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Durable Activated Carbon Electrodes with a Green Binder

Azega R. K.,* Mohammad Mazharul Haque, Agin Vyas, Pui Lam Tam,

Anderson D. Smith, Per Lundgren, and Peter Enoksson

Herein, the fabrication and electrochemical performance of thick (180—280 pm)
activated carbon (AC) electrodes with carbonized lignin-derived carbon fiber (LCF)
inclusions are reported. Efforts are taken in fabricating robust free-standing
electrodes from an environmentally friendly binder, microfibrillated cellulose
(MFC), considering the biologically hazardous nature of other commonly used
binders like polytetrafluoroethylene (PTFE), n-methyl-2-pyrrolidone (NMP), and
polyvinylidene fluoride (PVDF). Generally, electrodes composed of MFC binder are
prone to cracking upon drying, especially with higher mass loadings, which leads
to nonflexibility and poor device stability. The LCF inclusions into the AC electrode
with MFC binders not only increase flexibility but also contribute to better
conductivity in the electrodes. The LCFs act as an intermediate layer among AC
particles and serve as conductive pathways, facilitating exposure of more active
surfaces to the electrolyte. A thick electrode with high mass loading of 10 mg cm 2
is achieved. The results show that by incorporating 2 wt% LCF to the AC material,
the best device with 5 mgcm ™2 delivers a specific capacitance of 97 F g ', while

1. Introduction

Activated carbon (AC) is the predominant
commercial choice of electrode material
for charge storage in supercapacitors today.
AC has an advantageous high surface area,
and its mature manufacturing technology
makes it a convenient commercially avail-
able low-cost material. Generally, environ-
mentally unsafe fluorinated polymers
have been used as binders to fabricate
supercapacitors and battery electrodes to
bind the AC particles together alongside
conductive agents like carbon black
(CB).1" As alternatives, carboxymethyl cel-
lulose (CMC), starch, casein, and natural
polymers have been some of the green
binder material choices.””) In the interest

the specific capacitance of the reference AC device without LCF is 85Fg .
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of moving toward ecofriendly electrodes, a
trial to use a cellulose-based binder, micro-
fibrillated cellulose (MFC), is undertaken.
The good binding property of MFC facili-
tates an increased packing density of the material, which is
highly beneficial for the synthesis of thick electrodes. Utilizing
such thick electrodes is a viable strategy to increase the stored
charge per packaged device, as they contain more material com-
pared with thin electrodes. However, the capacitive contribution
from the deeper parts of the thick electrodes is insignificant if
they are limited by the through-plane conductivity or inaccessible
to the electrolyte ions in the system, which is typically the case.
Therefore, the involvement of highly packed or mass-loaded elec-
trodes risks the rate capability and specific power performance of
the device. To resolve such issues, the incorporation of engi-
neered structured materials such as quantum dots,™! carbon
nanomaterials,*® MXenes, and microspheres™ into the elec-
trode materials is a promising solution as they serve as good con-
ductive pathways aiding through-plane conductivity of the
electrodes with improved dynamics. For example, Gryglewicz
et al. demonstrated a composite material containing ACs grafted
with carbon nanofibers (CNFs) deposited by a chemical vapor
deposition (CVD) process through the decomposition of propane
with a 5% Ni catalyst. The composite material with shorter car-
bon fibers showed better electrical double layer capacitor (EDLC)
performances explained by the presence of herringbone CNFs
enacting as electronic bridges between AC particles facilitating
better diffusion of ions."!! Carbon nanotubes’ inclusions in
AC matrix provisions as channels for charge transport, improv-
ing site accessibility."”! Polyacrylonitrile precursor-based con-
ductive carbon fibers function as current collectors for
depositing AC particles for flexible supercapacitors.™?

© 2022 The Authors. physica status solidi (b) basic solid state physics
published by Wiley-VCH GmbH
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Figure 1. Schematic representation of the AC/LCF electrode depicting the
fibers as reinforcements for the AC particles to be held together and its
in-plane and through-plane conductive contribution in the AC matrix.

Likewise, lignin-based carbon fibers (LCFs) synthesized under
optimized stabilization and carbonization conditions are well
known for their higher graphitic nature contributing to higher
electrical conductivity besides their function as a superior active
material and current collector for the electrodes.' Apart from
that, the fibers synthesized by the melt-spinning process have a
high interfacial shear strength.”!

Therefore, in this work, we have synthesized electrodes of dif-
ferent mass loadings by incorporating LCF in the commercially
available AC material and characterized their initial electrochem-
ical performance. The scope is to analyze the contributions of
LCFs as a conductive agent (Figure 1) compared with the AC
electrodes with only CB as the conductive agent.

2. Experimental Section

2.1. Materials

AC from the TCI chemicals supplier was used as the main com-
ponent of electrode materials. The conductive agents, CB and LCF
(carbonized at 1000 °C), were supplied by RISE in Sweden. MFC
with 2.1% dry content was used as the electrode binder material.

2.2. Fabrication of AC/LCF Electrodes

The vacuum-dried samples of AC powder, 3 wt% CB, and 2 wt%
LCF were mixed with 5 wt% MFC to prepare a suspension that was
stirred overnight. The suspension with different mass loadings, 5,
7, and 10mgcm ™2, was transferred to glass Petri dishes in the
open air for a maximum of 2 days to prepare freestanding films.
Afterward, the freestanding films were dried in the furnace for 4 h
at 75 °C under vacuum to minimize the moisture. The reference
electrodes without LCF were prepared in a similar procedure but
with an increased CB amount of 5 wt%. Finally, the freestanding
electrodes were punched out from the films with a circular disc
cutter. The diameter of the individual electrodes was 8 mm.

Throughout this work, pure AC electrodes and LCFs that
included AC electrodes were named AC-n and AC/LCF-n, respec-
tively, where the n indicates the mass loadings, which were 5, 7, or
10 mg cm ™2 Their corresponding thicknesses were 180, 220, and
280 pm, respectively, with uncertainties lesser than +5 pm.

2.3. Materials’ Characterization

Scanning electron microscopy (SEM) LEO Ultra 55 was used to
analyze the fiber morphology of the electrospun LCF. The
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secondary-electron detector was used to analyze the fiber surface
in a high-vacuum mode of 3 kV, while the microscope operated at
1kV accelerating voltage.

The conductivity measurements of LCFs were carried out with
a Keithley 2400 conductivity analyzer. The resistivity, p, recipro-
cal of conductivity o was calculated using the standard four-point
probe formula

s

where V stands for the voltage difference, I for the current, w the
fiber width, t for the fiber thickness, and s separation between the
electrodes.

Surface composition and the chemical states of the elements of
interests were studied by means of X-ray photoelectron spectros-
copy (XPS). PHI 5000 VersaProbe III Scanning XPS Microprobe
equipped with a monochromatic Al Ka X-ray source of photon
energy 1486.6 eV was used, and the used beam size was set at
100 pm. For the insufficient sample conductivity, dual-charge com-
pensation by an electron neutralizer and argon-ion gun was
applied during the measurements. Surface composition was eval-
uated based on the survey scan with a wide scanning energy range
between 0 and 1250 eV; the pass energy was at 280 eV and step size
was at 1.0 eV. To analyze the chemical states of each element, high-
resolution regional scans were conducted with the pass energy
26 eV and step size 0.1eV. Prior to the qualitative analysis, the
results from narrow scans were aligned with the adventitious
carbon C 1s peak at 284.8 eV. The energy scale of the system,
in contrast, was calibrated with reference to ISO 15 472:2010, in
which the core levels of pure gold (Au 4f;),), silver (Ag 3ds,,),
and copper (Cu 2p;;) were aligned at 83.96, 368.21, and
932.62 eV, respectively. Peak deconvolution was conducted using
the MultiPak software. The spectra were first fit above the Shirley
background, and the fit peaks were assigned at a specific energy
peak position in the spectral envelope. Gaussian—Lorenztian func-
tion was used to fit the peak shape, and the full width at half max-
imum (FWHM) of the peak width was less than 2.0eV in all the
fitted curves. The contributions of each chemical state in a specific
element were determined with reference to the area ratios of the fit
peaks in the spectral envelope.

2.4. Electrochemical Measurements

The electrochemical performance was studied for a symmetrical
supercapacitor device containing two similar electrodes assem-
bled in a CR2025 coin cell, as shown in Figure 2. For their
construction, the two identically mass-loaded electrodes were
electrically isolated with a Whatman glass fiber membrane sepa-
rator (10 mm in diameter). The assembled sandwich structure
containing the aforementioned materials was soaked with
50 puL of 6 M KOH electrolyte before encapsulating the device.

Electrochemical measurements were carried out by cyclic vol-
tammetry (CV), galvanostatic charge—discharge (GCD), cyclic
charge—discharge (CCD), and electrochemical impedance spec-
troscopy (EIS) using a Gamry Reference 3000AE electrochemical
workstation. The specific capacitance (Cscy in Fg™") was mea-
sured from CV data using Equation (2), as follows:

© 2022 The Authors. physica status solidi (b) basic solid state physics
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Figure 2. Schematic representation of the device construction with the
prepared electrodes.'®
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where I(A) is the current, v is the scan rate, AV is the operating
voltage window, and m is the mass of both the electrodes in the
cell. The specific capacitances (C; gcp in F g~!) from GCD curves
were calculated using Equation (3) as follows:®!

Iy - ty
m~Vd

Cscep =4 % G
where I, is the discharge current, 4 is the discharge time, and V4
is the voltage from the discharge curve excluding the internal
resistance (IR) drop.

In addition, energy density (E in Wh kg™") and average power
density (Pyg in Wkg ™) of the device are calculated from GCD
curves, according to the following equations.['®!

C.
c, = Sscep 4
= (4)
1 Cq- Vg
E=-x—4 "4
2" 36
E
Pyyg = 3600 x —
ta
where the 3.6 and 3600 are unit time conversion factors. To cal-
culate the specific device capacitance Cy, the C; gcp values were
divided by a factor of 4.

3. Results and Discussion

3.1. Material Characterization

The MFC-based electrodes are freestanding and not prone to
breakage without stress. Under all mass loadings, the LCF along-
side CB and MFC binder cooperated in holding the AC particles
well, while the electrodes without LCFs were quite fragile during
device assembly. Figure 3a shows the magnified SEM image of
the AC electrode with large-sized AC particles ranging between
10 and 15 pm. The LCF fiber included in the AC matrix has a
diameter of 13pum and lengths ranging between 300 and
400 pm. The distribution of the fibers was observed to be
uniform throughout the electrode even with the small LCF inclu-
sion wt%. The low-magnification SEM image from a cracked
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middle cross section of AC/LCF-10 in Figure 3b shows the func-
tionality of LCF as reinforcement in holding the AC particles
together.

In addition, the LCF’s measurements from the four-point
probe show resistivity of 0.03 Q cm, assuring their highly con-
ductive nature that eventually facilitates good electronic conduc-
tivity to the AC particles in deeper layers, as demonstrated in
Figure 1. Moreover, the observed unfilled voids around the
AC electrode particle—LCF interface besides other voids
additionally could aid in electrolyte impregnation as remarked
for some commercial electrodes."”! For further improvement
of the electrode flexibility, the MFC binding could be
complemented with strong elastomeric materials like
styrene—butadiene—rubber (SBR).!'®**!

Figure 4a shows the survey-scan spectra from the XPS meas-
urements of the AC and AC/LCF electrodes. Both samples show
two distinct peaks. They correspond to carbon (Cls = 284.8 eV)
and oxygen (Ols 2 532.7 eV), respectively.

Results from XPS and XRD (see Figure S1, Supporting
Information) show that LCF, as an additive, does not modify
the surface composition of the AC electrode. However, in view
of chemical state analyses, the contributions from carboxylic
(COO™), hydroxyl (—OH), and ketone (C=0) groups were
altered. A slight increase in the carboxylic group and a significant
increase in quinone/ketone groups are observed for the AC
electrodes (Figure 4b). The presence of quinone/ketone groups
usually contributes to an increased pseudocapacitancel®” that
originates from the redox reaction by hydroquinone/quinone
moieties in the system. The additional quinone groups for AC
electrodes indicate the reduced availability of these redox func-
tional groups by adding LCF inclusion to AC electrode. With
corresponding conversion procedures, LCF—OH could be modi-
fied to form additional hydroquinones, which could potentially
add to AC/LCF electrodes’ pseudocapacitance.!*"!

3.2. Electrochemical Performance

The CV curves of electrodes with mass loadings of 5 and
7mgem * at 20mVs ™' scan rate, are shown in Figure 5a.
The electrode’s ability to store charge with 6 M KOH electrolyte
was found effective in the electrochemical voltage window of
0—0.8V. An EDLC-based reversible capacitive behavior is
observed for both the electrodes as the CV curves exhibit a typical
rectangular shape. The specific capacitance value for AC/LCEF-5 is
calculated to be 97Fg™', while for the AC-5, it is 85Fg "
However, with increasing mass loadings of 7 and 10 mgcm™2,
the capacitance values remain similar for both the AC and AC/
LCF electrodes, especially at higher scan rates of 100mVs™!
and above. The additional specific capacitance of the AC/LCF
electrodes at lower scan rates suggests that the LCF promotes
better ion penetration into the pores but only at a limited rate.
The GCD curves at a current density of 1 A g™" are shown in
Figure 5b. The curves are almost symmetrically triangular but
have a small IR drop for all devices regardless of their electrodes.
It is slightly larger for the electrodes with higher mass loading of
7mgcm 2, and it is higher by about 13 mV in AC electrodes
compared with AC/LCF electrodes, indicating slightly lower
IRs at 5mgcm > mass loading. The AC electrodes with

© 2022 The Authors. physica status solidi (b) basic solid state physics
published by Wiley-VCH GmbH
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Figure 3. SEM images of a) AC/LCF electrodes fabricated with MFC as the binder and b) LCF reaching intermediary AC layers.
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Figure 4. a) XPS broad-scan spectra of AC and AC/LCF samples. b) Distribution of predominant reactive and pseudocapacitive chemical states in the

samples.

(a

Current (mA)

)
10d — AC-5
—— AC/LCF-5
— AC-7
—— AC/LCF-7
5 ] zl
04
-5
'10 T T T T T
0 0.2 0.4 0.6 0.8
Voltage (V)

(b)
1
—— AC-5
—— ACILCF-5
0.8 ——AC-7
— ACILCF-7
< 06-
(0]
(@)
3
S 04-
0.2-
0 : : : \
0 10 20 30 40 50

Discharge time(s)

Figure 5. AC and AC/LCF electrode’s (with mass loadings of 5 and 7 mgcm™2) a) CV at 20 mV s~ ' scan rate and b) GCD curve at 1A g™ current density.

CB-LCF and only CB as conductive agent delivered an energy
density of 34 and 31 Whkg™?, respectively, at approximately
the same power density of 71 kW kg™".

Phys. Status Solidi B 2022, 2100311
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Figure 6 shows the EIS in the form of a Nyquist plot per-
formed in the frequency range from 100kHz to 10 mHz with
an alternating current (ac) perturbation of 10 mV.
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Figure 6. Nyquist plot for AC and AC/LCF electrodes at 5 and 7 mg cm 2

mass loadings (enlarged images of the high- and intermediate-frequency
region).

The second intersection of the semicircle in the x-axis repre-
sents the charge transfer resistance or interfacial resistance that
mostly originates from the electrode/electrolyte interface or elec-
trode/current collector interface. However, as the first intersec-
tion representing electrolyte resistance is similar for all the
devices, the resistances are confirmed to not originate from
electrolyte wetting. As shown, the interfacial resistance is lower
for the AC/LCF electrodes compared with pure ACs, which
further confirms the contribution of LCF in the overall enhanced
capacitance observed in CV and GCD measurements. However,
with high mass loading of 10 mg cm ™2, the interfacial resistance
increased for both electrodes, that is, the contributions from
lesser LCF mass loadings for such thicker electrodes contributed
to as much charge transfer resistance as AC electrodes devoid of
added inclusion (Figure S2, Supporting Information). The
increased charge transfer resistance is supposedly due to the lim-
ited space/volume available in the coin cell. The possibility to
accommodate electrodes with only certain thickness affects the
contact between electrode and stainless steel current collector.
Cramping the cell with high pressure could create microfractures
in thicker electrodes, decreasing the electrical conductivity con-
tributions from LCF.

Additional modifications are necessary to truly utilize the use-
ful features of LCF in the electrodes with a high mass loading.
For instance, lowering the fiber diameter to a nanometer scale
would potentially enhance the interaction between LCF and
AC particles as a consequence of the larger available surface
area.™! As realized from the LCFs’ SEM images, with a diameter
of 13 pm, the interaction of all the AC particles around the LCF is
very unlikely. Fiber diameters, lengths, and orientations are all
interesting parameters to control and observe the impact for
optimized electrode behavior, as are LCF surface modifications
or functionalization. A net increase of the LCF content would,
according to our XPS interpretation, increase the prevalence
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Figure 7. The specific capacitance of AC and AC/LCF electrodes at
5 mg cm™2 mass loading over 5000 cycles (inset: charge—discharge cycles
of the same AC/LCF electrode during different cycling intervals).

of surface functional groups in the electrode, which could be
predicted to enhance the overall pseudocapacitive contribution.
A cycling stability test for 5000 cycles is shown in Figure 7.
As seen, the AC/LCF electrodes show high capacitance retention
of 98% with negligible performance deterioration after 1000
cycles. A very similar retention rate is observed for pure AC elec-
trodes, and we thus see no reason to suspect a detrimental effect
on the device’s long-term stability from the LCF inclusions.

4. Conclusions and Future Work

A freestanding AC/LCF supercapacitor electrode is successfully
fabricated using an MFC binder. The LCF serves both as a rein-
forcement agent in binding AC particles and as a conductive
pathway in the AC matrix. The CV measurements indicate that
the device containing AC/LCF-5 electrodes has a higher specific
capacitance of 97 F g~* compared with the device containing AC-
5 electrodes with 85 F g™*. EIS analysis confirms the less-resis-
tive behavior of the AC/LCF electrodes up to 7 mgcm™> mass
loadings compared with pure AC electrodes. From the investiga-
tion with 2 wt% of LCF inclusions, the improved performances
are distinctly superior for the electrodes with a mass loading of
5 mg cm 2. For higher mass loadings (10 mgcm™2), the perfor-
mance is quite similar with and without LCF inclusions. With the
further weight optimization and the reduction of the fiber dimen-
sions along with control of their orientation in the AC matrix, the
capacitive performance could be further improved in the thicker
and highly mass-loaded electrodes. Thicker electrodes are essen-
tial for high-energy performances, and the faster charge transfer
utilizing active material from all sites offers high power.
Therefore, efficient compositing of highly conductive materials
with AC can potentially contribute to the enhancement of the
overall performances in existing commercially available superca-
pacitors. The understanding of synergy in compositing these
materials requires more research.
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