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ABSTRACT

Carboxycellulose nanofibers (CNFs) promise to be a sustainable and
inexpensive alternative material for polymer electrolyte membranes (PEMs). However,
its practical applications have been limited by its relatively low performance and
reduced mechanical properties under typical operating conditions. In this study, citric
acid cross-linked carboxycellulose nanofiber (CA/CNF) membranes were prepared by
solvent casting method. Carboxycellulose nanofibers were derived from wood pulp by
using chemical oxidation of hydroxyl group present on C6 position of the cellulose chain,
and a chemical crosslink between the citric acid and CNF is revealed with Fourier
Transform Infra-Red Spectrometry (FT-IR), Contact angle, and Thermogravimetric
Analysis (TGA). The optimal fuel cell performance was obtained crosslinking 70 mL of
0.2 wt% CNF suspension with 0.3 mL of 1.0 M citric acid solution. The membrane
electrode assemblies (MEAs), operated in oxygen atmosphere, exhibit maximum power
density of 27.7 mW/cm? and maximum current density of 111.8 mA/cm? at 80 °C and
100% relative humidity for the CA/CNF membrane with 0.1 mg/cm? Pt loading on anode
and cathode, which is approximately 30 times and 22 times better respectively than the

uncrosslinked CNF film.
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INTRODUCTION

With the mounting energy demands projected to increase by 50% or more by the
next decade, we are consuming natural petroleum at a rate reported to be 105 times
faster than nature can provide."? According to a 2009 prediction, current coal supplies
can last for about 107 years, crude oil for about 35 years, and nature gas for about 37
years.? Such dependence on fossil fuels is not only unsustainable but also leads to
climate change resulting from increasing greenhouse gas levels in the atmosphere.*
Since it was proposed that global warming can be slowed and perhaps reversed only
when society replaces fossil fuels with renewable, carbon-neutral alternatives, the
search for ‘clean’ energy has become imperative.® Today, various renewable energy
systems, such as direct solar,® photovoltaics,” wind,® geothermal,? and biomass,'® have
been intensively studied and extensively applied in real life. Among them, fuel cells,
which convert chemical energy directly into electrical energy, are proposed as one of
the promising alternative energy medium due to their high efficiency and low to zero

emission. "2

According to the electrolyte, the fuel cells are classified into seven categories:
polymer electrolyte membrane fuel cell, including proton exchange membrane fuel cell
(PEMFC), direct alcohol fuel cell (DAFC), anion exchange fuel cell (AEMFC); alkaline
fuel cell (AFC); phosphoric acid fuel cell (PAFC); molten carbonate fuel cell (MCFC);
and solid oxide fuel cell (SOFC).""""* Among various types of fuel cells, proton exchange

membrane fuel cells (PEMFCs) are among the most promising energy conversion




devices because of their less extreme operating conditions, efficient power conversion,
and utility in transportation.''® Thus, PEMFCs have been developing most rapidly in
the past decades.'”"® Nafion, a perfluorinated sulfonic acid polymer produced by Du
Pont, is a good proton conductor for hydrated membranes with long-term
electrochemical stability and high mechanical strength.’*'® However, Nafion
membranes suffer from decreased conductivity and stability at high temperatures,
excessive fuel crossover, and prohibitive high cost of US$ 800/m?.""162°22 Therefore,
several alternative materials with high performances and relatively lower cost have been
developed as potential polymer electrolyte membranes (PEMs), including sulfonated
poly(ether ether ketone),'® polysulfone, % polybenzimidazole,?* polyimide,?® chitosan,?

and alginate.”’

Cellulose, the main component of cell walls of plants, algae, bacteria, and tunicates,
is the most abundant biopolymer on our planet and has been used traditionally in many
fields because it is renewabe, biocompatible, cheap, naturally biodegradable and
chemically stable.?®?® Recently, nanoscale cellulose materials have gained much
interest thanks to their dimensional stability, low thermal expansion coefficient,
outstanding reinforcing potential, and transparency as well as their nanoscale
morphology, chemically tunable surface functionalities, ability to be obtained in various

3032 According to the nomenclature proposed by the

dimensions, and renewability.
Technical Association of the Pulp and Paper Industry (TAPPI), nanocellulose can be
classified into two main subcategories, cellulose nanocrystals (CNCs) and cellulose

nanofibers (CNFs), based on size and aspect ratio.>® In addition to its application in
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fields such as nandfiltration, solar cells, and water purification,
nanocellulose have been widely applied in PEMs due to the low cost, excellent gas

barrier properties, and acidic oxygen functional groups.*® Previously, nanoellulose has
been extensively used as a nanofiller to enhance the performance of Nafion and other

conductive polymers.'®444

While the innate proton conductivity of nanocellulose is relatively low, various
methods have been employed to enhance proton conductivity in nanocellulose-based
materials. For example, Smolarkiewicz et al. prepared a nanocellulose film doped with
imidazole as a “dry” electrolyte which exhibits nearly four orders of magnitude higher
conductivity than a pure cellulose sample while maintaining thermal stability from
110 °C to 150 °C.*® Bideau et al. synthesized a conductive nanocellulose-based film
through grafting N-(3-aminopropyl)pyrrole onto oxidized CNF followed by oxidative
polymerization of polypyrrole which improved the wettability, mechanical properties,
thermal protection, and more importantly, the electrical conductivity by a factor of 105.%°
Jiang et al. prepared a PEM with improved power density from bacterial cellulose
through incorporation of phosphoric acid (H;P0O4/BC) and phytic acid (PA/BC)
respectively, and found that acid-doping level of H;PO4/BC samples was higher than
that of PA/BC membranes. However, the thermal stability, mechanical strength, and
flexibility of PA/BC samples were better.>® Bayer et al. reported nanocellulose
membranes in which the proton conductivity increases up to 120 °C and with superior
hydrogen barrier properties.** The maximum conductivity of CNF paper membranes

was 0.05 mS cm™" at 100 °C and that of CNC paper membranes was 4.6 mS cm™" at




120 °C (both at 100% RH), and their power densities at 80 °C was 17 mW cm™ and 0.8
mW cm™ respectively.*® Jankowska et al. found that all cellulose films showed similar
thermal properties from room temperature to about 200 °C. However, the TEMPO-
oxidized CNF film showed the highest proton conductivity of the samples studied,
including non-oxidized CNF.?° Recently, Guccini et al. evaluated the performance of thin
carboxylated CNF-based membranes and obtained an optimized a proton conductivity
exceeding 1 mS cm™ at 30 °C between 65 and 95 % RH, only one order of magnitude
lower than Nafion 212, while also exhibiting a lower hydrogen crossover than Nafion,

despite being approximately 30 % thinner.*’

While much progress has been made toward enhancing the proton conductivity of
nanocellulose-based PEMs, other problems remain relatively unaddressed. As a
hydrophilic film, one of nanocellulose’s main limitations is its water sensitivity.>? While
the hydrophilic nature provides nanocellulose with excellent gas barrier properties,
increasing ionic conductivity has been found to cause excessive water uptake, leading
to a decrease of dimensional stability (i.e., high swelling).>*** While several methods of
crosslinking to improve the mechanical properties have been developed, polycarboxylic
acids, such as citric acid, have been identified as an effective strategy because of its
environmental friendliness.>*°**>% Previously, Dr. Sunil Sharma’s group has developed
a novel simple nitro-oxidation method to extract high aspect ratio carboxycellulose
nanofibers, and the nanopaper prepared exhibited a tensile strength of 108 + 2 MPa

and a Young’s modulus of 4.1 + 0.2 GPa.*"® Thus, in this paper, we aim increase the




performance of CNF membrane fuel cells and improve the mechanical strength and

stability of the membranes by citric acid crosslinking.

EXPERIMENTAL SECTION

Untreated wood pulp were provided by Stonybrook University. Analytical grade
nitric acid (ACS reagent, 65%) and sodium nitrite (ACS reagent = 97 %) were
purchased from Sigma Aldrich; sodium bicarbonate was purchased from Fisher
Scientific. Electrode of 0.1 mg/cm? Pt loading were purchased from FuelCellsEtc
(College Station, Texas). Hz, N2 and Air were purchased from Airgas (Radnor, PA). All

chemicals were used without further purification.

Preparation of Carboxycellulose Nanofibers

Cellulose nanofibers were prepared from wood pulp via TEMPO oxidation
process according to literature published earlier.**® In this process, 10.0 g delignified
wood pulp was well dispersed in about 500 mL of DI water. NaBr (1.0 g) and TEMPO
reagent (0.20 g) were subsequently added into the dispersion stirrer for 15-20 min to
make it homogeneous. The pH value of the reaction mixture was maintained 10.0
during the reaction process by slowely addition of 1 M NaOH solution. The oxidation
process was initiated by adding 112.0 g NaOCI under continuous stirring for 20 h. There

was frequent pH change was observed at the initial stages of the experiment, which is




due fast reaction, but it became less noticeable after a 3-4 hours. The reaction was
quenched by adding 100 ml ethanol solution and stirring for 20 min vigorously. Cellulose
fibers were separated by centrifugation at 7000 rpm along with washing 3 times with DI
water. Finally, the product was placed in a dialysis bag until the conductivity of the
medium was 5 uS. The concentration of the bulk cellulose nanofiber (CNF) suspension

was measured to be 0.35 wt%.

Preparation of Citric Acid Crosslinked Carboxylcellulose Nanofibers

The citric acid crosslinked carboxylcellulose nanofibers (CA/CNF) were prepared
by adding X mL of 1.0 M citric acid solution into 70.0 mL of as prepared CNF
suspension diluted to 0.20 wt%(X = 0.050, 0.150, 0.300, 0.700, 1.400), and the resulting
suspensions are denoted as CA/CNF-X respectively. CA/CNF membranes were
prepared by the solvent evaporation method. In brief, a the CA/CNF suspensions was
poured into a glass petri-dish and dried at 70 °C into a thin membrane. The membranes
are then further dried under hot press at 110 °C (Approximately 230 °F) for 600 s. A
membrane of CNF without citric acid is synthesized in a similar method without the

addition of citric acid solution.

Fourier Transform Infra-Red Spectrometry (FTIR)

A Perkin EImer Frontier FT-IR spectrometer with an Attenuated Total Reflectance

accessory was used to record the FTIR curves in the transmission mode, between 700




and 4000 cm™. A total of 32 scans were taken per sample with a resolution of 4 cm™.

The solid samples were recorded in the Attenuated Total Reflectance (ATR) mode.

Thermogravimetric Analysis (TGA)

The thermal stability of untreated raw wood, wood pulps and resulting
carboxycellulose nanofibers membranes was studied by a Mettler Toledo
TGA/SDTA851e instrument. Both TGA and differential thermogravimetry (DTG) curves
were measured. The samples were run at a heating rate of 10 °C/min in the range of

35-800 °C under continuous nitrogen flow.

Contact Angle Measurement

Static water contact angles of CNF and CA/CNF films were measured using the
KSV CAM 200 optical tensiometer. 5 uL of deionized water was then dropped onto the
membrane using a micropipette. The contact angle of each membrane was measured
20 s after the drop deposition to ensure that the water droplet reached its equilibrium

position. Each membrane was evaluated in triplicate to account for inhomogeneity.

Fuel Cell Testing

The single cell performance was evaluated on a fuel cell test station purchased

from Fuel Cell Technologies, Inc. A commercial carbon cloth gas diffusion layer




electrode with a Pt loading of 0.1 mg/cm? was used at both the anode and cathode. The
MEA was assembled by sandwiching the as prepared CNF and CA/CNF membranes
between the electrodes and distributing the pressure uniformly across the MEA. The
testing was performed using 99.99% pure H, with a flow rate of 50 sccm at the anode
and 100 sccm of 99.99% pure O, at the cathode. The gases at both cathode and anode
were heated to five degrees above operating temperature, to prevent condensation, and
humidified to 100% relative humidity (RH). Testing was performed using an MEA

assembly with an active area of 5 cm? at 80°C.

RESULTS AND DISCUSSION

Characterization of CA/CNF Membranes

The thermal degradation of the CNF and crosslinked CA/CNF membranes are
characterized by TGA. As shown in Figure 1 (i), the residue weight of the uncrosslinked
CNF, citric acid monohydrate, raw wood, and wood pulp are relatively insignificant
compared to the approximately 20-30 % residue weight of CA/CNF membranes, which
may be attributed to the fact that the addition of citric acid enhance the carbonization
through increasing the carbon content of CA/CNF by ester bonding of citric acid
molecules in the crosslink.®® The DTG of the samples are as shown in Figure 1 (ii). For
the raw wood and wood pulp samples, there were two major decomposition peaks at
approximately 280 °C and 350 °C, which are in good agreement with agreement with

previous literature and correspond to the degradation of hemicellulose and cellulose
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respectively.®’*®% For the citric acid monohydrate, the degradation at around
approximately 130 °C may be attributed to the loss of crystalline water while the second
degradation at approximately 215 °C may be attributed to the thermal decomposition of
citric acid. °”®® While the initial degradation occurring around or below 100 °C may be
attributed to the loss of physically adsorbed citric acid on the CNF and CA/CNF
membranes, the peaks at approximately 250 °C and 300 °C may be attributed to the
degradation of the anhydroglucoronic and anhydroglucose units in CNF respectively,
and the lower degradation temperature compared to the raw wood and wood pulp
reflects the nanoscale nature of CNF and CA/CNF.*® In addition, for the CA/CNF-0.7
and CA/CNF-1.4, the degradation peak at approximately 190 °C can be observed but is
absent in the CNF and CA/CNF samples with lower citric acid content. Upon further
inspection, this degradation share a similar onset temperature of approximately 170 °C
with the second degradation step of citric acid monohydrate. Thus, this degradation
peak can be attributed to the degradation of the excess citric acid that is present in the
CA/CNF samples with a higher CA/CNF content.®*® In other words, the citric acid
crosslink has reached saturation in CA/CNF-0.7 and CA/CNF-1.4, and the excess citric

acid exists as residuals in the solvent casted membrane.
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Figure 1. TGA and DTG graph of CA/CNF and original material

Figure 2 shows the FT-IR spectra of CNF and CA/CNF membranes as well as
other references samples. For raw wood and wood pulp, the peak at approximately
1058 cm™ may be attributed to the C-O stretching vibration mainly from the cellulose C-
O bonds, and this peak is also similarly present in the CNF and CA/CNF samples.®”®
For the uncrosslinked CNF and the crosslinked CA/CNF membranes, the peaks at
approximately 3342 cm™, 2902 c¢cm™, and 1317 cm™ may be attributed to the O-H

28,35,58,65,67,69 Moreover, the

stretching, C-H stretching, and C-H bending respectively.
intensity of the C=0 stretching peak at approximately 1716 cm™ is found to increase
from the uncrosslinked CNF membranes to the crosslinked CA/CNF membranes with
the increase of amount of citric acid used in the solvent casting process. While the
presence of the carboxyl in the uncrosslinked CNF membrane may be attributed to the
carboxylic acid (-COOH) groups from the chemical oxidation of hydroxyl on C6 position,
the increase in intensity may be attributed to the increasing content of O=H vibration in
carboxylic acid and the ester formed in crosslinks in the CA/CNF membranes as the
citric acid monohydrate also demonstrates a strong peak of C=0 stretching in -COOH

groups at approximately 1724 cm™'.32:6%67.70
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Figure 2. FTIR data for all samples of CA/CNF and raw material

Figure 3 shows contact angle measurements. The hydrophobicity of a membrane
can be determined through the contact angle test: the larger the angle, the more
hydrophobic the membrane is, and vice versa. Contact angle was measured and
obtained for uncrosslinked CNF, CA/CNF-0.050, CA/CNF-0.150, CA/CNF-0.300,
CA/CNF-0.700, and CA/CNF-1.400. It can be seen from the trend that hydrophobicity of
CA/CNF decreases as citric acid concentration increases. In particular, the addition of
0.050 ml of 1M citric acid (as mentioned in the experiment section) resulted in a 9.8%
decrease from 46.61° to 42.99°. This decrease in hydrophobicity represents an increase
in the polarity of CA/CNF, which evidences the crosslinking of citric acid resulted in an
increase of carboxyl and ester groups. An increase in carboxyl groups would result in an
increase in fuel cell performance, as negatively charged tunnels are the primary way
35,43

protons permeate the membrane.
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Figure 3. Contact angle data for all samples of CA/CNF.

Fuel Cell Performance

The CACNF and CNF membrane MEAs were evaluated on the fuel cell test
station and the resulting polarization curves are shown in Figure 4. The control CNF
membrane had an open circuit voltage (OCV) of 0.58 V. While this value lower than
previously reported (32 um thickness, 0.97 V), the CNF membrane as prepared here is
significantly thicker (~75 um thickness), thus increasing resistance and decreasing the
OCV.***" On the other hand, the CA/CNF membranes demonstrate a significantly
enhanced OCV of approximately 0.75 V compared to the uncrosslinked CNF, which
may be attributed to the fact that the CA crosslinking creates a more uniformly dense,
less porous membrane that reduces hydrogen crossover, increasing the OCV. At 80 °C
and 100% RH, the maximum current densities obtained for each membrane are shown

in Figure 5 (i), with the highest maximum current density of 111.8 mA/cm? obtained with
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the CA/CNF-0.3. Likewise, the maximum power densities obtained for each membrane
are shown in Figure 5 (i), with the highest maximum power density of 27.7 mW/cm?
also obtained with the CA/CNF-0.3. Compared to the uncrosslinked CNF, which had a
maximum current density of 5.0 mA/cm? and a maximum power density of 0.91 mW/cm?,
CA/CNF-0.3 achieved a 22 times increase in current density and 30 times increase in
maximum power density. With the varying quantities of CA added, there was an initial
improvement in performance parameters up until 0.3 mL 1.0 M CA, after which the
performance declined with further increase of CA addition. The literature has previously
demonstrated that a similar effect occurs when increasing the amount of phosphoric
acid and phytic acid dopant in bacterial cellulose membranes, as the excess dopant, or
crosslinkage in the case of CA, reduces the degree of freedom of ion transport and
proton mobility.5°'71 Higher performances might be achieved with further tuning of the
quantity of CA added and creating thinner membranes to lower resistance. Other

crosslinking chemicals may be explored, possibly with more and stronger acidic groups.
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Figure 4. Polarization curves of all samples
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CONCLUSION

The use of citric acid to crosslink CNF membranes is successful in enhancing the
membrane’s performance in PEM fuel cells. In this study, caboxycellulose nanofibers
(CNF) was prepared from cellulose extracted from raw wood, and membranes were
prepared using the solvent casting method. The citric acid crosslinked CNF membrane
(CA/CNF) exhibited maximum power density of 27.7 mW/cm? and maximum current
density of 111.8 mA/cm? at 80 °C and 100% relative humidity with 0.1 mg/cm? Pt
loading on anode and cathode. The power density and current density results are
approximately 30 times and 22 times better respectively than the uncrosslinked CNF
film. Contact angle, TGA, and FTIR characterizations all demonstrate that CA/CNF has
more carboxylic acid groups than uncrosslinked CNF, which, according to previous
research, may be the reason for this increase in fuel cell performance. This work shows

that CNF, when crosslinked with citric acid, has the potential of becoming a green and

16



environmentally friendly material that can be used as membranes in PEM fuel cells.
Future research is needed to test the practical applications of CA/CNF, and also to

evaluate the effects of other chemicals that could be used to crosslink CNF.
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