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ABSTRACT: The current work aims at understanding factors that inﬂuence the
processability of nanographite−nanocellulose suspensions onto ﬂexible substrates for
production of conductive electrodes. A custom-built slot-die was used in a continuous rollto-roll process to coat the nanomaterial suspension onto substrates with varying surface
smoothness, thickness, pore structure, and wet strength. The inﬂuence of a carboxymethyl
cellulose (CMC) additive on suspension rheology, water release properties, and coating
quality was probed. CMC addition reduced the suspension yield stress by 2 orders of
magnitude and the average pore diameter of the coated electrodes by 70%. Sheet resistances of 5−9 Ω sq−1 were obtained for the
conductive coatings with a coat weight of 12−24 g m−2. Calendering reduced the sheet resistance to 1−3 Ω sq−1 and resistivity to as
low as 12 μΩ m. The coated electrodes were used to demonstrate a metal-free aqueous-electrolyte supercapacitor with a speciﬁc
capacitance of 63 F g−1. The results increase our understanding of continuous processing of nanographite−nanocellulose
suspensions into electrodes, with potential uses in ﬂexible, lightweight, and environmentally friendly energy devices.

■

INTRODUCTION
Over the last two decades, global electricity consumption has
more than doubled from 11,000 TW h in 1990 to 24,000 TW
h in 2017.1 This can be attributed to multiple factors, viz.,
population growth, increased standard of living, rise in the use
of the internet, and portable electronics.2 The last decade has
seen an exponential rise in the use of renewables, making up
10% of the global electricity generation in 2018, with wind and
solar growing the fastest, at a rate of 13 and 29%, respectively.1
On the consumer side, there is an ever-increasing demand for
portable/wearable electronics and in recent years, a developing
interest toward electric vehicles.3 A common denominator for
the abovementioned trends is the need for eﬃcient and lowcost energy storage systems such as batteries and supercapacitors (SCs). At the same time, it has to be noted that a
higher consumption/production leads to a higher resource
requirement and waste generation. For instance, global e-waste
generation was estimated to be in excess of 50 million tons in
2010, of which less than 50% is recycled.4 Therefore, it is also
imperative to utilize/design environmentally friendly materials/processes for the energy storage systems.
One of the major components of any energy device is the
electrode. Depending on the device’s chemistry and operating
principle, various types of electrodes are used. For example,
traditional cathode and anode materials in Li-ion batteries are
LiCoO2 and graphitic carbon, respectively,5 and conventional
SCs contain highly porous activated-carbon electrodes.6
Energy devices with improved energy/power densities require
electrodes with a higher conductivity, porosity, and speciﬁc
surface area, as they provide a higher number of sites for
electron exchange with the electrolyte ions.7 Because of this
© XXXX American Chemical Society

reason, carbon-based nanomaterials such as graphene, nanographite, carbon nanotubes (CNTs), and multiwalled carbon
nanotubes (MWCNTs) have been demonstrated as potential
electrode materials for energy devices.8−15
Graphene is a single-atom-thick sheet of sp2-bonded carbon
atoms arranged in a hexagonal structure,16 and is one of the
most researched carbon-based nanomaterials in recent times
because of its excellent mechanical, electrical, and thermal
properties.17 Various methods to produce graphene have been
demonstrated in the literature, viz., chemical vapor deposition,18 epiaxial growth,19 arc-discharge,20 and liquid phase
exfoliation via mechanical, chemical, or electrochemical
processes.17,21−24 However, most of these processes are in
their infancy, require expensive materials/processes, often use
toxic chemicals, and are diﬃcult to scale-up.22 Nanographite is
another carbon-based nanomaterial, which is a mixture of
graphite nanoplatelets, few- and multilayer graphene,16 with
electrical and thermal properties lying in between graphite and
graphene.25 Nanographite is typically produced using mechanical exfoliation methods such as jet cavitation,26 high-shear
mixing,27 wet grinding,28 high-pressure homogenization,29 and
microﬂuidization.30 Over the past few years, some of the
authors of this work have developed a hydrodynamic tubeReceived:
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shear exfoliation process to produce nanographite in aqueous
medium, at production rates of 600 g h−1, which is higher than
the values previously reported in the literature.31 No harmful
chemicals are used and compared to other mechanical
exfoliation methods, the energy consumption is relatively
low, therefore, making it a low-cost and environmentally
friendly process. Blomquist et al.12 also demonstrated a metalfree aqueous electrolyte SC fabricated with nanographite
electrodes produced via the aforementioned process and
showed promising results.
Besides conductive carbon-based components, electrodes
also contain binders in small amounts, which are required to
prevent cracking and to keep the electrodes adhered to the
current collector.5 Traditional binders for graphitic-carbonbased electrodes are poly-vinylidene diﬂuoride, polytetraﬂuoroethylene, polyvinylpyrrolidone, polystyrene, and styrene−
butadiene rubber.5,32−34 Besides being nonbiodegradable,
these binders often require toxic solvents such as N-methyl
pyrrolidone, dimethylformamide, and dimethyl sulfoxide.35,36
In order to reduce the environmental impact, several
researchers have been exploring natural polysaccharide
biodegradable binders such as carboxymethyl cellulose
(CMC), cellulose nanoﬁbers (CNFs), gelatin, and starch to
be used in aqueous electrode processing.32,37,38
CNFs (broadly called as nanocelluloses) are high-aspectratio cellulose ﬁbers with diameters in the nanometer range
(5−50 nm) and are typically isolated from natural wood ﬁbers
via mechanical, chemical, or enzymatic processes.39 Because of
their characteristic physical properties such as high aspect ratio,
high speciﬁc surface area, ﬂexibility, and strength and also
because of their renewability, nontoxicity, and biodegradability,
CNFs have been gaining popularity for use in various energy
devices.40−44 Several researchers have demonstrated ﬂexible
electrodes utilizing nanocellulose as a binder for graphite-based
nanomaterials.38,45−47 In addition to making the electrodes
ﬂexible, nanocellulose has also been shown to disperse
graphitic nanomaterials in aqueous media to form long-term
stable dispersions.38 This has been attributed to the ability of
nanocellulose to form a network of hydrogen bonds in aqueous
suspensions and the high surface charge-induced dipoles in
carbon nanomaterials which promotes electrostatic stabilization of the system.48 Blomquist31 and Andres49 utilized
nanographite−nanocellulose aqueous suspensions to produce
ﬂexible electrodes, which they further fabricated into SCs,
achieving a speciﬁc capacitance of 70 F g−1. These SCs were
metal-free, used aqueous electrolytes, and aqueous electrode
processing, thus making them environmentally friendly. In
addition, the nanographite suspension was produced using a
high-throughput tube shear-exfoliation process with a relatively
low energy consumption. Blomquist et al.12 estimated that
compared to commercial SCs, these devices bring about a 90%
reduction in material cost while achieving 50% of the former’s
speciﬁc capacitance.
Flexible electrodes from the nanographite−nanocellulose
suspension can be produced either by pressure ﬁltration or by
casting the suspension in a Petri dish. Alternately, the
suspension can be coated onto a paper (common separator
in batteries and SCs) or a metal substrate (current collector)
utilizing drawdown bar coating or layer-by-layer assembly.
However, most of these techniques are laboratory-scale batch
processes and are not commercially viable. The high speciﬁc
surface area of nanographite and nanocellulose results in high
viscosity and yield stress even at a low solid content of 4%,50
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thus making it challenging to process these suspensions on a
large scale. The objective of this work is to understand the
factors that inﬂuence the processability of nanographite−
nanocellulose suspensions and to demonstrate roll-to-roll slotdie coating of nanographite−nanocellulose suspensions onto
ﬂexible substrates to produce conductive electrodes. Factors
such as suspension rheology, role of CMC as a dispersant on
coating quality, water release, electrode structure, substrate
type, and calendering will be given special attention. The
coated electrodes are ﬁnally fabricated into aqueous electrolyte
SCs and their electrical properties are characterized.

■

MATERIALS AND METHODS
Suspension. Thermally expanded graphite (EXG 9840,
Graphit Kropfmühl, Germany) was used as the starting
material to produce nanographite suspension. Aqueous
graphite suspension (2 wt %) was pumped 10 times (10
passes) at a pressure of 50 bar, through a 1 m long tube-shear
exfoliator to produce nanographite suspension. The average
thickness and frame size of the nanographite particles were
10−20 nm and 2.5 × 2.5 μm2, respectively. A detailed
description of the process and suspension characterization can
be found in Blomquist et al.25 CNF (2 wt %) was produced via
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl-mediated oxidation of
kraft pulp ﬁbers according to the method described by Saito et
al.51 with some modiﬁcations. In short, after the chemical
pretreatment, a suspension with a dry content of 2 wt % was
prepared and dispersed using an Ultra Turrax T50 with a
dispersing element, S50N-G45F (both from IKA-Werke
GmbH & CO. KG), for 30 min at 8100 rpm to obtain the
CNF.52 The nanographite and CNF suspensions were mixed in
a 90:10 ratio (termed as a symbol “GrCNF” from here on) and
the solid content of the suspension was brought up to 3.5 wt %
by ﬁltration. CMC (Finnﬁx 4000G, CP Kelco, Finland) was
added as 5 wt % with respect to dry GrCNF to study its
inﬂuence on the suspension processability.
Rheology. Rotational viscosity measurements of GrCNF
suspensions at 2, 3.5, and 4 wt % and GrCNF at 3.5% + CMC
were performed using a Paar Physica MCR300 rheometer
(Anton Paar GmbH). A couette geometry (radii of the bob
and the cup were 13.3 and 14.5 mm, respectively) was used
and the measurements were done according to DIN 53019-1 at
shear rates between 10 and 1000 s−1 with 20 s acquisition time
per data point. Oscillatory tests to evaluate yield stress were
performed for the GrCNF 3.5% suspension with and without
CMC. Parallel plate geometry (1 mm gap) was used at a
constant angular frequency of 10 rad s−1 and strain sweep
between 0.001 and 100% with 10 s per data point.
Water Release and Pore Structure. A gravimetric water
retention test (Åbo Akademi-type methodÅAGWR) was
performed for the GrCNF 3.5% suspension with/without
CMC to evaluate the suspension’s water release properties.
This test was done according to TAPPI T701 pm-01, which
simulates a suspension’s dewatering rate in a coating process
(water loss from coating to substrate). The test measures
gravimetrically the amount of water released from a 10 mL
sample through a 5 μm ﬁlter membrane at a pressure drop of
0.5 bar during a 90 s interval. The amount of water released
per unit area for each sample is obtained by the average of
three parallel measurements. Furthermore, freestanding
GrCNF electrodes (with/without CMC) were prepared by
dewatering the suspensions through a 30 nm ﬁlter membrane
at a 10 bar pressure drop, with a subsequent air-drying of the
B
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Figure 1. (a) Schematic of the roll-to-roll coating setup; (b) slot-die coating of GrCNF 3.5% on GF; (c) cross section of the slot-die.

dryers with a maximum drying capacity of 43 kW and
temperatures reaching 200 °C. Figure 1 shows the schematic of
the coater along with a cross section of the slot-die.
A custom-built slot-die (length 34 mm, width 74 mm, slot
gap 1000 μm, and distribution channel diameter 16 mm) was
used to coat the GrCNF 3.5% suspension onto GF, KP, and
PB in a continuous roll-to-roll process at a line speed of 3 m
min−1. Two wet-coating thicknesses, 300 μm and 2 × 300 μm
(double coating), were produced for each substrate. The
samples were labeled as substrate code (GF, KP, and PB),
followed by 300 or 600, indicating the sample’s respective wetcoating thickness. For example, a 300 μm wet-coating on GF
will be labeled as “GF300”. In addition, GrCNF 3.5% + CMC
was coated on PB at a 300 μm wet-coating thickness and
labeled as PB300C. The coatings on KP and PB were
calendered using a laboratory-scale soft-nip calender (DT
Paper Science, Finland) at a 100 kN m−1 line load and a 60 °C
roll temperature.
Characterization. Cross sections of the coated electrodes
were prepared using broad ion-beam milling (IM400, Hitachi
High-Technologies Corporation, Japan), and the images were
acquired by ﬁeld emission scanning electron microscopy (FESEM, MAIA3-2016, TESCAN, Czech Republic). These SEM
images were used to analyze the structural diﬀerences between
the electrodes and to determine their corresponding coating
thicknesses. Sheet resistances (Ω sq−1) of the electrodes were
obtained from 10 parallel measurements using a four-point
probe system with a Keithley 2400 SourceMeter (Tektronix
Inc., U.S.A). Furthermore, the electrodes coated on the PB
were creased using a Magnum MCR35E creaser (Vivid
Laminating Technologies Ltd., U.K.; crease width and depth,
1.6 and 0.5 mm, respectively) and the resulting inﬂuence on
sheet resistances was evaluated.
Electrodes coated on GF and KP (uncalendered) were used
to fabricate metal-free aqueous-electrolyte SCs. Four diﬀerent

wet electrodes; porosity and pore size distribution of these
electrodes were measured using Hg-intrusion porosimetry.
Substrates. GrCNF 3.5% was coated on three diﬀerent
substrates in a roll-to-roll process: (i) GFgraphite foil (245 g
m−2 and 200 μm, Sigraﬂex F02012TH from SGL group,
Germany), (ii) KPuntreated greaseproof paper (45 g m−2
and 50 μm, kraft paper (KP) from Nordic Paper, Sweden), and
(iii) PBpigment-coated paperboard (205 g m−2 and 270 μm,
Trayforma Special from Stora Enso, Sweden). The substrates
were chosen to simulate diﬀerent potential end-use applications, for example, a current collector and a separator for SCs,
and applications that require both conductivity and strength
such as ﬂoor sensors and a back contact for solar cells.
Roll-to-Roll Coating. The rheology of GrCNF suspensions
is similar to that of pure CNF suspensions.50 Therefore,
coating methods developed for CNFs can be used for GrCNF
suspensions as well. Continuous slot-die coating of various
types of nanocelluloses has been described elsewhere by some
of the authors of this work.53,54 Brieﬂy, the GrCNF suspension
is fed into a slot-die from a pressurized feed vessel via a gear
pump. The slot-die, which is installed at a 3 o’clock position
relative to the backing roll, functions as both an applicator and
a metering device. Metering mode is enabled by the downward
oﬀset position of the coating head, which creates a converging
geometry between the slot die lips and the backing roll. The
pressure drop in the narrow slot gap results in a high shear rate,
which ﬂuidizes (lowers apparent viscosity) the shear-thinning
GrCNF suspension, thus allowing it to be applied as a thin
uniform coating onto a moving substrate (see Figure 1b,c).
The gap between the substrate and slot-die’s top lip determines
the wet coating thickness. A laboratory-scale roll-to-roll coater
(RK PrintCoat Instruments Ltd., United Kingdom) was
modiﬁed in-house and ﬁtted with a slot-die to coat the
GrCNF suspensions. The coater has operating speeds between
1 and 50 m min−1 and is equipped with infrared and hot-air
C
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conﬁgurations of SCs were studied: (i) electrode coated on a
current collector (GF)two devices of this type with GF300
and GF600 and (ii) electrode coated on a separator (KP)
two devices of this type with KP300 and KP600. The SCs were
assembled in such a way that the cell structure remained the
same, that is, current collector/electrode/2xseparator/electrode/current collector (see Figure 2). All the devices were

Figure 3. Viscosity vs shear rate for GrCNF 2, 3.5, and 4%
suspensions.

High yield stress can also lead to stagnation zones in coating
ﬂow, causing potentially both runnability problems and coating
defects. Yield stress can be determined from strain-sweep
oscillatory measurements by plotting the storage modulus (G′)
as a function of shear stress. The stress at which the storage
modulus starts to deviate from its linear behavior represents
yield stress.56 CMC is an anionic polyelectrolyte derived from
cellulose and is commonly used as a rheology modiﬁer
(thickener) in pigment coating dispersions, food products, and
a variety of industrial dispersions.57 Because of its relatively
high anionic charge and aﬃnity to cellulose surfaces, CMC
addition reduces friction between ﬁbers and increases the
dispersion stability of cellulose ﬁber suspensions.58 This also
results in a lower yield stress and low-shear viscosity. It can be
seen from Figure 4 that CMC addition to the GrCNF
suspension reduced its yield stress by almost 2 orders of
magnitude from ca. 36 to ca. 0.57 Pa. Low-shear viscosity of
the GrCNF + CMC suspension is also lowered.
Water Release and Pore Structure. A coating
suspension’s water release property is the rate at which the
suspension loses water after it is applied onto a base substrate.
This has a signiﬁcant inﬂuence on the coating quality and the
coater runnability.59 The amount of water released from a
suspension depends on various factors such as suspended solid
material concentration and shape, continuous phase viscosity,
interaction between the solid and the continuous phases, and
the base substrate porosity, pore structure, and surface energy.
A high water release leads to fast immobilization of the wet
coating layer, which counteracts any evening out of potential
coating defects and can result in an uneven coating structure.
Moreover, it also makes the paper substrate wet, thereby
lowering its strength and giving rise to web breaks. A low and
slow water release ensures that the wet coating layer has
suﬃcient time to arrange itself into a uniform structure,
provided the suspension has a low enough yield stress and low
shear viscosity. ÅAGWR for GrCNF 3.5% was 9064 ± 118 g
m−2, and CMC addition reduced it to 2364 ± 307 g m−2. This
is expected because when CMC disperses the ﬁbers and breaks
the ﬂocs, it increases the hydrodynamic speciﬁc surface area of
the suspension.58 According to the Kozeny−Carman equation,
a higher speciﬁc surface area of a suspension reduces its
permeability, which leads to an increased ﬁltration resistance.60,61 The result of the reduced water release can be seen
in the improved coating quality, which is discussed in the next
subsection.
Pore size distribution and cumulative pore volume curves
(from Hg-porosimetry) of pressure-ﬁltered and air-dried

Figure 2. (a) Electrode coated on GF (left) and KP (right); (b) SC
assembly; and (c) schematic of the SC assembly.

soaked in 1 M H2SO4 (electrolyte) for 5 min and then placed
in between two thick plastic plates for support. The size of the
electrodes was kept at 50 × 50 mm2 and a 1 kg weight was
placed on the top to ensure that the devices are ﬂat at all times.
Galvanostatic cycling (GC) measurements were performed
using a LabVIEW-based PXI system (National Instruments
Corporation, USA) at constant current densities of 0.52, 1.04,
and 2.08 mA cm−2. Capacitance and equivalent series
resistance (ESR) of the SCs were evaluated from the 10th
cycle at each current density, and average values from two
identical SC devices were reported. Electrodes coated on PB
were not used to fabricate SCs because of the large amount of
electrolyte needed to ﬁll the thick paperboard structure, which
unnecessarily increases the weight of the device. Paperboard as
a substrate is more suitable for conductive applications that
require dimensional stability.

■

RESULTS AND DISCUSSION
Rheology. The rheology of GrCNF suspensions plays an
important role in high-throughput coating processes. Owing to
their high aspect ratio and surface area, GrCNF suspensions
show high yield stress and viscosity, which makes it challenging
to process them in a continuous process. On the other hand,
these suspensions are highly shear thinning, with the powerlaw index decreasing with increasing solids content, that is,
higher the solid content, higher the shear thinning tendency
(see Figure 3). This shear thinning property can be leveraged
by passing the suspension through a narrow slot that exits a
ﬂuidized and low-viscosity suspension. This low-viscosity
suspension can then be immediately applied onto a moving
substrate to form a uniform coating. GrCNF 3.5% was chosen
for roll-to-roll coating as it has a suitable shear thinning
behavior (power-law index) to be utilized in a slot-die process.
This is based on the authors’ previous experience with coating
high-viscosity, low-solid-content, ﬁber-based suspensions.54,55
Yield stress is the minimum stress at which a suspension
starts to ﬂow. Lower the yield stress, easier the pumping, as less
energy is required to pump an otherwise viscous suspension.
D

https://dx.doi.org/10.1021/acs.iecr.0c01112
Ind. Eng. Chem. Res. XXXX, XXX, XXX−XXX

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

Article

Figure 4. (a) Viscosity vs shear rate and (b) storage/loss modulii vs shear stress for GrCNF 3.5% with/without CMC.

electrodes made from GrCNF 3.5% with/without CMC are in
Figure 5. The electrodes without CMC had a higher porosity,

Figure 6. SEM cross-sectional images of uncalendered (a) GF300,
(b) KP300, (c) PB300, and (d) PB300C.

Figure 5. Pore size distribution and cumulative pore volume for the
3.5% GrCNF pressure-ﬁltered tablets with/without CMC.

Table 1. Dry Coating Thicknesses and Sheet Resistances
along with Standard Deviations (for 10 Measurements)

larger pore sizes, and a broader pore size distribution. This is
beneﬁcial when the electrodes are to be used in energy storage
devices because of better electrolyte ion accessibility. When
CMC was added, the porosity of the electrodes reduced from
89 to 81%, pore size distribution became narrower, and the
modal pore diameter reduced by 70% from 3.7 to 1.1 μm. This
can be attributed to the improved dispersion of the GrCNF by
the CMC, which forms an evenly distributed ﬁber network in
the suspension. Although the pore structure is more uniform,
the smaller pore size might reduce the ion accessibility.
Characterization of Roll-to-Roll Coated Electrodes.
SEM cross sections of GrCNF coatings on GF, KP, and PB
show a porous structure (Figure 6), and their porosity is close
to 89%, which is similar to that of the pressure-ﬁltered
electrodes. Although the wet thicknesses were the same, it can
be seen from Table 1 that the electrodes on GF and KP show
higher dry thicknesses compared to those coated on PB. One
possible explanation could be that the relatively closed
structure of GF and KP substrates forced the escaping water
vapor from the bottom side of the coating to blow through the
drying electrode, resulting in an open structure. The
permeability of the PB allows for backside drying through
the substrate. This porous structure is useful for electrodes in
energy storage applications as they provide easier accessibility
to the electrolyte ions. Calendering reduced the electrode
thicknesses by over 70% (GrCNF on KP and PB) and created
a closed structure. Electrodes coated on KP showed higher
variations in porosity and thicknesses after calendering because

Dry coating thickness (μm)
Sample

Before
calendering

GF300
GF600
KP300
KP600
PB300
PB600
PB300C

43.2
67.5
58.7
109.2
24.0
56.6
9.0

±
±
±
±
±
±
±

6.3
5.9
3.9
7.3
2.1
5.2
0.9

Sheet resistance (Ω sq−1)

After
calendering

Before
calendering

8.8 ± 4.0
13.2 ± 2.5
7.8 ± 0.2
11.1 ± 0.2
5.3 ± 0.4

0.06
0.06
8.8
4.4
6.5
5.8
5.1

±
±
±
±
±
±
±

0.01
0.01
1.1
0.2
1.2
1.3
0.3

After
calendering

3.4
1.7
2.0
1.1
5.2

±
±
±
±
±

0.4
0.3
0.3
0.2
0.5

of the base substrate’s higher surface roughness (Figure 7a and
Table 1). On the other hand, calendering resulted in more
uniform and closed electrodes on PB because of its smooth
pigment-coated surface (Figure 7b). The calendered electrodes
might have poor ion conductivity, but they could be beneﬁcial
in applications that require a higher electrical conductivity.
Calendering of the electrodes coated on GF fused them into
the substrate, creating a homogeneous structure.
As mentioned earlier, CMC addition reduces the yield stress
and increases the water retention (slower dewatering) of
GrCNF suspensions, which improves coating uniformity and
runnability. This eﬀect can be clearly seen in Figure 8, as the
wet suspension exits the slot die when applied onto the
substrate. It should also be noted that PB300C had a lower
thickness and a lower thickness variation than PB300 (Table
E
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Figure 7. SEM cross-sectional images of calendered (a) KP300, (b) PB600, and (c) PB300C.

show any change. This shows that CMC also acts as a
plasticizer and helps retain the electrode performance even
after creasing. This property is especially useful for ﬂexible
conducting applications.
Electrodes coated on GF and KP were used to fabricate
metal-free aqueous-electrolyte SCs. Uncalendered electrodes
were used for the SCs because of the electrodes’ higher
porosity, which is beneﬁcial for ion accessibility. Table 2
Table 2. Speciﬁc Capacitance and ESR for Super Capacitor
Devices Fabricated Using Uncalendered Electrodes Coated
on GF and KP
Figure 8. Comparison of coating quality in between (a) GrCNF 3.5%
and (b) GrCNF 3.5% + CMC.

1), indicating a more uniform coating structure. The SEM
cross section of PB300C shows a porous and layered structure,
which was retained even after calendering (Figures 6d and 7c).
This could be due to the electrostatic repulsion between CMC
molecules and the nanocellulose ﬁbers. This is also evident in
the electrode thicknesses and porosities. After calendering, the
thickness and porosity of PB300 electrodes reduced by 70 and
57%, respectively, whereas PB300C showed only a drop of 40
and 33%, respectively.
Electrical Properties. Table 1 summarizes the sheet
resistances for the coated electrodes before and after
calendering. GF300 and GF600 show very low sheet
resistances mainly because of the low contact resistance
between the substrate and the coating and because GF is
highly conductive. Sheet resistances for uncalendered KP and
PB electrodes follow their approximate coating thicknesses,
that is, a higher thickness leads to a lower resistance and vice
versa. Calendering reduced the resistances for KP and PB by
60 and 80%, respectively. This is due to the lower porosity of
the calendered electrode, which in turn leads to better
electrical contact within the coated structure. Electrodes on
PB had a higher reduction in sheet resistance compared to
those on KP because PB’s smoother surface results in a
uniform coating structure when calendered. This is clearly
visible in Figure 7a,b. When compared to electrodes on other
paper substrates, PB300C had a lower resistance before
calendering. This could be due to its uniform coating structure
(or lower porosity) as described in the previous section. On
the other hand, calendering had no eﬀect on the resistance of
PB300C. This could be due to the higher amount of
nonconducting material in the coating (CMC and CNF).
Another reason can be that calendering could not overcome
the repulsive forces between CMC and CNF/nanographite,
thus keeping the number of contact points in the coating
structure, and therefore the sheet resistance, at the same level
as before calendering. Calendered samples of PB300, PB600,
and PB300C were creased and the sheet resistances across the
creases were measured. PB300 and PB600 showed a two-fold
increase in their sheet resistances, whereas PB300C did not

Electrode

Coat weight
(g m−2)

Capacitance
(F)

Speciﬁc capacitance
(F g−1)

ESR
(Ω)

GF300
GF600
KP300
KP600

11.6
22.1
11.7
19.9

0.92
1.22
0.63
0.81

63.4
44.0
43.3
32.5

0.88
0.69
1.12
0.75

summarizes the speciﬁc capacitance and ESR values for the
four diﬀerent SC devices. SCs with electrodes coated on the
current collector (GF300 and GF600) had a higher speciﬁc
capacitance than those with electrodes coated on the separator
(KP300 and KP600). One reason could be that in devices with
KP300 and KP600 electrodes, there might be entrapped air at
the electrode/collector interface, thus resulting in a higher
contact resistance and a corresponding lower speciﬁc
capacitance. A similar explanation could be used for higher
ESR in devices with KP300 and KP600 electrodes. Although
the devices with GF600 and KP600 electrodes had higher
capacitances, they showed lower speciﬁc capacitances than
their low-coat-weight counterparts. This could be due to poor
electrolyte permeability through the thicker electrodes. It is
possible that, for the thicker electrodes, the structure gets too
dense and partly blocks the pores and pathways, resulting in an
inaccessible surface area for the electrolyte ions. A detailed
analysis of the devices’ performance at various charge densities
and scan rates is discussed in Blomquist.31 The performance of
these SCs is comparable to similar devices demonstrated on a
batch scale by some of the authors of this work,62 thus showing
that slot-die coating of nanographite−nanocellulose suspensions could be used to produce low-cost environmentally
friendly conductive electrodes on a large scale. The inﬂuence
of CMC-containing electrodes on the SC performance will be
addressed in future studies.

■

CONCLUSIONS
Nanographite−nanocellulose suspensions exhibit highly shearthinning behavior. This property is utilized by passing the
suspensions through a slot-die and the ﬂuidized suspension
thus obtained can be applied onto a ﬂexible substrate to
produce conductive coatings in a continuous process. CMC
addition lowers the yield stress and helps in pumping the
suspensions easily. In addition, CMC improves the water
F
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MWCNTs
NMP
PB
PS
PTFE
PVA
PVdF
PVP
SBR
SC
SEM
ÅAGWR

retention of the suspension, resulting in improved coatability
and runnability. GrCNF suspensions were coated utilizing a
slot-die in a continuous process onto graphite foil, kraft paper,
and paperboard to produce ﬂexible electrodes for energy
devices. The electrodes thus produced are highly porous with
porosities close to 80 and 90% for coatings with and without
CMC, respectively. Calendering causes an 80% reduction in
sheet resistances and electrode thicknesses. Sheet resistance
and resistivity as low as 1 Ω sq−1 and 12 μΩ m, respectively,
were obtained for electrodes coated on a paper substrate.
Electrodes with CMC show higher resistances, while
calendering and creasing had no eﬀect on their electrical
properties. Finally, metal-free aqueous-electrolyte SCs were
fabricated from electrodes coated on GF and KP, and a
maximum speciﬁc capacitance of 63 F g−1 was achieved.
Although the electrical properties are lower than for other
devices demonstrated in the literature, given the low-cost
materials and high-throughput processes used to produce the
electrodes, the performance is justiﬁed, especially for low-cost
devices.

■

■

Article

multiwalled carbon nanotubes
N-methyl pyrrolidone
paperboard
polystyrene
polytetraﬂuoroethylene
polyvinyl alcohol
polyvinylidene diﬂuoride
polyvinylpyrrolidone
styrene−butadiene rubber
supercapacitor
scanning electron microscopy
Åbo Akademi gravimetric water retention
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