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Abstract

Fuel cells for automobile application need to operate in a wide temperature range including freezing temperature. However, the rapid startup of
a proton exchange membrane fuel cell (PEMFC) at subfreezing temperature, e.g., —20 °C, is very difficult. A cold-start procedure was developed,
which made hydrogen and oxygen react to heat the fuel cell considering that the FC flow channel was the characteristic of microchannel reactor. The
effect of hydrogen and oxygen reaction on fuel cell performance at ambient temperature was also investigated. The electrochemical characterizations
such as I-V plot and cyclic voltammetry (CV) were performed. The heat generated rate for either the single cell or the stack was calculated. The
results showed that the heat generated rate was proportional to the gas flow rate when H, concentration and the active area were constant. The fuel

cell temperature rose rapidly and steadily by controlling gas flow rate.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Proton exchange membrane fuel cell (PEMFC) is widely con-
sidered as a promising energy conversion system for the future.
However, water in PEMFCs might freeze at subzero tempera-
ture, which makes the cold-start capability and survivability a
great challenge for automotive and outdoor applications. Now,
fundamental mechanisms of the subzero startup dynamics are
not fully understood, but it is recognized that product water
forms ice or frost, accumulating in the cathode catalyst layer
(CL), thereby reducing the oxygen reduction reaction and hin-
dering the oxygen diffusion. When the cathode CL is plugged
by the product ice, the PEMFC shuts down. Repetitive ice for-
mation and melting in the CL may induce structural damage to
the membrane electrode assembly (MEA).

Now, PEMFC storage and cold startup at subzero temperature
have attracted increasing attention [1-8]. Although the cold-
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start capability of PEMFC is critically important, the relevant
literature is very scarce. Since it is impossible for fuel cell to
self-start from —20 °C, heating is necessary. Now, the cold-start
methods were referred as follows [9]: resistance heat using DC
from batteries, coolant heating, and hot air blowing. Since the
mentioned methods might increase the volume and the weight
of the system, the operation complexity and installation costs of
the system will also increase.

Ahluwalia and Wang [10] used Hy and O, mixture catalytic
reaction to raise the fuel cell temperature, but they focused on the
mixture out of explosive limits (4—74.2 vol% in O;). Because the
dimension of fuel cell flow channel (800 wm x 400 pm) is less
than the quenching distance (1000 wm) [11] for Hy/O,, which is
in the dimension scale of microchannel reactor (MCR). It is well
known that MCR possesses characteristics as high-heat transfer
and high-specific surface area, thus the radicals are easily termi-
nated on wall. As a result, the flame propagation can be inhibited
in the MCR [12]. Veser [13] also reported that explosion limit
depended on the reaction conditions such as temperature, pres-
sure and reactor dimension. So the H>/O; catalytic reaction can
operate in a wide H; concentration range.
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2. Experimental
2.1. The single cell and stack fabrication

The first single cell consisted of a MEA and two metal end-
plates. The MEA was formed by hot pressing membrane with
two gas diffusion layers (GDLs) at 140 °C and 1 MPa for 1 min.
The active area of MEA was 4 cm?. Both endplates acted as
the current collectors, which were machined with parallel flow
channels. The endplates were silvered, and drilled in the middle.
The thermal couple was placed in the hole of the cathode end-
plate, and applied to measure the single cell temperature. The
single cell was insulated by using polystyrene foam.

The second single cell consisted of a MEA and two metal
current collectors. The active area of the MEA was 128 cm?.
The cell was insulated and the temperature of the cathode outlet
was measured.

The fuel cell stack consisted of 10 cells with 245 cm? active
area. At the rated power, each cell generated 110 W at 0.6 V. The
temperature was measured at the current collector in the stack
and the outlet of the stack. The stack was also insulated by using
polystyrene foam. After removing water, the stack was put into
a climate chamber. The stack was hold at —20°C for 6 h and
froze completely.

The flow field of the second single cell and stack were made
of graphite. In general, the width of flow channel is 500-900 pwm,
its depth is 300-500 pm.

2.2. Relative humidity (RH) and polarization curve
measurement

The values of the RH were obtained by using a hygrometer
(Vaisala HMT360, Finland), thus we can know the degree of Ha
catalytic reaction. The hygrometer was placed at the outlet of
the cathode side.

The cell was operated at 50 °C, while H/O» humidification
temperatures were set at 60 °C and 65 °C, the H,/O, flow rates
were controlled at 80 mlmin~!. The heating tape temperature
was 5 °C higher than the humidification temperatures to avoid
water condensation. The single cell was operated at 1.2 A cm ™2
for 0.5 h, until the voltage became stable. Then, the polarization
curve was recorded.

2.3. Cyclic voltammetry (CV) and H> concentration
measurement of FC outlet

The CV measurement of the single cell was carried out to get
the electrochemical surface area (ECSA) of Pt catalyst. For CV
measurements, the humidified nitrogen and hydrogen was fed
to the cathode and the anode, respectively. The cathode and the
anode acted as a working and a counter electrode, respectively.
The ECSA is related to the charge area under the H-desorption
peak in the CV curve, the charge area of the H-desorption on
the smooth Pt and the catalyst loading in the catalyst layer. The
adsorption/desorption charge density for the hydrogen mono-
layer on platinum is 210 wC cm™2. The catalyst loading of the

single cell is 0.4 mgcm™2.

Table 1

Effect of Hy concentration on fuel cell temperature and explosion probability

Flow, Vi, / Viotal (%) AT/t CCmin~1) Outlet RH (%) Explosion
4 0 68-87.1 No

10 0.1 65-86.7 No

20 1 - No

30 2.1 - No

40 3.1 90-94.2 No

The H» concentrations in the single cell and stack outlet were
measured by gas chromatogram.

3. Results and discussion

3.1. Effect of hydrogen concentration on fuel cell
temperature and the explosion probability

To investigate the effect of hydrogen concentration on heat
generating rate and explosion possibility, the first single cell was
used to carry out catalytic hydrogen reaction. The total gas flow
rate was 100 mlmin~! into the cathode. The initial tempera-
ture of fuel cell was 25 °C. The hydrogen flow rate was in the
range of 4-40mlmin~!. Table 1 shows the temperature and the
RH values of the fuel cell outlet increased with the hydrogen
flow rate increase, when H, concentration is less than 40 vol%,
the single cell did not explode. Since the fuel cell is actually a
microchannel reactor, it is safe at normal explosion limit.

3.2. Effect of H, catalytic reaction on fuel cell performance

To investigate the performance change, we measured the
single cell performance after the catalytic reaction at different
hydrogen concentrations. Fig. 1 shows the three polarization
curves. The “0” represents the single cell performance before the
catalytic reaction, the “15%”and “40%” represent the polariza-
tion curves obtained after H; catalytic reaction at concentrations
of 15% and 40% in the mixed gas, respectively. It can be seen that
the hydrogen/oxygen catalytic reaction does not have negative
impact on the fuel cell performance, when the H, concentra-
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Fig. 1. Polarization curves at different hydrogen concentrations of catalytic
reactions.
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Fig. 2. Cyclic voltammetry (CV) of catalytic reaction at different hydrogen
concentrations.

tion is less than 40% volumetric (total gas flow rate is fixed at
100 ml min™").

The ECSA of platinum is one of the most important
performance-determining factors in PEMFCs. Fig. 2 shows the
CV curves after catalytic reaction at different hydrogen con-
centrations. The ECSA can be calculated with the following
equation [14]:

ECSA (m’g™ 1)

area charge (mC cm’z)

- (10 x 210 (uC cm~2)) x loading catalyst (mg cm~2)"

The charge density of the Hy desorption peak of MEA are
integrated and listed in Table 2. From Table 2, the values of
the ECSA change between 46.68 m? g~ and 55 m? g~! for the
single cell, without obvious decay.

3.3. Effect of the gas flow rate on the heat generating rate

To investigate the effect of gas flow rate on heat generating
rate, we vary the hydrogen and oxygen flow rate into fuel cell
and Hj concentration is fixed to 30 vol%. Total gas flow rate
varies from 100 mlmin~! to 1000 ml min—!, which is fed into
the cathode. Table 3 shows that the temperature and the RH
of the fuel cell increase with the gas flow rate increase. The
highest flow rate is about 20 times of the value when the current
density is 1.0 A cm™2, the H»/O5 flow rate is 350/700 ml min~".
As summarized in Table 3, it is clear that the heat generating
rate is proportion to the reactant flow rate. It indicates that the
temperature of the fuel cell can be controlled by regulating the
hydrogen/oxygen flow rate.

Table 2

Effects of catalytic reaction at different hydrogen concentrations on ECSA

H, concentration (%) Charge density (mC cm—2) ECSA (m? g’l)
0 41.96 49.95

15 46.24 55

30 39.20 46.68

40 43.09 51.3

Table 3

The heat generating rate of different gas flow rates

Vi, / Vo, (mlmin~1) AT/t (°Cmin~!) Outlet RH (%)
30/70 0.9 84.2

60/140 1.97 86.2

90/210 4.9 84.2

210/490 6.32 90.4

300/700 8.79 94.3

3.4. Effect of the total gas flow rate on fuel cell performance

Effect of the gas flow rate on performance was investigated
by measuring I-V curves after hydrogen catalytic reaction. The
polarization curves are shown in Fig. 3. The hydrogen concentra-
tion is held at 30% in the experiments, and the total gas flow rate
is increased gradually. The “0” represents the single cell polar-
ization plot before the catalytic reaction, and the others represent
the polarization curves after the catalytic reaction at different
total gas flow rates. The -V curves of the single cell show no
change. During the catalytic reaction, the Hy concentration of
the single cell outlet was about 20%, which is in the explosion
limit. However, no explosion occurred, which suggests that the
chain reaction is terminated at FC outlet.

3.5. Effect of hydrogen catalytic reaction on heat
generating rate of different active areas cell at subzero
temperature

With the method mentioned above, the first single cell cold
startup at —10°C is studied. The flow rate of H»/O; is 300/
700 mImin~!, respectively. As shown in Fig. 4, the single cell
temperature increases rapidly to —9.4 °C in 30 s. Whereas heat
generated is not sufficient to warm the fuel cell, and some gen-
erated water freezes and blocks the porous GDL, which results
in the reactant “starvation”, thus the fuel cell temperature does
not increase.

Fig. 5 shows the startup process of the second single cell
at —20°C. Hydrogen concentration is fixed to 20%, and total
gas flow rate gradually decreases. As shown in Fig. 5, the sin-
gle cell temperature increases rapidly to 0°C in 6 min. From
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Fig. 3. Polarization curves of catalytic reaction at different gas flow rates.
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Fig. 4. Temperature plot of catalytic hydrogen reaction at —10°C.
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Fig. 5. Temperature plot of catalytic hydrogen reaction at —20 °C.

Figs. 4 and 5, it can be seen that the bigger effective area of cell
is, the faster heat generating rate is.

Figs. 6 and 7 show the process of the kW-class stack cold
start. When the stack temperature approaches to 0 °C, the mixed
gas stops. The stack is purged rapidly by N, and then the H>/O»
is fed to the anode and the cathode, respectively. The electronic
load starts up. Fig. 6 presents the stack temperature during the
catalytic hydrogen reaction and startup at —20 °C. The inner
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Fig. 6. Temperature plots of stack catalytic hydrogen reaction and startup at
—20°C.
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Fig. 7. I-V plot of stack catalytic hydrogen reaction and startup at —20 °C.

temperature represents the gas temperature, and the outer tem-
perature stands for the stack temperature. Although the heat
transfer is fast for the microchannel reactor, gas specific heat
is smaller than the stack thermal capacity. So the stack tem-
perature increase is hysteretic comparing with the gas increase.
For example, when the gas temperature increased to 0°C in
3 min, the stack temperature was still at —10°C. The gas flow
rate decreases gradually to prevent overheating. Fig. 7 shows
the I-V curves of the catalytic hydrogen reaction and startup at
—20°C. As it can be seen from Fig. 7, the average voltage is
0.6V at 400 mA cm 2, finally the current density increased to
450 mA cm~2. The stack performance is stable during the cold
start. During the reaction, the H, concentration of the stack out-
let was about 10%, but still no explosion occurred. This shows
that the channel volume and surface property has strong impact
on the chain propagation, and the explosion probability further
decreased at —20°C. The characteristic of the FC microchan-
nel easily makes the chain reaction terminate on the channel
surface.

3.6. Heat balance of catalytic hydrogen reaction

The thermal capacity of fuel cell almost depends on the end-
plates and the bipolar plates, which is constant for the stack. So
we roughly calculated the thermal capacity of the components
of the stack at a constant power output. The heat generated rate
is calculated, as follows

Qg = QOstack + ans

where Q, is the heat generated rate of the catalytic reaction,
Ostack is the heat up rate of stack and Qgys is the heat up rate
of gas. The stack temperature increased from —20°C to 0 °C in
9.5 min, and outlet gas temperature increased from —20°C to
25 °C in same time. Since the H>/O» specific heat is quite small,
the equation can be simplified, as follows

Qg = Qstack

The heat generated rate almost equals to the heat up rate of
the stack, which decreases gradually with the increase of the
stack temperature.
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4. Conclusions

Rapid cold start of a PEMFC from subzero temperature is
a challenge. Catalytic hydrogen reaction is an effective way to
heat the fuel cell at open circuit. As the fuel cell flow channel is
actually a microchannel reactor, the cold startup of the fuel cell
stack by catalytic hydrogen reaction is safe when Hy concen-
tration is less than 20 vol%. Catalytic hydrogen reaction does
not have negatively impact on fuel cell performance according
to the CV and I-V results. Gas flow rate, gas concentration and
active area are the key factors to increase the cell temperature
and they are dependent on each other. When the active area and
gas concentration are fixed, the gas flow rate is the control fac-
tor. The catalytic hydrogen reaction capacity of the fuel cell is
very high. The startup is possible at —20°C for the PEMFC
stack by catalytic hydrogen reaction. Further work is necessary
to accelerate the cold startup.
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