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ergy-storage paper electrodes
using a pilot-scale paper machine†
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The global efforts in electrifying our society drive the demand for low-cost and sustainable energy storage

solutions. In the present work, a novel material concept was investigated to enable fabrication of several 10

meter-long rolls of supercapacitor paper electrodes on a pilot-scale paper machine. The material concept

was based on cationized, cellulose-rich wood-derived fibres, conducting polymer PEDOT:PSS, and

activated carbon filler particles. Cationic fibres saturated with anionic PEDOT:PSS provide a conducting

scaffold hosting the activated carbon, which functions as the active charge-storage material. The

response from further additives was systematically investigated for several critical paper properties.

Cellulose nanofibrils were found to improve mechanical properties, while carbon black enhanced both

the conductivity and the storage capacity of the activated carbon, reaching a specific capacitance of 67

F g−1. This pilot trial shows that “classical” papermaking methods are fit for the purpose and provides

valuable insights on how to further advance bio-based energy storage solutions for large-scale applications.
Introduction

The race towards replacing fossil fuels with renewable energy
sources and eco-friendly large-scale energy storage systems is
under an immense acceleration. This is in part due to a pull
from societal and industrial actions and regulations as well as
from a push generated by a rapid drop in the costs for energy
harvesting technologies. However, as these renewable energy
sources are intermittent, with the sun shining only in daytime
and wind being highly irregular, balancing the power grids is
becoming a challenge.1 In order to solve this problem, any
excess of produced energy should be stored for later use when
demands are high. While many alternatives to such
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intermittent energy storage exist, the cost for electrochemical
devices such as the lithium-ion battery (LIB) is expected to drop
enough to become the technology of choice for most stationary
applications by 2030.2

Although LIB technologies are considered as vital for energy
storage in the shi in our energy systems, several inherent
limitations such a high cost, short lifetime, poor safety char-
acteristics and environmental hazards,3 motivate the research
for alternative energy storage technologies. Several alternative
energy-storage technologies have emerged in the last decade,
some of which based on bio-derived materials. They hold
a promise for cheap and environmentally friendly energy
storage.4 Amultitude of concepts have been developed to exploit
lignocellulosic materials as key components in electrodes for
energy storage, ranging from utilizing lignin as a redox-active
cathode material in secondary batteries5 to the use of the
natural binding properties of cellulose as the key structural
component in electrical double-layer capacitors (EDLCs).6 These
bio-based batteries and supercapacitors, sometimes referred to
as paper batteries, have been designed and developed to provide
environmentally friendly characteristics, both with respect to
the material origins, production, operation, and their disposal/
recycling specications at the end of life.7 Further, in contrast to
traditional electrode fabrication methods, which are built
around the approach of coating electrode slurries on metal
current collectors,8 paper electrodes also hold an inherent
promise for higher production rates since paper-based tech-
nologies can be produced and converted into products at very
large scales and fast line speeds.
J. Mater. Chem. A, 2022, 10, 21579–21589 | 21579
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To become industrially relevant, these new technologies
need to rst take the step from lab-scale production to pilot
production protocols, which for the actual materials usually
relates to up-scaling from the gram to kilogram scale. This
critical step, unfortunately, jeopardies many promising tech-
nologies from nally reaching the market. One such example is
graphene, which was rst demonstrated in 2004 but just
recently reached the market owing to the breakthroughs in
scaling upmanufacturing.9 In this work, a similar step has been
taken in paper electronics by the production of a bio-based
“energy-storage paper” in a pilot-scale paper machine.

In the study of paper electrode systems, an oen-used
starting point is to employ nano-scaled cellulose brils, which
makes it easier to exploit the molecular properties of cellulose
and to create more well-dened systems.10–14 For these mate-
rials, lab-scale preparation methods such as casting and oven
drying are oen selected. To study coarser systems with
cellulose-richmacroscale pulp bres, preparationmethods with
high material retention such as vacuum-assisted dewatering
over lter papers15,16 or stencil printing17 are generally chosen as
it facilitates material characterisation and analysis. Trans-
ferring these lab-prepared material concepts into papermaking
conditions is not, however, a straightforward task. Using
nanocellulose derivatives as the web-forming material alone is
simply not possible due to its small bre size and remarkable
water retention properties.18,19 Exchanging the nanoscale
cellulose brils into macroscale pulp bres would make a such
transition easier, but the forming section in papermaking,
where the bre suspension is drained through a coarse wire,
puts further demands on a well-designed system. As the bres
themselves are insulating and mainly have the role of a hosting
scaffold for the electroactive ller materials, the system needs to
combine a high retention of these active components in the web
with fast dewatering rates to achieve a satisfying performance
along with good processability.

Furthermore, an electronically conductive network is
required for efficient transfer of electrons to the sites of charge
storage. In situ polymerization of conducting polymers such as
polypyrrole on pulp bres has been proposed and demonstrated
in large scale, although the performance has not been dis-
closed.20 The toxicity of the monomers for many common
conducting polymers introduces yet another query, since
wastewater treatment plants for pulp- and papermaking
Fig. 1 Themain material concept studied in this work. The selected pape
cellulose-rich pulp fibers with glycidyl trimethylammonium chloride and
the material concept and the selected process (B).

21580 | J. Mater. Chem. A, 2022, 10, 21579–21589
normally are adapted for handling bre fragments and mineral
llers rather than toxic pollutants.

An alternative approach is to use ready-made conducting
polymer systems as a conductive additive, not at least since the
combination of conducting polymers and carbon materials can
form well-performing electrode materials for supercapacitors.21

Recently, Belaineh and co-workers22 demonstrated poly(3,4-
ethylenedioxy-thiophene) polystyrene sulfonate (PEDOT:PSS)
to work excellently in combination with activated carbon (AC),
showing that not more than 10 wt% PEDOT:PSS is needed for
creating efficient electronic links between the capacitive AC
particles. Compared to AC and cellulose-rich bres, PEDOT:PSS
is the most cost-critical component in the material concept,
which stresses the need for good retention of the PEDOT:PSS.

Previous attempts of adding anionic PEDOT:PSS to a paper-
making process has been hindered by the inability of the
nanosized particles to adhere to anionic cellulose bres or
brils in the dispersion. This has been shown in previous
studies where the preparation of cellulose-based electrodes
explored the use of anionically charged cellulose or bacterial
cellulose.23 Due to the anionic nature of most conducting
materials, the material loading on cellulose is low resulting in
difficulties to retain these materials in a paper making
process.24 To retain the polymers in the sheet, it is necessary to
utilize different retention strategies which oen results in
aggregation of the conducting polymers. This usually decreases
the efficiency of the polymer to create the necessary conducting
network.

To avoid these problems, cellulose can be modied to
increase the interaction between conducting materials and
cellulose without sacricing the excellent conductive properties
of the PEDOT:PSS. This work investigates the use of cellulose-
rich wood-based bres functionalized with cationic quater-
nary trimethylammonium groups (Fig. 1A). The present method
solves the previous issues with adhesion of the conductive
polymer to the bre network and enables an even deposition of
the polymer onto the bres in combination with the necessary
fast dewatering rates for up-scaled production. The addition of
xed positively charged groups along the bres enables
homogenous electrostatic adsorption of negatively charged
PEDOT:PSS nanoparticles, which creates a percolating con-
ducting network for the active materials (Fig. 1B).
rmaking chemistry for the paper machine trials with the cationization of
subsequent PEDOT:PSS adsorption (A) and a schematic description of

This journal is © The Royal Society of Chemistry 2022
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In this work, AC was selected as the main active, charge
storing material. Furthermore, the addition of carboxy-
methylated cellulose nanobrils (CNF) and/or conductive
carbon black dispersed by CNF (CB:CNF)25 were used to
enhance the mechanical properties of the prepared paper and
to improve the conducting properties of the bre-based system.
The effects were evaluated statistically for material properties
such as mechanical strength, conductivity, and electrochemical
charge storage performance. Finally, the optimal material
combinations were used to assemble a full supercapacitor
device. To our knowledge, this is the rst study where cationi-
cally charged cellulose-rich bres are used for large scale
production of paper electrodes for energy storage applications.
Results & discussion

This work is divided into different parts. First, pre-trial studies
are reported, in which the material formulations were evaluated
in lab scale evaluations. Next, the processability of the material
concept in the pilot paper machine is in focus. Here, in-process
measurements are combined with structural characterisations
of the formed papers to understand factors impacting the pro-
cessing of the papers. Further, the effects of the additives CNF
and/or CB:CNF on mechanical and electrochemical properties
are reviewed and discussed. Since papers constitute a heterog-
enous material system, a statistical approach using two-way
analysis of variance (ANOVA) was applied to sort out effects
from the different additives. Finally, an EDLC device has been
assembled and characterised.
Table 1 Experimental matrix for the pilot trial. Dry wt% ratios given for
the four formulations (i)–(iv) with the components cationic pulp with
PEDOT:PSS (CP:PP), activated carbon (AC), carboxymethylated cellu-
lose nanofibrils (CNF) and carbon black dispersed by CNF (CB:CNF). All
formulations also included 0.2 wt% C-PAM as a retention aid

Without CNF With CNF

Without CB:CNF i ii
CP:PP AC CP:PP AC
51.2% 48.6% 48.9% 48.6%
CNF CB:CNF CNF CB:CNF
— — 2.3% —

With CB:CNF iii iv
CP:PP AC CP:PP AC
53.2% 45.9% 52.2% 44.6%
CNF CB:CNF CNF CB:CNF
— 0.7% 2.3% 0.7%
Pre-trial laboratory evaluation of the material concept

The reaction is the nucleophillic addition of epoxy groups in
glycidyl trimethylammonium chloride to the surface hydroxyl
groups of cellulose. To establish the surface modication, the
FTIR peak at 1480 cm−1 which is representative of methyl
groups in trimethyl ammonium was used previously.26,27 The
FTIR spectra of the unmodied and cationic bers used in this
work is shown in (Fig. S1A†). The zoom-in spectra between 1300
and 1600 cm−1 shows a peak at 1480 cm−1 (Fig. S1B†), which is
absent in the unmodied pulp. Therefore, showing the pres-
ence of trimetheylammonium groups on cationic bers.

To understand the retention of the AC, retention trials were
performed with cationic polyacrylamide (C-PAM) as the reten-
tion aid. The cationic bres were pre-treated with PEDOT:PSS in
order to avoid aggregation of this active component, which
otherwise would have led to a concomitant loss in conducting
efficiency. The addition of 0.2 wt% C-PAM increased the total
retention to more than 90% (Fig. S2†). Hence, this retention aid
was selected for the papermaking process.

Laboratory-prepared hand sheets were made from the
combination of cationic pulp bres, PEDOT:PSS and AC and
were then used for electrochemical characterisation. As shown
in Fig. S3,† AC-loaded papers with PEDOT:PSS pre-treated
cationic bres showed a halved internal resistance and a 17
times increase in the areal capacitance as compared to non
PEDOT:PSS cationic bres. As the capacitance of sheets with
This journal is © The Royal Society of Chemistry 2022
PEDOT:PSS alone is negligible (Fig. S3†), the main role of the
PEDOT:PSS may be in its contribution of electrical conductivity.
The conductivity along the bres in turn helps creating
a percolating network, which can be decisive for exploiting the
capacitive property of the loaded AC. This is in line with previ-
ously reported work,22 where it was found that < 10 wt% cellu-
lose bres rather than directly increasing the capacitance
PEDOT:PSS is needed to reach an optimum specic capacitance
in the resulting system where AC makes up the rest of the
electroactive material. This could be compared with the present
work, where PEDOT:PSS constitutes of less than 1% of the total
paper weight, i.e. the use of cationized bres allows for an
efficient utilization of the PEDOT:PSS properties.
Production of electrode paper rolls on
a pilot paper machine

A 2 � 2 experimental matrix was constructed in order to test the
effects of adding CNF and/or CB:CNF to the formulations (Table
1). CNF was expected to contribute with improved mechanical
properties of the paper, and the CB:CNF was hypothesized to
contribute with an increased electric conductivity in addition to
that of PEDOT:PSS.

All the four formulations exhibit good rentability on the pilot
paper machine, where the wet strength of the papers is enough
to enable the passing from the forming section to the pressing
section. Photos of the paper line along the pilot machine
(Fig. S4†) show a good marginal for the water line to the end of
the forming section, and a successful winding of a roll aer the
drying sections. All the resulting papers have a grammage
around 100 g m−2, with an achieved thickness varying from 223
to 265 mm (Fig. S5†). One roll of about 10 meters in length were
produced from each formulation.

As the white water (i.e. paper making ltrate) was black, it
was clear that the retention is not perfect but enough to allow
for a decent rentability on the pilot paper machine. As the
performance of the composite as an EDLC electrode clearly
J. Mater. Chem. A, 2022, 10, 21579–21589 | 21581
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benets from having a high loading of the active material,
a poor retention should naturally be avoided.

Thermogravimetric analysis (TGA) was conducted to deter-
mine the composition of the web. The thermal decomposition
patterns of the main components AC and pulp, which points of
inections were used as material-specic markers, were
compared with those of the formed papers (Fig. S6†). The
inection points of pulp (350 �C and 500 �C) corresponded well
to previously reported thermal degradation patterns28 as well as
the inection points in the formed paper. In line with other
reported TGA of AC composites,29 the thermal stability of AC
(inection point 725 �C) was considerably reduced when being
included in the papers (around 600–650 �C).

The results of the TGA revealed a clear difference between
samples with and without CNF, where adding CNF to the
formulation resulted in a decreased loading of carbonized
materials (Fig. S7†). This points out a poorer retention of the AC
in the CNF formulations, probably due to a non-ideal balance of
the charges in the system as the CNF-formulation was added.
The samples with CNF also display a higher formation number
(Fig. S8†), which reects a poorly distributed bre network and
an aggregated structure of the bres in the paper.

This is somewhat surprising as there commonly exists
a trade-off between good formation and ller retention,
although these types of multicomponent system have a more
complex relation between retention and formation.30 An expla-
nation to this deviation could be found in the charge balance of
the system. While the pH in all formulations was stable at pH8,
the cationic demand was clearly higher for formulations
including CNF (Fig. S8†). This difference is most probably
Fig. 2 Scanning electron microscopy images of the paper electrodes. SE
cross-section SEM/EDX images (bottom) of the papers made from formu
On the EDX maps, the oxygen-rich cellulose fibers appear yellow while th
structures can be observed for formulations (ii) and (iv), and a skewed fill
section (J).

21582 | J. Mater. Chem. A, 2022, 10, 21579–21589
related to the high anionic charge density of CNF which is not
compensated by the amount of C-PAM added to the formula-
tions. The balance between the C-PAM and the negative charge
of the AC, measured as a z-potential of −30 mV using DLS-
measurements, is hence disturbed by the addition of the
negative CNF which in turn leads to a decreased retention of the
AC in the paper. In future studies this negative impact can be
balanced by a change in the order of addition of the compo-
nents as well as their relative amounts.

Scanning electron microscopy (SEM) images of the paper
surfaces show how this affects the morphology of the papers
(Fig. 2A–H). The papers with CNF show a more aggregated
structure of the carbon particles compared to those without
CNF. Inadequate dosage of retention aids, increased occula-
tion and more aggregated ller particles is known to lead to
a one-sided ller distribution.31,32 This uneven z-distribution of
llers is also observable in the paper proles when SEM/EDX
analysis was performed on paper cross-sections. On the ob-
tained elemental materials maps (Fig. 2I–L), it was expected to
observe sulphur and nitrogen from PEDOT:PSS and the cationic
groups in the pulp bres, but the low concentrations of the
elements was below detection limit. On the other hand, oxygen
(representative of the bres) and carbon (mainly from the AC)
were easily detected which gave a clear view of the ller distri-
butions in the papers. The sample with CNF but without
CB:CNF(ii) indeed stood out with a skewed concentration
prole of AC throughout the Z-direction of the paper (Fig. 2J),
showing that the ltration retention mechanism dominates in
that system.
M images of papers (top), zoom-in images of fiber surface (middle) and
lations (i) (A, E and I), (ii) (B, F and J), (iii) (C, G and K) and (iv) (D, H and L).
e carbon-rich AC and CB filler particles appear blue. More aggregated
er distribution profile can be observed for formulation (ii) in the cross-

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Effects of different additives on the paper electrode properties. The mechanical properties evaluated as the tensile strength index (A) and
the tensile stiffness index (B) are clearly affected by adding CNF, which is also the case for the in-plane conductivity (C). Adding CB:CNF has also
an effect on the conductivity (C), along with a small but significant effect on the specific capacitance per mass unit AC (D). Error bars represent
95% confidence intervals.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 5

/2
9/

20
24

 1
2:

14
:5

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Mechanical properties

All tested mechanical properties display a signicant effect
from CNF (n ¼ 20; p < 0.00). Both the tensile strength index as
well as the tensile stiffness index in the papers with CNF is more
than twice of those without (Fig. 3A and B). These papers
reached an average tensile strength index of 12.0 Nm g−1 and an
average tensile stiffness index of 1.6 kNm g−1. It is not consis-
tent with the formation values of the same papers, as papers
with poorer formation usually display lower strength.33 This
should support the assumption that CNF is useful as a dry-
strength agent, which is in line with previous reports of add-
ing cellulose nanobrils to paper formulations.34 The lower
loading of AC in the CNF-containing papers should, however,
also result in better mechanical properties due to the inverse
relationship between ller content and both tensile strength
and tensile stiffness.35 In general, the mechanical properties of
the highly lled AC papers are low and need to be improved in
the future investigations. This is important both for the
handling of the papers in the process and for the development
of an efficient percolating network which is so important for the
conductive properties of the prepared material.
Electrical and electrochemical properties

The in-plane conductivity of all the formed papers was in the
magnitude of about 1–10 S m−1, although signicant differ-
ences were detected between the papers (n ¼ 9, p < 0.00 for all
combinations). Adding CNF has a negative effect on the
conductivity, while the addition of CB:CNF increases the
conductivity (Fig. 3C). A similar difference would have been
expected to be observed also for the internal resistance in the 3-
This journal is © The Royal Society of Chemistry 2022
electrode measurements, as the internal resistance of an elec-
trode partly depends on its electrical conductivity. However, no
differences were possible to distinguish (Fig. S9†). The large
sample standard deviations of 12–26 U, which can be compared
with the average internal resistance of 41 U, do not allow
a comparison between the different papers. It can therefore not
be concluded if the addition of CNF and/or CB:CNF affects the
internal resistance. Overall, an internal resistance of 41 U is
a high value compared to other works on EDLC supercapacitor
electrodes,36,37 which explains why the discharge current level
had to be set to as low as 0.2 A g−1 AC in order to have reliable
measurements (Fig. S10†). It's not understood what is causing
this high internal resistance, nor the large sample standard
deviation, why it is important to investigate the sources of
internal resistance in the continued research on this material
concept.

The measured specic capacitance per mass unit paper
ranged from 23.6 to 29.4 F g−1, where the papers with less
loading of AC displayed a lower capacitance. Normalizing the
specic capacitance to the loading of AC (i.e. normalized to the
capacitive material mass), a small but signicant difference (n¼
10, p ¼ 0.02) can be observed between the papers with CB:CNF
and those without (Fig. 3D). The average AC specic capacitance
without CB:CNF is 60 F g−1 and 67 F g−1 with CB:CNF. This
implies that adding CNF to the formulation does not hamper
the electrochemical performance, while adding CB:CNF results
in an increased accessible charge storage area.

It can appear contradictory that CNF cause a lower electrical
conductivity but no decrease in AC specic capacitance, while
the addition of CB:CNF increase both the electrical conductivity
and the AC specic capacitance. Nanobrillated celluloses such
J. Mater. Chem. A, 2022, 10, 21579–21589 | 21583
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Fig. 4 Characteristics of the EDLC device. (A) Discharge at different
discharge currents and (B) cyclic voltammetry at different scan rates.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 5

/2
9/

20
24

 1
2:

14
:5

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
as CNF is known to form insulating barriers between the
conductive particles,14 and although no such phenomena can
be observed in the SEM images, it can still be assumed that CNF
limit the available contact area between the conducting
PEDOT:PSS-covered bres and thus give a decreased conduc-
tivity. However, it does not necessarily affect the capacitance, as
the achieved capacitance is a measure of the amount accessed
AC particles. Therefore, it can be anticipated that adding CNF
reduces the number of electrical contact points, but not reduce
the number of accessed AC particles. CB:CNF, on the other
hand, enables a supply of small-sized conductors in addition to
the conducting bers, which increase the electrical contact
points between the bres and forms amore efficient percolating
network.38 They have also the ability to provide a ner branch-
ing network of conductors, which enables a higher probability
of contacting AC particles out of reach for the coarser con-
ducting bers. This corresponds well both with the observed
increased conductivity as well as the increased AC specic
capacitance seen for papers with CB:CNF added.

Electrochemical impedance spectroscopy (EIS) analysis on
paper samples were performed using the same equipment, cell
setup and sample preparation method as for the other electro-
chemical measurands. Fig. S6 in ESI† shows the acquired
spectra, presented both as Bode plots and as Nyquist plots. The
shape of each graphs gives valuable qualitative information.
However, modeling is usually required to get a more detailed
picture of the various charge transport and storage phenom-
enon dominating the impedance at different frequencies.
21584 | J. Mater. Chem. A, 2022, 10, 21579–21589
Equivalent circuit modeling (ECM) is one of the simplest ways
of modeling EIS data, and it has been widely used to study
various electrochemical devices. One such system is that of
porous electrodes, which are oen modelled using a trans-
mission with pore size distribution (TLM-PSD)53. Yoo et al.54

used the TLM-PSD to model electrodes containing activated
carbon particles used for supercapacitor applications. [1] In
their work, the system was described as having three main
components related to (1) the bulk electrolyte, (2) the electro-
lyte–electrode interface, and (3) the porous bulk of the
electrode.

In our work, we have used a similar approach to derive the
ECM shown in Fig. S11A.† Here, RE is the bulk electrolyte
resistance, RI, CPEI and ZW is the resistance, capacitance and
diffusion elements of the interface between electrolyte and
electrode, and RB and CPEB is the inter- and intra-pore resis-
tance and capacitance in the bulk of the electrode. Constant
phase elements (CPEs) where used instead of capacitors to
account for the distributions if pore seizes as well as the rough
surface of the interface. In addition to these elements, an
inductor (L) was added to account for the high-frequency
behavior. Such inductive behavior could be caused by the
cables and the cell in the measurement setup. As can be seen in
Fig. S11,† the model could be used to accurately t the
measurement data for all samples. The bulk resistor and the
interfacial elements comprises the Randles circuit, which is
oen used to describe planar electrodes.

However, these elements alone were not enough to repro-
duce the capacitance of the samples, as measured using chro-
noamperometric methods. By adding the bulk elements, the
tting became more accurate, and we got two sets of capaci-
tance values: one in the range of 100 mF cm−2 (CPEI) and one in
the range of 100 mF cm−2 (CPEB). This corresponds well with
the expected values of a at surface electric double layer (usually
10–100 mF cm−2) and the capacitance values measured for the
sample during charge–discharge measurements (100–300 mF
cm−2). This model can be used in future studies to give new
insights into the charge storage properties of paper
supercapacitors.

The cycling stability of the papers was qualitatively investi-
gated by cycling samples from paper iii and iv at a 1A g−1

discharge rate for 5′000 cycles (Fig. S12†). Both papers demon-
strated a similar pattern, where the capacitance increased over
the rst 500 cycles, which has also been reported elsewhere.39

Aer the initial decrease, the capacitance dropped to around
87% aer 5 000 cycles which is in line with several well-
performing EDLC supercapacitor electrode materials.40,41

The internal resistance had a mirrored development, with
a decrease until 500 cycles and then an increase. Interestingly,
both papers demonstrated peaks in the internal resistance
around 1′500 cycles which do not have any counterpart in the
capacitance. As only 1 sample per paper was evaluated, the
results cannot tell if there's a difference between a paper
without added CNF (iii) or with (iv). Further, as the stability and
performance of electrode materials are dependent on the
conditions in assembled devices42 where not at least the elec-
trolyte plays an important role,43 a more in-depth analysis of the
This journal is © The Royal Society of Chemistry 2022
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electrode stability would require a more structured analysis of
the material in different relevant electrolytes.

To demonstrate the applicability of these papers as super-
capacitor electrodes, an EDLC device was constructed with
circular paper electrodes having a diameter of 5.5 cm (Fig. S9†).
As an aqueous KCl electrolyte is not preferable in the device
setting given the limited potential range and corrosion on the
aluminum current collector used, an ionic liquid was used to
enable a comparison with half-cell measurements. The paper
based EDLC displayed a linear discharge characteristic for
a supercapacitor, although the specic capacitance was clearly
affected by the discharge current (Fig. 4A). For example,
a discharge current at 100 mA g−1 AC resulted in an AC specic
capacitance of 40.2 F g−1 while a discharge current of 10 mA g−1

AC reached 72.5 F g−1 AC. This further points out the need for
lowering the internal resistance in future trials, but the EDLC
device also demonstrates that the material can be used as in the
targeted application, as a paper electrode in a supercapacitor.

Conclusions

Electrode papers for an energy storage application can be
produced on a pilot-scale paper machine, with up to 99% of bio-
based and 100% organic materials used in the formulations.
Pre-trial laboratory hand sheet studies demonstrate that
a combination of cationised cellulose-rich wood based bres
with very small amounts of electrostatically adsorbed
PEDOT:PSS can create a conducting percolating network to
connect the charge-storing AC particles.

This material concept can successfully be transferred to
paper-making conditions on a pilot scale. Adding CNF to the
formulations lower the retention of the AC, thus resulting in
a lower capacitance per area. The poorer retention is likely
caused by insufficient charge balancing in the systems when
adding highly anionic CNF to formulations without a detailed
adjustment of the dosage of the cationic retention agent. On the
other hand, it is suggested that the CNF is important for
improving the mechanical properties, although the contribu-
tion from CNF is not possible to exactly quantify since the
produced papers with CNF also had lower ller contents.

Despite having a considerably higher amount of binders in
this work compared to commercial, coated supercapacitor
electrodes,44 the achieved AC specic capacitance of 67 F g−1

can be compared with the 100 F g−1 that commercial super-
capacitor electrodes has reached aer decades of develop-
ments.45 Still, the capacitance could be even higher. In other
works which have used similar grades of AC from the same
supplier as references, the AC reaches specic capacitances of
160–180 F g−1.46,47 Exploiting the full capacitance of the AC
should therefore be an attractive route for enhancing the elec-
trode specic capacitance, in contrast to increasing the AC ller
content which should have a substantial negative effect on the
mechanical properties.

Since both the in-plane conductivity and the AC specic
capacitance is positively affected by adding conducting CB:CNF,
it could be viewed as plausible that further improvements of the
conducting percolating network should indeed result in an
This journal is © The Royal Society of Chemistry 2022
increased charge-storage performance. Further, as CNF does
not impair with the AC specic capacitance, this additive
should be a good alternative to enhance mechanical properties
without limiting the electrochemical performance.

Nevertheless, the formed paper electrodes can store signi-
cant amounts of charge without having been optimized, and the
higher share of binders does also bring benets. As the cellulose
bres themselves swells in the electrolyte and provides a chan-
nelling network for the electrolyte in the electrode bulk, these
paper electrodes have the potential to enable thick electrodes
with preserved AC-electrolyte contact. The present paper elec-
trodes have a grammage around 100 g m−2 but could theoreti-
cally be made several times thicker.

The additions of CB and CNF have signicant effects on the
in-plane conductivity of the papers, where an increase in
conductivity was observed when adding CB while the addition
of CNF decreased conductivity, probably due to a poorer
retention. However, the specic capacitance per mass unit of AC
was not affected by the addition of CNF, while it did show
a signicant increase from 60 to 67 F g−1 when adding CB:CNF.

This points out two important learnings; (1) CNF can be used
as an additive to enhance mechanical properties without
impairing with electrochemical performance and (2) further
improvements of the conducting percolating network are
probably necessary for accessing a larger charge storage site
area of the AC.

The decent electrode properties in general combined with
the good runability, demonstrates the feasibility of using paper
making techniques for fabricating supercapacitor electrodes.
Further, this work expands the knowledge about critical aspects
in the design of the formulations and process design, and
advances the technological frontier of paper-based energy
storage solutions.
Experimental
The materials

Preparation of cationic pulp. To prepare cationic cellulose
bres, quaternary trimethylammonium groups are graed on
cellulose (Fig. 1). The reaction was performed according to the
procedure by Pei et al.48 with some modications. Briey, 400 g
(dry weight) of a sowood sulte dissolving pulp (Domsjö Dis-
solving plus, Domsjö Fabriker AB, Sweden) was mixed with
4.78 M NaOH (Sodium Hydroxide pellets, VWR) and le for
10 min. Aerwards, 612 g of isopropanol and 400 g of glycidyl
trimethylammonium chloride (GTMAC, 99.9% purity, Sigma
Aldrich) were added and the reaction mixture was mixed
thoroughly.

The reaction was carried out at 65 �C for 6 hours in a hot
water bath. The plastic bag with the reaction mixture was taken
out every 1 h to knead the bag to mix the pulp for homogeneous
reaction. The reaction mixture was neutralized with hydro-
chloric acid, ltered and washed thoroughly with deionized
water. In total 2 kg of the cationic pulp was prepared for the
pilot paper machine trials. The obtained charge density of pulp,
measured with polyelectrolyte titration, was 250 � 50 meq g−1.
J. Mater. Chem. A, 2022, 10, 21579–21589 | 21585
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Adsorption of PEDOT:PSS to pulp. PEDOT:PSS saturated
bres were prepared according to the following procedure
(Fig. 1B). A bre dispersion at 2 g L−1 was mixed with
PEDOT:PSS (10 g L−1, Orgacon ICP 1050, Agfa) dispersion and
stirred for 30 min. The bres were then ltered and washed
thoroughly with deionized water to remove unadsorbed
PEDOT:PSS. The adsorbed amount of PEDOT:PSS was calcu-
lated based on concentration of PEDOT:PSS le in the solution
aer saturation. The amount adsorbed was 0.75–1.5 wt%
PEDOT:PSS depending on the added amounts.

Preparation of CNF and CB:CNF. The carboxymethylated
cellulose nanobrils (CNF) was produced from a sowood sul-
phite dissolving pulp (Domsjö Dissolving plus) from Domsjö
Fabriker AB, Sweden. The pulp was carboxymethylated to
a degree of substitution (DS) of 0.1, according toWågberg et al.49

Aer the carboxymethylation, the pulp was homogenized
(Microuidizer M-110 EH, Microuidics Corp., USA) one time at
1700 bar at 2 wt%, using two chambers with smallest dimension
200 mm and 100 mm, respectively, in series.

Carbon black (CB) was acquired from Fisher Scientic with
the brand name: Thermo Scientic Alfa Aesar 039724.A1. The
CB:CNF (10 : 1) mixture was prepared by adding 250 g CB to
1250 g CNF at 2 wt% and 4.75 g deionized water, where aer the
mixture was passed through the above-mentioned homogenizer
at 400 bar and two serial chambers with smallest dimension of
400 mm and 200 mm, respectively.

Preparation of ionic liquid. 1-Ethyl-3-methylimidazolium
ethyl sulfate (EMIM-Es) hydroxy ethyl cellulose (HEC), bought
from Sigma Aldrich, were mixed in a ratio of 19 : 1 and heated to
110 �C on a hotplate until becoming a uniform gel, aer which
the mixture was allowed to be cooled and stored in room
temperature before use.

Materials used as received. Activated carbon (AC) made from
steam activated wood charcoal (Norit® A Supra, Acros Organics)
was selected as the main charge storage material. Cationic
polyacrylamide (C-PAM) was selected as retention aid. For the
lab trials, Eka PL 1510 CPAM was used, and a corresponding C-
PAM (Kemira Fennopol K4230 T) was used in the pilot trials.
Paper fabrication

Retention laboratory trials. Retention trials were performed
using a Britt Dynamic Drainage Jar and a standard screen with
pore size of 76 mm (125 P). The pulp was diluted to 5 g L−1 by
mixing at 1000 rpm and a volume of 500 ml was used. The
additional components were added sequentially with 30 s
interval in the order of AC, CB:CNF and lastly C-PAM 1510. A
100 ml sample was taken aer an additional 30 s and the
concentration was determined and compared with the added
material to result in a retention value.

Hand sheets preparation. To test the effect from PEDOT:PSS
on the performance of the system before moving to pilot scale,
laboratory hand sheets were prepared using a Rapid Köthen
sheet former, PTI Pettenbach, Austria, with automatic couching
and drying. Three hand sheets were prepared; cationic pulp
with PEDOT:PSS only, cationic pulp without PEDOT:PSS but
with AC and thirdly all materials combined. The laboratory
21586 | J. Mater. Chem. A, 2022, 10, 21579–21589
hand sheets were evaluated electrochemically as described
below.

Pilot paper trial. The pilot trial was designed as a factorial
experiment, where a matrix of four different formulations was
used to determine the effects of added CNF and/or CB (Table 1).
All four formulations were based on AC and PEDOT:PSS-
adsorbed cationic pulp, why the rst formulation consisted
only of these components to act as a reference. The second
formulation was chosen to include CNF, a third one including
CB:CNF and the fourth contained both CNF and CB:CNF. All
formulations included 0.2 wt% C-PAM as a retention agent.

The pilot production of the electrode papers was carried out
on a pilot-scaled, 20cm-wide fully equipped paper machine at
Ahlstrom-Munksjö’s R&D center located in Apprieu, France.
The different wet-end formulations were prepared in chests
before being pumped into the headbox at a consistency in the
range of 6–6.7 g per liter. The web speed was set to 1 meter per
minute, a speed which allows orientation of the bres while
allowing manual handling of the paper along the machine.
Edges were trimmed in the forming section using waterjet
cutting. The web was manually passed from the forming section
to the two pressing nips (each set to 2 kg) and subsequent
drying sections. The rst drying section held a temperature
between 138–180 �C and the second drying section between
124–155 �C. The formed paper, with amoisture content of about
6%, was collected as 10 meter-long webs winded on rolls. The
cationic demand was measured on samples from the white-
water using a Mütek PCD03.
Material characterisation

Thermogravimetric analysis. Differential thermo-gravimetric
analysis (TGA) was performed using a Mettler Toledo DSC1 in
ambient atmosphere and 20 �C min−1 heating rate. Reference
measurements on the PEDOT:PSS-adsorbed cationic pulp, AC
and CB:CNF were used to calculate the different components in
the formed papers, by exploiting the different thermal degra-
dation patterns of cellulose and carbonized materials.50

Scanning electron microscopy. Hitachi S-4800 Field-
Emission Scanning Electron Microscope (FE-SEM) was used
for studying paper rolls surfaces. All the samples were coated
with Pt/Pd to avoid charging in SEM. Cross-section samples of
the paper cut perpendicular to the machine direction were
prepared using a Leica histological microtome. Cross-sections
were imaged using a scanning electron microscope (SEM)
(Zeiss, EVO50 LaB6Tip) and an energy-dispersive X-ray spec-
troscopy (EDX) (Bruker, Quantax 200 SDD 30 mm2). On the
obtained X-ray maps, oxygen was used as a marker for the pulp
bres, and carbon was used as a marker for the activated
carbon.

Mechanical testing and formation. The mechanical proper-
ties were determined in the machine direction (MD) according
to ISO1924-3 and the thickness according to SCAN-P 88:01 with
10 measurements performed per paper. The formation was
determined by the b-radiography method.51
This journal is © The Royal Society of Chemistry 2022
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Dynamic light scattering (DLS). Zeta potential measure-
ments were performed using DLS with backscattering detector
(Zetasizer ZEN3600, Malvern Instruments Ltd U.K.).

Fourier-transform infrared spectroscopy (FTIR). FTIR of
unmodied and cationized bers was performed using Perki-
nElmer Spectrum 100 FTIR equipped with a diamond ATR
(attenuated total reection) crystal (Gaseby Specac Ltd, UK). The
spectra was recorded at room temperature and averaged over 16
scans with a 4 cm−1 resolution.

Conductivity. Electrical sheet resistance was measured using
a four-point probe system (Ossilla). For the hand sheets, each
sample was probed and measured at three different points close
to the center of the sample. For the machine-produced papers,
a 6 cmwide cross strip of each paper was collected on which three
probing positions was used; le edge, center and right edge in
order to investigate any cross-direction effect on the conductivity.
For each position, three measurement points were used.

The sample thickness was measured using a micrometer
caliper. An average thickness, taken from three different points,
was used together with the sheet resistance measurements to
calculate the sample in-plane conductivity.

Electrochemical characterisation. 5 quadratic 1 cm patches
were prepared with a laser cutter (Trotec Speedy 300) for each
sample for electrochemical characterisation. Wet-proofed
(polytetrauoroethylene-impregnated) polyacrylonitrile carbon
bre sheets (Toray carbon paper) were chosen as a conducting
support for the patches. The carbon paper was taped on one
side with polyimide (Kapton) tape for improved mechanical
stability, aer which 1.5 cm wide supports were prepared from
the taped sheets. The sample patches were mounted on indi-
vidual supports by gluing them on the tape-free side using
a carbon ink (7102 Carbon Conductor, DuPont), cured on a hot
plate (150 �C) for 10 minutes.

The electrochemical characterisations were performed with
a 3-electrode setup in a cell containing 20 ml 1 M KClaq, with a 2
� 2 cm activated carbon felt as counter electrode and an Ag/
AgCl reference electrode. A potentiostat (Ivium Octostat5000)
was used along with Ivium potentiostat soware. For each
characterisation, the open circuit potential (OCP) vs. Ag/AgCl
was used as the starting point for the measurements.

Galvanostatic charge/discharge measurements were carried
out with a set of current levels for one of the samples, aer
which every sample were investigated at current of 0.9 mA
(approximately 0.2 A g−1 AC), with a voltage maximum of OCP +
0.5 V. Cyclic voltammetry was done in the potential window of
OCP �0.5 V at a scan rate of 10 mV s−1.

Device assembly and characterisation. Circular paper elec-
trodes (⌀ ¼ 5.5 cm) from formulation (iii) as well as circular
separators from cleanroom wipes (⌀ ¼ 6.0 cm) were prepared
with a laser cutter (Trotec Speedy 300). The laser-cut patches
were mounted on the carbon-printed collectors prepared in
previous work (Say et al. 2020) by gluing them using
a commercial carbon ink (7102 Carbon Conductor, DuPont),
which then was cured on a hot plate (100 �C) for 30 minutes.

A ring of double-sided tape was mounted around the glued
papers on both collectors. The papers were soaked with the
This journal is © The Royal Society of Chemistry 2022
ionic electrolyte and le on a hotplate at 100 �C. Aer 1 hour's
soaking, a cleanroom wipe was mounted on top of one of the
papers, partially overlapping the tape. The structure was then
laminated and sealed by mounting the separator-free side on
top of the separator and the double-sided tape (Fig. S9†). The
assembled device was electrochemically characterised using an
Ivium Octostat5000 potentiostat along with Ivium potentiostat
soware. Cyclic voltammetry was done in the potential window
of OCP �0.5 V at 10 mV s−1 scan rate.

Statistical analysis. Two-way analysis of variance (ANOVA)
with repeated measures was performed in order to explore
effects of CNF and/or CB:CNF additions in the paper pilot trial.
The analysis was performed assuming a normal distribution of
the data and a signicance level of a¼ 0.05 was set to determine
if the null hypothesis should be rejected.

In order to give a clearer visualization of the trends in the
long-cycling experiments, the data were processed with the
exponentially weighted moving average (EWMA) technique.52

Here, the processed value zi is a combined value of the value xi
and the precedent calculated value zi-1. The weight of the value
xi is given by the constant l (0 < l # 1) according to eqn (1).

zi ¼ lxi + (1 − l)zi−1 (1)

Eqn (1). The equation for calculating exponentially weighted
moving average values.
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