Open Access Article. Published on 19 June 2025. Downloaded on 1/18/2026 11:19:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials

Advances

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2025,
6, 5159

Received 12th May 2025,
Accepted 18th June 2025

DOI: 10.1039/d5ma00475f

Chiral bioderived supercapacitor electrodes based
on cellulose nanocrystalsy

Sai Gowtham Allu, Mirina E. Enderlin and Paraskevi Flouda = *

The advancement of high-performance thin-film electrodes for next-generation supercapacitors is often
hindered by the high cost and aggregation behavior of two-dimensional nanomaterials such as reduced
graphene oxide (rGO). Here, we demonstrate that integrating rGO into a chiral, bio-derived matrix of
cellulose nanocrystals (CNCs) via evaporation-induced self-assembly can simultaneously improve
electrochemical performance and reduce rGO loading. Specifically, we investigate how CNC chirality directs
rGO dispersion and modulates ionic transport pathways through hydrogen bonding and structural
templating. The resulting CNC/rGO nanocomposites retain key features of chiral organization and exhibit
reduced rGO restacking. The optimized CNC/10 wt% rGO composite achieved a specific capacitance of
209 Fgtat20 mV s tand 224 F g ' at 2.0 A g%, representing a 93% improvement over pure rGO, along
with a volumetric energy density of 17.6 W h L™! at 204 W L™ and stable performance across a wide power
range. This work offers a scalable and sustainable route to engineer nanostructured electrodes, revealing

rsc.li/materials-advances

1. Introduction

The increasing demand for efficient energy storage is driven by
the rapid growth of technologies such as electric vehicles,
autonomous systems, and advanced robotics." Among the
various electrode materials investigated, two-dimensional
nanomaterials like reduced graphene oxide (rGO) have shown
considerable promise due to their high electrical conductivity
(~10° S em™ %), large surface area (up to 2630 m* g '), and
excellent mechanical properties (Young’s modulus ~1.1 TPa
for a graphene monolayer).” However, practical implementa-
tion of rGO-based electrodes is often limited by high synthesis
costs, potential toxicity, and the tendency of nanosheets to
agglomerate and restack, which reduces accessible surface area
and hinders charge storage performance.>* One potential
strategy to overcome these challenges is the incorporation of
bio-derived polymers, which can act as dispersing and structur-
ing agents, minimizing rGO aggregation and enabling efficient
performance at lower rGO loadings.

Among bio-derived polymers, cellulose stands out as a
particularly promising candidate due to its natural abundance,
low density, and rich surface chemistry.>® Its properties are
largely governed by extensive hydrogen bonding between poly-
mer chains, which influences both mechanical strength and
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how chirality in bio-based materials can be harnessed to enhance charge storage and ion accessibility.

chemical reactivity.”® Depending on the processing method,

cellulose can be converted into nanofiber or nanocrystal
forms.”® Cellulose nanofibers (CNFs) typically have diameters
of 3-4 nm and lengths up to 0.5 pm, and have been widely
investigated as polymeric binders in electrode materials due to
their flexibility and high aspect ratio.’ In contrast, cellulose
nanocrystals (CNCs) are rigid, rod-like structures with average
diameters of approximately 6.1 nm and lengths around 165 nm
and have been extensively studied for their photonic
properties.”™"" CNCs are particularly attractive because of their
ability to self-assemble into left handed chiral nematic phases
at concentrations above 4.7 wt%,"> enabling the formation of
highly ordered nanostructures.®**¢

To date, only a handful of studies have investigated the use
of CNCs in energy storage applications.’”° For instance, CNC-
based aerogels incorporating iron oxide and cobalt oxide nano-
particles have been developed as supercapacitor electrodes.'”
Upon carbonization and activation at elevated temperatures up
to 900 °C, the resulting aerogels exhibited a specific capacitance
of 294 F g~ ' at a scan rate of 50 mV s~ and retained 92.4%
of their capacitance after 2500 charge-discharge cycles.'”
In another study, CNC/GeO, aerogels were fabricated by inte-
grating GeO, nanoparticles into the CNC matrix through con-
trolled hydrolysis and condensation.'® This approach enhanced
electron transport pathways, resulting in a specific capacitance
of 114 F g ' at 50 mV s ' and a capacitance retention of
95% after 3000 cycles."® Additionally, helical metal-organic
framework (MOF) composites were synthesized via in situ
growth of zeolitic imidazolate frameworks on CNCs, followed

Mater. Adv., 2025, 6, 5159-5170 | 5159


https://orcid.org/0000-0003-4062-1672
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ma00475f&domain=pdf&date_stamp=2025-06-25
https://doi.org/10.1039/d5ma00475f
https://doi.org/10.1039/d5ma00475f
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00475f
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA006015

Open Access Article. Published on 19 June 2025. Downloaded on 1/18/2026 11:19:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

by carbonization.’®> These MOF/CNC composites reached
172 Fg 'at 0.1 Ag ' and 70 Fg " at 10 A g~ ".*>° While these
systems highlight CNCs as effective structural templates, they
rely on pseudocapacitive materials or extensive thermal proces-
sing. Moreover, none of them directly examines the effect of
CNC chirality or long-range ordering on ion transport, charge
accessibility, or electrode architecture.

In this work, we sought to combine, for the first time, the
chiral assembly of CNCs with the electrochemical properties
of rGO to enhance supercapacitor electrode performance.
Although CNCs are electrically insulating, they play a critical
structural role in the composite, facilitating uniform rGO
dispersion, suppressing sheet restacking, and guiding the
formation of chiral architectures that enhance ion accessibility.
In this composite system, CNCs serve as chiral structural hosts,
while rGO serves as the electrochemically active component.
The two materials were processed into free-standing electrodes
using slow evaporation-induced self-assembly (EISA), enabling
the formation of hierarchical, chiral morphologies. Electrodes
with varying rGO content (5-50 wt%) were evaluated for
mechanical and electrochemical performance using tensile
testing, cyclic voltammetry, and galvanostatic charge-discharge
cycling. Compared to pure rGO electrodes, CNC/rGO composites
exhibited remarkedly improved electrochemical stability at high
specific currents, even with rGO content as low as 10 wt%. This
study highlights the critical role of chiral CNC assembly in tuning
nanocomposite electrode behavior and demonstrates their
potential for energy storage applications where both weight and
space constraints are key considerations.

2. Experimental section
2.1 Preparation of cellulose nanocrystals (CNCs)

Cellulose nanocrystals were prepared by acid hydrolysis, according
to prior reports.®*?! Initially, 17 g of wood pulp were cut into small
pieces and were slowly added into a 150 ml of 64 wt% sulfuric acid
solution, followed by stirring at 45 °C for 1 hour. Next, the mixture
was diluted with ultra-pure water (to 1000-1400 ml) and was left
overnight to separate the hydrolyzed cellulose. The suspension was
collected and centrifuged twice at 6000 rpm for 5 min. The
centrifuge tubes were filled again with ultra-pure water to redis-
perse the sediment and transferred into a beaker for dialysis
against ultra-pure water using a dialysis tube (14000 Da, Ward’s
Science) for 10 days. The cellulose mixture was then placed into a
beaker and stirred for 15 min to avoid aggregation, followed by two
more rounds of centrifugation at 11000 rpm for 20 min. Finally,
the supernatant was subjected to tip sonication using a 4208-B
Thermofisher sonicator for 4 min 30 s with 5 s on/off pulse at 40%
amplitude. Through this process, CNCs in water with a concen-
tration of 6 mg ml~" were obtained.

2.2 Preparation of graphene oxide (GO)

Graphene oxide was prepared following a modified Hummers’
method, according to previous reports.”>?** Initially, 1.5 g of
graphite was mixed with 1.2 g of NaNO; and 60 ml of sulfuric
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acid (ACS reagent-grade, 95-98%). The mixture was stirred in
an ice bath for 5 hours. 7.5 g of KMnO, were added gradually
while the temperature was maintained below 20 °C. Then the
mixture was heated at 35 °C for 2 hours and 125 ml of ultra-
pure water were added to the mixture. The mixture was stirred
for 10 min followed by addition of 350 ml of water and stirred
for 10 min again. 10 ml of 30% hydrogen peroxide were added
to terminate the reaction, followed by the addition of 531 ml
of 5% hydrochloric acid. The dispersant was stirred overnight,
it was then centrifuged for 5 min at 5000 rpm twice. The
precipitated cake was redispersed again in ultra-pure water
and placed in dialysis tubes of 14000 Da (Ward’s Science).
The water was changed every 2-4 hours till the pH reached 7.
The obtained mixture was tip sonicated for at least 2 hours at
90% amplitude with 3 s on/off using a 4208-B Thermofisher
sonicator. Through this process, graphene oxide of 3 mg ml™*
in water was obtained.

2.3 Preparation of CNC/rGO nanocomposites

Thin film nanocomposites were prepared by mixing CNCs
(6 mg ml™") and GO (3 mg ml™") in water at desired ratios
(GO content in CNC/GO: 5, 10, 20, 30, 40, and 50 wt%) while
carefully avoiding agglomeration. The mixtures were stirred for
1 hour, followed by drop-casting onto a 15 mm diameter Petri
dish for slow evaporation self-assembly. Once dried in air, the
films were carefully removed from the Petri dishes, yielding
free-standing CNC/GO films.

Pure CNC films were prepared using the same procedure.
In contrast, pure GO films were obtained via vacuum filtration
of 45 ml of GO in water at a concentration of 3 mg ml~* using a
Nylon membrane (47 mm diameter, 200 nm pore size). The GO
films were washed with deionized water, peeled off the filter
paper, and air-dried overnight. Vacuum filtration was chosen
over drop-casting for GO films to prevent adhesion to the Petri
dishes. The films were cut to the required dimensions for
characterization and placed in a vacuum oven at 220 °C for 2 hours
to achieve GO reduction, forming CNC/rGO nanocomposites.

2.4 Chemical, thermal, and morphological characterization

UV/Vis spectra were collected using a Double beam MSE PRO
MAO0616 series UV/Vis spectrophotometer at a wavelength range
of 190-800 nm. Attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectra in the range of 675-4000 cm™ " were
collected using a Thermo fisher Nicolet iS50R FT-IR spectro-
meter with a resolution of 2 cm™'. Raman spectroscopy data
were collected using a Renishaw Invia Raman Microscope with
a 514 nm Laser, 2400 grating in the range of 500-4000 cm .
The spectral baseline was fitted using Origin pro software.

Thermal gravimetric analysis (TGA) was conducted on films
before and after reduction using a TA instruments Discovery
TGA 5500. The temperature was varied from room temperature
to 700 °C with a heating rate of 10 °C min~! in N,.

Contact angle measurements were performed by placing a
10 pL droplet of 6 M KOH electrolyte on the fabricated electro-
des. A photograph was taken within 10 seconds, and the
contact angle was analyzed using Image] software with the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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LBADSA drop analysis plugin. Each measurement was repeated
three times.

Conductivity was determined using a CMT-SR2000N four-
point probe. The reduced films were placed on a glass slide and
tested for resistance. Conductivity (o) was calculated using

/ .
the formula: ¢ = R A where R denotes the resistance of the

sample, A denotes the cross-sectional area, and [ denotes the
distance between the inner probes.>*?*

Scanning electron microscopy (SEM) imaging was con-
ducted to investigate the cross-sectional area of the composites.
A Hitachi S-4800 cold FEG SEM was used for composites, with
samples placed vertically and secured with carbon tape. The
cellulose-containing samples were sputter-coated with an 8 nm
platinum layer (Leica EM ACE 600). Pure GO samples were
analyzed with an FEI Inspection SEM, placed on 45° stubs, and
secured with carbon tape. Freshly cut films were imaged, and
cross-sectional views were obtained by tilting the stage. Before
analysis, the pure GO samples were sputter-coated with gold for
90 seconds.

Polarized optical microscopy was performed using an Olym-
pus microscope operating in dark-field mode, enabling visua-
lization of birefringent textures. Atomic force microscopy (AFM)
was performed in air using a Bruker Dimension Icon system
operating in tapping mode. Scans were acquired at a resolution
of 512 x 512 pixels and a scan rate of 0.5 Hz using HQ:XSC11/
AL BS probes (spring constant: 1.1-5.6 N m™'; tip radius
~8 nm).

2.5 Mechanical characterization

Tensile testing was performed using a TA Instruments DMA
850. Composite films were cut into rectangular strips for
testing. The length (~1.5 cm), width (~0.5 cm), and thickness
(15-255 pm) of each sample were measured using vernier
calipers and a micrometer prior to loading. Samples were
mounted using a single-screw film clamp setup, with clamping
torque applied between 0.6 and 2 in Ib, depending on the
composite. A constant strain rate of 1 mm min~" and a preload
force of 0.02 N were used for all tests. For each composition, five
samples were tested, and results were compared using box plots.
Tensile stress-strain curves were used to extract key mechanical
parameters including Young’s modulus, tensile strength, tough-
ness, and elongation at break. Young’s modulus was calculated
from the slope of the initial linear region of the stress-strain curve,
while toughness was determined by integrating the area under the
curve.”® All tests were conducted in room conditions (temperature:
20-22 °C and humidity between 30 to 50%).

2.6 Electrochemical characterization

Samples were cut into 15 mm diameter circles and assembled
into two-electrode coin cells (CR2032) with 120 pL of 6 M KOH
as the electrolyte. The cells consisted of two 15 mm diameter
carbon paper pieces as current collectors, a 20 mm diameter
Celgard 3501 microporous membrane separator, two spacers,
and a spring. The total electrode mass of two electrodes ranged
from 6 to 11 mg, with thickness values in the pm range.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Electrochemical testing was conducted using a Biologic VMP-
3e multichannel potentiostat.

Cyclic voltammetry (CV) readings were obtained by varying
the potential from 0 to 1 V at scan rates ranging from 1 to
200 mV s~ '. The specific capacitance was calculated using the

formula: C =2- J"Zfld V/(v-AV - m) where m is the total elec-

trochemically active mass of both electrodes (g), I is the current
(A), Vis the voltage (V), AV is the potential window, v is the scan
rate (V s'), and V, and V_ are the high and low voltage cutoff,
respectively.”

Galvanostatic charge-discharge (GCD) measurements were
performed by varying the cell potential between 0 and 1 V at
specific currents ranging from 0.2 to 2.0 A g~ '. The specific
capacitance was calculated using the equation: C = 4-I-At/(m-AV),
where I is the current (A), AV is the potential window (V), At is
the discharge time (s), and m the total active mass of both
electrodes (g).”” Prolonged galvanostatic charge-discharge
cycling was performed at specific currents ranging from
0.5 A g ' to5 A g '. Each supercapacitor was subjected to
10000 cycles at 0.5 Ag ", followed by2Ag ™', 5Ag ", and again
at 0.5 A g * to evaluate cycling stability and rate performance.
Electrochemical impedance spectroscopy (EIS) was conducted
on the symmetric two electrode coin cells with an amplitude of
10 mV in the frequency range of 5 mHz to 1 MHz.

3. Results and discussion

Free-standing CNC/rGO nanocomposite films were fabricated
using slow evaporation-induced self-assembly to maintain the
inherent CNC chirality (Fig. 1(a)). Specifically, aqueous disper-
sions of CNCs and GO were mixed at controlled ratios and
drop-cast onto Petri dishes. The resulting thin films were
thermally reduced at 220 °C to partially restore GO’s electrical
conductivity.”® In the resulting structure, reduced GO (rGO)
stacks serve as the electrochemically active component, while
CNCs provide the chiral structure and mechanical support,
ensuring uniform dispersion and stability within the composite
films. The interaction between CNCs and rGO is primarily
governed by hydrogen bonding between the CNC hydroxyl
groups and the rGO oxygen-containing functional groups,
facilitating both structural integrity and effective load transfer
within the nanocomposites.*’

FTIR analysis confirmed the successful incorporation of GO
into CNC films by identifying characteristic functional groups
of both components, as shown in Fig. 1(b). Pure CNC films
exhibited key peaks related to the cellulose structure, including
C-0O-S symmetric stretching vibration at 807 cm™*, C-O stretch-
ing at 1054 ecm ™', B-glucosidic linkages at 1161 cm ', and
hydroxyl (-OH) bending at 1645 cm™'.**> The presence of
GO in the nanocomposite films was verified by the emergence
of new peaks at 1621 cm ™' and 1712 cm™*, corresponding to
C=C and C=O0 functional groups, respectively.****

Thermal reduction of the composite films was confirmed by
FTIR spectroscopy, which demonstrated the removal of oxygen-
containing functional groups (Fig. 1(c)). Compared to unreduced

Mater. Adv.,, 2025, 6, 5159-5170 | 5161
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Fig. 1 (a) Schematic representation of the chiral CNC/rGO electrode fabrication, (b) and (c) FTIR spectra before (b) and after (c) thermal reduction of

CNC, GO, CNC/10 wt% GO, and CNC/50 wt% GO. (d) TGA analysis of CNC, GO, CNC/10 wt% GO, and CNC/50 wt% GO before (solid lines) and after

(dashed lines) reduction.

samples, CNC/rGO composites exhibited fewer peaks, with sig-
nificant reductions in the -OH bending at 1645 cm ' and the
broad -OH stretching at 3246-3356 cm™ ">’ In addition, an
increase in the intensity of the C—C stretching vibration char-
acteristic of sp> hybridized carbon was observed at 1621 cm™ ">
Successful reduction was further verified by Raman spectro-
scopy (Fig. S1, ESIt), where the intensity ratio of the D band
(~1347 cm ™', associated with structural defects) to the G band
(~1602 cm ™', related to sp” carbon domains) decreased from
0.87 (pristine GO) to 0.85 in the reduced samples.*® This decrease
indicates the heterogeneous reformation of sp>hybridized gra-
phitic regions throughout the rGO matrix, not limited to the
surface.”®*® These spectral changes confirm the successful
reduction of GO, leading to enhanced electrical conductivity in
the nanocomposite films.

Thermogravimetric analysis further supported the success-
ful incorporation of GO and thermal reduction by revealing
changes in thermal stability, as shown in Fig. 1(d). The initial
weight loss observed between 100-200 °C in all samples is
attributed to the removal of residual moisture and labile
oxygen-containing functional groups.?” Pure CNC films exhib-
ited significant mass loss around 250-500 °C due to cellulose
degradation, whereas GO-containing composites showed
improved thermal stability.>** Upon thermal reduction, the
composites exhibited even greater stability, with the degrada-
tion temperature shifting from 133-143 °C to 306-352 °C. This
substantial increase supports the effective removal of oxygen-
containing functional groups and the formation of a more
thermally stable, graphitic structure in the reduced films.

3.1 Electrode morphology

Cross-sectional SEM analysis revealed distinct internal organi-
zations among the composite films. Pure CNC films exhibited a

5162 | Mater. Adv., 2025, 6, 5159-5170

uniform structure with a characteristic wavy, twisted pattern,
indicative of their chiral nature (Fig. 2(a) and (d)). In contrast,
pure GO films exhibited highly layered structures, consistent
with previous reports in the literature (Fig. S2, ESIT).””*” When
GO was incorporated into the CNC matrix, the chiral structure
remained visible but appeared less pronounced, likely due to
the disruption of CNC alignment by the incorporation of GO
sheets (Fig. 2(b), (c) and Fig. S2, ESIt). This indicates that while
GO is integrated into the CNC network, it modulates the degree
of order within the chiral domains. The insets in Fig. 2(a)—(c),
taken under crossed polarizers, display distinct birefringence
patterns associated with retained chiral nematic ordering.'**®
This optical response provides further evidence that the CNC’s
chiral architecture is partially preserved within the composite
films, even at high GO loadings. Supporting this, UV-Vis
spectroscopy showed a progressive decrease in transmittance
with increasing GO content (Fig. S3, ESIt), consistent with the
incorporation of optically dense rGO structures.

Comparing unreduced and reduced samples, thermal
reduction generally led to an increase in film thickness
(Fig. 2, Fig. S2, S4, and Table S1, ESIf). For example, the
thickness of the CNC/10 wt% rGO composite increased from
approximately 9 pm to 14 um after reduction. In contrast, the
CNC/50 wt% rGO composite showed a much more substantial
increase, from 23 pum to 255 pm—similar to the behavior of
pure rGO films, which expanded from 6.5 pm to 143 um. This
expansion is primarily attributed to the removal of water and
moisture trapped between the layers during thermal reduction.
Additionally, the disruption of CNC chiral ordering and the
crumpling of rGO sheets may contribute to the swelling
observed in composites with high rGO content. Notably, the
thickness increase for rGO exceeded values reported in previous
studies, likely due to the omission of a three-day drying step at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of (a) CNC, (b) CNC/10 wt% GO, and (c) CNC/50 wt% GO. Higher magnification images of (d) CNC and (e) CNC/10 wt% rGO.
(f) Schematic illustration of CNC/rGO composite assembly. The red box in panel (e) highlights a region where the curved, helical arrangement is visible,
indicative of chiral nematic ordering within the CNC/10 wt% rGO composite. Insets in (a)—(c) show optical images of the corresponding films placed
between two polarizers at 907, highlighting birefringence and chiral ordering.

80 °C that is commonly used to slowly evaporate residual
moisture.””*” This step was excluded to streamline processing
and reduce fabrication time. The resulting increase in thickness
suggests greater interlayer spacing and structural relaxation.
These observations indicate that at higher rGO content, thermal
treatment promotes enhanced network expansion.

Further examination at higher magnification confirmed the
presence of chiral structures in the reduced composite films
(Fig. 2(e)). Notably, the CNC/10 wt% rGO composite retained
localized chiral organization after thermal reduction, suggesting
that the process did not significantly disrupt the self-assembled
structure. Based on the SEM images, we hypothesize that tGO
sheets are intercalated between CNC chiral domains, consistent
with the schematic representation shown in Fig. 2(f). Polarized
optical microscopy (Fig. S5, ESIT) and AFM images (Fig. S6, ESIt)
further support the chiral assembly, as evidenced by the charac-
teristic fingerprint-like textures and twisted CNC patterns.*

The reduced CNC films exhibited a smoother cross-section
compared to the other samples (Fig. S4, ESIt), with collapsed
CNC layers and visible cracks. In contrast, CNC/10 wt% rGO
composites retained well-defined cross-sectional features, indicat-
ing better structural preservation. This improvement is attributed
to strong interactions between CNCs and rGO such as hydrogen
bonding and n-n stacking which reinforce the composite frame-
work and promote more uniform distribution of thermal and
mechanical stress. These interactions help prevent layer collapse
and minimize structural degradation during thermal reduction,
thereby enhancing the overall structural integrity of the composite.

3.2 Mechanical properties and electrical conductivity

The mechanical properties of reduced CNC, rGO, and CNC/rGO
composites were investigated using uniaxial tensile testing
(Fig. 3(a)—(c), Fig. S7 and Table S2, ESIY). All samples exhibited

© 2025 The Author(s). Published by the Royal Society of Chemistry

typical linear stress-strain behavior characteristic of rGO-
containing nanocomposite thin-film electrodes.>**” Key mech-
anical parameters including Young’s modulus, ultimate tensile
strength, strain at break, and toughness were extracted and
plotted to assess the effect of composition.

The addition of rGO to CNC resulted in a decrease in both
tensile strength and Young’s modulus (Fig. 3(b), (c) and
Table S2, ESIt). Specifically, the CNC/10 wt% rGO composite
exhibited a tensile strength of 7.8 £+ 0.9 MPa and a modulus of
2.3 + 0.5 GPa, compared to 17.7 £ 2.8 MPa and 2.7 + 0.3 GPa,
respectively, for pure reduced CNC. Further increasing the rGO
content to 50 wt% led to a strength of 4.0 & 0.5 MPa and a
modulus of 1.2 + 0.2 GPa, attributed to the disruption of the
CNC’s chiral assembly which facilitates efficient load transfer
and the incorporation of mechanically weaker rGO.>* For
intermediate compositions, no clear trend in strength was
observed, as all values fell within experimental error, while
the modulus followed a linear trend.

Pure rGO exhibited a modulus of 1.1 + 0.3 GPa and a
strength of 5.6 £ 1.1 MPa, which are on the lower end com-
pared to values reported in the literature.>*?” This reduction is
likely due to the lower density and higher porosity of our
directly thermally reduced films, as discussed in the previous
section. The large error bars observed are attributed to
increased film brittleness, despite the use of specialized clamps
during tensile testing. A minimum of five measurements was
averaged for each composition to ensure statistical reliability.
Similar observations were made for the toughness and ultimate
strain, as shown in Fig. S7 and Table S2 (ESIt).

The electrical conductivity of the composites was measured
using a four-point probe setup (Fig. 3(d) and Table S3, ESIY).
The addition of rGO led to a clear increase in conductivity,
with the highest values observed for CNC/50 wt% rGO and

Mater. Adv,, 2025, 6, 5159-5170 | 5163
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Fig. 3 (a) Stress vs. strain curves of the CNC/rGO composites. Box plots of (b) the ultimate tensile strength, (c) Young's modulus, and (d) electrical
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CNC/40 wt% rGO composites, measuring 2.5 £+ 0.6 S em ™" and
2.5 + 0.2 S cm ', respectively. In comparison, pure rGO films
exhibited a conductivity of 1.4 + 0.3 S cm™ ', while reduced CNC
films showed resistance beyond the instrument’s sensitivity
limit of 2 MQ sq~". A percolation threshold was observed
between 10-20 wt%, as the CNC/10 wt% rGO composite exhib-
ited a significantly lower conductivity of 0.2 + 0.1 S ecm™*, and
CNC/20 wt% rGO measured 1.7 + 0.3 S cm™'. The higher
conductivity observed in composites above 20 wt% rGO, com-
pared to pure rGO, is attributed to improved interconnectivity
of rGO domains facilitated by the CNC matrix. CNCs help
maintain nanosheet separation during assembly, reducing
agglomeration and enhancing charge transport through a more
continuous and uniform conductive network.

3.3 Electrochemical properties

The electrochemical performance of all electrodes including
CNC (reduced), rGO, CNC/10 wt% rGO, CNC/20 wt% rGO, CNC/
30 wt% rGO, CNC/40 wt% rGO, CNC/50 wt% rGO was evaluated
in a symmetric two-electrode configuration using 6 M KOH as
the electrolyte. For clarity, four representative samples were
highlighted in Fig. 4: pure reduced CNC, pure rGO, the best-
performing composite CNC/10 wt% rGO, and the intermediate
composition CNC/50 wt% rGO. These selected samples repre-
sent key points across the composition range and illustrate
trends in capacitive behavior as a function of rGO content.
Cyclic voltammograms (CVs) for most samples exhibited
no distinct peaks, indicating the absence of redox reactions
(Fig. 4 and Fig. S8, ESIT)."” Instead, the CV curves displayed a
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characteristic rectangular shape, confirming electric double-
layer capacitance (EDLC) behavior."®?” Notably, the CNC/
10 wt% rGO composite showed the most well-defined CV
curves, including the appearance of a broad peak at 0.5 V—
suggesting limited pseudocapacitive behavior likely arising
from accessible remaining oxygen containing surface func-
tional groups on rGO.>”*° This indicates an enhanced charge
storage capacity compared to both pure rGO and other compo-
site formulations. Furthermore, the CV curves retained their
shape at increasing scan rates, confirming stable capacitive
behavior across different cycling conditions (Fig. S8, ESIT).*!
The highest capacitance was observed in composites with
the higher CNC content, up to 90 wt% (Fig. 4(b), Fig. S9 and
Table S4, ESIt). At a scan rate of 20 mV s, the average specific
capacitance was 209 Fg~ ', 161 Fg ', 161 Fg ', 164 Fg !, and
166 F g~ ' for CNC/rGO composites with 10, 20, 30, 40, and
50 wt% rGO, respectively Motivated by the exceptional perfor-
mance of the 10 wt% rGO composite, we also evaluated a CNC/5
wt% rGO sample. However, its specific capacitance was reduced
to 167 +£ 2 F g ' at 20 mV s, likely due to the insufficient
loading of electrochemically active material relative to the
higher-performing 10 wt% composition. In comparison, pure
rGO exhibited a capacitance of 157 F g~ ', which was lower than
all CNC/rGO composites, highlighting the beneficial role of
CNCs chiral assembly in charge storage performance.'””"’
At higher scan rates, the CNC/rGO composites consistently
outperformed pure rGO, indicating improved ion transport
kinetics. Additionally, contact angle measurements with the
electrolyte revealed no significant differences across compositions,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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suggesting comparable wettability among all films (Fig. S10 and
S11, EST%).

Galvanostatic charge-discharge (GCD) measurements were
conducted at specific currents ranging from 0.2 to 2.0 A g "
(Fig. 4(c), Fig. S9, S12 and Table S5, ESIf). The GCD curves
exhibited nearly symmetrical triangular shapes, indicating the
absence of redox reactions and confirming EDLC behavior.*?
At 0.5 A g ', the CNC/10 wt% rGO composite showed the
highest specific capacitance of 247 F g, followed by CNC/5
wt% rGO and pure rGO at 245 and 187 F g, respectively. The
other composites CNC/20 wt% rGO, CNC/30 wt% rGO, CNC/
40 wt% rGO and CNC/50 wt% rGO exhibited a specific capaci-
tance of 175 F g, 185 F g%, 167 F ¢ " and 169 F g !,
respectively. At a higher current of 2.0 A g%, the specific
capacitance values were 166, 224, 149, 162, 138, and 147 F g "
for CNC/rGO composites with 5, 10, 20, 30, 40, and 50 wt% rGO,
respectively. In comparison, pure rGO displayed a significantly
lower capacitance of 116 F g~ " at the same current.

The rGO, CNC/50 wt% rGO, and CNC/10 wt% rGO compo-
sites were selected for prolonged cycling up to 40 000 cycles to
evaluate their long-term electrochemical stability, as dis-
cussed earlier (Fig. 5). The specific currents were varied every
10000 cycles in the following sequence: 0.5 A g7*, 2.0 A g™,
5.0 A ¢, and back to 0.5 A g~'. The prolonged cycling tests
revealed that the CNC/rGO composites exhibited higher and

© 2025 The Author(s). Published by the Royal Society of Chemistry

more stable specific capacitance across the higher specific
currents compared to pure rGO. When comparing the initial
(1-10000 cycles) and final (30000-40000 cycles) stages at
0.5 A g ', specific capacitance was well retained across all
compositions, indicating excellent cycling stability; the perfor-
mance of all electrodes remained within experimental error for
most of these cycles. At this relatively low specific current,
ion diffusion limitations are minimal, allowing all systems
to perform comparably. However, at higher specific currents
(2.0 A g ' and 5.0 A g '), the composites consistently out-
performed pure rGO. The composites, CNC/10 wt% rGO, CNC/
50 wt% rGO and rGO exhibited 142 + 4 Fg ', 131 £+ 7F g™,
and 119 + 13 F g~ ' after 10000 cycles at a specific current of
2.0Ag . At5.0 Ag ", the composites followed the same trend
with highest specific capacitance for CNC/10 wt% rGO at 130 &
4 F g ' followed by CNC/50 wt% rGO and pure rGO at 102 +
10 F g7 " and 26 + 12 F g ', respectively. With increasing
specific current, the specific capacitance of rGO decreased
significantly, while the CNC/rGO composites maintained super-
ior capacitance, highlighting their enhanced structural integ-
rity and charge storage capability during prolonged cycling.
Electrochemical impedance spectroscopy was conducted to
evaluate the charge transfer and ion diffusion properties of the
composite electrodes (Fig. S13, S14 and Table S6, ESIT). Nyquist
plots were fitted using a Randles circuit model consisting of

Mater. Adv,, 2025, 6, 5159-5170 | 5165
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five components: R; (solution, contact and intrinsic resistance
of the solution),*® R, (charge transfer resistance at the elec-
trode-electrolyte interface),** Q, (double-layer capacitance at
the electrode surface), Q; (pseudocapacitive behavior or surface
inhomogeneity), and W, (Warburg impedance related to ion
diffusion within the electrode),*® according to prior reports.
All samples showed a semicircle in the high-frequency
region and a near-vertical line at low frequencies, characteristic
of EDLC (Fig. S14 and Table S6, ESI{).***®*” R, remained
relatively consistent across all samples, with measured values
of 11.2 Q (rGO), 10.5 Q (CNC/10 wt% rGO), 15.6 Q (CNC/
20 wt%), 9.1 Q (CNC/30 wt%), 12.1 Q (CNC/40 wt%), and
7.4 Q (CNC/50 wt%). Charge transfer resistance (R,), which
reflects both bulk electrode and interfacial resistance, generally
decreased with increasing rGO content, consistent with improved
electrical conductivity. Interestingly, CNC/10 wt% rGO exhibited
the highest R, among the composites yet showed the best

N
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electrochemical performance. This suggests that in CNC-rich com-
posites, enhanced capacitance arises from improved accessibility of
the rGO active surface area, facilitated by chiral templating and
reduced aggregation, rather than from low charge transfer resis-
tance. Although the equivalent circuit model included a Warburg
element, consistent with prior literature, we do not discuss it further
here due to the non-intercalating nature of EDLC electrodes.*

3.4 Discussion

We compared our samples to the state-of-the-art materials in
terms of specific energy versus specific power, as shown in
Fig. 6, Table S7 and Fig. S15 (ESIt). The specific energy of CNC/
10 wt% rGO ranged from 8.7 to 6.6 W h kg™~ ', and CNC/50 wt%
rGO ranged from 6.5 to 5.1 W h kg™, remaining relatively
stable as specific power increased from 100 to 1000 W kg™ .
In contrast, pure rGO showed a broader drop in performance,

40 b) ® MXene(Ti,C,T,)/rGO- 5wt%
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- graphene flakes CNC/10 wt%rGO
= > (This work)
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Fig. 6 Comparison of (a) specific energy vs. specific power and (b) energy density vs. power density. rGO: reduced graphene oxide, CNC: cellulose
nanocrystals, ANF: aramid nanofibers, CNF: cellulose nanofibril, MoO,N,: molybdenum oxynitride, and MnO,: manganese dioxide.
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with specific energy decreasing from 7.0 to 3.6 W h kg™" over
the same power range. These results highlight the superior
energy retention of CNC/rGO composites, particularly CNC/
10 wt% rGO, under high-power operating conditions.

Four literature-reported composites exhibited higher speci-
fic energy at low specific power values: high-density gra-
phene flakes (14.6 W h kg™ " at 80.1 W kg™ '), MnO,/cellulose
(13.6 W h kg™ " at 240.9 W kg™ "), MXene/rGO (10.7 W h kg™ " at
81.8 W kg™ '), and CNF/rGO/MoO,N,, (9 W h kg™ " at 99 W kg™ ).
These systems typically achieve high energy storage through
elevated active material loading, aerogel-based architectures that
enhance surface area, or the use of pseudocapacitive materials
such as MXenes and MnO,. However, these approaches often
come with trade-offs, including higher cost, limited mechanical
integrity, or reduced long-term electrochemical stability.**%°

To assess performance under space-constrained conditions,
we also compared volumetric energy and power densities of the
electrodes. The CNC/10 wt% rGO composite outperformed both
CNC/50 wt% rGO and pure rGO, achieving 17.6 W h L™* at
204 W L', compared to 10.7 W h L " at 152.2 W L™ " for pure
rGO and 2.2 W h L™" at 33.3 W L™! for CNC/50 wt% rGO.
Notably, CNC/10 wt% rGO maintained high energy density
across a wide power range, reaching 13.3 W h L' at
2040.8 W L', whereas pure rGO exhibited a sharp drop in
energy density, declining to 1.9 W h L™ " at 3797 W L™ ". This
rapid decline in energy density is attributed to the reduction in
accessible electrochemically active surface area due to restacking
of rGO sheets. In contrast, CNC/10 wt% rGO maintained dis-
persed rGO domains and preserved access to active sites, enabling
stable volumetric performance across the full power range.

While CNC/50 wt% rGO exhibited strong gravimetric perfor-
mance due to its high rGO content, its volumetric energy
density dropped significantly. This sharp decline is attributed
to the substantial increase in film thickness after thermal
reduction, which lowers energy density when normalized by
volume. Although the electrode retained good electrochemical
activity per unit mass, the expanded structure introduced by
thermal processing—combined with possible restacking—
reduced the packing efficiency and made it less effective for
space-constrained applications.

In comparison, MXene/rGO thin films have reported volu-
metric energy densities of 34.5 Wh L™ " at 250.2 W L', benefiting
from pseudocapacitive behavior. In MXenes, this arises from
surface redox reactions involving terminal functional groups
such as -OH, -O, and -F, which participate in faradaic inter-
actions with the electrolyte, enhancing charge storage beyond
electric double-layer capacitance.”® High-density graphene
flakes showed 16.1 W h L ™" at 88.6 W L', due to high bulk
packing density and structural changes from small graphene
pieces. However, CNF/rGO/MoO,N,, despite high gravimetric
performance, had low volumetric energy (1.5 W h L' at
15.4 W L") due to its aerogel structure. Similarly, MnO,/
cellulose reached 10.1 W h L™" at 172 W L™, but required
more volume. Overall, CNC/10 wt% rGO demonstrated the best
balance of gravimetric and volumetric performance, making it
well-suited for compact, high-rate energy storage applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Chirality influenced the internal organization of both CNC/
10 wt% rGO and CNC/50 wt% rGO composites. In CNC/10 wt%
rGO, the preserved chiral structure effectively prevented rGO
restacking and promoted better dispersion, resulting in greater
accessibility of the active surface area and enhanced electroche-
mical performance. Despite being approximately 10x thinner than
CNC/50 wt% rGO, CNC/10 wt% rGO still outperformed both rGO
and CNC/50 wt% rGO, indicating that performance enhancements
are due to internal structural features. In contrast, CNC/50 wt%
rGO exhibited disrupted chiral ordering and significantly
increased thickness after thermal reduction, leading to partial
rGO aggregation and inefficient packing. While its higher rGO
content provided greater electrical conductivity and strong
gravimetric capacitance, the expanded structure limited its
volumetric energy density. This contrast highlights that the
enhanced performance of CNC/10 wt% rGO arises from the
synergistic influence of chiral assembly on charge distribution
and ion transport. Thus, the mechanisms of performance
enhancement differ: CNC/10 wt% rGO benefits from stabilized
morphology and accessible surface area, while CNC/50 wt%
rGO relies on bulk rGO content. These findings emphasize the
importance of chiral templating and morphological control in
optimizing charge accessibility and structural efficiency for
high-performance energy storage.

4. Conclusion

In this study, we successfully fabricated free-standing thin-film
CNC/rGO composite electrodes via slow evaporation-induced
self-assembly, preserving the chiral organization of cellulose
nanocrystals. The chiral structuring of CNCs played a key role
in controlling internal morphology and active surface accessibility
within the composites. This resulted in distinct electrochemical
behaviors: CNC/10 wt% rGO maintained stable chiral alignment,
which prevented rGO restacking and maximized accessible surface
area, while CNC/50 wt% rGO exhibited disrupted ordering and
increased thickness, limiting its volumetric performance despite
good gravimetric capacitance. Compared to pure rGO, both com-
posites showed improved electrochemical performance, with spe-
cific capacitance enhancements of 93% and 28% at 2 A g~ for
CNC/10 wt% and CNC/50 wt% rGO, respectively. The CNC-rich
systems also demonstrated enhanced mechanical robustness and
stable cycling. Importantly, the best performance was achieved
using bio-derived CNCs and only 10 wt% rGO, processed under
low-temperature conditions, highlighting the potential for envir-
onmentally conscious electrode fabrication. These results high-
light the potential of combining chiral nanocellulose templates
with conductive fillers to engineer scalable, high-performance bio-
derived electrodes with tunable structure-function relationships.
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