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carboxylated cellulose nanofibres and their
performance in proton exchange membrane fuel
cells†

Valentina Guccini,‡ab Annika Carlson,‡c Shun Yu, §ab Göran Lindbergh, c

Rakel Wreland Lindström*c and German Salazar-Alvarez *ab

The performance of thin carboxylated cellulose nanofiber-based (CNF) membranes as proton exchange

membranes in fuel cells has been measured in situ as a function of CNF surface charge density (600 and

1550 mmol g�1), counterion (H+ or Na+), membrane thickness and fuel cell relative humidity (RH 55 to

95%). The structural evolution of the membranes as a function of RH, as measured by Small Angle X-ray

Scattering, shows that water channels are formed only above 75% RH. The amount of absorbed water

was shown to depend on the membrane surface charge and counter ions (H+ or Na+). 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 exceeding 1 mS cm�1 at 30 �C
between 65 and 95% RH. This is two orders of magnitude larger than previously reported values for

cellulose materials and only one order of magnitude lower than Nafion 212. Moreover, the CNF

membranes are characterized by a lower hydrogen crossover than Nafion, despite being z30% thinner.

Thanks to their environmental compatibility and promising fuel cell performance the CNF membranes

should be considered for new generation proton exchange membrane fuel cells.
Introduction

Proton exchange membrane fuel cells (PEMFC) are devices
capable of producing electrical power from hydrogen gas. The
high specic energy and energy density of hydrogen compared
with batteries make PEMFC particularly attractive for pro-
pulsion of heavy duty and long distance vehicles.1 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 good electronic
insulation, low fuel and oxidant permeability, low swelling and
ntal Chemistry, Arrhenius Laboratory,

Sweden. E-mail: gersal@protonmail.com

Teknikringen 58, SE-100 44, Stockholm,

emical Engineering, KTH Royal Institute

n. E-mail: rakel2@kth.se

(ESI) available: It contains details on
al data on the water uptake and SAXS
pe: PDF. See DOI: 10.1039/c9ta04898g

ontributed equally.

es of Sweden, Lund, Sweden.

032–25039
high stability during operation.2,3 The most commonly used
membrane material is Naon, a peruorosulfonic acid polymer
developed by Du Pont in the 1970s. Naon membranes are
characterized by high proton conductivity (z100 mS cm�1)
which strongly depends on the fuel cell operation parameters.4,5

Currently it is theorized that the protons are transported
through water channels formed as the Naon polymer orients
into hydrophobic and hydrophilic domains. At lower water
content, i.e., drier conditions, the hydrophilic domains lose
continuity, and thus the ionic mobility and conductivity of
Naon membranes decrease.5–8 This has been shown by an
exponential decrease when the relative humidity (RH) is low-
ered from 90 and 50%.9–13

The increased demand and interest for cost effective and
environmentally benign materials other than Naon2,14,15 have
pushed the research efforts to study alternative membranes
characterized by a wider range of operation conditions in terms
of RH and temperature without sacricing the performance.

In this regard, thanks to their chemical stability, advanta-
geous mechanical and optical properties, environmental
benignity, availability and versatility in the manufactory
process,16,17 the use of cellulose nanomaterials in energy appli-
cations such as lithium ion batteries18–22 and PEMFC itself23,24

has increased dramatically in recent years.25–27 Several different
types of nanocelluloses16 have been investigated in PEMFCs:
This journal is © The Royal Society of Chemistry 2019

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ta04898g&domain=pdf&date_stamp=2019-11-02
http://orcid.org/0000-0002-9663-7705
http://orcid.org/0000-0001-9203-9313
http://orcid.org/0000-0002-0671-435X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ta04898g
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA007043


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/1
7/

20
24

 6
:3

9:
43

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
bacterial cellulose (BC) membranes have shown a low conduc-
tivity z 0.008 mS cm�1 at 40 �C and 98% RH.28 Bayer et al.
studied carboxylated cellulose nanobers (CNF) and cellulose
nanocrystals (CNC) membranes as PEM for high temperature
application and obtained a slightly higher performance char-
acterized by a maximum conductivity value at 100% RH of 0.05
mS cm�1 (100 �C) and 0.01 mS cm�1 (30 �C) using an ex situ
measurement replicating the fuel cell environment.23 Jankow-
ska et al.24 compared the performance of several nano- and
microcelluloses and observed a maximum proton conductivity
of z0.001 mS cm�1 at 90 �C under non-controlled RH condi-
tions. The reported values clearly show that the proton
conductivity is still below that of Naon and similar alternatives
by orders of magnitude.15 The results also show that the details
on the nature and dimensions of cellulose have a strong impact
on the performance. Fine-tuning of the materials at the nano-
ber level as well as membrane level can offer multiple ways to
vastly improve their performance without compromising the
many benets of nanocellulose.

In this study, we have evaluated the in situ fuel cell
conductivity of ultrathin CNF possessing different concentra-
tions 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�1 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. The
membranes were also found to be chemically stable under the
operating conditions. Our results show that the CNF
membranes have the potential to reach a performance close to
that of traditional Naon membranes, making it a promising
and relevant candidate for PEM fuel cells.

Experimental
CNF preparation

The carboxylated CNF were prepared by TEMPO-mediated
oxidation of cellulose pulp, followed by mechanical brilla-
tion of the oxidized pulp. The never-dried cellulose pulp was
supplied by Domsjö Fabriker AB (Domsjö, Sweden). The pulp
was washed with a solution of HCl at pH 2, aer which it was
oxidized following the protocol of Saito et al.21,29 Typically, 40 g
(dry content) of pulp was 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. Specically, 37.5 and
80 mmol of sodium hypochlorite were added to obtain,
respectively, 600 and 1550 mmol g�1 of carboxylic groups. Aer
the chemical treatment, the oxidized pulp was washed with
deionized water and re-dispersed with a concentration of 1 wt%.
The mechanical brillation was performed in two steps with
a microuidizer M-110EH, Microuidics Corp. Firstly, the pulp
was passed 3 times through two chambers with a channel size of
This journal is © The Royal Society of Chemistry 2019
400 and 200 mm at 925 bar, then 9 times through two smaller
chambers of 200 and 100 mm at 1600 bar. Aer 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 aer 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 ESI Fig. S1†) were determined
from the atomic force micrographs (Veeco Dimension 3100
SPM) obtained using tapping mode in air. The samples were
prepared by depositing 300 mL of 0.01 wt% CNF suspension
onto mica substrates pre-treated with 3-aminopropyl triethox-
ysilane (Sigma Aldrich, 99%). The excess of suspension was
removed by a stream of air. The surface charge density was
determined by conductometric titration on the oxidized pulp
following the protocol reported in literature.21

Membrane casting and characterization

The CNF membranes were casted in Petri dishes with a diam-
eter 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 digital micrometer MDH-25MB (Mitutoyo) with
a precision of 0.1 mm. The images of the surface and the cross-
section of the membrane were obtained by scanning electrode
microscope (SEM) JEOL JSM-7401F.

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 aer
the ion exchange are CNF–COOH. The Naon 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 condi-
tioning 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 mg precision.
Eachmeasurement corresponds to the average of three different
replicas. The water uptake was calculated according to the
following equation

W% (RH) ¼ (WRH � Wdry/Wdry) � 100 (1)

in which WRH is the weight of the membrane at specic RH
condition and Wdry is the weight of the dry membrane, dried at
105 �C overnight before the measurement.

In situ FC electrochemical characterization

Aer the ion exchange the membranes were mounted in a Fuel
Cell Technologies cell housing between two 2.5 cm2 commercial
0.5 mg Pt cm�2 on cloth gas diffusion electrodes (Fuel Cells Etc).
J. Mater. Chem. A, 2019, 7, 25032–25039 | 25033
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The cell was transferred to a fuel cell set-up and heated to a cell
temperature of 30 �C and 95% RH under nitrogen ow and le
to equilibrate for 2 h in order to ensure similar initial condi-
tions for all tests. The experiments were performed as follows:
impedance (open-circuit, amplitude 1 mA, 100 kHz to 1 Hz,
under N2/N2 gas), cyclic voltammetry (30 mV s�1, 0.1–1.2 V,
under N2/H2 gas) and crossover current density measurements
(1 mV s�1, OCP-0.7 V, under N2/H2 gas) were performed using 60
mL min�1 nitrogen ow and 30 mL min�1 hydrogen ow.
Thereaer, current–voltage curves were measured from Open
Circuit Voltage (OCV) to 0.3 V at a scan rate of 1 mV s�1 with 50
mL min�1 oxygen gas and 30 mL min�1 hydrogen gas on either
side of the membrane. The change in conductivity and gas
crossover with relative humidity was measured aer 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 20 � 20 mm2. The sample-to-detector distance was cali-
brated by dry rat-tail collagen to 2500 � 0.1 mm. The scattering
patterns were recorded using a 2D pixel detector (Pilatus 1 M).
To minimize beam damage and obtain representative
measurements, the samples were scanned at seven different
sample positions and their 1D scattering pattern (I(q)) was
extracted via radial integration as a function of the wavevector q.
The I(q) were normalized by the Porod invariant Q to compen-
sate for the change in scattering intensity, I, due to the variation
of CNF volume fraction, 4 and to highlight the structural
information.

ÐN
0 q2IðqÞdq ¼ 2p2Dr24ð1� 4Þ where Dr is the

electron density difference between CNF and water. Stripes of
the CNF membranes (thickness z 15 mm) were mounted in
a conditioned chamber with control humidity and temperature.
Each sample was conditioned for 2 days at each specic
humidity (55, 65, 75, 85 and 95%) and sealed. Prior to the
measurement, the membrane was conditioned inside the
chamber for additional 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 aer comparing the intensity and the
scattering prole changes under continuous X-ray beam
exposure.
Results

The CNF membranes were manufactured from an aqueous
suspension of nanobers characterized by high aspect ratio
with a length of z300 nm and height of z2 nm (see ESI
Fig. S1†). Moreover, the CNF are characterized by high stability
in acid conditions up to 30 �C (see ESI†). This was also studied
in detail by Fujisawa et al. on celluronic acid obtained by
TEMPO mediated oxidized cellulose at pH 10.30 The water
25034 | J. Mater. Chem. A, 2019, 7, 25032–25039
uptake and conductivity as a function of relative humidity of
CNF membranes consisting of nanobers with a surface charge
density of 600 and 1550 mmol g�1 (CNF-600 and CNF-1550,
respectively) is shown in Fig. 1. Fig. 1A shows the water
uptake of the CNF-600 and CNF-1550 membranes before and
aer ion exchange (see also Table S1 ESI†).

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 approximately 5� larger than
that of CNF–COOH. The CNF membranes with higher surface
charge density (1550 mmol g�1) have higher water uptake
compared to the ones with lower (600 mmol g�1), in agreement
with earlier reports.17,29 The carboxylic groups have a lower
hydration shell than the carboxylated groups thus reducing the
water uptake which further translates in lower swelling and
higher dimensional stability. Moreover, in CNF–COOH, due to
the hydrogen bond and absence of electrostatic repulsions, the
attractive interactions between cellulose nanobers is stronger,
which results in a higher Young's modulus.31

The in situ conductivity of a number of samples was
measured as a function of RH, from 95 to 55% and the results
are shown in Fig. 1B. Note that the discrepancy in absolute
values for the proton conductivity in Naon measured in this
work and the values in the literature is likely related to MEA
preparation and internal resistances within the cell housing.

At 95% RH, the conductivity of H-CNF-1550 is z2 mS cm�1,
two orders of magnitude larger than the highest values previ-
ously reported for nanocellulose-based membranes.23 However,
the conductivity of H-CNF-1550 membranes is still 10–50�
lower than that of Naon 212, both in control experiments and
literature data, respectively.10 The conductivity of H-CNF-1550 is
constant above 65%, but drops signicantly at 55% RH,
whereas the conductivity of Naon decreases exponentially with
decreasing RH. The results shown in Fig. 1B indicate that the in
situ conductivity of CNF membranes is far less sensitive to
humidity changes than Naon, probably due to the higher
hydrophilic character of CNF compared to Naon. For this
reason, CNF membranes can absorb much more water
compared to Naon and thus the CNF membrane may have
a conductivity less sensitive to lowered relative humidity.
Namely, the water content l,32,33 represented by the number of
water molecules per proton conductive site in both CNF 600 and
1550 (Fig. S2†), is >100� higher than that of Naon 212.10

The proton conductivity of the CNF membranes was also
measured for membranes with different thicknesses, t, and
surface charge densities.

Table 1 summarizes the conductivity values, s, obtained by
electrochemical impedance spectroscopy (EIS) in the fuel cell
for H-CNF-1550 and H-CNF-600. The EIS spectra are plotted in
Fig. S8†

The proton conductivity of the H-CNF-1550 with tz 14 mm is
the highest amongst all the CNF membranes and is character-
ized by a value only one order of magnitude lower than Naon
212 (z20 mS cm�1) when measured under the same condi-
tions. The conductivity is observed to be independent of the
membranes thickness, indicating that the membranes have
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (A) Water uptake of carboxylated (COONa) and carboxylic (COOH) CNF membranes. (B) Experimental conductivity of the H-CNF-1550
membrane and Nafion determined in this work (full symbols) and values from the literature (empty symbols) for Nafion 212 (ref. 12) and CNF.22

Table 1 Proton conductivity, s, of H-CNFmembranes as a function of
thickness, t, measured under N2/N2 gas, at 30 �C and 95% RH. Standard
deviation calculated from 2 membranes

Sample

Proton conductivity, s (mS cm�1)

t z 14 mm t z 24 mm

H-CNF-600 1.4 � 0.1 1.2 � 0.4
H-CNF-1550 1.5 � 0.2 1.4 � 0.2
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a homogenous internal structure. The large conductivity
observed in Naon is ascribed to the large amount and the high
acidity of the sulfonic group (pKaz�6)34 as well as the presence
of conned water channels between its hydrophobic and
hydrophilic domains.11 Herein, the difference between CNF and
Naon is likely due to the use of functional groups that are
signicantly less acidic, i.e., the pKa of carboxylic acid isz3–4.35

Regarding the presence of water channels in CNF membranes
and overall their internal structure, we characterized the
membranes with scanning electron microscopy (SEM) and
small angle X-ray scattering (SAXS). Fig. 2A and B show SEM
images of the surface and the cross-section of the H-CNF-1500
membrane, respectively. As can be seen from the images, at
the surface, the nanobers form an entangled network36

whereas the image of the cross-section shows that the CNF are
arranged together in layers. This layered structure is charac-
teristic of CNF lms dried by slow evaporation of the solvent37,38

and gives the membranes barrier properties against gases such
as oxygen and hydrogen.39 Thanks to the controlled slow drying,
the dried CNF lms are dense and transparent.

Fig. 2C and D show the evolution of CNF membrane struc-
ture upon water absorption at increasing RH as studied by
SAXS. The SAXS data were tted using a two-stage model

IðqÞ ¼ A

qn
þ B exp

�
� q2X2

2

�
þ C (2)
This journal is © The Royal Society of Chemistry 2019
where A and B are scaling factors and C is a constant back-
ground. The rst term to the right is a power law with a scaling
exponent n, known as Porod exponent, which describes the
complexity of the network. As RH increases n decreases sug-
gesting that, in the tested RH condition, the CNF agglomerates
are kept highly entangled, despite water causing swelling of the
nanober network. Generally, an exponent 1 < n < 3 indicates
that the network may adopt a bulk fractal dimension, whereas 2
< n < 3 is known as a mass fractal dimension, which is observed
in most cases in this study (see ESI Table S2†). The second term
is a Gaussian function used to describe the average pore size X

in the densely packed CNF membranes. X accounts for the
distinct feature that appears around q z 0.59 nm�1, that
increases in intensity with the water content and is attributed to
the formation of water channels in the pores. Indeed, due to the
swelling induced by the water uptake, the size of the pores
increases from z1.0 nm at 55–75% to z 2 nm at 95% RH (see
ESI Table S2†), i.e., the pores are still smaller than the average
diameter of CNF even at these values of water uptake (Fig. 1A).
At 95% RH the CNF membranes have a pore size comparable
with fully hydrated Naon with a width of 2.5 � 0.2 nm, as
determined with electron microscope cryotomography.40 An
increase of porosity during the swelling increases the scattering
volume (CNF–pore) although the incorporation of water in the
membrane channels reduces the scattering contrast (CNF–
water interphase), which leads to an overall increase in intensity
at the high q range. The higher scattering intensity of H-CNF-
1500 (Fig. 2C) is associated with a larger water uptake
compared to H-CNF-600 (Fig. 2D), as the amount of water
depends on the type of counter ion (H+ or Na+) and on the
amount of surface charge on the nanobers (Fig. 1A). The SAXS
pattern of the Na-CNF-1550 and Na-CNF-600 (SESI Fig. S3 and
Table S2†) shows higher intensity and a less dened feature at
high q, due to the larger amount of water and larger swelling.
The structural evolution of the membrane as a function of
humidity suggests that the formation of the water channels in
J. Mater. Chem. A, 2019, 7, 25032–25039 | 25035

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ta04898g


Fig. 2 SEM image of (A) the surface of a H-CNF-1550membrane and (B) its cross-section. Radial integrated intensity SAXS profiles of (C) H-CNF-
1550 and (D) H-CNF-600 as a function of relative humidity (55–95%). The lines are fits to the data using eqn (2). The slope lines are guides to the
eye.
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the structure happens at humidity values >75%. We speculate
that the already high water content ensures a good proton
conductivity and that additional water does not have an
important impact in the performance as opposite to what is
observed for Naon.11 At the same time, the in situ conductivity
remains constant down towards 65% RH (Fig. 1B) despite the
variation in water content (Fig. 1A), meaning that bound water
has to contribute to the proton conduction. The interaction
between water and cellulose has been extensively studied,41–43

showing that the water is present in the CNF both as absorbed
and bound water. The movable bound water is located between
the nanober agglomerate–agglomerate interface whereas the
immobile portion is between nanobers belonging to the same
agglomerate.43 The absorbed water promotes the formation of
channels with increased humidity (feature at high q). Intui-
tively, 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
(Grötthuss mechanism). The fact that the in situ proton
conductivity is constant as a function of RH (>65% RH) is
unprecedented for nanocellulose based membranes. This
phenomenon is also opposite for Naon in which the RH plays
25036 | J. Mater. Chem. A, 2019, 7, 25032–25039
a very large role in the membrane conductivity.11 Bayer et al.
show that ex situ proton conductivity in their CNF decreases
approximately 2 orders of magnitude between 80 and 70% RH.23

The lower conductivity towards low RH could be attributed to
the use of CNF with ber thicknesses of tens to hundreds of
nanometers with a lower amount of surface water, cf. the CNF
used in this study with a thickness of z2 nm and a high
amount of surface water (ESI Fig. S1†). Recently, Jankowska
et al. showed that lms made of nanocellulose had higher
proton conductivity compared to the ones made of larger
microcellulose,24 supporting our results that highlight the
importance of high aspect ratio nanobers and well dened and
homogenous membrane structures (achievable by controlled
slow drying conditions). Aer the fuel cell evaluation, the
physicochemical characterization (including SAXS, XRD and IR)
show no signicant alteration in their chemistry, crystallinity or
microstructure (see ESI, Fig. S4 and S5†).

In addition to high proton conductivity, barrier properties
towards H2 and O2 is another key factor for a well-functioning
PEM, which has been previously shown for CNF.39

Here, the in situ characterization of the H2 permeability, was
performed using cyclic voltammetry (CV) and crossover current
density measurements. Fig. 3A shows the cyclic voltammograms
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Hydrogen crossover characterization of H-CNF membranes
compared to Nafion 212. (A) Cyclic voltamogram of the H-CNF
membrane as a function of surface charge density. (B) Hydrogen
crossover current density of the H-CNF membranes as a function of
surface charge density and thickness. Measurements obtained at 95%
RH and 30 �C.

Fig. 4 Polarization curves of CNF membranes as a function of surface
charge density and thickness. Caption polarization, as well Nafion 212
(95% RH and 30 �C). The dashed curves represent IR-corrected
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of the H-CNF membranes with 600 and 1550 mmol g�1 and
Naon 212. Both CNF and Naon 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 N2/100% H2 conditions in a fuel cell
the crossover of hydrogen from the counter/reference electrode
results in a typical li of the CV for Naon. However, both H-CNF
membranes curves center around a lower current density than
Naon, which is an indication of a lower hydrogen crossover at
these operating conditions, despite the CNF membranes being
are signicantly thinner (z14 mm compared to 51 mm). The low
hydrogen permeability is probably related to the layered struc-
ture and high density of the CNF membranes (Fig. 2A and B).
The same conclusions were reached for CNF and CNC
membrane prepared by vacuum ltration and hot pressing.23

The crossover current density (Fig. 3B), proportional to the
hydrogen crossover, conrms the observations in the CV char-
acterization. Naon is characterized by the highest crossover
current density and among the CNF membranes the H-CNF-600
has the lowest crossover. No signicant difference between H-
CNF-600 and H-CNF-1550 is observed, but a small decrease
can be seen with increasedmembrane thickness. Calculating the
This journal is © The Royal Society of Chemistry 2019
permeability coefficients for the CNF membranes gives 1.5 � 0.5
� 10�11 and 2 � 0.5 � 10�11 mol cm�1 s�1 bar�1 for the thicker
and thinner membranes respectively. The values are very close
and indicate that the permeability does not change by altering
the thickness. For Naon the corresponding value in our setup
and cell housing is an order of magnitude higher, i.e., 3.1 �
10�10 mol cm�1 s�1 bar�1. With increased RH, the hydrogen
crossover of Naon membranes also increases as the greater
distance between polymer chains (due to the water channels)
offers additional pathways for the crossover.44 In the case of the
CNF membrane the opposite behavior is observed. Indeed, the
Nyquist plots (Fig. S9†) show that the crossover is higher at lower
RH. Most probably when the absorbed water forms channels
(shown by SAXS) at high humidity, once the water content inside
the membrane is lowered, these channels give the additional
pathways for the diffusion of gas. This hypothesis is strength-
ened when assessing the durability of the CNF membranes
(Fig. S10†). Indeed, aer the RH of the cell was decreased from
95% to 85% and brought back to 95%, the OCV is lower than the
initial value, indicating a larger cross-over.

The fuel cell performance of the investigated membranes is
shown in Fig. 4.

The inuence of the CNF surface charge density and thick-
ness 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-
measurements.
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corrected (solid lines) polarization curves of H-CNF-1550 and H-
CNF-600membranes at different thicknesses 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.

All the CNF membranes have a high open circuit voltage,
close to that of Naon, 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 Naon. These
results are in accordance with the conductivity measurements
above. The higher performance of the H-CNF-1550 membranes
compared to the H-CNF-600 is the result of slightly smaller
dimensions, which leads to a higher water uptake and a more
pronounced formation of water channels, as observed by SAXS
measurements. During the durability measurement a perfor-
mance loss was observed at 85% RH for the H-CNF-1550
membrane, but aer increasing the RH to 95% the cell perfor-
mance and conductivity were partially recovered and stable
throughout the experiment (Fig. S10†). As discussed, the lower
conductivity and so, lower performance compared to Naon is
likely related to the lower acidity of the carboxylic groups but the
interfacial resistance between electrode and membrane, and/or
differences in membrane structure may play a role. However,
the good crossover properties of very thin CNF membranes
show promise to reduce the internal resistance of the fuel cell.
Further, as the CNF lms are characterized by better mechan-
ical properties than Naon, they could provide a robust alter-
native in several energy applications. For example Naon 117 at
30% RH have Young's modulus ofz0.2 GPa,45 whereas Na-CNF
lms showz 15 GPa.31 However, for both CNF and Naon lms
the Young's modulus decreases with an increased relative
humidity. These CNF membranes are very promising for
PEMFC applications, but further optimization of the MEA
under varying fuel cell operating conditions is required.
Conclusions

The surface chemistry and small dimensions of CNF used in
this work have a profound inuence in their performance as
proton conducting membranes. The membranes presented in
this work show proton conductivity values 10–50� lower than
Naon. However, the membranes outperform Naon in terms
of gas barrier properties and much lower sensitivity to changes
in RH. Indeed, the number of water molecules per proton
conductive site is more than 100 times higher than that for
Naon 212. Our results suggest that the bound water CNF has
a key role in ensuring the proton conduction independently to
the amount of bulk absorbed water and gives a dominant
contribution specially at low RH. Further, thanks to the superior
mechanical properties of CNF membranes compared to Naon,
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, renewable origin, low gas
25038 | J. Mater. Chem. A, 2019, 7, 25032–25039
crossover and promising fuel cell performance should be
considered for use in a new generation of PEMFCs.
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