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Abstract

Reactant diffusion and solubility is of utmost important for providing sufficient reactant
concentrations at a catalytic active surface. In high temperature proton exchange membrane fuel
cells (HT-PEMFCs) the electrolyte consists of concentrated phosphoric acid embedded into a
polybenzimidazole (PBI) membrane. Despite the elevated operation temperature of 150°C, the
observed oxygen reduction reaction (ORR) rates in HT-PEMFCs are significantly lower than in low
temperature PEMFCs. Reduced reactant transport in combination with site blocking is often
mentioned as possible inhibition factors. As a step towards studying the ORR under realistic
conditions in half-cell setups, in the present study we investigate the oxygen solubility and

diffusivity in diluted phosphoric acid electrolyte in a temperature range of 5 to 80 °C. The presented

1


mailto:m.fleige@chem.ku.dk
mailto:m.arenz@chem.ku.dk

work demonstrates and discusses under which conditions reliable data for these constants can be
obtained. In particular it is shown that the product of oxygen solubility and diffusivity, which
determines the oxygen mass transport, first increases as function of temperature, but then decreases
again above 60 °C. It seems that the decrease in oxygen solubility at higher temperatures is

correlated to an increase in the apparent ORR activation energy.
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1 Introduction

Energy conversion and storage devices are key components for renewable energy supply. To align
demand and supply, renewable energy can be stored in chemical bonds, e.g. by electrolysis of water
to hydrogen and oxygen, and later reconverted to electricity using a fuel cell. For such a scheme to
be meaningful high conversion efficiencies are mandatory; i.e. the activity of the applied
electrocatalysts must be high. Phosphoric acid (PA) fuel cells were one of the first commercially
applied fuel cells. The modern day phosphoric acid fuel cell — the high temperature proton exchange
membrane fuel cell (HT-PEMFC) — uses instead of liquid acid a membrane consisting of a
polybenzimidazole (PBI) polymer that is doped with concentrated PA; the latter being responsible
for proton conductivity [1,2]. Due to the low vapor pressure of concentrated PA, HT-PEMFCs can
be operated conveniently between 150-180 °C without risk of significant losses of PA due to
evaporation. By comparison, the ion conductivity of membranes (typically Nafion) used in low
temperature (LT) PEMFCs is based on hydronium ions and thus requires liquid water molecules.
Consequently, operation temperatures of LT-PEMFCs are limited to below 100°C. For the same
reason, LT-PEMFCs require humidified fuel gas in order to prevent drying out of the membrane on
the anode side. The higher operation temperature of HT-PEMFCs leads to a more efficient use of
the produced waste heat. Another advantage of HT-PEMFCs is the reduced adsorption strength of
strongly adsorbing catalyst poisons as for instance CO owing to elevated operation temperature.
Thus, HT-PEMFCs can tolerate lower fuel purity, which makes them suitable even for operation
with Ho-rich syngas generated by reforming of for instance natural gas. Although the latter is not a
scheme for renewable energy supply, such use might help the marked entry. Indeed, it has been
demonstrated that Pt-based HT-PEMFC electrodes at 150 °C can tolerate a CO content of about
5000 ppm without significant reduction of the relative catalyst activity [3]. In LT-PEMFC

electrodes operated at 85 °C the relative activity was reduced about 30 % by only 20 ppm CO [4].
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Despite these principal benefits in terms of convenient operation, increased CO tolerance, and
suitability for reformed hydrocarbon fuels, HT-PEMFCs require a significant higher mass loading
of Pt-based catalysts than LT-PEMFCs in order to achieve a given power output. This is in contrast
intuition, which expects lower catalyst loadings due to faster reaction Kinetics at elevated
temperatures. The principle reason for the poor performance of the electrocatalysts in HT-PEMFCs
is not completely understood. In any electrocatalytic reaction, the reaction rate is determined by the
number of free active catalyst sites and by the mass transport of reactants and products to and from
these active sites. Many studies have shown that the PA is a key factor for the observed lower
current densities in HT-PEMFCs, while especially the oxygen reduction reaction (ORR) taking
place on the cathode is severely affected by the PA electrolyte. The inhibiting effect of the
electrolyte on the ORR activity has been often explained by strong adsorption of PA ions on active
catalyst sites [5-9]. We have recently demonstrated using cyclic voltammetry that adding even trace
amounts of PA to electrolyte solutions that weakly interact with Pt-catalyst surfaces can lower the
ORR catalytic activity by more than one order of magnitude [10]. In another study we have shown
by performing potential hold experiments that the apparent ORR diffusion-limited current density
decays on a time scale of minutes in PA electrolyte solutions, while in HCIOs- and H2SO4-based
solutions it decreases much less under the same conditions [11]. From the results we concluded that
additional effects of reaction inhibition could play a role, which might involve building up of a
mass transport limiting barrier at the electrode-electrolyte interface. Aside from processes at the
interface, the solubility and diffusivity of dissolved gaseous reactants in the bulk of highly
concentrated PA are important parameters to characterize the reactant mass transport in fuel cell
electrodes [12-15]. Mass transport of reactant gases in electrode layers of PAFC and PEMFC is
generally considered by thin-film models suggesting a surface coverage of catalyst particles or

agglomerates with electrolyte films that have bulk properties [9,14-17].



Therefore knowledge of both solubility or concentration (c) and diffusivity (D) of a gas for a given
PA concentration and temperature is helpful for investigating the performance inhibition of HT-
PEMFCs. Gubbins and Walker used gas chromatography for solubility studies of O, at room
temperature over the whole PA concentration range; these studies were extended to concentrated
PA at temperatures up to 180 °C [18,19]. Their attempts to determine D in a glass diaphragm cell in
concentrated PA above 80 °C where unsuccessful due to corrosion issues and the very slow
diffusion of O in the concentrated acid. Gan and Chin studied ¢ and D over the whole
concentration range at 23 °C [20]. They used a rotating ring disc electrode (RRDE) to obtain D
from the “transit time” of the diffusion of O from the disc to the ring, and determined c from the
diffusion limited ORR current at the disc. In a number of studies estimates for both ¢ and D are
presented at conditions relevant for HT-PEMFC operation: Klinedinst et al. obtained ¢ and D
simultaneously from current transients of the ORR on shielded Pt wire electrodes from 100 to 150
°C [21]. Following the concept introduced by Winlove et al. [22], studies on Pt microelectrodes
were presented by Scharifker et al. and Gang et al. at temperatures up to 150 °C, and by Essalik et
al. up to 100 °C [23-25]. Related to the introduction of the PA-doped PBI membrane, Liu et al.
studied Oz mass transport in PBI-H3PO4 blends interfaced with Pt band microelectrodes [26]. The
variety of above mentioned studies in pure concentrated PA and PA-doped PBI provide valuable
estimates for solubility and diffusivity of O, at working conditions of HT-PEMFCs. However, the
data contain a significant spread, making correct quantification of O mass transport in HT-
PEMFCs difficult [13]. Furthermore, many research efforts are directed to additive-modified PA
electrolytes that may improve the ORR for instance via changes in solubility and diffusivity of O
or via a reduced specific adsorption [23,27-29]. This draws ongoing interest in solubility and
diffusivity data of PA-based electrolytes at elevated temperatures. Methods involving

macroelectrodes such as RDE [30] or RRDE [20] have the potential for fast determination of ¢ and



D, but they are impeded by the low solubility of Oz in concentrated PA. In this regard, working in
pressurized systems is advantageous [31-34]. As a step towards studying the ORR at realistic
conditions in pressurized half-cell setups, in the present study we therefore investigate the oxygen
solubility and diffusivity in diluted phosphoric acid electrolyte in a temperature range of 5 to 80 °C.
The presented work demonstrates and discusses under which conditions reliable data for these
constants can be obtained using rotating disk electrode (RDE). The data are a basis for more

complex studies in concentrated PA under pressurized conditions.
2 Experimental

The measurements were performed with a RDE system, which consisted of a rotator EDI101
combined with speed control unit CTV101 (Radiometer Analytical, France). The system was
interfaced to an ECIi-200 potentiostat operated with the EC4U software package (Nordic
Electrochemistry). In the software a calibration was implemented that provides an accuracy of the
applied rotation rate of £1 rpm. As working electrode a homemade polycrystalline-Pt (poly-Pt)
RDE tip with geometrical surface area of approx. 0.0314 cm?p was used. It was made from a Pt rod
of 99.99 % purity (MaTeck, Germany) with diameter of 2 mm and a height of 3 mm. Several RDE
tips were designed in order to test different material combinations. As main body of a tip we used a
cylinder 11 mm in diameter made out of either PEEK or PTFE. Main bodies were made with a 3
mm deep round cavity in the center that served for the insertion of an assembly of Pt rod and a ring
of either PTFE or PFA. The rings with inner diam. = 2 mm and outer diam. = 4 mm were cut from
PTFE or PFA tubing (Bohlender, Germany). After insertion of the rod-ring-assembly, the RDE tips
were polished using first SiC grinding paper of 15 and 5 um grain size and thereafter de-
agglomerated alpha alumina suspensions of 1 and 0.3 um grain size (Struers, Denmark) on a
polishing felt (Struers) wetted with water. After polishing the tips were cleaned ultrasonically first

in isopropanol and finally in ultra-pure water three times for at least 10 minutes. A gold plated
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spring contact (PTR Messtechnik, Germany) was used for providing electrical contact between Pt

electrode and stainless steel RDE shaft.

Two different electrochemical cells were used. For measurements at a fixed temperature of 25 °C,
the electrochemical cell was based on a 100 ml Pyrex glass laboratory flask with a custom made lid
made of PTFE. In order to support the RDE, the lid has conically tapered joint. Furthermore, it has
several holes for inserting counter electrode (CE), reference electrode (RE) and for gas supply. CE
and RE were built of Pt wire 0.6 mm in diameter and Pt gauze of 20 x 20 mm (99.9 %, wire diam. =
0.06 mm, 1024 mesh cm™) purchased from MaTeck, Germany. The Pt mesh RE was placed in a
glass capillary which was purged with a small quantity of H> gas in order to obtain the potential of
the reversible hydrogen electrode (RHE) as reference potential for the WE. Therefore all potentials
are given with respect to the potential of RHE. The capillary had an opening of approx. 0.5 mm in
diameter and resembled a Haber-Luggin capillary. However, in order to achieve an undisturbed
flow pattern towards the WE, the opening of the capillary was placed in the bulk of the cell instead
of bringing it as close as possible to the WE surface. The volume of electrolyte in the cell was 70
ml. In order to avoid altering the concentration of the PA solutions during the measurements, all
gases used except H> for the RHE were humidified before entering the cell. For this, the gases were
guided through a gas bubbler containing a volume of approx. 50 ml of electrolyte of the same
concentration as used during measurements. The PA solutions were kept at 25 °C by placing the
electrochemical cell and the bubbler in a thermostated water bath. The temperature of the bath was
controlled using a hot plate (IKA RET control /t, Germany) equipped with a PT100 resistance

thermometer (Greisinger TF101P, Germany).

The electrochemical cell used for temperature dependent measurements was a thermostated, double-
walled glass cell. The cell has several conically tapered ground glass joints that serve as supports

for the RDE, a reflux condenser, a gas inlet made out of glass, a closed glass tube for
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contamination-free temperature measurement in the electrolyte, and for CE and RE. The same Pt
materials were used for construction of CE and RE as in the single-walled glass cell. The
compartment for the RHE was a closed glass tube with a sealed in ceramic frit (Mettler) as liquid
junction to the cell. The volume of electrolyte in the cell typically was 225 ml. In order to maintain
the PA concentration, the gas outlet was via a reflux condenser that was connected to the tap water
system. For temperature control, a thermostat (Lauda, Germany) was used. Since temperatures of
cell and thermostat can deviate from each other, the temperature of the PA electrolyte was
confirmed by the ECADAQ software using a thermocouple Type J (RS Components) with a
maximum deviation of -0.4 °C to the probe used for viscosity measurements. The PA solutions
were prepared from 85.6 wt% H3PO4 (Merck, Suprapur®) and ultra-pure water (MilliQ, p = 18.2
MQ cm, Total organic carbon < 5 ppb). Argon gas (purity > 99.999 %), oxygen gas and hydrogen

gas (purity > 99.995 %) was purchased from Air Liquide, Denmark.

The kinematic viscosity of the electrolyte solutions was measured using a Canon-Ubbelohde
viscometer (capillary constant 0.004 cSt/s). All viscosity measurements were performed in a
thermostated water bath of 3 | volume, which was controlled by the same equipment as used in the
room temperature electrochemical measurements. Generally, the temperature close to the capillary
was found deviating £ 0.1°C around the set value. However, at 80 °C temperature gradients of up to

+ 0.5 °C were observed during single measurements.
3 Results and Discussion

We start the discussion of electrochemical measurements with the results for varying PA
concentrations at 25 °C. At the beginning of each measurement, at least 50 cyclic voltammograms
in the potential window 0.05 to 1.5 V with a scan rate of 1.0 V s were applied to oxidize possible

adsorbed organic impurities. For the temperature dependent measurements the upper potential was



limited to 1.4 V to exclude O evolution. Cyclovoltammograms (CVs) of the poly-Pt electrodes

recorded in the different Argon-saturated electrolytes are given in Fig. 1.

(*Fig. 1*)

The shape of the CVs is typical for poly-Pt samples in acidic electrolyte: From 0.05 to approx. 0.3
V the Hypa features are clearly resolved. In this region, atomic hydrogen is adsorbed in negative
going scan direction, while it desorbs in positive going scan direction. It is seen that the Hypg
features get less distinct in shape with increasing the PA concentration. Furthermore, the Huypd
potential window slightly decreases, indicating competitive adsorption between hydrogen and
phosphate. Towards more positive potentials between 0.4 and 0.8 V the currents are attributed to
capacitive charging of the electrochemical double layer. Again a trend can be seen, i.e. increasing
capacitive currents with increasing PA concentration. Further, around 0.8 V a peak emerges with
increasing PA concentration. The reason for the emergence of the peak is not clear, but the peak is
more clearly pronounced under forced convection (not shown). This points towards a possible PA
species impurity, however, the used PA solution is the cleanest commercially available. Therefore,

no effort was made to further purify the acid.

(*Fig. 2*%)

In Fig. 2 polarization curves of the poly-Pt electrode in O-saturated phosphoric acid obtained in
RDE experiments are depicted. The onset of currents resulting from the ORR is observed for all PA
concentrations at potentials < 1.0 V. At high overpotential of the ORR, i.e. around 0.6 V, the
currents level out indicating that all O transported to the electrode surface is reduced. Further
increasing the overpotential does not lead to increased currents, the electrode reaction is limited by
diffusion of O to the surface. It is clearly visible that the diffusion limited currents decrease
gradually from 0.05 to 5.0 mol dm™ concentration. The RDE curve in 0.05 mol dm electrolyte

solution is less bended than curves in solutions of 0.5 or 1.0 mol dm™ concentration. Indeed, a well-
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defined diffusion limited current plateau is only seen in the 0.05 mol dm* PA electrolyte solution;
in the higher concentrated acids the curves exhibit a hysteresis between positive and negative going
scan direction. The curves are more bended in positive going scan direction than in the negative
ones. Further, it appears that in the negative going scans the bending decreases, when the
concentration is raised further to 2.5 and 5.0 mol dm. Diffusion limited currents go through a peak

around 0.3 V.
(*Fig 3%)

In addition to the concentration dependence, we studied the temperature dependence of the CVs at
fixed electrolyte concentration. In Fig. 3 a series of CVs recorded in 0.5 mol dm phosphoric acid
solution at temperatures from 5 to 80 °C is presented. The previously discussed typical features of
poly-Pt are present over the whole temperature range. However, the Hupa peaks tend to be less
resolved at increased temperature. The position of the first Hypd peak is similar at all temperatures,
while the position of the second main Hypa peak is shifted towards lower potentials at increased
temperatures. Similar to the previous observation, an additional peak emerges in the double layer
region at increased temperature. Also here the feature becomes more visible under forced
convection, see Fig. S1. In addition, in the potential region above 0.8 V a gradual increase of
currents from the adsorption of oxygenated species is seen upon temperature increase. The increase

of the adsorption currents is most pronounced increasing the temperature from 60 to 80 °C.
(*Fig 4%)

In Fig. 4 the corresponding RDE curves, i.e. polarization curves recorded in O-saturated 0.5 mol
dm3 phosphoric acid in the temperature range from 5 — 80 °C, are displayed. It is obvious that the
shape of the curves and the diffusion limited current densities significantly vary temperature. In

negative going direction (Fig. 4A) the polarization curve is strongly bended at 5 °C. The bending
10



decreases successively with increasing temperature. At 60 and 80 °C it completely diminishes, and
a flat diffusion limited current plateau is observed at potentials < 0.6 V. In positive going scan
direction (Fig. 4B) the bending does not diminish upon temperature increase. In fact, the shape of
the curves indicates that towards higher temperatures, in contrast to the observation in negative scan
direction, a process is taking place that disturbs establishing a well-defined diffusion limited profile.
For instance, at 80 °C the current density goes through a minimum at 0.53 V. Focusing on the
diffusion limited currents at 0.3 V in the more defined negative scans, the trend j(80°C) < j(5°C) <
J(25°C) < j(60°C) is seen. The observed different shapes in positive and negative going scan
direction indicate that the state of the electrochemical interface varies depending on the Pt-surface.
Furthermore, the measured diffusion limited current density in PA electrolyte of higher
concentration than 0.05 mol dm depends on the potential scan rate. The effect is illustrated in Fig.

S2.

This raises the question, to which extent interactions between the Pt surface and PA species can

affect current transients in the following hydrodynamic chronocoulometry (HC) experiments.

HC experiments are a method for simultaneous determination of the solubility and diffusivity of
reactants and were applied for O, in PA electrolyte solutions. The method was originally proposed
by Morris [35] and developed further by Tsushima et al [30]. HC studies for Oz in various solutions
such as aqueous KOH, and room temperature ionic liquids have been published [36-39]. In these
chronocoulometry experiments the electrode potential is stepped from a potential where no reaction
of the reactant occurs to a potential where all reactant transported to the electrode surface is
consumed (diffusion limited potential region). Based on the ORR studies discussed above, we chose

for the latter a potential of 0.3 V. At this potential for all tested conditions, oxygen is completely
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reduced to H.O and the ORR current is under diffusion control. At potentials < 0.3 V oxygen
reduction to H>O> might occur [40], which requires only two electrons, thus leading to deviations in

the electrode current.
(*Fig. 5%)

The potential step and electrode preconditioning profile used in this work for the individual HC
experiments is displayed in Fig. 5. First, the electrode is pre-conditioned by reversing its potential
three times between 0.05 and 1.4 V with a scan rate of 500 mV s™. The preconditioning series is
followed by another cyclovoltammogram with the same scan rate, where the upper potential is
limited to a potential of 1.05 V. Then, the electrode was allowed to rest for 5 s for equilibration at
1.05 V - in some measurements at 1.0 V - before the potential step to 0.3 V. The electrode potential
was held for 1s at 0.3 V after the step. The RDE rotation rate was 600 rpm in all HC measurements.
In each measurement, at least 5 individual current transients in Argon- and O-saturated solution
were recorded, which were averaged during the data treatment. The average background (BG)
transient in Ar-saturated solution was subtracted from the average of the ORR transients [41]. To
facilitate reasonable subtraction of BG-transients, a good control over the uncompensated solution
resistance was crucial [42]. This requires avoiding changes of applied compensation between
measurements and stable cell geometry. The obtained average ORR transient was used for
constructing a Q-t-plot to which a linear regression line is fitted over time intervals where the
current has stabilized to the diffusion limited value. From the ratio of intercept and slope of the
linear fit the Sc number can be determined, which characterizes the relationship of viscosity of the

solution to the diffusivity of a dissolved species:

SC=% (1)
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Calculation of Sc requires solving eq. 23 given in ref. [30]. Once Do, is determined, co, can be
obtained from the determined intercept and slope expressing the measured charge-time-relationship

given in eq. 22 in ref. [30]

0 = 0.367nFAC*S + ("FADC*) t

)

with n the reaction electron number, Faraday’s constant F = 96,485 C mol?, A (cm?) the
geometrical surface area of the disc electrode, c* (mol cm) the bulk concentration of Oz, 6 (cm) the
thickness of the hydrodynamic boundary layer extended by Newman [30,43] and t (s) the reaction
time interval. According to Tsushima et al. the intercept term is the charge passed by consuming the
reactant contained initially in the hydrodynamic boundary layer, and the slope term is equivalent
with the Levich limiting current [30]. The chosen time interval for fitting the linear regression
curves to Q-t-plots took into account that the stabilization time to obtain diffusion limited currents
was different, depending on the viscosities of the solutions. Generally, the start of the time interval
was chosen at minimized times after the step, since the stabilized diffusion limited currents had a
noticeable decreasing trend. This observation is in line with the dependence of the diffusion limited
currents on the scan rate given in Fig S2. Representative examples of raw data curves (Fig. S6 and
Fig. S7) and relevant Charge-time-plots (Fig. S8 and Fig. S9) are given in the SI. The viscosity of
the different PA solutions was determined using a capillary viscometer. The measured kinematic

viscosities of the PA solutions are summarized in Table 1.
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Table 1: Kinematic viscosity of PA solutions and pure water at various temperatures — n is the amount of
individual measurements for each combination of concentration and temperature, v is the kinematic
viscosity, and Av is the standard deviation of the individual viscosity measurements.

[PA]/ mol dm® T/°C n v/cm?st Av/cm?s?
0.05 2510.1 5 0.00915 0.00002
0.5 5 0.01002 0.00002
1.0 5 0.01105 0.00002
2.5 3 0.01487 0.00001
5.0 5 0.02572 0.00003
0.5 5+0.1 4 0.01694 0.00003
1510.1 4 0.01276 0.00003
40 £0.1 5 0.00739 0.00002
60x0.1 5 0.00529 0.00001
8005 4 0.00408 0.00002
0 5+0.1 3 0.01537 0.00002
25 0.1 3 0.00909 0.000002
8005 3 0.00373 0.00001

In Table 2 the results of HC measurements at 25°C in the concentration range of 0.05 to 5.0 mol dm-
8 are summarized. The measured diffusion coefficient for 0.05 mol dm2 PA is similar to
experimental literature values for pure water at 25°C given in Table 3. As expected, a decreasing
trend for diffusion coefficient and O, concentration is measured, when the PA concentration
increases. The deviation of the diffusion coefficient is around 10% for two individual
measurements. However, for the 2.5 mol dm measurements the deviation is 60 %. For the same
PA concentration also the maximum deviation of the measured concentration of Oz (12 %) is seen.
The ORR specific activity per geometrical surface area of poly-Pt electrode was extracted from a
Tafel plot at 0.8 V included in the SI as Fig. S3. Towards increasing PA concentration, a
pronounced reduction of the catalytic activity is seen, as expected from our previous results in more

diluted PA [10]. Comparing the trends for the O, diffusion coefficient and its solubility to the
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determined ORR activity, a clear correlation between them becomes apparent. To the best of our

knowledge, this is the first time that such a clear correlation is shown for phosphoric acid.

Table 2: Diffusion coefficients & concentration of O, and kinetic current densities of poly-Pt at E vs. RHE =
0.8 V in PA solutions with concentrations ranging from 0.05 to 5.0 mol dm at 25+0.1 °C

jx(geo)
[PA] / mol t (lin. reg.) Doz Coz / mA cm?
dm? /s /10°cm? s / 10 mol cm (E vs. RHE
=0.8V)
0.05 0.4-0.5 2.18 1.17 1.33
0.5 0.5-0.6 1.60 1.22 1.07
1.75 1.23
1.0 0.5-0.6 1.83 1.08 1.03
2.5 0.7-0.8 1.01 1.06 0.79
1.62 0.95
5.0 0.9-1.0 0.73 0.87 0.4
0.70 0.91

(*Fig. 6%)

In order to test the HC method for determining the O, diffusion coefficient and its solubility, we
compare our data to previous work. In literature in general the product of the O diffusion
coefficient and O concentration is plotted versus the electrolyte concentration. In Fig. 6, such a plot
comparing our results to previous studies in phosphoric acid [20] and water [44] is shown. In the
PA studies by Gan and Chin [20] a RRDE was used to measure the transit time of Oz from the disc
to the ring to determine the diffusion coefficient. They obtained the concentration from the

diffusion limited current on the disc using the Levich equation. Comparing our results to those by
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Gan and Chin, the trend for co, x Do; is similar. However, in our work we obtain typically higher
values for the same phosphoric concentration. A likely explanation is that Gan and Chin estimated
the oxygen concentration from diffusion limited RDE curves at 50 mV s [20]. It is clear from Fig.
S2 that this can lead to an under-estimation of the concentration; the apparent diffusion limited

currents depend on the scan rate in PA solutions of for instance 5 mol dm™ concentration.

Table 3: Diffusion coefficients & concentration of O, and kinetic current densities of poly-Pt at E vs. RHE =
0.8 V in 0.5 mol dm™ PA in the temperature range from 5 to 80 °C. As a comparison, literature values for
diffusion coefficients and concentration of O in pure water are given.

Phosphoric acid c=0.5M Pure water
j D
t Doz Co2 Jr;(fi?'_{ / 1O'Sf:m2 Co2 Co2
T/°C (lin. reg.) /10° / 10 mol poz 4 /10®molcm®  / 10®mol cm?
/s cm? s cm3 (Evs. RHE = | /Pa > [45] [46]
0.8V) [44]
3.8 1.09 1.93
0.65- 10045
5 0.75 1.07 1.79 0.55 3 191 1.88
14.7 1.55 1.52
15 0.6-0.7 1.15 1.64 0.8 99620 151 151
25 0.5-0.6 1.08 98157 1.24 1.25
25.3 1.96 1.24
0.55-
40 2.2 0.97 1.40 93944 0.96 0.97
0.65
40.2 2.78 0.96
55 85573 3.64 0.77 0.75
60 0.35- 3.81 0.74 1.77 81392 0.69
0.45 ' ’ ’ ’
60.5 4.03 0.68
0.35-
80 0.45 5.58 0.44 1.95 53951 0.40
6.03 0.40
80.1 5.31 0.40
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In Table 3 the results for 0.5 mol dm2 PA over the temperature range 5 — 80 °C are presented
together with established literature values for water. The experimentally determined concentration
of Oz in water is calculated based on Henry’s coefficient from [45]. The partial pressure of Oz over

water at the given temperatures was calculated as

Po, = 101,325Pa — pj,,

with p*h.0 being the saturation vapor pressure of water [47]. The comparison shows that the results
scatter fairly close around experimental data for diffusion coefficients and solubility of O2 in water.
Due to the limited temperature range in [45], the table contains also values for the concentration of
O in water calculated from a solubility model for O [46] to cover the temperature range above 55

°C. Our measured concentration trend is in a fair agreement to these data.

(*Fig. 7%)

From the results presented in Table 3 the product co, X Do, is calculated and plotted in Fig 7. The
temperature trend in 0.5 mol dm™® PA compares fairly well to the analogous trend in pure water. In
general, lower values of co, and Do, are expected in phosphoric acid-water-mixtures than in pure
water, since the viscosity of phosphoric acid is higher, while the solubility of O, in conc. H3POa is
much lower than in water [20]. The decrease in Oz concentration when increasing the temperature
can be expected to be less in 0.5 mol dm= PA than in water due to lowered water vapor partial
pressure. The highest value for co, x Do, at 60 °C agrees with the observation presented in Fig. 4
that at 60 °C the diffusion limited current densities are highest. Interestingly, co, x Do; is higher at
80 °C than at 5 °C, although the diffusion limited current densities given in Fig. 4 indicate a lower
product at 80 °C. However, as mentioned in the discussion of Fig. 2 and Fig. 4 the RDE curves have
a bended shape for all solutions of cea > 0.05 mol dm, and the bending is most pronounced at

lower temperatures. These observations are indicators for interactions of Pt surface and PA species,
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which are likely to disturb the quantification of co, and Do, based on diffusion limited currents of
the ORR on poly-Pt. Comparing the temperature dependence of the O diffusion coefficient and its
solubility to the temperature dependence of the ORR activity, shown in Fig. S5 in the form of an
Arrhenius plot, no clear correlation between apparent activation energy and O diffusion coefficient,

but between apparent activation energy and O concentration is apparent.
4 Conclusion

The purpose of this study was to evaluate, whether hydrodynamic chronocoulometric measurements
using RDE is a suitable methodology for electrochemical estimation of concentration and
diffusivity of Oz in PA electrolytes. Both parameters were investigated in a concentration range of
0.05 to 5.0 mol dm™ at a fixed temperature of 25 °C and over a temperature range from 5 to 80 °C
at fixed concentration of 0.5 mol dm. Regarding the presented cyclovoltammetric results for the
ORR, interactions of the Pt surface with the phosphoric acid electrolyte are likely to distort
hydrodynamic chronocoulometric estimation of O2 concentration and diffusivity. Nevertheless,
comparing to previous literature values for varying PA concentration at 23 °C [20], our data show
the same trends. We believe that, although in some cases the scattering in our values is relative
high, our HC data are in general more reliable, since using diffusion limited currents from
polarization experiments at relative low potential scan rates seems to fail for accurate estimation of
O-saturation in PA solutions due phosphoric acid interaction with Pt. The comparison of our
measurements obtained in a temperature range from 5 to 80 °C to literature values of pure water
shows that reasonable data for both co, and Do, can be estimated over a large temperature range.
The maximum deviation of the measured O diffusivity compared to pure water was 35 %, and for
the O, concentration 10 %. Our results show that hydrodynamic chronocoulometry can be a useful

tool also for measurements in PA electrolyte at operation temperatures of HT-PEMFCs, i.e.
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temperatures well above 100 °C and elevated pressure. Such measurements are currently under
preparation. Correlating O diffusivity and O> concentration to the ORR activity and its apparent
activation energy, it is seen that increasing phosphoric acid electrolyte concentration leads to a
decrease in all three (O diffusivity, O, concentration and ORR activity), whereas at higher
temperatures O diffusivity increases, while O, concentration is decreased concomitant to an

increase in the apparent activation energy.
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Fig. 1: Series of cyclovoltammograms recorded in unstirred Argon saturated phosphoric acid electrolyte in
the concentration range 0.05 — 5.0 mol dm™; T = 25 °C, potential scan rate = 50 mV s,
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Fig. 2: Series of cyclovoltammograms recorded in O-saturated phosphoric acid electrolyte in the
concentration range 0.05 — 5.0 mol dm™ at atmospheric pressure. Cyclovoltammograms recorded in Argon-
saturated electrolyte were subtracted. T = 25°C, potential scan rate = 100 mV s, rotation rate = 1600 rpm.
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Fig. 3: Series of cyclovoltammograms recorded in unstirred Argon saturated phosphoric acid electrolyte in

the temperature range 5- 80 °C, phosphoric acid concentration = 0.5 mol dm, potential scan rate = 50mV s
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Fig. 4. Series of polarization curves recorded in O-saturated phosphoric acid electrolyte at atmospheric
pressure in the temperature range 5 — 80 °C. A) negative going scan direction B) positive going scan
direction. Corresponding polarization curves recorded in Argon-saturated electrolyte were subtracted;
[H3sPO4] = 0.5 mol dm, potential scan rate = 100 mV s, rotation rate = 1600 rpm.
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Fig. 5: Potential scan and potential step profile used in chronocoulometric measurements of concentration
and diffusivity of O in phosphoric acid electrolyte.
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Fig. 6: Product of concentration and diffusivity of O in phosphoric acid in the concentration range of 0.05 —
5.0 mol dm= at 25 °C.
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Fig. 7: Product co, x Do, of concentration and diffusivity of O, in 0.5 mol dm™ phosphoric acid and in water
calculated from literature values over the temperature range 3.8 — 80.1 °C. The dashed line fitted to the

combination of experimental values for diffusion in water and data from a solubility model serves as guide
for the eye.
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