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Additional Experimental details.
AFM Characterization. Figure S1 shows the AFM characterization of the cellulose nanofibers

(CNF).
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Figure S1. (A) AFM image of Na-CNF-1550. (B) Length and height distribution of Na-CNF-

1550 and Na-CNF-600.

Water uptake of the CNF membrane. Table SI shows the relative water uptake of the CNF

films in the carboxylic (H-) and carboxylated (Na-) form exposed at the different relative

humidities.
Relative H-CNF - 600 H-CNF - 1500 Na-CNF - 600 | Na-CNF - 1500
Humidity
(%)
55 7.5+0.4 95+1.1 94+1.4 10.6 +0.3
65 83+04 10.4+£1.0 10.9+ 1.5 12.5+0.2
75 10.4+£0.2 13.4+0.8 13.0+1.4 15.6 £0.6
85 13.5+04 16.7+ 1.0 17.7+£2.9 257+1.9
95 39.5+2.6 459+49 197.0+21.5 237.9+454

Table SI relative water uptake of the CNF films in the carboxylic (H-) and carboxylated (Na-)

form exposed at the different relative humidity values.

Number of water molecules per carboxylic group (A). The water content, which represents

the number of water molecules per carboxylic groups, has been calculated according to by

EwW

A(RH) = ZHL2dry eq. S1

dry 18

For CNF the value of equivalent molecular weight (EW) in g/mol has been calculated using the

surface charge density of the CNF. The values are reported in Figure S2.
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Figure S2 Number of water molecules per carboxylic groups (1) of the H-CNF-1550

SAXS radial integrated intensity of CNF with Na counter ions. Figure S3 shows the scattering

pattern of Na-CNF-1550 and Na-CNF-600.
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Figure S3: SAXS pattern of Na-CNF membranes as a function of RH.



ProtonCond-190314-Sl.pdf (1.06 MiB) view on ChemRxiv - download file


https://chemrxiv.org/ndownloader/files/14618213
https://chemrxiv.org/articles/Proton_C_1_Onductive_Membranes_Based_on_2_Carboxylated_Cellulose_Nanofibres_and_Their_Proton_3_Exchange_Membrane_Fuel_Cell_Performance/7851461/2?file=14618213

oo

O

10

11

12

13

14

15

16

Proton conductive membranes based on
carboxylated cellulose nanofibres and their proton

exchange membrane fuel cell performance

Valentina Guccini”$*, Annika Carlson"?, Shun Yu$Y, Goran Lindbergh', Rakel Wreland

Lindstrom"” and German Salazar-Alvarez"$*

"Department of Materials and Environmental Chemistry, Arrhenius Laboratory, Stockholm

University, SE-10691 Stockholm, Sweden
YWallenberg Wood Science Center (WWSC), Teknikringen 58, SE-100 44, Stockholm, Sweden

'Applied Electrochemistry, Department of Chemical Engineering, KTH Royal Institute of

Technology, SE-100 44 Stockholm, Sweden

ABSTRACT

The performance of carboxylated cellulose nanofibers (CNF) membranes has been measured in-
situ as a function of CNF surface charge (600 and 1550 pmol g!), membrane thickness and fuel
cell relative humidity (RH 55 to 95 %). The structural evolution of the membrane as a function of

RH has been measured by Small Angle X-ray scattering, showing that water channels are formed
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above 75 % RH. The amount of absorbed water depends on the membrane surface charge and
counter ions (Na* or H"). The high affinity of CNF for water and the high aspect ratio of the
nanofibers, together with a well defined and homogenous membrane structure, ensures a proton
conductivity exciding 1 mS cm™ at 30 °C between 65 and 95 % RH, around two orders of
magnitude larger than previously reported values and only one order of magnitude lower than
Nafion 212. Moreover the CNF membranes are characterized by a lower hydrogen crossover than
Nafion, despise been = 30 % thinner. Thanks to their environmental compatibility and promising

fuel cell performance the CNF membranes should be considered for new generation PEMFCs.

INTRODUCTION

Proton exchange membrane fuel cells (PEMFC) are devices capable of producing electrical
power from hydrogen gas. The high specific energy and energy density of hydrogen compared
with batteries make PEMFC particularly attractive for propulsion of heavy duty and long distance
vechicles.! A critical component of the PEMFC is the membrane electrode assembly (MEA),
which consists of two electrodes separated by a proton exchange membrane (PEM). The electrodes
have a porous structure that allows the mass transport of the reactants and the removal of produced
water. The PEMs have to meet the requirements of high proton conductivity and electrical
isolation, low fuel and oxidant permeability, low swelling and high stability during operation.?*

The most commonly used membrane material is Nafion, a perfluorosulfonic acid polymer develop
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from Du Pont in the 1970s. Nafion membranes are characterized by high conductivity (> 100 mS
cm) which strongly depends on the fuel cell operation parameters.*> Currently it is theorized that
the protons are transported through water channels formed as the Nafion polymer orients into
hydrophobic and hydrophilic domains. As the water content decreases, the continuity to the
hydrophilic domains decreases, thus the ions mobility and the conductivity of Nafion membranes
decreases under drier conditions.>®. This has been shown by a linear decrease when the relative
humidity (RH) is lowered from 90 and 50 %.%!

The increased demand and interest for cost and environmental effective materials other than
Nafion >!* have pushed the research efforts to study alternative membranes characterized by a
wider range of operation conditions in terms of RH and temperature without sacrificing the
performance.

In this regard, thanks to their chemical stability, advantegeous mechanical and optical properties,
environmental benignity, availability and versatility in manufactory process,'>!® the use of
cellulose nanomaterials in energy applications such as lithium ion batteries 72! and PEMFC
itself?>2% has increased dramatically in recent years.>*2¢ All different types of nanocelluloses'?
have been investigated in PEMFCs: bacterial cellulose (BC) membranes have shown a low
conductivity, = 0.008 mS cm™ at 40 °C and 98 % RH.?” Bayer et al. studied carboxylated cellulose
nanofibers (CNF) and cellulose nanocrystals (CNC) membranes as PEM for high temperature
application and obtained a slightly higher performance characterized by a maximum conductivity
value at 100% RH of 0.05 mS cm! (100 °C) and 0.01 mS c¢cm™ (30 °C) using in an ex-situ
measurement replicating the fuel cell environment.?? Jankowska et al.?> compared the performance
of several nano- and microcelluloses and observed a maximum proton conductivity of = 0.001 mS

cm! at 90 °C under non-controlled RH conditions. The reported values clearly show that the nature
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and dimensions of cellulose have a strong impact on the performance. Fine-tuning of the
membrane chemistry, structure and macroscopic characteristic can offer an alternative way to
improve the performance without compromising the environmental and sustainability benefits of
nanocellulose.

In this study, we have evaluated the in-situ fuel cell conductivity of ultrathin CNF possessing
different concentrations of surface carboxylate groups casted as membranes of varying thickness.
The conductivity as a function of RH was correlated with the membranes water uptake and the
evolution of their internal structure was determined using small angle X-ray scattering (SAXS).
We found a proton conductivity in excess of 1 mS/cm at 30 °C and between 65 and 95 % RH, i.e.,
around two orders of magnitude larger than previously reported values, and relatively independent
of the humidity values. Our results show that the CNF membranes have the potential to reach a
performance close to that of traditional Nafion membranes, making it a promising and relevant

candidate for PEM fuel cells.

MATERIAL AND METHODS

CNF preparation. The carboxylated CNF were prepared by TEMPO-mediated oxidation of
cellulose pulp, followed by mechanical fibrillation of the oxidized pulp. The never-dried cellulose
pulp was supplied by Domsjo Fabriker AB (Domsjo, Sweden). The pulp was washed with a
solution of HCI at pH 2, after which it was oxidized following the protocol of Saito et al.?%?
Typically, 40 g (dry content) of pulp were suspended in 2 L of deionized water and stirred together
with the TEMPO catalyst (4 mmol) and sodium bromide (40 mmol) for 1 h. A solution of 0.5 M

sodium hydroxide was used to adjust the pH to 10 and to keep it constant during the reaction, while

sodium hypochlorite (9 wt% active chlorine) was slowly added. Specifically, 37.5 and 80 mmol
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of sodium hypochlorite were added to obtain, respectively, 600 and 1550 umol g of carboxylic
groups. After the chemical treatment, the oxidized pulp was washed with deionized water and
redispersed with a concentration of 1 wt%. The mechanical fibrillation was performed in two steps
with a microfluidizer M-110EH, Microfluidics Corp. Firstly, the pulp was passed 3 times through
two chambers with a channel size of 400 and 200 pm at 925 bar, then 9 times through two smaller
chambers of 200 and 100 pm at 1600 bar. After the chemical treatment, part of the 1 wt%
transparent CNF gel was diluted to 0.3 wt% and sonicated for 8 min with a probe sonicator (20
kHz, 80 % total power, 250 mL max volume). The suspension was centrifuged to remove the
impurities after the sonication and the 0.3 wt% CNF suspension was ready to use. Both sonicated

and non-sonicated CNF membranes were tested in the in-situ FC.

CNF size and charge determination. The length and height of CNF (see Supporting Figure
S1) were determined from the micrographs acquired by atomic force microscopy (Veeco
Dimension 3100 SPM) using the tapping mode in air. The samples were prepared by depositing
300 pL of 0.01 wt% suspension onto pre-treated mica substrate with 3-aminopropyl
triethoxysilane (Sigma Aldrich, 99 %). The excess of suspension was removed by a stream of air.
The surface charge was determined by conductometric titration on the oxidized pulp, following

the protocol reported in literature.?

Membrane water uptake and ion exchange. The cellulose membranes were ion-exchanged by
submerging them in solution of 0.01 M sulfuric acid for 30 min and then rinsed in Milli-Q water
until neutral pH. The membranes before the ion exchange are named CNF-COONa, while the ones
after the ion exchange are CNF-COOH. The Nafion 212 membrane was used as received. The

CNF membranes water uptake was measured at 30 °C and 55, 65, 75, 85 and 95 % RH by



107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

conditioning the membrane for two days in controlled humidity and temperature condition. The
increase of weight due to the water absorption was measured with a balance with a 10 pg precision.
Each measurement was done on three different replicas. The water uptake was calculated

according to the following equation

Wy (RH) = “RE2412 ¢ 100 (1)

dry

in which Wry is the weight of the membrane at specific RH condition and Wa,, is the weight of

the dry membrane, dried at 105 °C overnight before the measurement.

Membrane casting and characterization. The CNF membranes were casted in Petri dishes
with a diameter of 5.5 cm. The appropriate amount of 0.3 wt% CNF suspension was dried at 30 °C
and 50 % RH for 3 days. The thickness of the CNF membranes was measured by a High-Accuracy
Digimatic Micrometer MDH-25MB (Mitutoyo) with a precision of 0.1 um. The images of the
surface and the cross-section of the membrane were obtained by scanning electrode microscope

(SEM) JEOL JSM-7401F.

In-situ FC electrochemical characterization. After the ion exchange the membranes were
mounted in a Fuel Cell Technologies cell housing between two 2.5 cm? commercial 0.5 mg Pt cm-
2 on cloth gas diffusion electrodes (Fuel Cells Etc). The cell was transferred to a fuel cell set-up
and heated to a cell temperature of 30 °C and 95 % RH under nitrogen flow and left to equilibrate
2 h in order to ensure similar initial conditions for all tests. The experiments were performed as
follow: impedance (open-circuit, amplitude 1 mA, 100 kHz-1 Hz, under N2/N> gas), cyclic
voltammetry (30 mV s, 0.1 V-1.2 V, under No/H> gas) and Crossover current density

measurements (1 mV s, OCP-0.7 V, under N»/H» gas) were performed using 60 mL min™! nitrogen
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flow and 30 mL min!' hydrogen flow. Thereafter, current-voltage curves were measured from
Open Circuit Voltage (OCV) to 0.3 V at a scan rate of 1 mV s! with 50 mL min™! oxygen gas and
30 mL min! hydrogen gas on either side of the membrane. The change in conductivity and gas
crossover with relative humidity was measured after the sequence above going from high humidity

to low with nitrogen gas at the working electrode and hydrogen gas at the counter electrode.

Small Angle X-ray Scattering. The measurements were carried out at the beamline P03
“MiNaXS”, of PETRA III storage ring, at the Deutsches Elektronen-Synchrotron (DESY),
Germany. The incident X-ray beam had a wavelength of 0.0957 nm and a beam size of about
20x20 um?. The sample-to-detector distance was calibrated by dry rat-tail collagen to 2500 + 0.1
mm . The scattering patterns were recorded using a 2D-pixel detector (Pilatus 1M). The samples
were scanned at seven different sample positions and 1D scattering pattern of them (/(q)) was
extracted via radial integration for minimized beam damage and representative average. The /(q)

is normalized to Porod invariant O to compensate the scattering intensity change due to the volume
fraction change and highlight the structure information. Q = fooo q?1(q)dq = 2n*Ap? (1 — @),

where Ap is the electron density difference between CNF and water, ¢ is the volume fraction of
CNF. Stripes of the CNF membranes (thickness = 15 pm) were mounted in a conditioned chamber
with control humidity and temperature. Each sample has been conditioned for 2 days at each
specific humidity (55, 65, 75, 85 and 95 %) and sealed. Previous to the measurement the membrane
was conditioned inside the chamber for 15 min. The acquisition time for each measurement was
0.5 s for the membrane conditioned at 95 and 85 % RH and 1 s for the other conditions. The
acquisition times were selected after comparing the intensity and the scattering profile changes

under continuous X-ray beam exposure.
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RESULTS

The CNF membranes were manufactured from aqueous suspension of nanofibers characterized by
high aspect ratio with a length of = 300 nm and height of = 2 nm (see Supporting Figure S1). The
CNF membranes, consisting of nanofibers with a surface charge of 600 and 1550 pumol g
(respectively CNF-600 and CNF-1550), were compared with respect to water uptake and
conductivity. Figure 1A shows the water uptake of the CNF-600 and CNF-1500 membranes at
different RH (55-95 %) before and after being ion-exchanged (see also Table S1 supporting

information).
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Figure 1. (A) Water uptake of carboxylated (COONa) and carboxylic (COOH) CNF membrane.
(B) Experimental conductivity of the H-CNF-1550 membrane in this work, Nafion 212,'? and

CNF.??

The water uptake for the CNF-COOH increases about one order of magnitude from 55 to 95 %
RH, while for the CNF-COONa ones increases two orders of magnitude. At 95 % RH the water

uptake of CNF-COONa is much higher than the CNF-COOH, approximately 500 % bigger. The
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CNF membrane with higher surface charge (1550 pmol g!) have higher water uptake compared
to the ones with lower (600 pmol g!), as reported elsewhere.'®?® The carboxylic groups have a
lower hydration shell than the carboxylated groups reducing the water uptake, which translate in
lower swelling and thus higher dimensional stability. Moreover in CNF-COOH the interaction
between cellulose nanofibers is higher due to the hydrogen bond, which results in a higher Young’s
modulus.?’

The in-situ conductivity of H-CNF-1550 was measured as a function of RH, from 95 to 55 %
and the results are shown in Figure 1B. At 95 % RH, the conductivity is close to 2 mS cm™!, two
orders of magnitude higher than previously reported values for nanocellulose-based membranes.?
However, the conductivity of H-CNF-1550 membranes is still 10-50 times lower than that of
Nafion 212 both in control experiments and literature data!. The deviation from literature data for
Nafion is most likely related to MEA preparation and internal resistances within the cell housing,
however, the experimentally measured value can be directly compared to the CNF. The
conductivity of H-CNF-1550 is constant above 65 %, but drops significantly at 55 % RH, whereas
the conductivity of Nafion decreases almost logarithmically with decreasing RH.

These measurements suggest that in-situ conductivity of CNF membranes is less sensitive to
humidity changes than Nafion, probably due to the higher hydrophilic character and the different
water interaction of CNF compared to Nafion. The number of water molecules per proton
conductive site of CNF (Figure S2 supporting information), represented by the water content 33!

is more than 100 times higher than that of Nafion 212.1°

The CNF membrane conductivity was also measured for different thickness and surface charges,
Table 1 summarizes the conductivity of the H-CNF-1550 and H-CNF-600 obtained by

electrochemical impedance spectroscopy (EIS) in the fuel cell.
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Conductivity (mS cm™)

Sample Name Thickness ca. 14 pum | Thickness ca. 24 pm
H-CNF-600 1.4£0.1 1.2+04
H-CNF-1550 1.5+£0.2 1.4+0.2

Table 1. Conductivity of H-CNF membranes as a function of thickness, measured under N2/N»
gas.

The conductivity of the H-CNF-1550 14 pm is the highest among the CNF membranes and
generally all the CNF membranes are characterized by a value only one order of magnitude lower
than Nafion 212 (= 20 mS cm™'), when measured under the same conditions. The conductivity is
observed to be independent of the membranes thickness, indicating that the membranes have a
homogenous charge distribution. The difference between H-CNF-1550 and H-CNF-600 is given
by the differences in surface charge of the two samples, whereas the difference between CNF and
Nafion can have the following explanations. First, the pKa of Nafion is around -6 while the
carboxylic acid present on the CNF surface is = 3-4, thus it is significantly less acidic. Second,
Nafion is characterized by the presence of hydrophobic and hydrophilic domains, that have been
proven to enhance the proton conductivity, by the formation of confined water micro-channels in

the Nafion membrane.!!

In order to improve the understanding of how the CNF membrane structure affects the
conductivity, the membranes were characterized using electron microscopy and small angle X-ray
scattering (SAXS). The membranes consist of layers where the CNF forms an entangled network.3?
Figure 2A and 2B show the surface and the cross-section of the H-CNF-1500 membrane. At the
surface, the nanofibers are randomly oriented in the plane and along the cross-section they are

arranged together in layers. This layered structure is characteristic of CNF films dried by slow

10
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and which gives the film barrier properties against gases such as

oxygen and hydrogen.?® Thanks to the controlled slow drying, the dried CNF films are dense and

transparent. The evolution of CNF membrane structure upon water absorption at increasing RH

was studied by SAXS and it shown in Figure 2C and 2D.
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Figure 2. (A) SEM image of H-CNF-1500 membrane and (B) its cross-section. (C) Radial

integrated intensity of SAXS pattern of H-CNF-1550 and (D) H-CNF-600 as a function of relative

humidity (55-95 %).

The SAXS data were fitted using two-stage model written as:

=A4B. _a
I(q)—qn+B exp( >

2

2.

)+cC

2)

11
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where 4 and B are scaling factors and C is a constant background. The first term to the right is
a power law function depicting the large structure in scaling exponent n, known as Porod exponent,
which is related to the complexity of the network connection. As n decreases when the RH
increases, it suggests that in the tested RH condition, the CNF agglomerates are kept highly
entangled, despite water swelling the nanofiber network. Generally, an exponent 1< n <3, it
indicates that the network may adopt a bulk fractal dimension, whereas 2 < n <3, it is known as
mass fractal, which is observed in most of cases in this study (see support information Table S2).
The second term adopts the form of a Gaussian function, which is known for describing an average
size 5 of small features. In this case, it is related to the pores embedded in the densely packed CNF
membranes. = accounts for the distinct feature that appears around ¢ = 0.59 nm™!, that increases
with the water content and it is attributed to the formation of water channels in those pores. Indeed,
due to the swelling induced by the water uptake the size of the pores increases from =~ 1.0 nm at
55-75 % to = 2 nm at 95 % RH (See support information Table S2), slightly smaller than the
average diameter of CNF. This observation is in line with the water uptake data presented in
Figure 1A. At 95 % RH the CNF membrane have a pore size comparable with fully hydrated
Nafion with width of 2.5 & 0.2 nm using electron microscope cryotomography. *¢ An increase of
porosity during the swelling increases the scattering volume (CNF-pore), despite the incorporation
of water condensing in the membrane channels reduces the scattering contrast (CNF-water
interphase), leading to the increase in intensity at the high g range. The higher scattering intensity
of H-CNF-1500 (Figure 2C) is associated with a higher water uptake compare to H-CNF-600
(Figure 2D), as the amount of water depends on the type of counter ions (Na* or H") and on the
amount of surface charge on the nanofibers (Figure 1A). The SAXS pattern of the Na-CNF-1550

and Na-CNF-600 (Figure S3 and Table S2 supporting information) shows higher intensity and a

12
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less define feature at high g, due to the higher amount of water and higher swelling. The interaction
between water and cellulose has been extensively studied,’*° showing that the water is present in
the CNF as absorbed and bound water. The movable bound water is located between the nanofiber
agglomerate-agglomerate interface whereas the immobile portion is between nanofibers belonging
to the same agglomerate.®® The absorbed water promotes the formation of channels with increase
humidity (feature at high g). Intuitively, the mobility of the absorbed water is higher than the bound
water, suggesting that the predominant and most favorable proton conduction mechanism in CNF
membrane may occur via the hydrogen bonds present in the liquid water (Grotthuss mechanism).
The structure evolution of the membrane as a function of humidity suggests that the formation of
the water channels in the structure mainly form above 75 % RH. At the same time the in-situ
conductivity remains constant towards 65% RH (figure 1B) despite the structural changes and the
variation in water content (Figure 1A), meaning that bound water has to contribute to the proton
conduction. Indeed, the difference on the amount of absorbed water between 55 and 65 % RH for
the H-CNF-1550 is only around 1 %. Thus, the bound water may be able to ensure similar proton
conduction at 55 % RH and the drop in conductivity (Figure 1B) it may due to some fuel cell
operational causes. The fact that the value of in-situ conductivity vs RH is constant, it is
unprecedented for nanocellulose based membranes. Bayer at al. show that ex-situ proton
conductivity decreases approximately 2 orders of magnitude between 80 and 70 % RH.?? The
lower conductivity towards low RH could be attributed to the use of thick CNF with a fiber
thickness of tens to hundreds nanometers, cf. the CNF used in this study with a thickness of = 2
nm (Figure S1 supporting information). This likely leads to a decreased amount of surface water
in the membrane. Recently, Jankowska et al. showed that films made of nanocellulose had higher

proton conductivity compared to the ones made of larger microcellulose,? supporting our results
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that highlight the importance of high aspect ratio nanofibers and well defined and homogenous
membrane structures (achievable by controlled slow drying conditions), which are tightly
connected with the membrane water interaction and thus with the proton conductivity.

In addition to high proton conductivity barrier properties towards Hz and Oz is another key factor

for a well-functioning PEM, which has been previously shown for CNF.
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Figure 3. Hydrogen cross-over characterization of CNF membranes compared to Nafion 212. (A)
Cyclic Voltamogram of the CNF membrane as a function of surface charge density. (B) Hydrogen

cross-over current density of the CNF membranes as a function of surface charge and thickness.

Here the in-situ characterization of the Hz permeability, were performed using cyclic voltammetry
(CV) and crossover current density measurements. Figure 3A shows the cyclic voltammograms of
the H-CNF membranes with 600 and 1550 umol g'! and Nafion 212. Both CNF and Nafion curves
show similar size of the adsorption and desorption peaks for hydrogen onto the 100 and 110 facets
of the Pt catalyst (peaks below 0.4 V). This indicates that the electrodes in all tests have similar
amounts of catalytic sites available and that the use of CNF membranes does not affect the catalyst
layer. At N> /100 % H> conditions in a fuel cell the crossover of hydrogen from the

counter/reference electrode results in a typical lift of the CV for Nafion. However, both H-CNF
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membranes curves center around a lower current density than Nafion, which is an indication of a
lower hydrogen crossover at these operating conditions, despite the CNF membranes being are
significantly thinner (= 14 pm compared to 51 pum). The low hydrogen permeability is probably
related to the layered structure and high density of the CNF membranes (Figure 2A and 2B). The
same conclusions were reached for CNF and CNC membrane prepared by vacuum filtration and
hot pressing.?? The cross-over current density (Figure 3B), proportional to the hydrogen cross-
over, confirms the observations in the CV characterization. Nafion is characterized by the highest
cross-over current density and among the H-CNF membranes the H-CNF-600 has the lowest cross-
over. No significant difference between H-CNF-600 and H-CNF-1550 is observed, but a small
decrease can be seen with increased membrane thickness. Calculating the permeability coefficients
for the CNF membranes gives 1.5+0.5x10"!! and 2+0.5x10"!! mol cm™ s7! bar™! for the thicker and
thinner membranes respectively. The values are very close and indicate that the permeability is not
changed by altering the thickness. For Nafion the corresponding value in our setup and cell housing

is an order of magnitude higher, i.e., 3.1x1071° mol cm™! s! bar.

The fuel cell performance of the investigated membranes is shown in Figure 4. The influence of
the CNF surface charge and thickness of membranes on performance was evaluated by current
density—voltage measurements in a fuel cell during operation at 30 °C and 95 % RH. The IR-
corrected (dashed lines) and non-corrected (solid lines) polarization curves of H-CNF-1550 and
H-CNF-600 membranes at different thickness are shown. The IR-corrected lines are compensated
using the high frequency resistance, from which the conductivity was calculated, and removes any
differences in resistance due to various thickness of the membranes and any other resistive losses

in the cell.
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Figure 3. Polarization curves of CNF membranes as a function of surface charge and thickness.

caption polarization, as well Nafion 212. The dashed curves represent IR-corrected measurements.

All the CNF membranes have a high open circuit voltage, close to that of Nafion, which is
expected from the low hydrogen crossover. In the current voltage measurements, the H-CNF-1550
membranes show a superior performance to H-CNF-600, although still having a higher resistance
than Nafion. These results are in accordance with the conductivity measurements above. The
higher performances of the H-CNF-1550 membranes compared to the H-CNF-600 is the result of
the higher amount of surface charge, which leads to a higher conductivity. The increased water
content and the more pronounced formation of water channels, observed by SAXS measurements,

for higher charge should also facilitate the ionic transport. The lower conductivity and so, lower

16



315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

performance compared to Nafion may be related to the lower acidity of the carboxylic groups,
interfacial resistance between electrode and membrane, and/or differences in membrane structure.
However, the good cross-over properties of very thin CNF membranes show promise to reduce
the internal resistance of the fuel cell in future studies of MEA preparation. Further, as the CNF
films are characterized by better mechanical properties than Nafion, they could provide a robust
alternative in several energy applications. For example Nafion 117 at 30 % RH have Young’s
modulus of = 200 MPa,* whereas Na-CNF films of = 15 GPa.?’ However, for both CNF and
Nafion films the Young’s modulus decreases with an increased relative humidity. Thereby, these
materials are very promising for PEMFC applications, but further optimization of the MEA under

varying fuel cell operating conditions is required.

In conclusion, the water uptake of the CNF membrane depends on the amount of surface charge
and its counter ions. The high affinity of CNF for water ensures stable proton conductivity despite
the variation of RH. Indeed, the number of water molecules per proton conductive site is more
than 100 times higher than that for Nafion 212. Our experiments suggest that the bound water on
the nanofiber agglomerate—agglomerate interfaces has a key role in ensure the proton conduction
independently to the amount of absorbed water and gives a dominant contribution specially at low
RH. The structural changes with varying humidity observed with SAXS show that water channels
are formed only above 75 % RH. Our results highlight the importance of CNF with high aspect
ratio and a well-defined and homogenous membrane structure (achievable by controlled slow
drying conditions) in order to improve the performance of CNF based PEM. All the membranes
are characterized by a proton conductivity only one order of magnitude lower than Nafion 212.
The conductivity of the CNF-membranes was shown to depend on surface charge and among them

the H-CNF-1550 (14 pm thickness) has the highest conductivity and performance. Further, the
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CNF membranes are characterized by lower hydrogen crossover then Nafion despite being thinner.
Thanks to the superior mechanical properties of CNF membranes compared to Nafion, they can
be fabricated to be thinner, potentially reducing the internal cell resistance, without compromising
the gas barrier properties. Lastly, our study shows that CNF membranes with their environmental
compatibility, low gas crossover and promising fuel cell performance should be considered for use

in a new generation PEMFCs.
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