of
different PPy/PVP/CNC samples were plotted and compared in
Fig. 5(a). The specific capacitance continued to increase from 3
hours until it approached a peak value of between 260 to 320
F/g at 16 hours, and it decreased sharply after that. It is
interesting to compare the CV results with the conductivity data
in Fig. 4(b). Though the conductivity approached a threshold at
3 hours, the capacitance did not. The capacitance reached its
optimal levels when CNC/PVP was evenly coated with PPy.

4 | JMCA, 2014, 00, x-x

The sharp decrease in the capacitance was attributed to the
thick and rougher PPy coating, which hindered the ion diffusion
and charge transfer. The best performance of PPy/PVP10/CNC
in the CV test possessed a capacitance of 323 F/g, which holds
promise for supercapacitor application. The superior Cs is
mainly due to the nanoporous network formed by the 1D rod-
shaped PPy/PVP/CNCs that possessed significant active surface
area for the efficient ion diffusion and transport (the FESEM
image of the deposited PPy/PVP/CNC film on the working
electrode shown in the bottom of Fig. 5(a)). Moreover, the
lightweight substrate material of CNC and ultrathin and
uniform layer of PPy coating also contribute to the high Cs.

To further investigate electrochemical performances of the
PPy/PVP/CNC nanocomposite system, galvanostatic charge-
discharge (CD) process was performed on the optimal
PPy/PVP10/CNC sample at various current densities. The CD
curves possessed a triangular symmetry and linear slopes,
confirming its good electrochemical performance. When lower
current density was applied, the discharge curve displayed a
slight curvature, representing the pseudocapacitance behavior.
The calculated capacitance approached 338.6 F g at2 A g™'. It
is also worth noting thatthe PPy/PVP/CNC electrode displayed
only a moderate drop,i.e. 5.4% of the Cs, when the current
density was increased from 2 to 10 A g '. This indicates that the
utilization efficiency of the active material of PPy coating was
maintained at a high level at high charge current. Moreover, the
IR drop in CD curves due to internal resistance of the electrode
material was not observed in the PPy/PVP/CNC system.

The stability during charge and discharge is a critical issue
that is closely associated with the properties/morphologies of
the active material. Fig. 5(c) shows the cycling stability of the
as-prepared PPy/PVP10/CNC nanostructures by conducting CD
tests at a current density of 10 A g ' . The Cs retained 87.3% of
its initial value over 2000 cycles, confirming the excellent
stability of the system. Moreover, the sharpest drop in Cs
occurred in the first 400 cycles, presumably due to the loss of
active material that was loosely attached on the carbon
electrode. The reduction in Cs became less significant between
400 to 2000 cycles, which implies a good mechanical stability
and capacitive behaviour of PPy/PVP/CNC.

We compared the current synthesis with our previous
system prepared using TEMPO-oxidized CNCs (Tab. 1).>* The
key advantages of the new approach are: (i) the synthesis is
conducted in mild pH condition, instead of extremely low pH
environment needed for TEMPO-CNC; (ii) physical adsorption
of PVP onto CNC is much simpler than TEMPO-mediated
oxidation of CNC for enhanced affinity between the substrate
and PPy.

The important properties of PPy coated CNC using two
different approaches are summarized and compared in Table 1.
Firstly, the ZP of PPy/PVPI0O/CNC was positive while
PPy/Tempo-CNC possessed a negative ZP at -31mV,
suggesting that a more uniform and better coating of PPy was
achieved for PVP/CNC system. Secondly, the conductivity of
PPy/PVP/CNC increased 7 fold (conductivity increased from
4.9 to 36.9 S/cm), which is largely attributed to the improved
PPy coating as confirmed by TEM images of both samples (Fig.
5(b)and(c)). PPy/Tempo-CNC produced a globular PPy coating
morphology with sporadic coverage on the CNC nanorods,
whereas PPy/PVP/CNC displayed a uniform core-sheath
structure covering most of the CNC surface. An enhancement
of 35% in the specific capacitance was observed for the
PPy/PVP/CNC system.

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 (a) Specific -capacitance from CV test for

PPy/PVP10/CNC polymerized at different time intervals. The
FESEM image shows the porous structure formed by drop
casting PPy/PVP10/CNC solution on the working electrode. (b)
charge-discharge curves of PPy/PVP10/CNC electrode at
different current densities. (¢) Cycling performance of the
PPy/PVP10/CNC electrode at the current density of 10 A g\
The inset shows the charge-discharge curves of the last 10
cycles.

The same CV stability tests were also performed on
PPy/Tempo-CNC (Py/OH=16) and PPy/PVP16/CNC. The CV
curves at different cycling numbers are shown in Fig. 6(a) and
6(b), and the capacitance loss over cycling was plotted in Fig.
6(c)). The cycling stability was greatly enhanced in the
PPy/PVP/CNC system with less than a 9% capacitance loss
compared to a 35% loss for the PPy/Tempo-CNC system. The
superior cycling stability is attributed to a more uniform PPy
deposition that facilitates the charge transfer and diffusion. In
addition, the affinity between PVP and PPy driven by
hydrophobic interaction and hydrogen bonding provided a

This journal is © The Royal Society of Chemistry 2014
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stronger and robust PPy coating. The enhanced cycling stability
could also be due to the pseudo-3-layer structure of the
PPy/PVP/CNC. The layer in the middle formed by PVP
polymer chains serves as a buffer that effectively releases stress
induced by ion diffusion/electron transfer within the hybrid
material (illustrated in Fig. 6(d)). This is especially
advantageous compared to the 2-layered PPy/CNC model
where there is no binder at the interface to provide flexibility
between the substrate and the PPy sheath.
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Figure 6(a) CV curve of different cycles for sample
PPy/TempoCNC during 1000 cycles at 0.1 V/s scan rate. The
TEM image shows the typical morphology of PPy/Tempo-
CNC. (b) CV curve of different cycles for sample
PPy/PVP/CNC during 1000 cycles at 0.1 V/s scan rate. The
TEM image shows the typical morphology of PPy/PVP/CNC.
(c) Comparison of Capacitance loss between PPy/PVP10/CNC
and PPy/Tempo-CNC (d) Proposed mechanism that PVP layer
as a binder releases the stress and provides better
accommodation for the conformational change for PPy during
cycling.

PPy/TempoCNC | PPy/PVP/CNC
PH Low Neutral
Synthesis Surface TEMPO-mediated | PVP adsorption
modification Oxidation
of CNC
Zeta Potential -31mV +16.1 mV
Conductivity 4.9 S/cm 36.9 S/cm
0.01V/s 238.8 F/g 3226 F/g
Specific 0.05V/s 2247 F/g 2842 F/g
Capacitance
0.1V/s 219.8 F/g 2704 F/g
Capacitance Loss
after 1000 cycles e 8%

Tab. 1. Comparison in synthesis and key characterizations of
the improved PPy/PVP/CNC and PPy/TempoCNC system.
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4. Conclusion

We reported on the synthesis of a core-shell PPy/CNC
hybrid nanostructure with uniform and smooth PPy coating
deposited on the pretreated PVP/CNC surface. The physical
adsorption of PVP onto CNC surface prior to the introduction
of pyrrole plays a critical role in ensuring a uniform polypyrrole
coating. PVP introduces hydrophobicity to CNC surface
making it much more favorable for the growth of the
hydrophobic PPy shell that acts as steric stabiliser preventing
further agglomeration of the nanoparticles. An outstanding
conductivity of 36.9 S/cm was achieved for the PPy/PVP/CNC
synthesized with 10% PVP to CNC mass ratio. The calculated
capacitance approaches 338.6 F g at 2 A g”' with a good Cs
retention of 87.3% over 2000 cycles. The same CV
measurement was performed and compared with our previous
traditional chemical synthesis conducted over PPy coated
Tempo-CNC system. An enhancement of 35% in the specific
capacitance was observed for the PPy/PVP/CNC system with
much improved cycling stability (less than 9% Cs loss over
1000 cycles) at 0.1 V/s fast scan rate. The current system
displayed a more efficient and uniform growth of PPy coating
with improved electrochemical behaviors (conductivity, Cs,
Cycling stability). We believe the proposed approach of surface
functionalization with PVP offers an attractive approach to
produce conductive hybrid composite system with enhanced
electrochemical performance.
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