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Understanding Charge Storage Mechanisms in Flexible
Nanocellulose/Graphite Battery Electrodes
Evangelia Founta,* Marina Carravetta, Michael Thielke, Ana Belen Jorge Sobrido,
Leo W. Gordon, Themis Prodromakis, Carlos Ponce de León, Dimitra G. Georgiadou,*
and Theresa Schoetz*

The development of inherently flexible battery electrodes
remains a key challenge for modern wearable electronics.
Despite the advancement of flexible Lithium-ion (Liþ) batteries,
achieving full adaptability requires redesigning individual bat-
tery components. Conventional graphite electrodes are used
in Liþ batteries but remain rigid and brittle, limiting applications
in flexible energy storage. Here, this limitation is addressed by
integrating nanocellulose (NCF), a nanoscale biopolymer, with
graphite (G), to yield an intrinsically flexible electrode platform.
Five NCF/G battery electrode compositions with increasing NCF
content (40–70 wt%) are fabricated via a straightforward aque-
ous route and are evaluated in Liþ half cells. Beyond serving as a
flexible substrate enduring 180° bending deformation, NCF is

shown to actively enhance ion transport for a 60 wt% NCF opti-
mal content. Electrode nanoarchitecture further improves elec-
trochemical characteristics, by implementing electrospun NCF.
Molecular-level insights reveal proximity of Liþ and NCF surface
groups suggesting Liþ diffusion through nanochannels. A per-
spective on the material-driven reshaping of flexible NCF/G bat-
tery electrodes is provided, by investigating the contribution of
NCF to charge storage mechanisms and to mechanical resil-
ience. This study contributes to the development of battery
electrodes that can be tailored to energy storage devices for
emerging flexible electronics applications, and towards battery
market diversification.

1. Introduction

The modern energy storage landscape is being shaped by
the demand for flexible batteries designed to power emerging
electronics like wearables, medical, and Internet-of-Things
devices.[1–4] Such battery architectures should be made up of
components adaptable to various shapes, alleviating mechanical
stress and retaining performance upon deformation.[5–8] At the
same time, there is an inarguable need to shift towards materials

that contribute to circular economy, while abstaining from
depleting natural resources.[9,10]

Currently, Liþ batteries are the prevalent power source for
consumer electronics, and their projected demand is forecast
to grow by 600% by 2030. This is anticipated to yield a bottleneck
in the availability of crucial battery elements , while concerns
have been also raised on their overall recyclability.[11,12]

Flexible Liþ technologies have been already reported.[13–18]

However practical application is still limited, as their performance,
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especially upon deformation, cannot compete with their conven-
tional, rigid counterparts. Therein lies the challenge of man-
ufacturing inherently flexible battery components, by engineer-
ing the devices from a fundamental, material aspect.[1,19,20]

Graphite remains the primary anode material for Liþ batteries
due its high electronic conductivity, low cost, and long cycle
life.[21,22] However, conventional graphite electrodes are fabri-
cated using the rigid, perfluorinated polyvinylidene fluoride
(PVDF) binder, which necessitates processing in toxic solvents like
n-methyl-2-pyrrolidone (NMP), highlighting concerns about tox-
icity and cost of fabrication.[23,24] Moreover, its lack of plasticity
renders conventional graphite electrodes unfit for flexible elec-
tronic devices.[1,2]

In pursuit of a new generation of flexible battery building
blocks, nanocellulose biopolymer [(C6H10O5)n] has been
explored due to its sustainability, nontoxicity, and exceptional
mechanical properties.[25–27] Cellulose is extracted primarily from
biomass and is further processed to produce nanoscale (nano-
cellulose) fibers, which form intertwined porous networks due
to the interaction of the glucose-based polymer chains through
their surface –OH groups.[28–31] Unlike PVDF, which is a signifi-
cant part of the electrode inactive mass,[32] cellulose materials
have shown to enhance capacity retention, rate capability,
and cycling stability, surpassing the performance of their
PVDF counterparts.[3,33–35] Thus far, studies on graphite/
cellulose-based battery electrodes[25,36–45] have focused on
improving their performance over the corresponding PVDF-
based. However, to the best of our knowledge, there is no previ-
ous study on understanding the fundamental contributions of
nanocellulose in energy storage mechanisms[46–48] within nano-
cellulose/graphite battery electrodes, that would therefore pro-
vide a link to the aforementioned performance enhancement.
For example, quantifying the effect of nanocellulose content
and structure on ion transport phenomena, as well as identifying
the molecular-level interactions between ions and the surround-
ing nanocellulose environment, have not been established yet.
This fundamental understanding of material properties is crucial
to develop rational design parameters for new electrode architec-
tures and future battery cells, with characteristics that can be tai-
lored from the molecular up to the macroscopic scale.[49]

Here, free-standing flexible nanocellulose/graphite electrodes
are prepared via a straightforward and nontoxic aqueous-proc-
essing route. The electrodes are composed of graphite particles,
embedded into a nanocellulose porous and fibrous network
(Figure 1). With the proposed battery electrode configuration,
electrons are transferred at the graphite surfaces, while nanocel-
lulose can offer ion transport pathways,[50] enabling ion convey-
ance from the electrolyte, even deep into the bulk of the graphite
electrode, with reduced mass transport limitations. We first map
the surface of the electrodes which consist of varied nanocellu-
lose content via scanning electron microscopy (SEM) and atomic
force microscopy (AFM). We then study the interplay between
nanocellulose content, ion diffusion, and charge storage contri-
butions via variable-rate cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) to demonstrate that
electrode mass transport properties are improved with increasing
nanocellulose fraction. Ion mass transport is also proven to be

greatly affected by nanocellulose architecture tuning, achieved
via electrospinning.[51–53] To better understand ion diffusion
through nanocellulose on a molecular level, Liþ local environ-
ments are investigated using solid state 7Li and 1H nuclear mag-
netic resonance (NMR) spectroscopy. Finally, the electrode
bending ability is tested by performing EIS under flexion, proving
that the electrode can undergo an extreme deformation of a 180°
bending angle, trading off �30% of its conductivity.

2. Experimental Section

2.1. Fabrication of Nanocellulose Fiber/Graphite (NCF/G)
Electrodes

Nanocellulose fibers that were partially carboxymethylated
(Nanografi) were dispersed in deionized water at a content of
2 wt% with the assistance of an ultrasonic bath (RS PRO,
200W). Nanocellulose surface has both hydroxyl and carboxyl
groups, with a carboxyl content of 2.5 mmol g�1, as determined
from the vendor. Graphite powder (Sigma Aldrich, powder,
<20 μm, synthetic) was then slowly incorporated in the disper-
sion using a high shear mixer (Silverson, L4RT) at 4000 rpm for
1 h. The graphite loading was maintained at 3.52 mg cm�2, while
the nanocellulose content varied from 40 to 50, 60, 67, and
70 wt%, yielding five electrode compositions. The NCF content

Figure 1. Electrode design and operation hypothesis. In a composite nano-
cellulose/graphite electrode, ion mass transport is realised via the nanocel-
lulose channel network with reduced diffusion limitations, while electron
conduction occurs via the graphite particle pathway. The porous nanocellu-
lose structure enables access of ions to the bulk of the graphite electrode.
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percentages correspond to electrode compositions with graph-
ite-to-nanocellulose weight ratios of 1.5:1, 1:1, 1:1.5, 1:2, and
1:3, respectively. The as-obtained mixture was then heated at
80 °C and stirred at 1200 rpm for 1 h using a hotplate stirrer
(Stuart, UC152), until a thick slurry was formed. The slurry was
then cast into a 8.5 mm-diameter polystyrene Petri dish mold
and placed within a drying chamber (Binder, ED115) at 50 °C
for 3 days, so that water could be slowly removed. The dried flexi-
ble films were then peeled off the Petri dish surface with the
assistance of a razor to yield free-standing flexible electrodes
(Figure 2).

2.2. Electrospinning of Cellulose Nanofibers (EL-NCF)

Electrospinning was performed using a solution of 15 wt% cellu-
lose acetate (Acros organics, average MW 100,000) in a 2:1 w/w
ratio solution of acetone (ThermoFisher Scientific, 99þ%) and N,
N-dimethylacetamide (VWR Chemicals), loaded in a plastic
syringe (HSW, 10 mL). A needle was attached to the syringe
tip, while a syringe pump (NE-300, New Era Pump Systems
Inc., USA) and a grounded plate collector (30� 20 cm) were
employed, with a tip-to-collector distance of 15 cm. A potential
of 22.5 kV (FC Series, Glassmann High Voltage Inc., USA) was used
at a flow rate of 0.5 mL h�1. After their collection, the fibrous mats
were deacetylated in a 0.05 M NaOH solution in ethanol for 48 h to
regenerate into nanocellulose. Finally, the fibrous mat was rinsed
with deionized water until neutral pH was achieved and then
dried at 40 °C overnight.

2.3. Fabrication of Electrospun Cellulose Nanofiber/Graphite
(EL-NCF/G) Electrodes

An aqueous electrode ink was prepared by mixing graphite
and nanocellulose fibers using the process described above.
Nanocellulose fibers acted as a dispersing agent, enabling the
efficient stabilization of graphite in water. This facilitates the
preparation of a homogeneous ink, that can further interact
and be incorporated into the electrospun cellulose nano-
fiber matrix. A small 1.5� 1.5 cm rectangular electrospun cellu-
lose nanofiber mat was immersed in the graphite ink and was
left to soak for 3 days at room temperature, until the ink was

completely absorbed. The graphite loading was kept at
3.52mg cm�2. The total cellulosic content (nanocellulose fibers
and electrospun cellulose nanofiber mat) varied from 50, 60 and
67 wt%, yielding three electrode compositions. The mat was then
placed in a drying chamber (Binder, ED115) at 50 °C for 3 days to
slowly remove water, and free-standing electrodes were collected.

2.4. Electrochemical Cell Preparation

The as-prepared electrodes were cut into 6mm-diameter circular
disks. Three-electrode cells were assembled in a 3/8” perfluoroal-
koxy alkane (PFA) Swagelok union tee, using an NCF/G or EL-NCF/
G working electrode, an Ag|AgCl (sat. NaCl) reference electrode
(IJ Cambria), and two 7mm-diameter glassy carbon rods (Alfa
Aesar, 99.9% purity) as current collectors and counter electrode,
respectively. The reference electrode was sandwiched between
two 8mm-diameter glass fiber separators (GF/D, Whatman).
The distance between the working and counter electrode was
3.5 mm. The cell was filled with 600 μL electrolyte, composed
of 0.1 M LiCl (Alfa Aesar, anhydrous, 99% min.) in ethanol (VWR
Chemicals, absolute≥ 99.8%). The electrolyte background was
recorded with the two glassy carbon rods as working and counter
electrode, respectively, against the Ag|AgCl reference electrode.
A schematic diagram of the Swagelok cell assembly is shown in
Figure S1a (Supporting Information).

2.5. Electrochemical Measurements

All half-cell electrochemical measurements were performed using
a CHI-760E bipotentiostat (CH Instruments, USA) at ambient tem-
perature. Variable-rate CV was performed to determine the
charge storage contributions and the diffusion coefficients using
a three-electrode cell, by scanning within a potential window
ranging from –0.2 to 0.8 V versus Ag|AgCl while the scan rate
was varied from 0.2 to 0.8 mV s�1. The electrolyte background
was recorded at 0.6 mV s�1 (Figure S1b, Supporting Information).
EIS experiments were performed to calculate the electrolyte resis-
tance and charge transfer resistance of NCF/G and EL-NCF/G elec-
trodes with 0.1 M LiCl/ethanol electrolyte. The impedance spectra
were recorded at the open-circuit potential (OCP), at a perturba-
tion amplitude of 5 mV and at a frequency range from 500 kHz to
10mHz. The cells were assessed after the electrodes underwent
20 CV cycles at 1 mV s�1. The data are presented as Nyquist and
Bode plots and were fit using the Zfit EC-LAB software tool to
determine the equivalent circuits.

2.6. Scanning Electron Microscopy

Electrode microstructure was studied using a Helios Nanolab 600
dual-beam system, equipped with both an electron and a Gaþ

focused ion beam (FIB) (Thermo Fisher scientific, USA). The elec-
trode morphology was first studied with SEM imaging at 5 kV
accelerating voltage under high vacuum, before cycling. In
SEM tomography, the FIB was used to remove a thin electrode
surface layer and study the morphology of the inner layer. The
Gaþ beam was placed at a 52° angle perpendicular to the

Figure 2. Photographs depicting a) the electrode slurry composed of
graphite and nanocellulose fibers, cast into a 8.5 mm-diameter polystyrene
Petri dish mold which was subsequently placed in the drying chamber,
and b) the resulting dried, free-standing, and flexible electrode.
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electrode surface and an 85 pA current was applied to remove a
thin layer from the electrode surface. At the same time, SEM
imaging was performed at the selected surface area, revealing
a horizontal cross section of the electrode.

2.7. Atomic Force Microscopy

An AFM (Dimension ICON, Bruker Co., USA) located inside a glove
box (MBraun, Inertgas-Systeme GmbH, Germany) under argon
atmosphere (H2O <0.1 ppm, O2 <0.1 ppm) was used to perform
electrode topography. The measurements were carried out in
tapping mode, at a scan rate of 0.5 Hz and with a silicon nitride
ScanAssyst-Air probe (Bruker, spring constant 0.4 Nm�1, reso-
nance frequency 70 kHz, tip radius 2 nm). Post-processing of
the images was done using the Gwyddion software.

2.8. Electrode Flexibility Test

Potentiostatic EIS was performed at OCP using a Biologic VSP
(Biologic, France) from 500 kHz to 40mHz and with a 10mV
amplitude, on a 4.2 cm� 1.25 cm, 0.06 mm-thick NCF/G electrode
with a 1 cm� 1.25 cm contact area, at the nonbent state.
Aluminum foil (Alfa Aesar, 0.3 mm thickness) was used at the elec-
trode edges to protect from damage upon clipping the potentio-
stat cables, and to make electrical contact. The electrode was
then bent consecutively at 140°, 180°, and >180° angle, while
the impedance spectra were recorded at the same time. The data
are presented as Nyquist plots and were further processed to cal-
culate the Ohmic resistance using the EC-LAB software fitting
tool.

2.9. Solid-State Nuclear Magnetic Resonance Spectroscopy

Solid-state 7Li and 1H NMR spectroscopy measurements at 14.1 T
were performed using an Agilent DD2 600MHz spectrometer
(Agilent Scientific Instruments, USA) equipped with a 3.2 mm,
narrow-bore, triple-resonance, T3-style probe, and 3.2 mm zirco-
nia rotors. Cross-polarization experiments between 7Li and 1H
nuclei were also performed. The spin rate was 8.8 kHz. Data were
fit in DMFit using Lorenztian lineshapes[54] and the fitting param-
eters can be found in Table S3, Supporting Information. The quan-
titative, single-pulse spectra for each sample were fit first to
establish the signal positions and intensities, and linewidths were
then allowed to vary to fit the corresponding cross-polarization
spectra which should contain, at most, the same number of res-
onances and with the same positions. For the NMR structural
characterization, electrodes were harvested at potentials of inter-
est. To achieve this, CV was performed at two separate electro-
chemical cells containing a 60 wt% NCF/G working electrode, a
glassy carbon counter electrode, and an Ag|AgCl reference elec-
trode in 0.1 M LiCl/ethanol electrolyte. Scanning was performed in
both cases at a potential window of �0.2 to 0.8 V versus Ag|AgCl
and at 0.8 mV s�1 for 5 cycles, and the scan was paused at key
potentials. In the first electrochemical cell, scanning was paused
before the Liþ intercalation reaction, which corresponds to the
cathodic peak, while in the second cell, the experiment was

paused after Liþ intercalation into graphite. After disassembling
the electrochemical cells and removing the 60 wt% NCF/G elec-
trodes from each cell body, residual electrolyte was blotted dry
with a wipe and the electrodes were further rinsed with ethanol
to remove any remaining Liþ traces from the surface. The NMR
spectra for single-pulse experiments for both before and after
intercalation electrode states were acquired at 8000 scans with
12 s pulse delay. Cross-polarization measurements for the sample
before intercalation were carried out at 130,000 scans and pulse
delay of 0.66 s, with a contact time of 1 ms. Finally, cross-polari-
zation measurements for the sample after intercalation were car-
ried out at 12,000 scans and pulse delay of 3 s, with a contact time
of 1 ms.

3. Results and Discussion

3.1. Electrode Structure

The hydrophobic nanocellulose backbone is adsorbed onto the
graphite surface, while the hydrophilic, negatively charged car-
boxylate end groups are responsible for the stabilization of
the structure in water, during fabrication (Figure S2, Supporting
Information).[55,56] The electrode microstructure of five pristine
NCF/G electrodes with increasing wt% NCF content is mapped
via SEM. The acquired images reveal morphological differences
among the electrodes (Figure 3). At 40 wt% NCF content
(Figure 3a), graphite particles are loosely bound by a nondense
NCF network. By increasing the NCF amount to 50 wt%
(Figure 3b), some of the voids remain within the structure. At
60 wt% NCF content (Figure 3c), the structure of the NCF film
appears as a continuous polymer network, with embedded
graphite particles. The cross-sectional view of the electrode
(Figure S3, Supporting Information) shows that graphite particles
and NCF are densely packed due to the network-forming prop-
erties of NCF, with the latter covering the graphite particles. As
the wt% NCF is further increased to 67 wt% (Figure 3d), the com-
pact formation is retained. However, a 70 wt% NCF leads to a pre-
dominant NCF phase with graphite particles significantly
dispersed (Figure 3e) and with reduced electrical connection
among them.

To further investigate the inner electrode morphology and
acquire a horizontal cross-sectional view, SEM tomography was
performed on the 60 wt% NCF/G electrode composition
(Figure S4a, Supporting Information). A few nanometers of the
material were removed with the FIB from the electrode surface
layer, near the bottom left region of the sample shown in
Figure 3c and a porous structure (with a distribution of pores sizes
ranging from �10 to 70 nm, Figure S4b, Supporting Information)
was revealed to be present in the bulk of the film. In cellulosic
structures, pores promote electrolyte absorption and subsequent
distribution of the ions within the electrode.[57] The outer elec-
trode layer, as shown in Figure S4a, Supporting Information,
which depicts the FIB-treated compared to the nontreated area,
appears to be closely packed, which could be possibly owed to
surface tension phenomena during electrode slurry casting at the
fabrication stage.
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The NCF structure in the nanoscale is probed via AFM
(Figure 3f ), showing nanocellulose fibers that exhibit a needle-
like shape and an average length of 100 nm. These are organized
into larger bundles that manifest as a continuous network around
the graphite grains, as shown in the acquired SEM images.
Overall, NCF/G composite electrode morphology is largely depen-
dent on wt% NCF content, with the latter affecting electrode
homogeneity, particle interconnectivity, and porosity.

3.2. Investigation of Charge Storage Mechanisms

The relationship between wt% NCF content in NCF/G electrodes
and charge storage mechanisms is examined via variable-rate CV.
First, the electrode background was recorded (Figure S1b,
Supporting Information) and the electrochemical stability win-
dow was determined to be �0.2 to 0.8 V versus Ag|AgCl. The five
NCF/G electrode compositions (40, 50, 60, 67, and 70 wt% NCF
content) were then tested in half cells using varied scan rates
between 0.2 and 0.8 mV s�1 (Figure S5, Supporting Information).
The cathodic and anodic peaks observed at �0.35 V versus Ag|
AgCl and 0.55 V versus Ag|AgCl correspond to Liþ intercalation
and deintercalation, respectively. Upon reduction, Liþ ions are
intercalated into the graphite layered structure yielding interme-
diate graphite-intercalated compounds (LixCx), while upon oxida-
tion, Liþ ions are deintercalated from the graphite host. The
reaction for the graphite half cell is described by Equation (1)[58]

intercalation
xLiþ þ xe� þ xC ⇌ LixCx

deintercalation
(1)

From the results in Figure S5, Supporting Information, the
highest current density recorded was 0.11 mA cm�2 at
0.8 mV s�1, corresponding to a 60 wt% NCF content (Figure

S5c, Supporting Information). Further increase of the NCF elec-
trode fraction led to current density reduction, with the 70 wt%
NCF/G composition (Figure S5e, Supporting Information) yielding
a purely capacitive current response, which is attributed to NCF’s
lack of electronic conductivity. At 70 wt% NCF content, graphite
particles have been rendered inaccessible due to the high NCF
amount, and the electron conductive network is disrupted, as also
observed in the acquired SEM image (Figure 3e). As a result, no
electron transport takes place across the electrode–electrolyte
interface and the current response is affected by double-layer
charging capacitive phenomena. Current magnitude is com-
parable to the recorded electrolyte background (Figure S1b,
Supporting Information), confirming that the bulk 70 wt% NCF/G
electrode does not contribute to the total current density. Thus,
the 67 wt% NCF/G electrode composition (Figure S5d, Supporting
Information) is considered as the upper limit for electrode func-
tionality, concerning the range of electrode compositions tested
in this work.

In general, Liþ intercalation into the graphite host lattice is con-
sidered a faradaic process, as graphite undergoes a redox reaction.
If the mass transport to the electroactive sites is not limited by dif-
fusion, the charge storage mechanism is faradaic nondiffusion-
limited or pseudocapacitive. The two types of faradaic charge
storage can be distinguished by the relationship between the rate
of diffusion, rdiff, and the rate of the redox reaction, rrxn. For this
reason, the electrochemical Damköhler number Dael has been
introduced[46] and defined as the ratio of rrxn to rdiff. For a faradaic
diffusion-limited system, Dael>> 1 as the rdiff<< rrxn. On the other
hand, for a faradaic nondiffusion-limited (pseudocapacitive) sys-
tem, Dael<< 1 and rdiff>> rrxn. Nevertheless, many systems prac-
tically employ mixed charge storage mechanisms and work under
mixed regimes (Dael� 1). In the case where no redox reaction takes
place, charge is stored via a capacitive process due to physical
charge separation at the electrode-electrolyte interface.

Figure 3. SEM images revealing differences in the surface morphology of the electrodes containing a) 40 wt% NCF, b) 50 wt% NCF, c) 60 wt% NCF,
d) 67 wt% NCF, and e) 70 wt% NCF. f ) AFM image, showing NCF individual fibers that are organized into larger bundles, forming a continuous network.
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To study and quantify the charge storage mechanisms within
the NCF/G electrode system, the “Dunn method” is employed,[47]

where the total current is deconvoluted into the relative charge
storage contributions. The total measured current in the variable-
rate CV experiments is the sum of both faradaic diffusion-limited
and nondiffusion-limited ((pseudo)capacitive) contributions. In
the first case, current scales with the square root of the scan rate

i∝ v
1
2

� �
, while nondiffusion-limited ((pseudo)capacitive) current

scales linearly with the scan rate ði∝ vÞ. The (pseudo)capacitive
nondiffusion-limited current can be further deconvoluted to a
true capacitive component from electrical double-layer charging,
and a pseudocapacitive component. In this work, emphasis is
given to pseudocapacitive characteristics, which are faradaic
reactions associated with reduced diffusion limitations.

Here, the intermediate scan rate of 0.6 mV s�1 from the range
of 0.2–0.8 mV s�1 was chosen for the current deconvolution for
each one of the NCF/G samples (Figure 4a–d), and the analysis
was performed using an open-source MATLAB script[46] to disen-
tangle the relative current contributions at each measured point
of the CV. The 70 wt% NCF/G electrode was not analyzed further,
as the total current recorded was purely capacitive in nature and
no redox reactions were found to take place. Increasing NCF

content within the electrode from 40 wt% to 50 wt% and then
up to 60 wt% yields higher pseudocapacitive contributions,
reaching a maximum of 43% pseudocapacitive current for the
60 wt% NCF composition (Figure 4c). On the other hand, the far-
adaic diffusion-limited current appears to follow the opposite
trend, decreasing in the presence of higher wt% NCF in the elec-
trode. As the diffusion limitations are getting lower with higher
wt% NCF, the faradaic diffusion-limited component is trans-
formed to pseudocapacitive, which is still faradaic in nature,
but not limited by diffusion. Pseudocapacitive current becomes
lower after a further increase of NCF from 60 to 67 wt%. However,
the pseudocapacitive current for 67 wt% NCF remains higher
compared to the pseudocapacitive current for 50 wt% NCF.
This observation still aligns with enhanced mass transport, with
higher cellulosic content. This link between nanocellulose and
pseudocapacitive characteristics is revealed for the first time.

Pseudocapacitive behavior within the electrode upon
increase of wt% NCF can be attributed to the existence of more
available pathways for ion diffusion occurring through the NCF
nanochannels, reaching the bulk of the NCF/G electrode.
Additionally, diffusion distances to reach graphite are shorter,
due the porous nature of the NCF network. As a result, the rate

Figure 4. Deconvoluted cyclic voltammograms performed in a three-electrode cell versus Ag|AgCl, with an NCF/G working electrode (A= 0.28 cm2) and
glassy carbon counter electrode (A= 0.38 cm2) at 0.6 mV s�1 scan rate, demonstrating the relative faradaic diffusion-limited (light red area) and (pseudo)
capacitive current contributions (blue area) for a) 40 wt%, b) 50 wt%, c) 60 wt%, and d) 67 wt% NCF in composite NCF/G electrodes. (Pseudo)capacitive cur-
rent is further deconvoluted to true capacitive and pseudocapacitive contributions, the respective percentages of which are also indicated. For each wt%
NCF content, the third cycle of the recorded voltammograms was used for the analysis.
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of diffusion becomes faster than the rate of the electrochemical
reaction, giving rise to enhanced pseudocapacitive characteris-
tics. Thus far, the 60 wt% NCF/G electrode composition demon-
strated the highest pseudocapacitive current contributions and
appears to be the optimum composition among the electrodes
tested.

The variable-rate CVs for each NCF/G electrode were also
used to determine the diffusion coefficient values of Liþ ion dur-
ing intercalation using the Randles–Ševčík Equation (2) for
T= 25 °C.[59]

ipc ¼ 2.69� 105n
3
2Ac

ffiffiffiffiffiffi
Dv

p
(2)

where ipc is the peak cathodic current in A, n is the number of
transferred electrons, A is the electrode area in cm2, D is the bulk
diffusion coefficient in cm2 s�1, c is the concentration in mol cm�3,
and v is the scan rate in V s�1. ipc is plotted versus the square root

of the scan rate v
1
2yielding a linear curve (Figure S6a–d,

Supporting Information). By calculating the slope and using
the Randles–Ševčík equation, D values were determined (Table
S1, Supporting Information). It should be noted that the
Randles–Ševčík equation is restricted to faradaic diffusion-limited
reactions for the calculation of D. Thus, the values that are
acquired here represent the effective diffusion coefficient that

does not distinguish between the underlying charge storage
mechanisms. As a result, here D values can be compared quali-
tatively. The calculated D values follow a trend in agreement with
pseudocapacitive contributions, increasing with increasing wt%
NCF (Figure 5a). The highest diffusion coefficient was calculated
to be 1.28� 10�8 cm2 s�1 for the 60 wt% NCF/G electrode, which
corroborates with the relative pseudocapacitive current contribu-
tions from the variable-rate CV analysis. Hence, this explains the
improved ion mobility properties. The reported diffusion coeffi-
cient is higher than those previously reported in literature for
graphite electrodes.[60–62] Correlating the electrochemical analysis
to the structural configuration of electrodes, the uniform NCF net-
work enfolded around graphite particles of 60 wt% NCF/G elec-
trode (Figure 3c) yields improved ion transport properties, high
diffusion coefficient, and increased pseudocapacitive current
contributions. As the cellulosic content is further increased to
67 wt%, the compact structure is preserved (Figure 3d), and
the ion diffusion coefficient maintains a twofold improvement
relative to the values for 40 wt% NCF/G and 50 wt% NCF/G com-
positions. The 40 wt% NCF/G (Figure 3a) and 50 wt% NCF/G
(Figure 3b) electrodes are characterized by a loosely bound
graphite–NCF network, exhibiting more hindered mass transport
both among NCF fibers, as well as between NCF and graphite
particles. It is highlighted that in the compositions where the

Figure 5. a) Diffusion coefficients and relative proportion of pseudocapacitive current contributions as function of wt% NCF in NCF/G composite electrodes.
b) Electrochemical impedance spectra shown as Nyquist plot of the imaginary (�ZIm) versus real (ZRe) part of impedance. The high-frequency region
(500 kHz to 40 Hz) of the spectra is depicted, for variable-NCF content electrodes. The electrodes were assessed in half-cells with glassy carbon counter
electrode (A= 0.38 cm2) versus Ag|AgCl. Equivalent circuit representing the NCF/G electrode system (inset). c) Solid-state magic-angle spinning 1H NMR
spectra before (top) and after (bottom) Liþ intercalation within a 60 wt% NCF/G electrode, spinning sidebands of the isotropic resonances are marked with
asterisks. d) Solid-state 7Li[64] solid-state cross-polarization NMR spectra after intercalation within a 60 wt% NCF/G electrode. The brown and green colored
areas represent the fitted data as relative signal integrals.
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highest pseudocapacitive characteristics were attributed, that is,
the 60 wt% NCF/G (Figure 3c) and 67 wt% NCF/G (Figure 3d), NCF
appears to form a continuous interconnected network with
graphite particles, promoting effective ion mass transport.

To determine the charge transfer resistance, Rct, of the NCF/G
electrodes, EIS was performed at OCP after 20 CV cycles at
0.8 mV s�1. The results are shown as comparative Nyquist
(Figure 5b) and Bode plots (Figure S7, Supporting Information).
The high- and mid-frequency regions (500–15 kHz) of the
Nyquist plots are of particular interest, as the first is dominated
by the Ohmic resistance, RΩ, calculated by the x-axis intercept at
15 kHz, while the latter is representative of Rct, equivalent to the
diameter of the semicircle. The spectra were also fit with an
equivalent circuit (Figure 5b, inset) made up of a resistor (R1) that
corresponds to the bulk electrolyte resistances, a parallel circuit of
(R2/Q2) characteristic of the charge transfer resistance, and a
(R3þW3/Q3) element that models mass transport at the porous
electrochemical interface. All electrode compositions exhibit a
characteristic semicircle, indicative of the electrolyte–electrode
interface, the diameter of which is equal to Rct. Rct decreases with
increasing wt% NCF, owing to less hindered charge transport. The
trend supports results from the CV and diffusion coefficient anal-
ysis. From the x-intercept at the high-frequency region, RΩ from
the electrolyte plus the cell connections resistance is deducted
and is equal to 12Ω. The results that summarize the Rct values
linked to NCF content are presented in Table S2, Supporting
Information.

Solid-state NMR is implemented to study the interactions
between NCF polymer chains and Liþ upon charging, to shed
more light on the molecular-level phenomena. Figure 5c shows
solid-sate 1H single-pulse spectra acquired for two 60 wt% NCF/G
electrodes shortly before (top) and after (bottom) Liþ intercala-
tion. In this electrode, NCF is the main source of protons.
Before intercalation, the main 1H signal is found at 3.9 ppm, a shift
in the expected range for the carbomethoxy protons in NCF.
However, after intercalation the bulk signal is shifted to
9.8 ppm and is significantly broadened, while spinning sidebands
also appear. Note that a small amount of signal remains around
4.0 ppm, likely due to unreacted material. Spinning sidebands
exist when spinning is slower than the chemical shift anisotropy,
and here this could be indicative of partial symmetry loss. Signal
broadening and shifting could be also attributed to stronger
paramagnetic effects related to delocalized electrons in graphite.
Cross-polarization (CP) experiments, correlating 7Li and 1H nuclei
on electrodes just before and just after intercalation at 0.35 V dur-
ing CV, were also acquired.

Two 7Li signals exist both before (Figure S8a, Supporting
Information) and after intercalation (Figure 5d), as seen from
the fitted data (brown- and green-colored areas), indicating a
wide distribution of environments for 7Li. Before intercalation,
the 7Li brown signal (more negative) is strongly coupled to
1H compared to the 7Li green signal (more positive), as deter-
mined by their relative integrals in the CP. This means that
7Li of the brown signal is statistically closer in space to the
1H than 7Li of the green signal. After intercalation, the green-
indicated positive signal becomes larger as compared to the
brown negative signal, indicating a stronger interaction with 1H.

This interplay in 7Li signals is probably linked to graphite
and NCF interactions in terms of different domains, ratios,
etc. within the electrode. This would justify the distribution
of signals, as 7Li is expected to interact differently. Before inter-
calation, 7Li resonances are observed at 9.4 and –32.2 ppm
(Figure S8a, Supporting Information). After intercalation, decon-
volution of the 7Li CP experiment revealed 2 signals at 7.1 and
�24.5 ppm (Figure 5d). The resonance around 7.1 ppm (green
signal, Figure 5d) likely corresponds to the same environment
at 9.4 ppm in the pre-intercalation sample due to unreacted
material. The new resonance at �24.5 ppm (brown signal,
Figure 5d) is strongly shifted and broad in nature, indicating
a distribution of 7Li environments and a paramagnetic interac-
tion, as observed in the 1H NMR results. This new signal is there-
fore expected to be a direct result of the intercalation event. In
quantitative experiments, the two 7Li signals integrate to 86.9%
and 13.1% of the total signal for the resonances at 9.4 and�32.2
ppm, respectively, in the material before intercalation (Figure
S8b, Supporting Information). After intercalation (Figure S8c,
Supporting Information), the signal at 7.1 ppm contains 71.2%
of the total, and the signal at �24.5 ppm contains 28.8% of
the total, indicating that the lower-frequency signal is increasing
in intensity immediately following the reaction at 0.35 V, as is
expected for a site associated with charge storage. The exis-
tence of 7Li signal in the CP experiment (Figure 5d and S8a,
Supporting Information) is proof that 7Li interacts with 1H spe-
cies (that mainly stem from NCF), as CP measurements necessi-
tate dipolar coupling between the two species, which occurs as
a result of a relatively immobile 7Li species within subnanometer
proximities of 1H species. This confirms that NCF molecular
chains form nanochannels between them, through which Liþ

ion transport is accommodated from the electrolyte to the bulk
of graphite, where then intercalation takes place. This can be
facilitated through interactions between the positively charged
Liþ and the negatively charged surface OH� and CH2COO� NCF
molecular chain surface groups which are exposed within the
nanochannels. The change in the signal shape transitioning
from before- to the after-intercalation state is linked to the con-
tribution of the actual Liþ intercalation signal.

3.3. Understanding the Effect of Electrode Architecture
Tuning on Charge Storage Mechanisms

Electrospinning is a straightforward approach implemented for
the fabrication of cellulose nanofibers that are well distinguished
and are characterized by high aspect ratios, robust interconnec-
tivity, and high porosity due to the random distribution of the
nanofibers.[51,52] The impact of nanocellulose architectural modi-
fication on pseudocapacitive behavior is monitored, by replacing
NCF which is characterized by a continuous film structural forma-
tion, with EL-NCF distinct, interconnected fibers (Figure S9,
Supporting Information). As a result, mass transport phenomena
are expected to be affected by such structural changes to the
available ion pathways.

Variable-rate CV was performed in half cells for EL-NCF/G
electrodes composed of 50 wt% (Figure S10a, Supporting
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Information), 60 wt% (Figure S10b, Supporting Information), and
67 wt% (Figure S10c, Supporting Information) EL-NCF. The three
electrode compositions were chosen based on the highest pseu-
docapacitive contribution achieved by their NCF/G counterparts.
By applying the “Dunn method,” the current is deconvoluted to
the relative charge storage contributions at 0.6 mV s�1. Inter-
estingly, a similar trend for pseudocapacitive current versus
NCF content is observed for EL-NCF as well, with an increase
in pseudocapacitive current transitioning from 50 wt% (Figure
S10d, Supporting Information) to 60 wt% EL-NCF (Figure 6a).
The 67 wt% EL-NCF/G composition was not further analyzed,
due to the absence of redox peaks.

Upon changing NCF to EL-NCF within the electrode, for a
60 wt% EL-NCF content the faradaic current undergoes a consid-
erable increase from 26% to 57%, pseudocapacitive characteristics
are slightly curtailed from 43% to 37%, while most importantly,
true capacitive current contributions drop from 31% to 6%. The
high capacitive current is now transformed into faradaic
diffusion-limited current due to the EL-NCF higher surface area,
providing more facile access of Liþ ions to the fibers and to the
graphite particles (Figure 6b), compared to the continuous, com-
pact structure of the NCF-containing counterpart (Figure 6c).
In particular, true capacitive current for the 60 wt% EL-NCF/G
electrode (Figure 6d) is minimized (2% at 0.2mV s�1) compared
to 60wt% NCF/G (28% at 0.2mV s�1) (Figure 6e). Diffusion coeffi-
cients were then calculated (Table S1, Supporting Information)
for the two EL-NCF 50 and 60 wt% electrode compositions

at 8.02� 10�10 cm2 s�1 and 6.14� 10�9 cm2 s�1, respectively
(Figure S6e,f, Supporting Information). The values are lower than
their NCF counterparts, consistent with the decreased pseudoca-
pacitive characteristics (Figure S10e, Supporting Information).

Comparative Nyquist (Figure 6f ) and Bode plots (Figure S11,
Supporting Information) for the two architecturally different
60 wt% EL-NCF/G and NCF/G electrodes demonstrate a smaller
Rct of 107Ω for the 60 wt% EL-NCF/G compared to 248Ω of
60 wt% NCF/G, translating to less hindered charge transport
within the first, in agreement with CV analysis data. This could
be possibly due to improved contact with graphite or to different
graphite particle topology within the EL-NCF matrix in terms of c-
spacing, tortuosity, and porosity.[63] Nevertheless, both electrodes
show an overall increase in pseudocapacitive current with
increasing NCF content.

3.4. Testing Electrode Flexibility via EIS under Flexion

Electrode bending capability is a parameter that needs to be con-
sidered when battery electrodes are aimed for integration into
flexible electronic devices. In Figure S12, Supporting Information,
the flexibility is demonstrated for 60 wt% NCF/G electrodes
wrapped around a 2.5 cm-diameter vial, a 1.1 cm-diameter vial,
and even twisted around a small 0.7 cm-diameter glass pipette
without fracturing. Thus, the electrode can undergo both bend-
ing and twisting mechanical deformation.

Figure 6. a) Deconvoluted CV shown at 0.6 mV s�1 and for the third cycle, demonstrating the relative faradaic diffusion-limited (light red area) and
(pseudo)capacitive current contributions (blue area) for the 60 wt% EL-NCF/G electrode. (Pseudo)capacitive current is further deconvoluted to true capaci-
tive and pseudocapacitive contributions, as described by the respective percentages. b) SEM image revealing the surface morphology of the 60 wt%
EL-NCF electrode, where distinct high-aspect-ratio electrospun cellulose nanofibrils are entangled and interconnected with graphite particles, compared to
c) SEM image of the 60 wt% NCF electrode, where nanocellulose fibers form a continuous network, where interconnected graphite particles are embedded.
d) Bar chart showing the relative current distributions at each scan rate for the 60 wt% EL-NCF/G and e) 60 wt% NCF/G electrode compositions. f ) EIS
shown as Nyquist plot of the imaginary (�ZIm) versus real (ZRe) part of impedance. The frequency region of 500 kHz to 15 Hz is shown, for 60 wt% NCF/G
and 60 wt% EL-NCF/G electrodes.
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To quantify electrode flexibility, EIS was performed at the
electrode nonbent state and then at progressively larger bend-
ing angles (140°, 180°, >180°) (Figure 7a). From the resulting
Nyquist plots shown in Figure 7b, a complete lack of the
mid-frequency semicircle is obvious. The electrode is not mea-
sured within a liquid electrolyte environment; hence, no inter-
face was formed. Electrode conductivity σ is calculated from
Equation (3)

σ ¼ l
RΩA

(3)

where l is the electrode thickness (0.06 mm), A is the electrode
contact area (1.3 cm2), and RΩ is calculated from the intercept
with the real axis. Table S4, Supporting Information, shows that
electrode conductivity σ undergoes a minor decrease upon tran-
sitioning from the nonbent (13.6� 10�8 S cm�1) to the 140° bent
state (11� 10�8 S cm�1). This 19% decrease of σ is acceptable
given the steep transition from the nonbent state to a 140°
bending angle. An additional 18% decrease is evident at 180°
(9� 10�8 S cm�1) and further 3% σ loss at the maximum
>180° angle (8.7� 10�8 S cm�1). Typically, conductivity has
been reported to be of higher value for cellulose-based/graphite
electrodes.[36] However in this case a higher NCF amount is used,
which is an inherent electron insulator, also with no present con-
ductive additives, like carbon black.

4. Conclusion

In this study, flexible nanocellulose fiber/graphite (NCF/G) battery
electrodes formulated with safe and sustainable materials were
assessed in Liþ electrolyte half cells to shed light on charge stor-
age phenomena. Electrode flexibility tests showed negligible
conductivity loss from 13.6� 10�8 to 9� 10�8 S cm�1 upon tran-
sitioning from flat, to a 180° bending angle. Furthermore, it was
demonstrated that nanocellulose acts as more than a flexible
binder, promoting ion mass transport within the electrode.
Pseudocapacitive charge storage, associated with reduced ion
diffusion limitations, was demonstrated to have a direct

correlation with the NCF content. The highest pseudocapacitive
current contribution of 43% was achieved with 60 wt% nanocel-
lulose. The microstructure of the NCF/G electrodes was directly
correlated with electrochemical trends. More efficient mass trans-
port was measured for electrodes with higher NCF content and
compact electrode structure, than those with lower NCF content
which showed a looser structure. Furthermore, electrospun NCF
architectures minimized undesired capacitive current contribu-
tions by 81%. Liþ interaction with NCF nanochannels was
revealed by NMR cross-polarization between 1H from NCF and
7Li, showing Liþ diffusion through NCF nanochannels, confirmed
by the close proximity (<1 nm) of Liþ to the NCF surface –OH�

groups, with NCF acting as an ion reservoir. Overall, this work
advances the development of fully flexible, safe, and sustainable
battery electrodes from a bottom-up material-driven point of
view, which opens up opportunities for subsequent implementa-
tion and testing across a range of battery chemistries that utilize
graphite-based electrodes, such as Li–ion, Al–graphite, and Zn–
graphite batteries.
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Figure 7. a) 60 wt% NCF/G electrode bent at progressively increasing angles (140°, 180°, >180°). b) EIS represented as Nyquist plot of the imaginary (�ZIm)
versus real (ZRe) part of impedance corresponding to the 60 wt% NCF/G electrode nonbent state and to 140°, 180°, and >180° bending angles. The
x-intercept (RΩ) at the same frequency (�1.5 Hz) for all electrode bending states is used to calculate electrode conductivity.
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