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Several types of nanocellulose-derived carbon/reduced graphene oxide
(rGO) nanocomposites are synthesized using three nanocellulose types:
cellulose nanofibers (CNF), long cellulose nanocrystals (CNC-L), and
short cellulose nanocrystals (CNC-S). The nanocomposites achieve a
large surface area due to the small nanocellulose fibers acting as
spacers. For the capacitive deionization (CDI) test, the CNC-L/rGO is
selected and compared with the rGO prepared without nanocelluloses.
It achieves a high sodium ion adsorption capacity of 45.67 mgg~tand a
high salt adsorption capacity of 57.08 mg g * at a NaCl concentration
of 2000 mg L. Excellent stability and performance are also confirmed
across varying saline concentrations. These outstanding properties
make the CNC-L/rGO a promising electrode material for efficient and
sustainable water desalination.
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New concepts

Capacitive deionization (CDI) is a promising desalination technology due
to its low energy consumption and eco-friendly nature. However, the
performance of CDI electrodes remains a critical challenge, particularly
in achieving high salt adsorption capacity, fast ion transport, and long-
term cycling stability. In this study, we introduce a new class of nano-
composites derived from nanocellulose and reduced graphene oxide
(rGO), where nanocellulose functions as a structural spacer to prevent
rGO restacking and enhance pore accessibility. By employing three
distinct nanocellulose morphologies—cellulose nanofibers (CNF), long
cellulose nanocrystals (CNC-L), and short cellulose nanocrystals (CNC-S)
—we systematically control the structure and porosity of the resulting
composites. Among these, CNC-L/rGO delivers an exceptional CDI per-
formance, achieving a Na® adsorption capacity of 45.67 mg ¢~ ' and
outstanding cycling durability. This work represents the first application
of nanocellulose-derived carbon/rGO nanocomposites for CDI, offering a
sustainable and tunable material platform. The strategic integration of
renewable nanocellulose with conductive carbon architectures opens a
new avenue in designing high-performance CDI electrodes. These find-
ings not only advance the understanding of hierarchical carbon compo-
site design but also offer practical insight for scalable desalination
technologies targeting freshwater scarcity.

1. Introduction

Freshwater scarcity, a pressing global challenge exacerbated by
climate change, overpopulation, water pollution, and unsus-
tainable water resource utilization, demands innovative
solutions."” Desalination, the process of removing salts from
saltwater or brackish water, presents a promising avenue for
producing clean, fresh water. There are several desalination
methods, such as thermal desalination and membrane-based
techniques. Thermal desalination utilizes heat to evaporate
water and separate it from salts, while membrane-based tech-
niques, such as reverse osmosis and electrodialysis, employ
semi-permeable membranes to filter out salts."® In these
desalination processes, however, high energy consumption,
substantial costs, and potential environmental impacts pose
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limitations for large-scale freshwater production.*”® Recently,
capacitive deionization (CDI) has garnered significant interest
among researchers worldwide.">*”~° The CDI operates at a low
voltage between two electrodes, where ions from an aqueous
solution are adsorbed via the electrical double layer (EDL)
mechanism. This process does not generate harmful bypro-
ducts. Instead, energy can be recovered during the release of
counter ions and electrode regeneration by simply reversing the
electrode polarity. Consequently, CDI is considered a promis-
ing desalination technology due to its cost-effectiveness, high
energy efficiency, and environmentally friendly attributes com-
pared to conventional desalination methods.

The efficiency and capacity of CDI technology are strongly
dependent on the electrode properties. To date, a wide range
of nanoporous materials, including carbon-based materials,
metal-organic frameworks (MOFs), covalent-organic frameworks
(COFs),'® polymers, and metal oxides,"" have been investigated for
CDI applications.”™®'>™* Among these, carbon-based materials,
such as carbon aerogels,"® activated carbon,'® carbon nanotubes
(CNTs)-based composites,’” nanostructured carbon'® and other
graphene-based materials,'® are favored due to their desirable
properties, including high electrical conductivity, good chemical
stability, and ease of surface modification, coupled with economic
benefits such as low synthesis cost and abundance.”'> The CDI’s
electrochemical functions, mechanisms, and principles are clo-
sely related to those of supercapacitors. Therefore, physicochem-
ical parameters that enhance supercapacitor performance are
similarly effective in the CDL"'>?**!

Graphene-based nanocomposites have shown promise in
various electrochemical applications.?*** Graphene plays a vital role
in these nanocomposites, enhancing electrical conductivity and
physicochemical stability. However, graphene nanosheets them-
selves are seriously stacked to each other, reducing the exposed
active surface area. Self-assembly of graphene nanosheets can yield
porous nanoarchitecture by incorporating with CNTs or crosslink-
ing with polymers.'® Nanocelluloses that can be widely obtained
from natural cellulose sources exhibit one-dimensional (1D)
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morphologies having uniform diameters ranging from 10-100 nm
and lengths from 100 nm to several microns.>* > By using different
types of nanocelluloses, carbon materials with varying morphol-
ogies, textures, etc., can be designed in a desired manner.?>**?¢
Therefore, graphene-based nanocomposites with nanocelluloses as
spacers are expected to retain high exposed surface area, and they
are expected to be a promising candidate for CDI applications.
To the best of our knowledge, however, the application of
nanocellulose-derived carbon/rGO nanocomposites to CDI has not
been previously reported. In this study, we report the synthesis of
nanocellulose-derived carbon/rGO nanocomposites using three
types of nanocellulose produced via different treatments, each
exhibiting unique distinctions in morphologies, size, and proper-
ties: (1) CNF (cellulose nanofibril) with a width of 2-50 nm and a
length of 1-3 pm (the most extended length among the types),
(2) CNC-L (long cellulose nanocrystal) with a width of 10-20 nm and
a length of 500-1000 nm (shorter than CNF but longer than CNC-S),
and (3) CNC-S (short cellulose nanocrystal) with a width of 10-
20 nm and a length of 300-500 nm (the shortest length) (Scheme 1).
Importantly, in this design, nanocellulose acts not only as a spacer
but also as a morphology-regulating agent. Specifically, differences
in fiber length and crystallinity among CNF, CNC-L, and CNC-S
allow for precise tuning of the resulting pore architectures and
conductive pathways. The CNC-L forms an extended conductive
network and introduces a larger mesoporous structure, while the
CNC-S forms a denser and more compact structure. This structural
tunability allows for effective control over ion transport dynamics in
the CDI system.”” Furthermore, the incorporation of appropriately-
sized nanocellulose spacers suppresses the restacking of the rGO
layers and enhances ion accessibility.*®

In parallel, recent studies have emphasized the importance of
architecturally-engineered electrodes that integrate hierarchical poro-
sity, structural stability, and well-defined ion transport pathways to
advance CDI performance.”® Our design strategy is well aligned with
this emerging direction. The concept of using bio-derived nanoscale
spacers to regulate the structure of two-dimensional materials can be
extended to other layered materials such as MXenes, layered double
hydroxides, and transition metal dichalcogenides. We comprehen-
sively characterize the resulting nanocomposites to determine their
physicochemical properties, including morphologies, textures, sur-
face areas, pore size distributions, etc. The synthesized nanocompo-
sites are then used to fabricate electrodes for a CDI device under
controlled conditions (Fig. S1), enabling us to systematically study
and evaluate the impact of nanocelluloses on the CDI performance.
Our nanocomposite demonstrates remarkable performance in the
CDI applications in comparison with rGO prepared without nano-
celluloses, underscoring their potential as highly efficient materials
for water desalination.

2. Results and discussion

The preparation process of the nanocellulose-derived carbon/
rGO nanocomposites is illustrated in Scheme 1. The GO
nanosheet precursor, synthesized using Hummers’ method,
exhibited a 2D crumpled sheet-like structure. Nanocelluloses

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Synthesis strategy of nanocellulose-derived carbon/rGO nanocomposites prepared with graphene oxide (GO) sheets and nanocellulose as

the starting precursors.

were incorporated into this structure through a self-assembly
approach, facilitated by the functional groups present on both
GO and nanocellulose surfaces (e.g., C-O, C—0, and hydroxyl
(~OH) groups).>**® These functional groups promoted interac-
tions through ionic interactions and/or hydrogen bonding. The
precursor mixture, a brownish-black nanocellulose/GO nano-
composite, was obtained by flash freezing the suspension in
liquid nitrogen, followed by drying at low pressure using a
freeze dryer. Finally, the powder was carbonized under nitrogen
flow at 600 °C for 8 hours to produce the nanocellulose-derived
carbon/rGO nanocomposites.

The three different types of nanocellulose used in this study
are shown in TEM images in Fig. S2. CNF (Fig. S2a) is produced
via the mechanical treatment of sugarcane bleached pulp

pAL0

through a high-pressure homogenizer. They consist of a combi-
nation of high-aspect-ratio individual fibers and their bundles.
The surface of these fibers is rich in hydroxyl groups, which
bond through van der Waals forces, causing cellulose chains to
stack and form elementary fibrils or nanofibrils.>**>*> CNC-L,
derived from sugarcane bleached pulps mild sulfuric acid
treatment, also shows an elongated, flexible structure but with
shorter fiber lengths (Fig. S2b).**?* Negatively charged sulfate
groups (-OSO;™) are introduced onto the CNC’s surface, which
promotes CNC’s dispersion by electrostatic repulsion due to the
negative charge.** In contrast, CNC-S, obtained from the treat-
ment of wood pulp with sulfuric acid, features rod-shaped cellu-
lose nanocrystals with an average particle length of 291 &+ 24 nm
and a diameter ranging below 10 nm (Fig. S2c).*® The morphology

Fig.1 (a) and (b) SEM and (c) and (d) TEM images of CNF/rGO nanocomposite. () and (f) SEM and (g) and (h) TEM images of CNC-L/rGO
nanocomposite, and (i) and (j) SEM and (k) and () TEM images of CNC-S/rGO nanocomposite.

This journal is © The Royal Society of Chemistry 2025
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of rGO is shown in Fig. S3a and b, where the SEM and TEM
images display a uniform surface with fewer visible wrinkles.

The above nanocelluloses were combined with GO and
calcined at 600 °C to produce carbon nanocomposites. SEM
and TEM images (Fig. 1) reveal distinct structural features for
each nanocellulose type within the rGO framework. The SEM
images (Fig. 1a, b, e, f, i, and j) demonstrate a predominantly
sheet-like morphology for all samples, with nanocellulose
components blending into the rGO matrix, making it difficult
to distinguish between them as only rGO sheets are visible.
TEM images at both high and low magnifications illustrate
significant differences in nanocellulose morphology and dis-
tribution within the rGO composites, impacting the overall
structure. In the CNF/rGO composite (Fig. 1c and d), the low
magnification TEM clearly reveals the CNF structure, while the
high magnification shows CNF encased by thin rGO sheets. For
the CNC-L/rGO composite (Fig. 1g-h), low magnification TEM
indicates an uneven dispersion of CNC-L and rGO, leading to
visible voids and gaps. By contrast, the CNC-S/rGO composite
(Fig. 1k-1) displays a compact structure, where CNC-S particles
are evenly distributed within the rGO matrix, minimizing voids
or large pores.

XRD analysis was conducted to investigate the crystal struc-
ture of the materials. Fig. S3c of the rGO XRD pattern exhibits a
distinct diffraction peak at 26 = 26.4° (d-spacing = 0.34 nm)
corresponding to the (002) plane. This peak is observed,
whereas the characteristic diffraction peak of GO at approxi-
mately 11° (d-spacing = 0.81 nm) is not present, indicating the
elimination of oxygen-containing functional groups and inter-
layer water molecules, and confirming the successful conver-
sion of GO to rGO.%*™*° For the CNF/rGO, CNC-L/rGO, and CNC-
S/rGO nanocomposites (Fig. 2), XRD peaks appear around
20 = 26.4°, 26.2°, and 26.4°, respectively, corresponding to the
(002) plane where the characteristic peaks of nanocelluloses at
20 = 15° and 22° disappear following hybridization.***® The
observed d-spacing (around 0.34 nm) in all the nanocomposites
is consistent with that of rGO without nanocelluloses,*"** likely

_ CNC-LAGO
=
N
2
g
5 CNC-S/GO
£
CNF/AGO
T T T T ¥ T T T

10 15 20 25 30 315 40 45 50 55 60
26 ()
Fig. 2 XRD patterns of CNF/rGO, CNC-L/rGO, and CNC-S/rGO.
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due to the relatively low nanocellulose concentration in the
nanocomposite.*>

Raman spectroscopy is an essential technique for determin-
ing the degree of graphitization in carbon-based materials. The
number of structural defects is typically assessed by analyzing
the intensity ratio of the G band, which corresponds to the
graphitic structure with sp> hybridization arranged in a two-
dimensional lattice, to the D band, which is associated with the
presence of amorphous carbon in the sample. The D band
typically arises from defects such as boundaries and edges in
the carbon lattice.*® Fig. 3 shows the G and D bands of rGO
observed at 1586.4 and 1353.6 cm ™", respectively. The inte-
grated intensity ratio of the D peak to the G peak (Ip/Ig), which
indicates the degree of defects in the synthesized materials, is
found to be 0.90 for rGO. After hybridization with nanocellu-
lose, the Ip/Ig ratios were calculated to be 0.82, 0.98, and
0.87 for CNF/rGO, CNC-L/rGO, and CNC-S/rGO, respectively.
The Ip/I ratio of CNC-L/rGO is higher than that of rGO, indicating
increased defects or disorders. This is attributed to the observa-
tion that CNC-L exhibits the highest degree of amorphous carbon
formation during heating at high temperatures.**

The thermal stability of GO, CNF/GO, CNC-L/GO, and CNC-
S/GO was analyzed using thermogravimetric analysis (TGA)
under a nitrogen atmosphere (Fig. 4). The GO (Fig. 4a) exhibits

CNC-S/rGO

%

CNC-LrGO

— . . .
CNF/rGO

T T T T T
500 1000 1500 2000 2500 3000

:

Intensity (a.u.)

Raman Shift (cm” 1)
Fig. 3 Raman spectra of rGO, CNF/rGO, CNC-L/rGO, and CNC-S/rGO.
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Fig. 5 (a) N, adsorption—desorption isotherms, and (b) the NLDFT pore size distribution curves of rGO, CNF/rGO, CNC-L/rGO and CNC-S/rGO.

an initial weight loss of approximately 12.6% below 150 °C due
to absorbed water.*>*® This is followed by a major decomposi-
tion of oxygen-containing functional groups with a weight loss
of 34.8% up to 880 °C,*” resulting in a residual weight of 52.6%,
which indicates the presence of thermally stable carbonaceous
structures. In contrast, the nanocellulose/GO nanocomposites
(Fig. 4b-d) also show an initial weight loss below 150 °C related to
water adsorption. When carbon yields are calculated by using the
weight ratios after water desorption at 150 °C (W [%]) and the

residual weight ratios after heating up to 880 °C (R [%])

This journal is © The Royal Society of Chemistry 2025

(Carbonization degree = W/R x 100 [%]), CNC-L/GO exhibits a
larger carbon yield (46.2%) compared to CNF/GO (36.9%) and
CNC-S/GO (36.7%). The relatively high carbon yield of CNC-L/GO
is probably due to strong interactions between CNC-L and the GO
matrix.*’

The surface area and pore size distribution for all nanocellulose-
derived carbon/rGO nanocomposites were assessed through
nitrogen adsorption/desorption using Brunauer-Emmett-
Teller (BET) analysis (Fig. 5a and Table 1). The addition of
nanocellulose significantly enhances the surface area of rGO

Nanoscale Horiz.
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Table 1 Surface area and pore size of the samples

Surface area Pore volume

Sample name (m*>g™) (em® g™
rGO 45.7 0.05
CNF/rGO nanocomposite 188.9 0.18
CNC-L/rGO nanocomposite 170.6 0.23
CNC-S/rGO nanocomposite 283.9 0.33

alone (45.7 m* g™ ). Precisely, the CNC-S/rGO nanocomposite
displays the highest surface area at 283.9 m”> g, followed by
CNF/rGO at 188.9 m* g ' and CNC-L/rGO at 170.6 m* g~ . This
increase is likely due to the small nanocellulose fibers acting as
spacers, which help prevent rGO sheets from restacking and
maintain their separation. Fig. 5b shows the pore size distribu-
tions of the samples. The distributions indicate mesopores are
largely introduced by hybridization.

Numerous studies have demonstrated that the presence of
relatively large pores like mesopores is a critical factor in the
design and performance of CDI materials, as it significantly
influences the ability of electrode materials to store and release
ions.*®*° CNF/rGO, CNC-L/rGO, and CNC-S/rGO, which exhibit
high specific surface area, large pore volume, and well-developed
mesoporosity, emerge as promising candidates for CDI electro-
des. Notably, CNC-L/rGO incorporates longer carbon chains
derived from long nanocellulose, which facilitates the formation
of efficient conductive pathways within the material, thereby
improving its electrochemical performance. Therefore, CNC-L/
rGO was selected for further CDI testing compared to rGO. CNC-L
strengthens the rGO structure by forming strong interactions

View Article Online
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with rGO sheets. At the same time, its well-dispersed fibers help
maintain material integrity and prevent aggregation, resulting
in improved mechanical stability and durability. Also, its larger
pore size prevents rGO sheets from stacking too closely
together, preserving a high surface area and facilitating effi-
cient ion transport. This optimized structure enhances ion
adsorption and release, which is essential for superior capaci-
tive deionization (CDI) performance.

An asymmetric CDI configuration was constructed with rGO
and CNC-L/rGO as the cathode for Na' capture and activated
carbon (AC) as the anode for Cl™ capture. Compared to the
symmetric CDI configuration, asymmetric CDI configurations
exhibit enhanced desalination performance due to several
advantages. These include the higher safe operation voltage
(enabling operation at high voltage without inducing water
splitting) and greater flexibility in the choice of electrode
materials for Na* or Cl~ selectivity.

Fig. 6 illustrates the desalination performance of the sam-
ples studied at an initial NaCl concentration of 500 mg L™ and
operating voltage of 1.2 V, which is acceptable for asymmetric
CDI cells. During the CDI process, no bubbles are observed,
indicating the absence of side reactions, such as chlorine
generation or water splitting. As shown in Fig. 6a and b,
CNC-L/rGO demonstrates a high ion adsorption capacity (IAC)
for Na* of 37.46 mg g~ " and a salt adsorption capacity (SAC) of
46.82 mg g ', significantly outperforming rGO, which has an
IAC (Na") of 6.72 mg g~ " and SAC of 8.4 mg g~ '. Moreover, the
CNC-L/rGO exhibits a higher IAR within 30 minutes (Fig. 6c).
The corresponding CDI Ragone plots (Fig. 6d) show that CNC-
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Fig. 6 CDI performance of rGO and CNC-L/rGO. (a) lons adsorption capacity (IAC (Na™)), (b) salt adsorption capacity (SAC (NaCl), (c) ions adsorption
rate (IAR (Na™)) of the materials in 500 mg L= NaCl solution at 1.2 V, and (d) the corresponding Ragone plots for the materials in 500 mg L~ NaCl solution
at 1.2 V. (e) Sodium chloride concentration dependency of CDI performance for CNC-L/rGO at 1.2 V, (f) long-term cycling stability test of CNC-L/rGO in

500 mg L™ NaCl solution at 1.2 V.
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L/rGO shifts toward the upper right region, indicating higher
IAC (Na") and faster IAR (Na') than rGO, due to large pore size
and high surface area, which facilitates efficient ion adsorption
and transport, critical for CDI performance.

For practical applications, the feedwaters used in CDI sys-
tems often consist of brines with varying concentrations. There-
fore, achieving high CDI performance across a wide range of
concentrations is crucial. The performance of CNC-L/rGO was
further evaluated in NaCl solutions with concentrations ran-
ging from 250 to 2000 mg L~'. As the NaCl concentration
increases, the Na' capture capacity also increases (Fig. 6e).
Notably, CNC-L/rGO achieves an ultrahigh IAC (Na') of
45.67 mg g~ ' at 2000 mg L', along with a very high SAC of
57.08 mg g~ ' (Table S1). Long-term cycling stability is another
critical criterion for assessing practical CDI performance. The
CNC-L/rGO nanocomposite was evaluated for stability at 1.2 V.
Fig. 6f shows that the CNC-L/rGO nanocomposite exhibits
excellent cycling stability, with no significant performance
degradation even after 50 cycles. To further clarify the details
of electrochemical Na" adsorption, ex situ X-ray photoelectron
spectroscopy (XPS) measurements were carried out on the CNC-
L/rGO sample before and after Na* adsorption.

As presented in Fig. S4a, the C 1s spectra of the as-prepared
CNC-L/rGO electrode were deconvoluted into three peaks cen-
tered at approximately 290, 286, and 285 €V, corresponding to
0-C=0, C-0, and C-C/C=C bonds, respectively.>® After Na*
adsorption (Fig. S4b), the O-C=O0O bond peak shifts toward
lower binding energy, and the C-O bond peak shifts to higher
binding energy, indicating redox activity related to these func-
tional groups. Additionally, a new peak emerges at around
283 eV, attributable to Na-C interactions.”® These findings
align well with previously reported behaviors of sodium-ion
interactions during charge/discharge processes.”> Even after
the CDI test, in the Raman spectra (Fig. S5a), the Ip/I; ratio
after CDI measurement remains almost unchanged (0.97),
indicating that the defect density and graphitic ordering of
the carbon framework are preserved during the cycling. This
suggests that the conductive network remains intact under
operating conditions. The wide-angle XRD results (Fig. S5b)
further confirm the structural robustness of the material. Even
after the CDI measurement, the (002) peak is still observed at
26.4°, with the calculated d-space remaining at 0.34 nm.

3. Conclusions

In summary, this study has successfully demonstrated
nanocellulose-derived carbon/rGO nanocomposites using three
distinct nanocellulose morphologies (CNF, CNC-L, and CNC-S),
achieving enhanced surface areas exceeding between 170 and
283.9 m> g ' due to the nanocellulose’s role as a spacer
preventing rGO restacking. CNC-L/tGO nanocomposite has
demonstrated superior CDI performance, achieving a high
IAC of 45.67 mg g ' for Na* and an SAC of 57.08 mg g "
at a NaCl concentration of 2000 mg L '. It also demon-
strates excellent adaptability across saline concentrations

This journal is © The Royal Society of Chemistry 2025
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(250-2000 mg L~" NaCl) and long-term cycling stability over
50 cycles. These results highlight nanocellulose-derived carbon/
rGO nanocomposite as a promising, scalable CDI material for
efficient water desalination, paving the way for tailored designs
to enhance desalination performance further.

4. Experimental section

4.1. Preparation of nanocellulose-derived carbon/rGO
nanocomposites

Equal volumes of the above-prepared GO suspension and
nanocellulose suspension (CNF, CNC-L, and CNC-S) were sepa-
rately stirred in individual beakers. The GO suspension was
then gradually added to the nanocellulose suspension under
continuous stirring to form a binary suspension, with stirring
maintained for an additional 20 minutes. The binary suspen-
sion was sonicated for 30 minutes and stirred magnetically for
24 hours. After these preparatory steps, the binary suspension
was freeze-dried to obtain a dry nanocellulose/GO nanocompo-
site. This composite was then carbonized in a tube furnace at
600 °C for 8 hours with a temperature ramp of 5 °C min "
under a nitrogen atmosphere to produce the nanocellulose-
derived carbon/rGO nanocomposites. Once cooled to room
temperature, the carbonized product was removed from the
furnace and stored for subsequent use. The resulting samples
were abbreviated as CNF/rGO, CNC-L/rGO, and CNC-S/rGO
nanocomposites. For comparison, pristine rGO was prepared
directly from GO under identical conditions without the addi-
tion of nanocellulose.
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