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Abstract

Operation of a proton exchange membrane (PEM) fuel cell without external humidification (or 0% relative humidity, abbreviated as 0% RH)
of the reactant gases is highly desirable, because it can eliminate the gas humidification system and thus decrease the complexity of the PEM
fuel cell system and increase the system volume power density (W/1) and weight power density (W/kg). In this investigation, a PEM fuel cell
was operated in the temperature range of 23—120°C, in particular in a high temperature PEM fuel cell operation range of 80-120°C, with dry
reactant gases, and the cell performance was examined according to varying operation parameters. An ac impedance method was used to compare
the performance at 0% RH with that at 100% RH; the results suggested that the limited proton transfer process to the Pt catalysts, mainly in the
inonomer within the membrane electrode assembly (MEA) could be responsible for the performance drop. It was demonstrated that operating a
fuel cell using a commercially available membrane (Nafion® 112) is feasible under certain conditions without external humidification. However,
the cell performance at 0% RH decreased with increasing operation temperature and reactant gas flow rate and decreasing operation pressure.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, tremendous effort in the research and devel-
opment of proton exchange membrane fuel cells (PEMFCs) has
been concentrated on increasing power density, reducing cost,
and improving reliability and durability [1]. Operation of PEM-
FCs at high temperatures (>80 °C) is considered an effective
way to improve performance in terms of reaction kinetics, cat-
alyst tolerance, heat rejection, and water management [2—13].
Therefore, high-temperature PEM fuel cells are considered to
be the next generation of fuel cells.

With respect to water management, when using Nafion-
based membranes such as Nafion 112, a high relative humidity
(RH>80%) is still required in order to obtain a practical perfor-
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mance, even when the fuel cell is operated at high temperatures.
This is limited primarily by the low conductivity of the proton
exchange membranes at elevated temperature, mainly induced
by a low water content. Thus, an external humidification sub-
system is required to ensure water retention in the membrane
electrode assembly (MEA). Such a humidifier, which requires
both space and a heat supply, causes a drop in system efficiency
and is thus a burden to the fuel cell system. Therefore, system
simplification is considered to be an important approach in the
effort to increase power density. In particular, RH reduction in
the feed air and hydrogen streams is believed to be an effective
way to simplify the system [14,15].

The following approaches have been proposed to simplify
or eliminate the external humidification subsystem in order to
allow fuel cells to operate with less wet or dry reactant gases:
(1) make self-humidifying membranes by incorporating Pt or
metal-oxide particles into their structures [16-23]; (ii) input
water through wicks or hollow fibers [14,23]; (iii) the design of
special flow fields [24-27] and catalyst layers [28]. These work
have made great progresses in terms of practical feasibility of
low/0% RH operation and fundamental understanding. How-


https://core.ac.uk/display/41381171?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:jiujun.zhang@nrc.gc.ca
dx.doi.org/10.1016/j.electacta.2007.02.002

5096 J. Zhang et al. / Electrochimica Acta 52 (2007) 5095-5101

ever, there are still some challenges with respect to the strategies
of self-humidifying membranes, embedding Pt particles in the
membranes, and designing alternative flow field structures.

The ideal situation is to operate a PEMFC at 0% RH. The fea-
sibility of doing this has been investigated through a number of
approaches and corresponding theories or models. Bernardi and
Verbrugge [29] pointed out that in a broad range of practical cur-
rent densities, there are no external water requirements because
the water produced at the cathode is sufficient to meet the water
requirement of a membrane in a fuel cell. Therefore, it is feasi-
ble to operate a fuel cell without external humidification, relying
only on the water produced at the cathode by electrochemical
reaction. Recently, there have been several reports regarding the
water transport in a PEM fuel cell without external humidifi-
cation [30-44]. The experimental results showed that the cell
performance under dry conditions was strongly dependent on
the cell’s operating temperature [27,30,35,40], flow field design
[27,30,40,43], electrode area as well as preparation procedure
[30], and the inlet gas stoichiometric flow rates [35,36,44].

In this study, the performance of a PEM fuel cell operated
with dry hydrogen and air was investigated in the temperature
range of 23-120°C. It is believed that this wide temperature
range, especially the range of 80—120 °C, may be more impor-
tant in terms of the performance improvement mentioned above.
An ac impedance method was used to diagnose the loss of fuel
cell performance at 0% RH. The effects of operation temper-
ature, feed gas flow rate, and backpressure were also studied.
The results indicated that the operation of a PEMFC at 0% RH
using a typical, commercially available membrane (Nafion 112)
is feasible at a wide temperature range.

2. Experimental

The membrane electrode assembly (MEA), with an active
area of 4.4 cm?, was prepared by hot pressing the anode, a Nafion
112 membrane, and cathode together at 135 °C and 75 kg/cm?
for 2min. The gas diffusion electrode (GDE) was prepared
by spraying a homogeneous catalyst ink, consisting of cata-
lyst, Nafion® solution and iso-propanol, onto a gas diffusion
layer (GDL). This GDL was a PTFE and carbon black impreg-
nated carbon paper (Toray, TGP-H-060). E-Tek 20% Pt/Ru/C
and 40% Pt/C were used as the anode and cathode catalysts,
respectively with a total Pt loading of ~1.0 mg/cm?. The total
Nafion loading in the MEA was 1.4 mg/cm?. The Nafion® 112
(DuPont), used for the proton electrolyte membrane, was treated
in3% H>03(aq), 1 M H2SO4(aq); rinsed; then soaked separately
in deionized water for 1h at 60-80 °C, followed by a careful
washing with double-distilled water.

The MEA was tested in an in-house single cell fed with dry
H; and air at different operating conditions, such as relative
humidities, and gas flow rates (or stoichiometries). The gas flow
rates presented in this paper were the mass flow rates at standard
condition (1 atm, 0 °C). A 100 Fideris fuel cell 100 W test station
controlled by FC Power software, and equipped with an in-house
modified humidifier which could reach 100% RH at 120°C,
was used for the tests. The single fuel cell hardware was the
same as described in Ref. [45]. A bladder pressure of 4.4 atm

was used to hold the single cell together and provide sufficient
electrical contact between the MEA and the graphite bipolar
plates. Both graphite plates had the same serpentine flow fields.
When the cell was operated at 100% RH, before H and air were
fed into the anode and cathode, they were first passed through
their corresponding humidifiers, where they were humidified at
the same temperature as that of the operating cell. When the
cell was operated at 0% RH, the dry gases were fed directly
into the single cell. Polarization data were collected at different
temperatures and backpressures (1.0, 2.0 and 3.0 atm absolute)
were controlled by the test station, and the cell voltage under
each current density was recorded after the reading was stable.
During all tests, the pressures for both anode and cathode side
were kept at the same level.

A Solartron 1260 FRA was used for ac impedance mea-
surements in the frequency range of 10,000-0.01 Hz, using a
method described in our previous paper [45]. The purpose of ac
impedance experiments is to obtain the membrane resistance,
electrode kinetic, and mass transfer resistances of the fuel cell
reactions.

3. Results and discussion

3.1. Background of water balance in a fuel cell without
external humidification

For a PEM fuel cell operated with dry reactant gases, the
water sources are that produced by the electrochemical reduc-
tion of oxygen at the cathode (O3 +4H* +4e~ = 2H,0). Note
that the direct chemical reaction of Oy (or Hp) with H; (or O»)
crossed over through the membrane could also make a contri-
bution to the water quantity. However, the water produced by
this chemical reaction is much less than that produced by the
electrochemical reduction of oxygen. Therefore the water pro-
duced by the electrochemical reduction of oxygen at the cathode
is considered as the only water source in this paper. The process
can be expressed schematically as shown in Fig. 1. Due to the
water production and accumulation in the cathode, a water con-
centration gradient between the cathode and anode is generated.
This gradient drives a water crossover through the membrane
from cathode to anode. This process is called back diffusion
[32]. The back-diffused water humidifies the hydrogen stream
in the anode side. The superfluous humidified hydrogen then
flows out as exhausted or recycling gas. However, due to the
current flows in the fuel cell, protons transport across the mem-

H: (dry)
SH, 4H'+de H (H>0), 0-+H4H +4e” | Air (humidified)
inlet Electro-osmotic drag | ~ 2H20 outlet
H.O
———-
Production
H,0 H.0
Back diffusion Accumulation
H; (humidified) inlet
outlet Anode Membrane Cathode

Air (dry)

Fig. 1. Schematic illustration of water transport modes in MEA without external
humidification.
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Fig. 2. Cell voltage and power density as a function of current density. Single
fuel cell with an active MEA area of 4.4 cm? operated at 80 °C, 3.0 atm absolute
backpressure, 100% RH and 0% RH. The stoichiometries of H, and air are 1.5
and 2.0, respectively. Standard MEA with Nafion 112 membrane and a total Pt
loading of 1.0 mg/cm?.

brane from anode to cathode and carry some water molecules.
This process is called electro-osmotic drag and has been treated
by a solution water diffusion model [46—48] and a convective
water transport model [49]. The drag coefficient, HyO/H* (the
number of water molecules moving with each H* in the absence
of concentration gradients), is about 1.0 and 2.5 for a vapour-
equilibrated and a liquid-equilibrated membrane, respectively
[50]. Electro-osmotic drag and back diffusion balance the water
in the MEA and keep the membrane hydrated. At high temper-
ature, water vaporization is expected to have a strong influence
on the water balance in a fuel cell.

3.2. Cell performance without external humidification

Fig. 2 shows the PEM fuel cell performance at 80 °C, 3.0 atm
absolute. Performance with dry H; and air is compared with
performance with fully humidified H, and air. At 0% RH, a max-
imum MEA power density of 0.25 W/cm? could be obtained,
indicating that the fuel cell can be operated at such extreme con-
ditions and the membrane can be self-humidified by the water
produced in cathode. This power density at 0% RH represents
40% of the performance of 0.62 W/cm? for 100% RH operation.

In more detailed analysis, a significant performance drop at
0% RH, compared with that obtained at 100% RH, was diag-
nosed by an in situ ac impedance method developed in-house
[45]. Fig. 3(a) shows the obtained spectra at 100% RH. Basi-
cally two semicircles can be observed on each spectrum, one
in the high frequency domain and the other in the low fre-
quency domain. Similar spectra have been widely reported in
the literature for PEM fuel cells [51-53]. The intercept in the
high frequency domain on the Z' axis of Fig. 3(a) represents
the membrane resistance from which the membrane through-
plane conductivity in real fuel cell operating conditions can be
measured. The first semicircle represents fuel cell reaction kinet-
ics, with the contributions coming from the cathodic oxygen
reduction process and the anodic hydrogen oxidation (mainly
dominated by oxygen reduction reaction). The second semicir-
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Fig. 3. In situ ac impedance spectra at the frequency range of 10,000-0.01 Hz.
Single fuel cell with an active MEA area of 4.4 cm? operated at 80 °C, 3.0 atm
absolute backpressure: (a) 100% RH (b) 0% RH. The stoichiometries of H, and
air are 1.5 and 2.0, respectively. Standard MEA with Nafion 112 membrane and
a total Pt loading of 1.0 mg/cm?.

cle represents the mass transfer process, with the contributions
coming from the diffusion of reactants within the membrane
(proton diffusion) to the Pt active surface within the cathodic
(oxygen) and anodic (hydrogen) catalyst layers.

In the case of 100% RH, the mass transfer process could be
dominated by oxygen diffusion at the cathodic catalyst layer.
At low current load (0.1 A/cmz), the semicircle is dominated
mainly by a high-frequency semicircle, indicating that the reac-
tion process was limited by the kinetics. At high current loads
(1.2 A/cmz), the second, lower frequency semicircle dominates,
suggesting that the reaction process was limited by the mass
transfer within the catalyst layer.

It can be observed in Fig. 3(a) that the first semicircle shrinks
and the second semicircle expands with increasing current. This
behaviour has been observed widely in the research for PEM
fuel cell ac impedance spectra [51,52,54]. An equivalent circuit
was constructed to describe the process, as shown in the insert
in Fig. 3(a). Ry, is the high-frequency resistance (intercept on
7' axis at the high frequency end), which represents the mem-
brane resistance. Ry is the charge transfer resistance for oxygen
reduction, and CPE; (constant phase element) represents the Ry
associated catalyst layer capacitance properties. Ry is the resis-
tance related to the mass transfers of reactants (O, H,, and/or
H*) within the membrane electrode assembly. CPE; represents
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Fig. 4. Simulated individual ac impedances as a function of current density. The
simulation was based on the data in Fig. 3 according to the equivalent circuit in
Fig. 3(a).

the Ry associated capacitance. For a detailed explanation of
CPE, please see Ref. [55]. The equivalent circuit in Fig. 3(a)
was used to simulate the impedance data by Z-plot, as discussed
later in this paper.

Fig. 3(b) shows the ac impedance spectra at 0% RH. Again,
two semicircles can be observed, representing the charge trans-
fer and mass transfer resistances. The simulated individual
impedance values according to the equivalent circuit in Fig. 3(a)
were plotted as a function of current density, as shown in Fig. 4.
Compared to the resistance values at 100% RH, the membrane,
charge transfer, and mass transfer resistances all jumped dra-
matically, suggesting that all of these processes together are
responsible for the performance drop at 0% RH.

At 0% RH, the membrane and the ionomer inside the cata-
lyst layer were dry (much less water content than that at 100%
RH), resulting in a 4.5-2.8 times higher proton conduction resis-
tance than that at 100% RH in the current density range of
0.1-0.5 A/cm? (Fig. 4). In a dry membrane or ionomer medium,
the proton transport became difficult because not enough water
was available for proton osmotic drag [56]. This dry environment
could also slow down the charge transfer process, as evidenced
by the 1.5-2.0 times higher charge transfer resistance than that at
100% RH. This could be due to the reduction of electrochemical
Pt surface area in the dry catalyst layers [16,25,32,57].

In Fig. 4, the most predominant resistance jump is the mass
transfer resistance. At 0.1 A/em?, a jump from 0 at 100%
RH to a value of 1.27 Qcm? at 0% RH can be observed. At
0.3 A/cm?, because more water was produced, the jump was
smaller (from 0.09 to 0.69 Q cm?). However, when the current
density increased to 0.5 A/cm?, the mass transfer resistance jump
became large again, from 0.08 to 1.13 Qcm?. It is unlikely
that the larger jump of mass transfer resistance at 0.1 A/cm?
came from the oxygen or hydrogen transportation limitation
because the reaction stoichiometries for hydrogen and oxygen
were high enough, respectively. This large mass transfer resis-
tance at 0% RH may be interpreted as the limited proton transfer
process to the Pt catalysts, mainly in the inonomer within a dry
MEA. When the current density was increased to 0.3 A/cmz,

more water was produced, generating a slightly improved wet
environment within the MEA. In this case, the proton transporta-
tion improved, resulting in a smaller mass transfer resistance.
However, when the current density was further increased to
0.5 A/cm?, even more water was produced and the demand for
water for proton osmotic drag was increased at the same time.
Therefore, the large mass transfer resistance increase is still
believed to be from the proton transportation limitation within
the catalyst layers. In summary, the large mass transfer resis-
tance increase observed at 0% RH could be explained according
to the limited proton transfer process to the Pt catalysts, mainly
in the inonomer within a dry MEA environment.

In the following section, the effects of operation parameters
on the water balance in the MEA and cell performance in a PEM
fuel cell operated at 0% RH are briefly discussed, based on the
experiment results.

3.3. Effect of operation temperature

Operation temperature is expected to affect cell performance
more significantly in dry reactant gas conditions by changing
the water balance and reaction kinetics in the fuel cell. Increased
temperature can accelerate water evaporation, resulting in a
reduction of water retention. This has a negative impact on
the cell performance. However, increased temperature can also
increase the kinetics of both oxygen reaction and hydrogen oxi-
dation reactions, resulting in a higher performance. There should
be a trade-off between water retention and reaction kinetics.

As shown in Fig. 5, at 23 and 60 °C, the cell performances
were almost the same at low current density (below 0.3 A/cmz),
with a higher performance at 60 °C in the high current density
range. The water retention in MEA was stronger at 23 °C than
at 60°C, but the kinetics was slower at 23 °C than at 60°C.
The trade-off between water retention and kinetics may be
responsible for the similar performances in the low current
density range. At higher current densities, the positive impact
of accelerated reaction kinetics at 60 °C on the performance

Cell Voltage (V)

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Current Density (A.’cmz)

Fig. 5. Cell voltages as a function of current density at different temperatures.
Single fuel cell with an active MEA area of 4.4 cm? operated at 3.0 atm absolute
backpressure and 0% RH. The stoichiometries of H, and air are 1.5 and 2.0,
respectively. Standard MEA with Nafion 112 membrane and a total Pt loading
of 1.0 mg/cm?.
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may overwhelm the negative impact of less water retention,
resulting in higher performance.

Further increasing the operation temperature to 80 °C low-
ered the cell performance, and for temperatures over 80°C,
performance dropped dramatically. This is mainly because the
water retention became a problem even though the reaction
kinetics is faster than at lower temperatures. The water more
easily vaporizes at high temperatures (above 80 °C) than at low
temperatures. Therefore, less water was retained in the MEA and
very little water could be back diffused from cathode to anode,
so the activity of protons in the anode was very low. In this case
the membrane was dehydrated since the produced water could
not humidify it sufficiently, which led to decreases in proton
conductivity and performance.

It is worth noting that there was a jump of cell performance
at 100 °C when the current density was higher than 0.1 A/cm?.
This is because the amount of water produced was more than that
evaporated. The leftover water started to humidify the membrane
and back-diffused to the anode for proton transportation.

This result clearly indicates that a fuel cell can be operated at
100 °C without an external humidifier. However, when temper-
ature goes up to 120 °C, the current density is limited, primarily
by the proton transportation. Such low current density cannot
produce enough water for water balance, resulting in a much
poor performance.

3.4. Effect of operation pressure

The effect of operation pressure on cell performance is shown
in Fig. 6. The cell performance decreased with decreasing back-
pressure. Decreasing backpressure has two negative impacts on
performance. The first is the partial pressure drop of hydrogen
and oxygen at low operation pressure. The second is the increase
in the volume flow rate of reactant gas with the reduction of
operation pressure when the mass flow rate is constant. The
water retained in both the cathode and the anode is more read-
ily purged by their respective gas streams with a high volume
flow rate than with a low one. Therefore the membrane is more
easily dehydrated, and thus the cell performance decreases at a

0.35
1.0
L0.30
0.8 e
—_ 1025 &
< =
2,06 L0220 2
8 @
o L0.15
= 0.4 a
3 L0.10 g
0.2 [+]
L0.05 &
0.0 £ . . . , : 0.00
0.0 0.2 0.4 06 0.8 1.0 12

Current Density (A/ch)

Fig. 6. Cell voltages as a function of current density at different backpressures.
Single fuel cell with an active MEA area of 4.4 cm? operated at 23 °C and 0%
RH. Air flow rate, 1000 ml/min; hydrogen flow rate, 750 ml/min. Standard MEA
with Nafion 112 membrane and a total Pt loading of 1.0 mg/cm?.
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Fig. 7. Cell voltages as a function of current density at different gas flow rates.
Single fuel cell with an active MEA area of 4.4 cm? operated at 100 °C, 3.0 atm
absolute, and 0% RH. Standard MEA with Nafion 112 membrane and a total Pt
loading of 1.0 mg/cm?.

lower operation backpressure. A similar trend was also observed
on the fuel cell operated at the temperature range of 80-120 °C
(not shown here).

3.5. Effect of gas reactant flow rate

The effect of reactant gas flow rate at 100°C on cell per-
formance is shown in Fig. 7. The cell performance decreased
with an increase in gas flow rates. As discussed above, both
higher temperature and higher gas flow rate favour the removal
of water from MEA and the transport of water in the MEA.
Thus, too much water was brought out with the outlet streams
and water retention became a problem for membrane humidi-
fication. Consequently, the membrane became increasingly dry
with the increase in gas flow rate. This trend is more obvious at
100 °C, as shown in Fig. 7. A similar trend was also observed
on the fuel cell operated at 80 and 120 °C (not shown here).

3.6. Dynamic behaviour of the performance

Fig. 8 shows the cell voltage and the current change as a
function of polarization time during the 0% RH operation at
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Fig. 8. Cell voltage and current density as a function of polarization time at
80°C, 3.0 atm absolute with dry H, and air. The flow rates of H, and air were
750 and 1000 ml/min, respectively. Single fuel cell with an active MEA area of
4.4cm?. Standard MEA with Nafion 112 membrane and a total Pt loading of
1.0 mg/cm?.
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80°C, 3.0 atm (absolute) with dry H, and air. As can be seen,
the cell voltage varied periodically with time upon current steps,
suggesting that the performance of the cell depends on the equi-
libration time [30,34]. When the current increased, the voltage
dropped dramatically to a very low level (bottom level), and then
increased slowly with time. This can be interpreted as being due
to the water transportation in the MEA. With an increase in cur-
rent, more protons were required to transport from the anode to
the cathode; however, the proton activity remained low since not
enough water was available in the anode. At this stage, the proton
transportation was the limiting step. In order to maintain the cur-
rent density, more electrode polarizations were needed, resulting
in a bottom cell voltage. With constant water production and
accumulation in the cathode, a larger water concentration gra-
dient was formed, which accelerated the water transportation
from the cathode to the anode and the hydration of the mem-
brane. Thus, the cell voltage increased with time and reached a
stable value gradually. It was also noted that the equilibration
time got longer with the increase of current, especially at high
current domain, because it needed longer to produce enough
water to hydrate the membrane.

4. Conclusions

The operation of a Nafion 112-based PEM fuel cell without
external humidification of the reactant gases was demonstrated
and investigated in the temperature range of 23—120 °C. The per-
formance at 0% RH was much lower than that at 100% RH. The
ac impedance method was used to diagnose the performance
drop. It is believed that the major cause of lower performance
was the slow proton transportation within the catalyst layers. It
was suggested that it is feasible to operate a fuel cell using a
commercially available Nafion-based membrane without exter-
nal humidification. However, the cell performance was strongly
dependent on the operation temperature, backpressure, and reac-
tant gas flow rate. According to preliminary results presented in
this paper, a low gas flow rate (or stoichiometry) and a high
backpressure (>ambient pressure) are beneficial to operating a
commercially available Nafion 112-based PEM fuel cell at 0%
RH.

The influence of water balance in the PEM fuel cell operated
at 0% RH due to the change of operation parameters was briefly
discussed. Further investigation was undertaken to provide more
systematic and quantitative analysis with respect to the water
balance and cell performance.
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