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Efficient recovery of low-grade heat (#100 °C) remains a significant challenge in sustainable energy

conversion. Here, we report a strategy to enhance ionic thermoelectric performance in biocompatible

regenerated cellulose (RC) membranes by tailoring their surface charge. Surface functionalisation was

achieved using two oppositely charged organic moieties: 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) to

introduce carboxyl groups, and 3-chloro-2-hydroxypropyltrimethylammonium chloride (CHMAC) to

graft quaternary ammonium functionalities. This work presents the first direct, side-by-side comparison

of oppositely charged surface functional groups, carboxyl (TEMPO) and quaternary ammonium

(CHMAC), on ionic thermoelectric behaviour in cellulose membranes. These modifications significantly

increased the fixed surface charge density, promoting ion selectivity and enabling efficient ion transport

under a thermal gradient. CHMAC-functionalised RC membranes exhibited the highest performance,

with a Seebeck coefficient of +6.1 mV K−1 in a stacked membrane configuration using 0.1 mM HCl

electrolyte, representing a tenfold enhancement compared to unmodified RC membranes.

Correspondingly, ionic conductivity increased by up to 950-fold, with an ionic thermoelectric power

factor of 1.38 mW m−1 K−2. This study establishes a clear link between surface charge engineering and

thermodiffusion-enhanced ionic transport in RC membranes, offering a scalable and sustainable route

for harvesting low-grade thermal energy using green, aqueous systems.
Introduction

Nanouidic membranes, originally developed for ltration and
separation, are now being increasingly applied in ion regulation
across various elds, including renewable energy, industrial
processing, and biomedical applications.1–3 Electrokinetic
transport through these membranes has gained considerable
interest due to its relevance in energy conversion systems,
including osmotic power generation,4,5 thermoelectrics,6

molecular and ionic separation,7 and advanced liquid separa-
tion techniques such as nanoltration.8 A dening property of
nanouidic membranes is their uncharacteristic high ionic
conductance in low-concentration electrolytes, deviating from
classic bulk behaviour.9,10 This phenomenon arises from
surface charge effects: interactions between polarisable elec-
trolytes and charged nanopore walls result in the formation of
an electrical double layer enriched in counter-ions and depleted
in co-ions.11 Consequently, selective ion migration,
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f Chemistry 2025
predominantly of counter-ions, enhances ionic conductivity
beyond that of the bulk solution. However, this surface-
governed conductance is diminished when the electrolyte
concentration exceeds the xed surface charge, giving way to
bulk-dominated transport.12 Typically, surface charge-driven
ion transport is observed at electrolyte concentrations below
10 mM, transitioning to bulk behaviour at higher
concentrations.12–14 Recently, such ion-selective nanouidic
membranes have shown promise in ionic thermoelectric
applications, where a temperature gradient across the
membrane drives directional ion movement and generates
a thermoelectric voltage.15–17 This approach is particularly
attractive for converting low-grade waste heat, which is ubiq-
uitous yet underutilised, into usable electrical energy, thereby
addressing both energy efficiency and sustainability goals.18–20

However, conventional solid-state thermoelectric generators
rely on scarce and oen toxic materials, limiting their scalability
and environmental compatibility. In contrast, ionic thermo-
electric devices based on sustainable membranes offer a green
and potentially scalable alternative for converting thermal
energy to electricity.21–23

Precise control of surface charge in nanouidic membranes
is a key strategy for enhancing ion transport and boosting the
performance of ionic thermoelectric (i-TE) systems. This can be
J. Mater. Chem. A, 2025, 13, 33671–33684 | 33671
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achieved through chemical functionalisation with charged
organic groups, which signicantly increases the xed surface
charge density.24 An increased surface charge promotes ion
selectivity by facilitating the enrichment of counter-ions and the
exclusion of co-ions, thereby enhancing ionic conductivity.
Additionally, the geometry of membrane nanochannels also
plays a crucial role.9 In conned channels inltrated with
electrolyte, the surface charge induces the formation of an
electrical double layer (EDL), where electrostatic interactions
dominate over bulk diffusion. These EDL effects are amplied
in narrow pores, promoting the selective transport of counter-
ions while suppressing co-ion mobility. These EDLs favour
directional counter-ion migration while suppressing co-ion
mobility, leading to enhanced ion separation under thermal
gradients. This selective ion transport is key to achieving high
Seebeck coefficients and thermovoltage output in i-TE devices.
Accordingly, both the surface charge density and the nano-
structure of the membrane are critical to the design of efficient
i-TE materials.25

Nanouidic membranes can be categorised into one-, two-,
and three-dimensional (1D, 2D, and 3D) architectures based on
their ionic transport pathways. Among these, 3D nanouidic
membranes, with their interconnected porous networks, offer
increased surface area and enhanced uid–material interactions,
enabling efficient ion regulation. Their structural tunability,
across pore size, shape, and morphology, makes them attractive
platforms, particularly when fabricated from exible polymeric
materials.26,27 However, widespread use of synthetic polymers is
constrained by environmental and sustainability concerns. In
this context, cellulose has emerged as a promising alternative. As
a renewable, biodegradable, and biocompatible polymer, cellu-
lose supports the development of eco-friendly nanouidic
devices. Cellulose-based membranes are already well-established
in separation technologies and exible electronics28–31 and are
now gaining traction in i-TE applications.16 When inltrated with
electrolytes and subject to a thermal gradient, RC membranes
exhibit electroosmotic ow, enabling directional ion migration.6

By tailoring their surface charge through functionalisation, both
ionic conductivity and ion selectivity can be signicantly
improved, enhancing charge separation at the electrodes and
resulting in higher thermovoltage output.32 Additionally, the
intrinsically low thermal conductivity of cellulose helps maintain
thermal gradient, further beneting i-TE performance. Notably,
cellulose's abundance of hydroxyl groups enables versatile
surface modication. For example, TEMPO-mediated oxidation,
which converts hydroxyl to carboxyl groups, has been shown to
increase surface charge density by 1.5-fold and deliver thermo-
voltage outputs as high as 24 mV K−1.16 Similarly, Jia et al.33 re-
ported highly charged bacterial cellulose/boron nitride
composites achieving excellent ion selectivity and energy
conversion under low-grade thermal gradients. Their system
demonstrated a power density of 10 W m−2 using river and
seawater, illustrating the potential of cellulose-based nano-
uidics for simultaneous thermal and osmotic energy harvesting.
These advances underscore the promise of functionalised cellu-
lose as a sustainable material for next-generation i-TE devices.
33672 | J. Mater. Chem. A, 2025, 13, 33671–33684
In this study, we report a surface-charge engineering strategy
for regenerated cellulose (RC) membranes that enables excep-
tional enhancement of ionic conductivity and i-TE response
under aqueous conditions. Commercial RC membranes with
varying pore sizes were functionalised with negatively charged
carboxyl groups via 2,2,6,6-tetramethylpiperidin-1-yl)oxy
(TEMPO) oxidation and positively charged quaternary ammo-
nium groups via 3-chloro-2-hydroxypropyl)trimethylammonium
chloride (CHMAC) etherication. While the absolute values of
ionic conductivity and Seebeck coefficients are comparable to
those in earlier studies, the novelty of this work lies in the
magnitude of enhancement achieved through controlled
surface functionalisation, resulting in a 950-fold increase in
ionic conductivity and a tenfold boost in thermovoltage output
compared to unmodied RC membranes. This dual-
functionalisation approach provides a rare side-by-side
comparison of surface charge polarity effects on i-TE behav-
iour. Detailed characterisation via Fourier-transform infrared
(FT-IR) spectroscopy, scanning electron microscopy (SEM),
contact angle measurements, zeta potential analysis, and X-ray
photoelectron spectroscopy (XPS) conrmed the successful
functionalisation. At the same time, electrochemical impedance
spectroscopy (EIS) and linear sweep voltammetry (LSV) were
used to correlate conductivity with surface charge density.
Thermoelectric performance was evaluated in both in-plane
and cross-plane congurations using low-concentration HCl
electrolyte, demonstrating robust, surface-charge-governed i-TE
behaviour. This work presents a sustainable and scalable plat-
form for tailoring ionic transport in biopolymer membranes,
highlighting the critical role of surface charge density in
amplifying i-TE effects, even under low ionic strength
conditions.
Experimental
Materials

Regenerated cellulose (RC) membrane discs with nominal pore
sizes of 0.2 mm (RC-200, 47 mm disc diameter), 0.45 mm, (RC-
450, 50 mm disc diameter), and 1 mm (RC-1k, 47 mm disc
diameter) were obtained from Sigma-Aldrich. The nominal pore
sizes were specied by the manufacturer based on standard
characterisation techniques, including bubble point testing and
liquid (water) ow rate and retention measurements. All
reagents were used as received without further purication,
including sodium hydroxide (NaOH), sodium sulte (Na2SO3),
hydrogen peroxide (H2O2, 35 wt%), 2,2,6,6-tetra-
methylpiperidine 1-oxyl (TEMPO, C9H18NO), sodium bromide
(NaBr), sodium hypochlorite (NaClO, 6–14% active chlorine), 3-
chloro-2-hydroxypropyl)trimethylammonium chloride
(CHMAC, 60 wt% solution), and SYLGARD™ 184 silicone elas-
tomer kit. All chemicals were purchased from Sigma-Aldrich
unless otherwise stated.
Synthesis of TEMPO functionalised RC membranes

TEMPO-mediated oxidation was employed to introduce
carboxyl groups onto RC membranes by converting surface
This journal is © The Royal Society of Chemistry 2025
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hydroxyl groups.34 1 g of RC membrane was immersed in
100 mL of deionised water and equilibrated. TEMPO (0.016 g)
and NaBr (0.1 g) were then added to the suspension. The pH of
the solution was adjusted to 10–10.3 using 0.5 M NaOH, fol-
lowed by the introduction of NaClO (5 mmol) to initiate oxida-
tion. The pH was maintained within this range for 2.5 h by
dropwise addition of 0.5 M NaOH or 1 M HCl as needed. The
reaction was then quenched by adjusting the pH to 7 with HCl.
Functionalised membranes were thoroughly rinsed with 1 M
HCl to remove residual reagents, then subjected to sequential
solvent exchange with acetone and toluene. The functionalised
membranes were air-dried before characterisation.

Synthesis of CHMAC functionalised RC membranes

Quaternary ammonium groups were introduced onto RC
membranes via CHMAC functionalisation.35 RC membranes
(0.4 wt%) were dispersed in a 2 wt% NaOH solution and allowed
to equilibrate. CHMAC (5 wt%) was then added dropwise to the
solution under continuous mechanical stirring. The reaction
mixture was maintained at 65 °C for 16 h to ensure complete
functionalisation. Aer the reaction, membranes were thor-
oughly washed with deionised water to remove unreacted
CHMAC and residual by-products. The functionalised
membranes were air-dried and stored for subsequent
characterisation.

Structural and surface characterisation

The chemical composition and surface functionalisation of
pure RC, TEMPO-functionalised RC (TEMPO-RC) and CHMAC-
functionalised RC (CHMAC-RC) membranes were characterised
using multiple analytical techniques. Fourier-transform
infrared (FT-IR) spectroscopy was performed using a Perki-
nElmer spectrometer on 2 × 2 cm2 membrane samples to
identify characteristic functional groups. Surface wettability
was evaluated using static water contact angle measurements
with an Ossila contact angle goniometer, employing the same
membrane dimensions. To quantify the extent of CHMAC
functionalisation, X-ray photoelectron spectroscopy (XPS) was
conducted on the membrane surfaces before and aer modi-
cation. XPS spectra were acquired using a Kratos Axis Ultra
instrument equipped with a monochromatic Al Ka source
(1486.58 eV). Survey spectra were collected with a pass energy of
160 eV and a step size of 1 eV, while high-resolution spectra
were recorded using a pass energy of 20 eV and a step size of
0.05 eV.

For surface morphology analysis, membrane samples
(approximately 0.3 × 0.3 cm2) were examined using a Quanta
650 scanning electron microscope (SEM). To evaluate the
surface charge characteristics, both pristine and functionalised
RC membranes were dispersed in water at a concentration of
0.01 wt% and stirred vigorously overnight to ensure uniform
suspension. Zeta potential measurements were then performed
on the resulting dispersions using a Zetasizer Nano S90 (Mal-
vern Instruments).

The concentration of negatively charged functional groups
on pristine and TEMPO-functionalised RC membranes was
This journal is © The Royal Society of Chemistry 2025
quantied via conductometric titration. Membrane samples (40
mg) were dispersed in 40 mL of deionised water under contin-
uous stirring to ensure complete dispersion. To protonate
carboxyl groups, 15 mL of 1 M HCl was added, followed by 60 mL
of 1 M NaCl to stabilise ionic strength. The resulting solution
was titrated with 0.01 M NaOH, while monitoring conductivity
using an Orion Versa Star Pro conductivity meter (Thermo
Fisher Scientic). The surface charge density (s) was calculated
using eqn (1).16

s ¼ CðV2 � V1Þ
m

(1)

where, C is the concentration of the NaOH titrant (mol L−1),m is
the mass of the membrane sample (g), and V1 and V2 are the
volumes of titrant (mL) required to neutralise the added strong
acid and the membrane-bound weak acidic groups,
respectively.
Ionic conductivity measurements

Pristine and functionalised RC membranes were cut into rect-
angular strips and embedded in SYLGARD™ 184 silicone
elastomer. Aer curing, two reservoirs were created to expose
both ends of the membrane to the electrolyte. The assembled
nanouidic devices were hydrated in Milli-Q water (resistance:
18 MU) for 48 h. Before measurements, the devices were
immersed in electrolyte for at least 24 h to ensure thorough
membrane wetting. The choice of 10−4 M HCl as the electrolyte
reects a strategic focus on low ionic strength conditions, which
not only favour surface-governed conduction but also mimic
environments relevant to sustainable sensing and biocompat-
ible devices. Although dilute aqueous HCl (10−5–10−2 M) was
used to precisely control pH and ionic strength during charac-
terisation, the extremely low concentrations and volumes pose
minimal environmental risk. The overall system remains
sustainable due to the use of renewable cellulose, water-based
processing, and negligible electrolyte usage. Silver/silver chlo-
ride (Ag/AgCl) electrodes were prepared by soaking Ag wires in
NaOCl solution for 48 h, followed by rinsing with deionised
water. Ionic conductivity was evaluated using both linear sweep
voltammetry (LSV) and electrochemical impedance spectros-
copy (EIS). LSV measurements were performed using a Biologic
SP-50e potentiostat at a scan rate of 10 mV s−1 over a voltage
window of ±0.4 V. EIS was conducted by applying a 10 mV AC
voltage across a frequency range of 1 MHz to 65 Hz. Ionic
conductivity (k, S m−1) values were calculated using eqn (2):

k ¼ GL

wh
(2)

where G is the measured conductance (S), L is the distance
between electrodes (m), w is the membrane width (m), and h is
the membrane thickness (m).35,36
Thermoelectric characterisation

The in-plane thermoelectric properties of pristine and func-
tionalised RC membranes were measured using a custom-built
setup (Fig. S1, SI). Membranes were cut into rectangular strips
J. Mater. Chem. A, 2025, 13, 33671–33684 | 33673

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta05281e


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
1/

20
25

 4
:2

2:
30

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and soaked in 10−4 M HCl overnight to ensure complete elec-
trolyte inltration. Each membrane was then mounted onto
a gold-coated silicon wafer using thermal paste and xed to
a Peltier element connected to a programmable power supply.
This allowed precise control of the temperature gradient across
the membrane. Gold electrodes were used to collect the ther-
moelectric output, and the resulting open-circuit voltage was
recorded using a voltmeter.

To evaluate cross-plane (perpendicular) thermoelectric
performance, a stacked membrane conguration was employed
using a modied ASTM D5470-06-based setup (Fig. S2, SI).37

Membranes were cut into 1 × 1 cm2 squares, inltrated with
10−4 M HCl overnight, and stacked between two gold-coated
silicon wafer electrodes. The sandwich assembly was placed
between two copper rods, with one end connected to a Peltier
cooler and the other to a heat source, both of which were
controlled via an external power supply. The open-circuit
voltage generated under the applied thermal gradient was
recorded using an electrochemical workstation. Temperature
differences across the cell were accurately measured using four
thermistors, each positioned on a separate copper rod to
monitor local temperatures.

Results and discussion

The pore size and surface charge density of RC membranes are
key parameters governing their ionic conductivity and thermo-
electric behaviour, particularly at lower electrolyte concentra-
tions. To investigate these effects, three variants of exible,
paper-like RC membranes with nominal pore sizes of 1 mm
(RC-1k), 450 nm (RC-450), and 200 nm (RC-200) were selected.
Each membrane type was subjected (see Experimental section)
to a detailed functionalisation process with oppositely charged
moieties: negatively charged carboxyl groups via TEMPO
oxidation and positively charged quaternary ammonium groups
via CHMAC etherication. The resulting functionalised,
electrolyte-inltrated RC membranes were characterised to
assess their morphological, surface, electrochemical, and ther-
moelectric properties.

Surface morphology analysis using SEM (Fig. 1) revealed that
all RC membranes exhibit a brous, interconnected porous
network formed by overlapping cellulose microbrils. This
brous structure extends continuously across the membrane
surface and throughout its thickness. Notably, the brous
Fig. 1 SEM surface morphology of pristine RC membranes with nomina
(RC-1k). Scale bar = 5 mm.

33674 | J. Mater. Chem. A, 2025, 13, 33671–33684
morphology also suggests that the nominal pore size may not
reect the actual ionic transport environment. The overlapping
microbrils can form highly tortuous and distorted pathways,
creating regions of connement and enhanced surface inter-
action. These quasi-nanoconned domains can effectively
amplify the impact of surface charge, even in membranes with
micrometre-scale nominal pores. Cross-sectional SEM images
(Fig. S3, SI) showed that the RC-200 and RC-1k membranes have
comparable thicknesses of approximately 40 mm, whereas RC-
450 exhibits a slightly greater thickness of around 70 mm.
These morphological features support ion-permeable porosity
and provide a robust matrix for surface functionalisation and
ion transport.
Functionalisation of RC membranes

The brous morphology of the RC membranes was retained
following surface functionalisation, as conrmed by SEM
imaging (Fig. S4, SI). Cellulose naturally contains a high
abundance of hydroxyl groups, which act as the primary sites
for chemical functionalisation and contribute to a slight nega-
tive surface charge. Zeta potential measurements of the pristine
RCmembranes in 0.01 wt% aqueous dispersion (pH of 6.5) gave
values of−17.4± 0.4 mV for RC-200, ‒19.6± 4.4 mV for RC-450,
and ‒11.7 ± 2.4 mV for RC-1k, reecting differences in pore
structure, bre morphology, and effective surface area, despite
having the same underlying surface chemistry. To enhance the
negative surface charge, TEMPO-mediated oxidation was
employed to convert hydroxyl groups to carboxyl groups via
a well-established radical oxidation pathway involving TEMPO,
NaBr, and NaClO as catalysts (Scheme S1(a), in SI).34 This
modication signicantly increased the zeta potential magni-
tude, yielding −28.9 ± 3.4 mV for TEMPO-RC-200, ‒30.67 ±

0.95mV for TEMPO-RC-450, and ‒21.8± 0.4mV for TEMPO-RC-
1k (0.01 wt% solution, pH ∼5). The greater negative charge
arises from the dissociation of carboxyl groups into carboxylate
ions, which occurs more readily than hydroxyl group dissocia-
tion in the unmodied membranes.

To quantify the extent of TEMPO functionalisation,
conductometric titration was conducted using 0.01 M NaOH as
the titrant, monitoring the neutralisation of carboxylic acid
groups (Fig. S5, SI). Each carboxylic group contributes one
negative charge, allowing direct calculation of the surface
charge density (s). Pristine RC membranes showed a baseline
l pore sizes of (a) 200 nm (RC-200), (b) 450 nm (RC-450) and (c) 1 mm

This journal is © The Royal Society of Chemistry 2025
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acid group content of ∼0.09 mmol g−1. Aer TEMPO oxidation,
this value increased elevenfold, reaching ∼1.00 mmol g−1

across all three membrane types (RC-200, RC-450, and RC-1k),
conrming the successful introduction of high-density
carboxyl functionality.

In contrast, positively charged quaternary ammonium
groups were introduced via an etherication reaction with
CHMAC (see Scheme S1(b), in SI). RC membranes were reacted
with CHMAC at 65 °C for 16 h, resulting in a signicant shi in
surface charge.35 The zeta potential increased from −17.4 ±

0.4 mV to +10.0± 0.4 mV for RC-200, +12.4± 0.4 mV for RC-450,
and +12.9± 0.7 mV for RC-1k (measured in 0.01 wt% solution at
pH ∼8). These results conrm the successful incorporation of
quaternary ammonium groups and demonstrate that both
negatively and positively charged functionalities can be effec-
tively graed onto RC membranes through targeted surface
modication.

As CHMAC functionalisation does not introduce acidic
groups, conductometric titration, used for quantifying carboxyl
content in TEMPO-functionalised membranes, was not appli-
cable. Instead, XPS was employed to quantify the incorporation
of quaternary ammonium groups. As each CHMAC unit
contains a single nitrogen atom bearing one unit of xed
positive charge, nitrogen content serves as a direct indicator of
the extent of functionalisation. Survey and high-resolution XPS
spectra of both pristine and CHMAC-functionalised
membranes are shown in Fig. 2, S6 and S7 (SI). As expected,
pristine RCmembranes exhibited only carbon (C 1s) and oxygen
(O 1s) peaks, with no detectable nitrogen signal. Following
CHMAC modication, a distinct N 1s peak appeared, conrm-
ing the successful graing of quaternary ammonium func-
tionalities. Quantitative analysis of the nitrogen signal revealed
increasing nitrogen content with pore size: 1.2 at% for CHMAC-
RC-200, 1.5 at% for CHMAC-RC-450, and 2.2 at% for CHMAC-
RC-1k. This trend reects the enhanced accessibility of
internal bre surfaces in membranes with larger pore diame-
ters, enabling greater incorporation of functional groups.
Consequently, CHMAC-RC-1k exhibited the highest nitrogen
content and, by extension, the most signicant surface charge
density among the samples tested.
Fig. 2 (a) Survey XPS spectra of representative RC-200membranes befo
at% quantification. (b) The 390–415 eV region's high-resolution spectru

This journal is © The Royal Society of Chemistry 2025
Surface characterisation of functionalised RC membranes

FTIR spectroscopy was used to conrm the chemical composi-
tion of both pristine and functionalised RC membranes, as
shown in Fig. 3 and S8 (SI). The FTIR spectra of pristine RC
membranes exhibit characteristic cellulose peaks, including
broad bands at 3492 cm−1 and 3444 cm−1 attributed to O–H
stretching vibrations involved in hydrogen bonding (Fig. 3(a)). A
distinct –OH stretching vibration appears at 3356 cm−1, while
the C–H stretching of aliphatic groups is observed at 2894 cm−1.
Additional key features include a C–O stretching vibration at
1644 cm−1, O–H bending modes at 1367 cm−1 and 1316 cm−1,
and a prominent band at 894 cm−1, corresponding to the
C–O–C stretching of b-glycosidic linkages between glucose units
in the cellulose backbone.38

Following functionalisation, distinct spectral changes were
observed in the FTIR spectra of RC membranes. For CHMAC-
functionalised membranes (CHMAC-RC-200), the emergence
of a peak at 1476 cm−1 corresponds to the H–C–H bond of the
quaternary ammonium moiety, conrming successful graing
of the cationic substituent.39 However, this FTIR peak for
CHMAC-RC is subtle, but consistent with the literature report.39

The intensity is relatively low as the total number of CHMAC
groups introduced is small compared to the cellulose backbone.
Because of this, to further conrm CHMAC functionalisation,
XPS analysis was undertaken (Fig. 2a and b). The XPS demon-
strates a new Nitrogen peak absent in pristine, conrming the
CHMAC attachment. Additionally, the high-resolution XPS
analysis in the C 1s (275–300 eV) and O 1s (525–540 eV) regions
revealed peak shis upon CHMAC modication, further sup-
porting the successful covalent attachment of quaternary
ammonium groups to the cellulose backbone (Fig. S9, SI).
Furthermore, the zeta potential measurement, which reveals
a shi from negative to positive zeta potential values with
CHMAC-functionalisation, collectively evidences the graing of
CHMAC onto cellulose.

In TEMPO-functionalised membranes (TEMPO-RC-200),
a new absorption band at 1727 cm−1, attributed to the C]O
stretching vibration of carboxylic acid groups, conrms the
oxidation of hydroxyl functionalities (Fig. 3(b)). Similar char-
acteristic peaks were also observed for functionalised RC-450
and RC-1k membranes (Fig. S8, SI). The carboxyl gives rise to
re and after functionalisation with CHMAC, including a summary of N 1s
m shows the N 1s peak.

J. Mater. Chem. A, 2025, 13, 33671–33684 | 33675
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Fig. 3 FTIR spectra of (a) pristine RC membranes: RC-200 (black), RC-450 (red), and RC-1k (blue); and (b) RC-200 before (black) and after
functionalisation with TEMPO (red) and CHMAC (blue).
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strong peaks in the 1600–1750 region,40 producing a more
indicative spectral shi compared to CHMAC functionalisation.

Water contact angle measurements were conducted to eval-
uate changes in surface wettability upon functionalisation and
to provide indirect evidence of successful chemical modica-
tion. Pristine RC membranes exhibited contact angles of 35.9 ±

0.7° for RC-200 and 29.3 ± 1.2° for RC-450, indicating
increasing hydrophilicity with larger pore sizes. Following
TEMPO oxidation, contact angles increased modestly to 40.6 ±

2.1° (TEMPO-RC-200) and 42.1 ± 1.2° (TEMPO-RC-450). This
slight increase reects the replacement of hydroxyl groups with
carboxyl groups via TEMPO oxidation. While carboxyl groups
remain hydrophilic, they reduce the density of hydroxyl func-
tionalities on the surface, potentially altering surface energy
and hydrogen bonding, which leads to a modest increase in the
contact angle.41 The contact angle measurements for both
pristine and TEMPO-functionalised RC-1k could not be accu-
rately obtained, as the highly porous hydrophilic structure acts
like a sponge, quickly absorbing the droplet. CHMAC func-
tionalisation resulted in a signicant increase in contact angle,
consistent with increased hydrophobicity due to the graing of
bulky (2-hydroxypropyl)trimethylammonium groups. Contact
angles rose to 63.3 ± 2.1° for CHMAC-RC-200, 64.8 ± 2.6° for
CHMAC-RC-450, and 70.7 ± 2.3° for CHMAC-RC-1k. The high-
est contact angle in RC-1k is attributed to both its larger pore
diameter and higher CHMAC graing density, as conrmed by
nitrogen content in XPS analysis. These results conrm the
successful and tuneable functionalisation of RC membranes,
enabling control over surface polarity and wettability. To further
assess chemical stability, functionalised membranes were
stored in 1MNaOH, 1MHCl, and water for over 30 days, during
which no delamination or visible degradation was observed,
conrming their robustness in both acidic and basic environ-
ments. Additionally, thermal stability tests conducted by heat-
ing the membranes up to 30° above room temperature revealed
no visible changes or disruption, indicating their robustness
under mild thermal stress.
Ionic transport behaviour of electrolyte-inltrated RCs

In nanouidic membranes, ionic conductivity is predominantly
governed by surface charge and pore size distribution,
33676 | J. Mater. Chem. A, 2025, 13, 33671–33684
particularly at low electrolyte concentrations.9,12 At concentra-
tions #10−3 M, the inuence of surface charge becomes
dominant, as ion transport is conned to the electrical double
layer (EDL) region near the membrane surface. In contrast, at
higher concentrations, bulk electrolyte conductance prevails
due to the screening of surface effects.12 To investigate this
behaviour, ionic conductivity measurements were performed
on pristine and functionalised RC membranes using a nano-
uidic device setup (Fig. S10, SI). Membranes were inltrated
with aqueous HCl at varying concentrations (10−5 to 10−2 M),
and conductivity was recorded as a function of electrolyte
concentration. The experimental data, plotted in Fig. 4(a) and
(b), exhibit two distinct regimes: a plateau region at low
concentrations (<10−3 M), where conductivity remains relatively
constant and deviates from bulk values, and a transition region
beyond 10−3 M, where conductivity begins to approach bulk
behaviour. This two-phase response is characteristic of nano-
uidic systems dominated by surface-charge-governed trans-
port in the low-concentration regime.9

Unmodied cellulose membranes carry a weakly negative
surface charge due to the limited dissociation of surface
hydroxyl groups, resulting in low ionic conductivity (∼0.0015 ±

0.0004 mS cm−1) across all pore sizes. This baseline surface
charge was selectively enhanced in opposite directions through
chemical functionalisation: oxidation with TEMPO introduced
negatively charged carboxyl groups, while CHMAC graing
introduced positively charged quaternary ammonium groups.
To quantify the effective xed surface charge density (ss)
introduced by functionalisation, zeta potential measurements
were performed in 10−4 M HCl (pH z 4), and the results were
used to calculate ss via the Grahame equation (eqn (3)). This
relationship links the zeta potential (z, in V) to surface charge
under the assumption of a symmetric 1 : 1 electrolyte and
a diffuse double-layer regime (see Table S1, SI).42,43

ss ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8330RTI

p
sin h

�
zFz

2RT

�
(3)

where, 3 is the dielectric constant of water (z78.5), 30 is the
vacuum permittivity (8.854 × 10−12 F m−1), R is the universal
gas constant (8.314 J K−1 mol−1), T is the temperature (298 K),
and I is the ionic strength (mol m−3), calculated as shown in eqn
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Ionic conductivity of (a) TEMPO- and (b) CHMAC-functionalised RC membranes (RC-200, RC-450, and RC-1k) as a function of HCl
concentration (10−5 to 10−2 M), measured using a nanofluidic conductivity device. The black line represents the theoretical bulk conductivity of
the electrolyte; stars denote experimental data points, and dotted lines indicate the model fits. (c) and (d) show the modelled and experimental
conductivity data for TEMPO- and CHMAC-functionalised RC-200 membranes, respectively, demonstrating close agreement with the fitted
transport model. The red curves represent continuous fits using eqn (5).
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(4) for a 1 : 1 electrolyte. z is the ionic valence (1 for H+ or Cl−), F
is the Faraday constant (96 485 C mol−1), and z is the zeta
potential (in volts, converted from mV).

I = 2 × 10‒pH (4)

CHMAC-functionalised RC membranes exhibited positive
zeta potentials in the range of +13 to +14 mV, corresponding to
positive surface charge densities of approximately 0.013 to 0.016
mC m−2. This behaviour is consistent with the successful
incorporation of xed quaternary ammonium groups, which
impart a permanent positive charge and promote selective
transport of chloride ions (Cl−). In contrast, TEMPO-
functionalised membranes displayed lower zeta potentials
under acidic conditions (pH of 4) compared to those measured
at a pH of 5, due to reduced dissociation of carboxylic acid
groups at lower pH. Nevertheless, TEMPO-modiedmembranes
maintained negative zeta potentials (−18 to −21 mV), trans-
lating to surface charge densities in the range of 0.019 to 0.022
mC m−2. These values conrm the presence of carboxylate-rich
surfaces capable of supporting efficient proton (H+) conduction.
A summary of these electrokinetic properties, alongside litera-
ture comparisons, is provided in Table S1 (SI).

To evaluate the inuence of surface charge (modulated via
TEMPO and CHMAC functionalisation) and pore size (200, 450,
and 1000 nm) on nanouidic conductivity, ionic conductivity
measurements were conducted on functionalised RC
membranes across a range of HCl concentrations (10−5 to 10−3

M), as summarised in Table 1. A substantial enhancement in
This journal is © The Royal Society of Chemistry 2025
conductivity was observed following functionalisation. For
TEMPO-functionalised membranes, the most signicant
improvement, approximately 370-fold, was recorded for RC-200,
while RC-1k exhibited a 90-fold increase. This enhancement is
attributed to the introduction of negatively charged carboxylate
groups through TEMPO-mediated oxidation. As reported by Li
et al.16 this functionalisation increases the cellulose surface
charge by converting hydroxyl groups into carboxylic acids,
which readily dissociate into carboxylate ions. The resulting
negative electrostatic eld facilitates selective ion transport by
attracting counter-ions (H+ from HCl) and repelling co-ions
(Cl−), leading to a charge-balanced environment within the
nanochannels. This ion-selective transport mechanism
enhances counter-ion mobility while suppressing co-ion diffu-
sion, resulting in increased charge separation and higher
effective conductivity compared to the bulk electrolyte. There-
fore, the ionic conductivity in surface-functionalised RC
membranes is predominantly governed by the surface charge
density and its interaction with counter-ions in the electrolyte.

A comparable enhancement in ionic transport was observed
for CHMAC-functionalised RC membranes, where the incor-
poration of 1.5–2.2 at% quaternary ammonium groups intro-
duced a net positive surface charge.35 These xed cationic sites
facilitate the selective migration of anions, e.g., Cl−, while
hindering the transport of cations, resulting in ion-selective
conductivity. This surface-driven selectivity led to a marked
increase in ionic conductivity, with RC-200 exhibiting a 950-fold
enhancement and RC-1k showing a 200-fold increase compared
J. Mater. Chem. A, 2025, 13, 33671–33684 | 33677
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Table 1 Ionic conductivity (k) values of TEMPO- and CHMAC-functionalised RC membranes measured across a range of 10−5 to 10−3 M HCl
using a nanofluidic conductivity setup. Values represent the surface-governed transport regime. Pristine RCs, ionic conductivity = ∼0.0015 ±

0.0004 mS cm−1

Membranes
Ionic conductivity
(mS cm−1) Membranes

Ionic conductivity
(mS cm−1)

TEMPO-RC-200 0.55 � 0.09 CHMAC-RC-200 1.41 � 0.40
TEMPO-RC-450 0.34 � 0.06 CHMAC -RC-450 0.63 � 0.27
TEMPO-RC-1k 0.13 � 0.03 CHMAC -RC-1k 0.35 � 0.03
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to their pristine counterparts. To the best of our knowledge, this
represents one of the largest reported conductivity enhance-
ments in biopolymer membranes under dilute, fully aqueous
conditions, highlighting the impact of surface charge engi-
neering on electrokinetic performance. These results conrm
that increased surface charge density, whether positive or
negative, substantially boosts nanouidic conductivity across
all pore sizes.

For both TEMPO- and CHMAC-functionalised membranes,
ionic conductivity exhibited a consistent dependence on pore
size. At comparable surface charge densities, conductivity fol-
lowed the trend RC-200 > RC-450 > RC-1k, with respective
enhancements of 370-, 220-, and 90-fold for TEMPO-
functionalised membranes, and 950-, 420-, and 200-fold for
CHMAC-functionalised membranes. This trend is characteristic
of nanouidic systems, where smaller pores enhance the
inuence of surface charge by conning the electrical double
layer (EDL) and increasing the overlap between surface and bulk
ionic regions.9 However, the substantial ionic conductivity
enhancements observed for CHMAC- and TEMPO-
functionalised RC membranes, even at large nominal pore
sizes, e.g., 1 mm, suggest that classical pore size metrics may
underestimate connement effects. The brous, layered struc-
ture of RC membranes likely introduces signicant tortuosity
and a wide distribution of effective pore dimensions. These
complex geometries may facilitate localised EDL overlap and
maintain strong surface-governed ion transport over extended
distances. As nominal pore size increases, however, EDL overlap
decreases and the effect of surface charge becomes increasingly
screened, leading to bulk-like behaviour in which ion motion is
governed more by electrolyte concentration than by interfacial
charge.12 These ndings, supported by data in Fig. 4 and Table
1, highlight the synergistic roles of surface charge density and
pore architecture in modulating ion transport through func-
tionalised RCmembranes. To validate these observations under
device-relevant conditions, ionic conductivity was indepen-
dently measured using both linear sweep voltammetry (LSV)
and electrochemical impedance spectroscopy (EIS). The two
techniques yielded consistent results, with EIS-derived
conductivities of 1.64 mS cm−1 for CHMAC-RC-200 and 0.58
mS cm−1 for TEMPO-RC-200, which closely matched the LSV-
derived values (Table S2, SI; Fig. S11 and S12). This agreement
conrms the robustness of both methods for assessing nano-
uidic ionic conductivity of our system under low-
concentration electrolyte conditions.
33678 | J. Mater. Chem. A, 2025, 13, 33671–33684
To further understand and quantify ion transport in func-
tionalised RC membranes, we applied a phenomenological
model adapted from nanouidic literature to t experimental
ionic conductivity data as a function of HCl concentration, as
shown in eqn (5):4

kðcÞ ¼ ksurf þ meffc

1þ c

c*

(5)

where, k(c) is total ionic conductivity (mS cm−1) and c is the bulk
electrolytic concentration (M). The applied model effectively
captures the transition from surface-dominated conduction at
low electrolyte concentrations to bulk-governed transport at
higher concentrations.4 This behaviour arises from the
screening of the surface charge by the electrical double layer
(EDL) and has been widely used to describe nanouidic ion
transport in conned systems, including charged nanochannels
and porous polymer membranes.12,35

By tting this model to the experimental conductivity data
for TEMPO- and CHMAC-functionalised RC membranes, three
key transport parameters were extracted: surface conductivity
(ksurf), effective ion mobility (meff), and the crossover concen-
tration (c*). Surface conductivity quanties the membrane's
ability to conduct ions via EDL-dominated pathways under low-
concentration conditions.44 Effective ion mobility reects how
rapidly ionic conductivity increases with electrolyte concentra-
tion, while the crossover concentration denotes the threshold at
which surface-governed transport is overtaken by bulk
conduction.45 The tted values for ksurf, meff, and c* are sum-
marised in Table 2, alongside literature benchmarks for
comparable membrane systems. Representative model ts for
RC-200 are shown in Fig. 4(c) and (d), while tted results for all
other membranes are provided in Fig. S13 (SI).

Consistent with experimental observations, model tting
revealed that CHMAC-RC-200 exhibited the highest surface
conductivity (0.97 mS cm−1) and effective ion mobility (2119 mS
cm2 mol−1), along with a low crossover concentration of
1.5 mM. These values indicate dominant surface-governed
transport and efficient anion mobility even at low electrolyte
concentrations. In contrast, TEMPO-functionalised membranes
showed moderate surface conductivities and higher crossover
concentrations, reecting weaker electrostatic interactions with
chloride ions. These trends highlight the impact of both surface
functionalisation type and pore size on membrane perfor-
mance, with smaller pores enhancing nanouidic effects,
a nding consistent with the experimental and tted data pre-
sented in Fig. 4. Signicantly, the extracted surface conductivity
This journal is © The Royal Society of Chemistry 2025
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Table 2 Surface conductivity (ksurf), effective ion mobility (meff), and crossover concentration (c*) of TEMPO- and CHMAC-functionalised RC
membranes obtained from ionic conductivity model fitting

Membrane ksurf (mS cm−1) meff (mS cm2 mol−1) c* (mM) References

CHMAC-RC-200 0.97 2119 1.53 This work
CHMAC-RC-450 0.42 929 2.34 This work
CHMAC-RC-1k 0.33 134 4.87 This work
TEMPO-RC-200 0.46 412 3.07 This work
TEMPO-RC-450 0.28 203 4.78 This work
CHMACmodied bacterial cellulose membrane 0.42 – unaligned membrane N/A N/A 35

1.2 – aligned membrane N/A N/A
TEMPO oxidised bacterial cellulose 0.35 N/A N/A 46
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and ion mobility values remain high across all pore sizes, which
may be attributed to the intrinsic structural disorder of the RC
matrix. Rather than behaving as uniformly porous membranes,
the overlapping cellulose bres create anisotropic and irregular
nanochannels. This network can impose ion pathway distortion
and channel narrowing, reinforcing surface-charge effects in
regions of local connement. The differences in conductivity
behaviour can be further rationalised by considering the acid-
base properties of the introduced functional groups. TEMPO
oxidation yields carboxylic acid (-COOH) groups with a typical
pKa of 4.5–5.0. Under the experimental conditions (HCl
concentrations from 10−5 to 10−2 M), the local pH remains
below the pKa, resulting in predominantly protonated, neutral
carboxyl groups. Consequently, these groups contribute mini-
mally to xed surface charge, accounting for the relatively lower
ksurf and meff values observed in TEMPO-functionalised
membranes.

In contrast, CHMAC functionalisation introduces quaternary
ammonium groups (–N+R3), which are permanently cationic
and retain their charge independent of the surrounding pH.
This xed positive charge establishes a stable electrostatic eld
that facilitates the selective migration of anions such as Cl−.
Consequently, CHMAC-RC membranes, particularly RC-200,
exhibited the highest surface conductivity and effective ion
mobility among all tested samples. This behaviour aligns with
classical nanouidic theory, wherein xed surface charges
dominate ion transport under low ionic strength conditions.
The observed differences between TEMPO- and CHMAC-
modied systems highlight the importance of considering the
acid-base characteristics (pKa/pKb) of surface functional groups
when designing materials for specic electrolyte environments.
In particular, the use of permanently charged moieties such as
quaternary ammonium groups offers a distinct advantage for
enhancing ionic transport in acidic or electrostatically screened
systems.
Table 3 Seebeck coefficient (S) values of functionalised RCs

Membranes S (mV K‒1) Membranes

RC-200 −0.35 � 0.05 TEMPO-RC-200
RC-450 −0.13 � 0.02 TEMPO -RC-450
RC-1k −0.09 � 0.15 TEMPO -RC-1k

This journal is © The Royal Society of Chemistry 2025
The ionic conductivity values and transport parameters ob-
tained for CHMAC-functionalised RC membranes compare
favourably with those reported for other functionalised
membranes and nanouidic systems in recent literature. For
example, CHMAC-RC-200 achieved an ionic conductivity of ∼3
mS cm−1 at 10−2 M HCl and maintained values above 1
mS cm−1 even at 10−5 M, demonstrating efficient ion transport
sustained across a wide concentration range. In contrast, Wu
et al.35 reported ionic conductivities of ∼0.42 mS cm−1 for
unaligned CHMAC-functionalised bacterial cellulose in 10−3 to
10−6 M KCl, which is lower than the conductivities achieved
here. This suggests that regenerated cellulose provides a higher
density of accessible surface sites and superior ion mobility,
likely due to its open, hydrated bre network. Notably, the
membranes tested in this study maintain high ionic conduc-
tivity under ambient, low-concentration aqueous conditions
without the need for specialised solvents or environmental
control. The ionic conductivity measured for the TEMPO-
oxidised cellulose membranes is consistent with values re-
ported in some studies;46 however, higher ionic conductivities
have been documented for other TEMPO-oxidised cellulose
systems.16,35,47 The comparatively lower conductivity observed in
our membranes, as discussed earlier, may be attributed to the
use of an acidic electrolyte with a pH signicantly below the pKa

(10−5 to 10−2 M), which results in the carboxyl groups remain-
ing predominantly in their neutral acid form, thereby reducing
the overall negative charge density.
Ionic thermoelectric properties

Membranes with high surface charge density, enhanced ionic
conductivity, and strong ion selectivity are well-suited for ther-
mally driven energy harvesting applications. In this study,
TEMPO and CHMAC functionalisation signicantly increased
the surface charge of regenerated cellulose (RC) membranes,
thereby improving their ionic conductivity and selective ion
S (mV K‒1) Membranes S (mV K‒1)

−1.13 � 0.06 CHMAC-RC-200 3.41 � 0.24
−0.87 � 0.04 CHMAC-RC-450 1.1 � 0.18
−0.36 � 0.01 CHMAC -RC-1k 1.05 � 0.17

J. Mater. Chem. A, 2025, 13, 33671–33684 | 33679
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Table 4 Ionic thermoelectric properties of RC-based membranes at
10−4 M HCl

Membrane S (mV K−1) k (mS m−1) PF (mW m−1 K−2)

RC-200 −0.35 5.73 0.00
TEMPO-RC-200 −1.13 51.43 0.06
CHMAC-RC-200 +3.41 118.90 1.38
RC-450 −0.13 5.73 0.00
TEMPO-RC-450 −0.87 32.44 0.02
CHMAC-RC-450 +1.1 54.15 0.07
RC-1k −0.09 5.73 0.00
TEMPO-RC-1k −0.36 12.10 0.00
CHMAC-RC-1k +1.05 36.14 0.04

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
1/

20
25

 4
:2

2:
30

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
transport characteristics (see Tables 3, 4 and Fig. 5). These
enhancements suggest that functionalised RC membranes are
promising candidates for use in ionic thermoelectric (i-TE)
devices that convert low-grade thermal energy into electrical
output. To evaluate their suitability, the ionic thermoelectric
behaviour of the membranes was examined by analysing their
thermal charging response under controlled temperature
gradients.

In-plane ionic thermoelectric characterisation

To assess their ionic thermoelectric performance, the
membranes were inltrated with 10−4 M HCl and positioned
between two gold-coated silicon wafers (Fig. S1, SI). A Peltier
element was used to heat and cool the system alternately,
generating a controlled temperature gradient in 2 °C incre-
ments, up to a maximum of 10 °C. The resulting thermal
Fig. 5 Thermal charging behaviour of RC-200 membranes: (a) pristin
incremental 2 °C temperature steps from room temperature. (d) Open-c
cell under a 10 K temperature gradient.

33680 | J. Mater. Chem. A, 2025, 13, 33671–33684
charging behaviour is shown in Fig. 5(a)–(c), S14, and S15 (SI).
The corresponding Seebeck coefficient, S for each membrane
was calculated and summarised in Table 3.

Surface functionalisation signicantly increased the Seebeck
coefficient of the RC membranes. Both TEMPO and CHMAC
modications enhanced the xed surface charge, negative in
the case of TEMPO and positive for CHMAC, thereby improving
ion selectivity. Similar to electrophoresis, membranes with
higher ion selectivity enable more effective ion separation
during thermophoresis. This selective ion transport enhances
asymmetry in charge carrier distribution under a thermal
gradient, leading to an increase in Seebeck coefficient.48 TEMPO
functionalisation of RCs of different pore sizes led to an average
seven-fold increase in thermoelectric voltage compared to
pristine RC membranes. In contrast, CHMAC-functionalised
membranes RCs (250, 450, and 1000 nm) exhibited an even
greater enhancement, approximately twelve-fold, relative to
both pristine and TEMPO-modied samples. Moreover, as the
pore sizes increase, for both TEMPO and CHMAC functionali-
sation, the Seebeck coefficient values decrease. This trend
closely aligns with that of ionic conductivity, reinforcing the
connection between conductivity, ion selectivity, and thermo-
electric performance. This reduction in performance with
increasing pore size highlights the growing dominance of bulk
transport over surface conduction, as larger pores diminish the
inuence of surface charge relative to the total cross-sectional
area available for ion transport. This observation underscores
the critical role of nanoscale connement in maintaining
surface-charge-governed transport and enhancing thermoelec-
tric output, with smaller pore sizes proving more efficient for
ionic thermoelectrics. Both pristine and TEMPO-RC
e, and (b and c) TEMPO- and CHMAC-functionalised RC-200 under
ircuit voltage response of a stacked (sandwich-type) CHMAC-RC-200

This journal is © The Royal Society of Chemistry 2025
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membranes possess negatively charged surfaces and display
similar cation-selective transport characteristics under
a thermal gradient. In contrast, CHMAC-functionalised
membranes, bearing a permanent positive surface charge,
exhibit anion-selective behaviour, resulting in a reversed ther-
movoltage polarity.35 This difference in thermopower sign, as
reported in Table 4, supports the distinct ion transport mech-
anisms, proton (H+) migration for negatively charged
membranes and chloride (Cl−) migration for positively charged
ones. To evaluate overall thermoelectric performance, the See-
beck coefficient (S) and ionic conductivity (k) were used to
calculate the power factor (PF) at a xed electrolyte concentra-
tion of 10−4 M HCl.22 The thermoelectric parameters for all
membranes are summarised in Table 4.

The thermoelectric performance of the functionalised
cellulose membranes in 10−4 M HCl is summarised in Table 4.
Among all samples, CHMAC-RC-200 exhibited the highest See-
beck coefficient (S), reaching +3.41 mV K−1, which surpasses
values previously reported for comparable cellulose-based
systems.33,49 This elevated S, combined with enhanced ionic
conductivity (k), results in markedly improved power factors
(PF), underscoring the effectiveness of surface functionalisation
strategies in tuning thermoelectric properties. Additionally, the
thermoelectric gure of merit (ZT) was estimated at a constant
thermal conductivity of 0.5 Wm−1 K−1 and a temperature of 298
K, based on reported values for hydrated cellulose
membranes.50,51 While thermal conductivity can vary with
porosity, pore structure, and surface functionalisation, this
representative value was selected to avoid overestimation. For
the best performing CHMAC-RC-200 membranes, an ionic
gure of merit, ZT of 8.24× 10−4 was obtained in comparison to
4.18 × 10−7 for pristine RC-200.

The exclusive use of an aqueous acidic electrolyte offers
multiple advantages: it is environmentally benign, cost-
effective, and maintains membrane integrity and ion mobility,
thereby enabling consistent thermovoltage generation. These
ndings demonstrate that functionalised cellulose membranes,
when paired with dilute aqueous electrolytes, offer a sustain-
able and high-performing alternative to conventional synthetic
thermoelectric materials, particularly under low-concentration
and low-grade thermal conditions.
Cross-plane thermoelectric characterisation

To evaluate ionic thermoelectric behaviour in the through-
thickness direction, we employed a stacked membrane cong-
uration, commonly used in prior studies to characterise
perpendicular Seebeck response under a thermal gradient.52–54

This setup was selected over the in-plane geometry to mitigate
any issue arising from water evaporation. In the in-plane
conguration, exposure to ambient conditions can lead to
electrolyte drying, resulting in unstable ion concentrations, di-
srupted thermal gradients, and suppressed thermovoltage
output. By contrast, the stacked (sandwich-type) cell design
connes the electrolyte, ensuring continuous hydration and
thereby preserving ionic transport while enhancing thermo-
electric stability. In this setup, ten RC-200 membranes (each
This journal is © The Royal Society of Chemistry 2025
∼40 mm thick) were stacked between gold-coated silicon wafers
and inltrated with 10−4 M HCl (Fig. S2, SI). The assembled
stack was tested using a modied ASTM D5470-06 apparatus,37

in which a different temperature gradient was applied using
a Peltier element and a controlled heat source. Local tempera-
tures were monitored via embedded thermistors to ensure
accurate temperature gradient measurements across the
membrane stack.

Under these conditions, the pristine RC-200 membrane
stack produced an open-circuit voltage of −6 mV, correspond-
ing to a thermal gradient ratio of −0.6 mV K−1. Functionalisa-
tion with TEMPO enhanced the output to −23 mV (−2.3 mV
K−1), representing a 3.8-fold increase. The highest performance
was observed for CHMAC-RC-200, which yielded +61 mV under
the same thermal gradient, corresponding to +6.1 mV K−1, a 10-
fold improvement over the pristine membrane (Fig. 5(d)).

For comparison, the in-plane Seebeck coefficients for the
same membranes were −0.35 mV K−1 (RC-200), −1.13 mV K−1

(TEMPO-RC-200), and +3.41 mV K−1 (CHMAC-RC-200). The
enhanced performance in the stacked conguration is attrib-
uted to improved hydration retention, reduced evaporative loss,
and enhanced thermal and electrochemical coupling through
the membrane thickness.

Signicantly, the total thermovoltage did not scale linearly
with the number of membranes, as might be expected in solid-
state thermoelectrics. In ionic systems, the Seebeck coefficient
is sensitive to ionic redistribution, interfacial potential barriers,
and electrolyte polarisation across junctions.48,55 These non-
idealities resulted in sub-linear scaling in our stacked assem-
blies. Specically, while a 10-layer CHMAC-RC-200 stack would
ideally yield ∼34 mV K−1 based on the in-plane value, the
measured value was 6.1 mV K−1. Estimated interfacial losses per
membrane were approximately 17–18% for RC-200, 6–8% for
TEMPO-RC-200, and 10–12% for CHMAC-RC-200. The slightly
higher loss in CHMAC-functionalised membranes may be
attributed to reduced wettability and increased interfacial
resistance due to the hydrophobic quaternary ammonium
groups.

Despite these challenges, the thermoelectric performance of
CHMAC-RC-200 remains among the highest reported for
biopolymer-based i-TE systems operating under ambient
conditions. For comparison, bacterial cellulose/boron nitride
composites achieved Seebeck coefficients of 0.52–0.74 mV K−1

under a 50 K gradient,33 while a transparent paper-based TEG
produced 2.3 mV K−1 under a 10 K body heat gradient.56 A
MWCNT-carbonised cellulose nanober composite yielded
a Seebeck coefficient of just 12 mV K−1, even under a 70 °C
temperature difference.57 In contrast, the CHMAC-RC-200
system presented here delivered +6.1 mV K−1 using only
dilute aqueous electrolyte and low-grade heat. These results
demonstrate the promise of surface-engineered regenerated
cellulose membranes as scalable, eco-friendly platforms for
efficient ionic thermoelectric energy harvesting.

Although ZT for aqueous ionic systems remain lower than
that of electronic counterparts,58 this limitation is inherent to
all ionic thermoelectric materials due to the signicantly lower
ionic conductivity compared to electronic conductivity.
J. Mater. Chem. A, 2025, 13, 33671–33684 | 33681
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Nevertheless, since ions can carry substantial entropy changes,
ionic thermoelectric systems oen exhibit a high thermovoltage
output. In this work, we demonstrate effective and facile func-
tionalisation strategies on regenerated cellulose membrane
systems, offering advantages such as low cost, eco-
compatibility, and mechanical exibility, making them suit-
able for niche applications like on-body ionic thermoelectric
systems, temperature sensors, and for green energy harvesting,
where modest voltage output is sufficient, but sustainability is
key. To further improve the thermoelectric performance ob-
tained, several strategies could be explored. Improving interfa-
cial adhesion, either through chemical crosslinking or
controlled mechanical compression, may reduce ionic discon-
tinuities and interfacial resistance.52–54 Incorporating interme-
diate electrolyte layers or engineering wettability gradients, e.g.,
alternating hydrophilic and hydrophobic domains, could facil-
itate continuous ion transport across membrane interfaces.16

Additionally, employing asymmetric surface functionalisation,
where adjacent membranes carry opposite surface charges, may
promote directional ion migration and enhance thermovoltage
generation through internal ionic rectication. Future explora-
tion of membranes with #100 nm porosity—either through
custom fabrication or advanced processing—may provide
further performance enhancement due to more substantial
surface charge effects and increased ion–wall interactions in
conned domains. However, identifying an optimal pore size
requires balancing the increased hydraulic resistance, reduced
permeability, and structural challenges, particularly in so
biopolymer systems, to achieve increased performance.59 For
the dilute monovalent electrolytes investigated here, 200 nm
membranes demonstrated the most effective between surface-
governed transport and membrane integrity. In addition, the
degree of surface functionalisation is an important factor
inuencing membrane performance. A higher density of
surface functional groups provides an increased surface charge,
thereby enhancing both ionic conductivity and thermoelectric
output. And the efficiency of the surface functionalisation can
itself be affected by the membrane's pore size. In our CHMAC-
functionalised membranes, XPS analysis revealed a higher
nitrogen content in samples with larger pore sizes, indicating
a more effective functionalisation. This is due to the steric
hindrance, which restricts the ability of bulky functional groups
such as CHMAC to diffuse into narrower nanochannels and
effectively attach to the internal surface.60,61 In contrast, wider
pores provide greater accessibility of internal surface sites.
Therefore, while smaller pores enhance connement effects,
larger pores may provide more accessible surface area for effi-
cient chemical functionalisation, further inuencing the overall
ion transport behaviour. The combined effect of pore size on
both surface charge regulation and mechanical stability must
therefore be carefully considered during device optimisation,
and further research guided by electrolyte-membrane specic
modelling may help optimise performance in future systems.
Collectively, these approaches offer promising routes to
increase the efficiency of nanouidic ionic thermoelectric
generators based on sustainable materials such as regenerated
cellulose.
33682 | J. Mater. Chem. A, 2025, 13, 33671–33684
Conclusions

This study demonstrates that the surface charge density of RC
membranes with varying pore sizes can be substantially
enhanced through targeted chemical functionalisation.
TEMPO-mediated oxidation converted hydroxyl groups into
carboxyl groups, increasing negative surface charge by approx-
imately eleven-fold. Conversely, etherication with CHMAC
introduced xed quaternary ammonium groups, yielding posi-
tive surface charge densities ranging from 1.2 to 2.2%, as
conrmed by XPS analysis. Ionic conductivity measurements in
HCl electrolytes of varying concentrations revealed that
conductivity scales directly with surface charge and inversely
with pore size. TEMPO functionalisation enhanced ionic
conductivity by a factor of 90 to 370, while CHMAC function-
alisation resulted in even greater improvements, ranging from
200- to 950-fold depending on membrane pore size. Thermo-
electric performance followed a similar trend. TEMPO-
functionalised membranes exhibited 3- to 7-fold increases in
thermovoltage, while CHMAC-functionalised membranes ach-
ieved 8- to 12-fold enhancements. Among all tested systems,
CHMAC-RC-200, with a surface ammonium content of 1.2%,
demonstrated the highest performance, achieving a Seebeck
coefficient of +3.41 mV K−1 in the in-plane conguration and
a power factor of 1.38 mW m−1 K−2. When ten of these
membranes were stacked in a sandwich-style conguration and
inltrated with 10−4 M HCl, the system generated a peak ther-
movoltage output of +6.1 mV K−1. In summary, this work
highlights the critical role of surface charge engineering and
pore architecture in tuning ionic transport and thermoelectric
response in biopolymer membranes. In addition, the unex-
pected magnitude of conductivity enhancement in membranes
with large nominal pore sizes suggests that the internal brous
structure introduces signicant tortuosity and non-uniform
channel geometries. These features likely enhance ion–surface
interactions and contribute to the surface-governed transport
regime observed, even at sub-microscale pore diameters. While
the overall ZT is lower than traditional thermoelectric devices,
the aqueous compatibility, scalability, and non-toxic nature of
the material position them well for alternative applications
such as exible wearable electronics, sensors, thermal detec-
tors, and as green energy harvesters for environmental moni-
toring, where safety and sustainability are key. Collectively,
these insights establish regenerated cellulose membranes as
a versatile and eco-conscious platform for advancing thermo-
electrics beyond energy harvesting, with strong potential for
next-generation exible and bio-integrated electronics. Future
studies will focus on evaluating the long-term thermal and
operational stability of systems under cyclic temperature
gradients for real-world deployment.
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