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Abstract

Electrochemical capacitors (ECs) offer superior specific capacitance for energy storage compared to
traditional electrolytic capacitors but face limitations in alternating current (AC) filtering due to the need
for balancing fast response and high capacitance. This study addresses these challenges by developing a
freestanding nanostructured carbon electrode, derived from the rapid carbonization of bacterial cellulose
(BC) embedded with zeolitic imidazolate framework 8 (ZIF-8) and in-situ formed carbon nanotubes
(CNTs). The electrode exhibits an exceptionally low area resistance of 9.8 mQ cm? and a high specific
capacitance of 2.1 mF cm™ at 120 Hz, maintaining performance even at high frequencies. Stacking these
electrodes enhances the capacitance to 5.3 mF cm™, with the phase angle degrading to —74.4° at 120 Hz;
however, they retain a phase angle below —45° up to approximately 50 kHz, demonstrating excellent high-
frequency performance. Furthermore, connecting three aqueous units in series as an integrated cell or
utilizing organic electrolytes extends the voltage window to 2.4 V, enhancing their suitability for high-
voltage applications. Ripple voltage analysis under various loads and frequencies indicates effective
filtering capabilities, highlighting the potential of these nanostructured ECs for next-generation electronic

applications.
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Introduction:

Despite their vital role, bulky aluminum electrolytic capacitors (AECs) with low specific capacitance still
dominate the filtering and decoupling capacitor market for frequencies below approximately 1 MHz.
Electrochemical capacitors (ECs) offer a promising alternative with higher specific capacitances; however,

they typically have a time constant (trc) of at least 1 second at 120 Hz, which is inadequate for effective

line-frequency filtering that requires a phase angle (¢ = —arctan %) below ~ —80° at 120 Hz. This
RC

highlights the critical requirement for EC) with low series resistance and high specific capacitance to ensure
effective performance at frequencies in the hundreds of kilohertz range (1-4). Significant progress is being

made in this crucial area (3-11).

In the literature, a phase angle of —80° is often used as a criterion for evaluating the frequency response of
electrochemical capacitors (ECs). However, this does not imply that ECs lose their filtering functionality
at higher frequencies when their phase angle exceeds —80°. In power distribution network (PDN) designs
for electronics, a decoupling AEC remains effective until it reaches its self-resonant frequency, typically in
the tens to hundreds of kilohertz range, where its phase angle reaches 0°. Developing compact ECs capable
of operating in the hundreds of kilohertz range would significantly expand their applications, from 60 Hz

line-frequency filtering to much broader markets.

In ECs, fast response is primarily limited by series resistance, which arises from the ionic resistance within
the electrode pores and bulk electrolyte, as well as the electronic resistance of the electrodes. While
electrolyte resistance is determined by the intrinsic mobility of ions, reducing the electrode's ionic resistance
can be achieved by maintaining open porous structures that facilitate ion movement. However, straight-

through open pores, though beneficial for ion mobility, reduce the available surface area for ion storage,
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resulting in lower capacitance. Therefore, designing intricate porous structures is crucial to balance high

specific capacitance with low series resistance (12-18).

In the early stages of developing ultrafast kHz ECs, it was recognized that the interface resistance between
a carbon nanostructure and its metal current collector significantly limited the frequency response(1). To
address this, several interfacial engineering solutions were implemented, particularly the direct deposition
of vertically oriented graphene and CNTs (19-29). Subsequent efforts have primarily focused on achieving
a large areal capacitance density by exploring various material-based electrode structures. Beyond carbon
particles, CNTs, and graphene, other conductive materials such as MXenes, certain transition metal
dichalcogenides, and transition metal oxides have also been investigated(9, 11, 30-37). In terms of device
architecture, the lateral interdigital configuration was developed alongside the conventional
electrode/separator/electrode sandwich architecture. However, the areal capacitance at 120 Hz (Cai2o)

generally remains below 1.5 mF cm™ to meet the phase angle requirement.

To further enhance electrode capacitance density, the trend is to adopt a composite architecture with dense,
macroscale pores for rapid double-layer formation by electrolytic ions at high transport rates. These pores
are connected by a network that serves as a long-range pathway for ultrafast electron transport. This
structure maximizes the contact area between the electrode and electrolyte, allowing efficient ion transport
at high current rates. Only a few structures have recently demonstrated Ca120>2 mF cm™ (3, 4, 8, 9, 16, 38,
39), and some may face challenges in large-scale production due to the delicate processes involved—

contrasting with the low cost of capacitors as electronic components.

We propose a method to create a freestanding nanostructured carbon electrode that enhances ion migration
through a large porous area while maintaining low electrode resistance. The structure, derived by rapidly
carbonizing a bacterial cellulose (BC) network embedded with zeolitic imidazolate framework 8 (ZIF-8)
and in-situ formed carbon nanotubes (CNTSs), is abbreviated as CNT-ZIF-8-CBC. In our previous work,
caged structures like carbonized ZIF-67 and Prussian blue have shown excellent performance as electrodes
of kHz high-frequency ECs (HF-ECs) due to their nanocage networks' ability to host ions (38, 40). The
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synthesis of ZIF-8 can be controlled to a size of ~100 nm, allowing its uniform growth within the voids
between individual BC nanofibers (41). In the resulting CNT-ZIF-8-CBC structure, carbonized BC (CBC)
provides an interconnected three-dimensional carbon fibrous network, acting as an electronic highway(42).
The carbonized ZIF-8 nanocages, formed by rapid vaporization of zinc centers and carbonization of organic
linkers, create a porous structure with a large and easily accessible surface area(43-46). In-situ grown CNTs
further link the dispersed nanocages to the CBC fibrous network. This process yields a freestanding
electrode with an exceptionally low area resistance of 9.8 m{) cm? and a specific capacitance of 2.1 mF
cm™2 at 120 Hz, while maintaining excellent performance at kilohertz frequencies. Stacking these electrodes
increases total capacitance to 5.3 mF cm™?, though with slight phase response reduction. Additionally, we
packaged three units in series in a coin-cell to extend the voltage window to 2.4 V, suitable for high-voltage
applications. Analysis of filtering effects of these 2.4 V ECs under various loads and frequencies shows
stable performance, effectively minimizing peak-to-peak ripple voltage from line frequency to 60 kHz,
indicating strong ripple and noise filtering capabilities. These results underscore the potential of these
nanostructured ECs as advanced filtering capacitors with a miniaturized design for next-generation

electronic applications.

2.Results and Discussion

Material Synthesis and Characteristics

The fabrication of CNT-ZIF-8-CBC electrodes is illustrated schematically in Fig. 1a. Firstly, BC sheets
(Fig. S1 in the supplementary information (SI)) were converted into BC fibers using a homogenizer. Nickel
doped ZIF nanocages, approximately 100 nm in size, were synthesized inside the BC network using a
solvothermal process. The dense hydroxyl functional groups on the BC nanofibers facilitated the nucleation,
growth and dispersion of ZIF-8 nanocrystals along individual nanofibers (41). The obtained solution was
vacuum filtrated to form free-standing membranes. After vacuum drying, the samples were heated directly
at 950°C in nitrogen environment for only 20 minutes, resulting in rapid carbonization of ZIF-8-BC.
Meanwhile, the introduced Ni impurities will induce new carbon nanotube growth. The newly grown carbon
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nanotubes, in conjunction with carbonized BC nanofibers, connect the carbonized ZIF-8 cages to form a

highly conductive, porous and freestanding CNT-ZIF-8-CBC carbon electrode.

Fig. 1b shows scanning electron microscope (SEM) image of CBC after carbonization at 950°C, having a
well-connected 3D network with high surface area and large pore volume to hold ZIF cages. The
microscopic morphology of freestanding CNT-ZIF-8-CBC carbon electrode is presented in Fig. Ic, d and
Fig. S2. The small pockets of carbonized ZIF act as storage sites and hence the uniform deposition of ZIF
nanocages inside the BC network will improve the ion storage capacity of the material. A uniform ZIF
deposition was observed, with subsequent CNT growth connecting these well dispersed nanocages and
CBC nanofibers, as illustrated in SEM image in Fig. 1¢ and transmission electron microscopy (TEM) image
in Fig. 1e. Notably, the ZIF-BC was subjected to instant evaporation of its organic groups and zinc centers
in the rapid carbonization process, leading to the formation of porous nanocages. The rapid carbonization
of ZIF distorts its caged structure with nanocage popup compared to a regular carbonization where the ZIF
retains its caged structure with certain shrinkage (47, 48) as shown in Fig. S3. The high-angle annular dark
field scanning-TEM (HAADF-STEM) image in Fig. 1f and S4 evidences the formation of carbon nanotubes
facilitated by nickel nanoparticles in the sample. The HAADF-STEM image in Fig. 1g shows the nanocage
popup behavior of the ~100 nm sized caged structures which leads to formation of pores on the ZIF facets.

The nanocage popup facilitates electrolytic ions to rapidly access its surface area, greatly contributing to



the large capacitance at high frequencies. It is noted the electrode has a thickness of 15 um (Fig. 1d).

Figure 1. Schematic illustration of the CNT-ZIF-8-CBC electrode preparation process (a). SEM image of
CBC (b) and CNT-ZIF-8-CBC (c and d). TEM image (¢), HAADF-STEM image of CNT-ZIF-8-CBC (f).

HAADF-STEM image of rapidly carbonized porous ZIF nanocages (g).

Porous features of the electrodes were characterized using Brunauer-Emmett-Teller (BET) measurements
to determine their specific surface area and pore size distribution. Fig. S5a shows the N, adsorption-
desorption curves for CNT-ZIF-8-CBC which features a hysteresis from medium to high P/P° value
suggesting the presence of mesopores and macropores. The initial steep slope also suggests the formation
of micropores in the electrode. The presence of these porous ion storage sites can be seen in the pore size
distribution curves in Fig. S5b. Hence, CNT-ZIF-8-CBC showed a surface area of 1338.5 m?g™! for the
CNT-CBC-ZIF-8 electrodes compared to 273.0 m?g" for CBC electrodes. ZIF-8 inclusion significantly

increases the SSA of the electrodes.



The carbonized material was characterized using X-ray diffraction (XRD) analysis and Raman
spectroscopy, as presented in Fig. S6a, b. The chemical elements and their bonds were studied using X-ray
photoelectron spectroscopy (XPS). The survey scan of XPS (Fig. S6¢) confirms the presence of both N and
O in CNT-ZIF8-CBC, while concentration of N in CBC is trivial. A weak Ni signal was detected since small
amounts of Ni remains after acid etching, encapsulated within the CNT structure (49). For CNT-ZIF8-CBC,
high-resolution XPS C 1s spectrum (Fig. S6d) reveals the existence of C-C, C-N, C=N, and C=0 bonds,
consistent with literature (50), and N 1s spectrum (Fig. S6¢) indicated a large amount of pyridinic N and
graphitic N in addition to pyrrolic and oxidized N. These groups were absent in the CBC that only has C-C
and C=0 bonds (Fig. S6f). It is noted that nitrogen doping increases the electrical conductivity of carbon,
and further improves its hydrophilicity, facilitating rapid electric double layer formation. Indeed, Fig. S7
shows that while CBC is not quite hydrophilic, water drops on CNT-ZIF8-CBC are immediately absorbed

due to its extreme hydrophilic properties.

Aqueous HF-EC

We evaluated the electrochemical performance of these electrodes in 6 M aqueous KOH electrolyte by
assembling coin cell-type devices with two symmetrical electrodes of CNT-ZIF-8-CBC. Their performance
was characterized by using electrochemical impedance spectroscopy (EIS). The Nyquist plot in Fig. 2a
shows an almost vertical line with a steep slope, suggesting CNT-ZIF-8-CBC with rapid ionic transport
ability. These electrodes exhibit a low resistance of 39 mQ, significantly lower than the 200 mQ observed
for CBC (Fig. S8a), implying that the growth of CNTs and carbonized ZIF-8 on CBC reduces electronic
resistance and enhances ion transport in the electrode by forming wide porous structures. The corresponding

area resistance of the electrode is only 9.8 mQ cm?.
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Figure 2. Nyquist Spectra (inset shows high frequency region) (a), Bode diagrams (b) and areal capacitance

vs frequency plots (c¢) for CNT-ZIF-8-CBC in 6 M KOH electrolyte. Dissipation factor vs frequency (d),

CV curves for different scan rates (e), GCD profiles for different current densities (f), long cycling

performance at 50 mAcm™(g) and phase response after long cycling (h) for CNT-ZIF-8-CBC.

The Bode plot in Fig. 2b reveals that ECs based on CNT-ZIF-8-CBC have a phase response of - 8§0.3° at

120 Hz, and the phase angle even reaches - 82.1° at 2.5 kHz. Its frequency at — 45° phase angle is 79 kHz.

In contrast, CBC-based ECs (Fig. S8b) have a smaller phase angle of -77° at 120 Hz and smaller frequency

of 50 kHz at -45°. For CNT-ZIF-8-CBC electrodes, the presence of carbonized ZIF-8 particles on the CBC

network partially impedes the formation of micropores in CBC, thereby improving the phase response at



lower frequencies(51). Additionally, the rapid carbonization of ZIF-8 cages creates more storage sites for
ions, resulting in a high specific capacitance of 2.1 mFcm ™ compared to 0.6 mFem™ of CBC at 120 Hz
(Fig. 2c and S8c). The former maintains an excellent capacitance of 1.56 mFcm™ even at 1 kHz, while the

latter sustains a capacitance of 0.45 mFcm™. It is emphasized that at 120 Hz, even with a very large

capacitance density of 2.1 mFcm™, the RC time constant, Trc for our HF-ECs is only 0.02 ms due to the

exceptionally low ESR of 9.8 mQ c¢m?, indicating its effectiveness as an efficient and compact line-

frequency filtering capacitor.

The influence of electrode thickness on capacitive performance was investigated by synthesizing electrodes
with thicknesses of 30 um and 60 um, as shown in Fig. S9. EIS comparisons among the three electrodes
are presented in Fig. S10. An increase in thickness leads to a higher areal capacitance due to the availability
of more storage sites along extended ionic pathways. However, the elongated pathways slow down ion
transport, which increases resistance within the electrodes, as observed in the Nyquist plot and phase

response in the Bode plot (Fig. S10a and b).

To further investigate the relationship between structure and capacitance, a CNT-ZIF-CBC electrode with
500 nm ZIF cage size was synthesized. The EIS data comparing electrodes with different ZIF cage sizes
are presented in Fig. S11. The 500 nm ZIF cages provide larger pathways, enabling more efficient transport
of K" and OH™ ions with solvated radii of 0.33 nm and 0.3 nm, respectively. This improved ion transport
reduces the ESR and enhances the phase response. However, the larger cage size results in a reduced surface
area, leading to a lower overall capacitance. These findings highlight the trade-off between ion transport
efficiency and ion storage capacity in hierarchical porous structures, emphasizing the importance of

balancing pore size distributions for optimized performance.

The dissipation factor (DF), defined as the ratio of the resistive (lossy) part of the impedance to the reactive
(capacitive) part of the impedance (DF = wRC(C), is a measure of energy loss as heat in a capacitor when it

is subjected to an ac field, which is relevant to the maximum power the capacitor can handle in ac filtering.



In high-power applications with large ripples, a low DF is ideal. As depicted in Fig. 2d, DF exhibits a value
of approximately 25% at ~4.7 kHz, reaching 100% at the characteristic frequency of ~79 kHz, where the
capacitive impedance equals the resistive impedance. Beyond this frequency, the resistive impedance
surpasses the capacitive impedance. For low power microelectronics where ripple current is tiny and the
capacitor has a low ESR, a large DF is tolerable. The device still behaves as a capacitor until its maximum

frequency ~128 kHz where the phase angle reaches zero. This is the self-resonate frequency f, (fo =

1

m) where ESL is its equivalent series inductance. At frequencies above this point, the device will
behave as an inductor, with a positive phase angle. Our HF-EC functions as a filtering capacitor up to ~128

kHz.

The HF-ECs were further characterized using cyclic voltammetry (CV) and galvanostatic charge-discharge
(GCD) techniques. With their ability of rapid ionic and electronic response, the CV curves of these devices
(Fig. 2e) show nearly rectangular profile even for a scan rate of 500 Vs™'. The specific capacitance (Fig.
S12) derived from CV curves reach 2.35 mF cm™ at 100 Vs™. Additionally, GCD tests were conducted at
different current densities, as shown in Fig. 2f. The perfect triangular nature of the curves suggests almost
no /R drop since the ESR is trivial. The electrode exhibits an areal capacitance of 1.9 mF cm™ at a high
current density of 100 mA cm™2, maintaining 60% of the capacitance at 5 mA cm2 (Fig. S13). To verify the
durability, the HF-ECs were tested under continuous GCD at 50 mAcm™ for 150,000 cycles. The
Coulombic efficiency was maintained at ~ 100% with almost no degradation of the capacitance (Fig. 2g).

Similarly, an almost constant phase response was observed before and after the test (Fig. 2h).

A single layer of CNT-ZIF-8-CBC has a thickness of 15 um. To increase the areal capacitance density, cells
were assembled by stacking 2 or 3 layers as electrodes. EIS Bode plots and the frequency-dependent
capacitance for these cells are shown in Figs. 3a, b. With increased ionic path through the stacked thick

electrodes compared to a single-layer electrode, the phase response at 120 Hz decreases from -80.3° to
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approximately ~76.8° and ~74.4° for these stacked electrodes. However, they retain a phase angle below
—45° up to approximately 50 kHz, demonstrating excellent high-frequency performance. The obtained
capacitive behavior indicates an increase in capacitance at 120 Hz to 3.8 mF cm™ and 5.3 mF cm™ for these
cells. This demonstrates that stacking electrodes can improve the capacitance of the device at the cost of

reduction in phase response.

We compared our capacitor with a commercial 6.3V AEC in terms of areal and volumetric capacitance. Fig.
S14a and b clearly show the circuit miniaturization possibility using our HF-EC electrodes. Further, we
compared our results with those reported in the literature based on areal capacitance and phase response at
120 Hz in Fig. 3c. Among them, graphene-based electrodes, high density carbon nanotube-based films and
carbon structures derived from polymers like PEDOT and PSS, and MOFs show excellent capacitive
behavior having phase angle above -80° while maintaining a capacitance above 0.5 mF ¢m™ in most cases
(9, 10, 14, 33, 52-58). Our HF-ECs using porous ZIF provide one of the best overall performances among

these reported electrodes.
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Figure 3. Bode diagrams (a), and areal capacitance vs frequency plots (b) for 1-3 layers of CNT-ZIF-8-

CBC as electrodes. (c) Plot of results from this work in terms of areal capacitance and phase response at

120 Hz in comparison to other reported results using 6M KOH electrolyte or 1 M H>SOs.

Organic HF-EC

We explored the electrochemical behavior of electrodes in organic electrolytes to elucidate their

performance at higher voltages. Specifically, we assembled devices with 1 M tetracthylammonium

tetrafluoroborate (TEABFj) in acetonitrile (ACN). Nyquist plots of EIS in Fig. 4a show a small semi-circle
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indicative of increased solution resistance, attributed to the movement of larger ions in the organic
electrolyte compared to aqueous electrolytes. This results in an increase in the ESR to 221 mQ for CNT-
ZIF-8-CBC. Further analysis in Fig. 4b and 4c shows a phase angle of approximately -78° at 120 Hz and a
capacitance of 1.24 mFcm™. Additionally, the cyclic voltammetry (CV) curves in Fig. S16 exhibit a

rectangular profile up to 200 Vs™.
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Figure 4. Nyquist Spectra (a), Bode diagram (b) and areal capacitance vs frequency plot (c), for CNT-ZIF-

8-CBC electrode in organic electrolyte.

Cell Integration and Ripple Filtering Demonstration

The aqueous HF-EC limits the potential window of 0.8 V. To achieve a higher voltage window, three cells
were assembled in series to reach a voltage of 2.4 V. Fig. 5a shows the CV curve of the integrated cell up
to a stable voltage of 2.4 V. This integrated cell was tested as a filtering capacitor in an AC/DC converter,
as shown in the schematic in Fig. 5b, which is composed of four rectifying diodes D1-D4, filtering capacitor

C and load R. V; is the input AC signal, V, is the output voltage having a ripple voltage of V..

The ripple voltage is a critical parameter in filtering circuits that directly affects the stability and quality of
the output power. In high-power applications, excessive V; leads to increased power losses in the ESR of
the filtering capacitor. These losses manifest as Joule heating, which can significantly reduce the efficiency
of the power delivery system and limit the amount of ripple the capacitor can safely handle. If V; exceeds

a certain threshold, the excessive heat generated within the capacitor can cause thermal stress, potentially
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damaging the component or shortening its lifespan. For voltage-sensitive systems, such as microchip power
supplies, it is not only the power loss that is of concern but also the tolerable noise levels of the sensitive
microchips. These systems often have stringent noise requirements, meaning the ripple voltage must be
minimized to prevent interference with the performance of the microchips. In these cases, the maximum V;
is determined by the microchip’s tolerance for noise and signal integrity, which typically requires very low

ripple voltages to ensure stable operation and prevent data corruption or malfunctions (59, 60).

For a sine wave at frequency f as the input, the ripple voltage from the AC/DC converter is given by V. =

Vo—2Vy
2fCR

, where V, is the output voltage having a ripple voltage of V;, V4 is the voltage drop on each diode,
and C and R are the filtering capacitor and load, respectively. Therefore, with a given load, a large
capacitance favors a lower ripple voltage. We tested the integrated HF-EC at a constant 60 Hz frequency
with different waveforms and varied loads, as shown in Fig. 5c-f. The ripple voltage (V:) observed for a
470 Q load with a square waveform is approximately ~0.06 V, while for a sine waveform, it is ~0.1 V. The

ripple voltage decreases further to ~0.04 V during the 100 k€ load test, with a similar trend observed for

other waveforms.

An alternative method to achieve a higher operating window is to assemble the electrodes with an organic
electrolyte, as demonstrated with a working potential up to 2.5 V. The cell was tested at 60 Hz with four
different waveforms and load variations. The observed ripple voltage was approximately ~0.04 V at a 2.2
kQ load (Fig. S17 in SI). Testing the same cell at a constant load of 470 Q and increasing the frequency up
to 60 kHz (Fig. S18 in SI) showed a consistent trend in ripple voltage, indicating a nearly pure DC signal
at higher frequencies. Some noise was observed, which is associated with measurement artifacts and not

ripple voltage, as it lacks a distinct pattern.

For practical applications, three aqueous cells were assembled in series to form an integrated device as
shown in figure S19a. It was used to test the ripple in an LED. The input AC signal to the LED was

generated by a waveform generator having a frequency of 20 Hz as seen in Fig. S19. The flickering response
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of the LED was recorded as seen in video V1 in SI. A bench vise is used to hold the capacitor firmly between
two copper plates. The constant flickering of the LED changed into a stable light when the capacitor is
plugged in the circuit due to smooth filtered DC signal as seen in video V2 in SI. The filtered signal using
the device is shown in Fig. S19b. These proof-of-concept tests suggest that the CNT-ZIF-8-CBC electrode

shows promise as an excellent material for high-frequency EC applications.
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3. Conclusion:

We developed a freestanding nanostructured carbon electrode, CNT-ZIF-8-CBC, by rapidly carbonizing a
bacterial cellulose network embedded with ZIF-8 and in-situ growth of carbon nanotubes. This electrode
features a large porous surface area for enhanced ion migration and low resistance, achieved through
interconnected CNT, carbon nanofibers and nanocages. The resulting 15 um thick structure offers low area
resistance (9.8 mQ cm?) and high specific capacitance (2.1 mF cm™ at 120 Hz), maintaining strong
performance at kilohertz frequencies. Stacking these electrodes boosts capacitance to 5.3 mF cm™, with a
slight phase response reduction. When packaged in series to extend the voltage window to 2.4 V, the system
shows stable ripple and noise filtering performance across a wide frequency range, demonstrating its

potential for next-generation filtering capacitors.

4. Materials and Methods:

4.1. Material Synthesis:

Bacterial Cellulose sheets (6 x 4 x 0.5 cm) were impelled in methanol solution. The solution was diluted
and ultrasonicated to form a uniform dispersion. The obtained solution was centrifuged to remove chunky
agglomerated BC fibers. 1.07 g of Zn(NO3)2.6H>0 and 0.0924 g of Ni(acac), was added to 50 mL of this
dispersed BC solution and stirred for 12 hours. Another solution of organic linkers was made by adding
2.36 g of 2-methylimidazole in 50 mL of methanol. Both the solutions were mixed and sonicated for one
hour. The mixed solution was transferred into a 100 mL stainless-steel autoclave and underwent
solvothermal reaction for 4 hours at 120°C. 5 mL of the solution was taken and diluted with methanol and
ultrasonicated for 1 hour. A free-standing membrane was formed from this solution using vacuum filtration.
The membranes were washed with methanol to remove any unreacted linkers followed by drying in vacuum
at 100°C overnight. The membranes were then transferred inside a tube furnace where the free-standing
membranes were kept inside a covered boat with ground dicyandiamide (DCD). Typically, a 4:1 ratio by

mass of the film to DCD was used. The tube furnace was ramped at 5°C/min to 950°C and the samples
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were inserted into the heating zone of the tube furnace for 20 minutes in a nitrogen environment. These
samples were labelled as CNT-ZIF-8-CBC. These samples were cleaned with 6M HCI for 12 hours to
remove the nickel nanoparticles. These films were washed with DI water and then dried. The samples were
finally heated in nitrogen environment at 300°C for 1 hour to remove chlorine ions from the samples. The
samples directly carbonized from BC were labelled as CBC. The carbonized films were cut into 5 mm x

Smm sheets with a thickness of 15um.
4.2. Material Characterization:

The morphology of the sample was characterized using Scanning Electron Microscopy (SEM) on Zeiss
Auriga. X-Ray Diffraction (XRD) patterns were recorded with Malvern PANalytical Aeris. The X-ray
photoelectron spectroscopy (XPS) was conducted with the help of Kratos Axis Supra. Raman spectra was

collected using a custom-built Raman spectrometer with a 180° geometry. High—angle annular dark—field
scanning transmission electron microscopy (HAADF-STEM) and elemental mapping were
recorded on Themis microscopy at the University of Connecticut. Dcorr+ spherical probe corrector
is equipped with this microscope giving best spatial resolution of 0.08 nm. SuperX G1 was used

for a highly efficient STEM-EDX elemental mapping with 0.7 sr EDX collection angle.

4.3. Electrochemical Measurements:

Symmetric cells were assembled with these electrodes and 6 M KOH as aqueous electrolyte and a
hydrophilic separator in a 2032-coin cell. The area of each electrode was 0.25 cm?. All measurements were
carried out in Biologic SP-150 electrochemical workstation. Cyclic Voltammetry (CV) was performed in a
voltage window of 0-0.8V using scan rates from 1 mVs™! to 500 Vs™! for aqueous HF-ECs and 0-2.5 V using
scan rates from 1-200 Vs™! for organic HF-ECs. EIS was performed in the frequency range of 1 MHz to 0.1
Hz with 10 mV AC signal. Galvanostatic charge-discharge (GCD) measurements were conducted in a
current density range varying from 5 to 100 mAcm in a voltage range of 0-0.8V for aqueous electrolytes.

For high voltage aqueous cells, three sub-cells are stacked in series and packed into one 2032 coin-cell.
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