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Abstract

There are great needs in developing compact-size kilohertz (kHz) high-frequency (HF) electrochemical
capacitors (ECs) for ripple current filtering and environmental vibration energy harvesting. However, the
previously demonstrated electrodes are generally limited to a very small areal capacitance density at 120
Hz due to sub-um thick electrode used for meeting frequency requirement, which renders them unsuitable
for practical ECs. Here, using crosslinked carbon nanofiber aerogel, derived from rapid microwave
plasma pyrolysis of bacterial cellulose that was synthesized in a fermentation process, we demonstrated
kHz HF-ECs with areal capacitance density as high as 4.5 mF cm™ at 120 Hz in an aqueous electrolyte.
The cruciality of plasma pyrolysis on high frequency response of the derived carbon nanofiber aerogel
was discussed. The electrode performance in an organic electrolyte was further studied for operation in a
large potential window of more than 3 V. Using such kHz HF-ECs, we further demonstrated their
applications in rapid pulse energy storage for vibrational energy harvesting, as well as in ripple current

filtering for AC/DC conversion. The promising results suggest this technology has great potential for



developing practical compact HF-ECs in substitution of electrolytic capacitors for several crucial

applications.

Introduction

Electrochemical capacitors (ECs) are being widely investigated to increase their energy density,
to function as independent energy source or in supplement with the low power batteries. As energy
sources, ECs have a charge and discharge rate (frequency) limited up to approximately 1 s (1 Hz). In
other words, they work under direct current (DC). They will behave more like a resistor but not a
capacitor at higher frequencies. Therefore, these conventional ECs cannot play the roles of conventional
electrolytic capacitors that work at much higher frequencies for ripple current filtering,'” decoupling,
high-frequency pulse energy storage, and other functions.

A huge performance gap exists between conventional ECs and electrolytic capacitors.” ECs
provide much larger capacitance density than electrolytic capacitors, but the latter can respond at tens of
kilohertz (kHz) frequencies. Since electrolytic capacitors are commonly used for ripple current filtering in
AC/DC converters and DC links, while their large size is becoming a limiting factor in downscaling the
circuit design, there are great needs and interests in developing high-frequency (HF) ECs for filtering
applications. For 60 Hz line-frequency, considering the harmonic frequencies after rectification, such HF-
ECs should respond at hundreds to kilo hertz range. In another frontier, environmental energy harvesting
through piezoelectric- or triboelectric-generator is promising for self-powered autonomous sensors and
internet of things (IOT) technology, while the environmental mechanical energy sources and hence the
outputs from the micro-generators are typically pulsed currents with tens or hundreds Hz.*® They also
require kHz HF-ECs to efficiently store the harvested energy.

To evaluate the response frequency of a capacitor, the characteristic frequency f, when the
impedance phase angle reaches —45° is commonly used, which defines the boundary between capacitance
dominance and resistance dominance. Of the two categories of ECs, pseudocapacitors are intrinsically

slow even though fast pseudocapacitors were reported,”® while electric double layer capacitors (EDLCs)



in principle are capable of charging and discharging within milliseconds, promising for kHz HF-ECs.” "

This strongly depends on the nanostructure of electrodes, conductivity of the electrode material and the
choice of electrolyte.” '* In terms of the electrode nanostructure, reduction of porosity and electrode
thickness'”'° to accelerate electrolyte ions transport is the key for high-frequency response. However, this
diminishes the achievable capacitance.

Towards high-frequency response’ by partially sacrificing capacitance, vertically-oriented
graphene (VOG)"® " and carbon nanotube (CNT) ultra-thin film'" "7 have been widely studied. Since
very thin (~ 1 um to 0.1pm) “active” materials were used, they provided a very limited areal capacitance
density. For conventional sandwich-type cell configuration, practical consideration requires a fairly thick
active material layer to minimize the mass and volume penalties associated with the inactive components
that include separators, electrolytes, current collectors, and packaging. This is particularly true when
multiple cells have to be serially packed together for a high voltage rating.'® Thick films or 3D structures,
including reduced graphene oxide (rGO) aerogel,” carbon black/VOG,'® edge-oriented graphene (EOG),'”
"2 holey rGO film," CMK3/CNT composite,” and others®' were therefore reported with larger areal
capacitance density. Further improving the areal capacitance to a new level is in demand for compact HF-
ECs. In addition, most demonstrations are based on aqueous electrolytes due to their high ionic
conductivity. However, with a limited potential window (< 1 V), aqueous electrolyte restricts the
volumetric capacitance density in a high-voltage EC since more units are required to be connected in
series to obtain a given rating voltage. In this regard, an organic electrolyte with potential window up to
~ 3V has its merit.”” ***

Here we report crosslinked carbon nanofiber aerogel derived from pyrolysis of bacterial cellulose
(BC) cultivated using Kombucha strains, as freestanding electrodes for kHz HF-ECs with much larger
areal capacitance density. The whole process is illustrated in Figure la. The carbonized BC (CBC)
acrogel electrode was produced by pyrolysis of BC aerogel in microwave plasma of hydrogen and
methane (CH,4) mixture for only 15 minutes. The pyrolyzed product, with a suitable porous structure, was

directly applied as electrodes to assemble coin cells without any further processing. Compared to other
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227 the fabrication route

reports involving complex steps in preparation of nanostructured electrode,
adopted here is simple and straightforward, and the produced CBC electrodes were demonstrated to be
very suitable for HF-ECs. In particular, CBC electrodes in an aqueous electrolyte exhibited f; = 3.3 kHz
and C,/*° = 2.98 mF ¢m™ or fo = 1.3 kHz and C,'** = 4.50 mF cm™ for two different thickness, where f; is
the characteristic frequency when the phase reaches — 45° and C,'*’ is the areal capacitance density at 120

120 values,

Hz. Our results are extraordinary considering that most publications report a limited C,
resulting in a packaged HF-EC without significant preponderance in term of volumetric density when
comparing to electrolytic capacitors.” The pyrolysis conditions on high frequency response of the CBC
aerogel was discussed. It deserves to emphasize that pyrolyzed bacterial cellulose through thermal process

252832 However, those ECs are still conventional slow ECs

was reported previously as electrodes for ECs.
due to a different pyrolysis process used, as will be discussed by comparing the different pyrolysis
processes. The operating voltage range of our CBC based HF-ECs was further expanded to 3 V by

utilizing an organic electrolyte for practical applications. With the assembled HF-ECs, their applications

for ripple current filtering and pulse energy harvesting and storage were further demonstrated.

Results and discussion
BC and CBC material studies

Carbon nanostructures derived from natural biomass are being studied as renewable resources for
electrode applications. Cellulose microfibrils secreted by bacteria are of particular appeal.”>* They are
long hydrocarbon polymer chains with a diameter of 1.78 nm, which form 3-4 nm bundles through
hydrogen bonding, and then into nanoribbons, and further crosslink into a three-dimensional web
structure.”

In our study, BC pellicles were produced in a fermentation process using Kombucha strains, the
method used for production of Kombucha tea, as detailed in the Supplemental Information (SI). One BC

pellicle cultivated in a container is shown in Figure Sla in the SI. A piece of BC hydrogel after cleaning



with NaOH solution and DI water to eliminate bacterial cells, BC aerogel obtained after freeze-drying,
and the corresponding CBC after rapid plasma pyrolysis are also shown to indicate their dimensional
change (Figure S1b-d). The BC aerogel has a mass of less than 1% of its hydrogel counterpart. Scanning
electron microscopy (SEM) image reveals the three-dimensional web structure of BC aerogel (Figure 1b
and Figure S2a), while the crosslink between nanofibers or branch structure is noted in the transmission

electron microscopy (TEM) image (Figure 1¢ and Figure S2b).
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Figure 1: (a) Schematic to illustrate the whole fabrication process. (b) SEM and (c,d) TEM images of BC.

(e) XRD pattern of BC. (f) SEM and (g) TEM images of CBC.



As a carbon precursor, BC is preferred over other natural celluloses due to smaller fiber size
(around 10-50 nm) and higher degree of crystallinity and purity. The x-ray diffraction (XRD) pattern
(Figure 1h) indicates good crystallization of the cellulose. According to the cellulose I, indexation, the
three peaks corresponding to 26 diffraction angles of 14.45, 16.75 and 22.75 ° are indexed to (100), (010)
and (110) crystallographic planes.”” The high-resolution TEM image (Figure 1d) shows the (110) lattice
planes with a plane spacing of 0.38 nm. Unlike individual cellulose nanofibers derived from plants that
are not interconnected, the crosslinked gel structure of BC is expected to yield excellent intra-electrode
conductivity after pyrolysis.** These nanoscale fibers also offer larger surface area compared to other
cellulose materials composed of microscale large fibers.”**’ It is interesting to note that some of the BC
nanofibers exhibit a tubular-like or sheath structure (Figure S2¢,e), which seems not reported previously.

Pyrolysis of polymer and cellulose precursors, including BC, to derive carbon material has been
commonly conducted in a thermal process with N, or Ar environment at temperature more than 800 °C

for a few to more than 10 hours.”” !

Micropore activation during this long-duration thermal process,
through physical decomposition and chemical etching is also a very common practice for achieving a
large surface area for electrode applications. However, as will be demonstrated, this energy-consuming
thermal pyrolysis process to introduce micropores, is detrimental for the electrode frequency response,
and therefore is not suitable for HF-ECs.

The concept of employing RF or microwave plasma for manufacturing carbon fibers from natural
or artificial sources was developed quite long ago with a vision of scaling down the power consumption,
overall cost and volume of waste chemical products.*’ However, this technique has not been used in EC
research area. In our study, BC aerogel was pyrolyzed in microwave plasma using a microwave plasma
chemical vapor deposition system.*” We have observed that a short period (15 minutes) plasma pyrolysis
of BC produced electrodes with excellent electronic conductivity, large interconnected pores for rapid

electrolyte ion migration, and reasonable surface area. Without employing any further treatment, such as

structural modification, doping of electrode material or applying metallic current collector that were



commonly used in other studies, the obtained CBC freestanding electrode was demonstrated to be very
suitable for HF-ECs.

After plasma pyrolysis, the sample area was shrunk to about 30% and the mass was largely
reduced. The morphology of CBC membrane is shown in Figure 1f and Figure S4. The overall structure is
highly porous with meso- and macro-pores formed by the well-connected carbon nanofibers (CNF). The
textural properties of CBC membrane were further characterized by N, sorption measurements (Figure
S5). A Brunauer—Emmett—Teller (BET) surface area of 57.5 m”® g is measured, with a pore volume of
0.374 cm’ g'. The pore size distribution shows a minimum pore diameter of 3.8 nm and the CBC is
dominated by meso- and macro-pores. Without micropores, slit pores, and dead end pores, the
interconnected large pores allows rapid transportation of ions in electrolyte through the electrode mesh
with a low ionic resistance. Unlike a cluster simply stacked by individual CNFs or CNTs that has no
intimate mechanical and electrical connection between individual fibers, well-connected CBC gel is
formed by the branch structure of fibers with intrinsic connection (Figure S4c). Such a unique branched
CBC web-like electrode can simultaneously offer a high ionic conductivity and a high electronic
conductivity, essential for high frequency response in a 3D distributed electrode. The derived CNF is
amorphous carbon (Figure 1g and S4b) without showing XRD peaks, and some of them have a tubular-

like or sheath structure (Figure S4d).

Aqueous cell studies

The CBC electrodes were studied with three different thicknesses of 10, 20 and 60 um, named as
CBC-10, CBC-20 and CBC-60, respectively. Their performance was evaluated in 6M KOH aqueous and
1 M TEABF, organic electrolytes. The frequency dependent behaviors were characterized via
electrochemical impedance spectroscopy (EIS) measured form 100 kHz to 1 Hz, with a sinusoidal AC
voltage of 10 mV amplitude, using the assembled symmetric coin cells. The methods to calculate the

performance parameters can be found in the SI.



The Nyquist plot of EIS for CBC-20 based aqueous cells is presented in Figure 2a, with the
zoom-in view of the high frequency region shown as the inset. A knee frequency of ~ 4.5 kHz is noted.
Below this frequency, the spectrum is approximately a straight line with a slope approaching 90°, and
therefore the cell can be approximated by RC in series. Above the knee frequency, a transition region and
a semicircle feature might be identified, which is ascribed to the distributed capacitance and resistance of
the porous CBC electrode, a possible minor insulating layer between the coin cell package and the free-
standing CBC electrode that has no extra current collector, and possibly the minor charge transfer at the
electrolyte and electrode interface due to small fraction of oxygen-related remnants in CBC. These
features result in a small equivalent series resistance (ESR) of 9 mQ-cm’ in conjunction with an
equivalent distributed resistance (EDR) of 26 mQ-cm?®. The Bode plot of the same EIS spectrum is
presented in Figure 2b, indicating the absolute value of the phase angle generally is above 80° for
frequencies up to a few hundred Hz. In particular, the cell at 120 Hz show a phase angle of —82°,
indicating that it maintains the capacitive nature very well at such a frequency. The characteristic

frequency at -45° is around 3.3 kHz.
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Figure 2: EIS spectra and capacitance of CBC-20 based aqueous cells: (a) Nyquist plot of the cell spectra,
with the high-frequency region shown in the inset, and (b) dependence of cell phase angle and electrode
capacitance on frequency. Comparison of the three electrodes in the aqueous electrolyte: (c) cell phase
angle vs. frequency and (d) areal capacitance vs. frequency. (e) Performance comparison of aqueous cells
in terms of the two most critical parameters for high-frequency sandwich-type cells: the electrode areal
capacitance at 120 Hz and the -45° characteristic frequency. Here only selected references with f, > 1 kHz
and C,"*° > 0.2 mF cm™ are listed. (The three squares represent data from this study for 10, 20, and 60 pm
thick electrodes, whereas blue circles are data from references.) (f) Capacitance cycling stability tested for

a CBC-10 aqueous cell at 50 mA cm™, with the inset as a section of the C-D curve.

Using the RC model, the capacitance below the knee frequency was calculated and the
dependence of the areal capacitance (C,) of CBC-20 electrode on frequency is also shown in Figure 2b.
An electrode areal capacitance as large as 2.98 mF cm ~at 120 Hz was measured. The RC time constant at

120 Hz 1s 0.18 ms.

The electrode thickness effect on capacitance and frequency response are presented in Figure 2¢,d
for the three thicknesses studied. For a frequency up to 200 Hz, they generally show a phase angle
between -80° to -90°, and the characteristic frequency at -45° phase occurs at 4.1, 3.3 and 1.3 kHz for
CBC-10, CBC-20 and CBC-60, respectively. In particular, the area capacitance at 120 Hz is 1.51, 2.98
and 4.50 mF cm ? for the three electrodes. It is noted that for the two thinner electrodes, the volumetric
capacitance maintains a constant (~ 1.50 mF c¢m®) with the areal capacitance linearly increasing.
Although CBC-60 gives a very high values for areal capacitance, its volumetric counterpart (0.75 mF cm’
?) falls lower compared to the thinner ones. CBC-20 offers a large areal capacitance while maintaining the
volumetric efficiency. We further compare our results with those in the literature in terms of the two most
critical parameters for high-frequency sandwich-type cells: C,'* and f;, with those in the literature (Figure

2e). Line-frequency AC filtering and low frequency vibration energy harvesting do not require much



higher frequency response and 1 kHz characteristic frequency might be large enough. While satisfying the
frequency response requirement, our CBC electrodes exhibited extraordinary performance in terms of
areal capacitance.

Cyclic voltammetry (CV) and Galvanostatic charge-discharge (C-D) cycling was further studied,
as in Figure S7. Capacitance cycling stability was tested for a CBC-10 aqueous cell (Figure 2f). After
100,000 continuous cycles with full charge and discharge, the capacity was maintained at a value
approximately 95% of its initial capacity. Very few studies on high-frequency ECs reported such long-
cycling stability.'"’ The slight degradation of the capacitance might be related to aqueous electrolyte

evaporation due to packaging.

Plasma pyrolysis vs. thermal pyrolysis
It is noted that several studies have employed pyrolyzed bacterial cellulose as electrodes for

conventional ECs,>" 232

where typical furnace based pyrolysis and chemical activation technique was
adopted. In those reports, high-density micropores and mesopores were introduced for enhanced energy
density. The large electrochemical resistance arising from strong porous effect results in their sluggish
frequency response, and therefore, they cannot be applied for HF-ECs. In our study, when the same BC
aerogel was pyrolyzed using the conventional furnace process at 800°C for 2 hours in Ar environment,
even without chemical activation, the resulting CNF film electrodes exhibited sluggish response with f;
of 8 Hz in KOH and 3Hz in TEABF4/AN organic electrolyte (Figure S8). The CBC electrodes from the
long-duration thermal pyrolysis process have a very slow frequency response and are not suitable for HF-
ECs.

Plasma gases also play a crucial role in determining the CBC property and its frequency response.
Pure H, plasma and CH4/H, (1:2) mixture plasma was both used for BC pyrolysis, and the obtained CBC
has considerable different morphology and frequency response (Figure. S9). Even with the same input
plasma power, the sample in pure H, plasma had a considerable lower temperature than that in CH./H,
mixture plasma; the etching effect by the pure H, plasma might also contribute to micropore generation in

10



CBC. Therefore, CBC pyrolyzed in H, plasma has a characteristic frequency f, ~ 100 Hz, more than one
order of magnitude lower than in CH4/H, mixture plasma.

It should be emphasized that the nanoscale fibers of BC with a large surface area is a key factor
for achieving large capacitance density. Microscale plant cellulose, i.e., conventional Kimwipe tissue
paper, was compared with nanoscale BC. For a same thickness, the former had a capacitance ~ 5 times
smaller than the latter when both were prepared under the same plasma pyrolysis condition (Figure S10).
All these results indicate the superiority of plasma pyrolysis of nanoscale BC crosslinked fibers for use in

HF-ECs.

Organic cell studies

CBC-10, CBC-20 and CBC-60 three electrodes were also studied in 1 M TEABF, organic
electrolyte. Figure 3a is the complex-plane impedance spectrum for a CBC-10 based organic cell. A knee
frequency of 3.0 kHz was found, below which the spectrum can be approximated by a RC series model.
The sum of ESR and EDR is approximately 0.33 ©-cm?, which is significantly larger than in the aqueous
cell. The plot of phase vs. frequency in Figure 3b indicates a phase angle of -80° at 120 Hz. The areal
capacitance vs. frequency for three electrodes are compared in Figure 3c, with a 120 Hz capacitance of
0.51, 1.08 and 2.55 mF cm > for CBC-10, CBC-20 and CBC-60 electrodes, respectively, and the
corresponding volumetric capacitances of 0.51, 0.54 and 0.425 F cm . The -45° characteristic frequency
occurs at 1.8, 0.55 and 0.11 kHz, for CBC-10, CBC-20 and CBC-60, respectively, and the phase angles at
120 Hz are —80°, —63° and —44° (Figure S11). The ionic conductivity of electrolyte solution plays a major
role in determining electrolyte dependent frequency response behavior. The ionic conductivity of 6 M
KOH solution at room temperature is as high as 620 mS cm ™', * whereas the conductivity of TEABF, in
acetonitrile solution is merely less than a hundred mS cm'.*** The relative bulkiness of the ions in

organic solution slows the motion of the ions in the electrolyte and especially within the electrode matrix.

As a result, organic cells exhibit slower response than their aqueous counterparts.

11



In comparison to aqueous cells, organic cells can work at much higher voltage. CV study of a
CBC-10 based organic cell was performed up to 1000 V s™' rates in a potential window of 0-2.5 V (Figure
3d and Figure S12). The CV profiles maintained the desired quasi-rectangular shape even at such high
rates. In fact, in TEABF,/AN organic electrolyte, the electrode may even works at a potential window up
to 3.5 V (Figure 3e). This is a prominent characteristic of our organic electrolyte cells for high voltage
HF-EC development. As demonstrated in Figure 3f, an organic cell was tested in 3 V window
continuously for 100,000 full charge-discharge cycles. It is interesting to notice that except for initial
cycles, the cell capacitance gradually increased during cycling, and it stabilized after about 50,000 cycles,
with more than 20% increase of the capacitance. An increase in capacitance is expected due to complete
surface area utilization. Surface wetting of nanostructured electrode depends on viscosity and surface
tension of the electrolyte. Organic electrolyte has high viscosity and lower surface tension, so it typically
takes longer for organic electrolyte to wet the whole active surface area, resulting the observed

capacitance increase.

12
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Figure 3: (a) Nyquist plot of the EIS spectra for a CBC-10 organic electrolyte cell, with the high-
frequency region shown in the inset, and (b) the Bode plot of the spectrum. (c) Areal capacitance vs.
frequency for the three electrodes in the organic electrolyte. (d) CV of one CBC-10 organic cell up to a
rate of 1000 V s in a potential window 0-2.5 V. (e) CV scan at 100 V s™ in different potential windows

up to 3.5 V. (f) The cell stability test up to 100K cycles with the inset as a section of C-D curve.

It was observed that the organic cells exhibit smaller capacitance than aqueous cells. The relative
dielectric constant of the corresponding solvent medium certainly has a role in determining the double
layer capacitance, since water has a dielectric constant of 80.1, more than double over that of acetonitrile
(37.5). The difference in ionic radii of solvated ions might also impact the capacitance. The solvated
ionic radii of K" and OH™ are 3.31A and 3.00 A, respectively.” In contrast, the solvated ionic radii of

TEA" and BF, in acetonitrile are 13.04 A and 11.56 A, respectively.* For larger ions, the number of

13



adhered ions per unit surface area will be smaller. Surface wettability (or the accessible surface area) is
perhaps the most critical factor. For PECVD grown VOG electrodes, a pure carbon surface renders their
hydrophobic property, and therefore a lower capacitance in aqueous electrolyte than in organic
electrolyte.! However, carbonized cellulose always have oxygen remains and XPS study of our CBC
materials indicated ~ 5% oxygen remaining, which renders our CBC with high water absorption
capability to form CBC hydrogel. These three factors result in a larger CBC electrode capacitance in
aqueous electrolyte than in organic electrolyte. The capacitance difference by a few folds in aqueous and

organic electrolytes was also reported previously.*

Application demonstrations

Environmental noise HF-EC
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Figure 4. Demonstration of capability of HF-ECs for environmental pulse energy harvesting (a-c) and
ripple current filtering (d). The schematic (a) and the photo (b) of the circuit used for pulse energy
harvesting and storage. The inset photo in (b) showing that the charged HF-EC can turn on a green LED
(the LED running time depends on the stored energy). (c) The irregular pulse voltage generated by the
piezoelectric element under hand finger tapping (V;) and the voltage across the HF-EC (V,) when
powering a mega ohm resistive load. (d) The input 60 Hz AC voltage wave (V,), the rectified pulse wave
when the HF-EC was not connected (V,) and the output DC voltage after HF-EC filtering (V,). A

resistive load was applied for the two outputs.
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To verify their potential capabilities, our CBC-10 based organic HF-ECs were used for pulse
energy storage and ripple current filtering. For environmental pulse energy harvest testing, a piezoelectric
element (CUI Inc. CEB-44D06) was used to generate a pulsed voltage signal from external mechanical
noises. Here we used the vibration of a motor or hand finger tapping to simulate the environmental pulse
energy. The testing circuit is shown in Figure 4a,b. The generated pulse from the piezoelectric element
was passed through a bridge rectifier and fed across the HF-EC. A suitable Zener diode might also be
used to clamp the voltage if it is over the 3V rating of the HF-EC. A 3 MQ resistor was used to simulate a
micro-power sensor load. For demonstration purpose, a green light-emitting diode (LED) was also used as
a high-power pulse load. In Figure 4c, the generated electric pulses (V;) from finger tapping of the
piezoelectric element is shown, and the pulse energy was stored into the HF-EC with a DC output (V,)
close to 2V, which provides a constant current to the mega ohm low-power load. It can even turn on a
green LED (inset of Figure 4b) for a short period. In a second experiment to simulate applications of
environmental energy harvesting (Figure S13), the generated irregular pulses (V;) from a piezoelectric
element, which was attached to a motor as the vibration source, were stored into an HF-EC after
rectification, and the stored energy (or DC voltage V,) was supplied to power a micro-power element.

60 Hz line-frequency low-voltage AC/DC converter was also demonstrated using the circuit in
Figure S14a. The AC input signal was first passed a full-wave rectifier and then filtered by a HF-EC
before feeding to a load. 60 Hz sine wave with an amplitude of 4.2 V from a signal generator was applied
to simulate the AC voltage in this demonstration. The input, the output after passing the full-wave
rectifier when an HF-EC was not connected, and the output with the HF-EC are shown in Figure 4d and
Figure S14. 3V DC voltage was obtained after the ripple voltage was smoothed by the HF-EC. These
demonstrations confirm the promise of our CBC based HF-ECs for ripple current filtering and pulse

energy storage.

Conclusion
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Through a rapid plasma pyrolysis process, we demonstrated CBC aerogel is suitable as electrode
for developing kHz HF-EC with extremely large areal capacitance at 120 Hz. Specifically, for 10, 20,
and 60 um thick electrodes in an aqueous electrolyte, we demonstrated their characteristic frequency at -
45° phase was 4.1, 3.3, and 1.3 kHz, and the areal capacitance at 120 Hz was 1.51, 2.98 and 4.50 mF cm 2,
respectively. Their voltage operation window can be further increased to ~ 3 V when an organic
electrolyte used. Their excellent performance is attributed to the suitable pore size and well-crosslinked
nanofiber structure of CBC aerogel that can simultaneously offer a high ionic conductivity for the
electrolyte in the porous electrode, a high electronic conductivity and a large surface area, resulting in
high frequency response and large areal capacitance. The potential of these kHz HF-ECs for current ripple
filtering in AC/DC converter and high-frequency pulse energy storage was also demonstrated, suggesting

these HF-ECs very promising for these and other similar applications.
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Highlights

Through microbe fermentation process, cellulose nanofiber aerogel was synthesized

Rapid plasma pyrolysis of cellulose aerogel into carbon nanofiber acrogel was investigated
* KHz high-frequency ECs with electrode capacitance as high as 4.5 mF ¢cm™ at 120 Hz.

* KHz ECs operates at 3V were demonstrated.

KHz ECs for pulse energy storage in energy harvesting were demonstrated for the first time.
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TOC graphic

Through microbe fermentation process, cellulose nanofiber aerogel was synthesized, which was
converted to crosslinked carbon nanofiber aerogel in a rapid plasma pyrolysis process. Using such highly
conductive carbon aerogel with large surface area and tailed porous structure, kilohertz high-frequency
electrochemical capacitors (HF-EC) with large areal capacitance as high as 4.5 mF c¢cm™at 120 Hz were
demonstrated. HF-ECs operated at 3V were further demonstrated for pulse energy storage in
environmental noise energy harvesting system for the first time.
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