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Abstract

An investigation was conducted to determine and compare the effect of cell current pulsing and “self-oxidation” in increasing the CO
tolerance of a PEM fuel cell. The most effective pulsing parameter values were also determined. Current pulsing involves periodically
demanding positive increases in current from the fuel cell to create an anode over-potential that oxidizes CO from the catalyst surface
while “self-oxidation” or sustained potential oscillations is achieved when the anode catalyst becomes so saturated with CO that the anod
over-potential increases to a value at which CO is oxidized from the catalyst. The CO tolerance of a fuel cell system with a Pt—Ru anode
was tested using 50 and 496 ppm CO in the anode fuel. The performance of the system declined with an increase in CO concentratior
Current pulses of various amplitude, frequency, and duty cycle were applied to the cell while CO was present in the anode fuel. With
496 ppm CO in the anode fuel, a pulse of 1.0 Afc®.5 Hz, and a 20% duty cycle proved most effective. When the cell was exposed to
approximately 500 ppm CO, without employing pulsing, “self-oxidation” occurred and CO was periodically oxidized from the catalyst
surface. However, pulsing allowed the cell to operate at a constant voltage and power a higher percentage of the time than “self-oxidation’
hence, pulsing was more effective in increasing the CO tolerance of the cell.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction cally consisting of water gas shift reactions and preferential
oxidation (PROX), is employed to reduce the concentration
Proton exchange membrane fuel cells (PEMFCSs) are cur-of CO in the reformatgl,2]. Currently, these gas clean-up
rently on the verge of being implemented as home power systems are expensive and bu[8}. Nevertheless, an adi-
generating units. However, there are still many obstacles abatic natural gas reformer followed by the appropriate CO
that prevent fuel cells from playing a major role in electrical clean up procedures is typically expected to produce between
power production. One of the problems the fuel cell indus- 10 and 100 ppm CO during steady state operafibB].
try faces is finding a safe, economical, and effective way to However, during the start up phase, which typically lasts
supply the unit with hydrogen or hydrogen-rich gas. Until close to 2h, CO levels close to 500 ppm can be produced.
a hydrogen based economy can be implemented, reformingFurthermore, it has been shown that CO concentrations as
natural gas (which is already supplied to many homes today) small as 5-10 ppm can be detrimental to the performance of
appeatrs to be the best solution; however, the by-products ofa PEMFC[4]. Hence, it appears to be more practical and
the reforming process, namely carbon monoxide (CO), caneconomical to attempt to make fuel cells more tolerant to
poison the cell by blocking the Pt electro-catalyst, thus de- CO than attempting to further reduce the amount of CO pro-
grading its performance. The most common reforming pro- duced in the reforming process. In doing this, the amount
cess is currently autothermal reforming (ATR), which con- of CO produced by the reformer will be less critical; thus,
sists of partial oxidation (POX) and steam methane reforma- the CO concentration produced at steady-state as well as the
tion (SMR). After reforming, a gas clean-up system, typi- CO concentration produced during start up can be tolerated.
Various methods of increasing the CO tolerance of PEM-
FCs have been explored and documented in literature. Vir-
* Corresponding author. Tel+1-979-845-2033. tually all of the methods employed to date _inv_olve oxidizing
E-mail address; artthomason@hotmail.com (A.H. Thomason). the CO on the catalyst surface to carbon dioxide {CCar-
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bon dioxide does not have an affinity for the catalyst; thus, determine the most effective pulsing parameter values in in-
it is expelled with the excess hydrogen. One method usedcreasing the CO tolerance of a PEMFC.

to stimulate the oxidation of CO on the catalyst is “oxidant

bleeding”. Oxidant bleeding entails mixing a small amount

(~1%) of oxidant (air, oxygen, or hydrogen peroxide) with o Experimental

the anode fue]2,3]. This chemically oxidizes some of the

CO into CQ, thereby lowering the CO concentration of the Membrane Electrode Assemblies (MEAs) were purchased
anode fuel. However, this method involves complicated con- f.om 3M. Each MEA had a surface area of 50%cfihe cath-
trol systems in order to maintain safe fuel cell operafi®in ode catalyst is Pt and has a catalyst loading of 0.4 mg/cm
Furthermore, oxidant bleeding is not efficient, as only 1 out The anode has a total catalyst loading of 0.6 m@/amd is
of every 400 oxygen molecules participate in the oxidation approximately 0.4 mg/cfPt and 0.2 mg/cfRu. The pro-
of CO. The remaining oxygen combusts with the anode fuel {5 exchange membrane is @t thick and constructed of
which could lead to a decline in the fuel cell performance .55t Nafio®. The MEA was placed in a 50 énsingle cell
or even cell failurg2]. _ assembly. Ni foam flow fields were used to evenly distribute
The oxidation of CO can also occur in the presence of ihe gases over their respective electrode. Humidity was sup-
a high anode potential. It has been shown that an anodeyjieq to the cell by two stainless steel humidification bottles.
over-potential can make PEMFCs more tolerant to CO The system was controlled via a fuel cell test station that
by electrochemically _OX|d|2|ng CO from the §urface of maintains the cell temperature (680), gas flow rate, and
the catalys4]. Two different methods for creating anode  pmigification bottle temperature (6C for each bottle). A
over-potentials have been discussed in the literature. Thegy programmable electronic load was used to maintain the
first method is referred to as sustained potential oscillations g voltage or current and display the corresponding value.
or “self-oxidation”. To employ this method, the cell current g electronic load was also programmed to create periodic
must be held constant. In this process, as CO continuesjncreases in current, which, in turn created over-potentials in
to accumulate on the catalyst surface, the anode becomegne anode. The current pulse amplitude, frequency, and duty
increasingly polarized to higher potentials to sustain the cycle were varied in the investigation. An oscilloscope was
current demanded. The high anode potential stimulates 5154 ysed to display the data. Premixeg!3® ppm CO and
the electro-oxidation of CO on the catalyst surfddg. H,/496 ppm CO, as confirmed by the supplier, were used as
“Self-oxidation” is a simple way to oxidize CO because gnode fuel.
no control system or additional equipment is necessary. Qnce the performance of the MEAs were characterized
However, “self-oxidation” has only been investigated with sing 1 as the anode fuel and air as the cathode reactant,
limited operating conditions. Thus, further investigation of co was introduced into the anode fuel. CO concentrations
FhIS technlque is |mperat|ye to vgrlfy that “self-oxidation” ¢ 50 and 496 ppm were used to generate plots of the vari-
is an effective means for increasing the CO tolerance of a gtion of cell voltage with time, the variation of cell cur-

PEMFC during the reformer start-up process. _rent with time, and the variation of cell current with cell
The second method used to create an anode over-potentia|gjtage. “Self-oxidation” was observed when the cell cur-
was pulsing. Carrette indicates that pulsing a fuel cell with ont was held constant with 496 ppm CO in the anode fuel.
positive current spikes can be an effective method for creat- after determining the behavior of the MEAs with 50 and
?ng an anode over-potential_by stating: “The ele_ctrical pulse_s 496 ppm in the anode fuel, the system was subjected to cur-
increase the anode potential to values at which the CO iSrent pulses of various amplitudes, frequencies, and duty cy-
oxidized to CQ. In this way, the catalyst surface is con- (jes with H/496 ppm CO as the anode fuel. The variation

tinually cleaned and the loss of cell voltage is minimized” of ce|| voltage with respect to current density and time was
[3]. Pulsing is an efficient way to increase the CO tolerance .qjjected. An example current pulse is illustratecFig. 1
of a PEMFC because the only energy required to imple-

ment this technique is the small amount of energy needed

to trigger the temporary increase in cell current. However, . ________ 0A
to completely characterize the effect of pulsing, more re- 1.0 Alem?
search must be done. A CO concentration of 500 ppm has|

not been investigated and the effectiveness of current puls- 20 A
ing as a function frequency, amplitude, and duty cycle has T T 04 Alem?
yet to be determined. Finally, a comparison of pulsing and ?isec

“self-oxidation” is also necessary to determine the most ef- |~ o

fective method for increasing the CO tolerance of a PEMFC. 4 sec -

The objective of this work was to determine and com- _ - A
. “ . ., Fig. 1. Variation of cell current with time. An example of a square
pgre the effect of cell current pUIS"?g and “self-oxidation”, wave pulse generated by the electronic load, base cusrehi A/cn?
with an anode fuel CO concentration of 500 ppm, on the (204), pulse amplitude= 1 A/cm? (50A), frequency= 0.25Hz, duty
CO tolerance of a PEMFC. An additional objective was to cycle= 10%.
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3. Results and discussion _ 148
5 1.2 4
The results and significance of each experiment conducted< 1 4

are given in the following sections. The cell performance 2081

—=— H2/Air
—A—H2(50 ppm CO)/Air
—o—H2(496 ppm CO)/Air

N2

was determined by the variation of cell voltage with current é 82 )

density, the variation of cell voltage with time, or the varia- £ , .

tion of current density with time. In the first section, the ef- ° ¢ -

fect of CO poisoning is illustrated with CO concentrations of 0.2 0.4 0.6 0.8 1

50 and 496 ppm CO. The optimum pulsing parameters with cell voltage (volts)
496 Ppm ,CO in the anode fuel ?re pre;ent.e(‘.snmnon 2 . Fig. 3. Variation of current density with cell voltage, using various con-
Section 3illustrates the effect of “self-oxidation”. In the fi-  .cnirations of CO in the anode fuel.
nal section, a comparison of pulsing and “self-oxidation” is
presented.
declined significantly over the first 6 h. After approximately
3.1. Effect of CO in the anode fuel on cell performance 7h the current density remained relatively constant as the
rate of CO absorption was close to the rate of CO oxida-
During steady-state operation, many of today’s reformers tion. Hence, with 50 ppm CO in the anode fuel, the current
produce on the order of 50 ppm CO. However, during start density reached an asymptote after approximately 7 h. With
up, approximately 500 ppm CO can be produced. The effect higher CO concentrations, the catalyst would become satu-
that CO in the anode fuel has on fuel cell performance is rated more quickly. As shown iRig. 2, with 496 ppm CO
of significance because CO is present in natural gas refor-in the anode fuel, the current density of the cell remains
mate. Therefore, the effect of CO concentrations of 50 and rélatively constant after about 2 h. o
496 ppm on the cell performance was investigated. The cell Higher CQ concentrations also create a_greater decline in
was also operated on pure kb establish a baseline level current density. After 19.8 h of 50 ppm CO in the anode fuel,
of performance for the experimerfig. 2 shows how the the cell had a current density that was 41% of that obtained
CO concentration of the anode fuel affects the current den-With pure H. While, with 496 ppm CO, the cell could only
sity of the cell with time, while the cell voltage was held ~achieve 1% of the current density obtained with pugeaf
constant at 0.6 V. The cell voltage was maintained at 0.6 ter 19.8 h. This demonstrates how detrimental CO is to the
because maximum cell power output is achieved near thisPerformance of PEMFCs. It also illustrates how quickly CO
voltage. The test was first conducted using pugead the can poison a cell and severely reduce its performance, espe-
anode fuel for 19 h. Using the same MEA the test was re- cially at high concentrations. Most importantly, it indicated
peated with 50 ppm CO in the anode fuel. After the MEA that there is a need to find an effective method for increasing
was exposed to 50 ppm CO, the cell current density signif- the CO tolerance of PEMFCs. _
icantly decreased due to CO accumulation on the catalyst The experiment that produced the results presented in
surface, as illustrated in the plot. Thus, a new MEA was Fi9- 2was repeated at various cell voltages ranging from
installed before evaluating the 496 ppm CO case. The test0-20 to 0.95V. However, in this experiment, the cell was
was then performed a third time using the new MEA and Only exposed to CO 1h before data was collectéd. 3
496 ppm CO in the anode fuel. shows how the current density of the cell varies with the cell
As shown inFig. 2, for each of the three cases, the cell Voltage for different concentrations of CO (0, 50, 496 ppm).
performance was very similar before the CO was introduced. The experiment was conducted by holding the cell voltage
However, after CO was introduced into the system, the cur- constant at a_specmc value and recording the corresponding
rent density steadily declined until equilibrium was reached. current density, after 1h of CO exposure. At cell voltage

With 50 ppm CO in the anode fuel, the cell current density 'evels betwegn 0.80 and 0.95V, the cell maintained similar
current densities for all three concentrations of CO. How-

ever, at cell voltages below 0.60V, the effect of the CO con-

S 07 = e centration became more significant and the lower the cell
<§ 0.6 ——H2/AIr voltage, the more pronounced the effect of CO poisoning
g 05 —a—H2(50 ppm COY/Air became. This is a significant result because the MEAs tested
% 8"3‘ . —6—H?2(496 ppm COY/AIr typically produce the most power in the region between 0.40
2 o2 " and 0.60V (when pure hydrogen is used as the anode fuel).
£ o1 This can be seen iRkig. 4 Hence, to obtain the maximum
° o+ ‘ ‘ ‘ < power output possible, fuel cells are typically operated at
0 5 10 15 20 current densities between 0.40 and 0.60 V. The cell current
time (hours) densities obtained in this voltage region are significantly less

Fig. 2. Variation of current density with time, using various concentrations than what is obtained using pure; HWith 50 ppm CO in
of CO in the anode fuel. The cell voltage was held constant at 0.60V. the anode fuel, the current density obtained at 0.4V is 60%
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Fig. 5. Variation of cell voltage achieved with pulse frequency. Four
Fig. 4. Variation of power density with cell voltage, using various con- hundred and ninety six ppm CO is present in the anode fuel. The cell
centrations of CO in the anode fuel. current was held constant at 0.4 ARrfR0A) and the pulse amplitude

was 50A. In each case, the maximum voltage obtained was 0.65V. The

of the value achieved with puresHOnNly 20% of the cur- duty cycle was set at 20%.

rent density obtained with puresHat 0.4V was achieved
with 496 ppm CO in the anode fuel. Thusg. 3illustrates the cell. Pulsing is a possible solution. Hence, the effect of
how CO degrades cell performance and the need for finding pulsing with approximately 500 ppm (496 to be exact) CO
a way to increase the CO tolerance of PEMFCs. This plot in the anode fuel is investigated and the optimum values for
is also consistent witkig. 2in showing that the higher the the parameters are determined in this section.
CO concentration of the anode fuel, the lower the current The most important variables in determining the effec-
density, especially for low cell voltage levels. tiveness of a current pulse are amplitude, pulse duration, and
In most PEMFC applications, the primary role of the unit time between pulsef8,5]. A pulse amplitude of 50 A was
is to produce power. Hence, PEMFCs are typically operated chosen because it is large enough to effectively oxidize CO,
at peak power. Thus, the effect of CO poisoning in the cell but small enough not to short out the dél]. The pulse du-
voltage region where the maximum power occurs warrants ration and the time between pulses can both be varied by
further investigationFig. 4 displays the variation of power  maintaining a constant duty cycle and varying the pulse fre-
density with cell voltage for various concentrations of CO. quency. Thus, by employing this method, the most effective
As mentioned previously, the peak power for the MEAs pulsing cycle was determined.
tested (operating on puresHis obtained at a cell voltage Fig. 5shows the variation of cell voltage with pulsing fre-
of approximately 0.50 V. However, when CO is introduced quency. The duty cycle was fixed at 20% and the current was
into the anode fuel, the voltage at which the peak power is held at 20 A (0.4 A/crf). A 20% duty cycle was selected af-
obtained decreases to approximately 0.40V, both for 50 andter evaluating the results of preliminary experimgbis The
496 ppm COFig. 4also shows that as the CO concentration base current was held at 20 A to maintain consistency with
of the anode fuel increases, the power produced decreaseprevious experiments. After each 50A (1.0 ARnpulse,
This shows that CO in the anode fuel significantly reduces the cell voltage immediately increased to 0.65V. However,
the power of a PEMFC in the voltage regions where peak the cell voltage decreased between pulses as the catalyst be-
power occurs. came poisoned. Thus, the lowest cell voltage obtained be-
This plot also shows that the presence of CO causes thetween pulses was recorded.
power density to decrease the most in the region of peak The lowest frequency used was 0.25Hz, which corre-
power. At 0.60V, with 50 ppm CO in the anode fuel, the sponds to a 50 A pulse that lasts 0.8s every 4s. The pulse
power density is 61% of the value obtained with pure H was long enough to completely oxidize CO from the cata-
With 496 ppm CO, the power density is only 2% of the value lyst surface (that is, immediately after each pulse, the cell
obtained with pure Blat 0.60 V. Once again, this illustrates voltage reached 0.65 V), but, as shown in the plot, the time
the need for finding an effective method for increasing the between pulses was so long that the cell voltage dropped

CO tolerance of PEMFCs. to 0.57 V before the next pulse. As shownHig. 5, 0.57V

is only 85% of the value obtained with pure Hrhe mini-
3.2. Effect of pulsing and variation of pulsing parameters mum cell voltage obtained between pulses increased as the
with 496 ppm CO in the anode fuel frequency increased. The most effective frequency investi-

gated was 0.5 Hz, which corresponds to a pulse duration of
Most of the reformers currently available are capable of 0.4s every 2s. The 0.4s pulse was long enough to bring
producing 50 ppm CO or less after a warm up period of up to the cell voltage up to 0.65V and the 1.6 s between pulses
2 h. However, during this warm up period, many reformers allowed the voltage to only drop to 0.63V before the next
produce CO concentrations near 500 ppm CO. Therefore, itpulse began. With pure 4l this MEA obtained 0.67V at
is important to find a way to increase the CO tolerance of 20 A (0.4 A/lcn?). Thus, for a pulse of 50A, 0.5Hz and a
the cell during this period, as 500 ppm can quickly poison 20% duty cycle, the lowest voltage obtained between pulses
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Fig. 6. Variation of cell current with time created by the “most effective” time (min)
pulsing parameter values for the 496 ppm CO case. The base cell current
was held constant at 20 A (0.4 A/énand the pulse amplitude was 50 A.
The frequency was 0.5Hz and the duty cycle was set at 20%.

Fig. 8. Variation of cell voltage with time, with purestand with 50 ppm
CO in the anode fuel. The cell current was held constant at 0.4A/cm

(20 A).
(0.63V) is still 94% of that obtain using puresHThe cell Fig. 8 shows the variation of cell voltage with time, both
maintains the desired voltage 80% of the time, due to the with pure H and with 50 ppm CO in the anode fuel. The
20% duty cycle. cell current was held constant at 20 A (0.4 Algnand the

The variation of cell current with time that occurs using corresponding voltage was recorded for 3 h. With puseas
a pulse of 50A, 0.5Hz, and a 20% duty is presented in the anode fuel, the cell voltage remained constant at 0.67 V.
Fig. 6. This plot shows that the base current of 20A is With 50 ppm CO in the anode fuel, the cell voltage dropped
obtained approximately 80% of the timeig. 7 shows how steadily for about 1 h. After 1 h, the voltage remained con-
the corresponding cell voltage varies with time for the same stant because the rate of CO oxidation was equivalent to
pulsing parameter values. In this plot the voltage drop from the rate of CO adsorption; hence, an equilibrium point was
0.65 to 0.63V between pulses can be seen. Based on theeached and the cell voltage remains constant at 0.37 V.
results of this experiment, a 50 A (1.0 A/én0.5 Hz, 20% “Self-oxidation” did not occur because the over-potential
duty cycle pulse is the most effective in increasing the CO never reached a large enough value to completely oxidize
tolerance of a PEMFC with 496 ppm CO in the anode fuel. the adsorbed CO.
The experiment presented iig. 8 was repeated us-
3.3. Effect of CO on cell performance with constant ing 496 ppm CO. However, the results were quite different.
current density: “ self-oxidation” Fig. 9 shows the variation of cell voltage with time, with
496 ppm CO in the anode fuel. The cell current was held
The results given irBection 3.1(showing the effects of  constant at 20 A (0.4 A/cR). This figure show that when
50 and 496 ppm CO on the cell performance) were obtained496 ppm CO is introduced into the anode fuel and as CO ac-
by demanding a constant cell voltage and recording the cor-cumulates on the catalyst surface, the cell voltage continues
responding current density. However, it is also important to to drop for approximately 5s until it reaches 0.20V and the
determine system performance in the presence of CO whenanode over-potential becomes large enough to completely
the current density is held constant and the voltage is al- oxidize CO from the catalyst surface. At that time, the volt-
lowed to vary because as CO accumulates on the catalystge increased rapidly back to its original level (0.63 V). This
surface, the anode over-potential increases to meet the curphenomenon is known as sustained potential oscillations or
rent demanded, and “self-oxidation” can occur. “self-oxidation” [4,5]. After running the cell with 496 ppm
CO in the anode fuel for 10 min, “self-oxidation” occurred
approximately every 5s. Thus, with the aid of the low CO

0.7
@ 06
Sos o7
o 2 06
> 04 2
£ Sos
c_; 0.3 v 04
g 02 £ 03
01 50A pulse, 0.5 Hz, 20% duty cycle - - - -pureH2 | % 02
0 5 10 15 20 25 30 g ol ——496 ppm CO, self-oxidation
time (seconds) 0+ T T T T T i
0 5 10 15 20 25 30
Fig. 7. Variation of cell voltage with time obtained by employing the time(seconds)
“most effective” pulsing parameter values for the 496 ppm CO case. The
base cell current was held constant at 20 A (0.4 Acand the pulse Fig. 9. Variation of cell voltage with time, with 496 ppm CO in the anode

amplitude was 50 A. The frequency was 0.5 Hz and the duty cycle was set fuel. The cell current was held constant at 0.4 A20 A). After 10 min
at 20%. The cell voltage obtained using purg isl also shown (0.67 V). of 496 ppm CO in the anode fuel, this pattern remains consistent.
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oxidation potential created by the Ru catalyst, CO poisoning 07
is automatically controlled when the cell is held at a con- 5 %8

stant current of 20 A (0.4 A/cR) with 496 ppm CO in the 2 82
anode fuel. This finding is significant because it indicates £ o3

that the CO tolerance of a PEMFC can be increased withoutg 0.2
the use of additional electronics to provide a current pulseto 01
the system. Thus, with “self-oxidation” the CO tolerance is
increased and the cost and complexity of the fuel cell power
generation system can be reduced because pulsing does n(fﬂg-dlof- Vlafti)ation of Ce'l'l VO'tgge_ r‘]Nithd“m_eh using 4|96 PP co IiI” the
have to be employed. The results presented in this work havelZote L 182 180 e i 1 e e Yo AGhG0 ),
shown that both pulsing and “self-oxidation” are effective in 514, "with a 20% duty cycle.

increasing the CO tolerance of a PEMFC, but a comparison

of these methods must be made to determine which method . - . .
is most effective. the quick transition periods when the pulse is turned on or

off.
3.4. Comparison of pulsing and * self-oxidation” with .This plot indicatgs that pulging allows _the system to r_na.in—
496 ppm CO in the anode fuel tain normal operation (that is, behave in a manner similar
to that obtained using puresHfor a higher percentage of
hthe time than “self-oxidation”. In this case normal opera-
tion is defined as any cell voltage of 0.60V or above be-

——50Apulse, 0.5 Hz 20% duty cycle - - = -self-oxidation(nopulse)

5 10 15 20 25 30
time (seconds)

The results presented in this work have shown that bot
pulsing and “self-oxidation” are effective in increasing the

CO tolerance of a PEMFC. Although pulsing has been causeé 0.60V is 90% of the value obtained with purg H
shown to be a simple and effective means for increasing (0.67V). “Self-oxidation” only maintains a voltage above

CO tolerance, the pulse must still be triggered, which in- 0.60V abo.ut 50% 9f the tirpe, while ,With pulsing, 0.60V
volves introducing additional electronics into the system. OF 9reater is maintained 80% of the time. Thus, when con-

With 496 ppm CO in the anode fuel, the “self-oxidation” sidering percentage of time at normal operation (a cell volt-

method presents a simple alternative, as no auxiliaries arefge?f gf ga?%\r{ or above), pulsing is more efiective than
-oxidation”.

required. The only thing needed is for the cell to be run
at a constant current with an anode having an approxi-
mate catalyst loading of 0.4mg/énPt and 0.2mg/cr

Ru. Thus, it is important to compare the effectiveness of hods i h q
pulsing with “self-oxidation”. Five different performance M€thods Is to compare the energy and average power pro-

measures for comparison will be discussed in this section. duced in gach case. The pgrformance of a fuel cell is often
For a technique to be considered effective in increasing co characterized by the power it can produce. Thus, both energy
tolerance, it must successfully increase CO tolerance with ahnd averagt; powefr.output are usefull metrics in evaluating
minimal interference of normal cell operation. Hence, the 1€ tWo methods of increasing CO tolerance. o
measures used to compare pulsing with “self-oxidation” Energy can be determined with the following equation:
were: percentage of time under normal operation; total en- - [ d 1

ergy output; average power; and maximum voltage. These™ — (0o dr (1)

are discussed in the following sections.

3.4.2. Energy and average power
Another way to compare the effectiveness of the two

The integral was evaluated from 0 to 20 s, as both methods

3.4.1. Percentage of time under normal operation have completed and even number of cycles at this point.
In order to be an effective power generation unit, a fuel 1he variation of cell voltage with time, used to evaluate the

cell must produce the desired output voltage for a large per-intégral is given inFig. 10 while the corresponding cell

centage of the time. In this work, the desired voltage is de- CUTTeNt is given inFig. 11 Fig. 11 shows the variation of

fined as 90% or greater of the voltage obtained using pureceII curr_ent_wnh time for pulsing and “self-QX|dat|on”. With

H, as the anode fuel at a given current denshig. 10 “self-OX|_dat|on”, no cqrrer_ﬂ pulses are_applled; thus, the cell

shows the variation of cell voltage with time using 496 ppm current is constant with time and the integral becomes:

CO in the anode fuel. The results of both the pulsing and 20

“self-oxidation” method are presented. The pulsing parame- £ = 1 / v(r) dt (2)

ters determined to be most effective (50 A, 0.5 Hz, 20% duty 0

cycle) were used. As, previously discussed, “self-oxidation” Therefore, by determining the area under the “self-oxidation”

occurs when no pulsing is applied. As shownFig. 10 curve (dashed line) irig. 10over a period of 20 s and multi-

(dashed lines), when “self-oxidation” occurs the cell voltage plying by the corresponding current (20 A) givenRiyg. 11,

is continuously varying, which makes the power output by we find that with “self-oxidation”, we gek = 218 J.

the cell more difficult to condition into useful power. With With pulsing the cell current is not constant with time.

pulsing, the cell voltage is relatively constant except during Thus, (1) was evaluated numerically. This calculating
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Fig. 11. Variation of cell current with time using 496 ppm CO in the
anode fuel. Data was collected with and without a pulse. Base cell current
was held constant at 20 A (0.4 A/én The pulse was 1.0 A/cfn(50 A),
0.5Hz, with a 20% duty cycle.

Fig. 12. Variation of maximum cell voltage with current density using
496 ppm CO in the anode fuel. A 1.0A/én{50A), 0.5Hz, 20% duty
cycle current pulse was applied. The highest voltage achieved in a pulsing
cycle is shown.

Table 1
Comparison of pulsing with “self-oxidation”, the cell current was held

showed that with pulsing we gét = 246 J, over an interval
constant at 20 A (0.4 A/cR)

of 20s. This shows that with pulsing, you can obtain 28J
more energy every 20s than with “self-oxidation”. This
means that over a 20 s period, 13% more energy is produced

Pulsing, 50 A, 0.5Hz, Self-oxidation

20% duty cycle

with pulsing than with “self-oxidation”. Percentage of time 80 50
Similarly, average power was computed by evaluating the \(/)oét?/ge above
following relationship: Energy (J), over 20 246 18
20 Average power (W) 12 11
p= 0 1@)v(r) dr — E (3) Maximum voltage 0.67 0.62
204, 20s obtained in cycle
0 Additional equipment  Auxiliaries to trigger pulse None

Hence, with pulsingp = 12.3 W, while with “self-oxidation” required

p = 10.9W. This shows that 13% more power is obtained
with pulsing. Although the area under the pulsing and The only noticeable difference occurs at the lower current
“self-oxidation” curves fozov dr) in Fig. 10 are identical densities of 0.2 and 0.4 A/dmhowever, these discrepancies
after 20's, when considering the uncertainty involved with are insignificant when considering the uncertainty involved
the measuremento(_, = 0.24V's, Aregyise = 11.04 Vs, with the measurement. At a constant current of 0.4 A/cm
Areaseli-oxidation = 10.92Vs), the energy and average (20A), pulsing produces a maximum cell voltage of 0.67 V
power differ significantly because pulsing increases the and “self-oxidation” yields 0.62 V. When operating the unit
cell current to 50A (1.0A/cf) during the pulse. With ~ on pure H at 0.4 Alcn? (20 A), the cell produces a corre-
“self-oxidation”, the current remains constant with time sponding voltage of 0.70V. This indicates that pulsing and
at 20A (0.4 Alcnd). This is illustrated inFig. 11 Hence, “self-oxidation” are basically equally effective, in terms of
when evaluating the two methods via energy and averagemaximum voltage produced, in increasing CO tolerance.
power, pulsing is more effective than “self-oxidation”. Table 1summarizes the results of this section. The ta-
ble shows that pulsing is more effective or as effective in
3.4.3. Maximum voltage every category except for “additional equipment required”,
The maximum voltage obtained in a cycle is an important because with pulsing, the pulse must be triggered via an
parameter because it can indicate whether the CO is gettingelectronic device, while with “self-oxidation”, no additional

completely oxidized from the catalyst. If the maximum volt-
age is close to the value obtained with purg, H means

equipment is required. Therefore, this comparison indi-
cates that pulsing is more effective than “self-oxidation”,

that almost all of the CO that accumulates on the catalyst is but if the pulsing mechanism fails or cannot be employed,

oxidized with each over-potential cyclBig. 12 shows the

“self-oxidation” would be a good back-up solution, as it

variation of maximum cell voltage with current density us- will still significantly increase the CO tolerance of the
ing 496 ppm CO in the anode fuel. Data was collected with a cell.

pulse and with “self-oxidation” (no pulse). The pulse applied

was 50A and 0.5Hz with a 20% duty cycle. The highest

voltage achieved in a cycle (both for the applied pulse and 4. Conclusions

the “self-oxidation”) is shown. This plot shows that the max-

imum cell voltage obtained with pulsing is almost identical e Current pulsing is an effective means for increasing the
to the maximum cell voltage obtained with “self-oxidation”. CO tolerance of a PEMFC.
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