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Editorial

“10 Years of Fuel Cells — From Fundamentals to Systems”

The year 2010 opens for Fuel Cells — From Fundamentals to System
with a full spectrum of special and topical issues planned alongside
regular issues. There will be a special issue on “Materials for Proton
Exchange Membrane Fuel Cells” (proceedings of the E-MRS Spring
Meeting, Strasbourg 2009; Guest Editors: Maria Luisa Di Vona and
Philippe Knauth), and another resulting from the Workshop on Solid
Oxide Fuel Cells: Materials and Technology, held in Albacete in 2009
(Guest Editor: Juan Pefia Martinez). We also plan a topical issue on
“High Temperature Polymer Electrolyte Membrane Fuel Cells”
(Guest Editor: Piercarlo Mustarelli).

Topical issues have proven as high impact facets of the journal
from its start in 2001, and among the top-ten downloaded Fuel Cells
articles in 2009 (download period: January-December 2009), there are
two Reviews, two Original Research Papers and the Editorial of the
2009 topical issue “Biofuel Cells” (Guest Editor: Itamar Willner). One
Review each of the issues “Polymer Membranes 1” (Guest Editor:
Deborah Jones) and “New Ceramic Materials for Fuel Cells” (Guest
Editor: Filippo Maglia) are also part of the list. In total, seven out of
these ten most downloaded articles were published in topical issues.
We would thus like to say a special thank you to all the Guest Editors
of both topical and special issues, for inviting and taking care of the
publication of highest quality articles at the core interests of our read-
ers.

® Integrated Enzyme-Based Biofuel Cells-A Review
I. Willner*, Y.-M. Yan, B. Willner, R. Tel-Vered (Review; Israel)
2009, 9(1), 7-24
Topical Issue: Biofuel Cells

® Fuel Cells - Fundamentals and Applications
L. Carrette, K. A. Friedrich, U. Stimming* (Review; Germany
2001, 1(1), 5-39

® Review: Durability and Degradation Issues of PEM Fuel Cell
Components
F. A. de Bruijn*, V. A. T. Dam, G. ]. M. Janssen (Review; The Nether-
lands)
2008, 8(1), 3-22

® Prospects for Alkaline Anion-Exchange Membranes
in Low Temperature Fuel Cells
J. R. Varcoe*, R. C. T. Slade (Review; UK)
2005, 5(2), 187-200
Topical Issue: Polymer Membranes I

® Hemoproteins in Design of Biofuel Cells
Ramanavicius*, A. Ramanaviciene (Review; Lithuania)
2009, 9(1), 25-36
Topical Issue: Biofuel Cells

® Biofuel Cells: Harnessing Biomass or Body Fluids
for the Generation of Electrical Power
L. Willner* (Editorial; Israel)
2009, 9(1), 5
Topical Issue: Biofuel Cells

® Opportunities and Challenges in Materials Development
for Thin Film Solid Oxide Fuel Cells
S.J. Litzelman, |. L. Hertz, W. Jung, H. L. Tuller* (Review; USA)
2008, 8(5), 294-302
Topical Issue: New Ceramic Materials for Fuel Cells

@ Fuel Cell or Battery: Electric Cars are the Future
J. Van Mierlo*, G. Maggetto (Report; Belgium)
2007, 7(2), 165-173
Special Issue: Lucerne Fuel Cell Forum 2005 II

® Modelling of Reaction and Diffusion Processes
in a High-surface-area Biofuel Cell Electrode Made
of Redox Polymer-grafted Carbon
T. Tamaki, T. Ito, T. Yamaguchi* (Full Paper; Japan)
2009, 9(1), 37-43
Topical Issue: Biofuel Cells

® Membrane-Less Biofuel Cell Based on Cellobiose
Dehydrogenase (Anode)/Laccase (Cathode) Wired via
Specific Os-Redox Polymers
L. Stoica, N. Dimcheva, Y. Ackermann, K. Karnicka, D. A. Guschin,
P.J. Kulesza, . Rogalski, D. Haltrich, R. Ludwig, L. Gorton, W. Schuh-
mann* (Full Paper; Germany/Poland / Austria/Sweden)
2009, 9(1), 53-62
Topical Issue: Biofuel Cells

The total number of full-text downloads increased by a further
27% in 2009 — an above-average growth and a very healthy develop-
ment. Experience shows that many researchers also welcome
electronic Table of Contents (eToC) alerts. Signing up to the free Fuel
Cells eToC alert can be made through the Fuel Cells homepage
(www.fuelcells.wiley-vch.de) and, together with the online publica-
tion of a new issue of Fuel Cells, an automated e-mail is sent out that
contains the Table of Contents with links to the article abstracts. The
journal has also made its first appearance in Essential Science Indica-
tors (Thomson Reuters), and the current citation record for Fuel Cells

includes 184 papers with a total of 813 cites in the field of “Engineer-
ing and Fuel Cells”.

We also take this opportunity to thank all members of the Editor-
ial and Advisory Boards for their formidable efforts in keeping
review times to a minimum — a big task given the fact that submis-
sions to Fuel Cells in 2009 significantly increased by a further 10%
over 2008 to reach their highest level to date.
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We extend a warm welcome to five new Review Editors who  Beijing). These Review Editors bring their experience and interna-
joined Fuel Cells during 2009: Itamar Willner (The Hebrew Univer-  tional reputations to Fuel Cells and it is a pleasure and honour to
sity of Jerusalem, Jerusalem), Nigel Brandon (Imperial College, Lon-  work with them.

don), Liquan Chen (Institute of Physics, Chinese Academy of We thank our authors, reviewers and all board members, and
Sciences, Beijing), Hubert Gasteiger (Massachusetts Institute of  wish them and you all the very best for 2010.
Technology, Cambridge) and Xinping Qiu (Tsinghua University, With kind regards and best greetings,
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A Direct Electron Transfer-Based
Glucose/Oxygen Biofuel Cell Operating

in Human Serum

V.Coman', R. Ludwig®®, W. Harreither®, D. Haltrich®, L. Gorfon', T. Ruzgas?,

and S. Shleev*°*
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Abstract

We report on the fabrication and characterisation of the very
first direct electron transfer-based glucose/oxygen biofuel
cell (BFC) operating in neutral glucose-containing buffer
and human serum. Corynascus thermophilus cellobiose dehy-
drogenase and Myrothecium verrucaria bilirubin oxidase were
used as anodic and cathodic bioelements, respectively. The
following characteristics of the mediator-, separator- and
membrane-less, a priori, non-toxic and simple miniature

1 Introduction

It is inconceivable that already four decades ago, Beltzer and
Batzold predicted a significant role of implantable biofuel
cells (BFCs) operating on fuels and oxidants present in blood
plasma as potential sources of electrical energy for artificial
devices [1]. Much research and a large number of review
articles on the design and characterisation of miniature
BFCs based on mediated electron transfer (MET) have been
published [2-8]. In spite of the obvious advantages of f-p-glu-
copyranose/oxygen BFCs (glucose/O, BFCs) based on direct
electron transfer (DET) reactions as power sources for
implantable devices (i.e. less-toxicity due to the absence of
redox mediators, simple construction and ability for signifi-
cant miniaturisation), there is no published work describing a
mediator-, cofactor- and membrane-less BFC operating in
human physiological liquids. Moreover, there are only few
reports describing the performance of even well-studied
mediator or/and cofactor-based glucose/O, BFCs in complex
biological liquids, i.e. in human serum [9, 10]. Our previous
intensive investigations of the DET properties of different oxi-

Department of Analytical Chemistry/Biochemistry, Lund University, 22100 Lund, Sweden

Department of Food Sciences and Technology, BOKU-University of Natural Resources and Applied Life Sciences, 1190 Wien, Austria
Biomedical Laboratory Science, Health and Society, Malmg University, 20506 Malmd, Sweden
Laboratory of Chemical Enzymology, A.N. Bach Institute of Biochemistry, 119071 Moscow, Russia

BFC, was obtained: an open-circuit voltage of 0.62 and
0.58 V, a maximum power density of ca. 3 and 4 uW cm™ at
0.37 and 0.19 V of cell voltage, in phosphate buffer and
human serum, respectively.

Keywords: Bilirubin Oxidase, Cellobiose Dehydrogenase,
Direct Electron Transfer, Enzymatic Fuel Cell, Implantable
Device

doreductases, including carbohydrate dehydrogenases [11,
12] and blue multicopper oxidases (BMCO) [13], allowed us to
fabricate and characterise the very first DET-based glucose/O,
BFC optimally working at pH 4.5 [14]. Importantly, the basic
characteristics of the non-optimised DET-based BFC were sig-
nificantly better compared to the MET-based lactose/O, BFC
constructed using similar bioelements (cf. lactose/O, BFCs in
Table 1). These DET- and MET-based devices, however, oper-
ated under acidic conditions because both bioelements used in
the BFCs, viz. cellobiose dehydrogenase (CDH) from Dichomera
saubinetii (DsCDH) [11] or from Trametes villosa (TvCDH) [12]
and laccase (Lc) from Trametes hirsuta (ThLc) [11] or from Cerena
unicolor (CuLc) [12], have their bioelectrocatalytic activity
optima at acidic pH values [14, 15].

CDH s an extracellular enzyme produced by a variety of dif-
ferent fungi. The enzyme consists of two domains connected by
alinker region. The catalytic domain contains one flavin adenine

[[1 Corresponding author, sergey.shleev@mah.se

) g WWILEY )
FUEL CELLS 10, 2010, No. 1,9-16 *{ ) InterScience’

DISCOVER SOMETHI

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 9

o
=
@
=
>
F
)
m
("]
m
>
~
0
=
>
v
m
~




P
"
-
a
T
v
&
g
]
(]
Ml
e
mll
<
Z
o
o
o

Fuel Cells

Shleev et al.: A Direct Electron Transfer-Based Glucose/Oxygen Biofuel Cell Operating in Human Serum

bilirubin oxidase

cellobiose dehydrogenase

Ired IOX
[ graphite anode )
5
z
o
=¥
(] 0.2 0.4 06
Voltage / V

Fig. 1 A principal scheme of a mediator-, compartment- and soluble cofactor-less glucose-Oy BFC operating in human serum and chloride-containing
neutral buffers. The three-dimensional structure of BOx was visualised based on the structures of B. subtilis Lc (PDB TUVYW) using PyMOL v. 0.99. The
flavin and heme domains of Phanerochaete chrysosporium CDH (PDB 1D7D and PDB TNAA, respectively) represent the possible structure of CiCDH.
The protein globules are given as green ribbons and strands, carbohydrates are presented as black sticks, the four copper ions of BOx are shown as blue

spheres, the FAD in CDH — yellow spheres, and the heme — red spheres.

dinucleotide (FAD) and the heme domain contains one heme b
as cofactors (Figure 1, right part). CDH oxidises cellodextrins
and lactose at the FAD domain and may, depending on its ori-
gin, also oxidise monosaccharides such as glucose [16]. The
reduced FAD domain can be reoxidised directly by various elec-
tron acceptors or the electrons can be sequentially transferred to
the heme domain, which in turn donates the electrons directly to
the electrode acting like a 1 e” acceptor [17].

Table 1 Comparison of CDH/BMCO-based BFCs.

Our preliminary intensive studies allowed us to isolate
and purify a new CDH from the ascomycete Corynascus ther-
mophilus (CtCDH), which has, in contrast to DsCDH and
ToCDH used in the previously designed BFCs [14, 15]
(Table 1), a high catalytic activity for glucose oxidation at
neutral pH values.

BMCO is a group of copper-containing enzymes, such as
ascorbate oxidase (AOx), bilirubin oxidase (BOx), sulochrin

BFC Anode/cathode Conditions Open circuit  Cell voltage ~ Power output  Operation Ref.
voltage (V) (V) (tWem™®) half-period (h)

1 Cl'-free buffer, pH 4.5 0.73 >0.5 >5 > 38 [14]
Glucose/O; DsCDH-DET/ ThLc-DET P
5 mM/0.25 mM

i Cl-free buffer, pH 4.5 0.76 0.55 11 Not reported  [14]

Cellobiose/0; DsCDH-DET/ ThLc-DET P P
5 mM/0.25 mM
Lact CI'-free buffer, pH 4.5 0.77 0.55 15 Not reported  [14]

actose/O; DsCDH-DET// ThLc-DET P P
5 mM/0.25 mM
Lactose/O5 CI'-free buffer, pH ~ 4 0.6 <0.3 <2 Not reported  [15]

TvCDH-MET/CuLc-MET
34mM/025mM s
Gl o) PBS, pH 7.4 0.62 0.37 3 >6 Present study
e CtCDH-DET/MuBOx-DET

5 mM/0.25 mM
Glucose/O, Human serum 0.58 0.19 4 <2 Present study

5 mM/~025 mM CtCDH-DET/MvBOx-DET

10 ©2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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oxidase (SOx), Lc and ceruloplasmin (Cp), catalysing the oxi-
dation of different organic and inorganic compounds with
the concomitant reduction of O, to H,O at different pH
optima. The substrate specificity of these enzymes can be
reflected in their trivial names, e.g. BOx is responsible for the
oxidation of bilirubin to biliverdin [18, 19]. Any crystal struc-
ture of BOx has not yet been published; however, the bio-
chemical, spectral, electrochemical and kinetic characterisa-
tions of Myrothecium verrucaria BOx (MvBOXx) have been done
and some primary structures of BOx are also available
(Table 2). Based on the similarity between BOx and other
BMCO regarding their main biochemical, spectral and kinetic
properties [18, 19], as well as in their primary structures
(Table 2), it is widely held that the catalytic site of BOx con-
sists of four copper ions per molecule, classified into three
types denoted as T1, T2 and T3. The T2 and T3 sites form a
trinuclear cluster, where one molecule of O, is bound and
reduced to two HO molecules [18]. The mononuclear T1 copper
is able to accept electrons from reduced substrates (homoge-
neous reactions [18, 19]) or electrodes (heterogeneous reactions
[13,20]), which in turn are transmitted to the trinuclear centre via
the highly conserved Cys-2His electron transfer (ET) pathway
across a distance of ~13 A. Such ligand arrangements are found
in the structures of AOx [21], Lc [22] and Cp [23], and are also
hypothesised to exist in BOx (Table 2; Figure 1, left part).

It should be emphasised that some characteristics of fungal
BOx are very promising to design efficient and potentially
implantable biocathodes. First, fungal BOx constitute high
redox potential BMCO [24]. Second, these enzymes are not so
strongly inhibited by chloride ions (Cl") and they remain very
active at neutral pH, two properties which are shared with
the low redox potential BMCO, e.g. plant and bacterial Lc.
Indeed, in Figure 1 (left part) the three-dimensional structure
of BOx is visualised using the available crystal structure from
Bacillus subtilis Lc (BsLc), since the primary structures of both
bacterial and fungal enzymes are also quite similar (Table 2).

Below, we describe the fabrication and characterisation of
the very first mediator and cofactor free glucose/O, BFC
based on adsorbed enzymes exhibiting direct anodic and
cathodic bioelectrocatalysis, i.e. fungal CtCDH and MvBOx,
operating in neutral chloride-containing buffers as well as in
human serum (Figure 1).

Table 2 Comparison between the amino acid subsequences of MvBOx
and B. subtilis Cota Lc.

Enzyme
BOx (BAA02123, BAA03166)

Copper site subsequences

131V HLH G135
YLWYHDHAMY®
“THPIHIHL*
““HCHNLIHEDHDM M
104V HLH GlOS

L, WYHDHAMY
THPIHIHL®
“'HCHNLIHEDHDM M**

Cota Lc (PDB 1UVW)

The ligands of the T1, T2 and T3 coppers are underlined, italicised and bolded,
respectively.

2 Experimental
2.1 Chemicals

Unless otherwise specified, all chemicals were purchased
from Sigma-Aldrich GmbH (Schnelldorf, Germany). All solu-
tions were prepared using water purified with PURELAB
UHQ II system from ELGA Labwater (High Wycombe, UK)
or with a Milli-Q system (Millipore, Milford, CT, USA).

2.2 Enzymes

MuvBOx was kindly provided by Amano Enzyme Ltd.
(Nagoya, Japan), stored at —20 °C, and used without further
purification. CtCDH was purified from the culture superna-
tant of the ascomycete C. thermophilus, CBS 405.69 obtained
from the Centralbureau wvoor Schimmelcultures (Baarn, The
Netherlands). Cultivation and purification of the enzyme
were similar to previously reported protocols for Myriococcum
thermophilum CDH [17]. The homogeneous preparation of the
enzyme was stored in a 50 mM acetate buffer, pH 5.5 at
-80 °C.

2.3 BOx Catalytic Assay

The catalytic activity of MvBOx in the absence and
presence of urea, HCO%, Mg2+ and Ca?* was determined
spectrophotometrically (UV-Vis spectrophotometer Anthelie
Advanced, Topac Inc., Cohasset, MA, USA) in a reaction
medium containing 2 mM 2,2’-azino-bis(3-ethylbenzthiazo-
line-6-sulphonic acid) (ABTS, & = 36,000 M1 s or 5mM
ferrocyanide (K4[Fe(CN)¢], &= 1,040 M71s?) in 10 mM
phosphate buffer (PB) pH 7.4, at room temperature. The vol-
ume of the reaction mixture was 1 mL and the concentrations
of different compounds in the reaction medium corresponded
to their physiological concentration in human serum (vide

infra).

2.4 Electrochemical Measurements
2.4.1 Electrode Preparation

The enzyme-modified electrodes serving as working elec-
trodes were made from rods of spectrographic graphite elec-
trodes (SPGE, Ringsdorff Werke GmbH, Bonn, Germany,
type RW001, 3.05 mm in diameter). The surface of the SPGE
was prepared by first polishing with fine emery paper (Tuf-
back Durite, P1200), then thoroughly rinsed with Millipore
water and finally allowed to dry.

2.4.2 Electrode Modification

The biocathodes and the bioanodes were prepared by plac-
ing an aliquot of 10 pL of enzyme solution (BOx, 10 mg mL7,
CDH, 7.2 mg mL'l) on the electrode surface and the solutions
were air-dried at room temperature for 20 min. Before use,
the electrodes were rinsed with Milli-Q water to remove
weakly adsorbed enzyme.

FUEL CELLS 10, 2010, No. 1, 9-16 www.fuelcells.wiley-vch.de
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2.4.3 Electrolytes

The main buffer was phosphate-buffered saline (PBS; 2 g
of KCI, 80 g of NaCl, 17.8 g of Na,HPO,2H,0, 2.4 g of
KH,PO, in 1 L of Milli-Q H,O, sterilised by autoclaving), pH
7.4, with or without 5 mM glucose, which was dissolved in
the buffer a few hours before use to allow mutarotational
equilibrium. Human serum, originated from one apparently
healthy male volunteer, was prepared as known in the arts
and stored at +4 °C until use. For serum preparation, INC
tubes from BD Vacutainer® (Plymouth, UK) were used. The
serum was assumed to have a total protein, glucose, dis-
solved oxygen, urea, HCO™, Mg2+ and Ca®* concentrations of
about 70 mg mL7?, 1 mg mL?, and 8 mg L, 30 mg LY,
15 30 mg L1 mg L'and 1 mg LY respectively [25-27]. The
maximum physiological concentrations of two main possible
interfering compounds (I, Figure 1), such as ascorbic and uric
acids, were assumed to be 0.11 and 4.0 mM, respectively [27].

2.4.4 Voltammetry

Linear scan voltammograms and cyclic voltammograms
(CVs) were recorded with a scan rate of 1 and 10 mV s7' in an
electrochemical cell of 50 mL containing a Ag|AgClIKClg,;
(197 mV vs. NHE) reference electrode (Radiometer, Copen-
hagen, Denmark) and a platinum foil counter electrode oper-
ated by an electrochemical analyser (BAS CV 50W, Bioanaly-
tical Systems, West Lafayette, IN, USA).

2.4.5 Studies of pH-profiles of the Enzymes Absorbed on SPGE

The CDH-modified SPGE was fitted into a Teflon holder
and inserted into an electrochemical flow cell. The enzyme
electrode was used as the working electrode, a AglAgCl
(0.1 M KClI) electrode as the reference electrode and a plati-
num wire served as the auxiliary electrode. The electrodes
were connected to a three-electrode potentiostat (Zata Elec-
tronics, Lund, Sweden). A 0.1 M PB was used as the carrier
and was propelled by a Gilson peristaltic pump (Minipulse 2,
Villiers-le-Bel, France) at a flow rate of 0.5 mL min™. A work-
ing potential of +300 mV versus Ag| AgCl was applied to the
working electrode [28]. One hundred microliters of a 20 mM
glucose solution in buffer were injected into the carrier
stream via a LabPRO six-port Rheodyne injection valve
(PR700-100-01, Rheodyne, CA, USA) and the output signal
was recorded on a strip chart recorder (Kipp and Zonen, type
BD111, Delft, The Netherlands).

The dependence of the registered bioelectrocatalytic cur-
rents of O, reduction by BOx-modified SPGE on solution pH
was studied previously [29].

2.4.6 Open Circuit Potential Measurements

For open circuit potential measurements, an Autolab
PGSTAT 30 (EcoChemie, Utrecht, The Netherlands) equipped
with GPES 4.9 software was used. The reference electrode
was a AglAgClIKClg,, electrode and the enzyme-modified
electrodes were used as the indicator electrodes placed in a

one-compartment 50 mL electrochemical cell. The equilib-
rium potential values were registered under air saturated
conditions.

2.4.7 Studies of the Biofuel Cell Performance

In BFC studies, the Autolab PGSTAT 30 was used in
potentiostatic mode. Polarisation curves were recorded at
1mVs™ connecting the bioanode (CDH-modified SPGE) as
the working electrode and the biocathode (BOx-modified
SPGE) as a combined reference and counter electrode. For the
time stability tests, an external load of 1 MQ was connected
between the two electrodes and the potential was measured
with time without stirring. The power output of the cells in
stability tests was calculated from the potential and resistance
values according to Ohm’s law. In this work all potentials are
given versus NHE.

3 Results and Discussion

To fabricate a simple BFC producing electric power based
on DET bioelectrocatalytic reactions occurring on both the
anode and the cathode parts, two bioelements highly active
at neutral pH (Figure 2), namely CtCDH and MvBOx, were
exploited (Figure 1). One of the most attractive electrode ele-
ments for a potentially implantable BFC is a carbon material,
which is cheap, abundant and biocompatible. To design this
BFC, SPGE were chosen, as such electrodes are well-charac-
terised [30] and widely used for bioelectrochemical studies of
variety of enzymes including different CDH [17, 28, 31, 32]
and BOx [20, 29], on which both bioelements showed excel-
lent DET-based bioelectrocatalysis (Figures 2 and 3).

The proposed mechanisms of the bioelectrocatalytic reac-
tions for both CDH and BOx directly adsorbed on SPGEs are

100
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Activity / %
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6.0 6.5 7.0 7.5 8.0 8.5
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Fig. 2 Relative dependence of DET-based bioelectrocatalytic current on

pH at CICDH- (circles, curve 1) and MvBOx-modified SPGE (squares,
curve 2).
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Fig. 3 Linear sweep voltammograms of CDH- (curves 1) and BOx-modi-
fied (curves 2) electrodes. The measurements were performed in batch
mode in air-saturated serum (curves c) and PBS with (curves b) and with-
out (curves a) 5 mM glucose.

described in our previous papers [11-13, 20]. A principal
scheme of the designed BFC (Figure 1) is therefore similar to
that of the already fabricated and characterised BFC operat-
ing in acidic solutions [14]. The major difference and novelty
of the newly fabricated device is its ability to produce electric
power in neutral chloride-containing solutions including
complex biological fluids, such as human serum (vide infra).
As can be seen from the voltammograms (Figure 3), elec-
trocatalytic currents at the electrodes modified with the
enzymes start at 75 and 720 mV versus NHE for the CtCDH-
and MuvBOx-modified SPGEs, respectively. The starting
potentials for O, bioelectroreduction (Figure 3) and the
steady-state potential of MvBOx-modified SPGE (Table 3) in
the presence of O, coincide well at about 720 mV. This value
is quite close to the half-wave potential of bioelectroreduction
of O, (Figure 3), which is equal to the redox potential of the
T1 site of MvBOXx, 670 mV versus NHE [24], the primary elec-
tron acceptor of the enzyme. The redox potential of the heme
group, the electrochemically active domain of CtCDH acting
as the electron donor to the bioanode, is not yet known. How-
ever, based on the starting potentials of glucose bioelectrooxi-
dation, on the steady-state potentials of CtCDH-modified
SPGEs in the absence and presence of glucose (Table 3), as
well as on previous studies of other CtCDHs from different
fungi [11, 12, 14, 17, 28, 32, 33], one can assume that the redox
potential of the heme group is close to 150 mV versus NHE.
The differences between the steady-state potentials of the

Table 3 Open circuit potentials (mV, vs. NHE) of SPGEs modified with
CDH or BOx in air-saturated liquids.

Conditions Anode Cathode
PBS, pH 7.4 155 720
PBS, pH 7.4 + 5 mM glucose 110 725
Blood serum 100 680

MuvBOx- and CtCDH-SPGEs determine the maximal open cir-
cuit potential of the BFC operating in glucose-containing PBS
and human serum, i.e. ca. 0.62 V and 0.58 V, respectively
(Table 1).

The limiting biocatalytic current densities of the BOx-
based biocathode significantly differed in buffer solution ver-
sus human serum, to some extent in agreement with pre-
viously published data concerning the reversible deactivation
or even irreversible damage of BOx-catalysed homogeneous
and heterogeneous reactions by serum components, e.g. the
combination of urate/O, [34-36]. In contrast, the current out-
put from the bioanode was almost the same in both serum
and glucose-containing PBS solution (Figure 3).

The starting potentials for O, bioelectroreduction
(Figure 3), the steady-state potential of MwvBOx-modified
SPGE (Table 3) and the open circuit potential of the BFC were
all decreased by ca. 40 mV in serum compared to simple neu-
tral chloride-containing buffer solutions because of partial
enzyme inhibition by several compounds presented in a com-
plex natural buffer solution — human serum. Many organic
compounds and inorganic ions presented in serum could
affect the specific activity of MvBOx, e.g. urea, HCO;3, Mg2+,
Ca”* (Table 4). It should be emphasised that the power output
of the BFC increased insignificantly, when the glucose con-
taining PBS was strongly mixed. This indicates a reaction lim-
itation of the whole system by the catalytic activity of the
immobilised enzymes and only to a limited extent by mass
transfer limitation. Thus, partial inhibition of the enzyme
resulted in detectable changes of the bioelectrocatalytic activ-
ity of adsorbed BOx, which influenced some basic parameters
of CDH/BOx-based BFC (vide infra) including its open circuit
potential.

Figure 4 shows the dependence of the cell voltage versus
the power density of the designed BFC. In a quiet glucose-
containing buffer solution, the maximum power density was
3.0 uW cm™ at 370 mV of the cell voltage. The shape of the
curve was very similar to the previously reported voltage/
power dependences of CDH/BMCO-based devices [14, 15].
The electrical power produced by CtCDH-DET/MvBOx-DET
BFC was originated from two bioelectrocatalytic processes
occurring simultaneously on the electrodes, viz. bioelectro-
oxidation of glucose on the anode and bioelectroreduction of
O, on the cathode. In a quiet serum, one of the maxima on
the voltage/power curve was also close to 3.0 uW cm™
(Figure 4). However, an additional maximum at 190 mV of
the cell voltage appeared with the highest power density of
BFC close to 4 uW cm™ Detailed electrochemical studies of

Table 4 Catalytic activity of MvBOx (kobs, s™') in the absence and pres-
ence of different organic and inorganic compounds.

Compound ABTS Ky[Fe(CN)g]
PB, pH 7.4 31 63
Urea 25 56
HCO3 21 54
Mg** 31 55
Ca* 27 53
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Fig. 4 Dependence of power density on operating voltage for the mem-

brane-less BFC in quiet conditions. As fuels human serum (curve 1) and
5 mM glucose-containing PBS (curve 2) were used.

the anodic and the cathodic electrochemical reactions (Fig-
ures 3 and 5) explain significant differences in the BFC per-
formance in complex human serum versus simple glucose-
containing PBS solution (Figure 5).

In addition to the bioelectrocatalytic processes of glucose
oxidation and O, reduction, non-enzymatic electrocatalytic
reactions occur on both bioelectrodes submerged in serum.
These non-enzymatic reactions correspond to electrochemical
transformations of different electroactive compounds, e.g.
electro-oxidation of uric and ascorbic acids (Figure 5), which
are present in human serum at high physiological concentra-
tions [27]. The peak height of the electro-oxidation wave of
uric acid at a concentration of 0.4 mM (i.e. at normal concen-
tration in serum of an adult male) coincides quite well with

160
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Fig. 5 CVs of an SPGE electrode in air-saturated PBS (curve 1), PBS with
0.11 mM ascorbate (curve 2), PBS with 0.4 mM urate (curve 3) and
human serum (curve 4).

the peak height obtained by electro-oxidising serum from the
apparently healthy male volunteer (cf. curves 3 and 4 in
Figure 5). The electro-oxidation of ascorbic acid on SPGE
starts at a potential of 140 mV versus NHE (Figure 5, curve 2).
Both the starting potentials and current densities on the CVs
of the SPGEs submerged in PBS with ascorbic acid and
human serum coincide well in the potential window of 140-
250 mV, i.e. at the initial part of the CVs recorded with the
SPGE in PBS with ascorbic acid at a normal physiological con-
centration (cf. curves 2 and 4 in Figure 5). The shape of the
CV of the SPGE in serum along with the significant current
densities of the anodic and especially the cathodic waves
(curve 4 in Figure 5) compared to the CVs of the SPGE
recorded in PBS with ascorbic and uric acids point to the fact
that some other electrochemically active compounds might
be present in human serum. The nature of these compounds
is unclear. However, the non-enzymatic electrochemical reac-
tions of interfering substances (I; Figure 1) along with the
bioelectrocatalytic processes occurring simultaneously on the
electrode surfaces result in an additional maximum of 0.19 V
on the power—voltage curve with the highest maximal power
density of the device close to 4 uW cm™ (Figure 4).

An important factor of the designed BFC is its operational
stability because a potentially implantable BFC should have a
long lifetime. An estimated half-life of the BFC operating in
simple PBS and human serum are ca. 6 and 1.5 h, respectively
(Figure 6).

Both CDH and BOx are known to be stable biocatalysts.
The substantial loss of the BFC power in the first few hours of
operation is mostly related to the desorption of loosely bound
enzymes from both bioelectrodes [14]. In serum, which has a
very high concentration of human proteins and low molecu-
lar weight organic and inorganic compounds, two additional
processes had a negative effect on the operating stability of
BFC, viz. possible exchange of non-covalently bound

25

Power density / pWem?

00—

Time / h

Fig. 6 Variation of power density of the BFC with time in air-saturated
PBS, pH 7.4, with 5 mM glucose (curve 1) and human serum (curve 2).
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enzymes (CDH and BOx) from both bioelectrodes and revers-
ible deactivation/irreversible damage of the biocathode by
the combination of urate/O, [34-36]. In addition, inhibition
of adsorbed BOx by inorganic ions could also decrease the
stability of the device (vide supra). After equilibration, i.e.
enzyme desorption, inhibition, damage and exchange, the
signal of the cell in both electrolytes, viz. buffer and even
serum, is still substantial and it has reached a stabilised level
(Figure 6).

In the future, covalent binding of CDH and BOx along
with the usage of nanotechnological achievements might sig-
nificantly improve both the operational stability and the
power density of the BFC, e.g. as it was recently achieved for
CDH-based bioanodes [37, 38] and Lc-based biocathodes [39].

4 Conclusion

Herein, we report the fabrication and characterisation of a
mediator and soluble cofactor free, non-compartmentalised,
glucose/O, BFC operating in human serum and PBS glucose-
containing solutions. BFCs designed in this work and in our
previous studies [14] can serve as simple not yet optimised
models to construct non-toxic potentially implantable minia-
ture DET-based glucose/O, BFCs working in physiological
fluids of different compositions and pHs.
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Abstract

Atomistic simulations were performed to investigate the
effects of electric field on the transport dynamics inside a
hydrated Nafion membrane. An electric field, varied from
2.5 x 10° to 7.5 x 10> V m™' simulating the operating voltage
from 0.25 to 0.75 V and the membrane thickness of 100 pm
was applied along the proton transport direction in the
simulation cell. A significant change in the membrane mor-
phology can be observed when the electric field was consid-

1 Introduction

With increase in the environmental conscience and deple-
tion of fossil fuels worldwide, a new clean power technology
with remarkable high efficiency is in urgent demand. Fuel
cells are expected to be one of those emerging tecnologies in
the near future. Among many types of fuel cells, proton
exchange membrane fuel cells (PEMFCs) have the advantages
of quick startup, short response time and low temperature
operation (from 25 to 90 °C) [1]. Therefore, PEMFC systems
are regarded as the most potential power generators for the
future electrical vehicles, portable electronics and mobile
power stations.

The key component of the PEMFC is the perfluorosulpho-
nate ionomer, such as the Nafion membrane manufactured
by DuPont. It is the most popular electrolyte used for current
PEMFCs due to its reasonable proton conductivity and accep-
table chemical/thermal stability. Figure 1 shows the chemical
structure of the Nafion membrane. The non-polar carbon-
fluoride backbone provides good mechanical strength, while
the polar side chains with sulphonic-acid groups facilitate
high proton conductivity. Many experimental studies, al-
though quite costly and time-consuming, have been carried
out to investigate the nanostructure and the ionic transport
process inside the Nafion membrane. For example, atomic
force microscopy (AFM) methods were applied to study the

ered. With increase in the electric field strength, mobilities of
hydronium ions and water molecules are enhanced. The dif-
ference in the transport phenomena, with and without the
electric field, can be visualised from the molecular trajectory
diagrams. The distribution of water clusters and their sizes
under the influence of the electric field can also be investi-
gated using this molecular analysis technique.

Nafion

Keywords: Atomistic Simulation, Electric Field,

Membrane

surface morphology of Nafion membranes [2-5]. The charac-
teristics of ionic cluster aggregations were observed by the
small angle X-ray scattering (SAXS) [6, 7], nuclear magnetic
resonance (NMR) [8-10], Fourier transform infrared (FTIR)
[11] and other methods [12-14].

In the meantime, a number of theoretical investigations of
Nafion membranes have also been performed to provide
additional information which cannot be obtained from the
experiments. Weber and Newman [15] presented a Nafion

Backbone

~ECF —CF}—C CF}CFS
D—Ez —c%»o—c:y—-:F2 SO, H*

—~

Sldc chain

Fig. 1 Chemical structure of the Nafion membrane (where x = 5-10,
y=1,000and z = 1-2).

[[1 Corresponding author, cwhong@pme.nthu.edu.tw

) g WWILEY )
FUEL CELLS 10, 2010, No. 1, 17-25 *{ ) InterScience’

DISCOVER SOMETHING GREAT

© 2010 WILEY.VCH Verlag GmbH & Co. KGaA, Weinheim 17

o
=
@
=
>
F
)
m
("]
m
>
~
0
=
>
v
m
~




&
"
-
a
x
v
o
g
]
L]
|
o
mll
g
=
o
-
o

Fu el Cel IS Chen, Hong: Nanoscale Transport Dynamics inside a Hydrated Nafion Membrane with Electric Field Effects

membrane structure based on the surface arguments and a
modified cluster-network model, which helps to elucidate the
design parameters in the membrane. The sulphonic-acid
groups are hydrophilic and the protons transport via these
groups with water clusters [16-20]. The transport trajectories
of hydronium ions and water molecules were visualised via
molecular dynamics (MD) simulation performed by Cheng
and Hong [21]. In addition to the hydration effects [22-25],
Cheng et al. [26] and Venkatnathan et al. [27] also investi-
gated the nanostructure of a model Nafion membrane and
discussed the temperature effects on proton dynamics from
the atomistic viewpoint.

When the PEMFC is under operation, an electric voltage
difference is built up between the anode and the cathode
plates within a small gap that results in an electric field across
the PEM. In our case we simulate the operating voltage from
0.25 to 0.75 V and the membrane thickness is about 100 pm,;
hence, the electric field strength is from 2.5 x 10° to
7.5 x 10° V m™. Baseline case with 0 V m™ is for the compar-
ison of simulation results without and with electric field
effects. This paper further investigates the nanoscale trans-
port phenomena inside the Nafion membrane to explain the
electric field effect from an atomistic aspect. Details of molec-
ular modelling and simulation technique are described in the
following sections.

2 Molecular Dynamics
2.1 Molecular Modelling

We consider a wunit cell with the cubic size of
30 A x 30 A x 30 A approximately. The simulation system
mainly consists of three different species — Nafion fragments,
hydronium ions and water molecules. Because of the com-
plexity of the real system, MD simulations are always per-
formed on a reasonably simplified model. The long carbon-
fluoride skeleton of the Nafion membrane is repeated and
can be truncated; the pendant side chain attached to the
main skeleton has to be maintained to avoid affecting the
original characteristics of proton conduction. In our simula-
tion, the Nafion fragment is composed of two monomers,
that means each fragment has two sulphonic-acid (SO3)
groups and 32 carbon-fluorine (CF,) along the backbone.
Figure 2 shows the simplified Nafion fragment in the simula-
tion and the initial configuration of the fragment was con-
structed by a semi-empirical charge distribution method
using quantum chemical calculation [28]. In the diagram,
we denote the oxygen atom between carbon atoms as O,,
and those three oxygen atoms connected to the sulphur atom
as Os.

Each proton that migrates inside the electrolyte is assumed
to form a hydronium ion (H;O") with one water molecule.
The hydronium ion is the simplest type of an oxonium ion,
which migrates towards the cathode by the vehicle and the
Grotthus mechanisms [29]. To maintain electrical neutrality,
the number of H;O" is assigned to equal the number of sul-

e

ﬁmw

Fig. 2 Molecular structure of a model Nafion fragment used in the molec-
ular simulation; this structure corresponds to x = 7, y = 2 and z = 1 of the
chemical structure shown in Figure 1 (F, fluorine; C, carbon; S, sulphur;
O, ether-like oxygens in the side chain; O3, oxygens in the sulphonic-acid

group).

phonic-acid groups. The simulation system contains nine
Nafion fragments (18 SO; groups), 18 hydronium ions and
234 water molecules. The water content corresponds to 14
water molecules per sulphonic-acid group (4 = 14, where 4
denotes the number of water molecules per sulphonic-acid
group) and water molecules are distributed randomly inside
the simulation system in the beginning.

2.2 Molecular Simulation

The total potential energy in the system consists of the
intra-molecular, inter-molecular potentials and the kinetic
energy. The intra-molecular potential consists of the bond
potential, the valence angle potential and the dihedral angle
potential. Their potential functions are as follows:

Upond ("ij) = %b (Vi]‘ - 70)2 (1)
Unnge(6) =2 (cos0 — cos ) @
Udgihedral (@) = A[l + cos (Mo — 5)} 3)

where 7;; is the distance between atoms i and j; 6 and ¢ are
the bond and the torsion angles; ky,, k, are the force para-
meters of the bond and the angle potentials, respectively; A,
M and ¢ are the parameters in the dihedral potential function.
These parameters were evaluated from the Dreiding force
field developed by Mayo et al [30]. The inter-molecular
potential includes the van der Waals (vdW) potential and the
electrostatic potential. The Eward summation method [31]
was used to deal with the electrostatic potential at the peri-
odic boundary condition. The vdW force was expressed by
the typical 12-6 Lennard-Jones function:

ot (3)- 3

where 2 and b are the vdW coefficients. The rigid three-site
SPC/E (simple point charge extended) model [32] was
adopted for water molecules because of its satisfactory agree-
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ment with the experimental results under ambient conditions.
The force-field parameters of the hydronium ion were
obtained from classical force fields presented by Burykin and
Warshel [33].

MD simulations were conducted on an IBM P690 worksta-
tion using the software DL_POLY [34]. A period of 1.5 ns
NPT (constant number of particles, constant pressure and
constant temperature) ensemble simulation was performed to
adjust the simulation system to reach a proper density. The
NPT simulation was followed by another 1.5 ns NVT (con-
stant number of particles, constant volume and constant tem-
perature) simulation. Four cases of electric fields at O,
2.5 x 10°, 5.0 x 10° and 7.5 x 10> V m™" were applied along
the X-axis of the simulation cell during the NVT simulation.
The temperature of the system was set at 300 K (27 °C) and
was maintained by a Berendsen thermostat [35] with a relaxa-
tion period 1 ps. The Lennard-Jones and electrostatic poten-
tials were truncated at 10 A, and the equations of motion
were solved with a Verlet scheme [36] with a time step 1 fs.
All covalent bonds were kept rigid with the SHAKE algo-

rithm [37] and three-dimensional periodic boundary condi-
tions were applied all the time in the simulation.

3 Results and Discussion
3.1 System Equilibration

The calculated density of the equilibrated system is
1.72 g cm™ from the NPT simulation. This value agrees well
with the experimental value, which is ~1.76 g cm™ at 300 K
[38], with the same water content (14 water molecules per sul-
phonic-acid group). This value is also in reasonable agree-
ment with 1.68 g cm™ reported by Blake et al. [24], and
166 g cm™ reported by Venkatnathan et al. [27] at the same
temperature. The equilibration of the system can be checked
by monitoring the total potential energy during the 1.5-ns
NVT simulation. Figure 3 shows that the total potential
energy is converged in each simulation case and the fluctua-
tions in the total potential energy output are less than +5%.
The electrostatic potential energy contributes more than 50%
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S 2000} Angle S 2000 Angle
£ £
© Bond ©
[ — L TIPS ——
=~ Dihedral = Dihedral
> e e > - S —
o Total o Total
@ -2000 - @ -2000 =
[=4 [=
w w
-4000 0=
Electrostatic Electrostatic
e e s - e
1 3§ | 1 1 I ] L " L 1 1 i 1
8000 300 800 B00 1200 1500 -6000g 300 00 800 1200 1500
Time / ps Time / ps
T -1 I S 3 T -1
(a)0Vm (b) 2.5x%10° Vm
8000 r 5000 -
4000 so0o b
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| ——edayg b Bow
s L Dihedral 3 Dihedral
3 Tol & T g
g—zuua: 2 2000
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Time / ps

(d) 7.5410° Vm’

Fig. 3 Total potential energy including all the detailed potentials and electrostatic effect for different electric field strengths: (a) OV m™, (b)

25%x10° Vm™,(c) 5.0 x 10°Vm™ and (d) 7.5 x 10° V m™" at 300 K.
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of the total potential energy; that means the influence of the
Coulombic force is the most significant while the dihedral
potential is the most insignificant.

3.2 Membrane Morphology Analysis

Figure 4(a) shows the initial system configuration at the
beginning of the 1.5-ns NVT simulation. Final snapshots of
the simulation without and with an electric field of
75 x 10> Vm™ can be seen in Figures 4(b) and (c). Fig-
ure 4(a) shows that the water molecules and hydronium ions
are randomly assigned to distribute in the system, and the
hydrated Nafion membrane starts to form a phase separation

Nafion fragments
Water molecules

i
ot Bu'-‘-!‘.' SO; groups
™

Electric field vector

Fig. 4 (a) Initial system configuration of the 1.5-ns NVT simulation, (b)
final sncnpshots of the simulation system without electric field and (c)
final anfshots of the simulation system with an electric field of
7.5x 10° V m™ (water molecules are represented by grey balls, hydro-
nium ions are circled by solid lines; sulphonic-acid groups are pointed out
by dotted circles; Nafion fragments are in white clouds).

of hydrophobic and hydrophilic regions as shown in Fig-
ure 4(b). The hydrophobic region is composed of the back-
bone of the Nafion (in white clouds), while the hydrophilic
region contains sulphonic-acid groups (pointed out by dotted
circles), water molecules (grey balls) and hydronium ions
(circled by solid lines). Water molecules aggregate as clusters
and move to the hydrophilic sulphonic-acid group regions,
while hydronium ions are dragged by the water molecules
and travel along the complex channel as circled by the black
polygon in the diagram. With an applied electric field along
the X-direction, a significant molecular structure change of
the membrane can be observed from Figure 4(c) the sulpho-
nic-acid groups tend to stretch along the X-direction. The
water molecules generate several straight flow channels and
also let hydronium ions travel through them along the electric
field direction.

3.3 Molecular Structure Analysis

The radial distribution function (RDF), denoted as g(r), is
an indication of the local molecular structure and is defined
mathematically in MD by

() = o A0 ®)

EN pV(r,Ar)
where angular brackets indicate a temporal average; N(r,Ar)
is the number of atoms within a spherical shell of radius
between r and r + Ar; N the total number of atoms in the sys-
tem; p the number density and V(r,Ar) is the volume of the
shell. Figure 5 shows the RDFs of molecule pairs of carbon-
water, fluorine-water and ether-like oxygen (O,)-water for
different electric field strengths at 300 K. It can be found that
the RDFs in all cases increase with the radius and all tracks
approach a value less than unity; revealing that these three
atoms, C, F and O, in the Nafion, are hydrophobic in the
molecular structure. The enlarged views show that the stron-
ger the electric field, the lower the RDF. The RDFs of oxygen
atoms (denoted by Os) in sulphonic-acid groups with respect
to water molecules and hydronium ions under different
strength of the electric field are shown in Figure 6. The first
peaks appeared at the radius of about 2.5 and 3.2 A for water
molecules and hydronium ions respectively; indicating that
both water and hydronium ions tend to aggregate near the
sulphonic-acid groups. Local enlarged diagrams reveal that
the stronger the electric field, the higher the peaks, explaining
that the electric field has a strong positive effect on the elec-
tro-osmotic mechanism near the hydrophilic part. Fig-
ures 7(a) and (b) show the RDFs of molecule pairs of water—
water and water-hydronium ion for different strengths of
electric field at 300 K; noticeable peaks imply that water
molecules not only tend to form water clusters but can also
be dragged by the hydronium ion. The electro-osmotic effect
can be described by an electro-osmotic drag coefficient which
is defined by the number of water molecules dragged by each
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hydronium ion within the membrane. Using Figure 7(b), we
can extend the interpretation of the number density ratio
between the molecule pairs Oy o+ — Op,0 at the first peak to
evaluate the microscopic electro-osmotic drag coefficient. The
predicted water drag coefficients are 1.73, 1.74, 1.76 and
1.78 for the electric fields at 0, 2.5 x 10°, 5.0 x 10° and
7.5 x 10* V.m™, respectively. This electro-osmotic effect
proved to be proportional to the applied voltage.
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Fig. 6 RDFs of (a) O3 — O, and (b) O3 — Oy, o+ pairs for different elec-
tric field strengths (0, 2.5 x 10%, 5.0 x 10° and 7.5 x 10* Vm™) at
300 K. The local enlarged views show the magnitude and the exact posi-
tion of the peaks.

3.4 Molecular Mobility Analysis

The molecular mobility of water molecules and hydro-
nium ions can be analysed using the mean square displace-
ment (MSD), which is defined by:

N
MSD = > ([t + 6~ 7)) (6)

where N is the number of atoms in the simulation system,
7, (t) the position vector of atom n at time ¢ and fy is the initial
time step. Figure 8 shows the MSD plots of hydronium ions
and water molecules under different electric field strengths at
300 K. The linearly increasing tendency of MSD curves infers
that the hydronium ions and water molecules diffuse con-
tinuously in the system during the simulation. With increase
in the electric field strength, both hydronium ions and water
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molecules show a greater slope of MSD curves, indicating
that greater mobility can be achieved by the greater field
strength. The mobility can be quantified by a diffusion coeffi-
cient, which is evaluated from the Green—-Kubo relation:

D= k;—T J5 Vace(t)dt (7)

where kg is the Boltzmann constant, T the system tempera-
ture, m the atomic weight and Vacg(t) is the velocity autocor-
relation function at time ¢. Table 1 shows the calculated diffu-
sion coefficients of hydronium ions and water molecules at
each electric field strength. The predicted value agrees well
with the experimental result reported by Zawodzinski et al.
[39]. As was expected, the external electric field induces a rise
in the diffusion coefficients. A conclusion can be reached that
the stronger the electric field strength, the greater the molecu-
lar diffusion coefficients.
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Fig. 8 MSDs of (a) hydronium ions and (b) water molecules for different
electric field strengths (0, 2.5 x 10%, 5.0 x 10° and 7.5 x 10° V. m™") at
300 K.

Table 1 Diffusion coefficients of hydronium ions (H30*) and water mole-
cules (H20) ot different electric field strengths.

Diffusion coefficients (x10° m? s™)

Electric field strength (x 10° V m™)

H;0" H,O
0 0.18 0.44
2.5 1.79 0.79
5.0 1.94 0.86
7.5 233 1.38

Figure 9 shows the three-dimensional moving trajectories
of a specific hydronium ion (represented by the oxygen atom
of the H;O") and several sulphonic-acid groups (represented
by the sulphur atoms of RSOj5) without and with an electric
field of 7.5 x 10° V. m™. The small white spheres are trajec-
tories of the hydronium ion and the large dark spheres are
trajectories of the sulphonic-acid groups during the simula-
tion. Figure 9(a) shows that the migration of the specific
hydronium ion occurred only between the sulphonic-acid
groups in a corner. With an applied electric field, the hydro-
niums generate an elongated flow channel along the sulpho-
nic-acid groups, as shown in Figure 9(b). This is because the

22  ©2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.fuelcells.wiley-vch.de FUEL CELLS 10, 2010, No. 1, 17-25



Chen, Hong: Nanoscale Transport Dynamics inside a Hydrated Nafion Membrane with Electric Field Effects Fue' Cel Is

Fig. 9 Three-dimensional trajectory of a specific hydronium ion and sev-
eral sulphonic-acid groups (a) without and (b) with an electric field of
7.5 x 10° V m™ during the simulation (white sphere: oxygen atom of the
hydronium ion; dark sphere: sulphur atom of the sulphonic-acid group).

charged sulphonic-acid groups are stretched by the electric
field more in the direction of the X-axis in comparison with
those in Figure 9(a). We can draw a second conclusion here
that the diffusion path of the hydronium ions is via the chan-
nel between the sulphonic-acid groups and the mobility of
hydronium ions can be promoted by applying the electric
field whose direction is from the anode to the cathode
(X-direction in the diagram).

3.5 Water Cluster Analysis

The determination of a water cluster can be evaluated from
the distance between different oxygen atoms from different
water molecules. Water molecules belong to the same cluster
if their distance is less than 3.5 A. Figure 10 shows the distri-
bution of water molecule number in each water cluster versus
water cluster number for different electric field strengths; the
number of water clusters decreases with increase in the
strength of the electric field as the arrows indicated on
the diagram. Table 2 shows the size of each water cluster and
the average number of water molecules around a specific sul-
phonic-acid group. The average number of water molecules
involved in each cluster increases with increase in the
strength of the electric field; implying that the cluster size
grows under the influence of the electric field. Water mole-
cules are considered to form a hydrophilic aggregation with
the sulphonic-acid groups when the distance between the
oxygen atom of RSO3 and the oxygen atom of water mole-
cules is less than 2.5 A. The chosen value at 2.5 A corre-
sponds to the first hydration shell around the sulphonic-acid
groups. As displayed in Table 2, the number of water mole-
cules around a specific sulphonic-acid group increases with
the electric field strength. The conclusion is that the size of
the hydrophilic aggregation increases with increase in field
strength. The results in Table 2 also agree well with the mem-
brane morphology shown in Figure 4(c), where water mole-
cules and the sulphonic-acid groups are stretched to distri-
bute along the X-direction when an external electric field was
applied. This phenomenon causes a rise in the size of water
clusters and the hydrophilic aggregation.

4 Conclusion

A hydrated Nafion membrane under different strengths of
electric field (0, 2.5 x 10%, 5.0 x 10° and 7.5 x 10° V m™) has
been investigated by means of molecular simulation tech-
niques. In addition to the formation of hydrophobic and
hydrophilic regions inside the membrane, the structure
change in the membrane morphology takes place when the
applied electric field is applied. It is found that water mole-
cules, hydronium ions and the sulphonic-acid groups distri-
bute along the X-direction of the simulation cell due to the
same direction of the electric field. With increase in the
strength of the electric field, the mobilities of hydronium ions

Table 2 Average number of water molecules in each water cluster and
around a specific sulphonic-acid group (RSO3 )

Number of water molecules

Electric field strength (x10° V m™) In each water Around a specific

cluster RSO3
0 3.44 242
213 3.48 2.70
5.0 3.53 2.87
7.5 3.73 3.65
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decreases while the size of water clusters increases with
increase in the electric field strength. The size of the hydro-
philic aggregation also increases with increase in field
strength. This paper has established a molecular simulation
technique to investigate the electric field effect on transport
dynamics inside the Nafion membrane. Manipulation of an
external electric field around the fuel cell is proved to be an
effective way to promote the diffusion of charged ions, and
hence the ionic conductivity.
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Abstract

Water transport in an operating PEM fuel cell was investi-
gated with synchrotron X-ray radiography with a spatial
resolution of 3 um and a temporal resolution of 5s. This
method allows for the detection of water accumulations with
less than 10 pm diameter. We demonstrate that synchrotron
X-ray imaging can dramatically expand the possibilities of
imaging with high spatial and time resolution, especially as
a complement to neutron radiography. Water transport pro-
cesses from the first appearance of small water accumula-
tions in the gas diffusion layer to their transport into the

1 Introduction

During the past decade, the global demand for energy has
exploded, raising the need for highly efficient energy conver-
sion that combines with new technologies to satisfy the need
for safe energy supplies [1-3]. Fuel cell technology has the
advantage of directly converting chemical energy into electri-
cal and thermal energy without noise or hazardous emissions
and contributes to a safe, sustainable energy supply.

Low temperature polymer electrolyte membrane (PEM)
fuel cells are the most promising candidates for future appli-
cations in mobile and stationary applications [1-3]. In PEM
fuel cells, hydrogen and oxygen react to form water and, due
to the separation of the anodic and cathodic processes, electri-
cal energy. Protons migrate through the membrane and
recombine with oxygen on the surface of the cathodic catalyst
where oxygen is reduced and forms water (see schematic
drawing of a typical cross section through a PEM fuel cell in
Figure 1).

channel system were analysed in situ. Correlations between
local effects such as water formation and operating condi-
tions of the whole system, e.g. power variations, were found.
A recently described eruptive water transport mechanism is
analysed in detail.

Keywords: Fuel Cell, Gas Diffusion Layer, Imaging, Syn-
chrotron X-ray Radiography, Two-phase Flow, Water
Transport

In PEM fuel cells, liquid water plays a crucial role. On the
one hand, only the wet membrane is proton conductive; a dry
polymer membrane changes its structure and the conductiv-

Anode Cathode

Metal plate
Flowfle\d GDL PEM GDL Flowfleld
Synchrmron X-rays

1/204(g)
2(9 2H* + 2e
2H* + 2e" H O(I)

Fig. 1 Schematic drawing of a typical cross-section through a PEM fuel
cell. 85 x 44 mm (600 x 600 DPI)
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ity of the membrane collapses. On the other hand, flooding is
a significant source of power losses during fuel cell operation
[1-5]. If the catalyst layer and the adjacent gas diffusion layer
are filled with liquid water, the transport of reactant and
product gases (O,, H, and H,0O) is strongly hindered and the
supply of the reactive area, i.e. the catalyst, is reduced. Thus,
a well-balanced water management, ie. wet conditions
coupled with simultaneous fast transport of product water, at
any operating condition is an important aspect of develop-
ment and, along with the choice of the membrane materials, a
major challenge for the efficiency and lifetime of PEM fuel
cells [6].

In the past few years, interest in these issues has been
increasing continuously and many advances have been made
in this field. However, a complete insight into the fundamen-
tal processes of liquid water development and transport is
still missing, hampering a specific strategy for component
development.

Besides the flow field and membrane, the GDL is a key
component which can help to control the humidification of
the membrane and can be employed to support the fast trans-
fer of liquid water from the catalyst to the flow field channel.
The most commonly used GDL materials consist of carbon
fibres that are a few micrometre thick and are more or less
arbitrarily distributed. This results in typical porosities of
60-80% with pore sizes of 10 um in diameter. The carbon
fibres are normally coated with a hydrophobic material such
as poly-tetrafluorethylene (PTFE) in order to prevent the
development of a thin film of liquid water at the catalyst. The
structure of a sophisticated GDL material can be very com-
plex and varies depending on the required properties for the
corresponding fuel cell. However, the high complexity of the
interaction between environmental conditions inside a fuel
cell and materials properties do not allow for a sufficiently
detailed prediction of water development and transport.
Development of advanced models that describe the water
transport under any operating condition is therefore desir-
able. For this task it is essential to obtain insights into the fun-
damental mechanisms of water transport in the GDL pore
network that act as a channel system for the flowing liquid
water.

Although progresses in water transport simulations were
achieved [7-23], until now only a few techniques for in situ
investigations have been available. Preparation of special fuel
cell setups, e.g. with optically transparent components, is
possible [24-26] but introduces distortions into the system
and provides only limited access to the water transport inside
the GDL which is not transparent. In the past, neutron radio-
graphy has been found to be very useful for in situ investiga-
tions of the transport of water in the flowfields and the water
saturation in the GDLs [27-41]. The high penetration depths
into many materials — especially metals — and the comparable
high attenuation coefficient of hydrogen makes neutron im-
aging an excellent technique for investigation of the distribu-
tion of hydrogen-containing materials, e.g. behind metallic
components [42, 43], in general. For investigations of small

fuel cells, magnetic resonance imaging was applied very suc-
cessfully [44—46].

One of the main drawbacks of neutron imaging is the
rather low spatial resolution of typically 100-250 um [42].
Recent achievements in detector development enable spatial
resolutions down to about 20-50 um [36, 37]. However, rather
theneutron flux of less than 10° mm™ s™ available even at
the best neutron sources limits the signal-to-noise ratio and
makes long exposure times of typically 2-30 min necessary
for high resolution measurements. This is not sufficient for
fast investigations of the water formation and transport
dynamics in the small pores of the GDL or the transition step
of water from the GDL to the channel. Even if the spatial res-
olution is very close to the typical pore sizes of around 10 to
50 um, a time resolution of a few seconds is not achievable.

Imaging instruments at synchrotron X-ray sources do not
have these limitations. They are very suitable for investiga-
tions of small areas (around a few mm) with a spatial res-
olution of a few um. The comparable high X-ray flux, typical-
ly between 10" and 10" photons/(mm? s) and sometimes
more depending on the instrument setup, provides sufficient
signal-to-noise-ratio even at short exposure times of a few
seconds. However, X-rays are strongly attenuated by metals
and other components used in fuel cells.

In this paper investigations on the water transport behav-
iour in the GDL of an operating fuel cell are shown. A spatial
resolution of 3 um and a time resolution of 5 s were achieved
by using synchrotron X-ray radiography. Both the resolution
and the ability to perform measurements in an (almost)
unmodified and undisturbed system exhibit a unique method
to gain a realistic image of the transport and production of
liquid water [47, 48].

2 Experimental Setup
2.1 Synchrotron X-ray Imaging Facility

The experiments were performed at the tomography facil-
ity of the Helmholtz Centre Berlin (formerly Hahn-Meitner
Institute Berlin) and the Federal Institute of Materials
Research and Testing (BAM), the BAMline, which is located
at the synchrotron source BESSY in Berlin (Germany) [49]. A
W-Si multilayer monochromator with an energy resolution of
about AE/E =107 was used to obtain a monochromatic
X-ray beam with an energy of 13 keV. This energy was cho-
sen to provide good transmission through the prepared fuel
cell (for details see below) while maintaining sufficient sensi-
tivity to water i.e. the reduction in transmission by the water
is strong enough to visualise it without the use of any contrast
medium despite the strong absorption of the other fuel cell
components. A 2,048 x 2,048 pixel2 camera setup (Princeton
VersArray 2048B with a Gadox scintillator screen) was used
to capture image area sizes up to 7 x 7 mm” with pixel sizes
between 1.5 and 3.5 pm and a physical spatial resolution of
typically 3-8 pm. The measurement time per image was
around 4.8 s, consisting of 1 s exposure time and 3.8 s read-
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CCD detector

lens system

scintillator screen [ |

fuel cell
synchrotron x-rays

mirror

/X

Fig. 2 Schematic drawing of the experimental setup. 85 x 60 mm
(600 x 600 DPI)

out time. In this way, a good compromise between measure-
ment time and signal-to-noise ratio was achieved. A sche-
matic drawing of the radiography setup is shown in Figure 2.

The fuel cell was mounted on translation and rotation
stages. In this way, the region of interest could be selected
and the cell could also be driven to the side for the measure-
ment of flat field images, which are taken to eliminate inho-
mogenities in the beam intensity distribution. In the normali-
sation step, all radiographic images are divided by a
corresponding flat field image.

—

+——  8mm
Fig. 3 (a) Radiogram as obtained during the experiment. The flow field
channels on the cathode and anode side can be seen. (b) A radiogram
normalised with respect to a Ai dryAi cell. The white spots in the image
can be assigned to water clusters in GDL material and flow field channels.
However, the dry cell still contained some residual water that can be iden-
tified as black areas in image (b). In this case, a large droplet was located
in the anodic flow field channel and was removed after the fuel cell was
started (see text for further description). Thus, it can be identified as Ai
negativeAi (black) water accumulation. 85 x 142 mm (600 x 600 DPI)

2.2 Fuel Cells

A single cell setup was used for all measurements; the anodic
and cathodic threefold serpentine flow fields with 1 mm wide
channels and ribs and an active area of 100 cm* were
machined in separate blank graphite composite plates (SGL
Carbon) with the cooling water distribution field grafted into
the cathodic part. GORE PRIMEA 5620 membrane electrode
assemblies with a platinum loading of 0.3 mg cm™ on the
anode and 0.4 mg cm™ on the cathode side were employed
(Certain trade names and products are mentioned in the text
in order to specify the experimental setup and procedure. In
no case does such an identification imply recommendation or
endorsement nor does it imply that these materials are neces-
sarily the best available for the application.

SGL Carbon 10 BB material was used as the GDL (Certain
trade names and products are mentioned in the text in order
to specify the experimental setup and procedure. In no case
does such an identification imply recommendation or en-
dorsement nor does it imply that these materials are necessar-
ily the best available for the application.)

The operating cell was investigated through small holes of
8 mm diameter in the metallic end-plates of the cell that were
carefully sealed. Liquid water from the cooling bypassed
these positions. The flow field and the other components
remained completely unmodified. Thus, the slight modifica-
tion of the housing does not influence the thermal and electri-
cal conductivity of the components and the water develop-
ment and transport in the cell.

3 Experimental Results

A typical raw image as obtained during the experiment is
shown in Figure 3a. The flow field channels on the cathode
and anode side can be seen. The best way to derive the water
distribution from this image is normalisation with respect to
a radiogram of a ‘dry’ cell. This way, the pure liquid water
distribution is obtained (Fig. 3b). The white spots in the
image can be assigned to water clusters in GDL material and
flow field channels (white arrows). In most cases, the image
used for normalisation is not completely ‘dry” — a few water
droplets might remain in the GDL or even the channels.
These can be identified as black areas in this image (black
arrows). The reason for this is that the initial image of a dry
cell cannot always be used for all measurements due to me-
chanical creep and thermal expansion of the setup which
slightly changes the location of the cell. These effects make it
impossible to keep the setup at a constant position within the
required accuracy of around 1 um for long periods of time. In
the example shown in Figure 3b, a large (around 1 mm diam-
eter) water droplet was located in the anodic flow field chan-
nel and was removed after the fuel cell was started again
causing ‘negative’ water accumulations in the normalised
radiogram. ‘Negative’ means in this context that there is less
water at this specific location in an operating cell than in the
‘dry’ cell.
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a b)

— —_—

100 mm —— — 7 mm

Fig. 4 Complementarity of neutron and synchrotron X-ray radiography:
(a) Neutron radiogram of the whole active area of a PEM fuel cell and (b)
synchrotron X-ray radiogram of one part of the same cell with high spatial
resolution around a few #m. 85 x 52 mm (600 x 600 DPI)

Figure 4 compares neutron and synchrotron X-ray radio-
graphy for fuel cell research in order to demonstrate the com-
plementarity of the techniques. Neutron radiography is able
to map the whole active area of the cell in the order of 100 to
200 cm?. The metallic and carbon components can be pene-
trated by the neutrons at all locations. On the other side, syn-
chrotron X-ray radiography is employed to investigate one
part of the cell with very high spatial resolution.

Since the advantages of neutron imaging are well known,
we would like to demonstrate the specific strengths of syn-
chrotron X-ray radiography in more detail. Figure 5 shows a
comparison of the achievable spatial resolution between syn-

— 22mm —

Fig. 5 Comparison of the image qudlities obtained with neutron and with
synchrotron X-ray radiography for fast measurements with time resolu-
tions around a few seconds. The same location within the same fuel cell
was investigated by (a) neutron radiography and (b) synchrotron
X-ray radiography. Corresponding enlargements of the black marked
areas in (a) and (b) are shown in (c) and (d), respectively. 85 x 87 mm
(600 x 600 DPI)

chrotron X-ray and neutron radiography. All images were
taken from the same area of the same fuel cell. The exposure
time was 1 s for the synchrotron X-ray radiographic images
and 10 s for the neutron radiographic images. Read-out time
was 3.8 s in both cases. Although at long exposure times of
around a few minutes image quality is excellent and impor-
tant information about the saturation of the GDL and its dis-
tribution can be obtained [36, 37], a detailed analysis of the
exact water formation in the GDL pores and the correlated
fast transport processes within the GDL is a challenge nor-
mally beyond the potential of neutron imaging. This can be
derived from the neutron radiography image shown in
Figure 5a, which was taken with an exposure time of only
10 s. Some small droplets in the channels can be seen and the
overall saturation in the GDL might be derived from the
image. However, it is practically impossible to see the small
water accumulations in the GDL pores. Although a maximum
achievable spatial resolution of around 70 pm was possible
with this setup, the modulation transfer function gives a spa-
tial resolution in the range of around 150 pm in the shown
image caused by the limited count rate due to the short expo-
sure time. The rather low spatial resolution is mainly caused
by the weak signal and correlated low signal-to-noise ratio in
fast measurements. Image quality cannot be further increased
by increasing the spatial resolution.

This image is now compared to a synchrotron X-ray radio-
gram in Figure 5b. Enlargements of the areas marked in black
in Figure 5 a and b are displayed in Figure 5 c and d, respec-
tively. The differences between neutron and synchrotron
X-ray radiography are obvious. In the synchrotron X-ray
radiograms the water droplets are displayed with such a high
accuracy that even details like the droplets” contact angle at
the channel-material surface and the droplets’ orientation in
space can be determined. In addition, fine water accumula-
tions in the GDL pores which are typically between 20 to
40 um in diameter can be seen (see arrows in Figure 5 d). This
comparison clearly demonstrates the advantage of synchro-
tron X-ray radiography for fast and high resolution measure-
ments.

It should be mentioned that this method also has its limita-
tions: if, for example, some metallic components such as a
metal flow field are in the line of the beam the low X-ray
energy used here is not sufficient to penetrate the fuel cell.
On the other hand, at higher X-ray energies, where metals
can be penetrated easily, the attenuation of water is too small;
limitations in the signal-to-noise ratio then prevent the clear
visualisation of water. The following investigations demon-
strate the high potential of synchrotron X-ray radiography for
visualisation of water clusters in GDL materials.

Figure 6 a shows the evolution of liquid water accumulations
in the GDL. Additionally, an enlargement of the area marked in
white is given in Figure 6 b. The fuel cell was started at almost
dry condition. The time interval between the images was 81.6 s,
after which some water accumulations in the GDL appear. These
first accumulations start beneath the land (rib) of the flow field.
These initial spots of liquid water formation are located beneath
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Fig. 6 (a) Evolution of liquid water accumulation. The imaged area corresponds to the area
marked with a white square in Figure 3. The time is given in multiples of 81.6 s. The fuel cell was
started at an almost dry state. After about 7 x 81.6 s almost stationary conditions were achieved
(the white rectangle denotes the area for the quantification in Figure 7). (b) Corresponding
sequence with an enlarged field of view (area marked by a black square in Figure éa).

85 x 85 mm (600 x 600 DPI)

the land (ribs) of the flow field. Hardly any water can be seen in
the GDL beneath the channel. However, inside the channels a
few water droplets can be found at the channel edges. After
2 x 81.6 s the size and amount of the water accumulations

land channel land

, 816s
i —1632s
L 100f —4080s 1
& —6528s
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= o5t .
-
o
€ |
3 90 ] AR
e
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85 1 L 1 1 1
0 1000 2000 3000 4000

Location / ym

Fig. 7 Quantification of the water distribution along the location marked
by a white rectangle in Figure 6 a (top right image). 85 x 67 mm
(600 x 600 DPI)

increased. After about 10 min. (7 x 81.6 s)
almost stationary conditions —near equilib-
rium — are reached and the water satura-
tion does not increase any more.

Along the black rectangle in Figure 6a
(image at the bottom right) horizontal
cross sections were taken (approx. 100
horizontal lines were summed up) and
the intensities are displayed as line
graphs in Figure 7. As mentioned above,
water accumulates first in the GDL
below the land. Inside the channel, only
a few water droplets at the side of the
flow field channels were found.

An interesting feature is the fast drop-
let building in the flow field channel. The
white arrows in Figure 6a mark the posi-
tion of such a droplet formation event in
the flowfield channel. These processes do
not occur completely arbitrarily, but have
a specific repetition rate that is correlated
with the operating conditions of the fuel
cell. This will be shown in the next exam-
ple where the water transport behaviour
on a much shorter time scale is investi-
gated.

Figure 8a shows again the same area
in the fuel cell, but with smaller time
steps of 4.8 s (the time resolution). At
first, water has accumulated in the GDL
pores (black spots disappear while more
white spots appear). After the accumula-
tion reached a specific level, the water
was expelled into the channels where it
formed two droplets (white arrows). As can be seen, the
droplet formation occurs from one image to the other within
a time interval below the time resolution of 4.8 s. The droplets
evaporate within the next 10-15 s. A 100% relative humidity
has not been reached and the droplets can evaporate.

Figure 9 shows a schematic drawing of this eruptive trans-
port. Firstly, water accumulates in the pores of the GDL until
a specific amount is reached. Then, within a few seconds or
even less, one part of the water is expelled and forms a drop-
let at the channel wall.

The whole sequence of Figure 8a repeats again after some
time is passed. The process is periodic with an almost con-
stant time period. This is demonstrated in Figure 8b. This
image series shows the same location after 105.6s. It is
remarkable that the images are almost identical to those in
Figure 8a. The overall periodicity is kept during the entire
observation time of more than 45 min. This water transport
mechanism is very sensitive to changes in the operating
parameters as will be shown in the next example.

The image series in Figure 10 was taken during transition
from one operating condition to another. The series shows
one of the eruptive water transport channels with time inter-
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105.6s+0s 105.6s+48s
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Fig.8 Two sequences showing the eruptive water transport found in
Figure 6 with smaller time steps (4.8 s between succeeding images) at the
same location. Both sequences show eruptive water expulsion from pores
inside the GDL to the cathodic flow field channel. The droplets in the flow
field channels are marked by arrows. Sequence (b) was measured after
105.6 s. It can be clearly seen that both image series are almost identical,
i.e. the eruptive process is periodic. 85 x 106 mm (600 x 600 DPI)

vals of 4.8 s between succeeding images. Each eruptive event
is marked by a white arrow. At the beginning of this series,
specific operating conditions have been set (uc =25%,
Ua = 95%, ip = 500 mA cm™>) from which one of the parame-
ters — the anodic utilisation rate us — was slightly changed
from 95 to 97.5%. The system needs some time, before
changes in the operating parameters affect the water trans-
port behaviour as can be derived from Figure 10. At first, the
repetition time of the eruption cycle was about 40 * 5 s. After
around 200 s (40 images), the repetition time decreases slowly
toabout25 £ 5 s.

Fig. 9 Schematic drawing explaining the eruptive water transport. Water
in the GDL is expelled within less than 5 s into the flow field where it forms
adroplet. 85 x 41 mm (600 x 600 DPI)

In addition, the water eruption behaviour was altered.
Beginning from the cycle marked by a white circle, the drop-
let does not appear immediately with maximum size but
seems to grow over a time scale of around 10 to 15 s. Then it
disappears suddenly. The time scale of only about 5 s seems
to be too small for droplet evaporation. It is possible that the
droplet size increases to a specific level where the resistance
of the air flow is high enough to drive it away. Alternatively,
another droplet wandering through the channel could be the
reason (‘avalanche’ effect).

After about 230 s, a very interesting new effect is observed:
a second ‘transport channel” opens (black arrow) just below
the old one and changes the overall water transport behav-
iour, a detailed discussion will be given below.

The periodic behaviour of the water droplet eruption
(Fig. 8 and 10) can be well illustrated by monitoring the local
water thickness at the droplet’s position as a function of time
as shown in Figure 11 a and b. Each up and down sequence
marks an entire cycle of water expulsion into the channel
with subsequent evaporation of the water droplet.

The correlation between the water droplet formation in the
channel and water agglomerations in the GDL is illustrated
in Figure 11 ¢, where the local water thickness at the marked
location in the GDL (see black arrows) was monitored. For
comparison, the corresponding water thickness at the droplet
position is shown as well and reveals the strong correlation:
period times are identical and the water thickness in the GDL
is reduced once a droplet in the channel evolves at the same
time.

4 Discussion

The observation of the first appearance of water clusters
beneath the lands (ribs) of the flow field is in accordance with
theoretical predictions, for example by Kulikovsky et al. [50].
The effect can be explained by an interplay of several factors
such as, e.g., compression of the GDL below the land, leading
to a reduced porosity and extended pathway lengths for
product and reactant gases.

The observations concerning the eruptive water transport
mechanism are in agreement with the recent findings by
Djilali and coworkers [51-54], who used fluorescent imaging
to follow the water transport in GDL materials. They found
quick ejection of droplets from the GDL very similar to the
findings here. The observation can be explained as follows:
water is transported through the paths with least resistance.
Due to inhomogenities in the GDL, surface water emerges at
preferential locations, e.g. locations with a comparatively
large hole in the fibre network. It should also be mentioned
that Owejan et al. found hints for an eruptive water transport
using neutron radiography [41].

The opening of a new ‘transport channel’ as indicated in
Figure 10 (green arrow) could be explained by changes in the
pressure distribution within the water-filled GDL due to the
changed operating parameters [52]. The amount of liquid
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Fig. 10 Eruptive water expulsion from the gas diffusion layer to the cathodic flow field chan-
nel: The images show the water distribution in a small area of about 1.4 x 1.2 mm? It is a
sequence of succeeding images with a time separation of 4.8 s. At the beginning (t = O s) the
cathodic utilisation rate was increased from 95 to 97.5%. This yields an increase in the repeti-
tion rate of the eruptive process. After around 200 s, a second transport channel was opened
around 0.5 mm below the first channel (location is marked by a black arrow).

E§ b1

%1801 LT BER

g1000 LR ‘ \ |

£ o Mt |

. = T T 1

§ .'LL\.’LLJLL-L
: 400 500 600

Time /s

£ c) —=— channel droplet

= 200 ~+ GDL droplet

% .

£ 100 .

S

550
Time /s

Fig 11 Temporal correlation between water content in the GDL pores and
in the corresponding flow field channel (large water droplet). Water accu-
mulations shown in the images in Figure 10 were quantified for a specific
time interval at the two locations marked by arrows. (b) amount of water
(transmission thickness) at the location of the droplet, (c) at a chosen loca-
tion with in the GDL. For comparison, the corresponding water accumula-
tion at the droplet position is also shown in (b). The GDL pore is slowly
filled until it is emptied very quickly. At the same time the water droplet
forms and is evaporated during the next 10-15s. 85x 71 mm
(600 x 600 DPI)

water produced in the cell strongly depends
on several parameters such as the current
density iy and the utilisation rates. A similar
observation was also described very recently
by Bazylak et al. in ex situ studies [52]. They
found that the process of the building of
breakthrough locations is dynamical. For
example, they observed that forming a new
breakthrough location could cause the old
breakthrough location to recede. These find-
ings are now supported by our in situ inves-
tigations.

5 Conclusion

We demonstrated the strength of synchro-
tron X-ray radiography to study liquid water
transport in fuel cells with a high level of
detail. Compared to neutron radiography,
only a rather small area can be investigated
and slight modifications have to be made to
the cell. However, synchrotron X-ray radio-
graphy represents the only technique for
investigations of fast water transport phe-
nomena in the pores of the GDL materials of
fuel cells. Thus, water accumulations less
than 10 pm in diameter were visualised in
situ. In addition, fast processes such as the
‘eruptive’ water droplet expulsion from the
GDL into the flow field channels were stud-
ied and could help to understand the underlying water trans-
port mechanisms.

Based on these findings, by synchrotron X-ray radiogra-
phy the development of sophisticated GDL materials and
flow fields as well as water transport models in fuel cell
research can be significantly affected. In future, spatial and
time resolution might be enhanced by at least one order of
magnitude. The quantification procedure could be further
optimised, for example by taking reference images of the dry
cell at various temperatures. The applied technique opens a
variety of possibilities for future material optimisation and
might serve as basis for simulation purposes.
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Abstract

New aromatic polyethers containing diphenylpyridine,
phosphinoxide and tetramethyl-biphenyl units have been
synthesised employing various comonomers’ ratios afford-
ing a complete series of soluble high molecular weight copo-
lymers. Their properties in respect to their potential as
electrolytes for high temperature PEM fuel cells were thor-
oughly investigated. All materials exhibit excellent film

1 Introduction

Fuel cells are interesting alternatives to existing power
conversion systems since they combine high efficiency with
the usage of renewable fuels. Fuel cells can generate power
from a fraction of a watt to hundreds of kilowatts so they
may be used in automotive, stationary, or portable applica-
tions [1, 2]. PEM fuel cells are the most attractive type of fuel
cell for many applications since they present mechanical sim-
plicity, quick start-up, high efficiency, modularity and versa-
tility [3]. The heart of a PEM fuel cell is composed of a
polymeric membrane that presents specific capabilities. Par-
ticularly, the fuel cell membrane must exhibit relatively high
proton conductivity, an adequate barrier to mixing of fuel
and reactant gases and should finally be chemically and
mechanically stable in the demanding fuel cell environment.

Typically, the membranes for low-temperature PEM fuel
cells are made of perfluorocarbon-sulfonic acid ionomers
(PFSA). The best material known is Nafion [4] produced by
DuPont, though similar materials have been developed for
commercial or development purposes by other manufac-
turers such as Asahi Glass (Flemion) or Asahi Chemical (Aci-
plex). The most extensive limitations of these materials arise
from the fact that they are proton-conductive only when they
are hydrated, which results in a maximum operating temper-

forming properties and mechanical integrity, high thermal
and oxidative stability in combination with the ability to
absorb phosphoric acid resulting in conductivities in the
range of 102 S cm™". A discussion on the effect of the chemi-
cal structure on the properties is also depicted herein.

Keywords: Copolymerisation, Films, Glass transition, Poly-
condensation, Polyethers

ature of around 80 °C under ambient pressure. The relatively
low operational temperature limits the activity and CO toler-
ance of the electro catalyst [5-7]. Other drawbacks of this type
of membranes are the need of permanent humidification,
high methanol crossover and limited mechanical stability [8].
The research for new polymeric materials that fulfil all the
prerequisites for applications in high temperature polymer
electrolyte membrane fuel cells is of utmost importance due
to the advantages that this operation offers over the conven-
tional fuel cells operating at temperatures up to 80 °C [9-11].
High demands are put on the polymer membrane because of
the harsh chemical conditions existing in the former case.
Thus, only few polymeric materials can efficiently withstand.
Up to now polybenzimidazole (PBI) proposed by Aharoni
and Litt [12] and investigated by Savinell and Wainright [13,
14] is the state of the art material that has been extensively
studied doped with a strong acid or base as a promising elec-
trolyte for high temperature PEM fuel cells. Phosphoric acid
doped PBI exhibits high thermal stability [15], low gas perme-
ability, almost zero water electro-osmotic drag, good mechan-
ical flexibility at elevated temperatures and high proton con-

[(1 Corresponding author, j.kallitsis@chemistry.upatras.gr
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ductivity [10, 16-18]. Although PBI based systems have
shown good cell performance [19-21], PBI presents serious
drawbacks like moderate mechanical properties and low oxi-
dative stability as indicated through the Fenton test [11, 22].

An alternative approach is based on the use of pyridine-
containing aromatic polyethers [23-26] that are able to be
doped with phosphoric acid and produce membranes with
proton conductivities in the range of 102 S cm™. At the same
time the oxidative stability of the membranes is exceptionally
good and they have been effectively used in polymer electro-
lyte fuel cells operating at up to 200 °C [27]. In this work we
present a comparative study of new polymeric materials hav-
ing different structural characteristics in order to examine the
influence of various structural parameters on the final mate-
rial properties and more specifically on their thermal transi-
tion temperature and their doping ability with phosphoric
acid.

The key target is the introduction of groups that can pro-
vide the desired properties to the product, so as to assure the
reliable operation for long time. Such functionalities are the
high thermal and oxidative stability, the mechanical integrity
and the ability to form proton conductive membranes after
doping with strong acids. The latter prerequisite is fulfilled
by the introduction of the polar pyridine moieties in the main
chain that are able to be protonated and moreover to form
complexes with strong acids. All the other functionalities are
met by the selection of the aromatic polyether structure of the
copolymers. Moreover, it is well known that phosphorus
compounds are excellent candidates for thermally stable
materials and that is why phosphinoxide groups along with
pyridine moieties were selected. The presence of the phos-
phorus compound plays an important role in the high perfor-
mance of thermally stable materials due to its ability to inhibit
ignition and promote char formation [28]. On the other hand,
the ability of the phosphinoxide group to interact with phos-
phoric acid makes these polymers promising candidates for
use in high temperature PEM fuel cells. The phosphorus-con-
taining polymers have been extensively synthesised and char-
acterised in order to investigate the improvement of thermal
properties and proton conductivity [23, 29-31]. Following this
approach, the new materials reported herein are aromatic
polyether copolymers bearing pyridine, as well as phosphin-
oxide groups, which both have the ability to interact with
phosphoric acid, resulting in materials with mechanical and
thermal stability, high acid uptake values and high proton
conductivity values.

2 Experimental Section
2.1 Materials

2,5-bis(4-hydroxy-phenyl) pyridine [23] and bis(4-fluoro-
phenyl)phenylphosphine oxide [32] were synthesised accord-
ing to the literature. Hydroquinone and 3,3’,5,5"-tetramethyl-
[1,1"-biphenyl]-4,4’-diol (98%) were purchased from Aldrich
and used as received. The solvents N,N-dimethylformamide

(99%), toluene (99.7%), methanol (99.8%) and K,COj3; (99+%)
were purchased from Aldrich or Merck and were used as
received unless otherwise noted.

2.2 Instrumentation

"H- NMR spectra were obtained on a Bruker Avance DPX
400 MHz spectrometer using deuterated CHCl; or DMSO,
having TMS as internal standard. Size excusion chromatogra-
phy (SEC) measurements were carried out using a Polymer
lab chromatographer equipped with two Ultra Styragel col-
umns (104, 500 A), UV detector (254 nm), and CHCI; as elu-
ent, at 25 °C with a flow rate of 1 ml min. Dynamic mechan-
ical analysis (DMA) measurements were conducted using a
solid state analyser RSA II, Rheometrics Scientific Ltd., in the
temperature range of 25-320 °C with 3 °C min™ at 10 Hz.
Thermogravimetric analysis (TGA) was performed on a TA
Instruments Thermogravimetric analyser model Q50 under
argon atmosphere in the temperature range 0-800 °C with
10 °C min™". Conductivity measurements were carried out by
the current interruption method using a potentiostat/galva-
nostat (EG and G model 273) and an oscillator (Hitachi model
V-650F).

2.3 Synthetic and Characterisation Procedures
2.3.1 General Procedure for the Synthesis of Copolymers I and 11

In a round bottom flask equipped with a Dean Stark trap
the required monomers, K,COj;, toluene and DMF were
added. The reaction mixtures were heated at 150-170 °C and
then at 180 °C for the time intervals that are specified below.
Thereafter, they were precipitated in MeOH/H,O mixtures,
filtrated, stirred in H,O at 60 °C, filtered, washed with H,O
and dried under high vacuum at 100 °C for 2 days. A repre-
sentative example for each case is given below.

Copolymer I (PyTMePO-Ig)

To a degassed round bottom flask 2,5-bis(4-hydroxy-phen-
yl) pyridine 0.40 g (1.52 mmol), 3,3",5,5"-tetramethyl-[1,1’-
biphenyl]-4,4’-diol 0.86 g (3.55 mmol), bis(4-fluorophenyl)-
phenylphosphine oxide 1.29 g (5.07 mmol), K,CO; 0.81 g
(5.87 mmol), DMF 15.9 mL and toluene 5.0 mL were added
and successively heated at 170 °C for 18 h and at 180 °C for
16 h under inert argon atmosphere. DMF 5.0 mL were added
to the viscous product to dilute it and this solution was preci-
pitated in a 20-fold excess of MeOH/H,O 5/1 mixture. The
polymer was filtered, stirred in H,O at 60 °C for 2 h, filtered
and washed with water and hexane and dried under high
vacuum for 2 day at 100 °C.

Copolymer IT (PyHQPO-IIe)

2,5-Bis(4-hydroxyphenyl)pyridine 090 g (3.44 mmol),
hydroquinone 0.04 g (0.38 mmol), bis(4-fluorophenyl)-phe-
nylphospine oxide 097 g (3.82 mmol), K,CO; 047 g
(4.43 mmol), DMF 12 ml and toluene 8 ml were added in a
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degassed round bottom flask. The reaction mixture was
heated for 24 h at 150 °C and for another 6 h at 180 °C under
argon atmosphere. The resulting viscous product was diluted
in DMF and precipitated in a 10-fold excess mixture of 2/1
MeOH/H,0. The obtained copolymer was washed with H,O
and hexane, and dried at 80 °C under reduced pressure for
1 day.

2.3.2 Membrane Preparation

The membranes were prepared from casting of 5 wt.-% co-
polymer’s solutions in dimethylacetamide in petri dishes and
the solvent was left to slowly evaporate at 80 °C. The result-
ing membranes were dried under vacuum at 160 °C for
3 days in order to remove any excess of the solvent. The
thickness of the membranes was about 60 pm.

2.3.3 Doping Procedure

The membranes were immersed into 85% H3PO, solution
at doping temperatures 80 and 100 °C and various doping
times (80-120 h) in order to obtain data concerning their dop-
ing behaviour and maximum doping level. The wet mem-
branes were wiped dry and quickly weighed on an analytical
balance until a constant acid uptake was obtained. The thick-
ness of the doped membranes was in the range of 70-80 pm.

2.3.4 Fenton’s Test

The oxidative stability (changes in structure, thermal and
mechanical properties) of the membranes was examined with
dynamic mechanical analysis and TGA after immersion of
the undoped samples into 3% H,O, aqueous solution contain-
ing 4 ppm FeCl, at 80 °C for 72 h.

2.3.5 Conductivity Measurements

The dependence of protonic conductivity versus the acid
doping level, as well as the temperature dependence of con-
ductivity at high doping levels were examined using the four
probe current interruption method. The cell consisted of four
platinum electrodes placed on one side of the polymeric

membrane. Two platinum foils were used to apply current to
the ends of the membrane while the other two were
employed to measure the potential drop along the film. This
cell was introduced in a stainless steel vessel. The relative
humidity was controlled by passing a mixture of humidified
and dry nitrogen through the cell and was measured at RT
using a hygrometer placed before the inlet of the gas. The
thickness of the doped membranes was 70-80 pm.

3 Results and Discussion

Based on our previous experience, the introduction of
polar pyridine groups in the main chain of an aromatic poly-
ether can result in film forming materials which combine
solubility with high mechanical and chemical stability and
ability to dope with acids [23-27, 31]. As an extension, in this
work, other type of aromatic polyethers has been studied,
which were obtained as a combination of different monomers
at various ratios. Thus, diol 1 (2,5-bis(4-hydroxy-phenyl) pyri-
dine) and the commercial 3,3’,5,5"-tetramethyl-[1,1"-biphe-
nyl]-4,4"-diol, or hydroquinone were copolymerised with
bis(4-fluorophenyl) phenylphosphine oxide under K,COj-
mediated direct nucleophilic substitution polycondensation
at elevated temperatures in DMF/toluene mixtures. The
structures of the resulted copolymers I and II prepared are
given in Scheme 1, where x denotes the feed of diol 1 in the
copolymerisation reaction.

These copolymers reported here were easily soluble in
common organic solvents like DMAc, DMF and CHCl; in all
compositions synthesised. Thus were characterised by means
of '"H NMR in respect to their structural perfection and mono-
mers’ ratio, as well as using size exclusion chromatography
(SEC) for their molecular characteristics.

Copolymers with various molar ratios of the 2,5-biphenyl-
pyridine diol in the main chain were synthesised. "H NMR
spectroscopy was used in order to confirm the proposed
structure and the copolymer composition. Figures 1(a) and 2
show representative 'H NMR spectra for the copolymers I
and II, respectively. For copolymers I, Figure 1(a), the compo-
sition calculation was based on the methyl protons (I) of the

{{»@@%@@@%

Copolymer I

1-x

QO

Copolymer 11

Scheme 1 Chemical structures of copolymers 1 and .
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Fig. T "H NMR of copolymer If with the assignment of the respective peaks in CDCl; (a)- before and (b)- after treatment with hydrogen peroxide in the
presence of ferrous ions (Fenton test).

ab cd e g_ho K o tetra methyl biphenyl unit, at 2.1
a i I yl biphenyl unit, at 2.1 ppm
o} P o} o P 1
Q e O O 4@—% _©_ _Q_ arlld the protons next to the pyr1d1r.1e
f a X 9l1x nitrogen (f) at 8.9 ppm. The results are in
close agreement with the initial comono-

i mers feed ratio as shown in Table 1. On
kN the other hand, for copolymers II, Fig-

CDCl, ure 2, the composition calculations were
based on the aromatic protons (k) of the
hydroquinone at 7.04 ppm and the pro-
tons near the pyridine nitrogen (f) at
8.9 ppm. Since the peak assigned to the
(k) protons was not always well distin-
guished, the whole integration of the
peaks representing the g and k protons
was used and the appropriate calcula-
tions followed. Again in the case of co-
JL polymers II, the results are in close agree-
, ' | | : | : : : : ment with the initial comonomers feed

9 8 7 6 5 4 3 2 1 #er ratio as depicted in Table 2. Varying the
Fig. 2 "H NMR of copolymer IIf with the assignment of the respective peaks in CDCl;. copolymerisation times and tempera-

H:0

b,h,i

38  ©2010WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.fuelcells.wiley-vch.de FUEL CELLS 10, 2010, No. 1, 35-44



Daletou et al.: Fully Aromatic Copolyethers for High Temperature Polymer Electrolyte Membrane Fuel Cells

Fuel Cells

Table 1 Molecular characteristics for copolymers-I.

Copolymer I Xteed”) xpavr? Mo M, My/M,°
Ia 20 18 13 800 25 700 1.8
b 40 40 16 150 30 000 1.8
Ic 40 37 19 700 41 360 2.1
1d 50 48 20 800 42 700 2.1
Ie 60 58 11 400 17 700 1.6
If 60 59 32 780 79 600 24
Ig 70 68 22 000 46 200 2.1
Th 80 80 21 200 50 880 2.4
Ii 80 78 72 500 117 450 1.6
Ij 80 78 79 400 127 040 1.6

a) composition ratio from feed ratio of monomers.

b) composition ratio calculated using "H NMR spectroscopy.

¢) from SEC using CHCl; as eluent, UV detector and PS standards.

Table 2 Molecular characterisfics for copolymers-lI.
Copolymer IT Xteed” S M,° M,° I
1la 50 47 19 000 37 000 1.9
IIb 50 - 21 000 39 000 1.9
Ilc 80 78 19 000 31 000 1.6
1d 80 - 30 000 43 000 14
Ile 90 - 41 000 126 000 3.1
1If 90 87 47 000 103 000 22

a) composition ratio from feed ratio of monomers.
b) composition ratio calculated using 'H NMR spectroscopy.
¢) from SEC using CHCl; as eluent, UV detector and PS standards.

tures from 160 to 180 °C resulted in molecular weights, MWs,
which range from 19 000 to 53 000 (copolymers Ia-IIf,
Tables 1 and 2). An example of the spectra obtained from
SEC can be seen in Figure 3. The MW values are based on
calibration with PS standards and do not represent the true
MW values, since there is a slight interaction of the pyridine
moieties with the GPC stationary phase.

As mentioned earlier, all the synthesised copolymers (Ia—
IIf) were soluble in common organic solvents (such as CHCl,,
DMAc and DMF) regardless of their molecular weight. With
no exception, all showed excellent film forming properties.
The mechanical properties of the copolymers were examined

Intensity / a.u.

- < : . . .

6 9 12 15 18
Elution Volume / ml

Fig. 3 Size exclusion chromatography for copolymer If using CDCl3 as

eluent before (solid line) and after (dash line) treatment with hydrogen per-
oxide in the presence of ferrous ions (Fenton test).

with dynamic mechanical analysis (DMA). Temperature
dependence of storage (E’) and loss (E”") modulus for the co-
polymers I and II are depicted in Figures 4(a) and 5a, respec-
tively. High glass transition temperatures (Tg), over 220 °C,
were obtained for all the copolymers produced and are sum-
marised in Table 3. For the two general structures I and II we
observe different dependencies of the T, values from the co-
polymer composition. In case of copolymer I, increase of the
rigid pyridine diol content significantly increase the Tg. The
T, values range between 215 and 273 °C by an increase of the
pyridine diol composition from 20 to 80%. Since almost in all
cases high acid doping uptake was obtained for all copoly-
mers, as will be discussed further on, the selection of the com-
position is a direct way to control the final membrane proper-
ties. On the other hand, for copolymers II, the T, variation on
composition is not influencive, since Ty values around 260 °C
were obtained for all the studied compositions, showing that
the polymer rigidity is not really influenced by the introduc-
tion of the pyridine diol in this case. Nevertheless, the high T,
values obtained for all copolymers fulfill the prerequisite for
high-temperature PEMFC applications (operational tempera-
ture above 150 °C). In addition the thermal stability of these
copolymers was investigated by means of TGA, TGA, under
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Fig. 4 Temperature dependence of the loss (E”) modulus for copolymers
la (-A-), Ic (-e-), Id (-¥-), If (-H-) and lh (-®-) (a)- before and (b)- ofter
treatment with hydrogen peroxide in the presence of ferrous ions (Fenton
test).
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