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ABSTRACT: Carbon beads with sub-micrometer diameter were
produced with a self-emulsifying novolac—ethanol—water system. A
physical activation with CO, was carried out to create a high
microporosity with a specific surface area varying from 771 (DFT) to
2237 mz/g (DFT) and a total pore volume from 0.28 to 1.71 cm3/g.
The carbon particles conserve their spherical shape after the thermal
treatments. The controllable porosity of the carbon spheres is
attractive for the application in electrochemical double layer
capacitors. The electrochemical characterization was carried out in
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aqueous 1 M Na,SO, (127 F/g) and organic 1 M tetraethylammo-

nium tetrafluoroborate in propylene carbonate (123 F/g). Furthermore, an aqueous redox electrolyte (6 M KI) was tested with
the highly porous carbon and a specific energy of 33 W-h/kg (equivalent to 493 F/g) was obtained. In addition to a high specific
capacitance, the carbon beads also provide an excellent rate performance at high current and potential in all tested electrolytes,
which leads to a high specific power (>11 kW/kg) with an electrode thickness of ca. 200 ym.
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1. INTRODUCTION

Electrical double layer capacitors, also known as supercapacitors
or ultracapacitors, store electrical energy via fast ion electro-
sorption processes at the fluid—solid interface between a
charged electrode and electrolyte." Due to the nonfaradaic and
interfacial nature of this process, a supercapacitor typically
shows a power handling ability superior to lithium ion batteries
where the ions intercalate into a solid material with a suitable
(often layered) structure.” In consequence, supercapacitors
have higher specific power (800—2000 W/kg) than lithium ion
batteries (typical specific power, 100 W/kg).> Another
advantage of supercapacitors is their long cycling performance
stability and high Coulombic efficiency. However, this comes at
the price of a comparably low specific energy of 5—15 W-h/k%
for supercapacitor cells (lithium ion batteries, ca. 100 W-h/kg).

Commonly, electrodes for supercapacitor applications
employ micrometer-sized particles of nanoporous carbon
consolidated by the use of polymer binder.”> To further
enhance the power performance via fast ion transport, sub-
micrometer particles are of high interest.””” For example, using
an emulsion synthesis process, we have recently shown the
superior rate handling ability of sub-micrometer carbide-derived
carbon (CDC) beads with diameters ranging from 20 to 200
nm.'’ This aligns with the enhanced performance of nano-
meter-sized TiC powders, which demonstrate an enhanced
power rating compared to their micrometer-sized counter-
parts.® Yet, the necessity of chlorine gas to etch all noncarbon
atoms makes the production of CDCs less attractive to large
scale industrial processing. Also alternative synthesis methods
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for sub-micrometer-sized carbon particles (especially spherical
ones) have been reported, such as camphoric carbon nanobeads
(ca. 80 m?*/g specific surface area (SSA))'" or spongy carbon
nanobeads (16 m?/g SSA),"> but commonly high porosity
values cannot be achieved without postsynthesis activation.

A well-established method to synthesize spherical particles
(including sub-micrometer diameter) is emulsion polymer-
ization."” The advantages of particle synthesis from emulsions
are (i) the simplicity of the setup and scalability, (ii) the
possibility to prepare a great variety of materials with a broad
range in particle sizes, and (iii) a flexibility on adjusting the
composition.'* The diameters of the emulsion’s liquid droplets
may range from 10 nm to 100 ym, and phenolic resins can be
used as carbon precursor for emulsion polymerization.”™"
Phenolic resin systems are formed with a base or acid catalyst
to obtain resoles or novolacs.”” Resoles can cross-link without
the help of cross-linking agents in contrast to novolacs which
can only cross-link by adding a hardener (e.g,, hexamethyle-
netetramine).”’ As reported in the literature so far, as-pyrolyzed
beads from phenolic resin may exhibit a specific BET surface
area (SSAgpr) up to 1131 m*/g which can be further increased
by physical or chemical activation.'”*" Typical SSAggr, which
can be obtained with physical or chemical activations of carbon
materials, are between 500 and 3100 m?/g.'®**** For example,
the physical activation of carbon microspheres (200—1000 ym)
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with CO, gas has been investigated by Singh and Lal, varying
the CO, flow rate, the gasification temperature, and the
activation time.'® An increased flow rate decreased the porosity
because of a shorter dwell time, while increasing the
temperature from 850 to 1150 °C led to an enhanced SSAggr
of up to 1031 m?/g while sacrificing the total yield of the final
product.'® A prolonged activation time from 5 to 15 h at 950
°C was the most effective step to increase the porosity: the
burnoff increased from 32 to 88 mass% while the SSAggr
increased from 574 to 3101 mz/g.16

To establish industrial production, Tennison (MAST
Carbon) developed the synthesis of nonspherical phenolic-
resin-derived carbon particles with a particle size of 1—50 pm.”*
By using physical activation with carbon dioxide, it was possible
to achieve SSAggr from 800 to 1500 m?/g.”* Later, Tennison et
al. improved the synthesis procedure to obtain phenolic-resin-
derived carbon with adjusted particle sizes between 5 and 2000
pm by using a water-in-oil emulsion.”> Using this approach,
they reached a SSAgpr of up to 750 m*/g with total pore
volume of ca. 1 cm®/g. The unique feature of their synthesis is
the use of pore formers, such as diols, diol-ethers, cyclic esters,
cyclic and linear amides, or aminoalcohols. These pore formers
do not react with the polymer but remain within the cross-
linked resin and can be removed in a later stage. An initial study
of the electrochemical properties of such novolac-derived
carbon microbeads was provided by Fernindez et al.*® These
beads were pyrolyzed at 800 °C and activated with carbon
dioxide at 900 °C to obtain a SSAggr up to 1773 m*/g and up
to 124 F/g capacitance in 1 M TEA-BF, in acetonitrile (ACN).

To overcome the inherently limited specific energy of
electrical double layer capacitor, the use of redox-active
electrolytes has emerged as a facile and powerful
approach.”’ = Unlike supercapacitors, redox electrolytes do
not limit the energy storage capacity of the system to ion
electrosorption at the fluid/solid interface at the electrode.
Instead, the electrolyte volume actively participates in the
energy storage mechanisms through soluble redox couples, for
instance, quinone/hydroquinone, iodine/iodide/triodide, ferri-
cyanide/ferrocyanide, or vanadium oxide.”>”' Redox electrolyte
systems provide not only a very high specific energy (10—50
W-h/kg) but also high specific power almost close to that of
supercapacitors.”” The latter can be explained by the enhanced
diffusion kinetic of the redox ions in the carbon nanopores
where the pore size is smaller than the equivalent diffusion layer
thickness.”* Thus, an electrode should exhibit a synergistic
combination of larger transport pores for the transport of redox
ions and a total high pore volume to provide a large reservoir of
redox-active species. This requirement can be met with
nanoporous carbon spheres with sub-micrometer size, where
the large intraparticle pore volume serves as reservoir, short
diffusion path lengths are provided via the small particle size,
and an additional reservoir for ions is provided by large
interparticle porosity.

Our work presents the synthesis of sub-micrometer novolac-
derived carbon (abbreviated as NovoCarb or PNC) beads by a
simple emulsion polymerization, followed by carbonization and
physical activation. The self-emulsifying characteristic of the
emulsion (novolac—ethanol—water) makes this synthesis
method particularly practical because no high shear mixer or
ultrasonic device is needed. This and the small particle size set
our synthesis apart from established approaches, such as that
developed by Tennison.”> For the highly nanoporous
NovoCarb spheres, we first establish the performance as a
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conventional supercapacitor electrode in aqueous (1 M
Na,SO,) and organic media (1 M TEA-BF, in propylene
carbonate, PC). Finally, the very high energy storage capacity of
the material is demonstrated for aqueous 6 M KI (potassium
iodide). Such a high molar concentration of potassium iodide
has not been studied before, and we benchmark all data vs
conventional activated carbon (AC, YP-80F from Kuraray).

2. EXPERIMENTAL DESCRIPTION

2.1. Synthesis of Ultrasmall Novolac-Derived Carbon Beads.
A 25 g amount of novolac (ALNOVOL PN320, Allnex Germany
GmbH) was dissolved in 100 mL of ethanol. The cross-linker, 2.5 g of
hexamethylenetetramine (TCI Deutschland GmbH), was dissolved in
500 mL of Milli-Q water. The novolac—ethanol solution was added to
the aqueous phase in a 1 L autoclave. The transparent solutions
became milky directly after the addition of the second phase, and the
self-emulsifying effect of the system eliminated the need for additional
stirring of the emulsion. A pressure of approximately 3 X 10° Pa of
nitrogen was applied to the autoclave before heating. The autoclave
was heated to 150 °C (measured inside the autoclave) with a heating
rate of S °C/min and held at this temperature for 8 h. The pressure
increased from 3 X 10° Pa to approximately 4.3 X 10° Pa during the
reaction. After synthesis, the suspension was freeze-dried using liquid
nitrogen to minimize agglomeration so that a dry powder was
obtained.

The novolac beads were pyrolyzed at 700 °C with a heating rate of
20 °C/min in argon (purity, 4.6) and held at this temperature for 2 h.
Subsequently, physical activation via CO, treatment (purity of CO,,
4.5) was carried out by heating to 1000 °C with a heating rate of 20
°C/min while CO, flow rate was controlled to 100 cm®/min at 1000
°C. The process time (denoted as X; see Supporting Information
Figure S1) was varied between 0 and 3 h to adjust the porosity of the
carbon beads. In this work, the activation time is reflected by the
subscript in the sample’s name; for example, PNC,, refers to phenol
novolac carbon (PNC = NovoCarb) that has been exposed to 2 h of
CO, activation.

2.2. Materials Characterization. The carbon beads were imaged
by a field emission scanning electron microscope (SEM; JEOL-JSM-
7500F from JEOL Ltd.) and a transmission electron microscope
(TEM; JEOL JEM-2100F operating at 200 kV). The bead diameter
was measured on the basis of the SEM images with ImageJ 1.47t for a
number of 150 beads.”® Chemical characterization via CHNS analysis
was carried out with the Vario Micro Cube of Elementar GmbH with a
temperature of the reduction tube of 850 and 1150 °C of the
combustion tube. The device was calibrated with sulfanilamide.

Raman spectra were measured with a Renishaw inVia Raman
Microscope, equipped with a grating of 2400 lines/mm and a 50X
objective (numeric aperture, 0.9), reaching a spectral resolution of
~1.2 cm™". An Nd:YAG laser with an excitation wavelength of 532 nm
was used. The acquisition time was 20—30 s, and 3—10 accumulations
were used to enhance the signal-to-noise ratio. After the background
noise was subtracted from the obtained Raman spectra, the D- and G-
peaks were fitted with a Voigt function, as was the background
contribution.

The nitrogen and carbon dioxide gas sorption analyses were carried
out with a Quantachrome Autosorb iQ system. The pyrolyzed and
activated samples were degassed at 150 °C for 1 h and subsequently
heated to 300 °C and kept at this temperature for up to 20 h at a
relative pressure of 0.1 Pa to remove volatile molecules from the
surface. The nitrogen sorption analysis was performed in liquid
nitrogen at —196 °C and the carbon dioxide sorption analysis at 0 °C
using ethylene glycol as cooling agent. The relative pressure with
nitrogen was § X 10~ to 1.0 in 76 steps and 4.5 X 10™* to 1 X 10~% in
55 steps for the CO, measurements. The pore size distribution (PSD)
was derived using the quenched-solid density functional theory
(QSDFT), assuming slit-like pores, for the nitrogen measurements
and the nonlocal density functional theory (NLDFT) for the carbon
dioxide measurements.>* ™3¢ The specific surface area (SSA) was also
calculated using the Brunauer—Emmett—Teller equation (BET) in the
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linear regime of the measured isotherms, typically 3 X 107 to 2 X 107"
(relative pressure), with a Quantachrome Autosorb 6B.*7 All
calculations were performed with the ASiQwin-software 3.0, and the
average pore size was calculated by volume weighing (i.e., ds, value =
cumulative pore size corresponding with half of the total pore
volume).*®

The novolac beads were pyrolyzed in an Ar atmosphere (purity,
4.6) in a thermogravimetric analysis (TGA; TG209F1 Libra from
Netzsch) with a heating rate of 10 °C/min to 1100 °C. A similar
experiment was performed in a CO, atmosphere (purity, 4.5) with the
pyrolyzed sample. The pyrolysis in Ar (purity, 5.0) was also
investigated in a TGA with mass spectrometer (TGA-MS;
STA449F3 Jupiter and QMS 403C Aéolos from Netzsch). The
density of the NovoCarb particles was measured by helium
pycnometry (AccuPyc 1330 pycnometer from Micromeritics; purity,
5.0).

2.3. Electrochemical Measurements. Freestanding carbon
electrodes were prepared either with NovoCarb beads or commercially
available activated carbon (AC, YP-80F from Kuraray) by applying
polytetrafluoroethylene (PTFE; 60 mass % in H,O) as binder. After
dispersing the carbon material in ethanol, the PTFE solution was
added. Then, the mixture was crushed in a mortar during the
evaporation of the ethanol. The doughy carbon paste was then rolled
out via a rolling machine (HRO1 hot rolling machine from MTI
Corp.). Finally, 120—220 pm thick freestanding electrodes were
produced with 5—10 mass % PTFE for the AC based electrode and 9—
12 mass % for the NovoCarb beads. Afterward, the electrodes were
dried in a vacuum oven at 120 °C for 48 h at 2 X 10° Pa. For the cell
assembly, an electrode disc was punched out of the rolled blank with a
diameter of 12 mm. The active electrode mass varied between 2 and
1S mg depending on the activation time (Supporting Information
Table S1) since the particle packing and electrode thickness were kept
constant.

For the organic electrolyte (1 M TEA-BF, in PC; BASF, battery
grade) and the aqueous system (1 M Na,SO, in Milli-Q water; Sigma-
Aldrich), custom-built cells were assembled employing a symmetrical
two-electrode setup.’® In order to minimize the contact resistance
between the cell piston made of titanium and the electrode, a carbon-
coated aluminum current collector (type Zflo 2653, Coveris Advanced
Coatings, Matthews, NC, USA) was placed between the electrode and
the cell piston made of titanium for measurements in organic media. In
aqueous media, we used a platinum current collector instead. The
electrodes were separated with a glass-fiber separator with a diameter
of 13 mm (GF/A, Whatman, GE Healthcare Life Science). Before the
cells were filled with the organic electrolyte in an argon-filled glovebox
(MBraun Labmaster 130; O,, H,O < 1 ppm), they were dried at 120
°C and at 2 X 10° Pa for 24 h.

For the redox electrolyte system, a custom-made cell with graphite
current collectors (10 mm thickness) was used with two-electrode
configuration using two symmetric electrodes with a diameter of 12
mm. A schematic drawing is provided in Supporting Information
Figure S2. To prevent the possible redox shuttling of the redox ions
between anode and cathode,* a cation exchange membrane (FKS15,
FuMA-Tech; thickness, ca. 15 um) was used as a separator. In order to
provide an effective seal for the membrane, polymer gasket layers were
placed between graphite current collectors and the membrane.
Through the circular inner cut (1.33 cm?) of the gaskets, the
electrodes were placed between the membrane and the current
collector. Before the cell assembly, the electrodes were soaked in the
redox electrolyte (1 or 6 M KI) with application of vacuum (10* Pa)
for S min for degassing. During the cell assembly, the electrolyte was
dropped on the electrode and the empty space in the gasket inner cut
was completely filled with the electrolyte as the cell was sealed
afterward.

All of the electrochemical measurements were conducted with a
VMP300 potentiostat/galvanostat form BioLogic. From the obtained
data, the specific capacitance was calculated with eq 1 from cyclic
voltammograms (CVs) and with eq 2 for data from galvanostatic
cycling with potential limitation (GCPL). The calculated capacitance
values in this work are always the average of two measurements with a
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standard deviation below 10%. To compare the capacitance of
different materials, it is common to normalize the capacitance to the
active mass of the electrode material.*!

I(t)

ST (du(e)/deym (1)

where Cg is the specific capacitance per electrode; I(t), the discharge
current; dU(t)/dt, the scan rate; and m, the mass of carbon in the
electrode.

_ 4Qdis

C
s Um

)
where Cg is the specific capacitance per electrode; Qg the charge of
the discharging cycle; U, the IR-drop corrected cell voltage; and m, the
mass of carbon in the electrode.

For the calculation of the specific energy (W-h/kg) of the cells with
the redox electrolyte, eq 3 was applied by integrating the cell voltage
with respect to the discharging time measured in GCPL mode.

i

E = U dt

®)

where E is the specific energy of the cell; i, the constant current
applied during the measurement; and m,,, the total mass of the two
carbon electrodes of equal weight.

To determine the electrochemical stability window of KI aqueous
solution with AC activated carbon and NovoCarb beads, a voltage
opening test with cyclic voltammetry was initially applied to the cells at
the scan rate of 1 mV/s from 0.6 to 1.4 V in intervals of 0.05 V. In
order to characterize rate handling performance, CV, and GCPL were
carried out in a full cell (symmetric two-electrode setup) with 1 M
TEA-BF, in PC, 1 M Na,SO,, or 1 or 6 M KL

For long-term stability testing, voltage floating was performed with a
battery cycler (BAT-SMALL battery cycler from Astrol Electronic AG)
with a symmetric two-electrode cell configuration. The voltage was
kept at 1.2 V in aqueous and at 2.7 V in organic electrolyte for 100 h,
and the specific capacity was measured every 10 h by galvanostatic
cycling (aqueous, 1.2 V; organic, 2.5 V). In the case of the redox
electrolyte system, a galvanostatic cycling test was carried out at 1 A/g
from 0 to 1.4 V in a symmetric two-electrode configuration.

2.4. Electrochemical Dilatometry. The height change (strain) of
the carbon electrodes during charging and discharging was measured
with a ECD-nano dilatometer from EL-CELL. The dilatometer cell is
based on a two-electrode design using an oversized PTFE-bound AC
as counter and quasi-reference electrode. The investigated electrodes
were compressed between the separator and a movable titanium
plunger with a constant weight load of 10 N. Prior to the experiments,
the cell was dried for 12 h at 120 °C under vacuum (2 kPa). A DP1S
displacement transducer (Solartron Metrology), with an accuracy of
15 nm, was used. The experiments were performed at constant
temperature of 25.0 % 0.1 °C using a climate chamber (Binder). Prior
to the electrochemical characterization, the cell was conditioned with a
holding period at 0 V vs carbon for 10 h followed by five charge/
discharge cycles between 0 and 2.5 V vs carbon, and only data of the
fifth cycle are shown.

Myotal

3. RESULTS AND DISCUSSION

3.1. Morphology and Porosity. Electron microscopy
confirmed conservation of the spherical droplets structure
generated in the emulsion after polymerization and pyrolysis
(Figure 1A,B). Image analysis yielded an average number-
dependent sphere diameter of 302 + 142 nm for PNCy,.
Transmission electron microscopy (TEM) also showed the
highly homogeneous character of the beads with no differ-
entiation, for example, between core and shell. The overall
nonordered character of the carbon is also evident from the
absence of lattice fringes or visible crystalline domains (Figure
1B, inset). As seen from Figure 1C,D, the size of the particles
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Figure 1. SEM images (A, C) and TEM images (B, D) of PNCy, (A,
B) and PNCy;, (C, D). Box—whisker plot (E) with maximum and
minimum, upper and lower quartile, and number-dependent average
and median of the carbon beads after the pyrolysis PNCy, and after
CO, activation (PNCy,s5, PNCy sy PNCyy, PNC, 5, PNCyy, PNC, g,
and PNCy,).

after 3 h of CO, activation was significantly reduced to 104 +
40 nm as was the spread of minimum and maximum diameters
(Figure 1E and Supporting Information Figures S3 and S$4). No
significant change in bead diameter was encountered for CO,
activation up to 2.5 h. The noncrystalline character of the
carbon beads can be seen well from high resolution TEM
micrographs (Figure 1D, inset) and the increased transparency
of CO,-treated beads indicates that the particles became less
dense through removal of carbon by the physical activation (see
also Supporting Information Figure SS).

To further investigate the pyrolysis process and CO,
activation as a facile way to enhance the porosity of NovoCarb
beads, we carried out thermogravimetric analysis. The TGA
data presented in Figure 2A show the mass loss of the carbon
beads during the pyrolysis and the CO, treatment. The
pyrolysis of phenolic resins can be classified in three phases.”
The small mass loss at approximately 100 °C was not part of
the three stages of the pyrolysis and was caused by desorption
of water and other light molecules (e.g., ethanol and ammonia;
Supporting Information Figure SS). The first stage is identified
by the formation of cross-links and the evolution of water and
other condensates between 200 and 500 °C. The second stage
is dominated by breaking cross-linking bonds between 400 and
800 °C (i.e., amino, methylene, and oxygen groups). This leads
to the evolution of water, carbon monoxide, nitrogen, and
amino groups among others (Supporting Information Figure
SS). The oxygen signal is dropping at approximately 350 and
630 °C because of the evolution of carbon dioxide. The residual
oxygen of the Ar flow is also reacting with the sample during
the pyrolysis, and the final stage (560—900 °C) is dominated by
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the production of hydrogen by the splitting of hydrogen atoms
directly bonded to benzene nuclei”™™ Pyrolyzed carbon is
formed in this temperature range via the coalescence of
aromatic rings, and the yield is 48 mass % at 700 °C and 43
mass % at 1100 °C of the initial sample mass. During the CO,
treatment, we observed a massive oxidation-induced mass loss
above 950 °C and adjusted the activation parameters to 1000
°C for this study.

As seen from electron micrographs, the beads became
smaller and rougher with progressed activation (Figure IC—E).
With an additional decrease in contrast, TEM images indicate
an increase in particle porosity, while the small nanopores
themselves cannot be resolved by the imaging method directly.
A more detailed characterization of the porosity of the beads
prior to and after thermal activation with CO, for different
durations can be gained by gas sorption analysis (GSA), as
shown in Figure 2B—D.* Values for the mass loss, SSAzgy and
SSApgr, total pore volume, and average pore size are provided
in Table 1. The pyrolyzed carbon beads showed exclusively
micropores with pores only smaller than 0.8 nm and a SSApgr
of 771 m?/g. The average pore size was 0.5 nm which is similar
to the calculated molecular diameter of ethanol (0.52 nm),"
indicating the role of ethanol as a pore former. The CO,
activation and the increase in activation time led to a higher
total mass loss. The SSApgr also increased to reach a maximum
of 2237 m*/g (SSAggr, 3104 m?/g) with a total pore volume of
1.71 cm®/g at a mass loss of 90 mass %. These values are similar
to the highest SSAggT reported in literature for activated carbon
materials.'®**”* Progressing activation caused a coalescence of
the pores and a progressing increase of the average pore size.
Finally, the enhanced pore coalescence at an activation of more
than 2 h led to an ultimate decrease of the SSA and total pore
volume while the average pore size constantly increased (Figure
2B). Additionally, the width of the pore size dispersity
increased from 0.3 to 1.1 nm (PNCgy) to 04—2.0 nm
(PNCy;) and to 0.5-3.4 nm (PNCyy,).

3.2. Structure, Density, and Chemical Composition.
TEM micrographs (Figure 1) evidenced the amorphous nature
of NovoCarb beads and the lack of crystalline ordering after
pyrolysis and CO, activation. Further insights into the carbon
structure can be gained by means of Raman spectroscopy
(Table 2). The Raman spectrum of PNC, is shown in Figure
S6A (Supporting Information) with the fitted peaks for D-
mode (at 1345 cm™) and G-mode (at 1602 cm™). The Ip/Ig
ratio can be used to calculate the average in-plane domain size
(L,),** for example with the Tuinstra—Koenig45 or the Ferrari—
Robertson equation.46 To understand the data, we need to
consider that the two equations are only valid for different
domain sizes: the Tuinstra—Koenig (TK) equation can be used
for L, < 2 nm and the Ferrari—Robertson (FR) equation for L,
> 2 nm."”” We have to assume a transition in the values from the
TK to the FR model, as shown in Figure S6C. Starting from an
amorphous polymeric precursor, the pyrolyzed carbon showed
a relatively small L, of 1.4 nm. This value slightly increased after
activation due to the longer holding time at higher temper-
atures and the removal of nongraphitic carbon for PNC,s,
(1.5 nm) and PNCy, (1.7 nm). For longer activation durations
and L, close to the critical domain size of 2 nm, we have to
transition to the use of the FR model. Accordingly, the L,
values for PNC,;, to PNCjy, showed a small level of variation
between 2.3 and 2.5 nm.

The two competing effects of graphitic domain size growth at
high temperatures and the removal of carbon atoms by the
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Figure 2. TGA of the pyrolysis of novolac beads in Ar atmosphere and of the CO, treatment of the pyrolyzed beads recorded with a heating rate of
10 °C/min (A). Correlation of SSAppy, average pore size, and mass loss on the CO,-activation time (B). Nitrogen sorption isotherms at —196 °C on
carbon beads (C). Cumulative pore size distributions of the CO, (at 0 °C) and N, (at —196 °C) gas adsorption measurement of the samples PNCy,
PNC,,, PNC,,, and PNCy, (D).

Table 1. Mass Loss of the Beads Introduced by the Pyrolysis Table 2. Peak Fitting Results of the Raman Spectra, with

and CO,-Activation and Surface Characteristics of the Position of the D- and G-Mode, the FWHM, I,/I; Ratio and
Carbon Beads” L,
mass loss SSAppr  SSAggr  total pore vol  av pore mode position (cm™?) FWHM (em?) Ip/I; L, (nm)
(mass %) (m*/g)  (m’/g) (cm’/g) size (nm)
PNCy, D 1345.0 165.9 2.49 143
PNCy, 49 771 624 028 05 G 16019 667
PNCoasp §7 1125 998 0.44 0.6 PNCyys, D 1346.2 1735 232 185
PNCys; 63 1434 1433 0.57 0.7 G 1600.8 747
PNCyy 78 1921 2383 105 11 PNC,5, D 1345.7 164.5 200 171
PNC, 4, 84 1982 2633 1.32 14 G 1597.8 81§
PNCy, 20 2237 3104 171 18 PNC,, D 1339.6 1329 217 249
PNC,, 94 1792 2571 1.58 2.0 G 16012 612
PNCy, o7 851 1189 088 22 PNC,5, D 13394 1267 203 231
AC 1756 2347 L1s 16 G 16018 62.4
“For data on AC, see also ref 61. PNC,, D 1336.2 1229 2.07 2.39
G 1600.9 59.4
PNC, D 1335.1 1222 208 237
physical activation influence the domain size of the carbon G 1599.8 587
materials, as also seen from Raman spectroscopy (Supporting PNCs, D 1335.1 1220 211 241
Information Figure S6c). The position of the D-mode shifted G 1599.7 79
from 1345 to 1335 cm™ when increasing the activation time.
For comparison, the G-mode of all samples was located at The analysis of the skeletal density supports the transition
approximately 1600 cm™', which indicates partially graphitic toward a higher degree of carbon ordering. Initially, the density
carbon, as also supported by a range of I,/I; ratio between 2.02 of the pyrolyzed carbon beads was 1.99 + 0.01 g/cm® For
and 2.49."° For the physical activation, we have to consider the comparison, glassy carbon has a density of 1.48 g/cm’ and
preferential etching of less-ordered carbon in addition to graphite of 2.25 g/cm®* Activation led to an initial increase of
structural ordering caused by the thermal treatment. the skeletal density after 1 h (2.33 + 0.08 g/cm?), as shown in
9108 DOI: 10.1021/acsami.6b00669
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Table 3. Results of the CHNS Analysis”

C (mass %) H (mass %)

ALNOVOL PN 320 734 + 1.7 5.83 + 0.27
polymer beads 70.8 £ 1.3 6.32 £ 222
PNC,, 92.6 + 1.5 1.34 + 0.02
PNCoash 90.7 £22 1.04 + 0.03
PNC, s 904 + 1.6 113 + 0.02
PNC,, 90.1 + 2.8 0.82 + 0.05
PNC, 4, 90.4 + 8.7 0.77 £ 0.04
PNC,, 89.3 + 2.5 090 + 0.13
PNC,, 82.1 + 4.5 0.66 + 0.40

N (mass %) S (mass %) AO (mass %)

<0.2 b.d. 20.8 £ 1.7

23 +£0.1 b.d. 20.5 + 2.6
<04 b.d. 57+ 1§
<0.5 b.d. 7.8 £23
<04 b.d. 81+ 1.6
<0.5 b.d. 8.6 + 28
<0.5 b.d. 83 + 87
<0.8 b.d. 9.0 + 2.6
<0.7 b.d. 16.6 + 4.6

“The difference to 100% is attributed to oxygen and listed as AO; as no other elements were seen by elemental analysis with energy-dispersive X-ray
analysis (EDX), the value for AO is an approximation for the actual oxygen content (b.d.: below limit of detection).

Figure S7 (Supporting Information). This value is relatively
high compared to other CO,-activated resol-derived carbons in
the literature (2.2 g/cm?; see ref 24), and this can be explained
with the removal of less-dense material by the CO, activation
and enhanced structural ordering of disordered carbon at high
temperature. Continued CO, activation decreased the density
to 1.95 + 0.07 g/cm3 after 1.5 h and to 1.51 + 0.05 g/cm3 after
2 h (the latter is the sample with the highest SSA and pore
volume). The measured skeletal density after 2.5 h of CO,
treatment was the lowest, namely, 1.44 + 0.05 g/cm® (sample
showing an onset of decreasing SSA).

Chemically, as shown by EDX analysis exemplified for
PNCy, the beads predominantly consisted of carbon with some
amounts of oxygen (Supporting Information Figure S8). These
data were characteristic for all samples. The much higher
sensitivity and accuracy of CHNS analysis allow a more precise
quantitative analysis. Since EDX did not detect other elements
outside the CNHS system except oxygen, we used the latter
method to also assess the oxygen content (referred to as AO;
Table 3). Initially, the novolac beads showed a carbon content
of 70.8 mass %, which increased after pyrolysis to 92.6 mass %
and decreased after CO, activation to 90.7 to 82.1 mass %
(with a major decrease of the carbon content PNC, ;). While,
after pyrolysis, AO was decreased from 20.5 to 5.7 mass %,
CO, activation led to a slight increase to 7.8—9.0 mass % (for
PNCy,s, to PNC,,). The hydrogen content decreased from 6.3
mass % of the polymer beads to a nondetectable level after
pyrolysis. The nitrogen content was lowered after the pyrolysis
from 2.3 mass % to only <0.4 mass %, yet the nitrogen content
increased after the CO, activation to <0.8 mass %, which can
be explained by the preferred removal of carbon (ie., the
nitrogen content only increased relatively).

3.3. Supercapacitor Performance in Aqueous and
Organic Electrolytes. Electrochemical characterization
(Table 4) of NovoCarb beads as supercapacitor electrodes
was carried out for aqueous (1 M Na,SO,) and organic
electrolyte media (1 M TEA-BF, in PC). Aqueous media are
highly attractive because of the reduced energy required during
supercapacitor manufacturing invested for thorough drying of
the electrode materials and the low electrolyte costs.”’
Especially pH-neutral electrolytes are very promising because
of their high electrochemical performance stability and
beneficial voltage window.”' Organic electrolytes are currently
in widespread use for commercial supercapacitors because of
their extended voltage window up to 2.7 V, although ion
mobility is lower than in aqueous media.’® The cyclic
voltammograms of the carbon beads (Figure 3A,B) show that
even a short physical activation (e.g,, PNC,s,) was sufficient to
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Table 4. Specific Capacitance of the Carbon Beads in
Aqueous 1 M Na,SO, and 1 M TEA-BF, in PC (n.d., Not
Determined; for Comparison, Data for AC Given As Well)

specific capacitance in

specific capacitance
aqueous 1 M Na,SO, (F/g)

in 1 M TEA-BE, in PC (E/g)

AC 140 103
PNCy, nd. 1
PNCy,s, 84 44
PNCys, 89 84
PNC,, 117 112
PNC, 127 123
PNGC,, 123 123

enable enhanced double layer capacitance. As the only
exception, the nonactivated pyrolyzed material (PNC,,) did
not yield stable electrochemical performance in aqueous media
and was deselected for further characterization. In general,
longer activation enhanced the SSA and a higher specific
capacitance can be seen. The highest capacitance of 127 F/g at
1.2 V was achieved after 1.5 h of CO, activation, even though
the highest SSA was achieved after 2 h. Obviously, limitations
to the achievable specific capacitance of highly porous carbons
with high surface area are encountered,”” such as limited
interfacial capacitance in carbon nanopores with very thin walls
and incomplete charge screening.”

Like in aqueous media, the CVs showed also the behavior of
a near-ideal capacitor in 1 M TEA-BF, in PC (Figure 3B) for an
activation duration of 0.5 h or longer. A maximum of 123 F/g
was measured for PNC, 5, and PNC,;, at 2.5 V. All CV were
pronouncedly rectangular with a continuous increase in
capacitance for higher cell voltages (known as butterfly shaped
CV) stemming from electrochemical doping.>”** As an
exception, the CV of PNC, g, showed a continuous narrowing
and reduced capacitance at higher voltages which was not
observed in aqueous media (Figure 3A). This effect can be
explained by steric (volumetric) effects as shown by Segalini et
al. for nanoporous carbon with a very narrow pore size
distribution and an average size of 0.68 nm (TiC-CDC) for 1
M TEA-BF, in ACN as electrolyte.”> For comparison, the ionic
diameters of ACN-solvated TEA" and BF,” are 1.30 and 1.16
nm, respectively, and similar values are expected for PC (1.35
nm for TEA* in PC and 1.40 nm for BF*" in PC).*° Ion
electrosorption in pores smaller than this value is accomplished
by (partial)®” desolvation (ionic diameter, 0.67 nm for TEA*
and 0.45 nm for BF,”).”® Smaller ion diameters are expected
for the aqueous media, and, thus, no such effects were seen for
PNCy,q, in 1 M Na,$O,°° In our case, PNCy,s, had an
average pore size of 0.6 nm which poses severe accessibility
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Figure 3. CVs of the carbon bead film electrodes in aqueous 1 M Na,SO, (A) and in 1 M TEA-BE, in PC (B) with a scan rate of S mV/s. Rate
handling of the film electrodes in aqueous 1 M Na,SO, (C) and in 1 M TEA-BF, in PC (D) from a range of specific current of 0.1—50 A/g. For
comparison, the rate handling ability of a conventional activated carbon (AC) is added as well to panels C and D. Long-time floating stability testing
in aqueous 1 M Na,SO, at 1.2 V (E) and in 1 M TEA-BF, in PC at 2.7 V (F).

limitations to the electrolyte ions in organic media (Table 1).
CO, activation for at least 0.5 h was sufficient to yield an
average pore size of 0.7 nm or more and no steric hindrance,
and resulting CV deformation is observed.

In situ electrochemical dilatometry supports that PNCg,
suffered from volumetric restrictions to ion electrosorption in
sub-nanometer carbon micropores (Supporting Information
Figure S9). In particular, we see an increased strain of PNC,;,
when compared to PNCg,. At 75 C/g, PNC g, shows a small
expansion of 0.07%, compared to 0.05% of PNCyy, and the
values divert at 175 C/g, namely, 0.29% and 0.22%,
respectively. The ion sieving effect leads to a higher desolvation
of ions to fit into the pores of PNCy,s; and a higher total strain
of the electrode. PNCy, with even smaller pores (average pore
size = 0.5 nm) and moderate specific surface area (SSAppy =
771 m*/g) yielded a negligible specific capacitance of around 1
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F/g (since the ion radius of bare BF, is 0.45 nm) and, in
comparison, a severely enhanced strain of 0.28% at 75 C/g.>*
These data align well with the increased pore swelling caused
by steric effects when the pore size rivals the ion size shown by
Hantel et al. for TiC-CDC in 1 M TEA-BF, in ACN with in
situ electrochemical dilatometry.*’

All NovoCarb samples showed an excellent rate handling
ability in aqueous media with a loss of capacitance of less than
7% at 1 A/g (Figure 3C). Activation for 1 h or longer enabled
one to maintain more than 77% of the initial low rate
capacitance at a high specific current of 50 A/g. This high
power handling ability is also reflected by the very small
distortion of CVs at very high scan rates of 1 V/s, as
exemplified for PNC,, (Supporting Information Figure S10A).
For all activation conditions in aqueous Na,SO,, the measured
power performance was also superior compared to a conven-
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Figure 4. Galvanostatic charge/discharge curve at 50 mA/g (A) and the rate characteristics (B) obtained at various specific power in the cell voltage
range from 0 to 1.4 V for different redox electrolyte systems. AC is a standard activated carbon used for the comparison of the performance for 1 and
6 M KI (aqueous). The electrochemical stability window was evaluated by the S-value method for 6 M KI with AC or PNC,;,. The inset shows the
cyclic voltammogram of the cell with PNC,;, in 6 M KI at 1 mV/s for the cell stability window of 1.4 V. (C). Cyclic stability testing of PNC,;, in 6 M
KI in the cell voltage range from 0 to 1.4 V at 1 A/g for 10,000 cycles and galvanostatic charge/discharge curve of the first few cycles (D).

tional nanoporous AC, for which the specific capacitance
dropped to 86% at 1 A/g of the initial capacitance and to 73%
at 10 A/g. In PC, a much lower overall rate handling is
observed in agreement with the much lower ion mobility.®!
Perfectly aligning with the accessibility issues seen from CV and
dilatometry, we see a very poor rate handling for PNC, and
PNC,,s, (Figure 3D). On-setting for an activation time of 0.5 h
(corresponding to an average pore size of 0.7 nm), we see an
enhanced power performance and PNCy; already significantly
surpasses the values seen for the activated carbon reference. In
detail, PNC;, provided 78% of the initial capacitance at a very
high specific current of 10 A/g compared to 52% for AC. The
beneficial power handling ability of NovoCarb is also
exemplified for PNC,, when sweeping the scan rate in CV
up to 1 V/s.

The enhanced power handling ability may relate to the sub-
micrometer size of the NovoCarb beads used in this study. This
aligns with the conclusions drawn by Perez et al. that
nanosizing is an effective tool to enhance the rate handling
ability even when comparing materials with virtually identical
pore size distribution.” Consequently, the improved power
performance of NovoCarb beads over micrometer-sized
activated carbon is well-explained. When compared to spherical
carbide-derived carbon with an average particle diameter of ca.
150 nm, we still see an enhanced performance of NovoCarb. In
particular, the mentioned CDC beads material maintained at 20
A/g 80% of the initial low rate capacitance of 110 F/g (in
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relation to one electrode) in 1 M Na,SO,, which is lower than
what we obtained for the best-performing NovoCarb beads
(i.e., 88% PNCy, with an average bead diameter of 255 nm)."

The stability of the NovoCarb is shown in Figure 3EF for
the aqueous and organic electrolytes. Voltage floating is a more
demanding benchmarking to survey the electrochemical
performance stability compared to voltage cycling.”> For the
aqueous system, a very high electrochemical performance
stability was observed with a decrease in capacitance between 6
and 13% after floating at 1.2 V for 100 h. As such, the values
stayed above the industry-relevant level of 80% of the initial
capacitance.”” Yet, a significantly higher loss of capacitive
energy storage is observed in organic media. Albeit having a
vanishing small capacitance of 1 F/g, the nonactivated material
PNCy, showed a fair performance stability with a reduction of
27% after 100 h at 2.7 V. Interestingly, PNC,s, exhibited a
drastic performance drop of 90% after 100 h at 2.7 V, while the
PNC,s, maintained 67% of the initial capacitance. The
introduction of carbon heteroatoms and active surface sites
may have severely reduced the energy storage stability by an
enhanced electrolyte degeneration.”> Longer activation times
led to a significantly improved performance stability with
capacitive retention between 75 and 85% after 100 h at 2.7 V.
Seemingly, the enhanced structural ordering of the carbon and
removal of more disordered material as seen from Raman
analysis (Supporting Information Figure S6) leads to an
improved energy storage capacity retention.
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3.4. Electrochemical Performance in an Aqueous
Redox Electrolyte. Since the NovoCarb beads exhibit a
very high total pore volume with a large fraction of micropores
and the potential for facile ion transport, the material is highly
attractive for use with redox electrolytes. Besides the pore
volume, a highly concentrated redox electrolyte is expected to
be advantageous for maximizing redox activity and accomplish-
ing high ion conductivities.**> So far, potassium iodide (KI)
had only been explored up to 1 M concentration, yet the low
concentrated KI systems have shown already promising
performances such as high cyclic lifetime, high energy density,
and power density via the variety of halide oxidation states and
possibly no need of ion selective membrane through the
specific adsorption of the oxidized halide into carbon
micropores.”® The solubility of the KI aqueous solution is
very high as compared to other redox electrolyte solutions such
as vanadyl sulfate (<3.5 M), potassium ferricyanide (<1.2 M),
or hydroquinone solutions (<1 M) at room temperature.”® For
that reason, we provide first data for the potassium iodide
system at 6 M concentration and benchmark the performance
of PNC,;, (ie., the sample with the largest pore volume) in
comparison with conventional AC.

In our experiments, we were able to charge the cells using
aqueous KI safely up to 1.4 V cell voltage. Extended S-value
testing surveyed the entire range of cell voltages up to 1.4 V for
the 6 M KI system in AC and PNC,, (Figure 4C). S-value
testing indicates the onset of enhanced charge transfer related
to nonreversible reactions, and values below 0.1 are deemed
indicative of stable cell performance.”” Within the studied range
for both molar concentrations of potassium iodide, the second
derivative of S-values remained below 0.05.

The increase in energy storage capacity at higher
concentration can be seen from the galvanostatic charge/
discharge profiles in Figure 4A for AC when transitioning from
1 M potassium iodide to 6 M KI. By deriving the specific
energy by adequately considering the noncapacitive energy
storage mechanism and noncapacitive GCPL shape following
the procedure outlined in ref 67 and using eq 3, we calculate for
the 1 M KI system in AC a maximum value of 18.4 W-h/kg at a
low specific power of 36 W/kg. Note that due to the
noncapacitive and nonpseudocapacitive response of the system,
values for the specific capacitance (i.e., F/g) are disfavored to
avoid misleading data and values are just given for the specific
energy. For comparison, 6 M KI yielded at 40 W/kg a
maximum specific energy of 22.0 W-h/kg in AC. This
performance was severely surpassed when using PNC,;, and a
specific energy of 29.5 W-h/kg was obtained at 33 W/kg for 6
M KI. This corresponds with a Coulombic efficiency of 98%
and an energy efficiency of 74%. For comparison, Lahedir et al.
recently reported for a system employing 0.5 M KI and
operating at 1.6 V an energy efliciency of 52% and a Coulombic
efficiency of 91% (86% and 97%, respectively, at 1.2 V).”” At
even lower specific power (i.e,, 17 W/kg), a value of 32.6 W-h/
kg was calculated for PNC,;, in 6 M KI at 1.4 V, and at a high
specific power of 5.7 kW/kg, the system still provided a
performance of 13.3 W-h/kg. The PNC,, electrode with 6 M
KI maintained about 4.6 W-h/kg at a very high specific power
of 12.3 kW/kg. It seems that the system does not show a
complete diffusion limited feature of the iodine redox reactions.
The high power performance of PNC,, electrode with 6 M KI
can be explained by the confinement of redox ions in the
micropores which overcome the diffusion limitation through
micropores exhibiting pore size smaller than the equivalent
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diffusion layer.”” Cyclic stability testing (Figure 4D) showed an
excellent stability after 10,000 cycles (virtually no loss in energy
storage capacity). The specific energy increased slightly by 4%
after 10,000 cycles, due to improved wettability of carbon in
aqueonus electrolytes after an initial run-in period (condition-
ing).

3.5. Ragone Plot for Novolac-Derived Carbon Electro-
des. The energy vs power performance of the two high energy
electrolytes, namely, 1 M TEA-BF, in PC (high energy by
virtue of the high cell voltage) and aqueous 6 M KI (high
energy by virtue of the redox energy storage) is shown for
PNC,;, and AC (Figure S). The resulting Ragone chart shows
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Figure S. Ragone plot of PNC,; and standard AC with an organic (1
M TEA-BF, in PC) and a redox electrolyte (aqueous 6 M KI).

the high potential of novolac-derived carbon beads for
electrochemical energy storage, constantly yielding higher
power handling and, at the same specific power, higher specific
energy when compared to a common activated carbon (Table
5). The zeolite-templated carbons (ZTC) have a SSA similar to
that of NovoCarb but have a higher specific capacitance, due to
ordered structure and narrow PSD of the ZTCs which makes
the pores well-accessible.”® The main disadvantage of ZTC is
the complex synthesis which requires toxic reactants (furfuryl
alcohol or acetonitrile) and hydrofluoric acid. The AC, BP2000,
activated carbon aerogel, biowaste-derived carbon, and onion-
like carbon (OLC) show a lower capacitance than PNC,; due
to their lower SSAs. The rate handling behavior of the PNC,, is
quite similar to OLC, which is known for its good conductivi?r
which makes it a promising material as a conductive additive.®'
The high rate performance of NovoCarb makes the use of
conductive additives redundant. The relative performance of
BP2000 at high rates is best, but the specific capacitance of the
NovoCarb is still higher. The beneficial performance is
particularly attractive when considering the very low raw
material costs of the novolac precursor of currently around 3
€/kg (as specified by the manufacturer) and the simple
synthesis procedure.

4. CONCLUSIONS

Our work presents a facile synthesis method to obtain
ultrasmall spherical carbon particles with a high specific surface
and pore volume. A key advantage of our synthesis route is the
facile self-emulsifying feature of the novolac—ethanol—water
mixture. Therefore, no high shearing forces are needed to
produce particles with an average diameter of 300 nm, setting
this process apart from the established MAST carbon process.

DOI: 10.1021/acsami.6b00669
ACS Appl. Mater. Interfaces 2016, 8, 9104—9115


http://dx.doi.org/10.1021/acsami.6b00669

ACS Applied Materials & Interfaces

Research Article

Table 5. Overview of the Electrochemical Performance of NovoCarb-Material Compared to Other Carbon Materials for

Supercapacitor Applications in Organic Media“

SSAger specific capacitance at 0.1 A/g capacitance loss at 10 A/g
material ref (m*/g) electrolyte (F/g) (%)

PNC,, this work 3104 1 M TEA-BE, in PC 123 29
zeolite-templated carbon 68 3040 1 M TEA-BF, in PC 168 not reported
activated carbon (YP-80, Kuraray)  this work 2347 1 M TEA-BF, in PC 103 48
biowaste-derived carbon 69 1635 1 M TEA-BF, in PC 75 not reported
activated carbon aerogel 70 1408 1 M TEA-BF, in PC 101 not reported
activated carbon black (BP2000) 61 1389 1 M TEA-BE, in PC 90 18
activated carbon black (BP2000 61 1389 1 M TEA-BF, in ACN 86 9

carbon onions 61 398 1 M TEA-BE, in PC 18 28

carbon onions 61 398 1 M TEA-BF, in ACN 18 10

“The data are arranged by descending BET surface area.

Pyrolyzed material already exhibits a SSAppr of 771 m?/g with
a total pore volume of 0.26 cm?/g due to ethanol acting as a
pore former. The sub-micrometer spheres are ideal for a
physical activation which can further increase the SSApgr to
2237 m?/g (total pore volume, 1.71 cm?/g).

The specific capacitance of the novolac-derived carbon beads
can reach approximately 125 F/g in an aqueous or organic
electrolyte. The materials showed excellent performance at high
scan rates and current densities with capacitance retention of
approximately 80% at 50 A/g in aqueous and approximately
30% at 50 A/g in (highly viscous) organic electrolyte. For the
redox electrolyte system, the combination of high molar
concentration of potassium iodide (ie., 6 M) and the large pore
volume of PNC,; enabled a very high specific energy exceeding
30 W-h/kg. Thereby, it is possible with an aqueous redox
electrolyte to reach energy densities similar to that of an
organic electrolyte. Due to the adjustability of the porosity via
physical activation, novolac-derived carbon beads are highly
promising for not only electrochemical energy storage but also
for capacitive deionization as well as flow capacitor applications
where spherical particles are preferable for the low viscosity.
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