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Electrochemical Impedance Spectroscopy (EIS)
Characterization of Reformate-operated High Temperature

PEM Fuel Cell Stack

Simon Lennart Sahlin, Samuel Simon Araya, Søren Juhl Andreasen and Søren Knudsen Kær

Department of Energy Technology, Aalborg Universitet, AAU,
Pontoppidanstræde 111, 9220 Aalborg Øst, Denmark

Email: sls@et.aau.dk

Abstract This paper presents an experimental characterization of a high temperature proton
exchange membrane fuel cell (HT-PEMFC) short stack carried out by means of impedance spec-
troscopy. Selected operating parameters; temperature, stoichiometry and reactant compositions
were varied to investigate their effects on a reformate-operated stack. Polarization curves were also
recorded to complement the impedance analysis of the researched phenomena. An equivalent circuit
model was used to estimate the different resistances at varying parameters. It showed a significantly
higher low frequency resistance at lower stoichiometry. Both anode and cathode stoichiometric ratio
had significant effects on the stack performance during the dry hydrogen and reformate operation
modes. In both cases the effects faded away when sufficient mass transport was achieved, which
took place at λanode = 1.3 for dry hydrogen, λanode = 1.6 for reformate operation and λcathode = 4.
The work also compared dry hydrogen, steam reforming and autothermal reforming gas feeds at
160 ◦C and showed appreciably lower performance in the case of autothermal reforming at the same
stoichiometry, mainly attributable to mass transport related issues. In a CO poisoning analysis the
stack showed good tolerance to concentration up to 1% CO in the fuel stream.

Keywords: HTPEM, electrochemical impedance spectroscopy, fuel cell, degradation.

1 Introduction

Technology readiness for fuel cells is as much about ensuring that they deliver the required power output for
the intended application as it is about proving that they are as cost-effective and as durable as competing
technologies. High temperature PEM fuel cells (HT-PEMFC) are intended to replace diesel generator
sets for back up applications, heat and gas engines and boilers for micro combined heat and power
(Micro-CHP) applications among other devices. In order to compete with these mature technologies and
take advantage of their renewable edge over traditional devices, they have to be improved in performance,
durability and their cost has to be reduced significantly.

In recent years, HT-PEMFCs operated above 100 ◦C have been researched extensively due to the
advantages they offer compared to low temperature PEM fuel cells (LT-PEMFC). Their increased
operating temperature allows for increased electrode kinetics, easier heat and water management, the
possibility of useful waste heat recovery to increase overall efficiency and increased tolerance to fuel
impurities such as Carbon Monooxide (CO) [6, 7, 33, 43]. These advantages in turn lead to simpler design
and the use of reformate mixtures of various fuel sources with little or no pre-purification translates into
lower costs[7, 24, 43].

Despite the significant advances in the technology and the presence of several commercial products,
there are still opportunities for further understanding and enhancements in terms of degradation and
durability. Degradation due to CO is mainly associated with reduced free reaction sites due to its
adsorption on the Pt electrode surface [6, 17, 21]. It is an effect that can be reversed after reconditioning of
the stack [44]. However, prolonged exposure to CO may cause irreversible degradation [11]. The poisoning
effect of CO in HT-PEMFCs is reduced due to their higher operating temperature, where lower surface
adsorption of CO on the Pt-surface combined with increased electro-oxidation of CO to CO2 leads to a
significant improvement in tolerance compared to LT-PEMFCs [3, 11, 15].
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Temperature is a crucial parameter for HT-PEMFCs, as it is the parameter that gives them the edge
over their lower temperature counter parts in terms of improved tolerance to impurities, easier water
managements and simpler system design. However, its increase also enhances stack degradation and
material challenges, by increasing mechanical and thermal stresses [33, 45].

Like temperature, stiochiometry also depends on conflicting considerations; optimization of fuel
utilization without causing significant mass transport losses. Galbiati et al. [13] showed that stoichiometry
also affects water transport, where increasing air stoichiometry reduces water transport from cathode,
because it enhances water removal on that side, resulting in lower anode exhaust water flow and higher
hydrogen stoichiometry increases water transport from cathode leading to higher water flux in the anode
exhaust.

These effects like other parametric characterizations have been extensively studied both by model
simulations and single cell testing for fundamental understanding of degradation mechanisms [3, 12, 19,
36, 37]. This work extends the study of parametric characterization to stack level in order to understand
the fundamentals at a step closer to real life applications. It investigates the effects of temperature,
stoichiometry and CO poisoning in an HT-PEMFC short stack. Characterization was done by means of
electrochemical impedance spectroscopy (EIS) and polarization curves under varying operating conditions.

Impedance spectroscopy is a strong electrochemical characterization tool that can be used in-situ to
obtain several valuable information about a device’s electrochemical operation. However, its interpretation
by means of EC model fitting, though quick, can be highly ambiguous. Several equivalent circuit (EC)
models can fit the same impedance data, and therefore, when choosing an EC model one should have a
good knowledge of the behaviour of the tested device. Also, how the different phenomena in the fuel cells
and its components contribute to the impedance spectra are not entirely clear.

In the case of HT-PEMFCs several EC models based on different combinations and modifications
of Randles’ circuit (electrolyte resistance in series with the parallel combination of the double-layer
capacitance and a charge transfer resistance) have been proposed [5, 18, 34, 39]. Below is a brief literature
review of the interpretation of impedance spectra and the corresponding EC model elements.

Impedance measurements of real fuel cell systems have a positive high frequency intercept and up
to three arcs, depending on the extent of the mass transport effects. It is widely agreed that the high
frequency intercept represents the sum of ohmic resistances of the cell components such as, the membrane,
catalyst layer, gas diffusion layer, flow plates, and contact resistances of component connections [13, 41, 45].

Even though, it is difficult to discriminate among the different contributions to the ohmic resistance, its
changes during fuel cell operation can be attributed to the changes in proton conductivity [18, 45]. Proton
conduction takes place both in the membrane electrolyte and the electrolyte in the catalyst layer by means
of proton hopping mechanism along anion chains formed from self-ionization and self-dehydration of
H3PO4 [9, 45]. Kondratenko et al. [18] distinguish between the contributions of the membrane resistance
and electrolyte resistances between catalyst sites in the active layer using an EC model with a transmission
line. However, in the current work a simpler EC model is used and changes in ohmic resistance are
attributed to the overall variations in conductivity.

The EC model fit of the impedance arc at high frequency gives high frequency resistance (RHF ).
Romero-Castañón et al. [30] associate this exclusively to the structural features of the membrane

electrode assembly (MEA). Yuan et al. [41] argue that the impedance of the full fuel cell almost equals
the cathode impedance due to the fast hydrogen oxidation reaction in H2/O2(air) operation [18]. Other
authors distinguish between anode and cathode faradaic resistances, with the high frequency arc being the
anode resistance and the intermediate frequency arc cathode resistance [5, 25]. According to Mench et al.
[25] changes in low and intermediate frequency resistance provide insight into degradation mechanisms
in the cathode catalyst layer, with the intermediate frequency time constant attributable to the charge
transfers and lower frequency ones to mass transport. To avoid these ambiguities, in this work the analyses
of the fitted resistances are not discriminated between anode and cathode, but rather into frequency
ranges as high frequency resistance (RHF ), intermediate frequency resistances (RIF ) and low frequency
resistance (RLF ).

To the knowledge of the authors there is no standardized way of representing impedance spectra and
fitted data to date. In literature different representations of fuel cell impedance can be found, including,
no units, Ohms (Ω) and Ωcm2 (impedance normalized with respect to unit cell area) [14, 20, 29, 30].
Multiplying impedance and fitted EC model data with the active single cell area makes it easier to
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compare EIS measurements of different single cell sizes. However, this does not allow comparability of
impedance measurements of fuel cell stacks composed of different cell numbers, or comparability of single
cell EIS to that of a fuel cell stack. In this work to allow for better comparability, EIS and EC fitted
data are multiplied by the active cell area and divided by the number of cells in the fuel cell stack and
represented with the unit Ωcm2/cell.

2 Experimental Work

A schematic of the experimental setup is shown in Fig.1. A 15 cell, liquid-cooled (thermo-oil) high
temperature PEM fuel cell stack from Serenergy A/S was investigated for its sensitivity to changes in
operating parameters; temperature, stoichiometry and fuel composition. The cells are based on BASF
Celtec P H3PO4-doped PBI membrane with active cell area of 163.5 cm2. A picture of the tested stack is
shown in Fig. 2.

Tests were carried out on a Greenlight Innovation fuel cell test stand, with a Reference 3000 from
Gamry instruments for electrochemical impedance spectroscopy recording.

Com
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Figure 1. Test setup schematic

2.1 Test Procedures

To investigate the fuel cell stack’s response to different parametric changes and different fuel compositions,
the test matrix in Tab. 1 was used. First, the fuel cell break-in was done at 160 ◦C at a current density of
0.2 A/cm2 for 18 hours, then temperature and stoichiometry were varied for three different fuel composition
modes. The operation modes were chosen to simulate dry hydrogen operation, steam reforming (SR) and
auto-thermal reforming(ATR) gas feeds. SR was simulated with 60% H2, 15% H2O, 24% CO2 and CO
levels from 0 to 1%, using nitrogen as make-up-gas, and ATR with 41% H2, 8.5% H2O, 50% CO2 and 1%
CO. The stoichiometry is based on the ratio between the required gas nessesary for the reaction and the
available gas at the inlet.

ATR is included here because it is commonly used in commercial methane-based fuel cell systems. The
process can be advantageous as it brings about fast system start-up time and simplified system design
since the system can be operated without external heat supply. Systems using ATR are often supplied
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Table 1. Test matrix. N2 is used for make-up gas

Anode:Pure-dry hydrogen
Index T (oC) Air stoic. H2 Stoic. CO (%)

1 150 3.5 1.35
2 155 3.5 1.35
3 160 3.5 1.35
4 165 3.5 1.35
5 170 3.5 1.35
6 175 3.5 1.35
7 160 2 1.35
8 160 2.5 1.35
9 160 3 1.35
10 160 3.5 1.35
11 160 4 1.35
12 160 3.5 1.25
13 160 3.5 1.3
14 160 3.5 1.35
15 160 3.5 1.4

Anode: Methane reformate gas simulation
(60% H2, 15% H2O)
Index T (oC) Air stoic. H2 Stoic. CO (%)
16 155 3.5 1.35 0.8
17 160 3.5 1.35 0.8
18 165 3.5 1.35 0.8
19 170 3.5 1.35 0.8
20 175 3.5 1.35 0.8
21 160 3.5 1.35 0.25
22 160 3.5 1.35 0.5
23 160 3.5 1.35 1
24 160 3.5 1.6 0.8
25 160 3.5 1.3 0.8
26 160 3.5 1.35 0.8
27 160 3.5 1.5 0.8
28 160 2 1.35 0.8
29 160 2.5 1.35 0.8
30 160 3 1.35 0.8
31 160 3.5 1.35 0.8

Anode: ATR gas simulation (41%H2, 8.5% H2O)
Index T (oC) Air stoic. H2 Stoic. CO (%)
32 160 3.5 1.35 1
33 165 3.5 1.35 1
34 170 3.5 - 1.35 1
35 175 3.5 1.35 1
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Figure 2. A picture of the tested short stack

with an additional water-gas-shift gas cleaning unit[4]. The introduction of oxygen in ATR process was
studied by Salemme et al. [31], where both ATR and SR reactions were investigated with regards to
efficiency. They found that the efficiency of SR reaction is significantly higher compared to ATR reaction.
The highest efficiency was found with methane (gas) steam reforming at 50.3% and methanol (liquid) at
46.9%. The maximum energy efficiency is defined according to (1)

η = Pe

(nf + nf,B) · LHV (1)

where Pe is the electric power generated by the fuel cell, nf is the inlet molar flow rate to the reforming
reactor, nf,B is the molar flow rate to the burner, and LHV is the lower heating value of fuel.

Polarization curves and electrochemical impedance spectroscopy are the techniques of choice in this
work and they were recorded at all stages of the experiments. Polarization curves were recorded until
1 A/cm2 on dry hydrogen and until 0.6 A/cm2 on reformate gas, as higher current densities resulted
in poorer cell performances under reformate gas feed. The recording was stopped when the minimum
cell voltage reached 0.2 V to prevent permanent damages to individual cells. The polarization curve is
performed with a sweep from low to high at 2 A and a sweep from high to low at 4 A to avoid hysteresis
phenomenons[42].

After each polarization an EIS spectrum was recorded between 10 kHz and 0.1 Hz. The measurements
were carried out in galvanostatic mode at DC load of 33 A (0.2 A

cm2 ) and an AC amplitude of 1.5 A
current sinusoidal.

2.2 Equivalent Circuit Model Selection

The impedance measurements of the fuel cell stack used in these investigations show three distinct arcs
as the impedance spectra in Fig. 4 illustrate. This implies three time constants that correspond to three
characteristic frequency intervals are present. Hence, an EC model made up of three Resistance (R)
- constant phase element (CPE) loops as shown in Fig.3 is used for impedance data interpretations,
similarly to [35, 45]. An ideal resistance in series with the three arcs represents the real axis intercept of
the impedance. In literature the high frequency vertical drag of the impedance below this intercept point
is usually represented by an ideal inductor for wiring inductance contributions [5, 45]. However, in this
work it can be seen that the wiring inductance is no longer a vertical line below the real axis but it bends
towards the right. To account for this it is represented by an L-R arc in the EC model Fig. 3. This loop is
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not used to characterize the stack, but simply to correct for the wiring artefacts and to make sure that
the real axis intercept is correctly estimated for ohmic resistance evaluation.

The impedances of the circuit elements used in the model are given below as functions of frequency
[40]:

ZR(ω) = R (2)
ZL(ω) = iωL (3)

ZCP E(ω) = Q−1(iω)−n (4)

Rohmic

RHF

CPEHF

L RIR

CPEIR

RLR

CPELRRL

Figure 3. EC model representation of HT-PEMFC stack used in this work
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Figure 4. Examples of curve fitting using the EC model in Fig. 3
. Indices 3 and 35 represent the respective test points in Tab. 1

where, ZR(ω) is the impdance of a Resistor [Ω], R is the resistance [Ω], ZL(ω) is the impedance of an
inductor [Ω], ZCP E(ω) is the impedance of a CPE [Ω], and ω is the frequency [rad/s].

CPE is a pseudo-capacitor used in place of capacitors to fit EC models to real systems’ impedance
responses. It is used to depress the center of Nyquist plot semi-circle arcs to below the real axis as observed
in real systems [40]. In eqn. 4, Q is the pseudo-capacitance [Ω−1sncm−2] and n is the CPE exponent that
characterizes the phase shift. This coefficient determines the nature of a CPE and it represents pure
capacitor when n equals to 1 [40]. In this work, n values of 0.95, 0.7 and 1 (pure capacitor) were used for
high, intermediate and low frequency arcs, respectively. These values are chosen based on the best fits
and then kept constant to allow only the resistances to change during the fitting. The data in this work is
fitted with a Matlab tool, called Z-fit [10].
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3 Results and Discussion

3.1 Varying Temperature

The effects of temperature were tested for dry hydrogen operation and reformate conditions. It was
varied at a step of 5 ◦C between 150 ◦C and 175 ◦C under dry hydrogen operation and between 160 ◦C
and 175 ◦C under reformate operation mode. The minimum operating temperature was raised in the case
of reformate condition to avoid degradation due to poisoning at lower temperature.

Dry hydrogen operation: The overall effect of temperature on the performance of a PBI based
HT-PEMFC stack can be said negligible with slight tendency to increase with increasing temperature in
the range between 150 ◦C and 175 ◦C as the polarization curves in Fig. 5 (a) show. This is consistent with
the literature, where a slight increase in performance with increasing temperature is observed [23, 38].
The increase in performance is less marked in this work, because smaller temperature steps of 5 ◦C are
used compared to 20 ◦C steps in the cited papers.

EIS measurements reveal more details that are not visible in the polarization curves. In Fig. 5 (b)
it can be seen that impedance spectra move towards the right with increasing temperature, while also
shrinking in the frequency range between 1 kHz and 10 Hz. The rightward movement of the real axis
intercept of the impedance spectra is represented by changes in ohmic resistance (Rohmic) in Fig. 6. It
increases slightly with increasing temperature and can be attributed to the overall increase in contact
resistances, including the membrane conductivity of the fuel cell stack. It appears as though the membrane
conductivity decreases with increase in temperature, which is contrary to most literature[22, 38]. However,
there are cases where the ohmic resistance decreases with increasing temperature until around 160 ◦C,
and then increases for further increase in temperature [16, 36].

The reports in literature focus on ex-situ membrane conductivity or single cell impedance measurements,
where the contact resistances are not significant. However, the membrane is not the only element
contributing to the ohmic resistance. It is the sum of electrical contact resistances, where all the
conductors and insulators present in the fuel cell stack between the current collectors are also contributors.
The membrane can be considered as an electrical insulator and theoretically its resistance decreases with
increasing temperature. In the current work it is seen that the total ohmic resistance increases with
temperature and this may be caused by the increased electrical resistance of the conductive components,
such as the flow plates and the current collectors, which in the case of a fuel cell stack are more significant
compared to single cell measurements due to increased number of contact points.

The intermediate frequency was found to be constant constant between 150 ◦C and 175 ◦C, while the
low frequency resistance seems to decrease slightly with increasing temperatures. RHF shows a slight
decrease from 155 ◦C to 160 ◦C with a small tendency to increase with temperature thereafter. This
implies that charge transfer is not enhanced above 160 ◦C. In their unit cell tests, Su et al. [38] showed
that increasing temperature enhances the cell performance due to the increase in reaction rate and mass
transfer rate, which is partly confirmed in this work with slightly decreasing RLF . Therefore, slight
improvements in mass transport and high frequency charge transfer until 160 ◦C can be said to be the
main cause of the slight performance enhancement achieved with increasing temperature.

Reformate conditions Even though HT-PEMFCs have the advantage of working efficiently under an-
hydrous conditions compared to LT-PEMFCs, humidification still improves the performance by increasing
the proton conductivity of the polymer membrane [8]. Water also hydrates phosphoric acid (PA) and
ensures a more uniform distribution of PA, thereby reducing PA poisoning effect which happens when PA
and H2 reduced polyphosphoric acid species block Pt surface area [28]. However, it is also reported that
if water condenses inside the MEA it can cause PA leaching and thereby reduce the proton conductivity
[22]. Therefore, it is important that water is removed in vapor phase before the fuel cell stack is cooled
down for shutdown.

Figure 7 shows the effect of temperature under reformate gas operation mode.
Similarly to dry H2 tests, the increase in temperature causes a slight increase in ohmic resistance.

This increase in ohmic resistance could be related to the membrane swelling caused by water uptake
[1, 22], or increase in the contact resistance due to the presence of several contact points at stack level.
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On the contrary, the polarization curves in Fig. 7(a) show a mild increase in performance with increasing
temperature under reformate conditions, which are in-line with the expected effects of temperature.

Figure 8 shows the fitted resistances during wet reformate gas operation. Both RHF and RIF show a
slight decrease with temperature in accordance with the overall increase in fuel cell stack performance in
the corresponding polarization curves, Fig. 7(a). Unlike the case of dry hydrogen, a slight performance
enhancement beyond 160 ◦C is seen under reformate conditions. This could be due to the presence of
water which reduces the PA poisoning effect on Pt reaction sites by hydrating PA molecules [28].

3.2 Varying Stoichiometric Ratio

To improve fuel utilization without recirculation pumps different anode and cathode stoichiometric ratios
were tested both under dry and reformate gas operation modes. Below are the EIS and polarization curve
analyses of the fuel cell stack’s response to different fuel compositions at different stoichiometric ratios.

Anode stoichiometry Figure 9 shows how hydrogen stoichiometry influences the performance on dry
hydrogen feed. The fuel cell stack is tested from λanode = 1.25 to 1.4. The polarization curves show a
decrease in performance at lower stoichiometries and the frequency response shows significant changes in
resistance at lower frequencies which corresponds well with mass transport issues.
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Figure 9. Impedance plot with different hydrogen stoichiometry levels with dry H2

In Fig. 10, the fitted results show significant decrease in low frequency resistance. It can be seen that
changes in stiochiometric ratio affect mainly the mass transport. It can also be seen that above λanode

= 1.3 the decrease in RLF is arrested, which indicates that once H2 starvation is avoided increase in
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stiochiometry does not improve the fuel cell stack performance. It is also reported that both hydrogen
and air stoichiometry affect water transport in a fuel cell with high λanode diminishing the anode water
concentration [13]. However, these correlations and their impact on a stack performance are not clear and
need further investigations.

In the case of reformate gas operation in Fig. 11(a) it can be seen that there is a larger spread in
the polarization curves. λanode was changed between 1.3 to 1.6. Similarly to the dry hydrogen operation,
the impedance plots show small changes between 10 Hz and 1 Hz and marked changes below 1 Hz.
This implies that the effects are also in this case mainly attributable to enhanced mass transport with
increasing λanode. Najafi et al. [26] found similar improvement under reformate gas conditions in the
presence of CO when increasing anode stiochiometry from 1.2 to 1.6.

Both operation modes show a 45 ◦ line in the low frequency region below 1 Hz at low stoichiometry,
Fig 9 and Fig. 11. Siegel et al. [34] noticed similar signature 45 ◦ line during fuel starvation. This is typical
of mass transfer controlled frequency dependence, which is also sometimes called Warburg impedance
[27, 40]. It is generated by diffusion problems at low frequency caused by hydrogen starvation at low
stoichiometric ration. This can be avoided by working slightly above the critical lower stiochiometric ratio
limit of 1.3 in the dry H2 and 1.35 in reformate gas operation.

In this work mass transport is not modeled with Warburg diffusion but rather with a simple R-C loop
to avoid more fitting uncertainties that can arise from introducing more variables of Warburg impedance.
Also, not all the impedance spectra show a 45 ◦ diffusion line, hence, a model that can fit all the operating
conditions has been used. It is worth mentioning that the appearance of such a signature 45 ◦ line on an
impedance spectrum can be used to diagnose a fuel cell stack and to detect mass transport faults, and
consequently intervene on the cause, which in this case is insufficient fuel from the reformer.

The fitted results shown in Fig. 12 also show a significant decrease in low frequency resistance with no
significant changes in the intermediate and higher frequency ranges. RLF decreases significantly from 1.3
to 1.35 and then slowly from 1.35 to 1.6.

These results can be used as a tool to evaluate a suitable stoichiometries both for dry hydrogen and
reformate gas operation modes. While for dry hydrogen the performance improvement is arrested above
λanode of 1.3, which is in line with the manufacture’s specifications for dry hydrogen operation of 1.35
[32]. For reformate operation, a slow performance enhancement is seen until λanode of 1.6. Therefore, the
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Figure 11. Impedance plot with different anode stochiometry levels with reformate gas
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Figure 12. Effects of anode stoichiometry under reformate gas operation
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proper operation under reformate condition should be done at higher stoichiometric ratio compared to
dry hydrogen, in the current work around 1.6.

Cathode stoichiometry The effects of air stoichiometry on the fuel cell stack are similar to the ones
seen for anode stoichiometry, mainly in the mass transport region. The polarization curves in Fig. 13(a)
show a marked performance enhancement with increasing λcathode.

(a)

Current density [mA/cm
2
]

S
ta

c
k
 V

o
lt
a

g
e

 [
V

]

 

 

0 100 200 300 400 500 600 700
5

10

15

7: λcathode 2

8: λcathode 2.5

9: λcathode 3

10: λcathode 3.5

11: λcathode 4

Z
real

(Ω ⋅ cm
2
/cell)

−
Z

im
g
(Ω

 ⋅
 c

m
2
/c

e
ll)

(b)

 

 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
−0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

1 kHz 100 Hz 10 Hz 1 Hz 0.1 Hz

Figure 13. Impedance plot with different cathode stoichiometry levels with dry H2

The resistances in Fig. 14 show changes mostly in the low frequency region. As can be seen by the
asymptotic trend in Fig. 14, RLF decreases significantly when λcathode increases from 2 to 3 and then
slowly levels out until λcathode = 4. Unlike with λanode, changes in λcathode provoke small changes in
Rohmic and RHF , where small decrease of the former and increase of the latter are observed at λcathode >
2.5. However, both resistances return to similar values of λcathode = 2 when λcathode increases to 4. These
changes are not distinct or consistent enough to make conclusions on the effects of cathode stoichiometry
on these resistances, but the effects are clearly captured on the low frequency region. As with anode
stoichiometry, the effects decrease with increasing stoichiometric ratio, implying that once a sufficient
mass transport is achieved, further increase in air stoichiometric ratio does not bring about performance
enhancement. Similarly, Jespersen et al. [16] found that air stoichiometric ratios above four have little or
no effect on the performance of a single cell.

Figure 15 shows the air stoichiometry test on reformate. The polarization curves show the difference
between the different tests, where the increase in stoichiometric ratio improves the overall performance of
the fuel cell stack. Likewise, the impedance spectra show a shrinking low frequency loops with increasing
air stoichiometric ratio. This corresponds to decreasing RLF in Fig. 16, where it decreases until λcathode
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Figure 14. Effects of cathode stoichiometry under dry H2 operation

= 3 and then levels out. This shows that even in the case of air stoichiometry once a sufficient mass
transport is achieved further increase in stoichiometry does not produce significant performance increase.
Jespersen et al. [16] made similar conclusions, where fuel cell performance enhances dramatically until
λcathode = 3, and has little or no effects at λcathode > 4. Their tests were done on a unit cell assembly,
however, the resistances are comparable as the stack impedances are normalized by the number of cells
for comparability purposes in the current work.

The other resistances show small changes below λcathode = 2.5 and then remain unaltered for further
increase in stoichiometric ratio. Since water vapor is present in the reformate gas, it is not clear whether
these small changes at low stoichiometric ratios are due to the effects of stoichiometry on water transport
[13]. However, the changes are too small for more detailed conclusions on the effects of stoichiometry on
membrane and charge transfer resistances, except for the fact that they are not affected at λcathode > 2.5.

3.3 CO Poisoning

Results of reformate gas composition with varying CO content are presented in Fig. 17. CO concentration
was varied between 0.25% and 1% by volume in the gas feed, and it can be seen from the polarization
curves in Fig.17(a) and the Nyquist plot in Fig.17(b) that there is no significant CO poisoning effect.
As can be expected the overall performance in the presence of CO is lower than dry H2 provided other
conditions are kept the same, Fig. 17. This is widely accepted to be due to surface adsorption of CO on
Pt reaction sites [6, 17, 21].

In Fig. 18 the changes in the resistances are almost all negligible. There are slight changes in RLF ,
which however, are too small to provide any insight towards the effects of CO on this frequency range,
considering that at stack level and at low frequency measurement noises are more pronounced. At cell level,
Andreasen et al. [2] found that CO affects negatively the entire impedance spectrum of an HT-PEMFC at
the same frequency range as the present work. They attributed the causes to anode activation effects for
high frequency region, and longer diffusion paths due to reduced Pt sites and consequently local variations
in H2 concentration in the catalyst for intermediate frequency, and lastly, the extension of these local
variations in H2 concentration to the gas channels for low frequency. However, in the present work most
of the resistances remain unaltered, showing the robustness of HT-PEMFCs towards such concentrations
of CO at stack level.
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Figure 15. Impedance plot at different air stochiometry levels under SR gas operation
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Figure 17. Polarization plot and impedance spectrum for varying CO content in reformate gas.
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Figure 18. Effects of co concentration under reformate gas operation
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3.4 Dry H2, SR Gas and ATR Gas Operation Modes

Figures 19 and 20 show a comparison of different fuel compositions, namely; dry hydrogen, SR gas and
ATR gas. It can be seen that the highest performance is obtained under dry H2 operation and the poorest
performance under ATR gas feed both for 160 ◦C and 170 ◦C. This can be explained by the reduced
hydrogen content in the gas feed both in SR gas and ATR gas modes, 60% and 41%, respectively.

The most significant changes are seen below 10 Hz, showing that mass transport is the main issue.
Changing between the different operation modes from dry H2 to SR gas and then to ATR gas produces
the same effects as decreasing λanode in Fig. 11. In fact, the two tests are similar. Since the effects of CO
are small and similar between 0.25% and 1% as seen in Fig. 18, the amount of H2 is the determinant
factor in both tests. This also means that just as increasing λanode enhanced the performance during dry
H2 operation, it may improve the performance of both SR gas and ATR gas operation modes as well.
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Figure 19. Impedance plots comparing for dry H2, SR gas and ATR gas operation modes at 160 ◦C and 170 ◦C

4 Conclusion

This work investigates the effects of temperature, air stoichiometry and hydrogen stoichiometry under
dry hydrogen and reformate gas operation modes on a PBI-based HT-PEMFC stack. Characterization
was done by means of galvanostatic EIS and polariztion curves. An equivalent circuit was chosen based
on the impedance response of the tested fuel cell stack for data analysis and interpretation.

Increase in temperature of relatively small 5 ◦C steps is seen to bring about only little enhancement in
performance, both under dry H2 and reformate gas operation modes. All the resistances remain almost
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unaltered with the exception of a slightly increasing ohmic resistance in both cases. It can be stated that
the increase in ohmic resistance may affect the stack performance negatively, but the summation of the
slight enhancements in the remaining frequency ranges compensate for it.

Stoichiometry on the other hand has a significant effect on the fuel cell stack performance. A hydrogen
stoichiometry of 1.25 and 1.3, during dry H2 and reformate gas operation modes, respectively show a
45◦ diffusion limitation line on the Nyquist plot. These are then easily corrected in both cases by an
increase in hydrogen stoichiometry of 0.5. Mass transport limitation is also the main issue at lower
air stoichiometries both under dry H2 and reformate gas feeds. Even here increasing air stiochiometry
enhances the performance significantly until the mass transport issues are minimized. It can be concluded
that it is crucial that stoichiometric ratios are set to guarantee sufficient mass transport, but once that
is achieved further increase of either anode or cathode stoichiometric ratio does not enhance the stack
performance appreciably. In this work, sufficient mass transport is achieved at λanode = 1.3 for dry
hydrogen, λanode = 1.6 for reformate operation and λcathode = 4.

CO poisoning was also studied. Even though, the performance in the presence of CO is slightly lower
compared to dry H2 operation, no poisoning effects were observed when increasing the CO content from
0.25% to 1% by volume in the reformate feed gas. Since the high frequency resistance that is expected to
be most affected by anode poisoning remain unaltered it can be said that the stack is robust enough to
concentrations of CO less than 1%.

When comparing different fuel compositions, namely, dry H2, SR gas and ATR gas, they all performed
in the expected order, with the first performing the best. Considering that the effects of CO poisoning
are negligible until CO contents of 1% by volume, the mass transport limitation seen during SR gas and
ATR gas operation modes are caused by the reduced H2 content in the feed. The differences among the
different operation modes are mass transport limited, similar to those seen when decreasing stoichiometries.
Therefore, increasing anode stoichiometry may improve the performance of both SR gas and ATR gas
operation modes. It is recommended to ensure sufficient mass transport in the fuel cell stack when
operating under reformate conditions.

EIS can be an efficient tool for this purpose as one can compare impedance spectra of SR gas or ATR
gas operation modes with dry H2 impedance spectra and increase the anode stoichiometry until the mass
transport behavior at low frequency matches that of a dry H2 operation mode or ceases to improve the
performance.
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