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Abstract Nanocellulose has emerged as a promis-
ing green dispersant for carbon nanotubes (CNTs),
and there is an increasing trend in developing nano-
cellulose/CNT hybrid materials for electrochemical
detection of various small molecules. However, there
have been very few comprehensive studies investi-
gating the role of nanocellulosic material properties
upon the electroanalytical performance of the result-
ant hybrid electrodes. In this work, we demonstrate
the influence of both nanocellulose functionalization
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and geometry, utilizing sulfated cellulose nanocrys-
tals, sulfated cellulose nanofibers, and TEMPO-
oxidized cellulose nanofibers. Transmission electron
microscopy tomography enables direct visualization
of the effect of nanocellulosic materials on the hybrid
architectures. High resolution X-ray absorption spec-
troscopy verifies that the chemical nature of CNTs
in the different hybrids is unmodified. Electroana-
lytical performances of the different nanocellulose/
CNT hybrid electrodes are critically evaluated using
physiologically relevant biomolecules with differ-
ent charge such as, dopamine (cationic), paraceta-
mol (neutral), and uric acid (anionic). The hybrid
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electrode containing fibrillar nanocellulose geometry
with a high degree of sulfate group functionalization
provides the highest electroanalytical sensitivity and
strongest enrichment towards all studied analytes.
These results clearly demonstrate for the first time,
the extent of tailorability upon the electroanalytical
response of nanocellulose/CNT hybrid electrodes
towards different biomolecules, offered simply by the
choice of nanocellulosic materials.

Keywords Nanocellulose - Carbon nanotubes -
Hybrid materials - Electrochemical

Introduction

Cellulose, being the most abundant bio polymer on
the planet, offers a sustainable alternative to petro-
leum-based synthetic polymers in various applica-
tions ranging from packaging to biotechnology. The
successful extraction of nanoscale structures from
plant-based cellulosic materials (Tang et al. 2022;
Desmaisons et al. 2017) has further augmented their
applicability in the development of various high-value
functional hybrid materials (Zhang et al. 2013; Heise
et al. 2021; Kontturi et al. 2018; Ferreira et al. 2020).
Plant-based nanocellulosic materials can be primarily
classified into cellulose nanocrystals (CNCs) com-
posed of predominantly highly crystalline regions
of cellulose units, and cellulose nanofibrils (CNFs)
containing both crystalline and disordered regions
(Abdul Khalil et al. 2014; Tang et al. 2022; Kontturi
et al. 2018). The dimensions and surface chemistry
of the nanocellulosic materials are heavily depend-
ent upon their plant source as well as the type of
mechanical and chemical extraction processes used
(Abu-Danso et al. 2017; Habibi et al. 2010). In addi-
tion, the highly reactive surface hydroxyl groups on
the cellulose units can be further functionalized using
several different chemical reactions (Habibi 2014;
Eyley and Thielemans 2014). The increasing research
interests and capabilities in production and function-
alization, have thus led to the availability of a highly
versatile set of nanocellulosic materials for various
applications.

Malho et al. (2012) demonstrated for the first
time that aqueous suspensions of CNFs can be used
to directly exfoliate graphene flakes without the
need for any further additives. Soon after, Olivier
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et al. (2012) demonstrated that single walled carbon
nanotubes (SWCNTSs) can be similarly dispersed in
CNC colloidal suspensions. This led to an exponen-
tial increase in the research of nanocellulosic mate-
rials as environmentally and economically friendly,
green alternatives for the dispersion of carbon
nanomaterials, aimed at the development of func-
tional hybrid materials for applications such as flex-
ible electronics, energy storage and electrochemical
sensing (Hamedi et al. 2014; Li et al. 2015; Hajian
et al. 2017; Wang et al. 2020). Carbon nanomateri-
als are highly attractive for electrochemical sensing
applications owing to their unique properties such
as large active surface area, high chemical inertness,
excellent mechanical strength, low charge transfer
resistance and wide operation potential (Merkogi
et al. 2005; Lawal 2016; Papakonstantinou et al.
2005; Primo et al. 2013; Jacobs et al. 2010; Vashist
et al. 2011). In particular, multiwalled carbon nano-
tubes (MWCNTSs), present several advantages such
as lower production costs, high yield, and robust-
ness when subject to different functionalization pro-
cesses, thereby making them a more commercially
viable option for large scale production of electro-
chemical sensors (Oliveira and Morais 2018).

A major hurdle in the path to industrialization of
MWCNT-based electroanalytical devices remains
to be the stable dispersion of MWCNTs for elec-
trode fabrication without the loss of effective elec-
trochemical area and functionality (Rastogi et al.
2008). The large aspect ratios and strong z—x inter-
actions lead to inherent bundling and entanglement
of MWCNTs, thereby resulting in their poor dis-
persibility in both aqueous and non-aqueous media
(Chang et al. 2015). Over the years several chemi-
cal (covalent) (Fatin et al. 2014; Osorio et al. 2008)
and mechanical (non-covalent) (Li et al. 2009; Tong
et al. 2010; Yu et al. 2007) methods have been pro-
posed to improve the dispersion of MWCNTSs in
various matrices. Nanocellulosic materials pos-
sess several unique advantages as dispersants of
MWCNTs for electroanalytical applications. Their
inherent hygroscopicity can improve the wettabil-
ity of MWCNTs in the hybrid architectures, thereby
improving time response and selectivity compared
to other hydrophobic polymer dispersants (Durairaj
et al. 2019). Further, their large surface area with
potential for functionalization can be used to tailor
ionic conductivity and improve selectivity of the
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hybrid nanocellulose/MWCNT electrodes towards
specific biomolecules.

Although several promising electrochemical appli-
cations of nanocellulose/nanocarbon hybrid mate-
rials are being proposed in the recent years (Mugu-
ruma et al. 2016; Shalauddin et al. 2019; Ortolani
et al. 2019; Zaid et al. 2020; Shahrokhian et al.
2015), there are not many systematic studies inves-
tigating the effects of using different nanocellulose
grades upon the observed electrochemical perfor-
mance. Very recently, Dortez et al. (2022) reported
the effect of different polymorphs of CNCs (cellulose
I and II), upon the electroanalytical performance of
their hybrids with SWCNTs, for detecting glycopro-
teins. They reported that the cellulose II based hybrid
exhibited a higher sensitivity, likely due to a more
macroporous structure. In our previous work (Durai-
raj et al. 2021), we demonstrated that both CNCs and
CNFs, functionalized with different surface chemis-
tries, are capable of producing highly stable aqueous
suspensions of commercial MWCNTSs without the
need for any prior purification or chemical modifica-
tion of the MWCNTs and the nanocellulose/ MWCNT
suspensions can be used to produce highly stable and
repeatable electrochemical platforms with a wide
operation potential (— 0.6 to + 1 V), suitable for elec-
troanalytical applications. Investigations with outer
sphere redox (OSR) probes indicated that both mor-
phological and electrostatic effects, resulting from
nanocellulose geometry and functionalization, play a
dominant role in the electrochemical response of the
hybrid, and that these differences are further depend-
ent on the ionic strength of the supporting electrolyte.

Such observations emphasize the need for thor-
ough characterizations of the physical and chemi-
cal nature of such materials and their correlation to
the electroanalytical performance. Most analytes of
practical interest are inner sphere redox (ISR) mol-
ecules, whose electrochemical responses are highly
dependent on the physical and chemical properties of
the active electrode surface, and cannot be extrapo-
lated from studies with OSR probes alone. Therefore,
this study focuses on evaluating the electrochemical
behavior of different nanocellulose/MWCNT hybrid
materials towards a carefully selected group of probe
molecules, namely dopamine (DA), paracetamol (PA)
and uric acid (UA), using cyclic voltammetry (CV)
measurements. Two prevalent nanocellulose grades,
namely sulfated cellulose nanocrystals (SCNCs) and

TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl)-medi-
ated oxidized cellulose nanofibrils (TOCNFs), are
chosen along with reference sulfated cellulose nanofi-
brils (SCNFs), in order to investigate the effects of
both nanocellulose geometry (SCNC vs. SCNF), and
functional group (SCNF vs. TOCNF). A transmission
electron microscope (TEM) tomography technique is
employed to obtain three-dimensional reconstructions
of the different nanocellulose/MWCNT hybrid mate-
rials, in order to provide a better visual understanding
of the network architectures resulting from the disper-
sion of MWCNTs by different nanocellulosic materi-
als. Surface carbon and oxygen-based functionalities
of the MWCNTs in the hybrid materials with differ-
ent nanocellulosic materials are investigated using
X-ray absorption spectroscopy (XAS), to identify any
changes in the electrochemically active surface of the
MWCNTs. Cyclic voltammetry (CV) measurements
at different scan rates, together with enrichment and
washout studies, provide useful insights on the role
of nanocellulose in determining the electroanalytical
performance of the hybrid materials towards different
biomolecules.

Experimental
Preparation of nanocellulose/MWCNT suspensions

Preparation and characterization of the different
functionalized nanocellulosic materials (SCNCs,
SCNFs and TOCNFs) are described in detail in the
previous work (Durairaj et al. 2021). In brief, (1)
SCNCs were prepared by sulfuric acid hydrolysis of
cotton cellulose paper (Dong et al. 1998; Niinivaara
et al. 2016), (2) SCNFs were prepared by direct sul-
fation of softwood dissolving cellulose pulp using a
deep eutectic solvent (DES) mixture of sulfamic acid
and urea (Sirvio et al. 2019; Li et al. 2019), and (3)
TOCNFs were prepared by TEMPO-mediated oxida-
tion of bleached birch pulp (Saito et al. 2007; Isogai
et al. 2011). The degrees of different functional group
substitutions were determined to be 0.17 mmol/g
[OSO;] for SCNCs, 1.7 mmol/g [OSO;] for SCNFs
and 1.3 mmol/g [COO™] for TOCNFs, respectively
(Durairaj et al. 2021). Commercial MWCNTs, pro-
duced by chemical vapor deposition (CVD) using
iron catalysts, were purchased from NanoLab, Inc.
(Newton, MA). Aqueous nanocellulose suspensions

@ Springer



9220

Cellulose (2022) 29:9217-9233

were first diluted to 0.25 wt% and 0.125 g of commer-
cial MWCNTs in dry powder form (as obtained, not
functionalized) was added to 10 g of each functional-
ized nanocellulose suspension, such that the final dry
weight percentages were 2:1 (Nanocellulose : MWC-
NTs). The nanocellulose/MWCNT mixtures were
tip sonicated in an ice bath, using a Qsonica Q500
tip sonicator, with a 2 mm probe at 20 kHz (30 W),
for 10 min in pulsed mode (5 s on and 1 s off). The
dispersion quality was assessed by UV-visible spec-
troscopy (details published previously Durairaj et al.
2021). The dispersions have been kept in a refrigera-
tor at 5 °C and have been found to be stable based on
visual observations, for over a period of 18 months at
the time of writing this manuscript.

Physical and chemical characterizations

TEM images of the individual nanocellulosic mate-
rials (SCNCs, SCNFs and TOCNFs) were obtained
using a FEI TALOS F200X FEG system, with an
acceleration voltage of 200 kV. Aqueous nanocel-
lulose suspensions, diluted to 0.05 wt% were first
drop cast on copper TEM grids, and the excess lig-
uid was blotted away with filter paper. Following this,
a drop of 1 wt% ammonium molybdate was applied
to improve the contrast, the excess was blotted away
with filter paper, and samples were air dried before
imaging.

TEM tomography samples of the nanocellu-
lose/MWCNT hybrid materials were prepared on
a 200-mesh-Au grid with a carbon supporting film
having different sized holes (C-flat: CF-MH-2Au,
Electron Microscopy Sciences). Detailed sample
preparation protocol is given in the ESI. A region of
interest (ROI) with a uniform planar layer of sample
covering a suitable hole in the grid was selected for
each sample and the samples were imaged using a
JEM-2800 electron microscope (JEOL). Tilt-series
were automatically collected at 200 kV TEM mode
using a RECORDER application (TEMography) with
settings: Goniometer tilts spanning — 72 to + 72°,
increment steps 2°, CCD (GATAN), ORIUS SC200,
2048 x 2048 camera, pixel X,Y scale 1.104715 nm, at
a magnification of 100k. A maximum entropy method
(MEM) (Engelhardt 2006, 2007) was used for 3D
reconstruction of the tilt series images. Detailed data
handling protocols for the tomography method are
also explained in the ESI

@ Springer

Aqueous suspensions of nanocellulose/MWCNT
were fully dried in an oven at 80 °C for 72 h, before
being pre-treated at 80 °C under vacuum for 24 h
with a pre-treatment station (Prep Vac II Microtrac
BEL, Japan). The samples were then investigated by
nitrogen adsorption-desorption (physiosorption) iso-
therms at 77 K using a BELsorp Mini II (Microtrac
BEL, Japan) instrument. Results were analyzed by the
Brunauer—Emmett-Teller (BET) method to estimate
the specific surface area and porosity of the hybrid
materials.

XAS analysis was carried out at the Stanford Syn-
chrotron Radiation Lightsource (SSRL) beamline 8-2
equipped with a bending magnet and spherical grat-
ing monochromator. The beam incidence angle was
set to 55° and 40 X 40 pum? slits were used to obtain
a resolution of 200 meV. X-ray bean spot size was
approximately 1 X 1 mm?, with a total flux in the
order of 1010 photons/s (Sainio et al. 2021; Leppénen
et al. 2021). X-ray energies at the carbon and oxy-
gen s edges were measured from 260 to 340 eV and
520 to 560 eV, respectively. Details on XAS samples
preparation are given in the ESI.

Electrode preparation and electrochemical
measurements

The nanocellulose/MWCNT hybrid electrodes were
prepared on tetrahedral amorphous carbon (ta-C) thin
film substrates produced by pulsed filtered cathodic
vacuum arc (p-FCVA) deposition of 7 nm ta-C layer
on top of a p-type silicon wafer coated with an ~ 20
nm Ti adhesion layer (Laurila et al. 2014; Protopop-
ova et al. 2015). Wide operation potential and high
chemical inertness, combined with the advantages of
low-cost, room-temperature deposition process, make
ta-C an attractive substrate for various nanomaterial
modifications in electrochemical sensing applica-
tions (Peltola et al. 2017; Wester et al. 2017; Laurila
et al. 2017; Durairaj et al. 2019). Circular exposed
area (3 mm diameter) of ta-C substrates (defined by
PTFE tape) were first functionalized with a polyeth-
yleneimine (PEI) layer freely adsorbed from 15 pl
drop of 0.1 wt% solution for 10 min and subsequently
rinsed with milliQ water and dried in gentle nitrogen
flow. Following this, 7 pl drops of aqueous nanocel-
lulose/MWCNT suspensions were drop-cast on the
PEI-modified ta-C substrates, and dried for 1 h in an
oven at 80 °C, under ambient pressure, and stored in
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a shelf at room temperature prior to electrochemi-
cal measurements (Durairaj et al. 2021). A Gamry
Reference 600 potentiostat was used to carry out the
electrochemical CV measurements. A conventional
3-electrode setup was used in all measurements, with
a platinum counter wire and a Ag/AgCl reference
electrode (+ 0.199 V vs. standard hydrogen elec-
trode (SHE), Radiometer Analytical). The analytes
DA—dopamine hydrochloride, PA—paracetamol
(acetaminophen) and UA-uric acid were purchased
from Sigma-Aldrich. The concentrations of these
probes were chosen to be 100 pM for DA and PA, and
500 pM for UA, keeping within physiologically rel-
evant concentrations. The measurements were carried
out in 10 mM phosphate buffer saline (PBS) solution
(pH = 7.4) at room temperature. A standard back-
ground cycling protocol was used with all measured
electrodes, wherein the electrodes were first cycled
in blank PBS solution in the potential window — 0.2
to + 1V, for 25 cycles at a scan rate of 500 mV/s,
to ensure successful electrode fabrication and estab-
lish a stable background current. All electrodes were
immersed in PBS solution 45 min prior to measure-
ments and were kept immersed for the entire duration
of electrochemical measurements.

Results and discussions
Physical and chemical characteristics

TEM images of the different nanocellulosic mate-
rials SCNCs, SCNFs and TOCNFs, are shown in
Fig. la—c, respectively. The SCNCs (Fig. 1a) can be
seen as rigid rod like structures with dimensions in
the range of 5.1 + 1.7 nm width and 100-120 nm
length. The SCNFs and TOCNFs (Fig. 1b, ¢) appear
as thin and long thread-like structures, with widths
of 42 + 1.1 nm, and 2.9 + 0.8 nm, respectively,
and lengths in the range of several microns (SCNFs
containing also sub-micron fractions). Planar TEM
images of the three nanocellulose/MWCNT hybrid
materials, taken when the samples were perpendicular
to electron beam during the tilt series, are shown in
Fig. 1d—f, respectively, and the corresponding three-
dimensional tomographic reconstructions are pre-
sented in Fig. 1g—i, respectively. Videos for the ani-
mated tilt series and corresponding three-dimensional

reconstructions can be found in the ESI provided with
this publication.

The red arrows in Fig. 1d-i point out some of the
MWCNTs clearly distinguishable as long and well-
defined continuous tube like structures in the hybrid
materials. Dimensions of the MWCNTs, as specified
by the manufacturer, are in the range of 30 + 15 nm
width and 5-20 pm length, and are in agreement
with the observed structures. Individual nanocel-
lulosic materials cannot be clearly distinguished in
the hybrid material TEM images due to aggrega-
tion expected from the use of acetic acid and metha-
nol in tomography sample preparation process. The
SCNC/MWCNT hybrid architecture (Fig. 1d and
g) appears as a dense mat of cellulose nanocrystals
packed closely around the MWCNTs, making it diffi-
cult to identify individual MWCNTs unambiguously.
In contrast, both the SCNF/MWCNT (Fig. le and h)
and TOCNF/MWCNT (Fig. 1f and i) hybrid materi-
als appear to form more open architectures, where
individual MWCNTSs can be clearly recognized, sur-
rounded by a matrix of thinner cellulose nanofibrils
and bundles. X-ray computed tomography (CT) stud-
ies in the micron scale have previously been reported
for nanocellulosic materials (Osorio et al. 2018)
and some TEM-tomographic studies for individual
MWCNT (Rossell et al. 2013; Kwon and Zewail
2010) and composites with metal particles (Ersen
et al. 2007; Tessonnier et al. 2009) have also been pre-
viously reported. However, no previous attempts have
been reported regarding the TEM based tomographic
investigations of nanocellulosic materials, and in par-
ticular nanocellulose/MWCNT hybrid materials. The
three-dimensional tomographic reconstructions pre-
sented here enable the direct visualization of different
network architectures resulting from the dispersion of
MWCNTs by different nanocellulosic materials.

The specific surface area (Sggr), total pore vol-
ume (Vp) (at a relative pressure of P/P; = 0.990)
and mean pore diameter for all three hybrid materi-
als were obtained from the N, physiosorption iso-
therms (see ESI Fig. S1). All hybrid materials exhibit
Type IVa isotherms indicating predominantly meso/
macroporous architectures (Kondor et al. 2021) The
SCNC/MWCNT hybrid has the highest specific sur-
face area of 112 m?%g, and pore volume of ~ 0.85 cm?
/g, compared to the SCNF/MWCNT hybrid with
a specific surface area of 55 m%g, and pore volume
of ~ 0.5 cm?/g, and TOCNF/MWCNT hybrid with a

@ Springer
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Fig. 1 TEM images of a SCNCs, b SCNFs, and ¢ TOCNFs,
respectively, showing individual nanocellulosic components.
Planar TEM images (d—f) and three dimensional TEM tomo-
graphs (g—i) of the hybrid materials (SCNC/MWCNT, SCNF/

specific surface area of 3 m%g, and pore volume of
~ 0.025 cm?/g. The oven drying protocol was chosen
here so as to mimic the conditions used in the elec-
trode making. During the drying process, the CNF-
based hybrid materials resulted in large flaky sol-
ids, whereas the CNC-based hybrid dried as a more

@ Springer

MWCNT, TOCNF/MWCNT, respectively), showing the dis-
persion of MWCNTs in different nanocellulosic matrices. Red
arrows in figures d to i indicate MWCNTs

powdery substance (photographs in ESI Fig. S1). The
observed low specific surface area and pore volumes
for the CNF-based hybrid materials could be a result
of the denser dried structures. The mean pore diam-
eters were estimated to be 30 nm, 37 nm and 35 nm
for the SCNC, SCNF and TOCNF -based hybrid
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materials, respectively, in agreement with the TEM
tomography observations, where the CNF-based
hybrid materials have more open architectures. How-
ever, it must be noted that the BET values are only
indicative and the actual hybrid material porosity in
the end application environment (PBS in this study) is
likely very different due to the different relative swell-
ing of the nanocellulosic materials (Kondor et al.
2021).

The XAS studies in this work are focused mainly
on understanding how the individual nanocellulose
building blocks may or may not affect the surface
chemistry of the electrochemically active component
(herein MWCNTs) in the different hybrid materials.
As the electrocatalytic properties of MWCNTs are
known to strongly depend on surface oxygen-based
functionalities (Laurila et al. 2017), we focus here on
the carbon and oxygen spectra to identify any changes
in the surface chemistry of the MWCNTs resulting
from the presence of different functionalized nano-
cellulosic components. The normalized total elec-
tron yield (TEY) spectra measured at C 1s and O 1s
edges are shown in Fig. 2a and b, respectively, and
the dominant peak associations listed in Fig. 2c. The
reference MWCNT sample shows a strong sp? z* at
285.2 eV, which is also dominant in the hybrids with
different nanocellulosic materials. Although the pro-
files of the nanocellulose spectra seem to slightly dif-
fer from each other, the locations of the main peaks
are similar for the different grades. The low intensity
shoulder observed in the reference nanocellulose
materials spectra around 285 eV can be attributed to
C-H bonds in the cellulose structure (Karunakaran
et al. 2015). The two other dominant peaks observed
in all nanocellulose (and hybrid material) spectra
at 289.3 eV and 290.7 eV can be attributed to the
Is — #* transitions of C—OH and C-H bonds in the
cellulose structure, respectively (Karunakaran et al.
2015).

The long range order sp? peak at 291.6 eV, and the
broad feature centered around ~ 292.8 eV attributed
to the ™ transitions in the sp?> (CNTs) (Sainio et al.
2021) are also clearly distinguishable in the refer-
ence MWCNTs and all hybrid materials, despite the
background from the carbon spectra of the cellulosic
materials. No clear features were observable in the
O 1s spectrum of the reference MWCNTs sample,
and all other samples showed a similar spectral pat-
tern with two low intensity peaks at around 531.5 and

532 eV, corresponding to the 1s — z* transition peaks
of C=0 and a broader high intensity peak at 538 eV
corresponding to the ¢* resonances in the cellulose
structure (Karunakaran et al. 2015). The similarity of
strong sp? carbon related peaks observed in the C 1s
spectra of all hybrid materials compared to the refer-
ence MWCNTs, as well as the lack of new spectral
features or shifts in both C 1s and O s spectra, are
clear indications that the surface chemical nature of
MWCNTs remains unaltered in the hybrids with the
different nanocellulosic materials.

Electrochemical behavior

Cyclic voltammograms measured with the different
studied hybrid electrodes, at a scan rate of 100 mV/s,
in 10 mM PBS solutions containing 100 pM dopa-
mine, 100 pM paracetamol and 500 pM uric acid,
are shown in Fig. 3a—c, respectively. Clear differ-
ences can be observed in the responses of the differ-
ent electrodes towards each of the analytes. The cel-
lulose nanocrystal-based hybrid (SCNC/MWCNT)
shows a noticeably lower response towards each of
the measured analyte compared to both the cellulose
nanofibril-based hybrids. Evolution of pre-peaks
indicating oxidation product adsorption are observed
in the CVs of dopamine and uric acid at the SCNF/
MWCNT hybrid electrode, and to a lesser extent at
TOCNF/MWCNT hybrid electrode, but are not dis-
tinguishable at the SCNC/MWCNT hybrid electrode.
The baselines for the peaks observed in the CVs are
approximated by the tangent to the flat region preced-
ing the peaks, and the peak anodic (Ipa) and cathodic
(I,e) currents are calculated as the maximum cur-
rent of the main peak corrected for the correspond-
ing baseline. The anodic and cathodic peak potentials
(E,, and E,, respectively) denote the potentials at
which the maximum current of the main peaks are
observed, and delta E is calculated as (E,, + E,,0)/2.
The values of these parameters for each analyte, at the
three different electrodes, are tabulated in Table. S1,
along with the onset potentials of the main peaks. The
onset potentials were estimated as the intersection of
the tangent to the fast-rising slope of the main peak to
the baseline, and are found to be similar at all hybrid
electrodes for the different analytes. This is consistent
with the chemical analyzes indicating that the elec-
trochemically active species, herein MWCNTSs, has
similar surface chemistry in all hybrids.
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Fig.2 Cls(a)and O s (a) C 1s Normalized intensities (b) O 1s Normalized intensities

(b) normalized XAS spectra
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Electroanalytical performances of the different
hybrid electrodes were further analyzed at differ-
ent scan rates from 10 to 500 mV/s, for each of the
analyte, and the CVs are shown in ESI (Fig. S2).
Anodic and cathodic peak currents were estimated for
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different scan rates and the equations for linear fits of
log of peak currents (/,, and ) versus log of scan
rate (v) are also presented in ESI Table S1. The slopes
of these linear fits provide useful insight into the elec-
trochemical processes occurring at the electrodes,
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Fig. 3 Comparison of cyclic voltammograms for the hybrid
electrodes SCNC/MWCNT, SCNF/MWCNT, and TOCNE/
MWCNT, measured at 100 mV/s scan rate, in 10 mM PBS at
pH 7.4, containing a 100 pM Dopamine, b 100 uM Paraceta-
mol, and ¢ 500 pM Uric acid, respectively

wherein a theoretical slope of 0.5 indicates a diffu-
sion (linear semi-infinite) controlled process and a
slope closer to 1 indicates the involvement of adsorp-
tion processes (or thin film electrochemical behavior)
(Gosser 1993). In the case of paracetamol, all stud-
ied hybrid materials show a slope of 0.6, indicating
mainly diffusion controlled process. Whereas for both
dopamine and uric acid the slopes are closer to unity
indicating more adsorption related processes. In order
to further distinguish between adsorption and thin lig-
uid layer formation effects, enrichment and washout
studies were carried out for each analyte at the dif-
ferent hybrid electrodes, and the results are shown in
Fig. 4. The enrichment protocol was carried out as
follows: CVs were measured immediately upon the
insertion of a pristine electrode into the electrochemi-
cal cell containing the analyte (labelled ‘immediate
scan’ in Fig. 4), following which the electrode was

allowed to stay at open circuit potential (OCP) in the
electrochemical cell containing the analyte for 5 min,
and then a second CV was measured (labelled ‘5 min
enriched’” in Fig. 4). After the enrichment scan, the
electrode was taken out of the electrochemical cell
and rinsed in a beaker containing blank PBS solution
for 10 min with intermittent agitation. Following the
10 min wash, the electrode performance was again
measured with CV in a blank PBS containing elec-
trochemical cell (labelled as ‘Residual in blank PBS
after 10 min wash’ in Fig. 4). The baseline subtracted
main oxidation peak currents for all analytes, in the
immediate, enriched and residual scans are presented
in Table 1.

For all analytes studied, the SCNF/MWCNT
hybrid shows the highest enriched and residual
oxidation currents, whereas the SCNC/MWCNT
hybrid shows the least. For the same concentra-
tion (100 pM) of dopamine and paracetamol, all
hybrids exhibit higher enrichment in oxidation cur-
rents for the cationic dopamine, compared to neutral
paracetamol. Further, for a 5 times larger concen-
tration of uric acid (500 pM), the SCNF/MWCNT
and TOCNF/MWCNT hybrids exhibit only ~ 1.3
times and ~ 1.7 times higher enriched currents,
respectively, compared to that of 100 uM dopamine,
indicating higher electroanalytical response to the
cationic molecule. However, the SCNC/MWCNT
hybrid exhibits a ~ 3 times higher enriched cur-
rent for uric acid when compared to dopamine,
indicating lesser enrichment of the cationic ana-
lyte. In our previous work (Durairaj et al. 2021), we
observed that the cationic OSR probe (Ru(NHj;),
2+/3+) exhibits over ~ 2 and 3 times higher currents
at the SCNF/MWCNT hybrid in PBS, compared to
TOCNF/MWCNT and SCNC/MWCNT hybrids,
respectively. A similar trend is observed here, but
to a lesser extent, in the behavior of the cationic
ISR analyte (dopamine), where the SCNF/MWCNT
hybrid exhibits ~ 1.5 and 2 times higher enriched
current compared to TOCNF/MWCNT and SCNC/
MWCNT hybrids, respectively. The neutral par-
acetamol also exhibits the highest enriched current
at SCNF/MWCNT, ~ 1.2 and ~ 2.5 times higher
than at TOCNF/MWCNT and SCNC/MWCNT
hybrids, respectively. The anionic uric acid how-
ever, behaves very similarly at both the CNF-based
hybrids, and has only slightly lesser currents at the
SCNC/MWCNT hybrid, indicating a relatively low
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Fig. 4 Cyclic voltammograms at 100 mV/s, showing the
immediate scan and 5 min enrichment measured in 10 mM
PBS at pH 7.4 containing a 100 pM Dopamine (DA), b 100
pM Paracetamol (PA), and ¢ 500 pM Uric acid (UA), for the
hybrid electrodes (i) SCNC/MWCNT, ii SCNF/MWCNT, and

Potential (V vs Ag/AgCl)

Potential (V vs Ag/AgCl)

iii. TOCNF/MWCNT, respectively. Gray plot in each figure
shows the CV measured in blank PBS after 10 min of washout
(in PBS) for the corresponding electrodes used in each of the
enrichment studies, respectively

Table 1 Baseline subtracted peak current values of the main oxidation peak for dopamine, paracetamol and uric acid, in the immedi-
ate (Imm), 5 min enrichment (Enr) and post-washing residual (Res) scans, estimated from Fig. 4

Analyte SCNC/MWCNT SCNF/MWCNT TOCNF/MWCNT
Imm (pA) Enr (pA) Res (pA) Imm (pA) Enr (pA) Res (pA) Imm (pA) Enr (pA) Res (pA)
DA 9 14.5 1.7 14.2 33.7 9.8 13.1 249 6.2
PA 8.8 13.1 1.6 16.3 27.7 12.7 109 214 7.9
UA 30.9 41.2 1.4 29.1 46.2 10.9 34.1 45.7 54

DA-100 uM Dopamine, PA 100-uM Paracetamol, UA-500 pM Uric acid

enrichment compared to dopamine and paracetamol
at all hybrids. As indicated by the XAS results and
the onset potentials of electrochemical reactions
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of various analytes, the MWCNTs appear to be
chemically identical in all hybrids. The observed
differences in the electroanalytical response and
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enrichment behavior of the various analytes at the
different hybrid electrodes can thus be primar-
ily attributed to the role of nanocellulose in the
hybrids.

The TEM tomography technique presented in this
study provides a qualitative visual method to inves-
tigate the distribution of different nanomaterials in
the hybrids. It can be clearly observed in the TEM
tomographs that the short and rigid CNCs are packed
more closely around the long MWCNTs (Fig. 1d,
g), partially covering the MWCNT surfaces, which
is expected to reduce the electrochemically active
surface area for the target molecules. In comparison
the longer and flexible CNFs form more open hybrid
architectures with MWCNTs (Fig. le, f, h, i). Fur-
ther the BET measurements indicate that the SCNC/
MWCNT hybrid has a smaller mean pore diameter
compared to both the CNF-based hybrids, even in
the dried state. In conjunction with the known phe-
nomenon of the lesser swelling of CNC-based films
compared to that of CNF-based films (Hakalahti
et al. 2017; Niinivaara et al. 2015), this supports the
hypothesis of lower accessibility of MWCNT surfaces
for the different analytes in the CNC-based hybrid,
which will contribute to the observed smaller peak
currents compared to CNF-based hybrids. To further
verify this hypothesis, the electrochemically active
surface area (ECSA) of all hybrids are estimated from
CV measurements, using the Randles—Sevcik (R-S)
equations (Garcia-Miranda Ferrari et al. 2018). Typi-
cally, an ideal OSR probe such as Ru(NH;), 2*/3* is
used to estimate the ECSA using the reversible R-S
equation (Eq. 1),

nFDv
RT

I = +£0.446nFA,, C v

where I;‘}V is the peak forward (oxidation) current of
the reversible voltammetric reaction, n is the number
of electrons transferred in the reaction (n =1 for
Ru(NH;), 2*/3*), F is the Faradays constant (C/mol),
C is the concentration of the analyte in mol/cm®, v is
the applied scan rate (V/s), R is the universal gas con-
stant, D is diffusion coefficient (cm?%/s) and A,,,; is the
real electrochemically active surface area in cm?. A
modified R-S equation (Eq. 2) can be applied for irre-
versible reactions of inner sphere redox probes such
as dopamine, to obtain qualitative information for
comparing different materials:

nFDv

I[i)r}ev = +0.496 V an'nFA, ., C RT

(@)

where « is the transfer coefficient (usually approxi-
mated to 0.5), n’ is the number of electrons trans-
ferred before rate determining step (n’ = 1 and n =2
for dopamine, assuming that the second electron
transfer is the rate determining step) and the remain-
ing parameters are same as Eq. (1). Table 2 lists the
ECSA values estimated from the main oxidation peak
currents of 100 mV/s CV measurements with 1 mM
Ru(NH;), 2+/3* (Fig. 5(b) in our previously published
work Durairaj et al. 2021) and 100 pM dopamine
(Fig. 3 above) in PBS at 25 °C, using the literature
values of diffusion coefficients 9.1 x 107%cm?/s
and 6.74 x 107%cm?/s, for ruthenium and dopa-
mine, respectively. It must be noted that the ECSA
values obtained here are only qualitative, especially
for the ISR probe dopamine, as application of Ran-
dles—Sevcik equation is unreliable in these cases. The
numbers in Table 2 are therefore not absolute, and
can only be used as indicative values for comparing
different materials. In agreement with our hypothesis,
the SCNC/MWCNT hybrid shows the lowest ECSA
for both OSR and ISR probes, whereas the SCNF/
MWCNT hybrid shows the highest ECSA.

Together with the TEM tomographs, these results
clearly indicate that the nanocellulose geometry and
degree of functionalization strongly dictate the net-
work morphology of the nanocellulose/MWCNT
hybrids, thereby tailoring the electrochemical surface
area and electroanalytical response of both inner and
outer sphere redox probes. Furthermore, the observed
differences between SCNF/MWCNT versus TOCNF/
MWCNT hybrids indicate that the type of functional
group also affects electrochemical behavior of the
hybrid, wherein the presence of SCNFs (1.7 mmol/g
OSO;) shows higher sensitivity and stronger enrich-
ment for the cationic dopamine, compared to that of
TOCNFs (1.3 mmol/g COQO™), due to the stronger

Table 2 Electrochemically active surface areas (cm?) esti-
mated using Randles—Sevcik equations

SCNC/MWCNT SCNF/MWCNT TOCNF/

MWCNT
Ruthenium  0.09 0.42 0.19
Dopamine  0.21 0.34 0.27

@ Springer



9228

Cellulose (2022) 29:9217-9233

electrostatic effects of the more negative sulfate
groups. This effect is also observed to be more sig-
nificant in electrolytes of lower ionic strength (PBS
vs. 1 M KCl), as demonstrated in our previous work
(Durairaj et al. 2021).

In order to understand the cumulative contribu-
tions of the observed morphological and electrostatic
effects upon the overall hybrid electrode selectivity
and sensitivity, a concentration series measurement
was performed. Varying concentrations of dopa-
mine (100 nM to 100 pM) were measured using CV
at 100 mV/s scan rate, by successive additions to an

interferent solution containing 1 mM ascorbic acid
and 500 pM uric acid in PBS. For comparison, com-
mercially available MWCNT-modified screen-printed
electrodes (DRP110CNT from Metrohm DropSens)
with carboxylated MWCNTs were also measured
under similar conditions. The commercial electrodes
were masked using teflon tape, such that only the
working electrode area (3 mm diameter, circular) was
exposed, and the same external reference (Ag/AgCl)
and counter (Pt) electrodes as in all other measure-
ments were used. The results from the concentra-
tion series are shown in Fig. 5. In the commercial

= 1 mM AA + 0.5 mM UA = 1 mM AA + 0.5 mM UA UA
1 uM DA 100 nM DA
604 = s0moa (@) [ = 1M DA DA 1037V (b)
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Fig. 5 Cyclic voltammograms at 100 mV/s scan rate, show-
ing the dopamine (DA) concentration series measurements
made in the interferent solution containing 1 mM ascorbic acid
(AA) and 0.5 mM uric acid (UA) in PBS, for the commercial
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DRPI110CNT electrode (a), and the hybrid electrodes SCNC/
MWCNT (b), SCNF/MWCNT (c¢), and TOCNF/MWCNT (d),
respectively
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DRP110CNT electrode, it is clearly evident that the
large interference from ascorbic acid oxidation, occur-
ring at around 0.21 V, makes it impossible to selec-
tively detect dopamine, which oxidizes at the same
potential at these electrodes. In contrast, the oxidation
peak for ascorbic acid is considerably cathodically
(negative) shifted at all the studied nanocellulose/
MWCNT hybrid electrodes, to around 0.1 V. This
cathodic shift is often attributed to the electrocata-
Iytic effect of carbon nanomaterials, due to the pres-
ence of large edge-plane graphitic sites, defects and
catalyst metal impurities (Banks and Compton 2005,
2006; Dumitrescu et al. 2009; Tsierkezos et al. 2016).
In their work on MWCNTs grown directly on ta-C
substrates, Paloméki et al. (2018) observed a similar
shift in the ascorbic acid oxidation potential. In this
study, the cathodic shift of ascorbic acid oxidation,
along with the electrostatic effects from the predomi-
nantly negatively functionalized nanocellulosic mate-
rials in the hybrids, enable the selective and sensitive
detection of physiologically relevant concentrations
of the cationic dopamine molecules, in challenging
interferent solutions and even in relatively fast CV
measurements. Limits of detection (LOD) of dopa-
mine at the different hybrid electrodes were estimated
in the linear range of 0.1-100 pM dopamine concen-
trations using the equation LOD = 3.3 % ¢ /S, where
o denotes the standard deviation (n = 3) of anodic
current at the dopamine oxidation potential (0.21 V)
measured in the interferent solution before dopamine
additions, and S denotes the slope of the linear fit of
peak current (dopamine primary oxidation at 0.21 V)
versus concentration data (pA/uM) for each hybrid
electrode. The CNF-based hybrid electrodes (SCNF
and TOCNF) both exhibit a LOD of 176 nM, whereas
the SCNC/MWCNT hybrid electrode exhibits a
higher LOD of 250 nM. Although slight differences
were observed in the SCNF versus TOCNF -hybrid
electrodes towards individual analytes as discussed
earlier, the LOD measured for dopamine in the inter-
ferent solution was the same for both these hybrid
electrodes, with similar geometry and degree of func-
tionalization, but different functional groups. These
results further indicate that the hybrid electrode mor-
phology, dictated by nanocellulose geometry and
degree of functionalization, has the most significant
effect on the overall sensitivity and selectivity of the
nanocellulose/MWCNT hybrid electrodes towards
inner sphere redox molecules.

The development of nanocellulose/carbon nano-
material platforms for electroanalytical applications
is still a relatively new field, and the versatility of
nanocellulosic materials used in such platforms alone
can add several interesting functionalities, as dem-
onstrated in our current and previous work (Durairaj
et al. 2021), and by Dortez et al. (2022). Therefore,
thorough characterizations with a wide variety of
nanocellulose and carbon nanomaterial components,
as well as redox probes, are vital to the further devel-
opment of such hybrid platforms. The characteriza-
tion methods and electrochemical investigations car-
ried out in this work, together with our previous work
(Durairaj et al. 2021), are intended to provide a com-
prehensive, although by no means complete, over-
view of the role nanocellulosic materials in tailoring
the electroanalytical performance of nanocellulose/
carbon nanomaterial hybrids. We clearly demonstrate
that the functionalization and geometry of the nano-
cellulosic material must be carefully chosen, keeping
in mind the dimensions and charge of the analyte to
be detected, in order to attain optimal sensitivity and
selectivity.

Conclusions

The emergence of nanocellulosic materials as effec-
tive dispersants for carbon nanomaterials is a highly
promising route for the development of industrially
scalable and environmentally friendly electroana-
lytical platforms. The versatility of nanocellulosic
materials available already for research, and their
increasingly promising demonstrations in electro-
analytical platforms with carbon nanomaterials,
mandate the need to understand their role in tailor-
ing the electrochemical response of such hybrids.
In this work, the hybrid architectures are examined
with a novel TEM tomography technique, reveal-
ing directly that the rigid cellulose nanocrystals
form dense architectures with close packing around
MWCNTs, thereby limiting the available MWCNT
surfaces. In contrast the long and flexible cellu-
lose nanofibrils are seen to form open architectures
with more exposed MWCNT surfaces, and corre-
spondingly higher electrochemically active surface
area and stronger electroanalytical responses are
observed for all studied analytes at the CNF-based
hybrids when compared to CNC-based hybrid.
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Further, the XAS studies verify that the surface car-
bon and oxygen-based functionalities of the MWC-
NTs are unmodified by the dispersion in different
functionalized nanocellulosic materials. Therefore,
the observed differences in the electrochemical
behaviors of various probe molecules can be attrib-
uted primarily to the variations in the geometry and
functionalization of the nanocellulosic components,
which play a vital role in determining the morphol-
ogy and electrostatic effects of the hybrid. These
results, along with our previous study (Durairaj
et al. 2021), demonstrate that (1) a variety of nano-
cellulosic materials with different geometries and
functionalizations can be used to develop highly
stable and robust electroanalytical platforms with
carbon nanomaterials, (2) the chemical and physi-
cal nature of the carbon nanomaterial is essentially
unmodified by the presence of different nanocel-
lulosic materials, thereby preserving its inherent
electrochemical activity, (3) the choice of nanocel-
lulosic material (geometry and functionalization)
can significantly affect the electroanalytical perfor-
mance of such hybrids towards various physiologi-
cally relevant small molecules.

Supplementary information

Sample preparation and data handling details for
TEM and XAS. BET data. Cyclic voltammograms at
different scan rates for all analytes at different hybrid
electrodes. Electrode-to-electrode repeatability meas-
urements. Tabulated cyclic voltammetry parameters
for all analytes.
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