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Poly(arylene ether sulfone) ionomers containing fluorenyl groups and functionalized with ben-
zyltrimethylammonium groups were synthesized through polycondensation, chloromethylation, and
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amination reactions. The resulting polymers were characterized by H NMR, FT-IR and TGA. Polymer
membranes were solvent cast from DMF on Teflon plates to form clear, flexible anion exchange mem-
branes (AEMs). Carbonate anions had conductivities in the AEMs up to 63.12 mS cm−1 at 70 ◦C and were
used in a carbonate fuel cell. The membranes were stable in 1 M carbonate solution (pH 11). However,
conductivity loss was observed during soaking in 1 M hydroxide solution (pH > 14) at 50 ◦C. A carbon-
ate fuel cell operating at room temperature with H2 at the anode and O2 and CO2 at the cathode had a

of 4.1
onductivity maximum power density

. Introduction

Fuel cells can be used in transportation, portable electronics,
nd stationary applications because of their high efficiencies and
ow pollution levels [1–3]. Polymer electrolyte fuel cells operat-
ng at moderate temperature are currently being developed and
re promising candidates for a wide range of applications [4–5].
n particular, fuel cells using proton exchange polymer membranes
PEMs) are important because they can be used near room tem-
erature [6–7]. Unfortunately, there are numerous obstacles that

mpede commercial development, such as complex water manage-
ent, limited lifetime due to membrane and electrode degradation,

ostly metal catalysts, perfluorinated polymer membranes for sta-
ility, CO poisoning of electrode catalyst, and slow oxygen reduction
inetics [8–12]. Anionic fuel cells can potentially address many of
he shortcomings of PEM fuel cells. The PEM electrolyte can be
eplaced by an anion exchange membrane (AEM) allowing hydrox-
de or other anions to be used. There is current research exploring
ovel AEMs that conduct hydroxide as alternative PEM candidates

13–15].

To date, AEMs based on quaternized polymers have been
eported for use in anionic fuel cells, such as blending mate-
ials containing quarternary ammnonium groups [16], aminated
oly(oxyethylene) methacrylates, quaternized polyethersulfone

∗ Corresponding author.
E-mail address: Paul.kohl@chbe.gatech.edu (P.A. Kohl).
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cardo [17], radiation-grafted poly(vinylidene fluoride) (PVDF) [18],
poly(tetrafluoroethene-co-hexafluropropylene) (FEP) [19], quat-
ernized crosslinked poly(vinyl alcohol) (PVA) [20], quaternized
poly(phthalazinon ether sulfone ketone) [21], and aminated
poly(phenylene) [22]. Among these materials, aromatic polymers
are the preferred candidates for fuel cell applications due to their
excellent thermal and mechanical properties as well as their resis-
tance to oxidation and stability in acidic and alkaline conditions
[23,24]. However, the stability of the fixed cationic site in alkaline
conditions is a concern due to nucleophilic attack by anions. If flu-
orenyl groups are introduced into the polymer backbone, the AEM
may retain its ionic conductivity and durability in alkaline fuel cell
applications [25]. In this study, partially fluorinated, polyaromatic-
based condensation polymers containing quaternary ammonium
groups are reported.

Anionic fuel cells generally use hydroxide as the conductive
anion. Although the high conductivity of hydroxide is attractive,
hydroxide is an extremely aggressive nucleophile and can degrade
the quaternary ammonium cations on the polymer, especially at
high temperature [26]. Nucleophilic attack of the cation site on
polymeric AEMs is a major obstacle to achieve long term stability.
Lowering the alkalinity of the mobile anion could mitigate nucle-
ophic degradation [27].

In this study, a series of novel poly(arylene ether sul-
fone) polymers containing fluorenyl groups and functionalized

with benzyltrimethylammonium groups was synthesized through
polycondensation, chloromethylation, and amination reactions.
Carbonate ion conductivity in the AEMs was evaluated. A mem-
brane electrode assembly (MEA) was fabricated and used in a
hydrogen fuel cell operating on the carbonate cycle.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:Paul.kohl@chbe.gatech.edu
dx.doi.org/10.1016/j.jpowsour.2008.12.127
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. Experimental

.1. Materials

Bis(4-fluorophenyl) sulphone (FPS) (Alfa Aesar Co.,
nc.), 1,1,2,2-tetrachloroethane (Alfa Aesar Co., Inc.), 4,4’-
hexafluoroisopropylidene)diphenol (6F-BPA) (Alfa Aesar Co., Inc.),
oluene (Alfa Aesar Co., Inc.), chloromethyl methyl ether (Aldrich
o., Inc), tin(IV) chloride (Alfa Aesar Co., Inc.) and trimethylamine
Alfa Aesar Co., Inc.) were used as received. N,N-Dimethylacetamide
DMAc) (Alfa Aesar Co., Inc.) was dried over 3-A molecular sieves
rior to use. Potassium carbonate (Aldrich Co., Inc.) was dried at
20 ◦C for 24 h before polymerization. Other chemicals were of
ommercially available grade and used as received.

.2. Synthesis of poly(arylene ether sulfone) (PSF) [28,29]

The synthesis procedure of poly(arylene ether sulfone) is as
ollows. A 250 mL three-necked round-bottomed flask equipped
ith a magnetic stirring bar, a N2 inlet, and an addition fun-
el, was charged with FPS (0.05 mol, 12.7125 g), 6F-BPA (0.05 mol,
6.8115 g), potassium carbonate (0.125 mol, 17.2768 g), toluene
50 mL) and DMAc (125 mL). The mixture was stirred at room tem-
erature for 20 min and then heated at 140 ◦C for 3 h and at 165 ◦C
or 5 h under N2 atmosphere. After the reaction, the solution was
oured dropwise into deionized water (3 L) and a white product
as precipitated from the solution. After being washed with hot
eionized water and ethanol several times, the resulting product
as dried under vacuum at 60 ◦C for 15 h.

.3. Preparation of chloromethylated poly(arylene ether sulfone)
CMPSF) [30–32]

The chloromethylation procedure of poly(arylene ether sulfone)
s as follows. The chloromethylation reaction was performed in a
lass flask heated in an oil bath and equipped with a magnetic
tirring bar, a N2 inlet and a reflux condenser. PSF (4.9093 g) was dis-
olved in 1,1,2,2-tetrachloroethane (218.1802 g, 137.22 mL) solvent,
hen a mixture of chloromethyl methyl ether (0.1782 mol, 13.54 mL)
nd SnCl4 (2.74 mmol, 0.7125 g) was slowly added to the above solu-
ion. The reaction was heated at 120 ◦C for 3 days. After cooling to
oom temperature, the mixture was poured into ethanol (2 L). The
recipitate was collected by filtration, dried under vacuum, then
issolved in 100 mL THF, and reprecipitated into ethanol (2 L) to fur-
her remove unreacted materials and solvent. The precipitate was
ollected by filtration and dried under vacuum to yield an off-white
olid.

.4. Preparation of poly(arylene ether sulfone) functionalized
ith benzyltrimethylammonium groups (QAPSF)[33]

The chloromethylated poly(arylene ether sulfone) was sub-
erged in a 45% (w/w) solution of trimethylamine in water and

he mixture was stirred for 48 h at room temperature. During the
eaction, CMPSF would gradually be dissolved in the solution. After
he reaction, the mixture was poured into an evaporating dish for
ry at room temperature in order to remove trimethylamine and
ater.

.5. Preparation of ammonium based membrane for carbonate
uel cell
QAPSF was dissolved in dimethylformamide (DMF) to make a
.0 wt% solution. The solution was filtered to remove small particles
nd cast on Telfon plates. The films were dried at room temperature
or 12 h. The membranes were about 100 �m thick and were further
urces 190 (2009) 285–292

dried under vaccum at 75 ◦C for 15 h. The anion exchange mem-
branes were stored in the Cl− form, later converted to the carbonate
form prior to use.

Conversion from the chloride form to the carbonate form
occurred within one day of use. The AEM was soaked in a 1 M aque-
ous sodium carbonate. The sodium carbonate solution was changed
several times with a fresh solutions during a 2-h period to ensure
substantial ion exchange. The resulting membrane was then soaked
in water for 1 h with at least two changes of water to remove excess
sodium carbonate.

2.6. Membrane characterization

The 1H NMR spectra of the synthesized polymers was recorded
for structural characterization. Data were collected with a Model
DMX400 spectrometer using chloroform-d solutions. FT-IR absorp-
tion spectra were recorded using a Nicolet Magna 560 FT-IR
spectrometer. The FT-IR samples were made by casting films on
KBr tablets from a DMF solution. The samples were then analyzed
in transmission mode.

Thermogravimetry analysis (TGA) was carried out in flowing
nitrogen (60 cm3 min−1) using a TA Q50 thermal analyzer. Samples
were heated from ambient temperature to 800 ◦C at a heating rate
of 5 ◦C min−1.

The water uptake of the samples was analyzed by first drying the
films in a desiccators over anhydrous calcium chloride at ambient
temperature until a constant dry weight (Wd) was obtained [34].
The dry membranes were immersed in deionized water at different
temperatures for 24 h. The surface water was swabbed away with
tissue paper before weighing. The weights were measured several
times until a constant weight (Ww) was achieved. The water uptake
of membranes was calculated using the following formula:

Water uptake (%) =
[

(Ww − Wd)
Wd

]
× 100% (1)

where Wd and Ww are the weight of dried and wet samples, respec-
tively.

The ionic conductivity of the membranes was measured by a
four-electrode ac impedance method using a frequency response
analyzer including potentiostat/galvanostat (PAR 2273, Princeton
Applied Research) from 1 Hz to 2 MHz. All membranes in the car-
bonate form were initially hydrated by immersing in deionized
water for 24 h at room temperature before measuring the con-
ductivity. The resistance of the 1 M Na2CO3 solution (Rsolution) was
measured without the membrane present in a glass conductivity
cell. Then, the fully hydrated membrane was placed in the middle of
the conductivity glass cell and the resistance (Rtotal) of the solution
with membrane was measured. The membrane resistance (R) was
obtained from the difference between the measured resistances
(Rsolution and Rtotal). Conductivity measurements were carried out
from 25 to 80 ◦C. Conductivity measurements were carried out from
25 to 80 ◦C. The conductivity (�) of the membranes was calculated
using the following equation:

� = L

RA
(2)

where L, R, and A denote the thickness of the membrane, the mem-
brane resistance, and the cross-sectional area of the membrane,
respectively.

The fuel cell tests were performed by fabricating electrodes
on the AEMs using commercial carbon-supported platinum (Pt/C)

catalysts with 20% Pt (E-Tek). The catalyst inks were prepared by
sonicating a mixture of catalyst powders and ionomer in a solvent
mixture of dimethylformamide and water. The catalyst slurry was
paint on Toray carbon paper (TGPH-090) and dried at room temper-
ature. The catalyst and ionomer loadings were 1 and 0.8 mg cm−2,
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Scheme 1. Synthesis procedure of nov

espectively. The electrodes were pressed onto the AEMs at room
emperature for 5 min. Once the MEAs were assembled, they were
oaked in 0.5 M Na2CO3 solution for 5 h to exchange the chloride
ons in the ionomers with carbonate ions. All MEAs were pre-
onditioned by steady state operation at 600 mV for at least 24 h
efore collecting polarization curves. Electrochemical measure-
ents were performed using a PAR 2273 potentiostat/galvanostat.

he fuel cell tests were conducted at 25 ◦C at ambient
ressure.

. Results and discussion

.1. Synthesis and characterization of the polymers

Poly(arylene ether sulfone) was first synthesized through a poly-
ondensation reaction. The copolymerization of 6F-BPA and FPS
as carried out in DMAc/toluene cosolvent in a nitrogen ambient.

oluene was used to dehydrate the reaction mixture. The reac-
ion temperature was controlled at 140 ◦C to remove the water
enerated during the bisphenoxide formation, and then increased
lowly to carry out the copolymerization. The chloromethylated
olysulfone was prepared by Friedel–Crafts electrophilic substi-
ution reaction under anhydrous conditions at 120 ◦C using PSF
s the original material, 1,1,2,2-tetrachloroethane as the solvent,
hloromethyl methyl ether as the chloromethyl reagent, and anhy-

rous SnCl4 as the catalyst. In order to avoid crosslinking resulting
rom methylene bridges between macromolecular chains [32], the
hloromethylation was performed at dilute conditions with lit-
le catalyst. The chloromethyl substitute was transformed into the
uaternary amino base by immersing the polymers in a solution
lysulfone-anion exchange membrane.

consisting of 45% trimethylamine solution at room temperature for
2 days. The synthetic scheme for the preparation of poly(arylene
ether sulfone) containing fluorenyl groups and functionalized with
benzyltrimethylammonium groups is shown in Scheme 1.

The chemical structures of the neat PSF and CMPSF were inves-
tigated by liquid phase 1H NMR spectroscopy with CDCl3 as the
solvent and reference. As shown in Fig. 1A, the aromatic region
of PSF is divided into three sections: a high-field (7.00–7.10 ppm),
mid-field (7.30–7.40 ppm), and low-field (7.85–7.95 ppm). The peak
heights for these regions are 2H:1H:1H, reflecting the chemical
structure of the PSF repeat unit. The high-field signals have the
characteristic chemical shift of aromatic hydrogen atoms at the
position of an electron-rich, ether linkage. The middle-field signals
are ascribed to the aromatic hydrogen atoms close to the fluorinated
bonds. The low-field signals are assigned to the aromatic hydrogen
atoms near the sulfone groups. The 1H NMR result is thus consis-
tent with the structure of the copolymer PSF. Compared with the 1H
NMR spectrum of PSF in Fig. 1A, the characteristic peaks of –CH2Cl
corresponding to the newly formed chloromethyl group can be seen
at ı = 4.583 and 4.699 (h) in Fig. 1B. Moreover, the peaks for the pro-
tons in the diphenyl units (a and b) decrease in size, and three new
peaks of equal intensity (e, f and g) appear in the aryl region. These
peaks confirm the successful preparation of the chloromethylated
copolymer CMPSF [35].

The degree of chloromethylation of CMPSF is calculated from
the 1H NMR spectra where the peak areas from the chloromethyl

groups are compared to the peak areas for all the aromatic protons.
As shown in Table 1, the chloromethylated PSFs possess 1.24 and
1.50 chloromethyl groups in each repeat unit at various reaction
conditions. Obviously, the degree of chloromethylation strongly
depended on the reaction time.
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Fig. 1. 1H NMR spectr

The chemical structures of these copolymers were further inves-
igated by FT-IR. The FT-IR absorption spectra of PSF, CMPSF, and
APSF are shown in Fig. 2. As shown in Fig. 2A, the characteristic
bsorption peak at 3028 cm−1 is due to the aromatic C–H stretch.
he sharp absorption bands at 1587, 1509, and 1489 cm−1 are due
o the skeletal vibration of the aromatic hydrocarbons. The peak at
246 cm−1 is assigned to the antisymmetric vibration of the ether
inkage. The characteristic absorption bands at 1205 and 1020 cm−1

re from the symmetric and asymmetric stretching vibration of the
O bond. Comparing Fig. 2A with Fig. 2B (the spectrum of CMPSF),
s well as the characteristic absorption bands for PSF, it is found
hat the intensity of the absorption band at 732 cm−1 has increased,
hich is due to the introduction of chloromethyl groups. This shows

hat CMPSF was successfully prepared after the PSF underwent a
riedel–Crafts reaction [32].

able 1
hloromethylation reaction conditions and the degree of chloromethylation (DC).

ample n (ClCH2OCH3)
Equivalents of PSF unit

Time (days) DCa

MPSF-1 20 3 1.24
MPSF-2 20 5 1.50

a Degree of chloromethylation = number of chloromethyl groups/repeat unit, cal-
ulated from 1H NMR spectra. Fig. 2. FT-IR spectra of PSF (A), CMPSF (B) and QAPSF (C).
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Table 2
The solubility of PSF, CMPSF and QAPSF in different solvents.

Solvent PSF CMPSF QAPSF

Water I I SW
Ethanol I I SW or S
Chloroform S S I
Tetrahydrofuran S S I

loading is needed to maintain good ionic conductivity; however,
excessive water uptake results in membrane swelling and loss of
dimensional stability. Here, we characterized the water uptake
capacity by measuring the water content of these membranes in
ig. 3. Typical TGA curves of the polymers under nitrogen atmosphere: (A) PSF, (B)
MPSF, (C) QAPSF in chloride, and (D) QAPSF in carbonate.

Since QAPSF cannot be dissolved in chloroform-d, the successful
ntroduction of the quaternary ammonium groups of the copoly-

ers was confirmed by FT-IR. The differences between the CMPSF
nd QAPSF spectra can be seen in Fig. 2B and C. In addition to the
haracteristic absorption band at 3005 cm−1 for the –CH3 stretch,
hich is due to the introduction of the trimethyl groups, the char-

cteristic absorption peak of N–CH2 at 1421 cm−1 appears in Fig. 2C.
he results show that the quaternary ammonium groups were
ndeed attached to the copolymers.

.2. Thermal stability and solubility

The thermal stability of the polymer is a key metric to forming
onic conducting ionomers for use in a fuel cell. Fuel cell per-
ormance generally improves at elevated temperature. Operation
etween 40 and 120 ◦C is of interest. Thermogravimetric analysis
as carried out on the polymers synthesized here to examine their

hermal stability. The TGA curves for PSF, CMPSF and QAPSF are
hown in Fig. 3. The 5% weight loss temperature for the neat PSF is
55 ◦C, as shown in Fig. 3A. PSF is thermally stable because of its
igid aromatic structure. Two decomposition steps are observed in
he TGA for CMPSF (Fig. 3B). The first degradation step, from 311
o 350 ◦C, is attributed to the loss of chloromethyl groups. The sec-
nd decomposition step, beginning at about 450 ◦C, corresponds
o the degradation of the PSF backbone. The pendent quaternary
mmonium groups have a great influence on the CMPSF thermal
roperty. The TGA curves for QAPSF in chloride and carbonate forms
re shown in Fig. 3C and D, respectively. The initial weight loss of
APSF in chloride from 25 to 220 ◦C is attributed to loss of residual

olvent (DMF) and water. The second weight loss above 200 ◦C is
ue to cleavage of the quaternary ammonium groups from QAPSF.
he third weight at temperatures greater than 380 ◦C is due to the
egradation of the polymer backbone. Comparing Fig. 3C and D, it is
ound that the decomposition of QAPSF in the chloride and carbon-
te forms is similar. However, the decomposition temperature of
he quaternary ammonium groups of QAPSF with carbonate anions
s at about 150 ◦C. This shows that quaternary ammonium groups
re less stable in dry, alkaline condition. In addition, it is interesting
o note that the dehydration of QAPSF continues well above 100 ◦C
ndicating strong hydrogen bonding of water to the amine [36].

The solubility of the polymers was investigated by dissolving

.05 g polymers in 5 mL solvent. Table 2 shows the solubilities of
SF, CMPSF and QAPSF in several solvents. It can be seen that PSF
nd CMPSF are soluble in polar, aprotic solvents (such as DMF and
MAc) and chloridized solvents (such as chloroform and 1,1,2,2-

etrachloroethane). They are insoluble in some protic solvents such
N,N-Dimethylformamdie S S S
N,N-Dimethylacetamide S S S

S: soluble; I: insoluble; SW: swelling.

as water and ethanol. However, after the attachment of the qua-
ternary ammonium groups, QAPAF is soluble or swells in water and
ethanol because of the hydrophilic quarternary ammonium groups.
It is noted that the solubility of QAPSF strongly depends on the
degree of chloromethylation. Excessive chloromethylation should
be avoided when the AEM is used in a liquid methanol fuel cell.

3.3. Durability of QAPSF membranes in hydroxide and carbonate
solution

The durability of the fixed cationic charge on the polymer is crit-
ical for its use as an AEM in anionic fuel cell applications. To explore
the durability of the QAPSF membranes in different pH solutions,
the ionic conductivity of these membranes was evaluated at 50 ◦C
as a function of time (Fig. 4). It was found that the conductivity of
the QAPAS membrane in hydroxide gradually decreases from 36.12
to 2.45 mS cm−1 within 80 h, whereas the QAPSF membrane in car-
bonate still retains good conductivity and strength for over 80 h.
This is reasonable when considering the rate of nucleophic attack
at the different pH conditions. Hydroxide is an extremely aggressive
nucleophile and degrades the quaternary ammonium cation on the
polymer, especially at high temperature, compared to the lower pH
carbonate solution [37]. The ability to operate anionic fuel cells at
pH values between 10 and 12 is desirable because hydroxide attack
of the fixed cation occurs to a lesser extent allowing for longer fuel
cell life.

3.4. Water uptake

Water uptake is known to have a profound effect on the mem-
brane conductivity and mechanical properties [38]. Adequate water
Fig. 4. Durability of the ionic conductivity of the QAPSF membranes at 50 ◦C in 1 M
NaOH (A) or Na2CO3 (B) solution.



290 J. Zhou et al. / Journal of Power Sources 190 (2009) 285–292

t
t
i
T
p
a
t
r
t
o
u

3

i
t
m
t
i
T
1
t
m
l
f
A
s

F

Fig. 5. Temperature dependence of water uptake of the QAPSF membranes.

he carbonate form at different temperatures. Fig. 5 shows that
he water uptake of the QAPSF membranes in the carbonate form
ncreases with the degree of chloromethylation and temperature.
his is because the higher degree of chloromethylation and tem-
erature will result in higher hydrophilicity from the quaternary
mmonium groups. It is noted that the QAPSF2 membrane with
he higher degree of chloromethylation had considerable swelling,
esulting in poor mechanical strength at high temperature. At 80 ◦C,
he membrane dissolved in the water after 24 h. Thus, there is an
ptimum degree of chloromethylation for the membranes when
sed in a polymer electrolyte fuel cell at >50 ◦C.

.5. Ionic conductivity and activation energy

The membranes in the carbonate form were initially hydrated by
mmersion in deionized water for 24 h at room temperature before
he ionic conductivity measurements. The ionic conductivity of the

embranes in the carbonate form as a function of the tempera-
ure is shown in Fig. 6. The ionic conductivity of these membranes
ncreases with the degree of chloromethylation and temperature.
he conductivity of the two membranes (QAPSF1 and QAPSF2) is
0 mS cm−1 at 25 ◦C and increases to over 60 mS cm−1 at higher
emperature. This is desirable when uses as an anion exchange
embrane in a fuel cell. The high conductivity is a result of high
evel of hydration and greater ion mobility. The conductive channels
ormed by microphase separation create conductive channels in the
EM. However, the conductivity of the QAPSF membranes drops
lightly at 80 ◦C, which indicates that these membranes lose some

ig. 6. Temperature dependence of the ionic conductivity of the QAPSF membranes.
Fig. 7. The ln � vs. 1000/T plots for the QAPSF membranes; the lines indicate the
linear regression.

water. This behavior is very similar to that for proton conduction in
hydrated polymer electrolytes [39].

The activation energy for ion-migration, Ea, was estimated from
the linear regression of ln(conductivity) vs. 1000/T as shown in
Fig. 7, assuming an Arrhenius behavior. The ion transport activa-
tion energy Ea for the QAPSF membrane was calculated using Eq.
(3): [20].

Ea = −b × R (3)

where b is the slope of the line regression of ln � (S cm−1) vs. 1000/T
(K−1) plots, and R is the gas constant (8.31 J K−1 mol−1).

The Ea of the QAPSF membranes are 23.03 and 43.80 kJ mol−1,
respectively. These values are higher than the Ea of Nafion®-115
(6.00 kJ mol−1) as reported by Slade and co-worker [40]. This shows
that the carbonate ion mobility in these QAPSF membranes is more
sensitive to temperature than proton migration in Nafion®-115. This
is likely due to the larger size of carbonate ions, as compared to
hydrated protons, and the restored ionic cluster structure [19,40].

3.6. Single fuel cell performances

Membrane electrode assemblies were fabricated using QAPSF1
and QAPSF2 membranes and were tested in fuel cells using carbon-
ate as the conducting ion. The anode stream was hydrogen with
flow rate of 3 mL min−1. The cathode stream was an O2 and CO2
mixture with flow rates of 3 and 6 mL min−1, respectively. Both
gas streams were 100% humidified at 25 ◦C and ambient pressure.
The fuel cell performances are shown in Fig. 8. Maximum power
density obtained was 4.1 and 3.1 mW cm−2 for the QAPSF2 and
QAPSF1 membranes, respectively. These performances are about
an order of magnitude greater than the performance of the fuel
cells using commercial quaternary ammonium membranes under
the same test conditions [41]. This increase in performance with
the AEMs synthesized here is most likely due to the availability
of solubilized ionomer so that electrode fabrication is facilitated
using catalyst ink. In the previous study, the electrodes were pre-
pared by physical compression of the catalyst onto the commercial
membrane. The assemblies suffered from poor ionic conductivity
between the Pt catalyst and the solid polymer membrane. The early
results obtained in this study are very promising, considering the

fact that the electrode composition and structure have not been
optimized for this application.

In a carbonate cycle, CO2 reacts with O2 forming carbonate ions
at the cathode (Eq. (4)). Carbonate ions migrate from the cathode to
the anode through the AEM. Hydrogen is oxidized in the presence
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ig. 8. Fuel cell performances of the QAPSF1 and QAPSF2 membranes at 25 ◦C. Anode
as H2 (6 mL min−1); cathode was O2 (3 mL min−1) and CO2 (6 mL min−1).

f carbonate to produce CO2 and H2O at the anode, as shown in Eq.
5).

CO2 + O2 + 4e− → 2CO3
2− (4)

2 + CO3
2− → H2O + CO2 + 6e− (5)

However, it is important to note that oxygen reduction can also
ccur by reduction of O2 with H2O (Eq. (6)) resulting in hydroxide
ormation and transport in the AEM.

2 + H2O + 4e− → 4OH− (6)

It is of interest to distinguish between hydroxide and carbon-
te ion formation and migration to the anode. However, since
embrane conductivity is highly dependent on water content,

umidification cannot be eliminated in the control experiments.
The production and transport of carbonate, the carbonate cycle,

as established by showing that CO2 was consumed at the cath-
de and was produced at the anode. The consumption of CO2 at the
node was examined by interrupting the flow of CO2 in the cath-
de stream. Initially, the fuel cell was operated with the flow rates
f 6, 3, and 6 mL min−1 for hydrogen, oxygen, and carbon dioxide,
espectively. The cathode and anode streams were both humidified.
ig. 9 shows the fuel cell current at a constant voltage of 600 mV

25 ◦C). When the flow of CO2 was interrupted leaving the oxy-
en and water flow rates the same, the current density dropped
apidly from 3.2 to 2.2 mW cm−2. This large drop shows that CO2
ontributes to the reaction at the cathode. When the CO2 flow was
urned back on, the current density went back to 3.2 mA cm−2. If

ig. 9. Steady state operation at 600 mV on H2 (3 mL min−1)/O2 (3 mL min−1) + CO2

6 mL min−1). Both gas streams were 100% humidified. CO2 feed was interrupted.
urces 190 (2009) 285–292 291

CO2 were not electrochemically involved, only diluting the oxygen
gas, the current would increase when the CO2 flow was terminated
because the partial pressure of oxygen and water would increase.
In contrast, the addition of CO2 to the cathode stream increases the
current density.

If CO2 were electrochemically consumed at the cathode result-
ing in the formation of carbonate ions which migrate to the anode,
then CO2 would be produced at the anode when hydrogen was oxi-
dized, as shown by Eq. (5). If hydroxide was the conductive ion, only
water would be produced at the anode. The production of CO2 in the
anode compartment was confirmed by flowing the anode product
gas through a calcium hydroxide solution. Carbon dioxide present
in the anode gas stream would then result in the precipitation of
Ca(OH)2. CO2 in the anode exhaust resulted in an insoluble CaCO3
precipitate. The possible diffusion of CO2 through the membrane
from the cathode stream to the anode stream was considered. Con-
trol experiments were performed to verify that the CO2 observed in
the anode stream was indeed due to the electrochemical oxidation
of hydrogen in the presence of carbonate. First, the cell was operated
at 4 mA cm−2 and 3 mL min−1 hydrogen flow rate at the anode and
a cathode flow composed of a mixture of 3 mL min−1 oxygen and
6 mL min−1 carbon dioxide. The cell was operated long enough to
ensure the anode compartment was flushed of any residual gases
from start-up. The steady state composition of gas in the anode
exhaust was bubbled through a 0.01 M Ca(OH)2 solution. Within
few seconds, a milky precipitate was observed in the Ca(OH)2 solu-
tion. The amount of precipitate increased with the time as the cell
operated. This test clearly shows the presence of CO2 in the anode
exhaust.

Second, the possible diffusion of CO2 through the membrane
was investigated. The control test involved using the same cell
and membrane at identical conditions to the one described above
except the cell current was held at zero. The anode gas was first
purged to clean any residual gases by using the same gas flow rate
at the anode: 3 mL min−1 hydrogen. The gas mixture at the cathode
was again 3 mL min−1 oxygen and 6 mL min−1 carbon dioxide. The
anode exhaust was then bubbled through the Ca(OH)2 test solu-
tion after ensuring the anode compartment was free from ambient
gas. The Ca(OH)2 test solution remained clear with no precipitate.
This is in contrast to results from the operating cell and shows that
CO2 diffusion through membrane from the cathode to the anode is
insignificant.

The increase in fuel cell performance and production of CO2 at
the anode are clear signs that CO2 is materially involved in the
electrochemical processes and is ionically transported through the
AEM. The individual contributions of carbonate and hydroxide ions
in the cell operation were not evaluated. This will be studied as a
function of temperature, current, and feed conditions.

4. Conclusion

A series of novel poly(arylene ether sulfone) containing
fluorenyl groups and functionalized with benzyltrimethyl ammo-
nium groups was synthesized through the polycondensation,
chloromethylation, and amination reactions. QAPSF was cast from
DMF solvent on Teflon plates to form clear, flexible AEMs. The car-
bonate ions in the AEMs exhibited excellent conductivities up to
63.12 mS cm−1 at 70 ◦C. The membranes were stable and showed
slow degradation in 1 M carbonate solution (pH 11) compared to
1 M hydroxide solution (pH > 14) at 50 ◦C.
The availability of solubilized AEM ionomer enables the use
of conventional ink electrode fabrication techniques. Low tem-
perature carbonate fuel cells using these AEMs operating on
H2/O2 + CO2 were demonstrated. The maximum power density was
4.1 mW cm−2 which was an order of magnitude greater than our
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