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bstract

There are several compelling technological and commercial reasons for operating H2/air PEM fuel cells at temperatures above 100 ◦C. Rates
f electrochemical kinetics are enhanced, water management and cooling is simplified, useful waste heat can be recovered, and lower quality
eformed hydrogen may be used as the fuel. This review paper provides a concise review of high temperature PEM fuel cells (HT-PEMFCs) from
he perspective of HT-specific materials, designs, and testing/diagnostics. The review describes the motivation for HT-PEMFC development, the
echnology gaps, and recent advances.

HT-membrane development accounts for ∼90% of the published research in the field of HT-PEMFCs. Despite this, the status of membrane

evelopment for high temperature/low humidity operation is less than satisfactory. A weakness in the development of HT-PEMFC technology is
he deficiency in HT-specific fuel cell architectures, test station designs, and testing protocols, and an understanding of the underlying fundamental
rinciples behind these areas. The development of HT-specific PEMFC designs is of key importance that may help mitigate issues of membrane
ehydration and MEA degradation.

2006 Elsevier B.V. All rights reserved.
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. Introduction

H2/air fuel cells based on proton-exchange membranes have
any attractive features, including high power density, rapid

tart-up, high efficiency, which makes them a promising clean
nergy technology. Great advances have been made in PEM
uel cell development. Catalyst loading has been significantly
educed, power density has been increased, and prototype PEM
uel cell vehicles have been successfully tested on many conti-
ents. In spite of these successes, there is strong need to enhance
he performance of current PEM fuel cells. Several technical
bstacles hinder their widespread commercialization for trans-
ortation and stationary application sectors. These include inad-
quate water and heat management, the intolerance to impurities
uch as CO, sluggish electrochemical cathode kinetics, and their
igh cost.

Recent progress in H2/air PEM fuel cells has focused on
he need to develop PEM fuel cells that operate above 100 ◦C.
here are several compelling reasons for operating at a higher

emperature [1]: (i) Electrochemical kinetics for both electrode
eactions are enhanced; (ii) water management can be simplified
ecause only a single phase of water need to be considered; (iii)
he cooling system is simplified due to the increased tempera-
ure gradient between the fuel cell stack and the coolant; (iv)
aste heat can be recovered as a practical energy source; (v) CO

olerance is dramatically increased thereby allowing fuel cells
o use lower quality reformed hydrogen.

Research advances of high temperature PEM fuel cells
HT-PEMFCs) are occurring at a rapid pace and on many
isciplinary fronts. This review aims to provide a concise, but
road review of the field of HT-PEMFCs from the perspective
f materials requirements and characterization. Part I of this
eview provides background theory that supports and motivates

T-PEMFC development. Part II describes the major technol-
gy gaps that must be addressed for their commercialization
nd widespread use. Part III addresses recent advances in
unctional materials and component design, and requirements

d
(

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 889

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 889

or the testing and diagnosis of emerging materials and
omponents.

. Part I: advantages of high temperature operation

.1. Improved cathode kinetics

The exchange current density for the electrochemical oxy-
en reduction reaction (ORR, ∼10−8 to 10−9 A cm−2) is much
maller than that of the hydrogen oxidation reaction (HOR,
10−3 to 10−4 A cm−2). Since HOR at the Pt nanoparticle/PEM

nterface is reversible [2], the overpotential for HOR is neg-
igibly small compared with that of ORR when the anode is
dequately hydrated. The overall electrochemical kinetics of
EMFCs is therefore determined by the relatively slow oxygen
eduction reaction (ORR). However, at operating temperatures
bove 100 ◦C, anode dehydration may become a significant chal-
enge.

The performance of a PEMFC in the kinetically controlled
egime can be represented by the Tafel equation:

= Erev + b log i0 − b log i (1)

= −2.3
RT

αnF
(2)

here E, Erev, b, i, i0, n and α are the electrode potential,
eversible potential, Tafel slope, current density, exchange cur-
ent density, the number of electrons transferred in the rate
etermining step and the transfer coefficient, respectively. The
ariation of Erev, i0 and b with temperature are discussed below:

.1.1. Effect of temperature on Erev and OCV
Erev is related to temperature according to Eq. (5), which is
J. Zhang et al. / Journal of Power Sources 160 (2006) 872–891 873
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erived from Eqs. (3) and (4):

∂Erev

∂T

)
P

= Erev − E0
rev

T − 298
(3)
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tain traces of carbon monoxide (CO) which strongly adsorb on
the surface of Pt, occupying hydrogen oxidation reaction (HOR)
sites, as illustrated in Fig. 1. Trace CO dramatically reduces the
activity of Pt or Pt-alloys in the anode.
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∂Erev

∂T

)
P

=
(

�S

nF

)
P

(4)

rev = E0
rev +

(
∂Erev

∂T

)
P
(T − 298)

= E0
rev +

(
�S

nF

)
P
(T − 298) (5)

S for the H2/O2 reaction is negative below 100 ◦C, because
ases are converted to liquid, thus, Erev decreases with increas-
ng temperature. This effect is less pronounced above 100 ◦C
hen gaseous reactants are converted to gaseous product. Below
00 ◦C the change in entropy (�S◦) for the H2/O2 reaction is
a. −163.5 J K−1 mol−1, while above 100 ◦C, �S◦ is approx-
mately −44.5 J K−1 mol−1. These values, corresponding to
Erev/∂T or �S/nF in Eq. (5), are −0.85 mV K−1 (<100 ◦C) and
0.23 mV K−1 (>100 ◦C).
For the electrochemical reaction shown in Eq. (6), the thermo-

ynamic OCV (open-circuit voltage) can be described by Eq. (7).
onsequently, the thermodynamic OCV decreases with increas-

ng temperature, especially above 100 ◦C, due to the increase of
H2O:

2 + 2H2 ⇔ 2H2O (6)

CV = E0
rev +

(
�S

nF

)
P
(T − 298) + RT

2F
ln

PH2P
1/2
O2

PH2O
(7)

he temperature-dependent thermodynamic open-circuit volt-
ge for the overall reaction (6) can be estimated using the relation
Eq. (8)) [3–5]:

CV = 1.23 − 0.9 × 10−3(T − 298)

+2.3
RT

4F
log

P2
H2

PO2

P2
H2O

(8)

u et al. [6] calculated the theoretical OCV using the following
quation:

CV = 1.482 − 0.000845T + RT ln
PH2P

0.5
O2

PH2O
(9)

hey observed that increasing the fuel cell temperature from 60
o 120 ◦C, while maintaining a constant relative humidity (RH),
aused the theoretical OCV to decrease from 1.22 to 1.14 V due
o the increase in water partial pressure—in accordance with
heory.

.1.2. Effect of temperature on the Tafel slope
For both the HOR and ORR, the dependence of b on temper-

ture can be derived by differentiating Eq. (2):

∂b

∂T
= −2.3R

αnF
(10)
ssuming that the reaction mechanism and α is independent
f temperature, b varies linearly with temperature. For αn = 1,
b/∂T ≈ 0.2 mV K−1. However, several groups [7–11] report two
ets of Tafel slopes that are differentiated by the current density
ources 160 (2006) 872–891

egime. One Tafel parameter corresponds to oxygen reduction at
Pt oxide-covered surface (Temkin adsorption conditions, low

urrent density, b = 60 mV/decade); and the other, at a Pt oxide-
ree surface (Langmuirian conditions, high current density and
= 120 mV/decade). Thus, the ∼0.2 mV K−1 increase predicted

or a temperature increase above 100 ◦C may be masked by
hanges in the reaction mechanism of ORR from Temkin con-
itions [10,11] and the corresponding change in Tafel slope and
ncrease in exchange current density with increasing tempera-
ure. Experimentally, the Tafel slope corresponding to the ORR
as found to increase with temperature in the low current den-

ity region, while it was independent of temperature in the high
urrent density region [9].

.1.3. Effect of temperature on i0
Kinetic parameters associated with the ORR at Pt/PEM

nterfaces have been investigated using EIS (electrochemical
mpedance spectroscopy) and LSV (linear sweep voltamme-
ry) in a solid-state electrochemical cell using microelectrodes
12]. It is found that i0 increases with temperature. Beattie
t al. [13] report i0 values for Nafion® 117 and BAM® 407,
n experimental sulfonated polytrifluorostyrene-based mem-
rane, ranging from 2.08 × 10−10 to 3.71 × 10−9 A cm−2 and
.80 × 10−11 to 4.38 × 10−10 A cm−2, respectively, over the
emperature range 303–343 K. Parthasarathy et al. [9] report that
0 at Pt/Nafion® 117 interfaces in the low current density region
ncreases from 1.69 × 10−10 to 5.54 × 10−9 A cm−2 as the tem-
erature is increased from 303 to 343 K. It is likely that the
ncrease in i0 will deviate from this relationship above 100 ◦C but
ata at temperatures >100 ◦C are notably absent from the litera-
ure, presumably due to the experimental difficulties in operating
olid state cells at elevated temperature and lower humidity.

.2. Improved tolerance of the catalyst to contaminants

The vast majority of reported data on the performance of
2/air fuel cells are obtained using pure hydrogen as fuel but

rom the technological point of view this is unrealistic because
igh purity hydrogen may not be readily available. It may be
referential to use hydrogen-rich gases as fuel. On-site genera-
ion of hydrogen prepared using reforming reactions, such as the
ater–gas shift reaction, preferential oxidation, membrane sep-

ration or methanol oxidation, from various organic fuels (e.g.,
ethanol, natural gas, gasoline, etc.) are attractive alternatives

o “stored” hydrogen. However, reformate gases generally con-
Fig. 1. Adsorption of CO on Pt.
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for current densities up to 0.8 A cm−2 at 200 ◦C; 0.1% CO can be
tolerated for current densities <0.3 A cm−2 at 125 ◦C; whereas
only 25 ppm CO can be tolerated at 80 ◦C for current densities up
J. Zhang et al. / Journal of Po

It is reported that at 80 ◦C, CO concentrations as low as
0–20 ppm causes a significant loss in cell performance [14].
s a consequence, purification of the reformate gas is neces-

ary in order to reduce CO concentrations to <10 ppm. Qi et al.
15] report that trace amounts of CO also poison the cathode
fter passing through the membrane. Considerable effort has
een made to reduce the effect of CO. These include (1) feeding
xidant (O2 or H2O2) into the fuel; (2) advanced purification of
eformate gas; (3) developing CO-tolerant electrocatalysts (e.g.,
tRu/C, PtSn/C). However, all approaches to-date have signif-

cant drawbacks and/or performance issues. For instance, the
ddition of oxidant to the fuel stream decreases fuel utilization
nd compromises safety; additional fuel processing increases
ystem complexity and cost; and the effectiveness of new CO-
olerant electrocatalysts is far from satisfactory. An alternative
s to increase the operating temperature of the PEMFC to effec-
ively alleviate CO adsorption on the catalyst.

It is well known that adsorption of CO on Pt is associated with
high negative entropy, indicating that adsorption is strongly

avoured at low temperatures, and disfavoured at higher temper-
tures [16–19]. At 130 ◦C, for example, Pt-based catalysts can
olerate up to 1000 ppm CO [20]. A thermodynamic analysis of
he temperature requirements for CO tolerance was conducted
y Yang et al. [21]. They report that increased tolerance to CO is
elated to the thermodynamics of adsorption of CO and H2 on Pt.
dsorption is Langmuirian in nature. CO adsorbs associatively
n Pt below 500 K, whereas H2 adsorbs dissociatively:

O(g) + Pt → Pt–CO (11)

2 + 2Pt → 2Pt–H (12)

he fractional coverages (θ) of CO and H2 on the surface of the
atalyst are given by Eqs. (13) and (14):

CO = KCOPCO

1 + KCOPCO + K
1/2
H P

1/2
H2

(13)

H = K
1/2
H P

1/2
H2

1 + KCOPCO + K
1/2
H P

1/2
H2

(14)

here KCO and KH are the equilibrium constants for adsorp-
ion, and PCO and PH2 are the partial pressures of CO and H2
n the gas phase, respectively. Because hydrogen adsorption is
ess exothermic than CO and H2 adsorption requires two adsorp-
ion sites, increasing the temperature leads to a beneficial shift
owards higher H2 coverage at the expense of CO coverage.

In Fig. 2, a plot is shown illustrating the equilibrium coverage
f CO on Pt at CO concentrations ranging from 1 to 100 ppm
ith a H2 pressure of 0.5 bar. The enthalpies of adsorption are

hose determined on a Pt (1 1 1) surface, and the adsorption
ntropies are determined from desorption kinetics as described
y Benziger [22]. It is clear that operation at higher tempera-
ures increases the ability of the fuel cell anode to perform in

he presence of small amounts of CO by decreasing the cover-
ge of CO on the catalyst surface. Similar adsorption curves are
lso reported by Adjemian et al. [23] and Malhotra et al. [24].
hey report that hydrogen coverage increases from 0.02 mono-

F
a

ig. 2. CO coverage on a platinum as a function of temperature and CO con-
entration. The partial pressure of H2 is 0.5 bar [21].

ayers at 350 K (77 ◦C), to 0.39 monolayers at 400 K (127 ◦C).
ince current density is proportional to hydrogen coverage on the
node, an increase in temperature from 80 to 130 ◦C increases
he current density by a factor of 20 [23].

Bellows et al. [25] studied the electrooxidation reaction kinet-
cs of CO in 1 M H2SO4 on polycrystalline Pt using linear
weep voltammetry (LSV) and found that the CO electrooxi-
ation rate increases with increasing temperatures. The effects
f CO adsorption onto Pt during high temperature operation
f a PEMFC (>120 ◦C) have also been reported [19,24,26]. The
tudy conducted by Lakshmanan et al. [27] using polyetherether-
etone membranes indicates that for standard Pt–Ru catalysts an
ncrease in operating temperature from 70 to 120 ◦C improves
he CO tolerance from 50 to 1300 pm. Li et al. [19] investigated
he effect of poisoning of carbon supported Pt in PEMFCs over

temperature range 125–200 ◦C with phosphoric acid-doped
olybenzimidazole (PBI) membranes, and found that CO poi-
oning can be sufficiently suppressed at elevated temperature.
s shown in Fig. 3, by defining the CO tolerance as a voltage

oss of <10 mV, it is estimated that 3% CO in H2 can be tolerated
ig. 3. Loss in voltage as a function of current density at different temperatures
nd different CO concentrations [19].
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membrane) were found to exhibit higher gas diffusion rate at
the cathodes, were less prone to dehydration of the anode, and
consequently showed improved fuel cell performance. These
attributes were directly linked to the higher water content in
76 J. Zhang et al. / Journal of Po

o 0.2 A cm−2. CO tolerance is dramatically enhanced, from 10
o 20 ppm at 80 ◦C to 1000 ppm at 130 ◦C, and up to 30,000 ppm
t 200 ◦C [19]. This high CO tolerance above 130 ◦C renders it
ossible for a fuel cell to use hydrogen directly from a simple
eformer.

.3. Improved water management and gas transport

.3.1. Water management
Water management in PEM fuel cells requires careful consid-

ration because it affects the overall system power and system
fficiency. For a PEM fuel cell operating below 100 ◦C, a lack of
ater in the membranes and gas diffusion electrodes decreases

heir proton conductivity and significantly increases the cell
esistance. Excessive water in the cathode causes “flooding”,
hich restricts oxygen transport through the porous gas diffu-

ion electrode. Operating a cell above at 100 ◦C may mitigate
otential problems associate with flooding but they exacerbate
ssues associated with dehydration. In order to understand this
aradox in finer detail, the dominating factors that determine
ater transport need to be discussed.
Fig. 4 illustrates the different modes of water transport

hrough PEMFCs. The term electro-osmotic drag is character-
zed by water that is carried by protons as they transverse the

embrane from anode to cathode. The production of water at the
athode results in a gradient of water content across the mem-
rane that may result in back diffusion of water from cathode to
node. If a differential pressure exists, hydraulic pressure may
lso force water from cathode to anode. In the absence of the
atter, the net water flux across the membrane is a combination of
iffusion and electro-osmotic drag, which has a profound impact
n fuel cell performance.

The effect of cathode flooding on FC performance has been
imulated using the agglomerate model for the cathode catalyst
ayer [28]. The detailed parameters used in the simulation are
ot presented here but were chosen from values typically found
n the literature for a cathode operating under room tempera-
ure and ambient pressure. For the purpose of illustrating the
ependence of cathode performance, values of Deff

CL (effective

iffusion coefficient of O2 through the catalyst layer) were varied
rom 10−1 cm2 s−1 (bulk diffusion coefficient in gaseous phase)
o 10−6 cm2 s−1 (bulk diffusion coefficient in liquid phase). The
imulated polarization curves are presented in Fig. 5.

ig. 4. Schematic drawing illustrating the modes of water transport in an oper-
ting H2/O2 PEMFC.

F
a
a

ig. 5. Dependence of cathode performance on the effective diffusion coef-
cient in the catalyst layer (Deff

CL) [28]; 0.1 cm2 s−1 (—), 10−2 cm2 s−1 (♦),
0−3 cm2 s−1 (×), 10−4 cm2 s−1 (�), 10−5 cm2 s−1 (+) and 10−6 cm2 s−1 (©).

In the mass transport controlled region the electrode overpo-
ential is sufficiently high that the current density is limited by
he rate of reactant supplied to the reactive sites. Since Deff

GDL
effective diffusion coefficient of O2 through the gas diffusion
ayer) is normally much higher than Deff

CL, the mass transport lim-
tation occurs predominantly in the catalyst layer. A decrease in

eff
CL reduces the electrode performance at moderate (∼0.7 V)

nd low (∼0.4 V) potentials.
The agglomerate model [29–31] and percolation theory

32,33] have been used to analyze fuel cell data of experimental
embranes. Fig. 6 shows schematic diagram of water trans-

ort in a fuel cell using low and high IEC membranes [34].
nder the fuel cell conditions employed (<100 ◦C) membranes
ith higher IEC (ion exchange capacity, defined as the num-
er of chemical equivalents of ion-exchange sites per gram of
ig. 6. Schematic diagram illustrating different scenarios of water transport in
fuel cell using (a) low IEC and (b) high IEC membranes. The length of the

rrows represent relative extents of water transport [34].
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he membranes and the ability to facilitate fuel cell water man-
gement by allowing more rapid water transfer from cathode
o anode. Thus, membranes that promote water transport are
ore likely to better mitigate problems of dehydration of the

node. However, high IEC membranes exhibit a higher propen-
ity to dehydrate and usually require extensive humidification.
he issue of water transport from cathode to anode is expected

o be greatly exacerbated for high temperature membranes oper-
ting above 100 ◦C where liquid water is absent.

.3.2. Effect of temperature on gas diffusion, solubility, and
ermeability

Gas diffusion through the solid polymer electrolyte, in both
he membrane and the gas diffusion electrode, are important
spects to consider. Generally, gas diffusion coefficients increase
ith temperature whereas solubility decreases. The relationship
etween the oxygen diffusion coefficient, D(O2), in hydrated
afion membranes as a function of temperature is given by the

elationship [4,35]:

O2 = 3.1 × 10−3 exp

(
−2768

T

)
(15)

here T is the temperature (K). The corresponding equation for
xygen solubility was used by Bernardi and Verbrugge [36] to
evelop the Henry’s law expression:

O2 = 1.33 × 106 exp

(
−666

T

)
(16)

here KO2 is in units of atm cm3 mol−1. Parthasarathy et al.
9] reported that the diffusion coefficient of O2 increased from
.95 × 10−7 to 6.22 × 10−6 while the solubility of O2 decreased
rom 9.34 × 10−6 to 4.33 × 10−6 in Nafion 117 for an oxygen
ressure of 5 atm. Mitsushima et al. [37] studied the effect of
quivalent weight (EW) on these parameters in Nafion® and
ciplex® membranes. Their results indicated that the diffu-

ion coefficients increased with increasing exchange capacity
nd with increasing temperature, whereas oxygen solubility
ecreased with increasing temperature and exchange capacity.
he dependences of diffusion coefficient on the temperature and

he equivalent weight are larger than those of the solubility,
hus oxygen permeability, the product of diffusion coefficient
nd solubility, increases with increasing temperature and ion
xchange capacity [38]. Similar conclusions are reported by
ther researchers [12,39–43].

Data for the diffusion on hydrogen in polymer electrolytes are
carce. Yeo and McBreen [44] obtained the following relation for
he diffusivity of dissolved hydrogen in Nafion with temperature:

H2 = 4.1 × 10−3 exp

(
−2602

T

)
(17)

ta et al. [41] reported that the diffusion coefficient of H2

ncreases with increasing temperature, while the solubility of

2 decreases, i.e., the same trend as observed for O2. However,
he diffusion coefficient of hydrogen is one order higher than that
f oxygen, whereas its solubility is lower. Similar to oxygen, the
ermeability of H2 increases with temperature.
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.3.3. Vapor water versus liquid water for O2 mass
ransport improvement

The diffusion coefficient of oxygen through water vapor is
everal orders of magnitude larger than through liquid water.

ith increasing operating temperature (for a given current den-
ity), the ratio of liquid water to water vapor inside cathode
atalyst layers and gas diffusion layers decreases. This will
erve to increase the effective diffusion coefficient of oxygen.
herefore, high temperature operation facilitates oxygen trans-
ort through the gas diffusion layers and the cathode catalyst
ayers and should lead to an increase in fuel cell performance in
he mass transport controlled regime.

.3.4. Simpler flowfield design without the presence of two
hase flow in the channel

The main purpose of a flow field is to provide a uniform reac-
ant distribution over the entire electrode surface area. Since the
ccumulation of liquid water is a common problem in conven-
ional PEMFCs, the flow field is also designed to promote facile
emoval of water removal. The flow field plate thus includes both
network of passages for supplying fuel and oxidant to the flow
eld and a network of passages for receiving discharged gases.
he flow field can consist of a plurality of flow sectors having
eparate inlets and outlets communicating with the networks
f supply and exhaust flow passages. Because there is propor-
ionally little or no liquid water present in the fuel cell above
00 ◦C liquid water management will be simplified, and flow
elds may be designed without having to consider two-phase
ow.

.4. Other benefits of high temperature operation

About 40–50% of the energy produced by a PEM fuel cell
s dissipated as heat [45] due to thermodynamically irreversible
eactions, changes in entropy and Joule heating [46]. Distri-
utions of temperature in an operating fuel cell are therefore
xpected. The effect on cell performance is significant because
f their influence on the transport of water/gaseous species,
nd the inherent rates of electrochemical reactions. Excessive
ell temperatures cause membrane and electrode dehydration,
hrinkage and cracking; while low temperatures may lead to
ooding. Adequate thermal management is therefore a neces-
ity for PEM fuel cells to achieve high performance, efficiency,
urability, and reliability.

A PEMFC operating at 80 ◦C with an efficiency of 40–50%
roduces a large amount of heat that must be removed in order to
aintain that temperature [1]. As rationalized by Frank [47], the

ooling systems of modern vehicles based on the internal com-
ustion engine (ICE) reject <40% of the waste heat; exhaust
ases remove the large fraction of excess heat. In contrast, a
EMFC stack operating at 80 ◦C must reject all the heat pro-
uced via the cooling system. The heat rejection capability of
he fuel cell system operating below 100 ◦C is very inefficient,

equiring elaborate cooling systems and high surface area heat
xchangers.

Operating fuel cells above 100 ◦C allows for easier heat rejec-
ion because of the greater temperature difference between the
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uel cell and ambient environment. As result, the cooling system
ay be simplified, and the mass-specific and volume-specific

ower density of the fuel cell system thereby increased. A higher
emperature waste heat can also be recovered as steam, which
n turn can be used either for direct heating, steam reforming,
r pressurized operation. If the operational temperature is much
igher, e.g., >200 ◦C, steam can be produced directly from a fuel
ell stack, which can be used directly for heating. Under higher
emperature operating conditions, the overall system efficiency
s significantly increased.

If PEM fuel cells are exposed to environments that allow
ater inside the cell to freeze, the volume change of water may
eform the structure of the catalytic layer leading to a reduction
f the specific surface area and Pt utilization and mechanical
ailures. This will increase activation polarization and contact
esistances resulting in a lower cell performance [48]. High tem-
erature fuel cells are expected to contain minimal liquid water.
ence, subjecting the cell to sub-zero temperatures will have

ess of an impact, thus, improving their stability and durability.
Under low temperature operation conditions, an FC stack is

ften purged with dry gas after shutdown, in order to prevent
t from suffering from the effects of freezing of internal water
49,50]. This creates another layer of complexity and adds to
he cost of the complete system. Moreover, although water is
liminated from channels and gas diffusion layers, water may
till exist in the membrane and in the pores of catalyst layers [51].
he absence of liquid water in the membranes, catalyst layers,
nd flow fields of high temperature fuel cells circumvents the
eed to undertake complex shutdown procedures. The absence
f frozen water may also speed up cold start-up of a fuel cell
tack.

Finally, in order to understand the stability and reliability of
EM fuel cells, it is necessary to investigate chemical, morpho-

ogical and mechanical changes that take place within various
omponents during operation. At temperatures below 100 ◦C
hese changes may take place very slowly, and cells often require
xtensive periods of operation in order to elucidate degradation
athways. Operating a fuel cell at elevated temperature (120
r 150 ◦C) accelerates these degradation pathways so that they
ay be studied over a shorter timeframe. In this context, HT-
EMFCs may serve as an accelerated test bench for emerging
aterials, components and fuel cell designs.

. Part II: challenges of operating PEMFCs at high
emperature

Although operating PEMFCs at temperatures above 100 ◦C
as many attractive features, there are several major challenges.
or example, lower temperature PEMFCs employ aqueous-
ased polyelectrolyte membranes, for which the proton con-
uctivity depends strongly upon the relative humidity. At higher
perating temperature, membrane dehydration and the subse-
uent decrease in proton conductivity is a significant issue. In

ddition, various components of PEMFCs experience structural
nd chemical degradation at elevated temperatures. This sec-
ion outlines the challenges faced by operating PEMFCs at high
emperature.

c
d
c
2

ig. 7. Conductivity of Nafion 115 as a function of water activity at various
emperatures [52].

.1. Membrane conductivity and degradation

Typical proton-exchange membranes based on hydrated sul-
onic acids dehydrate at elevated temperature or lower RH. As
hown in Fig. 7, the conductivity of Nafion 115 drops signifi-
antly with a decrease in water activity at elevated temperatures
80–140 ◦C) [52]. It is therefore important to determine the influ-
nce of high temperature/low RH conditions on the conductivity
f existing and emerging membranes so that limitations of oper-
tion may be identified.

Perfluorosulfonic acid (PFSA) membranes (e.g., Nafion) are
he most widely used membrane for PEM fuel cells. Even these
elatively robust materials lose their mechanical attributes when
ehydrated, resulting in shrinking, and cracking. This acceler-
tes gas crossover—with dire consequences to the cell’s perfor-
ance. Crossover also compromises safety since H2 and O2
ay combine exothermically on Pt catalyst generating local

ot spots that lead to pinholes, which in turn accelerates gas
rossover—initiating a destructive cycle of increased crossover
nd membrane degradation.

A loss of mechanical stability with increasing temperature is
o be expected in the fuel cell. Unfortunately, the failure mech-
nism of membranes in the fuel cell is not well understood.
owever, extensive morphological relaxation occurs above the
lass transition temperature (Tg) of a polymer, which may have
n adverse effect on properties of the membrane [53]. The glass
ransition temperature of the membrane must be well above the
perating temperature of the fuel cell. Tg of hydrated samples
s dependent on not only chemical structure of polymer but also
ater content due to its plasticizing effect. Nafion® has a Tg
etween 130 and 160 ◦C for the dry membrane, and between 80
nd 100 ◦C for the hydrated membrane.

Several studies have addressed the issue of thermal stability
f PFSA membranes. The PTFE like backbone of Nafion® is
elatively stable due to the C–F bond strength and the shield-
ng effect of the electronegative fluorine atoms. Nafion® begins
o decompose via its side chains. Surowiec and Bogoczek [54]

onducted a study using thermal gravimetric analysis (TGA),
ifferential thermal analysis, and infrared spectroscopy, and con-
luded that Nafion® loses only water below 280 ◦C, while above
80 ◦C sulfonic acid groups are lost. Chu et al. [55] used infrared
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pectroscopy to study the effect of heating Nafion® coated onto
latinum in air and concluded that Nafion® loses sulfonic acid
roups after being heated at 300 ◦C for 15 min. Wilkie et al. [56]
sing TGA and FTIR spectroscopy, reports that, while being
eated between 35 and 280 ◦C in an inert atmosphere, Nafion®

oses ∼5 wt.%, producing water and small amounts of sulfur
ioxide and carbon dioxide. Between 280 and 355 ◦C, the evo-
ution of sulfur dioxide and carbon dioxide increased. Detailed

echanisms for the decomposition of Nafion® are reported [56].
During fuel cell operation, it is believed that radicals HOO•

nd HO• are responsible for chemical attack on the membrane,
nd initiate the degradation process [57,58]. Water in the mem-
rane provides a pathway for hydrogen and oxygen crossover
rom opposite sides of the membrane. Diffusion rates are slow
nd generally represent only a 1–3% loss in fuel cell efficiency;
owever, oxygen crossover provides a means for the formation
f peroxide and hydroperoxide radicals, which may slowly dete-
iorate the membrane. Consequently, the loss of ionic groups has
een observed to begin at the anode side of the membrane and
rogresses towards the cathode [59]. All these degradation pro-
esses are expected to be exacerbated at temperatures >100 ◦C,
o that any consideration of new membranes for high temper-
ture operation must be based on highly stable components, or
ngineered in a way to reduce free radical formation.

.2. Degradation of the gas diffusion electrode

Development of durable, cost-effective gas diffusion elec-
rodes for high temperature operation represents a significant
hallenge. Currently, noble metals such as Pt and Pt-alloys are
sed as electrocatalysts in PEMFCs. In order to improve Pt uti-
ization and reduce Pt loading, noble metals are often supported
n high surface area carbon substrates. Carbon supports provide
relatively large surface area for the electrocatalyst and provide
ood electronic conductivity.

It is recognized that long-term catalyst layer stability, even
or cells operating at below 100 ◦C, is an area of concern. The
ssue of chemical and morphological instability of the catalyst
ayer is of greater concern at elevated temperatures. Firstly, cor-
osion of the carbon support in the cathode may occur if the
athode is held at relatively high oxidation potentials because
f the generation of oxygen atoms at the catalyst. At elevated
emperature, these may react with the carbon substrate and/or
ater to generate gaseous products such as CO and CO2. This
ay destroy the carbon support over time, leading to a reduction

n carbon content within the catalyst layer, thus, decreasing the
ell lifetime. The carbon–oxidation reaction is influenced by the
emperature, interfacial electrode potential and vapor pressure
f water. It has been reported that this reaction is first order with
espect to the water vapor. The oxidation rate of carbon is higher
t higher electrode potentials. Experimental verification of this
s provided by Stevens and Dahn [60] who studied the thermal
egradation of carbon-supported Pt and found that the rate of

arbon corrosion increased with Pt loading and temperature as
hown in Fig. 8.

Another issue is agglomeration of Pt particles and the increase
n particle size during PEMFC operation—a process that is exac-

v
E

l

ig. 8. Maximum fraction of carbon consumed as a function of temperature for
amples with 30–80 wt.% Pt [60].

rbated at elevated temperatures [61,62]. The rate of ORR on
t/C catalyst has been demonstrated to be strongly dependent
n the particle size [63–65]. The optimum particle size for ORR
ctivity is 3–5 nm [62]. Due to the increase of Pt particle size
ver time the rate of ORR gradually decreases and Pt utilization
s reduced. Pt is also observed to dissolve and re-deposit dur-
ng long-term operation [66,67]. Two mechanisms are proposed
or Pt dissolution [66]: electrochemical dissolution of Pt to Pt2+

ccording to the following reaction:

t = Pt2+ + 2e− (18)

nd formation of Pt oxide film, followed by dissolution accord-
ng to reactions (19) and (20). Irrespective of the actual mech-
nism in effect, the Pt particle’s structure and location changes
ver time:

t + H2O = PtO + 2H+ + 2e− (19)

tO + 2H+ = Pt2+ + 2H2O (20)

t is necessary to develop high Pt content electrocatalysts to meet
he requirements of operation at high temperatures and to reduce
he cathode Pt loading. A combination of higher activity cata-
ysts and thinner catalyst layers is required to achieve acceptable
C performance. A high Pt loading catalyst is needed to prepare

hinner catalyst layers while maintaining the adequate PEMFC
erformance.

.3. Relative humidity and humidification issues

Relative humidity (RH) is given by the ratio of the vapor pres-
ure, P(T), to the saturation vapor pressure (Psat) multiplied by
00 [68]. It is related to temperature and pressure. The saturated

apor pressure Psat is empirically described by Eq. (21) [68] and
q. (22) [69]:

n Psat = 21.564 − 5420

T
(21)
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Fig. 9. Saturated water vapor pressures vs. temperature [70].

n Psat = A − B

T
(22)

here A and B are constants. The saturated water vapor pressure
ncreases exponentially with temperature, as shown in Fig. 9
70].

As can be observed from Fig. 9, at temperature of 180 ◦C,
he pressure Psat reaches 10 atm. To maintain 100% RH at this
emperature requires a total pressure of >10 atm; this without
ven considering the partial pressure of fuel and oxidant gases.
he total pressure must also be comprised of the partial pressures
f fuel and oxidant gases otherwise this will lead in an increased
oncentration overpotential. At a partial pressure of 0.5 atm of
he reactant gases, for example, in a water-saturated feed stream
esigned to maintain 90% RH at 150 ◦C, this requires a total
ressurization of >8 atm [1].

A system operation pressure is represented by the maximum
ow rate of wet reactant gases it can provide. The hydrogen and
ir usages VH2 and Vair (std l min−1) in PMFECs are given by
he following equations [71]:

H2 = 0.0076λ
pe

Vc
(23)

air = 0.0182λ
pe

Vc
(24)

here Pe is the power of fuel cell, Vc the single cell voltage
nd λ is the stoichiometric ratio. The gas usage increases lin-
arly with the fuel cell power output, so the hydrated air and
ydrogen flow rate increases linearly with fuel cell power out-
ut. Water consumption also increases. Thus, high flow rate
f water vaporization is essential to fuel cell operation in the
igh current density regime. If the same gas relative humidity
s kept at high operation temperature, the operation pressure
ill increase. The typical pressure limitation for conventional
EM fuel cell is usually <4 atm, and under this pressure, the

oiling point of water is about 145 ◦C. So at high operational
emperature, it is difficult to provide wet gases with high rel-
tive humidity in a traditional fuel cell control system. Higher
ressures are helpful to get wet gases with high relative humid-

o
t
s
d

ources 160 (2006) 872–891

ty but high pressures will impinge on the lifetime of the
umidifier.

There are two conventional methods used to humidify fuel
ell reactants and the fuel cell membrane: external and internal
72]. The simplest is the external method and involves passing
he gases through a temperature-controlled, water-filled con-
ainer. This method works well with low gas flow rates (low fuel
ell power conditions). Internal humidification requires injecting
ater directly into the gas line leading to the fuel cell. This type
f humidifier is compact and metering the liquid water into the
as stream can be easily controlled. Because the energy needed
or vaporization is smaller at high temperature, injected water is
ore readily vaporized in the gas line. Internal humidification
ay be a preferred method for high temperature FC operation.

f a membrane is employed that does not rely on water for pro-
on conductivity then humidification is not necessary. Thus, the
umidifier can be removed, the fuel cell system will be simpli-
ed, and the overall cost and efficiency will be improved.

.4. Degradation of engineering materials and mechanical
ailure

Most of the materials that comprise a fuel cell system are in
ontact with water and oxygen at elevated temperatures. They
re therefore subject to degradation or other oxidation processes.
aterial degradation is not restricted to MEA components, but

ncludes seals, gaskets, and bipolar plates. The rates of which are
ncreased at elevated temperature. The current collector plates
nd bipolar plates serve multiple functions including: current
ollection, gas distribution, water transport, thermal manage-
ent, and humidification. For single cells, one side of the plate

ictates the flow path for reactants from the inlet to the outlet
anifold, while the other guides coolant flow or reactant. In fuel

ell stacks, the bipolar plates are in contact with fuel and oxidant
irectly, and at high temperature. Bipolar plates are therefore
ubject to oxidizing conditions on one side and reducing con-
itions on the other. The dual requirement of good electrical
onductivity and good resistance to corrosion over a range of
xidizing potentials severely restricts the choices of suitable
ipolar plate materials. Under conditions of high temperature
nd high pressure, the rate of corrosion will increase. Products of
orrosion are released into the fuel cell stack and may permeate
EAs. If the plates contain trace metals, metal ions accumu-

ate in the membrane and catalyst layer reducing the protonic
onductivity of these components. Protective coatings, such as
xides, may improve corrosion resistance but contribute to the
ontact resistance between the bipolar plate and the electrodes.

.5. Heating strategies

An important consideration in high temperature FC opera-
ion is thermal management—raising the temperature to elevated
evels and accurately maintaining the temperature. A method to

btain the uniform thermal distributions for fuel cell systems is
o heat the fuel cell and gas lines in temperature environment
uch as an environmental chamber. However, small temperature
ifferences between the cell and environment in the chamber
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nvironment may cause heat rejection fro fuel cell reactions dif-
cult; this will impair the thermal management of fuel cells
t elevated temperature. Moreover, the oven is required to be
xplosion-proof because of the use of hydrogen. Alternatively,
uel cells can be placed in an ambient environment and the com-
onents heated individually. This provides a more rapid and
ontrolled means by which to reject waste heat more quickly
ecause of the larger temperature difference between the fuel
ell component and the ambient surroundings.

. Part III: progress towards high temperature
peration

.1. Membranes

The design of proton conducting membranes those are stable
nd provide good performance above 100 ◦C presents a major
hallenge. At high temperature and low humidity operation
onventional PFSA membranes dehydrate and their conductiv-
ty decreases dramatically. The conductivity of Nafion 117 at
00% RH increases from 0.1 to 0.2 S cm−1 when the temper-

ture is raised from 30 to 85 ◦C [73] but at 30 ◦C it decreases
rom 0.066 to 0.00014 S cm−1 as RH decreases from 100% to
4% [74]. Much effort has been made [75–81] to develop poly-
er membranes capable of retaining high proton conductivity

o
s
i

able 1
uel cell performance of modified SPFA membranes

embranes Fuel cell conditions (Tanode/Tcell/Tcathode/pres

afion 112
90/100/90 ◦C, ambient pressure, H2/air
90/120/90 ◦C, ambient pressure, H2/air

afion 115/SiO2 (6%)
130/130/130 ◦C, 3 bar, H2/O2

130/140/130 ◦C, 3 bar, H2/O2

DF-F/SiO2 (4%)
108/110/108 ◦C, 2 bar, H2/O2

113/120/113 ◦C, 2.5 bar, H2/O2

afion/SiO2/PWAa 100/110/100 ◦C, 1.4 bar, H2/O2

afion/SiO2

afion/WO3

afion/TiO2

afion 115/ZrP 130/130/130 ◦C, 3 bar, H2/O2

ecast Nafion 115/ZrP 130/130/130 ◦C, 3 bar, H2/O2

rP/Nafion 115 composite
130/120/130 ◦C, 3 bar, H2/O2

130/130/130 ◦C, 3 bar, H2/O2

130/140/130 ◦C, 3 bar, H2/O2

afion/PTA-I 90/120/90 ◦C, 1 bar, H2/air
afion/PTA-II

ordenite/Nafion

90/110/90 ◦C, H2/O2, atmospheric pressure
90/120/90 ◦C, H2/O2, atmospheric pressure
90/130/90 ◦C, H2/O2, atmospheric pressure

afion-Teflon-Zr(HPO4)

87/105/91 ◦C, H2/O2

87/105/91 ◦C, H2/air
87/120/91 ◦C, H2/O2

87/120/91 ◦C, H2/air

5% SO4
2−–ZrO2/Nafion 110/120/110 ◦C, 3 bar, H2/O2

a Phosphotungstic acid.
ources 160 (2006) 872–891 881

n anhydrous environments, in addition to possessing chemical
nd electrochemical stability at high temperature. These devel-
pments can be classified into three groups [1]: (1) modified
FSA membranes, which incorporate hydroscopic oxides and
olid inorganic proton conductors; (2) sulfonated polyaromtaic
olymers and composite membranes, such as PEEK, SPEEK,
PSF, and PBI; (3) acid–base polymer membranes, such as phos-
horic acid-doped PBI. Several review papers [1,82–85] already
xist on the subject so only a cursory summary is provided here.

PFSA membranes may be readily modified by incorporating
norganic compounds, such as SiO2 [86–88] and TiO2 [88] into
he hydrophilic domains in order to form nano-composite mate-
ials, and to improve their mechanical strength, thermal stability
nd water retention at elevated temperatures. Two methods are
mployed to prepare composite membranes: (1) direct addition
f particles to a solution of Nafion, followed by casting; (2)
mpregnation of membranes with solutions of inorganic precur-
ors, such as tetraethoxysilane, titanium tetraethylate, and in situ
ol–gel reaction to produce a metal oxide. The fuel cell perfor-
ance of several modified SPFA membranes are summarized in
able 1.
Another approach to high temperature membranes relies
n the sulfonation of thermally resistant polymers such as
ulfonated polyetheretherketones (SPEEK) [75,99,100], poly-
mides (PI) [101,102], polysulfones (PSF) [103,104], and poly

sure) Performance Reference

0.69 V, 400 mA cm−2 [89]
0.58 V, 400 mA cm−2

0.4 V, 1000 mA cm−2 [90]
0.4 V, 400 mA cm−2

0.6 V, 800 mA cm−2 [91]
0.6 V, 700 mA cm−2

0.4 V, 540 mA cm−2 [88]
0.4 V, 320 mA cm−2

0.4 V, 300 mA cm−2

0.4 V, 185 mA cm−2

0.45 V, 1000 mA cm−2 [92]
0.45 V, 1500 mA cm−2

0.6 V, 610 mA cm−2 [52]
0.6 V, 530 mA cm−2

0.6 V, 200 mA cm−2

0.6 V, 120 mA cm−2 [93,94]
0.6 V, 60 mA cm−2

0.6 V, 280 mA cm−2 [95,96]
0.6 V, 110 mA cm−2

0.6 V
0.6 V, 80 mA cm−2

0.6 V, 690 mA cm−2 [97]
0.6 V, 350 mA cm−2

0.6 V, 400 mA cm−2

0.6 V, 200 mA cm−2

0.6 V, 1500 mA cm−2 [98]
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Table 2
Summary of inorganic–organic composite membranes [1]

Organic component Inorganic component Comments Reference

SPEK, SPEEK ZrP + (SiO2, TiO2, ZrO2) Reduced methanol crossover [238]
SPEEK SiO2, ZrP, Zr-SPP 0.09 S cm−1 at 100 ◦C, 100% RH, H2/O2 fuel cell test at 95 ◦C [27]
SPEEK HPA 10−1 S cm−1 above 100 ◦C [225]
SPEEK BPO4 5 × 10−1 S cm−1 at 160 ◦C, fully hydrated [239]
SPEEK SiO2 (3–4) × 10−2 S cm−1 at 100 ◦C, 100% RH [240]
SPSF PWA 0.15 S cm−1 at 130 ◦C, 100% RH [241]
SPSF PAA 0.135 S cm−1 at 50 ◦C, 100% RH [237,242]
SPSF PAA 2 × 10−2 S cm−1 at 80 ◦C, 98% RH [214]
SPSF PAA H2/O2 cell, 500 h at 80 ◦C and 4 atm [215]
PBI ZrP + H3PO4 9 × 10−2 S cm−1 at 200 ◦C, 5% RH [243]

PWA/SiWA + H3PO4 (3–4) × 10−2 S cm−1 at 200 ◦C, 5% RH

PBI SiWA + SiO2 2.2 × 10−3 S cm−1 at 160 ◦C, 100% RH [234]
PBI PWA + SiO2 + H3PO4 Td > 400 ◦C; 1.5 × 10−3 S cm−1 at 150 ◦C, 100% RH [233]
PVDF SiO2, TiO2, Al2O3, doping acids >0.2 S cm−1 at 25 ◦C [244]

>0.45 S cm−1 at 25 ◦C, DMFC at 80 ◦C [245]

PVDF CsHSO4 10−2 S cm−1 at >150 ◦C, 80% RH [130]
PVDF-SPS AA High-dimensional stability [246]
GPTS SiWA + SiO2; SiWA + ZrP 1.9 × 10−2 S cm−1 at 150 ◦C, 100% RH [247]
ICS-PPG PWA, SiWA, and W-PTA 10−6 to 10−3 S cm−1 [248]
Polysilsesquloxanes PWA 3 × 10−2 S cm−1 at 140 ◦C [249]
ORMOSIL HPA 10−3 S cm−1 at 25 ◦C, DMFC test [250]
PEO Tungsten acid 10−2 S cm−1 at 120 ◦C; 1.4 × 10−2 80 ◦C [230]
PEO, PPO, PTMO PWA Td = 250 ◦C; 10−2 S cm−1 at 140 ◦C [231,232]
PVA/glycerin ZrP + AA 10−3 to 10−4 S cm−1 at 25 ◦C; T > 110 ◦C [251]
P MFC
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p-phenylene) [105]. Some of these polymers yield membranes
hat are less dependent on humidity than PFSIs if their asso-
iated H2O/SO3

− values (lambda) are lower. This allows for
ood proton conductivity and good fuel cell performance at
levated temperatures. Li et al. [1] have summarized the devel-
pment of this class of polymer in inorganic–polymer composite
embranes. As shown in Table 2, some of these composite
embranes exhibit promising conductivities at elevated temper-

tures. However, the performance of most has not been reported
n operating fuel cells.

The third approach to achieving proton conductivity in
embranes at high temperature is to replace water with

nother proton transport assisting solvent that possesses a
igher boiling point, e.g., phosphoric acid and imidazoles.
oly(2,5-benizimidazole) (ABPBI) membranes prepared by
imultaneously doping and casting from a solution of poly(2,5-
enzimidazole)/phosphoric acid/methanesulfonic acid (MSA)
ontained up to 3.0 H3PO4 molecules per ABPBI repeating
nit, and gave a maximum conductivity of 1.5 × 10−2 S cm−1 at
emperatures as high as 180 ◦C under dry conditions [106]. Phos-
horic acid-doped polybenzimidazole (PBI) has also been incor-
orated with inorganic proton conductors such as zirconium
hosphate (ZrP, Zr(HPO4)2·nH2O) [107], phosphotungstic acid
PWA, H3PW12O40·nH2O) [107,108] and silicotungstic acid
SiWA, H4SiW12O40·nH2O) [109]. Proton conductivities are

ound to be dependent on the acid doping level, relative humidity
RH) and temperature. A conductivity of 6.8 × 10−2 S cm−1 is
bserved for PBI membranes with a H3PO4 doping level of 5.6
H3PO4 per repeat unit of PBI) at 200 ◦C and 5% RH. A higher

a
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a
t

d

test [252]
−2 S cm−1 [253,254]

onductivity of 9.6 × 10−2 S cm−1 is obtained for composites
ontaining 15 wt.% of ZrP under the same conditions [107].
cid-doped PBI membranes possess good performance at

levated temperature, even at 200 ◦C. The reported performance
f several acid–base polymer membranes is summarized in
able 3.

For commercial viability fuel cell must demonstrate dura-
ility and reliability. For automotive applications, systems
ust exhibit a lifetime of >5000 h (temperature cycle resis-

ance > 30,000 h); while for stationary power, 40,000 h must be
emonstrated (temperature cycle resistance > 4000 h) [115,116].
here are numerous reports demonstrating the longevity of cells

hat operate below 100 ◦C, but there are few that address the
ongevity of high temperature fuel cells. Bauer et al. [117] per-
ormed a discontinuous test on SPEEK membranes at 90–110 ◦C
or several days and found no degradation in performance. PBI
olymeric electrolytes operating in fuel cells at temperatures
bove 100 ◦C have reported lifetimes of 3500 and 5000 h at 120
nd 150 ◦C, respectively, under continuous operation [1]. To-
ate, the operational lifetime of high temperature fuel cells is
ar from satisfactory. During long-term operation at elevated
emperature and low humidity membrane degradation is signif-
cant. Endoth et al. [118] found that membrane decomposition
s more severe when operating under dry conditions than wet.

PFSA-based membranes show excellent thermal, chemical

nd mechanical stability in operating PEMFCs at 80 ◦C but
nstability is compromised at >120 ◦C [1]. Nafion membranes
re stable ex situ up to 280 ◦C [119] at which temperature
hey undergo desulfonation. Some other classes of sulfonated
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Table 3
Single cell PEMFC data of acid-doped PBI membranes

Membranes Testing conditions (Tanode/Tcell/Tcathode/pressure) Performance Reference

H3PO4/PBI 190, 170, 150, and 100 ◦C, H2/O2, atmospheric pressure 0.6 V, 630, 430, 300, and 160 mA cm−2 [110]
H3PO4/PBI 150 ◦C, H2/O2, atmospheric pressure 0.54 V, 250 mA cm−2 [111]

150 ◦C, H2/air, atmospheric pressure 0.41 V, 250 mA cm−2

H3PO4-SPSF/PB 170 ◦C, H2/O2, 1 bar 0.6 V, 350 mA cm−2 [112]
130 ◦C, H2/O2, 1 bar 0.6 V, 180 mA cm−2

H3PO4-SPSF/PBI 200 ◦C, H2/O2, atmospheric pressure 0.6 V, 700 mA cm−2 [113]
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readily fabricated into well-bonded, robust membrane electrode
assemblies. Novel ionomers must also be adaptable and have
the necessary physical strength and ductility in the dry and wet
states. Both the ionomer in the membrane and in the GDE should
200 ◦C, 3% CO–H2/O2, atmospheric pressure

3PO4-SPSF/PBI 190 ◦C, H2/O2, 1 bar

olymer exhibit higher thermal stability, for instance, methyl-
enzenesulfonated polymers are stable up to 370 ◦C [120], and
lkylsulfonated polymers up to 400 ◦C [121]. Acid–base blended
olymer membranes exhibit an even better thermal stability than
ovalently cross-linked ionomer membranes [85,103]. Although
hese thermal stability results show some promise for attaining
igh temperature membranes, they cannot be solely used to pre-
ict the long-term durability in operating fuel cells. Furthermore,
he chemical stability of membranes at elevated temperature in
xidizing and reducing environments is also important in con-
idering the durability of HT-PEMFCs. It is believed that the
adical species attack the polymer chain leading to degradation
f the membrane.

In summary, relatively little is published with regards to
urability—even for low temperature PEMFCs. PEMFC dura-
ility has remained a difficult topic to study because of long
esting periods; the complexity of analytical techniques to eval-
ate failure at the molecular level; the overlapping root causes of
ailure; and the absence of meaningful, in situ, non-destructive
nalyses. These difficulties are exacerbated when attempting
tudy PEMFCs and fuel cell components at elevated operating
emperature and lower humidity.

.2. Catalyst layer and MEA compositions

There are two conventional approaches to fabricate catalyst
ayers and MEAs. In one method [122,123], a slurry contain-
ng electrocatalyst, ionomer and PTFE is deposited on a gas
iffusion layer such as carbon paper. Two sheets of this catalyst-
oated GDL are used to sandwich the membrane, and good
ontact is achieved by hot-pressing. In this type of MEA, it may
e difficult to establish the desired ionic contact between the
lectrodes and the membrane and interfacial resistance may be
igher than acceptable. In a second approach, the catalyst-coated
embrane (CCM) method [124,125], the slurry of electrocata-

yst is coated directly onto a proton conducting membrane or
rst onto an inert material, such as PTFE, before transferring to

he membrane. The latter provides good adhesion between the
embrane and catalyst layers, which decreases the interfacial

esistance and improves Pt utilization and PEMFC performance.

A decrease in proton conductivity in the membrane, cata-

yst layer, and membrane/catalyst layer interface is expected to
e the main limitation with high temperature operation. The
atalyst-coated membrane (CCM) technique may be a better

F
(
R

0.6 V, 570 mA cm−2

0.6 V, 430 mA cm−2 [114]

pproach for preparing MEAs for HT-PEMFC because the cat-
lyst layer can be made thinner, the catalyst loading can be
educed, and adhesion between the catalyst layer and membrane
s improved. Song et al. [89,126] prepared MEAs using Nafion
12 and Nafion-Teflon-phosphotungstic acid membranes using
he CCM technique and obtained high PEMFC performance
t elevated temperature and low relative humidity. Polarization
urves for a hydrogen/air cell at three operating conditions are
hown in Fig. 10. The cell delivered 400 mA cm−2 for voltages
s high as 0.72 V under the conditions stated. Bonville et al.
127] similarly fabricated MEAs using the CCM technique with
afion-PTFE-PTA membranes and achieved good performance

t elevated temperature and low relative humidity.
Nafion ionomer in the catalyst layer dehydrates and loses

roton conductivity at high temperature and/or lower relative
umidity. Although attention is being paid to the conductiv-
ty of bulk membranes at elevated temperature less work is
evoted to the effect of dehydration of the catalyst layer. New
onomer materials for high temperature PEM fuel cells must be
ig. 10. Polarization curves from MEAs prepared by the CCM technique
Nafion 112). The three operating conditions are (cell temperature/anode
H/cathode RH) 80/100/75, 100/70/70, and 120/35/35, ambient pressure [89].
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ave the capacity to either retain moisture or conduct protons in
he absence of liquid water.

Higuchi et al. [128] prepared gas diffusion electrodes for high
emperature operation by using a proton conductive borosilox-
ne (BSO) electrolyte. The catalyst layer composed of Pt
upported on carbon black (Pt-CB) and BSO ionomer. The
olarization properties and the microstructure of the cata-
yst layer were investigated as a function of BSO/CB mass
atio. A performance of 0.6 V at 600 mA cm−2 was achieved
t BSO/CB = 1.5 (w/w) at 80 ◦C with 0.43 mg cm−2 Pt load-
ngs for both cathode and anode. Nishikawa et al. [129] pre-
ared GDEs using new organic/inorganic hybrid electrolytes.
atalyst layers were prepared by mixing 3-(trihydroxysilyl)-1-
ropanesulfonic acid [(THS)pro-SO3H], 1,8-bis(triethoxysilyl)
ctane (TES-Oct), Pt/carbon and water, followed by a sol–gel
eaction. This MEA was tested at 80 ◦C with humidified H2 and
ry O2 under ambient pressure. The catalyst layer exhibited a
erformance similar to Nafion-based systems.

There is also reported activity in the industrial sector in
he pursuit of high temperature MEAs. PEMEAS GmbH [130]
eport the performance of a MEA prepared using Celtec®-P
000—a phosphoric acid-doped PBI membrane. These MEAs
ay be operated from 160 to 200 ◦C, preferably 160–180 ◦C. A

ifetime of >14,000 h is reported at 160 ◦C using hydrogen and
ir under ambient pressure. A CO tolerance of 0.1% is reported.
olarization curves are shown in Figs. 11 and 12 [130]. PEMEAS
uel Cell Technologies, E-TEK Division [131] also supplies
ommercial gas diffusion electrodes for high temperature PEM
uel cells. These GDEs may be operated at temperatures above
5 ◦C.

In 2004 Asahi Glass Co., Ltd. [132] announced that it had
ncreased the durability of its propriety fluorinated, proton con-
ucting polymer-based MEA (Aciplex®). According to the com-

any, the rate of MEA degradation is lowered by a factor of 10
ompared to state-of-the-art MEAs, and has logged >2000 oper-
tional hours at 120 ◦C.

ig. 11. Polarization curves for Celtec®-P1000-based MEAs using H2/air [130].
ctive cell area: 45 cm2; air: stoichiometry = 2; 0 barg, H2: stoichiometry = 1.2;
barg, humidification: none.
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eformate conditions with high CO concentrations. Active area: 45 cm2; tem-
erature: 160 ◦C, ambient pressure, anode: stoichiometry = 1.2, cathode: stoi-
hiometry = 2.0; reformate: 70% H2, 29% CO2, 1% CO [130].

.3. Flow fields

The design of flow fields is a key factor in the operation and
erformance of PEMFCs. They provide channels for transport-
ng reactant gases, liquid water and water vapor; the config-
ration, dimensional parameters, and aspect ratio significantly
mpact PEMFC performance. Sun et al. [133] investigated the
mpact of the flow field pattern on the gas concentration and per-
ormance of PEMFCs using parallel straight and serpentine flow
eld patterns, respectively, as shown in Fig. 13. They concluded

hat the gas concentration of the straight flow pattern appears
xcessively nonuniform, resulting in a local concentration polar-
zation. However, the gas concentration is well distributed for
he serpentine flow pattern, creating a better mass transfer phe-
omenon [133].

Li and Sabir [134] reviewed the impact of the design of
everal types of flow fields and presented their attributes and
eficiencies. A pin-type flow field (Fig. 14(a)) was developed
y Reiser and coworkers [135,136]. As stated by Li and Sabir
134], this type of flow field results in a low reactant pressure
rop but reactants flowing through such flow fields tend to follow
he path of least resistance, which may lead to channelling, the
ormation of stagnant areas, uneven reactant distribution, inad-
quate product water removal and poor fuel cell performance.

Pollegri and Spaziante [137] developed a parallel straight
ow filed, as shown in Fig. 14(b), which includes a number of
arallel flow channels connected to gas inlet and outlet. In this
ow field, water produced at the cathode accumulates in chan-
els and may block them. An interdigitated flow field (Fig. 14(c))
rovides convection at the electrode surface in order to improve
ass transfer. This flow-field design can help remove water

ffectively from the electrode, thereby preventing “flooding”,

ut a large pressure loss occurs for the reactant gas flow, espe-
ially for the oxidant stream.

A single serpentine flow field [138,139] and a multiple ser-
entine flow field [140,141] are shown in Fig. 14(d) and (e),
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Fig. 13. Schematic illustration of different flow-field patt

espectively. As noted by Li and Sabir [134], the single serpen-
ine flow field can force the reactant flow to traverse the entire
ctive area of electrode. However, this design results in a rel-
tively long reactant flow path, hence, a substantial pressure
rop and significant concentration gradient from the gas inlet
o outlet. In addition, it is difficult to remove water produced at
he cathode. Although the multiple serpentine flow field ensures
dequate water removal, mitigates stagnant area formation, and
educes the reactant pressure drop relative to single serpentine
esigns, the reactant pressure drop through each of the serpen-
ines remains relatively high due to the relatively long path of

ach channel; thus, the reactant concentration changes signifi-
antly from the flow inlet region to the exit region.

Optimization of the flow-field design parameters should
educe or eliminate the accumulation of product water. Design-

t
w
c
c

Fig. 14. Schematic of flow
133]: (a) parallel straight pattern; (b) serpentine pattern.

ng the flow field pattern to have a higher internal pressure drop
ill better remove excess liquid water from the fuel cell more

fficiently, but for high temperature PEM fuel cells, water exists
n the flow fields as vapor and “flooding” is less of a con-
ern. Flow-field designs should therefore focus on decreasing
he pressure drop and improving mass transfer by increasing the
eactant concentration near MEAs.

The distribution of reactant along a channel is not uniform.
hen reactants are consumed, the concentration of reactants

ear the catalyst layer decreases, while the concentration of reac-
ion products increases. Reactants with low concentration near

he end of the flow field move slowly to the catalyst surface,
hich will reduce the performance of fuel cells operating at high

urrent density. Similarly, the concentration of products near the
atalyst surface can quickly reach saturation. Thus, mixing flu-

-field designs [134].
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ds in channels and increasing reactant concentrations near the
atalyst layers is helpful to improve the performance of high
emperature fuel cells.

.4. Fuel cell testing

Currently the majority of research activities in the area of HT-
EMFC focus on the development of high temperature mem-
ranes. There are few reports on technologies for characterizing
nd evaluating HT-PEMFCs. There are several issues associ-
ted with testing and diagnosis at elevated temperature, such as
umidity control, thermal management, material corrosion, per-
ormance degradation, cell design, lifetime, all of which add to
he complexity of analysis.

.4.1. Test station
Fuel cell test stations are designed to control the following

arameters: temperature, pressure, humidity and flow rates of
eactant gases and coolant; and to measure cell current and volt-
ge [142]. A test station consists of the following units: gas
ontrol station, load bank, data acquisition/control unit and con-
rol software [143,144]. Fig. 15 shows a schematic diagram of
test station.

The gas control station is used to regulate the gas veloc-
ty, temperature and relative humidity. A safety unit is added
o detect and remove any explosive leaking gases from the test
tation. The load bank operates in several load modes: constant
urrent, constant voltage, and constant power. A data acquisi-
ion/control unit monitors and controls all data from the test
tation and fuel cell system. Control software is used to moni-
or, control and organize the testing processes. Conventional test
tations can be modified for HT-PEMFC testing. Fuel, oxidant,
nd the fuel cell may be heated to >100 ◦C through the use of
xternal heating tubes and elements. However, the potentially
igher pressure and higher humidity may create issues related
o sealing, material fatigue and lifetime of the apparatus.
.4.2. New set of fuel cell component materials
Compared to conventional fuel cells, the requirements of

omponent materials for the HT-PEMFCs are more stringent
ecause rates of corrosion and degradation are increased at ele-

u
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r
f

Fig. 15. Schematic o
ources 160 (2006) 872–891

ated temperatures. It is essential to ensure adequate sealing of
ipolar plates in order to avoid leakage of fuel and oxidant, and
o provide good mechanical and electrical contact between the

EA and bipolar plates. O-rings are typically used in a fuel
ell stack to prevent loss of gases. The mechanical and thermal
roperties of sealing materials such as compressibility, electri-
al properties, glass transition temperature, Young’s modulus,
nd mechanical creep are just a few important considerations in
-ring selection. Table 4 lists the recommended operational tem-
erature ranges of principal elastomers employed as seals [145].
or conventional fuel cells, there many materials that can be used
or sealing, but the majority cannot be used at higher tempera-
ures. If the fuel cell is intended to be operated above 180 ◦C, only
hose materials having a tolerance to >200 ◦C should be used,
.g., silicon rubber, tetrafluoroethylene-propylene (AFLAS®),
erfluoroelastomer (FFKM), fluorocarbon (FKM), and ethylene
ropylene rubber (EPM, EPDM). The resistance of sealing mate-
ials to steam requires special consideration and new materials
re being developed. For example, Parker [145] developed an
thylene propylene material that exhibited very little change in
hysical properties after 70 h exposure to steam at 288 ◦C.

In principle, any of the materials in the system in contact
ith an aqueous phase may be subjected to corrosion. The bipo-

ar plate/current collector components, are of special concern,
ince they are exposed to fuel and oxidant directly at high tem-
erature. They are subjected to oxidizing conditions on one side
nd reducing conditions on the other. The dual requirement
f good electrical conductivity and good resistance to corro-
ion across a range of oxidizing potentials severely restricts
he choice of suitable materials. The corrosion rate is affected
ot only by the electrochemical potential, but also by oper-
ting parameters and duty cycle placed on the FC stack. At
igh temperature and under high pressure, rates of corrosion are
ncreased. Visual macroscopic signs of corrosion are the appear-
nce of holes, cracks, and fissures that may cause the component
o fail catastrophically. However, there are more subtle forms of
orrosion-induced failure, such as the release of corrosion prod-

cts that accumulate in the MEA. Cations, for example, are taken
p by membranes, which reduce their proton conductivity. Cor-
osion products absorb onto the electrocatalyst reducing their
unction. An oxide film may accumulate on the bipolar plate

f a test station.
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Table 4
Useful temperature ranges of principal elastomers used in seals [145]

t
I
n
a
p
o

4

w
i
c
D
d
D
i
t

4

t
e
d
m
i
i
i
h
i

a
w
H
a
s
a
e

LSV has also been used to quantify hydrogen crossover and
hydrogen permeation through a membrane at elevated temper-
atures, i.e., under HT-PEMFC operating conditions [146–148].
hat may contribute to an increased contact and stack resistance.
n conventional fuel cell, graphitic plates are often used; alter-
atives are stainless steel, titanium, coated aluminum and other
lloys, but the more corrosive environment found in high tem-
erature/high humidity operation may severely limit the range
f useable bipolar plate materials.

.5. Diagnostic technologies

Like any other device, it is necessary to know when and
hy a fuel cell is not operating to it full potential. Diagnostic

nformation is required for testing and prototype development,
omponents selection, and evaluation of emerging materials.
iagnostics is also very important for preventing damage to the
evice and peripheral instrumentation and for reasons of safety.
iagnostic technologies for low temperature PEM fuel cells are

n a state of development, and these provide the basis for high
emperature PEMFC diagnostics.

.5.1. Linear and cyclic sweep voltammetry
The technique of linear sweep voltammetry (LSV) is used

o evaluate and monitor fuel crossover and to check for the
lectronic shorts. Cyclic sweep voltammetry (CV) is used to
etermine electrochemical areas (ECA) of electrodes. In these
ethods ultra-high purity H2 and ultra-high purity N2 or He

s passed over the anode and cathode, respectively. The anode

s used as the reference and counter electrode; and the cathode
s used as the working electrode. Song et al. [89] measured the
ydrogen crossover through membranes and the Pt electrochem-
cal surface area of the cathode in a HT-PEM fuel cell using LSV

F
2
o

nd CV, respectively (see Fig. 16). For the LSV, the sweep rate
as 4 mV s−1 and the cell potential was scanned from 0 to 0.5 V.
ydrogen that passed through the membrane was measured as
mass transport “limiting current” at 0.35–0.5 V. For CV, the

weep rate was 20 mV s−1 and the cell was cycled between 0.0
nd 0.8 V, however, both measurements were conducted at ambi-
nt temperature.
ig. 16. LSV (4 mV s−1, 0.01–0.50 V) and CV (20 mV s−1, 0.01–0.80 V) at
5 ◦C, 200 cm3 min−1 pure H2 at the anode, and 200 cm3 min−1 N2 at the cath-
de of a single cell [89].
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ig. 17. LSV of cell 1 (4 mV s−1, 0.01–0.50 V), 200 cm3 min−1 pure H2 on the
node, and 200 cm3 min−1 N2 on the cathode, at four conditions in comparison:
5/100/100, 80/100/75, 100/70/70, and 120/35/35 [89].

he increase in hydrogen crossover, via LSV is demonstrated in
ig. 17 [89].

The ECA of Pt in fuel cell cathode can be calculated based on
he relationship between surface area and the charge associated
ith hydrogen adsorption on the electrode, as determined using
V. The hydrogen adsorption charge on a smooth Pt electrode

s 210 �C cm−2 Pt [149]. The ECA is calculated according to
q. (25) [89,150], which can be used to calculate the utilization
f Pt in the gas diffusion electrode according to Eq. (26). CVs
ay also be performed during FC operation and can be used to
onitor the health of the electrodes in real time:

ECA (cm2/g)

= charge (�C/cm2)

210 (�C/cm2 Pt) × catalyst loading (g Pt/cm2)
(25)

t utilization (%) = ECA

total Pt surface area
(26)

.5.2. Electrochemical impedance spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) is a powerful

echnique to characterize the kinetics of an electrode–electrolyte
nterface. Two main methods are used to measure impedance:
ime domain and frequency domain techniques. The frequency
omain technique typically uses a potentiostat and a frequency
esponse analyzer. The electrochemical potential of the working
lectrode is modulated sinusoidally with respect to the reference
lectrode. The impedance is a frequency dependent complex
umber that can be plotted in various ways, but is generally
lotted in the complex plane. By fitting this impedance spectrum
o a model or an equivalent circuit, an equivalent circuit for the
ystem can be obtained.

EIS was traditionally applied to the determination of the

ouble layer capacitance [151]. Now, EIS is used widely to
haracterize the electrical properties of materials and interfaces.
ts application in PEMFCs diagnostics is well established and
ost of these methods are applicable to HT-PEMFCs. EIS has

c
g
p
o

ources 160 (2006) 872–891

een used as a method for determining membrane conductiv-
ty and resistance. For example, Benavent et al. [152] char-
cterized novel activated composite membranes by impedance
pectroscopy and determined the electrical resistance of differ-
nt membrane samples. Freire and Gonzalez [153] studied the
ffect of membrane characteristics and humidification condi-
ions using the impedance response of polymer electrolyte fuel
ells. It was shown that impedance spectroscopy is a powerful
ool to investigate the effects of temperature, membrane thick-
ess and operational conditions on the performance of PEMFC.
he EIS of fuel cells may be complex but contains an abundance
f information. For example, the impedance loop that is some-
imes evident at mid-frequencies is due to double layer charging
rom the charge transfer resistance and the low frequency arc is
aused by the gas-phase transport limitations [12,154–157]. CO
olerance of PEMFCs can also be characterized by EIS. Kim
t al. [158] found that CO has a greater effect on the charge
ransfer reaction (high frequency arc) and hydrogen dissocia-
ive chemisorption (medium frequency arc), but little effect on
he low frequency arc. They also found that CO gas has little
ffect on cathode impedance. At low temperature and high CO
oncentration, the fuel cell impedance depends on the anode
mpedance.

. Conclusions

A literature review on HT-PEMFCs reveals that HT-
embrane development accounts for ∼90% of the papers. The

est of the literature covers issues of system modelling, evapo-
ative cooling, catalyst performance, and vapor phase DMFC.
esearch articles discussing either HT-PEMFC design or HT-
EMFC test station design were notably absent. This does not
ean work in this area does not exist—simply that it is often

ound in industrial research laboratories and is more likely to
merge in the form of a patent. A review of the patents literature
gain revealed a large number on membrane technologies and
heir associated fabrication methods. Numerous patents exist
iscuss techniques for operating fuel cells under low humidifica-
ion, but very few describe HT-PEMFC architecture and design
eyond the membrane.

Despite concentrated research efforts into membranes for
igh temperature/low humidity operation the status of the field
s far from satisfactory. Membranes generally dehydrate under
hese conditions, thereby decreasing the performance of the
uel cell. A membrane, which transports protons using trans-
ort media that does not include water, is highly desirable.
ome advances in this direction are emerging, e.g., the use of

mbibed acids and N-containing heterocycles, but other issues
eed addressing. The discovery and development of a high tem-
erature/low humidity membrane is widely considered to play
key role in the progress of HT-PEMFC technology.

In our view, a significant weakness in the development of
T-PEMFC technology is the deficiency in HT-specific fuel
ell architectures test station designs, testing protocols, and a
eneral under-developed understanding of testing and design
rotocols. The development of a HT-specific PEMFC design is
f key importance and may help mitigate issues of membrane
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ehydration and MEA degradation. Due to the higher rate of
eat removal at high temperature, it may be possible to remove
xcess heat from the stack via the cathode airflow alone; thus
implifying the fuel cell stack, reducing its cost, and increas-
ng its power density. Lastly, there is a strong need to research
nd investigate in situ and ex situ diagnostic technologies for HT-
EMFCs. A strong emphasis should be placed on ex situ analysis
f HT-PEMFC related materials so that emerging and poten-
ially technology-enabling materials may be rapidly examined
nd screened. In summary, the area of HT-PEMFCs is relatively
mmature, and requires significant research and discovery.
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