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Abstract Nanocellulose is a promising new mem-

brane material for fuel cells, with much lower cost and

environmental impact compared with Nafion or

Aquivion. It is mechanically strong, is an excellent

hydrogen barrier and has reasonable proton conduc-

tivity.Here, sulfonation of cellulose nanofibers is

performed to enhance the conductivity (up to

2 9 10- 3 S cm- 1) without compromising the

membrane integrity, and fuel cells are fabricated with

30 lm-thick ‘‘paper’’ membranes. The hydrogen

crossover current is two orders of magnitude lower

than for Nafion fuel cells with equivalent thickness,

but the power density is rather low.Spray-coating is

used to deposit 8 lm-thick membranes directly onto

the electrocatalyst layer, in a process analogous to 3D

printing or additive manufacturing. The resulting

paper fuel cell has high current density ([ 0.8 A

cm- 2) and power density (156 mW cm- 2) under

standard measurement conditions (H2/air; 80�C; 95%
RH; 0.1 MPa), attributed to decreased membrane
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resistance. The cost of the spray-painted cellulose

membranes is calculated to be * 50 $ m- 2, which is

much lower than that of Nafion, even without taking

into consideration economies of scale. This new

concept in electrochemical energy conversion paves

the way for the mass production of affordable,

recyclable fuel cells.

Graphic abstract

Keywords Nanocellulose � Fuel cell � PEFC �
Hydrogen energy � Proton conduction � Cellulose
nanofibers

Introduction

Polymer electrolyte fuel cells (PEFCs) are one tech-

nology helping us to move away from fossil fuels and

towards a hydrogen economy, powered by renewable

energy. PEFCs fuelled by hydrogen have already been

commercialized in stationary residential applications

and as fuel cell vehicles (FCVs) in Japan (Sasaki et al.

2016). Other international vehicle manufacturers are

now following suit, with plans to launch FCVs

commercially in the near future. However, PEFCs

currently are far more expensive than conventional

combustion engines or batteries, partly due to the high

cost of the fuel cell stack (as well as the hydrogen

storage system) (Sun et al. 2010; Eberle et al. 2012).

This high cost hampers their widespread distribution,

thus limiting their potential impact on CO2 and PM2.5

emissions.

One of the major factors contributing to the high

cost of PEFCs is the ionomer membrane

(Peighambardoust et al. 2010; Yee et al. 2012). This

is typically Nafion, which is a sulfonated fluoropoly-

mer and a registered trademark of DuPont. The

commercial price of Nafion membranes currently

ranges from e.g. 700–1400 $ m- 2, depending on the

supplier and scale of purchase (Peighambardoust et al.

2010; Yee et al. 2012). Due to this high price, PEFC

membranes are estimated to account for 28% of the

total cost of a PEFC stack (at a production scale of

1000 systems per year) (Marcinkoski et al. 2015).

Clearly, substituting Nafion with a cheaper ionomer

material could have a major impact on system cost,

with a corresponding increase in market penetration.

The United States Department of Energy (US DOE)

has specific targets for PEFC membranes for FCVs

including: a cost of\ 20 $ m- 2; a hydrogen crossover

current of \ 2 mA cm- 2; an operation tempera-

ture[ 120 �C; and a durability of 20,000 cycles, by

2020 (U.S. Department of Energy 2016). To satisfy all

of these requirements will be extremely challenging.

However, if selected targets (e.g. cost and hydrogen

crossover) can be significantly exceeded, the other

targets may be relaxed. In addition, stationary and

portable fuel cell systems have less stringent targets,

with cost playing a more heavily weighted role.

Therefore, there is a potential gap-in-the market for

low cost ionomer membranes with e.g. superior

hydrogen barrier properties.

Cellulose is a biopolymer produced at great bulk in

nature in the cell walls of plants and trees. As such, this

polymer is not a petrochemical and is not synthesized

from oil. It is processed at a scale of billions of tonnes

per year as biofuel, food, cardboard, and paper. More
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than 400 million tonnes of paper and cardboard alone

are produced annually (RISI 2015). There is a huge

recycling industry for paper and cardboard, and

therefore cellulose can be easily obtained from

renewable sources. Recently, nanocellulose has

emerged as a new variant on traditional cellulosic

materials (Dufresne 2013; Kim et al. 2015). Nanocel-

lulose is obtained by breaking down micron-scale

cellulose fibers by mechanical, sonic, biological, or

chemical treatments. The resulting cellulose nanofi-

bers (CNFs) or cellulose nanocrystals (CNCs) can be

readily dispersed in water to form gels or pastes. These

dispersions can be filtered or printed to form strong,

transparent nanocellulose membranes with tempera-

ture stability up to 150 �C (Henriksson et al. 2008;

Nogi et al. 2009; Nogi et al. 2013). Applications of

nanocellulose have so far included food packaging,

textiles, lightweight polymer composites, intelligent

inks, biomedical uses, adhesives, coatings, and even

flexible organic solar cells (Dufresne et al. 2013; Lin

and Dufresne 2014; Lee et al. 2014; Kim et al. 2015).

Nanocellulose is also a candidate material for use as

an ionomer in P\EFC membranes. It has been reported

to have excellent thermal stability of [ 250 �C
(Börjesson et al. 2018), well above the operating

temperature of PEFCs and comparable to that of

Nafion (280 �C) (Samms et al. 1996). It has been used

as an additive in conventional ionomers such as

Nafion. For example, Gadim et al. (2016) impregnated

a bacterial nanocellulose membrane with Nafion and

obtained a PEFC power density of 16 mW cm- 2 at

room temperature. Jiang et al. (2015) prepared a

bacterial nanocellulose / Nafion composite (1:7 wt%)

by solvent casting, obtaining a PEFC power density of

106 mW cm- 2 at room temperature. In previous

work, we showed for the first time that pure nanocel-

lulose paper is a proton conductor and can function as

an ionomer membrane. Membranes around 30 lm in

thickness were fabricated from CNFs by vacuum

filtration. They were weak proton conductors, but with

impressive strength, and hydrogen permeability three

orders of magnitude lower than Nafion (Bayer et al.

2016a). The proton conductivity was much higher in

membranes fabricated from CNCs, due to the presence

of sulfonic acid groups. However, CNC membranes

were mechanically weak and unstable in water, and

the maximum PEFC power density obtained was just

17 mW cm- 2. Whilst this work was an important

proof-of-concept, the performance was clearly far

from sufficient for practical fuel cell applications.

Increasing the proton conductivity of nanocellulose

without compromising the mechanical stability and

water tolerance, as well as reducing the membrane

thickness is imperative.

Here, we synthesize sulfonated cellulose nanofibers

(S-CNFs) to improve the ionic conductivity, whilst

hopefully maintaining high mechanical strength and

good water tolerance. Instead of vacuum filtration,

which usually yields rather thick free-standing mem-

branes (e.g. several tens of microns), spray-deposition

is utilized here to directly coat thin S-CNF membranes

onto an electrode-supported electrocatalyst layer,

followed by spray-deposition of a top electrode

electrocatalyst layer, in a process akin to additive

manufacturing or 3D printing. The reduced thickness

of the membrane results in significantly reduced

membrane resistance, leading to enhanced PEFC

performance. Whilst difficult to directly compete with

established (but more expensive) ionomers such as

Nafion, our S-CNF PEFCs already have power density

comparable to other ‘‘low cost’’ technologies such as

direct methanol fuel cells (DMFCs), or PEFCs using

non-platinum group metal (non-PGM) catalysts. As

such, these innovations bring commercialization of

cheap, Nafion-free PEFCs a step closer.

Methods

Cellulose nanofiber (CNF) slurry (extracted from

wood pulp via ultra-fine friction grinding, 3.0 wt%

solids) was purchased from the University of Maine. A

schematic of the nanocellulose sulfonation procedure

is shown in Fig. 1a (Rajalaxmi et al. 2010). 100 g of

CNF slurry was dispersed into 100 ml distilled water.

0.6 g of sodium periodate (Sigma Aldrich, Japan) was

mixed into the dispersion and the flask was covered

with aluminium foil to protect it from light. The

dispersion was then stirred for 72 hours at room

temperature. The product (2,3-dialdehyde nanocellu-

lose) was then washed with water 5 times by

centrifugation (High-speed Micro Centrifuge

CF16RN, Hitachi, Japan, 55009g, 1 h), discarding

the supernatant after each run. The 2,3-dialdehyde

nanocellulose was then dispersed into 50 ml distilled

water and reacted with 3 g sodium bisulfite (Sigma

Aldrich, Japan). This dispersion was stirred for three

days and the resulting product was washed five times
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at higher centrifugation speed (14,0009g, 1 h).

Finally, ion exchange was performed by adding

1 mL concentrated hydrochloric acid to the disper-

sion, followed by centrifugation washing (14,0009g,

1 h). This ion exchange procedure was repeated twice

to ensure the reaction went to completion.

The dispersions of sulfonated cellulose nanofibers

(S-CNFs) were filtered and dried (hydrophilic PTFE

Millipore filters, with a pore size of 0.1 lm). The

resultant S-CNF membranes were hot-pressed

between Teflon sheets for 20 min at 110 �C and

1.1 MPa, before being peeled from the filter. A

schematic of this preparation process is in the supple-

mentary information of our previous publication

(Bayer et al. 2016a).

Fuel cell related properties of our nanocellulose

membranes e.g. tensile strength, gas barrier and proton

conductivity were compared with Nafion� PFSA NR-

212 (Sigma Aldrich, Japan, 50.8 lm thickness),

hereafter referred to as ‘‘Nafion’’.

The morphology of the nanocellulose was observed

using atomic force microscopy (AFM, Seiko Instru-

ments, Japan, SPA300HV; SPI 3800 N probe station;

SN-AF01 cantilever), after being dropping from

dispersion onto silicon substrates. The average rough-

ness was calculated from a total of 20 horizontal and

vertical line profiles. X-ray photoelectron spec-

troscopy (XPS) was used to determine the chemical

composition (PHI 5000 Versa Probe II), and the data

was charge-corrected. Fourier transform infrared

spectroscopy (FT-IR) was collected in attenuated total

reflection (ATR) mode using an infrared imaging

microscope (Nicolet iN10 MX, Thermo Fisher Scien-

tific, Japan).

The ion exchange capacity (IEC) was obtained by

immersing nanocellulose membranes in 1 M NaCl

solution for 72 h, followed by titration to neutral pH

with 0.001 M NaOH solution.

Tensile strength, elongation until rupture, and

elastic modulus were measured at ambient tempera-

ture and relative humidity (* 65%). Samples were cut

into dumbbell shaped specimens (total length 35 mm,

2 mm sampling width) using a bespoke punch. A

hydraulic testing machine with 5N force gauge (FGO-

C-TV, NIDEC-SHIMPO, Japan) was used to apply

tensile load, until rupture, with an elongation speed of

10 mm per minute. The tensile stress was calculated

from the applied force and the cross-sectional area of

the individual specimen (thickness x width). In five

samples each of CNF paper and Nafion, and three

samples of S-CNF were used for tensile strength

testing.

Water uptake and swelling of the membranes were

investigated by immersion in deionized water. Sam-

ples (10 9 10 mm square) were first vacuum dried at

80 �C for two hours. The mass and thickness were

measured using an analytical balance (Mettler Toledo,

USA, ± 0.1 mg) and a micrometer (Mitutoyo,

Japan ± 1 lm), respectively. The specimens were

then submerged in a water bath at ambient tempera-

ture, for 60 minutes. The samples were then removed,

and any excess surface water was carefully removed

using tissue paper. Finally, the mass and thickness

were measured again.

Fig. 1 a Schematic showing the chemical structure of cellulose,

and the procedure for sulfonation (created using VESTA).

(Momma and Izumi 2011). b–d Photographs and e–g AFM

images of nanocellulose paper derived from CNF, S-CNF, and

CNC respectively
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Water uptake was calculated as an average from 5

separate measurements, where mwet and mdry are the

wet and dry masses, respectively:

Water Uptake ð%Þ ¼ mwet � mdry

mdry
� 100% ð1Þ

Swelling was calculated as follows, where twet is

thickness measured when saturated with water, and

tdry is the initial thickness.

Swelling ð%Þ ¼ twet � tdry
tdry

� 100% ð2Þ

The chemical stability of nanocellulose membranes

and Nafion were investigated by using Fenton’s test

(Fenton 1894). The samples were dried in vacuum at

80 �C for two hours, and then their dry weight was

measured. The samples were then immersed into

Fenton’s reagent (200 ml H2O2, 20 ppm Fe2?) at

80 �C for one hour. Finally, the samples were vacuum-

dried again and their weight loss was determined.

Measurement of gas permeance was performed by

masking the membrane area with Kapton� and

aluminum tape to obtain the desired area of interest

(S = 0.2–1.3 cm2). A porous polycarbonate support

filter (IsoporeTM, RTTP, 1.2 lmpore size) was used to

prevent membrane deformation during measurements.

A gas barrier testing system (GTR-11A/31A, GTR

Tec Corp., Japan) was used to measure the dry

hydrogen permeability between room temperature (ca.

25 �C) and 80 �C. Gas permeation was induced by

applying pressure at the feed side, and a vacuum on the

permeate side, with a total transmembrane pressure

differential of 200 kPa (Bayer et al. 2016b). The

sample collection time (t) after vacuuming the

permeate side of the membrane was 30 minutes. The

collected gas was transferred to a gas chromatograph

combined with a thermal conductivity detector

(G3700T, Yanaco, Japan) and the volume (V) was

measured. Gas permeability is defined as

P ¼ V � l=S� t � Dp; with volume of the permeated

gas at standard temperature and pressure (V), mem-

brane thickness (l), membrane area (S), time of gas

sample collection (t) and transmembrane pressure

ðDpÞ.
The membrane conductivity was investigated at

different temperature and relative humidity using a

membrane testing device (MTS-740, Scribner Asso-

ciates, USA) in tandem with an impedance analyzer

(Solartron SI1260) (Cooper 2019). An S-CNF

membrane with a thickness of 23 lm was measured

at an AC amplitude of 10 mV in a frequency range

from 30 to 10 Hz, between 30 and 120 �C at 100%

RH. At [ 100 �C the measurement chamber was

pressurized. An equivalent circuit was fitted using

ZPlot (Scribner), and the resistance (R) determined

from the high frequency intercept. The conductivity

(r) was calculated from Eq. 3, where L is the

membrane thickness in cm, R is the membrane

resistance in, and A is the cross-sectional area

(0.5 cm2) (Bayer et al. 2014).

r ¼ L

R � A ð3Þ

S-CNF paper with a thickness of 28 lm was used to

fabricate a membrane electrode assembly (MEA). The

catalyst ink was a mixture of Pt/C (Tanaka Kikinzoku

Kogyo K.K., Japan, 46.2 wt% Pt) and 5 wt% Nafion

(Sigma Aldrich, Japan), ethanol (Sigma Aldrich,

Japan), and deionized water. Whilst nanocellulose

will be explored in the future as an electrode ionomer

in its own right, at this stage it is important to

investigate these new membranes using state-of-the-

art electrocatalyst layers. The catalyst ink was stirred

overnight, and sonicated for 30 min before use (SMT

Ultra Sonic Homogenizer UH-600). Catalyst ink was

sprayed onto the membranes (Nordson K.K. Spraying

Device, C-3J) with an electrode size of 0.5 cm2, and a

loading of 0.3 mgPt cm- 2 at both the anodeand

cathode. The MEA was then sandwiched between

hydrophobic carbon paper gas diffusion layers (GDLs,

EC-TP1-060T) at 0.2 kN for 190 s at 132 �C.
In order to increase the performance, an electrode-

supported MEA was fabricated in the same process as

reported by Breitwieser et al. previously (Klingele

et al. 2015; Breitwieser et al. 2017). First, catalyst ink

was sprayed onto two pieces of carbon paper (H23C8,

Freudenberg, Germany, 1 9 1 cm) with a total load-

ing of 0.3 mgPt cm
- 2. This carbon paper was then hot-

pressed for 3 minutes at 132 �C and 0.3 kN (Digital

Press CZPT-10, Sinto, Japan). Then, S-CNF/water/

ethanol dispersion (1:18.5:43.8 mass ratio) was

sprayed onto the electrocatalyst layers, with a thick-

ness of * 4 microns (measured by micrometer).

Finally, these sprayed components were assembled

into a MEA with a 0.5 cm2 active area, by using a

PTFE sub-gasket.

The MEAs were installed in a NEDO single cell

holder (1 cm2 flow field), and their performance was

123

Cellulose (2021) 28:1355–1367 1359



measured in a fuel cell test rig (AutoPem-CVZ01,

Toyo Corporation, Japan). The cells were precondi-

tioned for two hours at 80 �C and a nitrogen gas flow

of 100 ml min- 1 (95% RH). The gas flow was then

swapped to hydrogen and air (100 ml min- 1, 95%

RH), and the performance was measured after waiting

for ten minutes. Polarization curves, power density

plots, and durability were investigated by potentiostat

(VersaSTAT 4, Amtek, USA and Fuel Cell Test

System 890e, Scribner Associates, USA) (Bayer et al.

2014; Bayer et al. 2016a).

The in-situ hydrogen crossover was determined

after the IV-curve measurement by linear sweep

voltammetry (LSV). Hydrogen and nitrogen were

fed to the anode and cathode at a constant flow rate of

100 ml min- 1. The potential of the cell was swept in

20 mV steps from the rest potential to 0.6 V using a

Solartron SI1280 potentiometer (Solartron Analytical,

England). The hydrogen crossover current density was

evaluated at 300 mV (Inaba et al. 2006).

Results and discussion

Appearance and morphology

Conventional nanocellulose paper is generally opti-

cally opaque (Sethi et al. 2018; Ismail et al. 2019), but

with increasing crystallinity its transparency

increases, due to the smaller fibre size and reduced

scattering of light. Figure 1b–d shows photographs of

paper fabricated by vacuum filtration of cellulose

nanofibers (CNF), sulfonated cellulose nanofibers (S-

CNF), and cellulose nanocrystals (CNC), respectively.

Atomic force microscopy (AFM) of the surfaces

(Fig. 1e–g) clearly reveals the fibrous nature of CNFs,

and the crystal-like nature of CNCs with much lower

aspect ratio. This difference in structure is behind the

large difference in mechanical properties and water

tolerance, as discussed later (Bayer et al. 2016a). After

sulfonation of CNFs, the fibrous structure and large

aspect ratio is retained in S-CNFs, whilst the fibril

diameter is significantly reduced to around 50 nm. The

retention of the fibrous structure even after sulfonation

is expected to contribute to mechanical stability of

S-CNF membranes, as compared to CNCs.

Chemical composition

XPS was used for elemental analysis (Fig. 2a, b).

Figure 2a shows the wide-scan spectra for CNF,

S-CNF and CNC, which all have two major peaks

(the C 1 s excitation at 285 eV and O 1 s excitation at

532 eV). For S-CNF, a small but clear peak appears at

169 eV after sulfonation of CNF, corresponding to the

S 2p region (Rodella et al. 2015). This is evidence of

the successful introduction of sulphur-containing

functional groups at a concentration of * 0.2 at%.

CNC has a larger peak at this energy, corresponding

with the much harsher sulfonation process used to

break apart the fibres into crystals. The CNF and

S-CNF samples also display a small peak at 689 eV

corresponding to fluorine contamination (F 1 s) from

the Teflon sheets used in hot-pressing.

The elemental composition of CNF according to

XPS is 62.0% C, 36.4% O, and 1.6% F. The

composition of S-CNF is 30.4% C, 66.4% O, 0.2%

S, and 3.0% F. The composition of CNC is 54.5% C,

41.0% O, 0.8% S, and 0.8% Na. For further informa-

tion, the C 1 s spectrum is included in the supplemen-

tary information (Figure S1) and its peak

deconvolution is discussed.

Because XPS is not sufficiently sensitive to confirm

successful sulfonation at concentrations below * 1

at%, FTIR was also performed (Fig. 2c). The peak

appearing at * 890 cm- 1 for both S-CNF and CNC

papers corresponds to stretching vibrations of S–O

bonds (Gaspar et al. 2014), providing further confir-

mation of the successful sulfonation of CNF. Unfor-

tunately, peaks corresponding to asymmetric and

symmetric stretching vibrations of S=O bonds (at

* 1079 and * 1229 cm- 1, respectively) (Bayer

et al. 2016a), are not observed. This may be due to

the low concentration of sulfur (\ 1 at%), or masking

by other larger peaks. Despite this, XPS and FTIR data

essentially confirm the success of the sulfonation

reaction.

Tensile strength

The mechanical properties of ionomer membranes are

important when considering integration into MEAs,

especially in the case of very thin membranes, which

can tear or perforate more easily. The tensile strength

of Nafion is 30.7 ± 0.4 MPa (Bayer et al. 2014). In
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previous work, we measured the tensile strength of

CNF paper to be an impressive 122.8 ± 4.8 MPa.

This was attributed to the dense hydrogen bonding

network between individual nanofibers (Henriksson

et al. 2008; Dufresne 2013), and the high tensile

strength of the individual fibres (7.6 GPa) ) (Börjesson

and Westman 2015). Paper fabricated from CNCs was

too brittle to measure due to the small aspect ratio,

making it unsuitable for use in MEAs. Here, we

measured the average tensile strength of S-CNF paper

to be 42.2 ± 4.2 MPa (Figure S2). This is much lower

than CNF but is still significantly higher than Nafion,

despite the large error (which arises due to a smaller

sample size). The elastic modulus of S-CNF paper (i.e.

the gradient of the stress-strain curve in the elastic

region) is 1.09 ± 0.38 GPa, compared with is

5.63 ± 0.57 GPa for CNF and 94.9 ± 8.5 MPa for

Nafion. The reduced elastic modulus of S-CNF

compared to CNF is most likely a result of the

decreased fiber dimensions and possibly reduced

hydrogen-bond interactions. The error is relatively

large for S-CNF, reflecting significant variation in the

elastic modulus. This may reflect local inhomo-

geneities in the membranes. The results of tensile

strength tests indicate that S-CNF paper is clearly

strong enough for integration into MEAs.

Water uptake and swelling

The water uptake properties of polymer electrolyte

membranes (PEMs) are important because proton

conduction generally occurs via water-mediated Grot-

thuss and/or vehicular mechanisms. Some level of

water uptake is therefore required, but too much can

Fig. 2 XPS spectra of cellulose nanofibers (CNF), sulfonated cellulose nanofibers (S-CNF), and cellulose nanocrystals (CNC): a wide

scan spectra; and b S 2p region. c FTIR spectra
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lead to swelling and loss of mechanical strength. For

example, we previously showed that CNC membranes

swell strongly, forming an extremely fragile hydrogel-

type structure, and making them unsuitable for PEFCs

(Bayer et al. 2016a). Here, we measured the water

uptake of S-CNF to be 26 ± 3%, and the swelling to

be 14 ± 5%. These values are quite close to those

measured for Nafion (26 ± 2% and 16 ± 2% (Bayer

et al. 2014)), respectively). These results indicate that

S-CNF membranes are well-suited for use in PEFCs.

Chemical stability

The oxidative stability of the nanocellulose paper was

investigated using Fenton’s test for a duration of one

hour. The CNF paper had high oxidative stability,

retaining 97.5% of its mass during the test

(comparable to Nafion at 99.3%). The CNCmembrane

completely dissolved due to high hydrophilicity and

the low aspect ratio. S-CNF retained 64.3% of its

mass, suggesting that it is reasonably stable. The

slightly reduced stability compared with CNF is likely

related to the smaller nanofiber diameter, as well as

opening of the polysaccharide rings during synthesis

of CNC, compromising the chemical stability.

Gas barrier properties

Low hydrogen permeability is a crucial property for

PEFC membranes. If hydrogen crossover occurs

between the anode and cathode, the hydrogen reacts

directly with oxygen reducing the efficiency of the cell

and causing hotspots which can dangerously degrade

the cell. We previously showed that nanocellulose

membranes (both CNF and CNC) are excellent

hydrogen barriers. Here we can observe that S-CNF

has slightly increased hydrogen permeability com-

pared with CNF (Fig. 3a). This is possibly due to

increased gas solubility in the presence of sulfonic

acid groups (Chen and Martin 1994). Meanwhile,

CNC has lower permeability despite the presence of

sulfonic acid groups, but this could be due to the close

packing of CNC crystals, as observed in the AFM

images. All of the nanocellulose papers measured here

have hydrogen permeability which is several orders of

magnitude lower than that of Nafion, making them

highly suited to PEFC applications.

Ion exchange capacity (IEC) and proton

conductivity

The ion exchange capacity (determined by titration)

was 0.900 mmol g - 1 for S-CNF, compared with

0.016 mmol g- 1 for CNF. This significant, six-fold

increase is further evidence of the success of the

sulfonation reaction. This value is also comparable to

the IEC of Nafion (i.e. 0.92 mmol g- 1). This suggests

that there is a similar density of proton-conducting

sites / charge carriers in both Nafion and S-CNF. The

through-plane proton conductivity of S-CNF paper at

120 �C is 2 9 10- 3 S cm- 1 (Fig. 3b). This is two

orders of magnitude higher than the un-sulfonated

CNF paper, showing that chemical functionalization

had the desired effect of significantly enhancing the

proton conductivity. However, the conductivity is still

two orders of magnitude lower than Nafion (* 0.1 S

Fig. 3 a Hydrogen permeability through nanocellulose mem-

branes and Nafion. b Arrhenius plot with activation energies

and through-plane proton conductivity of nanocellulose and

Nafion membranes
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cm- 1 at 120 �C). Since the IEC of S-CNF is similar to

that of Nafion, the lower conductivity must be

attributed to the weaker acidic nature of the sulfonic

acid groups in S-CNF compared with the super-acid

behaviour of the fluorinated sulfonic acid side chains

in Nafion (Bayer et al. 2016a, Kreuer 2014, Eikerling

et al. 2001). The activation energy for proton conduc-

tion in S-CNF is 0.26 eV, which is similar in all of the

nanocellulose membranes. This is significantly higher

than that of Nafion (* 0.16 eV), indicating a higher

degree of proton conduction via the vehicular mech-

anism rather than the Grotthuss mechanism. These

measurements show that by tailoring the chemical

structure of nanocellulose fibres, it is possible to

increase the conductivity without compromising the

membrane strength or stability. As such, S-CNF paper

is highly suited as an ionomer membrane in real

PEFCs.

Fuel cell performance

The above experiments determined that S-CNF mem-

branes could be a suitable replacement for Nafion in

PEFCs. Therefore, MEAs were prepared using S-CNF

membranes, and the performance was investigated at

80 �C and 95% RH. First, a 30 lm thick S-CNF

membrane was tested (Fig. 4a). The open circuit

voltage (OCV) is 0.90 V, about 50 mV lower com-

pared to conventional Nafion fuel cells (* 0.95 V).

However, the OCV of 0.9 V indicates that the S-CNF

paper is electronically insulating, and that there is

negligible hydrogen crossover. Unfortunately, the cell

resistance is also very high (20.4 X cm- 2), as

indicated by the steep gradient. The maximum power

density was only 4.1 mW cm- 2 at a current density of

13.5 mA cm- 2. Whilst this power density is 5 times

higher than for an un-sulfonated CNF membrane of

the same thickness (Bayer et al. 2016a), it is clearly

much lower than for a typical Nafion-based PEMFC

and not acceptable for real-world applications. This is

Fig. 4 IV and power density curves of a fuel cells with:

a 30 lm-thick; and b 8 lm-thick sulfonated nanocellulose (S-

CNF) membranes. c Comparison of hydrogen crossover current

density for Nafion and the S-CNF-based fuel cells. d Constant

load durability measurement of a 30 lm thick S-CNF fuel cell
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attributed to the low proton conductivity of the

membrane, leading to high cell resistance. The

hydrogen crossover current measured in-situ ranges

from 0.03 to 0.3 mA cm- 2. This is much lower than

that of Nafion (1 mA cm- 2, Fig. 4c), which explains

the high OCV. This is also many times lower than the

DOE target for vehicular applications (2 mA cm- 2 by

2020) (U.S. Department of Energy 2016), and is in

excellent agreement with the low hydrogen perme-

ability as measured ex-situ.

In order to take advantage of this low hydrogen

crossover current and the high mechanical strength of

nanocellulose paper, PEFCs with much thinner S-CNF

membranes were prepared. This was expected to result

in reduced membrane resistance and thus increased

cell performance, without compromising fuel cross-

over. In previous work, we successfully reduced the

cell resistance and improved the power density of

PEFCs by spray-painting very thin Nafion, Aquivion,

or graphene oxide (GO) ionomer membranes directly

onto the electrocatalyst layer, creating electrode-

supported MEAs rather than conventional mem-

brane-supported MEAs (Bayer et al. 2016c; Bayer

et al. 2017; Breitwieser et al. 2017). Here, an MEA

was fabricated by spray deposition of a Pt/C electro-

catalyst layer onto a gas diffusion layer (GDL),

followed by spray deposition of an 8 lm-thick layer

of S-CNF, and then spray deposition of a second

electrocatalyst layer on top of this. Finally, a GDL was

attached to the top surface to complete the MEA. This

is a process analogous to additive manufacturing, or

3D printing.

The performance of the sprayed S-CNF paper fuel

cell is shown in Fig. 4b. The maximum power density

is 156 mW cm- 2, which is * 40 times higher than

that of the MEA with a thicker 30 lm S-CNF

membrane. The maximum current density is 0.8 A

cm- 2, which is 60 times higher than for the thicker

MEA. This improvement is attributed directly to the

decreased thickness, leading to much lower cell

resistance, which was determined to be 0.3 X cm- 2.

Indeed, this cell resistance is only slightly higher than

in a conventional 50 lm thick Nafion MEA (i.e. 0.217

X cm- 2) (Bayer et al. 2016a).

However, a major issue at present is that the OCV

of the spray-deposited S-CNF PEFC is just 0.45 V.

This is very low, and in line with the measured high

hydrogen crossover current density (449 mA cm- 2,

Fig. 4c). This is attributed to hydrogen crossover

either through cracks formed in the membrane during

drying, or inhomogeneity in the carbon paper substrate

resulting in pinholes (Bayer et al. 2016c; Breitwieser

et al. 2017). Overcoming this issue is crucial in the

development of thin-film nanocellulose PEFCs. This

will be achieved in future work by optimization of the

cell fabrication process (especially the spray deposi-

tion step) and by improving the integrity of the

nanocellulose layer throughout the manufacturing

process. Solving this issue and increasing the OCV

to e.g. [0.8 V would significantly improve the cell

performance, even to the point where these new low-

cost nanocellulose membranes become competitive

with conventional Nafion. Another issue is that the

performance dropped more quickly in the case of the

thinner membrane, i.e. within the first 40 minutes of

the durability test. We speculate that back-diffusion of

water through the membrane results in swelling which

affects thinner membranes more than the thicker

membrane, increasing the rate of degradation. This is

an issue that will be investigated further in the near

future.

Whilst the power density is clearly lower than that

of conventional Nafion MEAs (e.g.*712 mW cm- 2

as fabricated in our group), we emphasize that this is a

completely new class of ionomer. Sulfonated nanocel-

lulose is many orders of magnitude cheaper than

sulfonated fluoropolymers, is obtained from renew-

able sources, and it can be easily recycled. The

performance is also comparable with other more well-

established ‘‘low cost’’ PEFC technologies in the

literature. For example, the performance is compara-

ble to reports of other non-fluorinated hydrocarbon

membrane materials, such as sulfonated polyimide

(SPI), sulfonated poly ether ether ketone (SPEEK)

(Zhang et al. 2013), or polybenzimidazole (PBI)

(Kurdakova et al. 2010). Direct methanol fuel cells

(DMFCs) are generally reported to have power

densities of less than 150 mW cm- 2 (Brouzgou

et al. 2012; Joghee et al. 2015), and even the best

PEFCs fabricated with Pt-free electrocatalysts (e.g.

Fe-N-C) have power densities of less than 400 mW

cm- 2 (Brouzgou et al. 2012; Serov et al. 2016).

The durability of a 30 lm thick S-CNF PEFC was

tested by operating a cell for 12 hours at a constant

current density of 6 mA cm- 2 (Fig. 4d). The cell

voltage was relatively stable for the duration of the

test, with no significant degradation in performance.

Whilst much longer durability measurements clearly
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need to be performed, this is an important first step in

demonstrating the feasibility of nanocellulose fuel

cells.

Cost analysis

Whilst the performance of nanocellulose is undoub-

tably lower than Nafion, this could be compensated for

by the much lower cost. Nafion 212 membrane

currently retails for * 750 US$ m- 2, and the DOE

target for membrane cost is 20 US$ m- 2 by 2020. In

the above sprayed S-CNF membrane, the overall

material and chemical costs are * 5.50 US$ gdry
-1,

and the electrolyte is sprayed onto the electrode with a

loading of * 10 g m- 2. This corresponds to a

membrane cost of * 50 US$ m- 2 for the 8 lm
membrane, increasing to 188 US$ m- 2 for the 30 lm
S-CNF membrane (Supplementary information, Fig-

ure S1). Even at such small production scale (several

grams), the membrane cost is already approaching the

DOE target. Economies of scale will reduce this cost

even further. This technology thus paves the way for

biodegradable, ‘‘pocket-money fuel cells’’, cheap

enough even to be disposable, much like most

portable primary or secondary batteries today.

Conclusions

Sulfonated cellulose nanofiber (S-CNF) paper was

investigated as a replacement for Nafion in fuel cells

for the first time. The tensile strength of the S-CNF

paper was 49 MPa (compared with 30 MPa for

Nafion), the hydrogen permeability was 2 orders of

magnitude lower than Nafion, and the water uptake

and swelling ratio were comparable to Nafion. The

through-plane proton conductivity was 2 9 10- 3 S

cm- 1 at 120 �C, and the activation energy was

0.26 eV. S-CNF membranes were successfully intro-

duced into ‘‘paper fuel cells’’ as a replacement for

Nafion. The hydrogen crossover current in a fuel cell

using a 30 lm thick S-CNF membrane was two orders

of magnitude lower than for Nafion, easily meeting

DOE requirements. However, the power density was

too small for practical applications. To take advantage

of the excellent hydrogen barrier properties, a S-CNF

fuel cell with a membrane thickness of 8 lm was

fabricated by spray deposition. The low resistance of

the thin electrolyte compensated for the low proton

conductivity, and the maximum power density

reached 156 mW cm- 2 at 80 �C. This is competitive

with other ‘‘low cost’’ fuel cell technologies reported

in the literature, such as DMFCs. Cost analysis

revealed that the sprayed S-CNF membranes cost just

50 US$ m- 2, which is significantly less than Nafion,

even at such small production scale. Considering the

high mechanical strength, low hydrogen permeability,

good stability, and extremely low cost of this new

class of paper ionomer membrane, this work paves the

way for low-cost fuel cells applications. If the proton

conductivity can be further improved by altering the

chemical structure of nanocellulose, and the integrity

of the membrane can be improved, spray deposited

nanocellulose paper fuel cells may even be able to

compete directly with sulfonated fluoropolymers such

as Nafion.
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