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The fuel cell is the best alternative to compensate for today's energy demand, but the high cost of
fabrication of membranes (e.g., Nafion) hampers the widespread commercialization. Plant-derived
nanocellulose is renewable, most abundant, and biocompatible with high strength and tunable surface
chemistry. Here we have demonstrated the jute derived-nitro-oxidized carboxycellulose nanofibers
(NOCNFs) as a viable and sustainable substitute for synthetic ionomer membranes used in proton
exchange fuel cells (PEFCs). NOCNFs were obtained in two functionalities: carboxylate and carboxylic

R 4 29th March 2022 acid which were then transformed into nanopaper | and Il, respectively. This is the first report where
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Accepted 26th June 2022 NOCNFs with two different functionalities were tested in PEFCs. The results indicated that nanopaper I
performed better than nanopaper | with a high proton conductivity of 14.2 mS cm~! and power density

DOI: 10.1035/d2se00442a of 19.1 mW cm™2 at high temperature (80 °C) operation in PEFCs, along with excellent durability even for
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Introduction

The global population is projected to reach 9.7 billion by 2050,
and with this, the global electricity demand is expected to grow
by 150% to 53.6 billion MW h.* In order to sustainably meet this
demand, improved energy efficient and renewable energy
sources are needed. In this regard, hydrogen fuel cell technol-
ogies present an attractive energy carrying solution due to their
flexibility, clean emissions, and efficiency.”®

Proton exchange membrane fuel cells (PEMFCs) are elec-
trochemical devices that catalyze the spontaneous redox reac-
tion between Hy) and O, to create a potential difference
between electrodes.’ Thus, energy from an intermittent source
can be converted and used on demand from a gas-based
storage. In particular, the only commercial proton exchange
membrane used is Nafion, a fluoropolymer that conducts
protons via sulfonic acid groups.'®** Unfortunately, the limita-
tions associated with Nafion include: (i) high cost i.e. ~US$ 800
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per m?** (ii) susceptibility to hydrogen gas crossover,* (iii)
complex recycling process," (iv) non-biodegradability and (v)
loss of performance (proton conductivity and mechanical
stability) at low relative humidity (RH) and high temperature.*®
Therefore, an inexpensive, greener, and more stable membrane
is imperative to increase the viability of PEMFCs on a large
scale.

Plant-based nanocellulose is the most abundant, inexpen-
sive and renewable nanomaterial that has potential in many
different applications including pharmaceuticals,' food,"”
energy storage,'”® water purification,” biomedicine,>* 3D
printing and tissue engineering.*" Functionalized nanocellulose
is one of the most anticipated alternative membrane precursors
with several groundbreaking properties due to the presence of
abundant hydroxyl groups available for chemical modifications
or hydrogen bonding networks.**** Mainly, there are two forms
of plant derived nanocelluloses: cellulose nanocrystals (CNCs)
and cellulose nanofibrils (CNFs).>” CNCs are cellulose crystals
with a width of about 10 nm and a length of several hundred
nanometers; they are made by strong acid hydrolysis of cellu-
lose which removes hydrolyzed noncrystalline regions more
easily.”® However, CNFs have varying morphologies compared
to CNCs; they are mostly produced by TEMPO oxidation,***
carboxymethylation,* phosphorylation,* acetylation,* silyla-
tion,* and nitro-oxidation®*” of cellulose. Most of the above
processes generate CNFs with negative surface charges which
not only facilitate nanofiber dispersion in suspensions, but also
provide functional sites for utilization in various applications
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including adsorption, sensing, catalysis and for further chem-
ical modification.**** Spherical shaped nanocellulose has also
been developed and demonstrated for use in stabilizing the
suspension of carbon nanotubes.*** The biopolymer based
nanocellulose-enabled membrane technology may not only be
suitable for tackling global energy challenges, but it can also
provide a new low-cost platform for the development of new
energy storage and generation technologies.*

CNFs with a high aspect ratio possess excellent mechanical
properties such as a Young's modulus of 138 GPa and an esti-
mated strength of 2-3 GPa.>>** Additionally, the introduction of
carboxyl and sulfonic acid groups enables proton conduction
through  nanocellulose = membranes.®**® The fibrous
morphology of CNFs can be used to fabricate membranes with
controlled pore sizes that enable superior gas barrier properties
comparable to Nafion.””*® Besides that, temperature is also an
important factor affecting the fuel cell performance. High
temperature operation leads to faster reaction kinetics, lower
electrocatalyst loading, and improved water management, and
can thereby further reduce the cost. However, higher tempera-
ture operation can impose a greater load on the membrane.****

There are several previous studies of cellulose/ionomer
composite membranes.®®** Gadim et al blended poly(4-
styrene sulfonic acid) with bacterial cellulose and achieved an
AC conductivity of 14 mS cm™ " at 98% relative humidity (RH)
and a maximum power density of 40 mW cm™> at 125 mA
ecm 2% Jiang et al. made Nafion/bacterial nanocellulose
composite membranes which had a proton conductivity of 71
mS em ™! and a power density of 106 mW cm ™2 at 100% RH and
at 30 °C.*® Notably, there are only a few studies on functional-
ized nanocellulose membranes (e.gz TEMPO oxidized,
sulfonated CNC) as the ionomer. Gadim et al. continued the
study on Nafion/nanocellulose blends and determined an in-
plane proton conductivity of 0.14 S cm™"' and a maximum
power density of 40 mW cm ™ at 125 mA cm™ > at 98% RH and
room temperature.** Hasani-Sadrabadi et al prepared
membranes with 5 wt% CNCs and Nafion and observed
a maximum power density of 91 mW cm ™2 at 70 °C in a direct
methanol fuel cell, which was higher than pure Nafion as there
was reduced methanol crossover.® Finally, Tritt-Goc et al
created a high temperature imidazole-doped CNC membrane
that reached 2.7 x 107> S m™ " at 140 °C under dry conditions.*
Bayer et al first reported the use of pure CNF and CNC
membranes and found superior gas barrier properties, but
a significantly lower conductivity of 0.01 mS ecm ™" for CNFs and
~15 mS cm ™" for Nafion at 100% RH and at 30 °C and power
density of 0.79 mW c¢cm ™2 at 1.8 cm ™ for CNFs and ~450 mW
cm ™ ? for Nafion.®® The CNC membranes showed better perfor-
mance but they were brittle due to high crystallinity and can be
cracked from heat pressing.*® Hence, CNFs with a high aspect
ratio are required to maintain the mechanical strength of the
membrane during the fuel cell operation.

In this work we have used a simple one step nitro-oxidation
method which allows both resource and energy efficient
production of carboxycellulose nanofibrils*”*” from jute-fibers
with two different forms of carboxylate (COONa) and carbox-
ylic (COOH) groups. Here the carboxycellulose nanofibrils

3670 | Sustainable Energy Fuels, 2022, 6, 3669-3680

View Article Online

Paper

produced from the nitro-oxidation method are abbreviated as
NOCNFs. This is the first report where the presence of ionic
(COO™, carboxylate) and non-ionic (COOH, carboxylic) groups
in the nanopaper has been studied for their performance in
PEMFCs. It is hypothesized that the nanopaper having
a carboxylic group (COOH) will exhibit better performance in
PEMFCs because of the following facts: (i) carboxylic acid can
accept and donate the proton, and hence it will act as a better
charge carrier, (ii) it can exhibit more intense hydrogen bonding
that can lead to more crosslinking resulting in denser and
mechanically strong nanopaper which can be applicable for
high temperature operation, and (iii) carboxylic acid is hydro-
philic that can lead to more water intake, and hence can allow
more proton transfer. Additionally, none of the reports has
demonstrated the use of a cost-effective, less-chemically
oriented pathway to design the ionomer membrane. We are
the first to explore NOCNFs in the preparation of such type of
membranes useful in high tech applications (e.g., fuel cell).

Experimental section

Untreated jute fibers (DP of extracted cellulose = 516) were
provided by Toptrans Bangladesh Ltd. in Bangladesh. All
samples were cut into small pieces of 3-5 cm in length and
subsequently washed, but without further treatment. Analytical
grade nitric acid (ACS reagent, 65%) and sodium nitrite (ACS
reagent = 97%) were purchased from Sigma Aldrich; sodium
bicarbonate, hydrochloric acid (37%) and HPLC grade DI water
were purchased from Fisher Scientific. All chemicals were used
without further purification. Durapore membrane filter paper
having a diameter of 47 mm and an average pore size of 0.1 pm
was purchased from VWR.

Preparation of NOCNFs

NOCNFs were prepared by a previously reported nitro-oxidation
method.” In brief, 10 g dried jute fibers were placed in a 2 L
three-neck round-bottom flask, where 140 mL of nitric acid
(60%) was added. When the samples became completely mixed
in the acid, 4.6 g of sodium nitrite was added to the reaction
mixture under continuous stirring. The addition of sodium
nitrite causes the generation of red gases inside the flask, which
were prevented from escaping by closing the mouths of round-
bottom flasks with stoppers. The reaction was performed at
50 °C for 12 h and was then stopped by adding 500 mL of
distilled water to the beaker. On equilibration of the final
reaction mixture, the supernatant liquid was discarded to
remove the excess acid, leaving behind the fibers at the bottom.
After performing the first decantation process, a mixture of
ethanol and water (1 : 2 ratio) was added to the fibers, and then
the suspension was stirred. The sample was kept untouched
until the liquid (supernatant) and solid fibers became separate
layers. The supernatant was also decanted off to extract the
fibers. The above decantation step was repeated 4-5 times, until
the pH value of the fiber suspension reached above 2.5. This
suspension was then transferred into a dialysis bag for 4-5 days
until the conductivity of water reached below 5 pS. Once the

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Schematic preparation of nanopapers from raw jute fibers: nanopaper | and nanopaper Il prepared by using CNF-Na and CNF-H

respectively.

dialysis of the fiber suspension was finished the fibers were
then treated with sodium bicarbonate (8 wt% sodium bicar-
bonates) to obtain a good dispersion, so that it can be easily
homogenized to obtain the nanofiber suspension. Hence, the
fibers were then passed using a high-pressure homogenizer
(GEA Niro Soavi Panda Plus Bench top homogenizer) at 250 bar
for 1 cycle. The obtained nanofibers were again dialyzed (using
a dialysis bag, Spectra/Por, with MWCO: 6-8 kDa) and equili-
brated for 2-4 days, until the conductivity of water reached
below 5 puS. The obtained nanofibers possessed carboxylate
groups (COO Na') and were termed CNF-Na.

One portion of the above nanofibers was then treated with
0.1 M hydrochloric acid until the pH of the suspension reached
2 and dialyzed for conversion of the -COONa functionality to
—-COOH. This nanofiber suspension was named CNF-H. The

This journal is © The Royal Society of Chemistry 2022

schematic diagram of the preparation of CNF-H and CNF-Na
with two different functionalities using the nitro-oxidation
approach is shown in Fig. 1.

Preparation of nanopapers

Nanocellulose suspensions in water (CNF-Na and CNF-H) with
a 0.20 wt% concentration and volume of 200 mL were stirred
separately for 3 h at 320 rpm to make the suspensions homo-
geneous. Then the suspensions of these CNFs were vacuum
filtered by using a microfiltration assembly composed of a glass
support. An Ultra-Ware glass funnel was connected to a vacuum
pump, where the funnel was fitted with a Durapore membrane
filter paper having a diameter of 47 mm and an average pore
size of 0.1 um. The aggregation of the nanofiber (CNF-H and
CNF-Na) layer was formed continuously on top of the
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membrane paper until a uniform wet sheet of nanopaper was
achieved. The wet nanopaper sheet was then removed from the
membrane paper, placed between two Kapton films and hot-
pressed at 110 °C for 20 min. To avoid the wrinkling of the
nanopaper edges, the resulting nanopaper was compressed
under 2 kg of weight at room temperature for 10 h. The nano-
paper prepared using the CNF-Na suspension was termed
nanopaper I while nanopaper II developed using the CNF-H
suspension was named nanopaper II. The thicknesses of
nanopaper I and nanopaper II were in the range of 60-62 um.

XPS analysis

The O 1s peak was calibrated to 532 eV and C 1s peak to
284.8 eV.

Proton conductivity

In-plane ion conductivity measurements were performed using
a Scribner 740 MTS instrument for temperature and humidity
control (under a N, atmosphere). Using a four-point probe,
impedance was measured with an AC amplitude of 10 mV in
a frequency range from 10 Hz to 10° Hz. Measurements were
taken at 100% RH and at 30, 45, 60 and 80 °C. The samples were
equilibrated to the appropriate testing conditions for 0.5 h prior
to the impedance measurement. Resistance was determined
from the high frequency x-intercept of the semicircle of Nyquist
plots. Conductivity was calculated from the following equation:

L
= 1
7 AXR (1)

where ¢ is the calculated conductivity, L is the length between
the two inner probes, A is the cross-sectional area of the
membrane and R is the resistance.

Fuel cell performance

The 5 cm® membrane electrode assembly (MEA) was made by
hot-pressing two commercial carbon cloth electrodes (0.1 mg
em > Pt loading, fuel cell etc.) onto the opposite sides of
nanopapers under the condition of 2 MPa at 140 °C for 1 min
after waiting 5 min for the temperature to stabilize. The single
cell performance was evaluated on a fuel cell test station (Fuel
Cell Technology). The anode and cathode were fed with
humidified H, and O, at 80 °C with 100% RH. H,/O, gas fluxes
were both controlled at 100 cm® min~ " and externally humidi-
fied at the dew point temperature. The performance test was
conducted after 1 h of humidification. The backpressure for
both the anode and cathode was varied from 0, 8 and 21 psi for
the collection of polarization and power curves.

Results and discussion
Characterization of NOCNFs (CNF-H and CNF-Na)

The nitro-oxidation approach was designed to treat raw
biomass, especially nonwood biomass, aiming to make the
nanofiber extraction more facile, more sustainable, less chem-
ically oriented, and less energy dependent. Based on our
previous nitro-oxidation study the primary factor affecting the
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morphology and surface charge of NOCNFs was the amount and
concentration of nitric acid used.**” However, the decrease in
nitric acid concentration to 60% could result in high aspect
ratio NOCNFs having a significant portion of fiber length
without changing the average width.®® Typically, when a CNF
has a good aspect ratio and high surface charge, the suspension
can result in a homogeneous gel.* The CNF-Na sample ob-
tained in the current study possess a surface charge of —117 mV
in the form of COONa with a concentration of 0.94 mmol g~ .

Furthermore, the ~-COONa groups of nanofibers were con-
verted to -COOH groups to introduce highly acidic protons by
treating the CNF-Na suspension with 0.1 M HCI until the pH of
the suspension reached 2 followed by dialysis. The surface
charge for these CNF-H nanofibers was found to be —72 mV.
This indicates that this acidic treatment has led to a partial
conversion of ionic -COO Na' groups to nonionic ~-COOH
forms in CNF-H.

Fig. 2(i and ii) presents the TEM image of CNF-H and CNF-
Na samples. The average length and width measured for CNF-
Na were 511 £ 151 and 7.6 + 1.9 nm while the average length
and width obtained for CNF-H were 338 £ 127 and 7.7 £
1.8 nm. The results indicate a decrease in the length of fibers on
acidic treatment without a change in the fiber width. It is
obvious that the acidic treatment of cellulosic fibers can cause
the degradation of fibers by breakage of the 1,4-glycosidic bonds
in cellulose chains.*

The AFM images of CNF-Na and CNF-H are presented in
Fig. 2(iii and iv). It is observed that CNF-Na (Fig. 2(iii)) has not
shown any aggregations of nanofibers, while CNF-H has pre-
sented strong accretion behavior likely due to the additional
hydrogen bonding interaction between the cellulose chains
resulting from COOH groups.” The photographs of CNF-Na
and CNF-H suspensions shown in Fig. 1 further provide
evidence of the accretion behavior of CNF-H. It is observed that
the CNF-Na suspension is clearer and more transparent.
However, the CNF-H suspension is nontransparent.

Surface functionality, chemical composition and thermal
properties of nanopapers

The surface functionality of nanopaper I and II prepared from
NOCNF suspensions was first carried out by FTIR. The FTIR
spectra of both nanopapers are presented in Fig. 3(i). In these
spectra, the dominant 3328 cm ™" peak due to the OH stretching
and the weaker 2900 cm ™' peak due to the -CH symmetrical
stretching (all from the cellulose component) were present in
both nanopaper samples. The sharp peak that appears at
around 1515 cm ™' in both nanopapers is due to C=C aromatic
symmetrical stretching in the lignin unit, while peaks appear at
1739, 1460, 1240, and 810 cm™ " for the xylan and glucomannan
of hemicellulose units.

The appearance of a sharp 1602 cm " peak in nanopaper I
confirmed the presence of the C=0 group of COONa func-
tionality; while a sharp C=0 absorption band at 1720 cm ™' is
assigned to the C=O stretching of COOH functionality in
nanopaper IL.7°

This journal is © The Royal Society of Chemistry 2022
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Fig.2 TEM image of NOCNFs extracted from jute (i) CNF—Na (ii) CNF-H (taken at a scale bar of 500 nm and magnification of 3 290 000x); AFM

images of NOCNFs (iii) CNF-H (iv) CNF—Na taken at 2.5 um scale.

The thermogravimetric and derivative thermogravimetric
analyses of nanopaper I and II are shown in Fig. 3(ii). The
thermal degradation profiles of both the nanopapers exhibited
almost similar and two major degradation steps, whereby the

initial onset temperature (Tonset) Was at 200 °C with 8.2 wt%
weight loss, and the final offset temperature (Tofrser) Was at
305 °C with 48 wt% weight loss. The shifting of the T, value
to a lower temperature of nanopapers (nanopaper I and II) as

100
A- Nanopaper |
B- Nanopaper I
80 -
X 60
=
%T 1602 Cm- .g’
-COO (str) = 40
A Residue 16.38%
A- Nanopaper | 20+
B- Nanopaper I () Residue 12.49%
@ ii
(l) o T T T T T T T T
35'00 30'00 25'00 20'00 15'00 10'00 100 200 300 400 500 600 700 800
Temperature (" C)
Wavenumber (Cm’)
Fig. 3 (i) FTIR spectra of nanopaper | and II; (i) TGA curves of nanopaper | and II.
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compared to that of raw biomass indicates that the lower
thermal stability of these nanopapers might be due to the
presence of a thermally unstable anhydroglucoronic moiety in
nanofibers, which could be degraded at a lower temperature
(~200 °C) and release CO,.* The major difference in the TGA
profiles of nanopaper I and II is the amount of residual weight
obtained at 550 °C. In the case of nanopaper I the residual
weight was around 16.38%, while in the case of nanopaper II it
was 12.49%. The higher residual weight% in the case of nano-
paper I can be explained by the presence of residual metal oxide
resulting from the thermal decomposition of COONa
functionality.

Fig. 4(i) shows the XPS wide scan of nanopaper I and II. The
Na KLL Auger peak was observed at 497 eV in nanopaper I.
Using the sensitivity factor for C 1s and O 1s of 1.00 and 2.93
respectively, the elemental composition of nanopaper I was
calculated to be 62.4% carbon and 34.3% oxygen. The elemental
composition of nanopaper II was calculated to be 67.2% carbon
and 32.4% oxygen. The C 1s peak of both the nanopapers can be
deconvoluted into four smaller peaks. Fitting was performed
using a Shirley background, Gaussian curve fitting, and con-
straining peak position, area, and full width at half maximum
(FWHM). From greatest to lowest relative area shown in
Fig. 4(ii), the C-C and C-H peaks corresponded to the cellulose
backbone ring and hydrocarbon bonding. The C-OH peak is
attributed to carbon bonded alcohol groups in the cellulose
chain. The O-C-O peak appeared due to acetal groups while the
O=C-O peak is from carboxyl groups. The O 1s peak of nano-
paper I and II was deconvoluted into four peaks as shown in
Fig. 4(iii). The O=C-O peak corresponded to carbonyl oxygen of
the acid, C-OH is attributed to the alcohol group, C-O-C-O
resulted from the acetal group and O-C=O0O was assigned to
singly bonded oxygen of the acid. On comparing the XPS spectra
of both nanopapers shown in Fig. 4(iii), the O-C=0 and O=C-
O contributions were estimated approximately equally to be in
agreement with the theoretical structure of carboxylated cellu-
lose. Moreover, the largest contribution was from the C-OH
bond (~40%) which confirms that not all alcohols of cellulose
were oxidized, likely secondary alcohol groups remained.
Fitting for the carboxylic acid of both C 1s and O 1s was based
on the carboxylate content calculated from conductometric
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titration; 0.94 mmol of carboxylate per gram of cellulose.
Because cellulose has a structure of CgH,(Os, it is estimated that
six out of every twenty-one atoms are carbon. And for every mole
of carboxylate, there is one mole of carbon. On these assump-
tions, we estimated the C 1s O=C-O contribution to be 3.9%. A
similar estimate was made for each oxygen of the O 1s O=C-O,
while also constraining the peak areas to be equal during
fitting.”™

The contact angle measurement for nanopaper I and II is
presented in Fig. S1 (ESIT). The average contact angle observed
for nanopaper I and nanopaper II was 47.2° and 34.4° respec-
tively. The lower contact angle value for nanopaper II indicates
more hydrophilicity as compared to nanopaper I showing the
high water intake capability of nanopaper II. This further
confirms the presence of highly acidic and hydrophilic COOH
groups on the surface of nanopaper I11.”

WAXD measurements were carried out as shown in Fig. 5(i)
to confirm the crystallinity index and the crystal structure of
nanopapers. The WAXD patterns of nanopapers indicate that
both the nanopapers have exhibited a cellulose I structure with
diffraction peaks at 26 angles of 16.5°, 22.7°, and 35.1° corre-
sponding to (110), (200), and (004) reflections, respectively. This
further provides evidence that the change of COONa to COOH
functionality in NOCNFs did not change the crystal structure of
the cellulose chain. The crystallinity index (CI) calculated from
the WAXD data for nanopaper I was 77%, while that for nano-
paper Il was 60.9%. The lower crystallinity of nanopaper II could
be because of the additional acid treatment that was employed
to convert the COONa groups in NOCNFs to COOH.

Solid state '*C CPMAS NMR spectra of nanopaper I and
nanopaper II are shown in Fig. 5(ii). The NMR spectra of both
the nanopapers show the distinct peaks of the cellulose I chain
as follows: (i) peaks between 60 and 70 ppm belong to C6 carbon
of the primary alcohol group, (ii) a group of peaks in between 70
and 80 ppm were attributed to the C2, C3, and C5 carbons, (iii)
peak between 80 and 95 ppm was associated with C4 carbon, (iv)
peaks between 100 and 110 ppm were due to the anomeric
carbon C1.*®* Most importantly, the peak corresponding to
carboxylate carbon for nanopaper I appeared at 178 ppm while
for nanopaper II, it shifted more downfield at 172 ppm. This is

O1s . Cis C-OH C-C,C-H c-0-C-0 C-OH
. CO L)
(i) 3.272.1:’: G5 \ 69.3% . 39.2% - 48.1% (1“)
U 8.7% (ll) . Nanopaper-Ii
r Nanopaper-li s | 0=C-0 Nanopaper-li 3 0-C=0 0=C-0
8 & [3.9% = | 63% 6.3%
z | =z z
= k2 c-C, C-H 2 C-OH
£ C:62.4% g 0-c-0 62.7% 2 41.3% 46.0%
-} £
= 0:34.3% = 10.2% \ Nanopaper-I
Nanopaper-| 0=C-0 Nanopaper-|
3.9%

600 500 400 300 200
Binding Energy (eV)
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Fig. 4 (i) XPS wide scan spectra of nanopaper | and Il and elemental composition. (i) Deconvoluted C 1s spectra of nanopaper | and Il with
relative bond distribution. (iii) Deconvoluted O 1s spectra of nanopaper | and Il with relative bond distribution.
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Fig. 5 (i) WAXD patterns of nanopaper | and Il. (i) *C CPMAS NMR spectra of nanopaper | and Il. (iii) Tensile curves of nanopaper | and Il.

because nanopaper I consists of COONa groups where Na" ions
are more electropositive than H' of COOH in nanopaper II.
Tensile properties of two nanopapers I and II are shown in
Fig. 5(iii). nanopaper I was prepared using CNF-Na whose
average L and W was 511 £+ 151 and 7.6 £ 1.9 nm, respectively
while nanopaper II prepared by using CNF-H showed an
average L and W in the range of 338 £+ 127 and 7.7 £ 1.8 nm
respectively. Hence, nanopaper I exhibited a higher aspect ratio
(L/D) of 67.2 as compared to the aspect ratio of nanopaper II
which was 43.8. The higher aspect ratio for nanopaper II should
lead to excellent mechanical properties.* However, in this study
we have observed the opposite trend where nanopaper I
comprised of high aspect ratio CNF-Na showed a lower tensile
strength of 89 £ 1.2 MPa with an elongation at break of 2.2 +
0.2%, while nanopaper II consisting of low aspect ratio CNF-H
exhibited a high tensile strength of 112 4+ 2 MPa with elongation
at break ratio of 3.0 &+ 0.2%. The most probable reason for this
opposite trend could be the presence of COOH groups in

This journal is © The Royal Society of Chemistry 2022

nanopaper II that has induced strong hydrogen bonding owing
to its strong tensile strength.

Surface morphology, BET surface area, and mechanical
properties of nanopapers

Photographs of the two nanocellulose suspensions (CNF-Na
and CNF-H) and their corresponding nanopaper I and II are
shown in Fig. 1. The suspension of CNF-Na looks clear and
highly suspended due to the presence of ionic -COONa groups,
while the CNF-H suspension appears more blurred likely due to
the aggregation of nanofibers via hydrogen bonding induced by
their -COOH groups. Similarly, nanopaper I looks more trans-
parent than nanopaper II.

SEM images in Fig. 6 present the exterior and interior
morphology of nanopaper I and II. Both the nanopapers consist
of a network of randomly interwoven fibers. The surface of
nanopaper I looks smooth with evenly distributed fibers while
the surface of nanopaper II appeared rough likely due to highly

Sustainable Energy Fuels, 2022, 6, 3669-3680 | 3675
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Fig.6 (i) SEM image and EDX elemental mapping of nanopaper | (ii) SEM image of cross section of nanopaper | (iii) SEM image and EDX elemental
mapping of nanopaper Il (iv) SEM image of cross-section of nanopaper Il.

crosslinked hydrogen bonded fibers by COOH functional
groups as discussed in the FTIR section. The difference between
the surface morphologies of both the nanopapers is quite
depictive in their respective cross-section SEM images. The
cross-section SEM image of nanopaper I shows big pores along
with a few small tiny pores on the smooth surface, while on the
surface of nanopaper II more evenly distributed pores were
observed which are smaller in size compared to nanopaper I,
which further evidence that nanopaper II is comprised of highly
crosslinked and interconnected fibers resulting in its smooth
and denser membrane.

The BET measurement for nanopaper I and nanopaper II is
presented in Fig. S2 in the ESL.{ The measured surface area for
nanopaper I and II was 1.83 and 0.87 m> g~ ' respectively. The
lower surface area value for nanopaper II compared to nano-
paper I indicates that the nanopaper II structure is compara-
tively denser due to the highly crosslinked nanofiber network
which is clearly seen in the SEM image of nanopaper II. Both the
nanopapers I and II possessed very small total mesopore
volumes of 0.006 and 0.002 cm® g™, respectively (presented in
Fig. S3 in the ESIT). The low pore volume indicates the good gas
barrier properties of both nanopapers I and II, and allows them
to be suitable for hydrogen fuel cell applications.*

Fuel cell performance

Until now a functionalized nanocellulose membrane with
COOH functionality in PEMFCs has not been reported in the
literature to the best of our knowledge. Both the nanopapers

3676 | Sustainable Energy Fuels, 2022, 6, 3669-3680

have shown excellent performance as proton conducting elec-
trolytes and contributed to the performance of the assembled
fuel cell. Additionally, the effect of back pressure was studied.
The high backpressure has enhanced the power output of the
MEA in both cases. For example, nanopaper I and II exhibited
an open circuit voltage (OCV) of 0.70 and 0.85 V respectively,
while the OCV for commercial membrane based fuel cells such
as Nafion was found to be 0.94 V when measured under similar
conditions.® This confirms that the NOCNF nanopaper based
paper electrolyte works competently in transporting protons
and blocking electrons while maintaining a very low hydrogen
crossover. A probable reason for nanopapers to demonstrate
such properties is their dense and cross-linked surface topog-
raphy caused by their surface functionalities (COOH and
COONa).

Fig. 7(i and ii) shows the polarization curves of nanopaper I
and II. The OCV found for nanopaper I was 0.70 V which
immediately dropped to 0.60 V on increasing the current. This
type of behavior exhibits its activation losses during the oper-
ation. A similar trend has been reported for the commercial
Nafion membrane.” In the case of nanopaper I, a maximum
power density of 1.8 mW cm ™2 at a current density of 4.1 mA
cm 2 was achieved when 8 psi of back pressure was applied. A
significant increment in current density to 8.9 mA cm > was
observed when back pressure increased to 21 psi. Notably, no
OCV and power generation was observed in nanopaper I at
0 back pressure which is likely due to its low proton conduc-
tance and higher resistance which is discussed later in the
proton conduction section.

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Polarization and power curves of (i) nanopaper | and (ii) nanopaper Il under various oxygen pressure conditions; (iii) Arrhenius plot of the

conductivity of nanopaper | and Il (at 100% RH) with activation energies.

For nanopaper II, three polarization curves were obtained at
three different back pressures of 0, 8, and 21 psi at an operating
temperature of 80 °C which are shown in Fig. 7(ii). In the case of
nanopaper-1I, the OCV measured was 0.87 V which is higher
compared to nanopaper L. The increased OCV was due to more
strength and high proton conduction due to the presence of
highly acidic COOH groups on the surface of the nanofibers in
nanopaper II, while nanopaper I comprised of COONa groups.
The OCV for nanopaper II remained constant at 0.87 V at all
three back pressures of 0, 8 and 21 psi used during the experi-
ments. It showed maximum power densities of 4.1, 6.2 and 19.2
mW cm™ > when 0, 8 and 21 psi back pressure were applied,
respectively. The highest power density of 19.1 mW cm™? at
a current density of 57.2 mA cm ™ > was achieved for nanopaper
II, when 21 psi of back pressure was applied. This is about 5
times higher than the power density achieved at 0 psi back
pressure and 3 times higher than the power density attained at 8
psi. Additionally, the maximum current density observed for
nanopaper II is about 10 times higher than the maximum
current density observed for nanopaper I. The overall results

This journal is © The Royal Society of Chemistry 2022

indicate that nanopaper II shows better conductance in
comparison to nanopaper I. This could be because of the
following reasons: (i) the presence of highly acidic ~-COOH
groups on the surface of nanopaper II has aided in better proton
transfer and (ii) the uniform and highly dense surface in
nanopaper II caused by a high degree of crosslinking from
—-COOH groups may have accounted for preventing hydrogen
gas oozing through the membrane while allowing proton
migration, which resulted in a higher performance (e.g., high
OCV).*® These results fully support our hypothesis of using
COOH functionalized nanopaper in PEMFCs.

The high backpressure has led to high power output of the
MEA in both cases which is likely due to a decrease in cell ability
to drain out water because of enhanced RH in the cathode
channel on applying high back pressure leading to high
membrane water content which aids in improvement in the
PEMFC performance.” However, the OCV of the nanopaper II
cell remained at around 0.87 V regardless of the variation in
back pressure (Fig. 7(ii)) which is 100 mV higher than the
nanopaper I based fuel cell. Notably, the fuel cell performance
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of nanopaper II is significantly higher than that of the similar
TEMPO oxidized nanofiber membrane system reported previ-
ously in the literature.”® The TEMPO oxidized nanofiber based
membrane possessed COONa functionality®® like nanopaper I.
In summary, in this study we have proven that the functionality
changes of COONa in nanopaper I to COOH in nanopaper II
have tremendously improved the performance of the MEA.

A durability measurement was performed on the nanopaper
II based fuel cell at 80 °C at a constant current of 11 mA and an
initial voltage of 0.6 V for 24 h and is presented in Fig. S4 in the
ESL.T Only a slight cell voltage fluctuation by +0.5 V was
observed. This fluctuation could be the result of small pressure
variations that generally occurred during the operation. Overall,
this measurement confirms the steady operation of the nano-
paper 1I fuel cell at 80 °C and provides a new insight into
substituting the synthetic membrane with a sustainable and
cost-effective high-temperature nanopaper membrane in the
operation of PEMFCs.

The slope of the Arrhenius plot can be used to determine the
activation energy (E,) which can provide vital information about
the possible mechanism for proton transportation. High proton
conductivity of membranes plays an important role in
decreasing ohmic resistance and in increasing cell performance
in a fuel cell.”* Nanopaper I and II were tested at 100% RH to
investigate their proton conduction mechanisms. Fig. 7(iii)
displays the Arrhenius plot of the conductivity for both nano-
papers measured at variable operating temperatures of 30, 45,
60 and 80 °C. It was observed that with an increase in temper-
ature from 30 to 80 °C, the conductivity of nanopaper I and II
increased from 1.4 to 10.4 mS cm~ ' and from 2.2 to 14.6
mS cm ™", respectively. The slope from a linear fit of the data
points allows the E, of proton conduction to be calculated. In
the literature, two mechanisms, vehicular and Grotthuss have
been described to explain the proton transport under humidi-
fied conditions through the membrane.*® The vehicular mech-
anism involves the transport of a charge by a hydronium ion
that generally leads to a higher E, while the Grotthuss mecha-
nism describes the transport of protons through the bonding
and de-bonding in a hydrogen bonded network, and hence
leads to a low E,. In the present study, nanopaper I and II have
shown an E, of 0.36 and 0.33 eV, respectively while the nano-
papers from CNCs and TEMPO oxidized nanofibers reported
earlier have shown an E, of 0.21 and 0.24 eV** and Nafion shows
an E, of 0.16 eV. Nafion follows Grotthuss like proton transport
where it supports proton transport through a complete
hydrogen bonding network.”® The E, measurements indicate
that nanopaper II has better hydrogen bonded ion conduction
networks causing more facile proton conduction because of the
presence of COOH functionality. The above results indicate that
NOCNF based nanopapers are very importnat for the develop-
ment of sustainable PEM fuel cells. As described, the nano-
papers used in this study are derived from NOCNFs which are
extracted using the nitro-oxidation method. Nitro-oxidation is
highly efficient in generating negative surface charge on fibers
which is owed to nanofibers with an ample amount of poly-
electrolyte polymeric chains having COOH groups. In this way
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NOCNFs offer alternatives to synthetic PEM fuel cell
membranes (e.g., Nafion) for membrane design.

Conclusions

Plant-based nanocelluloses were extracted from jute fibers
using a simple, cost-effective and less chemically oriented
‘nitro-oxidation’ approach and further two nanopapers with
different functionalities of COONa (nanopaper I) and COOH
(nanopaper II) were fabricated. These nanopapers displayed
proton conductivity that is highly dependent on surface func-
tionality and temperature. Among the two nanopapers, nano-
paper II has presented better proton conduction and fuel cell
performance. This is attributed to highly acidic -COOH groups
which have not only served as proton donors/charge carriers but
also provided a dense and strong structure to nanopapers
through crosslinking of nanofibers by numerous hydrogen
bonding interactions. The maximum conductivity observed for
nanopaper II was 14.6 mS cm " at 80 °C (at 100% RH). The
higher conductivity of nanopaper II even at high temperature
(80 °C) is ascribed to COOH groups introduced during the nitro-
oxidation that acted as charge carriers. Fuel cells utilizing
NOCNF nanopapers were fabricated and tested at 80 °C and
100% RH using hydrogen fuel. As expected, because of the
higher conductivity, dense surface, hydrophilicity and tensile
strength, fuel cells incorporating nanopaper II displayed good
performance with a power density of 19.1 mW ¢cm™> compared
to those incorporating nanopaper I which have exhibited
a power density of 5.8 mA cm ™2, A durability test on nanopaper
II confirms its stability in fuel cell operation at 80 °C for 24 h.
These results show that nitro-oxidized nanocellulose paper can
be applied as a sustainable, environment-friendly, and inex-
pensive source to fabricate high-temperature ionomer
membranes useful in electrochemical devices (e.g., fuel cells).
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