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Abstract

Proton exchange membrane (PEM) fuel cells with optimized cathode structures can provide high performance at higher temperature
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120◦C). A “pore-forming” material, ammonium carbonate, applied in the unsupported Pt cathode catalyst layer of a high tem
embrane electrode assembly enhanced the catalyst activity and minimized the mass-transport limitations. The ammonium carbo
nd Nafion® loading in the cathode were optimized for performance at two conditions: 80◦C cell temperature with 100% anode/75% cath
.H. and 120◦C cell temperature with 35% anode/35% cathode R.H., both under ambient pressure. A cell with 20 wt.% ammonium
nd 20 wt.% Nafion® operating at 80◦C and 120◦C presented the maximum cell performance. Hydrogen/air cell voltages at a current
f 400 mA cm−2 using the Ionomem/UConn membrane as the electrolyte with a cathode platinum loading of 0.5 mg cm−2 were 0.70 V an
.57 V at the two conditions, respectively. This was a 19% cell voltage increase over a cathode without the “pore-forming” am
arbonate at the 120◦C operating condition.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Proton exchange membrane (PEM) fuel cells are one of
he most promising types of fuel cells because of their non-
obile solid polymer electrolyte and relatively lower oper-
ting temperature. The PEM fuel cell allows better vehicular

uel economy and meets more stringent emission standards
han internal combustion engines. Usually, PEM fuel cells
re operated at low temperatures (<80◦C). However, PEM

uel cells operated at elevated temperatures (>100◦C and at-
ospheric pressure) have significant advantages over low

emperature PEM fuel cells. High-temperature (∼120◦C)
peration reduces system weight, volume and complexity,
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which increases power density, specific power, and f
tionality through system and component simplification. H
temperature enhances carbon monoxide tolerance and
inates the need for a selective oxidizer. High-quality w
heat increases system efficiency through cogeneration
simplifies water management. When operated at atmos
pressure, the under-saturated operating environment a
ates mechanical stress imparted by water expansion
freezing and facilitates rapid start-up in freezing conditi
because melting ice becomes unnecessary. Enhanced
tolerance, and reduced system complexity make the sy
more durable. Therefore, a significant economic incentiv
ists to develop and commercialize PEM fuel cells that ope
at high temperatures.

Unfortunately, the currently most common membrane
example, the perfluorosulfonic acid based on Nafion® mem-
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brane, as a proton electrolyte medium loses ionic conductivity
at temperatures above 100◦C due to membrane dehydration
at atmospheric pressure[1,2]. Ionomem Corp. and the Uni-
versity of Connecticut (UConn) have developed an innova-
tive proton exchange high temperature membrane electrode
assembly that provides good ionic conductivity within the
membrane and the electrode structure in an under-saturated
environment[3]. Solid proton conductors, such as phospho-
tungstic acid mixed with Nafion® decrease polymer water
vapor pressure, provide more water-independent ionic con-
duction, and achieve excellent performance at high temper-
ature. With a reinforcement of PTFE this unique composite
membrane fabrication technique also provides high temper-
ature mechanical integrity. In this study, the membrane used
was the Ionomem high temperature membrane, unless other-
wise stated.

The catalyst layer, referred to as the active layer, is the
location of the reactant reaction in a PEM fuel cell. One of
optimization of an electrode design is the attempt to obtain
good catalyst activity and gas diffusion properties and chem-
ical and physical durability. There are a number of catalyst
layer properties that have to be carefully optimized to achieve
high utilization of the catalyst material. For example, catalyst
loading, ionomer content, reactant diffusivity, and ionic and
electrical conductivity etc. have been receiving a lot of atten-
t he
c ature
i ute
t s are
b e
c f the
c t uti-
l

elec-
t di-
r sion
a igh
p y
p un-
s ct de-
p step
d ,
t lom-
e ess o
g e ap-
p sing
a n of
M d by
t

a min-
i ture.
O e, es-
p a-
t ns-
p oups

have used various additives in the catalyst layers for modifi-
cation of the electrode structure, no performance increase
was demonstrated and no data has been reported on per-
formance of high temperature PEM fuel cells[14–22]. The
following paragraphs describe work using “pore-forming”
materials or other additives to improve performance at low
temperatures.

Aqueous polytetrafluoroethylene (PTFE) and a pore-
former material (zinc oxide) were used to co-agglomerate
with the catalyst and applied to a gas diffusion substrate to
form an electrode structure[14,15]. This method required
high temperature, near the melting point of PTFE (335◦C),
to sinter the PTFE particles. The high sintering temperature
exceeds the allowable temperature of most proton exchange
membranes and thus precludes the use of this technique to
form an electrode structure directly on the membrane. Hart-
mut et al. described a membrane-electrode unit for PEM
fuel cells with a high porosity that improved electrochem-
ical performance[16]. The high porosity of the electrode,
40% < porosity < 75%, was achieved by using pore-formers
in combination with a special spray process. Unfortunately,
the pore-former poisoned the electrode and additional steps
were needed to remove the pore-former from the membrane-
electrode unit. US Patent 5,211,984[17] describes how to
make the electrode layers more robust by having the dis-
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ion [4,5]. The catalytic activity for oxygen reduction in t
athode is reduced as water is lost when the cell temper
s above 100◦C [6]. Mass-transport issue, which contrib
o performance loss especially at high current densitie
ecoming an important problem, too[7]. High performanc
an be achieved with well-dispersed platinum catalysts i
athode catalyst layer is designed to maximize catalys
ization.

In the past, earlier preparation methods of membrane
rode assemblies (MEAs) used platinum black bonded
ectly to the polymeric membrane, but the limited disper
nd low utilization in the catalyst mixture required a h
latinum loading, typically 4 mg cm−2, to obtain satisfactor
erformance[8]. Other approaches for the application of
upported Pt catalyst to the electrodes, such as the dire
osition of platinum onto the membrane surface or a two-
eposition process, had also been explored[9–11]. However

hese approaches yielded relatively large platinum agg
rates, lower electrochemical surface area and poor acc
as, electrons, and protons to the platinum catalysts. Th
lication of Pt black to the cathode side of the electrode u
simple, rapid and reproducible technique for fabricatio
EAs with unsupported Pt black catalyst was develope

he first author of this paper[12,13].
To further improve PEM fuel cell performance at 120◦C,

study to optimize the electrode structure was done to
mize all transport resistances within the electrode struc
ne method to reduce gas diffusion transport resistanc
ecially at the cathode side, is to apply “pore-forming” m

erials into the catalyst layer to allow better oxygen tra
ort to the catalyst surface. Although other research gr
f

olved ionomer present in a thermoplastic form in the
ension of catalyst and ionomer solution used to pro

he electrode layer. US Patent 4,469,579[18] used this ap
roach to produced porous electrodes on solid electr
embranes for use in sodium chloride electrolysis cell
ispersing pore-forming materials with the electrocata
nd ionomer. The pore-former was dissolved out of the

rodes after removal of the solvent by drying the electro
isher and his co-workers[19,20]disclosed a method for th
reparation of gas diffusion electrodes for fuel cells. A fin
ivided electrocatalyst was mixed with pore-forming m
ials in a solution of an ion-conducing polymer. After
rying (130–170◦C) of the non-acidic, temperature-sta
lectrode coating, the ionomeric material of the gas d
ion electrode/membrane/gas diffusion electrode was
erted to the proton-conducting form by treatment with a
ong et al.[21] reported the microstructure of the diffusi

ayer could be modified by a pore-former, Li2CO3, to im-
rove the performance. Unfortunately, the reported pe
ance at 400 mA cm−2 was only 0.37 V even at a low tem
erature of 75◦C. In this method, the diffusion layer w
eat-treated at 350◦C or acid-treated for pore-forming, whi
eans this method cannot be used directly on the Na®

embrane. Recently Gamburzev and Appleby[22] reported
erformance improvement in a PEM fuel cell by introduc
pore-former into the electrode. He showed that the

ent density at 0.7 V increased from 200 to 600 mA cm−2 at
0◦C.

In this paper, ammonium carbonate, as low tempera
ecomposable pore-forming material, was added in the
de Pt black catalyst layer[23]. The quantity of ammonium
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carbonate and Nafion® in the active catalyst layer was ex-
amined to further optimize the characteristics of the reac-
tion layer and to improve the cell performance at higher
temperatures and low relative humidities under atmosphere
pressure.

2. Experiment

2.1. Thermal stability of ammonium carbonate

Thermogravimetric analysis (TGA) measures weight loss
of a sample as a function of temperature, thereby providing
thermal stability of materials. A HI-RES TGA2950 Thermo-
gravimetric Analyzer (TA Instruments, New Castle, DE) was
used to study the thermal stability of ammonium carbonate.
The sample of ammonium carbonate was tested from 30 to
300◦C using an air atmosphere with a 5◦C min−1 heating
rate.

2.2. Morphological characteristics of the catalyst layers

The morphological characteristics of the catalyst layers
were measured using mercury-intrusion porosimetry (Pore-
Master33, Quantachrome Corp., Boynton Beach, FL). Infor-
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mem/UConns Nafion®–Teflon®–phosphotungstic acid high
temperature membrane which was about 25�m thick was
used in this study. The gas diffusion layers (GDLs) pre-
pared in-house (210–225�m thick) comprised carbon Vul-
can XC-72R (Supplied by Cabot Corp., Boston, MA) and
PTFE (60 wt.% solution, supplied by Aldrich, St. Louis,
MO) on Toray paper (TPGH 120, supplied by E-TEK
Corp., Somerset, NJ)[24]. The average thickness was about
365�m. The active area of all MEAs in this study was
25 cm2.

2.4. Electrochemical measurements

MEA performance was evaluated using a conventional
25 cm2 fuel cell fixture with single serpentine flow-fields
machined on graphite plates. After wet-up conditions, all of
the single-cells were tested at cell temperatures of 80◦C and
120◦C with pure hydrogen and oxygen or air at atmospheric
pressure, respectively. Both fuel/air were externally humidi-
fied and the relative humidities were 100% at the anode/75%
at the cathode at a cell temperature of 80◦C and 35% at the
anode/35% at the cathode at a cell temperature of 120◦C,
respectively. The gas stoichiometry was kept constant at 3.4
for hydrogen and 4.0 for oxygen in air at all cell current den-
sities. Cell voltage versus current density was obtained with a
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ation on the internal structure of the catalyst layers ca
btained by measuring the amount of mercury penetrati
function of the applied pressure.

.3. Preparation of the membrane-electrode assembly

Platinum black (supplied by Alfa Aesar Corp., Word H
A) with surface area of 21.45 m2 g−1 Pt mixed with sol
bilized Nafion® (5 wt.%, EW1100, supplied by Solutio
echnology Inc.) was used in the cathode catalyst layer
atalyst layer was uniformly applied onto the membran
praying catalyst inks consisting of Pt black, Nafion®, and
olvents with/without the pore-forming additive, ammon
arbonate (reagent ACS, supplied by Acros Organics,
urgh, PA). The catalyst coated membrane was then
ressed for 5 min at 130◦C and 517× 103 Pa (75 psig) be

ween two 25�m PTFE sheets. Another thin layer of P
40% Pt on Vulcan XC-72, supplied by Alfa Aesar Co
ord Hill, MA) with surface area of 61.04 m2 g−1 Pt mixed
ith Nafion® was applied onto the first layer of Pt black

nsure good current collection from the thin Pt black la
nd provide good contact with the gas diffusion layer. It
rovided some additional catalytic activity. Total Pt lo

ng was controlled at 0.5 mg cm−2 on the cathode side a
.4 mg cm−2 on the anode side. The ratio of Pt loading

he Pt black layer and Pt/C layer was controlled at 9
he amount of the ammonium carbonate in the Pt b
atalyst layer was varied in the range of 10 to 40%.
afion® loading in the electrodes was optimized to furt

mprove the cell performance at higher temperatures. Io
omputer-controlled fuel cell test load (Series 890B, Scri
ssociates Inc., Southern Pines, NC), which has the abil
easure the cell internal resistance. This internal resista
rimarily due to the cell membrane. The IR-free cell volt

s almost completely controlled by the cathode polariza
ecause the hydrogen anode polarization is small. In me

ng polarization curves, current was stepped up from ze
he maximum test current density with an increment betw
0 and 100 mA cm−2. Time spent at each current density w
min.
Cyclic voltammetry measurements were conducte

5◦C to determine the electrochemically active surface
sing a potentiostat (Solartron SI1287, Solartron Analyt
ampshire, England). The reference and counter elec

eads were attached to the cell anode and the working
rode lead was connected to the cell cathode. Hydroge
itrogen were fed to the anode and cathode, respectively
otential was scanned from 0.01 V to 0.8 V at a sweep
f 20 mV s−1.

The electrochemical surface area (ECA) of all the cath
lectrode was calculated based on the relationship be

he surface area and the hydrogen adsorption charge o
lectrode determined from the cyclic voltammetry meas
ent, hydrogen adsorption charge on a smooth Pt electro
10 mC cm−2 Pt, and the Pt loading in the catalyst layer. T
lectrochemical surface area of the Pt catalyst was calcu
y Eq.(1) [25]:

CA (cm2 Pt/g Pt)= Charge (�C cm−2)/[210(�C cm−2 Pt)

× Electrode loading (g Pt cm−2)] (1)
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3. Results and discussion

Ammonium carbonate was chosen as the pore-former
since it completely decomposes to ammonia, water and car-
bon dioxide above 59◦C. Ammonia present as an impurity in
oxidant streams has been reported to react with the electrolyte
to form ammonium ions leading to a lower oxygen reduction
rate at the cathode side and phosphoric acid fuel cell perfor-
mance losses[26]. Uribe et al.[27,28] found that traces of
ammonia in the anode feedstream of a proton exchange mem-
brane fuel cell caused a decrease in cell current. They also
reported that high trace levels and long time exposure caused
severe and irreversible decreases in performance. In our study
ammonium carbonate was used as a pore-forming material in
the electrodes. The electrode with ammonium carbonate was
heat-treated at 130◦C for 3 min to allow the ammonium car-
bonate to decompose and so that it would not react with the
Nafion® in the electrode and influence cell performance. A
thermal analysis was carried out to verify that the ammonium
carbonate decomposed during the thermal treatment applied
to the catalyst during MEA preparation.Fig. 1 shows the
thermogravimetric analysis (TGA) from room temperature
to 300◦C at a heating rate of 5◦C min−1 in air. Ammonium
carbonate begins to decompose at about 47◦C and is totally
lost at about 125◦C. Therefore, if the electrode is heat-treated
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Fig. 2. Pore size distribution of Pt black catalyst layers in cathode obtained
from mercury-intrusion porosimetry measurements. Total Pt loading was
0.5 mg cm−2 and the Nafion® content was 10 wt.%. (a) Specific pore-size
distribution; (b) cumulative pre-size distribution.

increased 17% in the catalyst layer prepared with 10 wt.%
ammonium carbonate as a pore-forming additive.

The influence of the ammonium carbonate and its amount
in the Pt black catalyst layer has been evaluated in single
cells.Fig. 3 shows the ammonium carbonate content effect
in the electrodes, 0 wt.%, 10 wt.%, 20 wt.% and 40 wt.%, on
the cyclic voltammetry of several cells, using the same cath-
ode Nafion® loading, 10 wt.%. The Pt black electrode without
ammonium carbonate shows only one broad and weak des-
orption peak and no discrete H-adsorption peaks. Paulus et
al. [29] in their work on the catalyst utilization of the elec-
trode/solid polymer electrolyte interface, explained this phe-
nomena by different facetting of the particles present in the
Pt black catalyst, which results in the merging of the two H-
adsorption/desorption peaks into one single peak. Compared
to the electrodes without the additive (standard electrode),
the electrodes with various amounts of ammonium carbon-
ate exhibit higher electrochemical surface area and two sepa-
rate H-desorption and two H-adsorption peaks can be found.
One peak, located around 120 mV is hereafter referred to as
t 130 C, a loss of 100% of ammonium carbonate should
ur. This easy decomposition of ammonium carbonate m
EA fabrication and cell assembling simple and rapid s
o other treatment was needed to remove ammonium ca
te out of the electrode.

The pore-size distributions in the catalyst layers with
mmonium carbonate (“the standard electrode”) and
0 wt.% ammonium carbonate are shown inFig. 2. Nafion®

oading was kept at 10 wt.% for both MEAs. The pore s
istribution was changed after removing ammonium car
te in the catalyst layer.Fig. 2a shows that the pore volum

ncreased in two different pore size ranges, 0.005–0.015�m,
.02–0.07�m. Fig. 2b show that there was also an incre

n the amount of 7�m diameter pores. The total poros

ig. 1. Thermogravimetric analysis for ammonium carbonate. Heating
◦C min−1 in air from room temperature to 300◦C.



254 Y. Song et al. / Journal of Power Sources 141 (2005) 250–257

Fig. 3. Cyclic voltammetry of Pt black electrodes with different ammo-
nium carbonate contents as an additive and 10 wt.% Nafion® as a binder
mixed with Pt black catalysts. Total Pt loading was 0.5 mg cm−2. Scan rates:
20 mV s−1, hydrogen/nitrogen flow rates: 200 cm3 min−1, cell temperature:
25◦C and the saturator temperatures: 22◦C.

the desorption of weakly adsorbed hydrogen and other peak,
around 250 mV, is referred to as the desorption of strongly
adsorbed hydrogen[30].

From the hydrogen adsorption peak areas in the cyclic
voltammetry curves and the Pt single crystallite hydrogen ad-
sorption constant 210�C cm−2 Pt, the electrochemical sur-
face area (SECA) for the catalyst was calculated. The chemical
surface areas (SCSA) of the Pt-based catalysts are provided by
the catalyst manufacturers, 21.45 m2 g−1 Pt (Pt black) and
61.04 m2 g−1 Pt (40% Pt/C), so the whole chemical surface
area of catalysts is 23.4 m2 g−1 Pt due to the ratio 95:5 of
Pt black and 40% Pt/C catalyst at cathode. The Pt utilization
efficiency can be calculated from Eq.(2).

Pt utilization efficiency= SECA/SCSA (2)

Different ammonium carbonate content, 0%, 10%, 20%
and 40%, mixed with the cathode catalyst led to signifi-
cantly different electrochemical surface areas, 8.3 m2 g−1,
11.1 m2 g−1, 12.6 m2 g−1, and 17.0 m2 g−1, respectively. The
Pt utilization efficiency for the catalyst with 40 wt.% ammo-
nium carbonate was 72%, two times that of the catalyst with
no additive, 35%. The larger surface area and higher Pt uti-
lization efficiency are essential to attaining a higher reaction
rate.

The effects of the ammonium carbonate amount on the
c
s yst
l ding
a k
c tents
f he
c nium
c talyst
l with
1 67 V

Fig. 4. Effect of ammonium carbonate content on cell performance on hydro-
gen/air at 80◦C with 100%/75% relative humidities under atmospheric pres-
sure. Total Pt loading was 0.5 mg cm−2 and Nafion® content was 10 wt.%.

IR free cell voltage is obtained at 400 mA cm−2 when the
cell temperature is 80◦C on H2/air. When the amount of the
additive further increased to 20 wt.% and 40 wt.%, the cell
performance decreases, suggesting that there must exist an
optimal range of ammonium carbonate in the catalyst layers.

Fig. 5shows the influence of ammonium carbonate in the
Pt black catalyst layer on the performance of the PEMFC
at 120◦C. Here the best performance is achieved from the
cell with 20% ammonium carbonate in the Pt black catalyst
layer, a 0.60 V IR free cell voltage at 400 mA cm−2 on H2/air.
The difference in the performance for the cells with various
contents of ammonium carbonate becomes much larger at
higher current densities compared to the cell without the ad-
ditive in the Pt black catalyst layer. The mass-transport lim-
itation of oxygen to the cathode catalyst surface is reduced
when ammonium carbonate is added into the Pt black catalyst
layer. This would be expected with a pore-former[20]. A fur-
ther increase in the quantity of ammonium carbonate beyond
20 wt.% does not improve cell performance at 120◦C. Since

F n hy-
d eric
p s
1

ell performance of PEM fuel cells at 80◦C and 120◦C are
hown inFigs. 4 and 5, respectively. The cathode catal
ayers in these cells were made of the same platinum loa
t 0.5 mg cm−2 and Nafion® content at 10 wt.% in Pt blac
atalyst layer, but different ammonium carbonate con
or comparison.Fig. 4 shows that the performance of t
ells first increases and then decreases with the ammo
arbonate content. The ammonium carbonate in the ca
ayer also increases the open circuit potential. For the cell
0 wt.% ammonium carbonate in the catalyst layer, a 0.
ig. 5. Effect of ammonium carbonate content on cell performance o
rogen/air at 120◦C with 35%/35% relative humidities under atmosph
ressure. Total Pt loading was 0.5 mg cm−2 and the Nafion® content wa
0 wt.%.
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Fig. 6. Current density as a function of Nafion® loading at different IR free
cell voltages at 80◦C with 100%/75% relative humidities on hydrogen/air
under atmospheric pressure. Total Pt loading was 0.5 mg cm−2 and ammo-
nium carbonate content was 20 wt.%.

the IR free cell voltage decrease is uniform with current den-
sity as the additive content increases above 20 wt.%, as seen
in Fig. 4, the voltage decrease appears to be due to a reduc-
tion in cathode catalyst activity. This is surprising sinceFig. 3
shows an increase in catalyst surface area when the amount
of ammonium carbonate increases from 20 to 40 wt.%. The
decrease in catalyst activity might be due to a loss of effec-
tive Pt area during cell testing (much higher current density
than that used in the ECA measurement) due to the exces-
sive porosity at additive contents above 20 wt.%. The cells
in Figs. 4 and 5only contain 10 wt.% Nafion. Data shown
later in this paper indicates that a higher Nafion® content is
beneficial when using 20 wt.% ammonium carbonate.

The performance can be further improved by optimizing
both the content of the ammonium carbonate and of Nafion®

in the Pt black catalyst layer. Nafion® has been shown to
play a role in improving proton conduction or impairing
mass transfer to the electrodes[31–35]. Small quantities of
Nafion® coat the catalyst, larger amounts of Nafion® fill
the pores of the catalyst layer and subsequent additions of
Nafion® results in the formation of films on the surface of
the electrode. At low Nafion® loading, the electrodes have
poor ionic conductivity, which accounts for the poor elec-
trode performance, but the conductivity increases with in-
creasing Nafion® content. Since the study on the ammonium
c ® -
a rface
a te, it
i
i ium
c nce.
C of
a 0
1 e
h

Fig. 7. Current density as a function of Nafion® loading at different IR free
cell voltages at 120◦C with 35%/35% relative humidities on hydrogen/air
under atmospheric pressure. Total Pt loading was 0.5 mg cm−2 and ammo-
nium carbonate content was 20 wt.%.

the cell current density as function of the Nafion® content in
the catalyst layers at different cell performance at 80◦C and
120◦C, respectively. The catalyst activity becomes higher
when the Nafion® loading increases from 10 to 20 wt.%.
Cell performance is also further enhanced. The best IR free
cell voltages, 0.73 V at 400 mA cm−2 at 80◦C and 0.68 V
at 400 mA cm−2 at 120◦C on air, has been attained in the
cell with Nafion® loading at 20 wt.% and ammonium car-
bonate content at 20 wt.%. The corresponding cell voltages
are 0.70 V at 80◦C and 0.57 V at 120◦C, respectively. The
optimal loading of Nafion® enhances the cell performance
mostly at the higher current densities.

Plotting IR-free cell voltage against current density on a
semilog scale produces a straight line with a slope called the
Tafel slope. The Tafel slope indicates how fast the IR free
cell voltage drops with current density.Fig. 8 shows the air
Tafel slope of these electrodes with a Nafion® loading of

F
P t.%.
arbonate content with 10 wt.% Nafionloading in the cat
lyst layers proved that the catalyst electrochemical su
rea was enhanced with addition of ammonium carbona

s reasonable to consider that increasing the Nafion® load-
ng in the catalyst layers with an increase in ammon
arbonate amount will help improve the cell performa
ells with different Nafion® loading and a fixed content
mmonium carbonate at 20 wt.% have been tested at 8◦C,
00%/75% relative humidity and 120◦C, 35%/35% relativ
umidity under atmospheric conditions.Figs. 6 and 7show
ig. 8. Nafion® loading effects on the Tafel slope at 80◦C and 120◦C. Total
t loading was 0.5 mg cm−2 and ammonium carbonate content was 20 w
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20%, but different ammonium carbonate contents at 80◦C
and 120◦C. A decrease occurs in the internal ionic resistance
with increasing Nafion® loading from 10 to 20 wt.% (Tafel
slope is reduced from 109 to 75 mV decade−1 at 80◦C and
131 to 80 mV decade−1 at 120◦C). These lower values ap-
proach the expected Tafel slope associated with the electro-
chemical reaction[36]. When the Nafion® loading in the cat-
alyst layer increases to 25 wt.%, the Tafel slope increases to
121 mV decade−1 at 80◦C and 167 mV decade−1 at 120◦C.
Cell performance with too high of a Nafion® loading becomes
very poor, especially in the higher current density region. A
thicker layer of Nafion® inside the pores of the electrode
introduces mass transport problems by retarding the access
of gas to the active sites at 80 and 120◦C [35]. An exces-
sive amount of Nafion® may also electronically isolate the
catalysts leading to a high electronic ohmic loss in the cata-
lyst layer. The optimal electrode with 20 wt.% Nafion® and
20 wt.% ammonium carbonate has minimal diffusional and
resistive losses, so the Tafel slope is close to that of the reac-
tion controlled values of 70 and 78 mV decade−1 for 80 and
120◦C, respectively.

Fig. 9 shows the electrochemically active surface area
(ECA), as a function of Nafion® content in the catalyst
layer. 20 wt.% Nafion® content in the electrode provides the
largest surface area when the ammonium carbonate content
i l ac-
t ption
p ondi-
t tive
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t m
2 e
c e, the
e t.%
N

F
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Fig. 10. Cell performance improvement with the modified electrode com-
pared to the standard electrode at 120◦C with 35%/35% relative hu-
midities on hydrogen/air under atmospheric pressure. Standard electrode:
10 wt.% Nafion® and no ammonium carbonate and modified electrode:
20 wt.% Nafion® and 20 wt.% ammonium carbonate. Total Pt loading was
0.5 mg cm−2.

The best performance curves of the cell with optimal am-
monium carbonate and Nafion® loading are selected and
compared inFig. 10with the standard cell without ammo-
nium carbonate in the catalyst layers. The standard elec-
trode included 10 wt.% Nafion® in the Pt black catalyst
layer, which provides the best performance when no addi-
tive is applied. The cell with the “modified electrode” in-
cludes 20 wt.% Nafion® and 20 wt.% ammonium carbonate
in the Pt black catalyst layer.Fig. 10 shows performance
for the two MEAs with reactants of hydrogen and both air
and oxygen at 120◦C with 35%/35% relative humidity under
ambient pressure. In this case the polarization is controlled
by three factors—the ionic resistance in the catalyst layer,
the diffusional resistance in the catalyst layer, and the cat-
alytic activity. The modified electrode has a much higher
cathode catalytic activity because the current at 0.8 V on
oxygen is much higher than that of the standard electrode
(200 mA cm−2 versus 10 mA cm−2). This enhanced activity
is due to both the optimized Nafion® loading and ammonium
carbonate content. The current ratios of the standard and mod-
ified electrodes between air and oxygen at a given IR free cell
voltage are very similar, 4.2 versus 4.0 and 2.8 versus 2.6 at
20 mA cm−2 and 200 mA cm−2, respectively. The polariza-
tion curves of both the modified electrode and the standard
electrode on air and oxygen are not parallel at higher current
d the
c rves
f the
s
m -
d less
d rfor-
m ove-
m o-
n
a cm
s 20 wt.%. Since the ECA reflects the electrochemica
ive surface area of the electrode for adsorption or desor
rocesses of hydrogen on the Pt catalyst, this same c

ion is optimal for high performance. Increasing the ac
rea of Pt covered with Nafion® provides easier migration
rotons through the electrolyte retained inside the por

he catalyst layer. When the Nafion® loading increases fro
0 wt.% to 25 wt.%, the thicker Nafion® layer coated on th
atalyst agglomerate isolates some catalysts. Therefor
lectrochemical surface area of the electrode with 25 w
afion® decreases.

ig. 9. Electrochemically active surface area as a function of Nafion® con-
ent. Cyclic voltammetry measurement: scan rate 20 mV s−1 at room temper
ture; ECA calculation based on Eq.(1) and ammonium carbonate cont
t 20 wt.%.
ensities, indicating that there still exists diffusion loss in
athode of the modified electrode. The polarization cu
or the modified electrode are slightly flatter than that of
tandard electrode, the Tafel slope 80 mV decade−1 of the
odified electrode compared to 97 mV decade−1 of the stan
ard electrode, showing that the modified electrode has
iffusional or resistive loss. Enhancement of the cell pe
ance of the modified electrode comes from both impr
ent in the catalyst activity through optimization of amm
ium carbonate pore-forming material and Nafion® loadings
nd increased gas transport. The cell voltage at 400 mA−2
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has been improved by use of the ammonium carbonate from
0.48 V to 0.57 V (hydrogen/air at 120◦C with 35% relative
humidity under atmospheric pressure), resulting in a 19%
increase in performance.

4. Conclusion

PEM fuel cells operating at elevated temperature provide
significant advantages over low temperature PEM fuel cells.
Introducing a pore-forming material and optimizing both
the pore-former and Nafion® content in the electrode led to
higher performance at higher temperatures and lower relative
humidities under ambient pressure.

The performance of the PEM fuel cell at higher tem-
peratures has been improved by modifying a Pt black cath-
ode catalyst layer structure with the optimal amounts of the
“pore-former”, ammonium carbonate, and Nafion®. Thermo-
gravimetric analysis on ammonium carbonate and cell per-
formance indicate that ammonium carbonate added into the
cathode catalyst layer is not a poison when the cells are tested
since the ammonium carbonate is easily decomposed before
testing. Introduction of the ammonium carbonate into the Pt
black catalyst layer of the high temperature membrane elec-
trodes enhanced the total porosity of the catalyst, resulting
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