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The time dependence of the open circuit potential under oxygen and air is characterized by half-cell experiments in the temper-
ature range of 30°C to 80°C. The data is analyzed with the aid of a macroscopic model that captures the effect of a coupled
reaction of platinum surface oxidation and the oxygen reduction reaction. The aim of the model is to facilitate an understanding
of the principle reactions from an engineering perspective. Two modeling approaches, namely ‘gas electrode’ and ‘flooded elec-
trode’, are compared. It can be shown that the difference between the theoretical Nernst potential and open circuit potential can
be described by two major effects: gas solubility in the electrolyte and platinum surface oxidation. The fact that platinum surface
oxidation does not lead to a ‘fully oxidized surface’ has strong implications for the design of accelerated stress tests, which is briefly
discussed.
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Polymer electrolyte membrane fuel cells are highly efficient energy
converters. The introduction of polymer membranes allowed for very
compact designs with a high power density and thin catalyst layers.
The main material for these catalysts is nanometer-sized platinum on
carbon supports. The total amount of platinum should be as low as pos-
sible in order to decrease unit costs. On the other hand it is known that
several degradation processes lead to the loss of the catalyst.'~* These
processes partly occur in conditions in which the cell is in the range of
the so-called open circuit voltage (OCV). Every fuel cell usually goes
through a time period with zero electrical load during start up and shut
down. During this time, the cell is at its open circuit voltage. In fuel
cell experiments it is frequently observed that the OCV value is not
in fact a fixed number. The value may vary between different single
cells, manufacturer and operating conditions (especially humidifica-
tion). Furthermore, after switching to OCV condition the cell voltage
changes by several mV over several hundred seconds and a value that
is truly independent of time is never observed. With respect to degra-
dation and long term stability, it is important to understand the effects
that occur at the platinum surface under these conditions.

A recent publication by Cherevko et al.* summarizes the effects
of Pt surface oxidation and reduction. It can be concluded that the
overall process is complex and not yet fully understood, but the main
mechanism seems to be clear. Under OCV conditions, an oxide layer
forms at the surface of Pt electrodes. It can be argued that this will lead
to a mixed electrode potential which in turn can explain the deviation
from the thermodynamic potential.>® On the other hand Zhang et al.’
have observed in PEFC experiments that the OCV value depends on
the thickness of the Nafion membrane. They measured the hydrogen
cross-over and showed that the resulting overpotential of hydrogen ox-
idation at the cathode side can be used to explain the observed OCV
values. In general, the mismatch of the OCV value and thermodynamic
potential is explained by a combination of three different effects.’'¢
Firstly, the permeability of the polymer membrane leads to a small
cross-over of hydrogen and oxygen to the opposite side of the mem-
brane. This changes the local concentrations at the catalyst surface
and is frequently referred to as mixed potential. Secondly, technical
catalyst layers consist of a mixture of different materials. Additionally,
the platinum catalyst is in a reduced state on the hydrogen side and in
a (partially) oxidized state at the oxygen side. This can also be under-
stood as a contribution from the mixed electrode potential. Thirdly,
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the catalyst is in fact covered by a thin film of water or, more pre-
cisely, a matrix of Nafion/water and eventually other polymers. Thus,
gas solubility within this thin liquid film must be taken into account
in order to obtain realistic concentrations at the catalyst surface.

The state of the catalyst under OCV has a significant impact on the
lifetime of PEFCs, because this potential window is passed for each
start up and shut down process. In order to assess the long term stability
of catalysts, several accelerated stress tests have been developed.'”!®
These tests are suitable for material screening. For lifetime predictions
the interpretation of the results is difficult because the applied voltage
frequently exceeds the range that is observed during fuel cell operation
and enters a range in which different oxidation reactions at the catalyst
may occur. The topic of platinum surface oxidation is also interesting
for the modeling of fuel cells and related electrode processes. In many
engineering models, the voltage of an operating fuel cell is calculated
from the thermodynamic potential of the Nernst equation, with the
kinetic and transport losses subsequently subtracted.'®!*-?! Unfortu-
nately, the calculated Nernst voltages almost never reflect the observed
open circuit voltages. This offset must be compensated (intentionally
or unintenionally) by some of the model parameters in order to match
the experimental polarization curves. The overall effect is that the ki-
netic model parameters may differ by several orders of magnitude if
taken from different sources.'®

The main objective of this work is to implement the knowledge
that has been generated in recent years regarding the effect of platinum
surface oxidation. With this aid, the process of fuel cell shut-down is
experimentally characterized with a model system of a polycrystalline
Ptdisk within an electrochemical half-cell. This setup avoids the afore-
mentioned effect of hydrogen cross-over in fuel cells and offers insight
into the time-dependence of the electrode potential. The experiment
is complemented by a modeling approach that takes into account the
kinetic process of platinum surface oxidation and gas solubilities in
the liquid electrolyte. The model is targeted at an engineering level,
which would be suitable for aiding the evaluation of stress tests. It may
also improve understanding of the open circuit voltage of fuel cell like
devices.

Background
The overall fuel cell reaction is shown in Equation 1.
0.5 0, +H, = H,0 [1]

Drawing on standard textbooks, the equilibrium voltage of E® =
1.23 V can be easily obtained. Strictly speaking, this is only true
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Table I. Half-cell reactions and corresponding potentials based on
thermodynamic data for 25°C and 101325 Pa.

Number Reaction EY / V Reference
1 050, +2H" +2e” =H,0 1.23 27
2 PtOHT + HF +2e~ =Pt + H,0O 1.20 27
3 Pt +2e” =Pt 1.18 427
4 PtO, +2HY +2e~ =PtO+H,0 1.01 4,27
5 PtO, +4H " +4e~ =Pt+2H,0 1.00 27
6 PtO; + 2 H" + 2 e~ = PtO(hydr.) + 1.05 4,26
H,0
7 0.5PtOy(hydr) +2Ht +2e” =0.5Pt+ H,O 1.00 26

oo

PtO(hydr) + 2H* +2e~ =Pt+H,0 098 426

under standard conditions and if the catalyst on both sides is the same
(pure platinum). The thermodynamic value should be corrected for the
presence of platinum surface oxide, but the oxidation process of plat-
inum is highly complex and, at present, not completely understood.*
Depending on the specific conditions and time scale, many different
oxide species may be formed that differ in terms of film thickness and
electrochemical behavior.*?>2% A deeper discussion of this effect can
be found in the work of Cherevko et al.* From the thermodynamic
data, it becomes clear that several surface oxides may be present at
OCV conditions. Table I gives a short overview that is late used as a
starting point for the model derivation. The underlying idea is that in
the range of the open circuit voltage, two reactions take place simulta-
neously at the surface of the cathode electrode: the formation of water
and platinum surface oxidation.

The state of the platinum surface species can be characterized by
cyclic voltammetry (CV).28-3* Figure 1 shows a typical CV for plat-
inum under nitrogen and oxygen saturation. The oxidation peak be-
tween 0.9 V and 1.2 V is identical for nitrogen and oxygen saturation.
For values below 0.9 V, the CV differs. In the case of nitrogen, a small
reduction peak occurs at roughly 0.8 V, while the CV curve stays at
zero net current, because only electric double layer charging takes
place at the electrode surface. Below 0.4 V, the two characteristic hy-
drogen peaks are present. In the case of oxygen, the reduction peak at
0.8 V is much larger. Beyond that, the CV curve is shifted downwards
because, at the electrode, the oxygen reduction reaction takes place.

In Figure 1, it can clearly be seen that the peak of surface oxidation
is not symmetrical. The surface reduction process is shifted to signif-
icantly lower potential. This effect can be explained by the formation
of different surface oxide species. In the case of nitrogen-saturated
electrolyte, several adsorption and surface oxidation steps have been
described.*?3 The surface of platinum seemingly undergoes dif-
ferent states that involve the initial adsorption of oxide or hydroxyl
species, partial surface layer oxidation and the rearrangement of sur-
face layers. This leads to a broad distribution of several wide peaks
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Figure 1. Cyclic voltammogram for a three electrode cell with a Pt disk elec-
trode in 1 M H2SOy4 against RHE at 7 = 30°C.
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Figure 2. The resulting graph from the subtraction of the cyclic voltammo-
grams of nitrogen and oxygen from Figure 1.

at the onset of surface oxidation, which are usually hard to resolve
in cyclic voltammogrames.?*° It can also be noticed that there is
a significant difference between nitrogen and oxygen saturation. In
Figure 2 the cyclic voltammograms of nitrogen and oxygen are sub-
tracted and the graph shows the difference between them. Both curves
are identical for potentials above 0.9 V. Interestingly, this is precisely
the range of the open circuit voltage of fuel cells. Below this value, the
curve for oxygen shows a decline due to the oxygen reduction reac-
tion. The largest deviation can be seen for the strong platinum surface
reduction peak just below 0.8 V, which is very prominent in case of
oxygen saturation.

It may be true that the real process of surface oxidation and the
composition of the platinum surface is not completely understood,*
but there are some convincing suggestions that are summarized in the
following. One of the earliest suggestions was published by Conway
etal.?®3035 and Anastasijevié et al.’® A six-step reaction mechanism is
proposed that starts with the adsorption of OH species to the Pt surface.
The following steps include the restructuring and further oxidation
of the Pt surface layer. Three characteristic values were identified in
the CV: the onset of oxidation at 0.89 V and two small oxidation
peaks (within a broader region) at 0.95 V and 1.05 V.23 Nagy and
You®” proposed a three step mechanism. Step 1 includes the initial
adsorption of OH at 0.9 V. Step 2 describes the surface reconstruction
and further oxidation at < 1.20 V. Step 3 summarizes further oxidation
of the platinum surface at >1.20 V. Jerkiewicz et al.>! proposed a two-
step mechanism, where in step 1 the adsorption of half a monolayer
of oxygen takes place in the range of 0.85 < E < 1.10 V. Step 2
describes adsorption of the second half monolayer of oxygen and the
further oxidation of the platinum surface layer to PtO in the range
of 1.20 < E < 1.40 V. Drnec et al.**** also proposed a two-step
mechanism for Pt(111) surfaces. Step 1 is the formation of Pt surface
oxide which sharply peaks in the CV at 1.05 V. In step 2, further
oxidation and restructuring of surface occurs in the range of >1.15 V.
A detailed analysis of the oxidation of Pt(111) surfaces was formerly
provided by Gémez-Marin et al.** Holby and Morgan developed a
comprehensive model for platinum surface oxidation®® with the goal
of characterizing platinum dissolution. The model is based on the
preceding work of Darling and Meyers.* With the aid of the model,
the effect of oxide roughening in cycling experiments is explained.
The model is also capable of correctly reproducing the shape of cyclic
voltammorgrams in a nitrogen atmosphere.

Within the scope of this work, the proposed surface oxidation
mechanisms “?*3° are summarized in two significant steps that are
common for all cited models. The first one describes the adsorption
of oxygen or hydroxyl species to the surface of platinum at a poten-
tial of 0.9 V. The second merges subsequent oxidation and platinum
surface rearrangement steps that take place with further increasing
potential. The necessity to incorporate more oxygen per platinum sur-
face atom leads to a restructuring of the outermost platinum layers.
Figure 3 summarizes the overall effect.
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Figure 3. Schematic representation of platinum surface oxidation. Step 1: ini-
tial oxygen or hydroxyl adsorption in the range of 0.90 V—1.10 V. Step 2: further
oxidation and surface reconstruction at > 1.15 V.

In the literature noted above, the mechanism of platinum surface
oxidation is investigated as a function of potential. In the case of the
OCV of a polymer electrolyte fuel cell, the potential results from the
kinetics of the surface reaction. It was suggested in an earlier work by
Hoare et al.** that under OCV conditions, an incomplete adsorption
layer of PtO should be observed. In the presented experiments, the
platinum surface is first transformed into its reduced state at 0.5 V.
Then, the kinetics of surface oxidation can be derived by observing
the open circuit potential as a function of time.

Experimental

Setup.—The experimental setup consists of a special cell, typi-
cally with a three-electrode arrangement, as discussed by Weissbecker
etal.**2 A polycrystalline Pt disk serves as the working electrode, with
a geometric area of 2.54 cm?. The counter-electrode is a Pt mesh. A
reversible hydrogen electrode is used as the reference electrode and
connected to the cell by a Luggin capillary. The complete device is kept
at a constant temperature, with a reflux condenser applied to maintain
the water content of the electrolyte at elevated temperatures. At the
start of the experiments, the platinum disk electrode was polished with
alumina paste (Buehler) with a particle size of 5 um, 1 wm and 0.05 wm,
respectively. Then, a cleaning step with ethanol and distilled water was
applied in an ultrasonic cleaner for 15 min. Finally, the disk was dried
with a high-pressure air flow. The electrolyte, 1 M sulfuric acid, is
prepared by diluting 98 wt% H,SO4 (AR regent). The glassware was
deep-cleaned, as described by Garsany et al.** Before filling in the
electrolyte, the glassware is rinsed several times with ultra-pure water
and, subsequently, with electrolyte solution. After assembly, the cell
was filled with 165 mL electrolyte solution and heated to the required
temperature. All electrochemical measurement were performed using
an Autolab potentiostat PGSTAT302N (Metrohm).

Some experiments were repeated using a standard rotating disk
electrode (PINE Research/ E3 series). It showed reasonable agree-
ment, but in the case of the rotating disk electrode, the signal was not
particularly stable over the 1600 s timeframe and the reproducability
was suboptimal. The main problems appeared to be the maintenance
of constant temperature and constant gas saturation over this long time
period. The cell described above showed much better reproducibility
and long-term stability for these kinds of experiments.

Measurement procedure.— At the beginning of each measurment
cycle the cell was purged for 60 min with nitrogen at a gas flow rate
of 100 mL min~'. Subsequently, cyclic voltammetry was applied in
the potential range between 0.05 V and 1.20 V for eight cycles with
a scan rate of 50 mV s~' to verify a clean electrode surface. After
switching the gas supply to oxygen for another 60 min, the CV cycles
were recorded again.

Journal of The Electrochemical Society, 166 (7) F3098-F3104 (2019)

The time-dependence measurement of the OCV was always per-
formed twice. First, the platinum surface was transformed into it’s
reduced state by the application of linear sweeping voltammetry in
the range of 1.1 V to 0.4 V (at 50 mV s~!). After that the OCV of the
cell was recorded for 1600 s. Some operating conditions have been
selected at random for additional repeated measurements in order to
assure good reproducibility of the data.

Modeling Approach

Phenomenological model of the combined electrode.—The oxi-
dation of the platinum surface is a reaction that involves many different
intermediate steps. Within the scope of this work, the overall process
is summarized by the growth of a single monolayer, as shown in the
upper part of Figure 3. This assumption is motivated by the goal of
finding a consistent description that contains a minimum number of
fitting parameters. It is based on the suggestions of Hoare et al.*’
concerning the formation of a monolayer of oxide species. For the
summary reaction, we chose reaction number 8 from Table 1.

A first order rate reaction is used to model the time-dependence of
the platinum surface species, as shown in Equation 2 and 3. Here, k
is the reaction rate and ¢ is the time. The concentration of platinum
surface species can be understood as the surface coverage (or surface
fraction) S of these species. The equations have been chosen to reflect
the fact that at + = 0, the surface is covered with Pt, and therefore
Equation 2 yields Sp; = 1 forz = 0.

Spi = exp(—k1) [2]
Spio = 1 —exp(—kt) [3]

In the next step the surface coverage (or, respectively, the nor-
malized surface concentration) must be related to the voltage. This is
achieved by applying the Nernst Equation. A challenge arises in deriv-
ing a formulation that incorporates two coupled reactions at the same
electrode. It is assumed that at the working electrode, two cathodic
half-cell reactions occur at the same time: the oxygen reduction reac-
tion (Equation 4) and platinum surface oxidation (Equation 5). (Note
that the reactions are written in the direction that the electrons are re-
ceived, which follows from the definition of a cathodic process.) The
incorporation of the oxygen reduction reaction is a major difference
to the model by Holby and Morgan.*®

050,+2H" +2¢ = H,0 [4]
PtO+2H" +2¢ = Pt + H,0 [5]

The potential of the working electrode is measured against the
reference hydrogen electrode, which is described by the anodic half
cell reaction in Equation 6.

H, =2H%+2¢” (6]

The Nernst Equation for the combination of Reactions 4 and 6 is
well known for it’s description of fuel cell processes.

RT
Epro(T) = Ef)o(T) — F (In X0 —InXyy —0.5InXp,)  [7]

In the same way, Equation 8 is obtained for the surface oxidation
of platinum as a combination of Reactions 5 and 6.

0 0 RT
EPtO(T) = Eyzo(T) - Ep,o(T) - ﬁ
(InXp, + In X0 — InXpo — In Xp2) [8]

The Nernst Equation for the combined electrode is obtained with
the aid of the following arguments.

* Both half-cell Reactions 4 and 5 occur at the same electrode.
Therefore, they must be at the same potential. This point is supported
by the fact that the half-cell potentials of these two reactions are usually
found to be in the same narrow range, while taking into account that
the platinum surface may contain a mixture of different species.
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¢ Both half-cell Reactions 4 and 5 are coupled through the concen-
tration of protons. Furthermore, the surface oxidation state of platinum
will influence the catalysis of the oxygen reduction reaction. There-
fore, the logarithmic terms of the two Nernst equations are combined.

¢ The activity of water and platinum is assumed to be one. There-
fore, the logarithmic terms for these two species are neglected.

¢ The standard potential of half-cell Reactions 4 and 5 cannot in
fact be measured independently. Thermodynamic data is readily avail-
able for Ej,,(T). It can be assumed that the presence of surface oxides
may induce a contribution from mixed potential E?, (T').

The present work reports half cell measurements. Therefore, only
the potential of the cathode is considered and we use in the following
the term open circuit potential (OCP) instead of OCV, because the
term voltage refers to the potential difference between two electrodes
(e.g. of a fuel cell). According to the considerations above the open
circuit potential Eocp(T) can be described by the following equation.

RT

Eocp(T) = Ejpo(T) — Ep, (T) + F

(11’1Xpt0 + In XHZ + 0.51n ng) [9]

In order to obtain a time-dependent expression, the mole fraction
of PtO can be substituted in Equation 9 by the surface coverage from
Equation 3.

0 0 RT —kt
Eocp(T,t) = Ef,o(T) — EX (T) + 5F (In(1 —e™*)

+ 11'1XH2 +05 ll’lXOZ) [10]

In the absence of oxidized platinum species, Equation 9 reduces to
the well-known form for fuel cells in the presence of liquid water. If
the surface is ‘fully’ oxidized, it is independent of the surface coverage
of PtO and the resulting Nernst equation would be equal to the fuel cell
reaction with an additional term for the mixed potential E?, , which
accounts for the fact that on the anode side, the catalyst is Pt and on
the cathode side is (partly) oxidized platinum.

The validity of Equation 10 is primarily restricted by two factors.
Firstly, the equation was derived under the assumption of a summary
surface oxidation reaction that actually involves several steps. There-
fore, one single term for the surface coverage is a simplification. Sec-
ondly, the model assumes a complete oxidation of the platinum surface
for t — oo. It is known from the literature that a higher fraction of
surface oxides is only reached at much higher potentials. Therefore,
the model will overestimate the resulting potential for large values of
t.

Calculating the Nernst potential.—In the literature can be found
several ways to calculate the Nernst potential of a fuel cell. All of them
are more or less equivalent, as was shown by Reimer et al.'” Within
this work, the following two approaches will be used: the model as-
sumption of the ‘gas electrode’ and that of the ‘flooded electrode’. For
both model approaches it is assumed that liquid water is in equilib-
rium with the gas phase. If two phases are in equilibrium, according
to basic thermodynamics, the chemical potential for the substance is
identical in each phase. For water, it can be assumed that the activity
in the liquid phase is one, while the activity in the gas phase can be
calculated from the vapor pressure curve. For oxygen and hydrogen,
the activity in the gas phase can be obtained directly from the reduced
partial pressure (i.e., the mole fraction X = p/p°). The activity in the
liquid phase is reflected by the gas solubilities.

For the ‘gas electrode’, the gas phase concentrations are used for
the calculation. This is acommon approach in fuel cell engineering. As
liquid water is present, the dry gas concentrations must be corrected
for the equilibrium water vapor content. The equilibrium water vapor
pressure is obtained from the Antoine Equation 11.** Then, the mole
fraction of water vapor X, is calculated by means of Equation 12.

1435.264
log p = 4.6543 — 2% 1
0gp = 46543 = oees [t

F3101

Table II. Specific solubility parameters for oxygen and hydrogen
(T =273 K to 353 K) at ambient pressure.*>

Parameter Oxygen Hydrogen
aj —66.7354 —48.1611

a 87.4755 55.2845

as 24.4526 16.8893
Xyap = 1087 . (10° Pa) /(101325 Pa) [12]

For the ‘flooded electrode’, the species concentration at the catalyst
interface is calculated from solubility data. For the three-electrode cell,
this is a straight-forward assumption, as the gas phase is not in direct
contact with the electrodes. For fuel cells, this is equivalent to the
assumption of a thin liquid layer that completely wets the catalyst
surface. The mole fraction of dissolved oxygen and hydrogen in the
temperature range of 273 K to 353 K can be obtained by Equation 13.%°
The specific solubility parameters are given in Table II.

100K 1 r [13]
a n{ —
T } 100K

The temperature-dependence of Ej,,(T) is obtained from a linear
interpolation of thermodynamic data*® (Equation 14).

lnX,- =a +a

1
E}yo(T) = 57" (—237141J mol ™!

+159.75J mol 'K~ - (T — 298K)) [14]

Figure 4 shows the measured open circuit potentials in the temper-
ature range from 30°C to 80°C. It can be seen that the model assump-
tion of the ‘flooded electrode’ yields a Nernst potential, which is much
closer to the experimental data. On the other hand, the model of the
‘gas electrode’ yields a better match of the temperature dependence.

Fitting procedure.—The time-dependence of the open circuit po-
tential is described by Equation 10. This equation contains two fitting
parameters: the mixed potential EC, and kinetic rate constant k. Both
are obtained for each temperature by a manual fitting method from
the experimental results. The model always uses a time offset of 30 s
compared to the experiment. It was unclear whether this delay was
caused exclusively by the data acquisition software. Another expla-
nation could be the fact that the growth of the assumed monolayer is
delayed by some previous adsorption reaction steps that are not cov-
ered by this coarse assumption. The following routine was used to
obtain the model results.

1.25 T T T T T T T T
1.2
135 1 Nernst potential (Eqn. 7) for gas electrode / ig :g 1
— 50°C
1.1 measured voltage E . —— 60°C ]
> — 70°C
E Nernst potential (Eqn. 7) for flooded electrode\ 805¢

1.05 -/

1 i
I
f
095 ] i
0.9 ! ! 1 . ! 1 ! !

t/s

Figure 4. Open circuit potential of a Pt disk electrode in 1 M H,SOy saturated
with oxygen against RHE. The dashed lines represent the theoretical Nernst
potential for liquid water formation calculated with gas phase concentrations
(upper part) and gas solubilities (lower part).
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Figure 5. Time-dependence of the open circuit potential of Pt in 1 M HySO4
in a pure oxygen atmosphere. Straight lines = experiment and dotted lines =
model from Equation 10.

Choose a value for EO, and k as the starting point.

Change E?, until roughly the correct potential is obtained.
Change k until the correct shape of the curve is represented.
Adjust EY,  to fit the curve.

Vary k in order to explore the range of uncertainty. A reasonable

fit is considered within a range of &2 mV.

bl

The procedure is fairly robust, because only k affects the shape
of the curve. The fact that there are two parameters obtained from
one curve leads to an additional degree of freedom. It can be shown
that within a certain range, several parameter combinations may yield
a good curve fitting. In order to estimate the range of uncertainty,
the value of E?, was fixed and k was varied, as described above.
Therefore, the values for the uncertainty of k in the resulting plots
are overestimated and should be considered to be a summary of the
contribution of k and E°

mix*

Results and Discussion

Figures 5 and 6 show the time dependence of the open circuit
potential of the Pt disk electrode in 1 M H,SO, solution. The solid
lines represent experimental data and the dotted lines the modeling
data. The figures show the results for the modeling approach using
solubility data. The same quality of fitting is obtained for both models
of ‘gaselectrode’ and ‘flooded electrode’. It can be seen that the model,
with it’s assumption of first order reaction kinetics, fits very well for
pure oxygen and air (Figures 5 and 6). In general, it can be observed
that the final OCP value decreases with increasing temperature and
decreasing oxygen concentration, as expected from theory.
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Figure 6. Time-dependence of the open circuit potential of Pt in 1 M HySO4
in air. Straight lines = experiment and dotted lines = model from Equation 10.
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Figure 7 shows the resulting values of the fitting parameter E°, (T).
From the theory, it can be concluded that standard potentials should
not depend on concentration. Therefore, the results in Figure 7 are
consistent because the same value is obtained for air and oxygen. The
results only differ by the absolute value, which is caused by the differ-
ence of ~200 mV between the model assumption of ‘gas electrode’
and ‘flooded electrode’.

Figure 8 shows the resulting values for the reaction rate coefficient
k as a function of temperature. The absolute value of k does not depend
on the model approach for the Nernst equation. The rate constant k
is higher for oxygen than for air. According to Equation 3 k should
be independent of concentration. On the other hand, the water pro-
duction reaction may be the driving force of the coupled reaction of
platinum surface oxidation. A higher oxygen concentration would, in
turn, provide ‘more energy’ and could increase the reaction rate.

The reaction rate constants can be interpreted as the surface fraction
of the oxidized platinum species. Here, identical values of k result in
identical values of surface fraction, as k and ¢ are the only parameters
in Equation 3. In Figure 9 the lowest value of Sp;p at T = 30°C and
the highest value at T = 80°C are presented for oxygen and air. For
oxygen, acomparably narrow range results and, after 900 s, the surface
is almost completely oxidized. In the case of air, the temperature has
a much stronger influence. At 7 = 80°C the surface becomes almost
completely oxidized after 900 s, while for the lowest temperature 7 =
30°C, a surface fraction of only 0.4 is reached.

It is interesting to take a closer look at the time-dependence of
the OCP in air. From Figure 6, it can be determined that the OCP
value changes rapidly within the first 100 s. After about 200 s, the
value enters a region with a small linear-like slope. From this it can
be determined that: after about three minutes, a fairly stable OCP
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—e— O,

mTE
= b *
.

30 40 50 60 70 80
T/°C

k/s?
——
——

Figure 8. Reaction rate coefficient k as a function of temperature. The value
of k does not depend on the approach for the Nernst equation. The error bars
summarize all the uncertainty of the fitting process.
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Figure 9. Surface coverage Sp;o as a function of time.

value is reached. At this time, up to 50% of the surface is covered by
oxidized species. It could be said that the platinum surface is in an
early state of oxygen adsorption and far from the region of surface
layer reconstruction (see the sketch in Figure 3). The protocols for
accelerated stress tests usually define potential cycling within a few
seconds to upper potentials of 1.2 V or 1.4 V. It becomes obvious that
in such cases, much higher degradation rates are to be expected. The
influence of the upper potential limit on degradation rates was also
proven experimentally.*’~° It is shown that much lower degradation
rates are observed if the upper potential is restricted to about 1.0 V.

In the case of oxygen the surface coverage is about 0.4 for T =
30°C after 200 s. This value is fairly close to the value of 0.35, which
was obtained from an early experiment by Hoare et al.*’

Conclusions

In this work, a macroscopic model was developed that describes
the resulting open circuit potential of a polymer electrolyte fuel cell
after a shut-down process. At an engineering level, the model aims
to explain the principal influences on platinum surface oxidation. The
theoretical work is supported by half-cell measurements of a platinum
disk electrode. From the literature it is known that the difference be-
tween the theoretical Nernst potential and the open circuit voltage of a
fuel cell can be explained by three effects: hydrogen cross-over, mixed
catalyst potential and gas solubility in thin liquid films. The chosen
experimental setup excludes the effect of hydrogen cross-over.

The results show that the time-dependence of the OCP value of
the half cell can be explained by a first order growth mechanism of
a platinum surface oxide layer. The model is in good agreement with
measurements conducted in oxygen and air, which are the two most
important gases for a fuel cell cathode. The contribution of the mixed
catalyst potential to the Nernst equation seems to be almost indepen-
dent of temperature in the range of 30°C to 80°C. The absolute value of
E,,;. depends on the physical model for the Nernst equation, namely the
‘gas electrode’ and ‘flooded electrode’. The approach of the ‘flooded
electrode’ yields a much closer match of the experimental values, but
it is shown that the very popular approach of ‘gas electrodes’ can also
be used.

The general conclusion from the model is that the growth of the
surface oxide layer leads to a strong time-dependence within the first
200 s. After this period the OCP value may be approximated with
the contribution of a static mixed potential. Interestingly, the result-
ing coverage of the catalyst with surface oxide ranges between 10%
and 60% within the first 200 s. This might have a strong impact on
the design of accelerated stress tests, as such tests commonly apply
potentials that lead to a rigorous surface oxidation, including a re-
structuring of the catalyst surface. This impact should be examined in
further detail. It is to be expected that the kinetics of surface oxida-
tion of commercial fuel cell catalysts will be different, because small
platinum particles in the nanometer range are used. Furthermore, the
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effect of hydrogen crossover in real fuel cells will certainly influence
the process of surface oxidation.

Another strong implication concerns the use of the Nernst equation
in fuel cell modeling. The difference between OCP and the theoretical
Nernst potential for the ‘gas electrode’ model leads to an offset that
should be explicitly accounted for. Otherwise, the offset is distributed
to other kinetic loss parameters, which in turn creates difficulties in
the interpretation and comparison between different experiments.
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