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The passage of an electrical current through phosphoric acid doped polymer membranes involves parasitic migration of the
acid, which imposes a critical issue for long-term operation of the high temperature polymer electrolyte membranes fuel cell
(HT-PEMFC). To elucidate the phenomenon, a three-layered membrane is constructed with embedded micro reference electrodes
to measure phosphoric acid redistribution in a polybenzimidazole based membrane. Under a constant load, a concentration gradient
develops due to the acid migration, which drives the back diffusion of the acid and eventually reaches a steady state between migration
and diffusion. The acid gradient is measured as a difference in local ohmic resistances of the anode- and cathode-layer membranes
by electrochemical impedance spectroscopy. The phosphoric acid diffusion coefficient through the acid doped membrane is about
10~ m? s~1, at least one order of magnitude lower than that of aqueous phosphoric acid solutions. The anion (H,PO, ™) transference
number is found to range up to 4% depending on current density, temperature and atmospheric humidity of the cell, implying that
careful control of the operating parameters is needed in order to suppress the vehicular proton conduction as a degradation mitigation
strategy.
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The high temperature polymer electrolyte membrane fuel cells
(HT-PEMFC) typically operate at 140°C-200°C, which allows for
high tolerance against fuel impurities e.g. carbon monoxide and low
auxiliary unit complexity on the system level.! The technology has
been intensively developed during the last decades,” and degrada-
tion rates as low as 0.5 WV h~! have recently been reported under
continuous operation for more than 9000 h.?

Technically, the cells are constructed around a phosphoric acid
doped polymer membrane, in which the ionic conduction is me-
diated by the phosphoric acid.* The first membranes of this type
were based on polybenzimidazoles, e.g. poly(2,2°-(mm-phenylene)-
5,5 -bibenzimidazole) (m-PBI), which remains the most widely used
material today.>”’ A large excess of acid is needed to support ionic
conductivity in a practically useful range. At acid doping levels (ADL)
of 30—40 H3;PO, per polymer repeat unit the conductivity can reach as
high as 0.25 S cm~! at 180°C.? Practically, an ADL of 10-20 is a suit-
able compromise between conductivity on one hand and mechanical
robustness on the other.

The chemistry of this class of electrolyte systems is highly com-
plex, as they are composed of species from dissociation and conden-
sation of phosphoric acid, such as pyrophosphoric and polyphospho-
ric acid of different degrees of hydration,’ together with water and
the structural base polymer.!® The understanding is further compli-
cated by the compositional changes that follows when the conditions,
e.g. temperature and humidity, change.

Although phosphoric acid based electrolytes have been extensively
used for a long time, the underlying mechanisms behind the high
intrinsic ionic conductivity have remained unclear until recently. As
reported by VilCiauskas et al.,'' the high intrinsic conductivity is
connected to the imbalance between the numbers of proton donors
and acceptors. This induces a high degree of proton “frustration”,
and with a low activation energy of typically 2 kcal mol~!, protons
are conducted by rapid intermolecular proton transfer via hydrogen
bond forming and breaking.'>!* This process is commonly referred
to as structure diffusion or Grotthuss type proton conductivity, and
has for a long time been described as responsible for about 97%
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of the total proton conductivity in phosphoric acid.'* The remaining
3% are attributed to the vehicular mechanism where ionic charges
are carried by the acid and water molecules in form of e.g. H,PO,~
and H;O". This is further supported by the negligible electroosmotic
water drag coefficient in the acid doped PBI membrane,' although
this may also be explained by the fast water diffusion through the
membrane. !

From a technological point of view, the high degree of structure
diffusion mechanism is an important asset. Any contribution from
vehicular proton transport would introduce parasitic mass transport
and the acid balance would have to be maintained by back diffusion.
Recent findings show, however, that the structure diffusion mecha-
nism of the proton conductivity in pure phosphoric acid only prevails
in a very narrow composition and temperature range.'® Indeed, the
cation transference number (ty™) is close to unity in 100 wt% H3POy,
indicating a predominating Grotthuss type conduction. At lower acid
concentrations, the higher water content promotes the acid dissocia-
tion and results in increased conductivity as well as contribution from
the vehicular charge transport. At concentrations higher than 100 wt%
H;3PO,, on the other hand, the acid condensation leads to formation of
pyro- and higher polymeric acids, which increase the contribution of
the vehicular mechanism due to the addition of charge carrier in the
system (e.g Hszog’ and H3P3Ofa).

The practical implication of the contribution from the vehicular
transport is the development of phosphoric acid concentration gradi-
ents between the anode and cathode side during fuel cell operation.
Ultimately, this leads to severe acid redistribution within the
membrane-electrode assembly and may be a trigger for acid loss,
which has been identified as one of the most critical degradation
modes. As first identified by Yu et al.,'® the acid loss increases with
increasing operational temperature and seems more severe at higher
current loads. This was confirmed by Wannek et al.,>> who observed
the phosphoric acid accumulation in the gas diffusion electrodes after
operation at different conditions. The acid-redistribution has more re-
cently been monitored using in-operando imaging techniques.?'~> It
has been confirmed that the acid redistribution is of electrochemical
origin and becomes more significant when a current load is applied.?
At temperatures above 160°C and current loads higher than 200 mA
cm™2, the acid may even penetrate through the catalyst and gas diffu-
sion layers of the anode side.?
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Figure 1. Schematic diagram of the chemical reactions and transport pro-
cesses in a phosphoric acid doped polybenzimidazole membrane of the hydro-
gen pump mode.

In order to take a step further toward a quantitative understanding of
the acid re-distribution in phosphoric acid doped m-PBI membranes, a
method for integrating microelectrodes in the membrane was recently
developed.?* The cell configuration makes it possible for a direct
measurement of the ohmic response through different layers of the
membrane, which is an indicator of the acid content change upon
passage of an electrical current. In this way an in situ monitoring
of the acid transport through the membrane layers is achieved, from
which the transference number and diffusion coefficient of phosphoric
acid can be determined at varied current densities, temperatures, and
atmospheric water activities. Compared to the bulk phosphoric acid, '
the presence of a dense polymer phase and its acid-base interaction
are studied with regards to the proton conductivity mechanism as well
as the back diffusion of the acid molecules.

The principal experimental setup is a hydrogen pump cell where
protons are generated at the anode side and reduced at the cathode
side. A major difference from the fuel cell mode is that the hydrogen
pump cell can operate under water free conditions, allowing for a study
on dry state membrane systems at elevated temperatures of 160°C to
200°C. Otherwise the presence of water shifts the acid dissociation
toward ionic charge carriers:

H;PO, + H,0 = H,PO,™ + H;0% [1]

which has impacts on the conductivity?>2’

pumping performance.?®

as well as the hydrogen

Modeling Hypothesis and Assumptions

Model hypothesis.—As a working hypothesis, the focus for the
vehicular charge transport is on the acid cycle at the right hand side of
Figure 1. Under humidified atmosphere, there are mainly two types of
species that are considered to contribute to the vehicular conduction
of charges: the hydrated protons (hydronium ions) and the phosphoric
acid anions. The presence of basic polymers promotes the acid disso-
ciation, however, by formation of immobilized polymeric cations. The
vehicular mechanism of hydronium ions requires a certain amount of
mobile water molecules to be present in the membrane phase. In a
typical HT-PEMFC working conditions, the relative humidity of the
air stream is very low. At an air stoichiometry of 2 and temperature of
160°C, the generated water in the air stream counts to an atmospheric
relative humidity of ca. 3%. Melchior et al.?’ measured the hydration
isotherm of the phosphoric acid and benzimidazole mixture in a molar
ratio of 3, corresponding to an acid doping level of about 6 mol H;PO4
per repeat unit of PBI. According to the isotherm, an atmospheric rel-
ative humidity of 3% at 160°C would result in a water uptake of the
mixture that approximately corresponds to an acid concentration of
103 wt%), i.e. little free water exists in the acid doped PBI membranes.
In addition, the parasitic movement of the water molecules through
the membrane, if any, gives very limited contribution to the ohmic
resistance changes measured in the present study, compared with that
of the phosphoric acid. It is therefore, for the sake of simplicity, that
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Figure 2. Sketch of the layered membrane cell, reference electrode configu-
ration and the acid concentration profile. A and D are gas diffusion electrodes
and B and C are reference electrodes. Ry is the measured resistance across
the middle layer membrane (MLM) while Rapm and Repvm are the measured
resistances of the anode layer membrane (ALM) and the cathode layer mem-
brane (CLM), respectively, including the electrode layer. C¥ is the initial acid
concentration through the three layer membrane. The black dashed line HL
indicates the linear acid concentration gradient developed when a steady state
between migration and diffusion is reached. The light blue profile is the model
assumption where the anode (Canode) and cathode (Ccathode) acid concentra-
tion are an average through the ALM and CLM, respectively, which drives the
back diffusion across a distance of Az.

only the vehicular mechanism via acid anions, no cations including
hydronium ions (H;O™), is considered in the model.

The acid anions are electrochemically migrating toward the anode,
recombining with protons and generating an excess of phosphoric acid
at the anode. The acid concentration gradient in turn gives rise to a
diffusion flux back to the cathode side. The change of phosphoric acid
concentration at anode and cathode side is determined by two pro-
cesses: acid anion migration Jyigraion and acid back diffusion Jpgision
(Equation 2).

dCH3 POy
dt

In Equation 2, V is the reference volume of the cathode side and
anode side (see Figure 2). The value is calculated from the geometric
cell active area times the cathode/anode side membrane thickness.
The anion migration can be understood as part of the net current flux
which is described by Faraday’s Law. The anion transference number
twypo; in Equation 3 defines the fraction of the total current that is

transported by these monovalent anions.

-V = IMigration — JDiffusion [2]

Lty po;
F

The process of acid back diffusion can be described by Fick’s Law.
In Equation 4, D is the effective diffusion coefficient of phosphoric
acid in the polymer matrix, Az the back diffusion distance of acid
molecules (see Figure 2) and A is the cell geometric active area of
8.8 x 107* m?.

(3]

J Migration =

ACy;,po, A
Az

An average acid concentration in the anode and cathode layer mem-
brane, Cypode and Ceanode, 18 Obtained from the measured membrane
resistance change using the calibration curves of the ionic conductivity
and swollen volume versus the acid doping level. The concentration

(4]

Jpittusion = D
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gradient is defined as the difference between C,poge and Ceyode aCross
the thickness of the diffusing layer Az, as to be further discussed be-
low. The diffusion coefficient D is obtained from the time dependent
restoration of the specific ohmic resistance after the cell current is shut
down. Since there is no current, Equation 2 is only affected by Jpgsion
and is therefore solved numerically by the following two steps:

AC t
Ipittusion () = DMA 51
Az
ACH3P04 t+1)= ACH3PO4(1‘) — 2 Ipittusion(t) dt (6]

The factor 2 for the flux Jpgsion comes from the fact that the
acid concentration variations are subtracted from the anode and added
to the cathode side. The time step of the numerical solution was
t = 1.0 s. A variation of the time step by a factor of 3 did not change
the results. Additionally, a baseline correction has been used because
the calculated values of AC approach but not reach zero as would be
required by the theory.

Once the value of acid diffusion coefficient D has been obtained
from the time-resolved experiments, the acid migrated by electro-
chemical current can be calculated from the steady state condition:
dCu,po,/ dt = 0. Hence, the value of ty,po,~ can be readily obtained
by Equation 7.

ACH3P04 A— i tHzPO_;
Az - F

D (7]

ACH3PO4 ) A-F

twpo; = D Az (8]

1

Cell Configuration, acid profile and model assumptions.—A
schematic cross-sectional drawing of the layered membrane is shown
in Figure 2, where the embedded microelectrodes are indicated as B
and C. Typical hydrogen pump polarization curves were previously
reported,”* indicating that the measured cell area specific resistance
was primarily from the membrane.

It is well known that the hydrogen oxidation reaction (HOR) and
hydrogen evolution reactions (HER) on platinum based catalysts are
electrochemically reversible in acidic media. In 0.1 M HClO, the
HOR and HER current densities on rotating disc electrodes are en-
tirely limited by the hydrogen diffusion, meaning that the HOR/HER
exchange current densities in the acid electrolyte are one or more or-
ders of magnitude larger than the typical hydrogen diffusion limited
current density.*° This has been confirmed by the negligible activation
overpotential at both anode and cathode of a hydrogen pumping cell
with either Nafion or acid doped polybenzimidazole based cells.?*3!:32
Itis therefore that the measured potential (Exp and Ecp) and resistance
(Rap and Rcp) are assumed to be owing to the anode layer membrane
(ALM) and cathode layer membrane (CLM), respectively.

Other assumptions for derivation of model parameters are as fol-
lows. Firstly, the Pt wire merely acts as a point measuring the potential
at the interface between membrane layers. Secondly, a change in the
membrane resistance is only caused by the acid migration. The in-
fluence of migrating water is ignored. Third, the acid content in the
membrane layers calculated from the measured resistance changes by
EIS. The calibration data is given in the supplementary information
in section S.1. The resulting concentrations are ascribed as average
values to the respective membrane layers as illustrated in Figure 2.

The horizontal blue dashed line in Figure 2 indicates the initial
acid content C° through the complied membrane layers and the black
dashed line HL indicates the developed linear acid concentration
gradient when a steady state between migration and diffusion was
reached. A constant acid concentration C,poqe and Ceahode 18 assumed
for the ALM and CLM layers through which the specific ohmic resis-
tance was measured. The concentration gradient (Cyuode - Ceathode) 1S
assumed the driving force of back diffusion across a distance of Az.
Thus, the resulting diffusion pathway Az for the model calculation is

therefore 80 pwm instead of the thickness of the middle layer mem-
brane of 40 wm. In other words, the diffusion pathway starts from the
middle of ALM and ends in the middle of CLM.

Experimental

Membranes and electrodes.—The membranes were prepared by
solution casting from N,N-dimethylacteamide using m-PBI with an
inherent viscosity of 1.44 dl g~!' (measured using an Ubbelohde vis-
cometer for a solution with a solid content of 500 mg dI~! in 96%
H,S0, at 30°C). The m-PBI was prepared as described in more detail
elsewhere.’ After drying at 120°C the membranes were thoroughly
washed in boiling water and further dried at 120°C under reduced
pressure. The membranes were then equilibrated in 85 wt% H3;PO,
(VWR Chemicals) at room temperature for two weeks. The acid dop-
ing levels were measured gravimetrically by assuming an acid to water
molar ratio of about 1:1, i.e. about 85 wt% H3;PO, in the membrane
phase, as proposed previously.** Membranes doped in acid of var-
ied concentrations were prepared for calibration of the acid doping,
volume swelling and conductivity. Membranes used in the present
study were gravimetrically measured having an acid doping level of
around 10.

The catalyst layer was sprayed on top of a 3 x 3 cm? gas diffu-
sion layer coated with a microporous layer (Freudenberg H23C2). Pt
catalysts supported on carbon black (57% Johnson Matthey HiSpec
9100) were dispersed in ethanol in an ultrasound bath for at least 1 h
to get a well dispersed ink. The catalyst ink was then sprayed using
a spray robot (Exacta-Coat from SONO-TEK Corporation) to reach a

platinum loading of around 1 mg cm~2.

Cell assembling.—The cell was made of a compiled membrane
consisting of 3 layers of about 40 pwm thickness each, as previously
described.’* The outermost layers of the membranes were in direct
contact with gas diffusion electrodes and referred to as the anode layer
membrane (ALM) or cathode layer membrane (CLM). The membrane
layer in between was called the middle layer membrane (MLM). Two
reference electrodes were embedded between the ALM and MLM
and between CLM and MLM (see Figure 2). Platinum wires of a
diameter of 25 pm plus 5 wm polyimide insulation were used as
the microelectrodes. Before embedded into the membrane layers, the
insulation of the Pt wire tip was burned off and coated with a thin
m-PBI layer, to provide a seamless integration of the wire between the
two membrane interfaces. A polysulfone layer with an opening for the
electrode active area of 8.8 cm” was placed between the membrane
and gas diffusion electrode for reinforcing the membrane. The layered
membrane and Pt wire were positioned between two aluminum end
plates with heating elements and current collectors. Clamping was
done by giving a torque of 1 Nm to the four 8 mm nuts and bolts located
at the end corners of the endplates without previous hot-pressing
of the membrane electrode assembly (MEA). Once assembled, the
pretruding 25 pm Pt wire was welded to a thicker and sturdier Pt wire,
which was connected to a cable plug for connection to Potentiostat
electrodes.

Cell operation.—The hydrogen gas to both anode and cath-
ode sides was supplied at a constant volumetric flow rate of
100 Nml min~!, controlled using a rotameter. Humidification of the
gas stream was done via an inhouse steel bolt evaporator connected
directly to the cell housing gas inlet to eliminate cold spots where
condensation of water may occur. The temperature setpoint for the
evaporator was always set to the same value as the operation temper-
ature of the hydrogen pump cell. Water was provided via a low flow
infusion pump (Shimadzu LC-20AD) and mixed with the hydrogen
gas inside the steel bolt evaporator. The cell was operated at tem-
peratures within a range of 160-200°C and steam partial pressures
(Pu,0) between 0-0.3 atm. In order to simplify the discussion, refer-
ence to each conditions will be coded as AAA-BBB, where AAA is
the temperature in °C while BBB is the Py, in atm. For example, cell
160-0.17 means a hydrogen pump cell operated at 160°C with a Py,o
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of 0.17 atm. Current was supplied to the cell via an external constant
current tester (Elcanic) capable of providing current from 0.1 to 10 A.
Polarization curve recording of the hydrogen pump cell was done by
stepwise increase of current within a range of 0 to 900 mA cm™2. A
relaxation time of 5 minutes was applied at each current step. Electro-
chemical impedance spectroscopy (EIS) was done via a VersaSTAT
potentiostat (Princeton Applied Research) in potentiostatic mode with
an amplitude of 3 mV. EIS was recorded every 20-60 seconds after
the current was turned on to measure the change of resistance at dry
conditions. The time delay was shortened to every 2 seconds for the
humidified experiments. The membrane resistance value was taken
as Z, at the high frequency intercept with the Z;, axis. The anode
layer resistance was first monitored until a steady state was reached.
After that, the current was switched off and another EIS spectrum was
recorded in order to investigate the acid back diffusion profile. Once
the relaxation of concentration was finished, the other layers were
measured using the same procedure.

Results and Discussion

Effect of humidification.—The ohmic response of the phospho-
ric acid doped m-PBI membrane is known to depend strongly on the
water activity, and the measurements were therefore carried out at
different degrees of humidification. By feeding water into an evap-
orator and converging the steam flow with pre-heated air, the water
partial pressure Py,o was controlled at 0.1, 0.17 and 0.3 atm. The
value of 0.17 atm was chosen by considering the practical humidity
range of the cathodic air stream in fuel cells operating with an air
stoichiometry \,; = 2. As shown in Figure 3a, the polarization curves
for the hydrogen pumping cell showed a gradually decreasing slope
with increasing degree of humidification. By switching from dry gas
to Pu,o = 0.1 atm the specific resistance of the cell was decreased
from 0.27 to 0.19 Q cm?. This resistance further decreased to 0.18
and 0.17 Q cm? at Py,0 = 0.17 atm and 0.30 atm, respectively. The
slopes can be translated to ionic conductivities of 0.040, 0.063, 0.066
and 0.070 S cm™! at steam partial pressures of 0, 0.1, 0.17 and 0.3
atm, respectively.

The constant membrane resistances are indicated by the points at
zero current in Figures 3b and 3c. When a current was applied, a linear
decrease of the anode layer membrane resistance (Rapy) was clearly
observed while a steady increase in the cathode layer membrane resis-
tance (Rcum) was observed as the current density was increased. For
the cell operating with dry hydrogen, however, a plateau was observed
for the increasing Repm at current densities above 400 mA cm~?,
which might be connected to the acid redistribution behavior within
the catalyst layer at higher current densities and the limiting acid back
diffusion.

Effect of temperature.—Proton conduction is a thermally acti-
vated process, which implies that the ohmic resistance decreases with
increasing temperature. It should be kept in mind that increasing the
temperature also changes the concentration of the phosphoric acid due
to loss of water, which makes this correlation more complex to ap-
proach. However, as shown in Figure 4a, the slope of the polarization
curve decreased as the cell temperature was increased from 160°C
to 200°C. The decline was more pronounced when the temperature
was increased from 160°C to 180°C. At temperatures above 180°C
the conductivity increase levels off due to the loss of water.>>*¢ In
order to suppress the acid condensation, the cells were operated under
a steam partial pressure of 0.17 atm.

As mentioned above the hydration isotherms from Melchior et a
revealed that the water uptake of phosphoric acid in contact with
benzimidazole is significantly reduced. In other words, the presence
of the basic component (benzimidazole) enhances the condensation
of phosphoric acid at a given temperature and relative humidity. This
makes the acid condensation more an issue for the HT-PEM fuel cells
than for phosphoric acid fuel cells, leading to an increased fraction
of pyrophosphoric acid.!® This gives a compelling argument that the
increased charge carrier mobility brought by increased temperature
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Figure 3. (a) Polarization curves of the whole cell, area specific resistance of
the cathode layer membranes (Rcpm, b) and the anode layer membrane (Rarm,
¢) for ahydrogen pumping cell at 160°C at water partial pressures ranging from
0-0.3 atm. The thickness of the each membrane layer was 40 pum.

triumphs over the adverse effect of acid condensation, at least under the
present experimental conditions. As shown in Figure 4b, the decrease
of the resistance at the anode side and corresponding increase at the
cathode side were also observed as the temperature was increased up
to 200°C.

Modeling results for acid migration and back diffusion.—In or-
der to obtain kinetic data on the membrane processes, a set of time-
resolved measurements was designed. Herein, the Rapy and the Repy
series resistance were determined by recording the EIS over time at
different conditions. A series of experiments were conducted at 200,
500, and 800 mA cm~? to be able to model the acid migration be-
havior at all operating conditions for three current density values.
Figure 5 serves as one example of the time-resolved data for a cell
operating under steam partial pressure of 0.3 atm at 160°C at a current
density of 200 mA cm~2. The corresponding data for the cells oper-
ated at other temperatures and levels of humidification are provided
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Figure 4. (a) Polarization curves of the hydrogen pump cells with a total
membrane thickness of 120 wm (40 wm each layer) at different temperatures
and Py,0 = 0.17 atm. (b) The area specific resistance of the anode layer
membrane (Rapm) is shown in solid symbols while that of the cathode layer
membrane (Rcp v ) is shown in open symbols. Three temperatures were chosen
as indicated in the figure.

in the supporting information (Figure S2). The initial Ry and Repu
were 67 and 75 mS2 cm?, respectively, slightly different likely due to
variation of the membrane thickness or the positioning of micro plat-
inum reference electrodes.

When a polarization current was applied, the Rapy rapidly de-
creased, accompanied by an increase in the R¢py. The ionic con-
ductivity changes in the different layers of the membrane serve as
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Figure 5. Tllustration for the time evolution of specific resistances of the anode
and cathode side membranes in a hydrogen pumping cell. The cell was operated
at 160°C with humidified hydrogen of Py,0 = 0.3 atm. As indicated by the
dashed line, the current was applied at O and stopped at 530 s at a set point
current density of 200 mA cm™2.
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Figure 6. Chemical acid diffusion coefficient in phosphoric acid doped PBI
membranes (a) at 160°C with different water partial pressures Py,0 and (b) at
Py,0 = 0.17 atm and different temperatures.

direct evidence for migration of acid anions, i.e. phosphoric acid ac-
cumulates at the anode side and depletes at the cathode side. These
resistance changes reached a steady state when the electrochemical
anion migration was balanced by the back diffusion of acid molecules,
driven by the developed concentration gradient across the membrane.
The current was then stopped and the cell was left for recording the
time evolution of the resistance during the acid back diffusion, which
resulted in the restoration of the initial resistance values of both the
anode and cathode side membranes.

A set of PBI membranes of varied acid doping levels were cali-
brated in terms of volume swelling and ionic conductivity (see Sup-
porting Information). The obtained correlation of the conductivity and
volume swelling with the acid doping level is used for translation of
the measured ohmic resistance of membranes into the molar acid con-
centration, in moles of phosphoric acid per liter (mol H;PO, L)
of the polymer membrane. The calibration curves are summarized in
Figure 1S of the supporting information and the fitting parameters are
listed in Table I. Thus obtained acid concentration difference between
ALM and CLM at different timescales during the “current off period”
was first used to calculate the diffusion coefficient of the acid, from
which the anion transference number was estimated from the “current
on period” measurements.

The acid diffusion coefficient at each condition was obtained by
averaging the fitted value at three current densities of 200, 500, and
800 mA cm™2, respectively. The exception is for hydrogen pump cell
operated at 160°C under dry conditions, which only uses the data of
500 mA cm™2 due to data recording problems at the other two current
densities.

Figure 6a compiles the value of the chemical acid diffusion co-
efficient (D) as a function of the water partial pressure at a constant
temperature of 160°C. It is clearly seen that the D increased when
more water was added into the incoming gas stream. The value of D
was started at a value of 3.4 x 10~!' m? s~! under dry conditions
and then increased with the water partial pressure, maximizing at a
value of 8 x 107" m? s7! at Py, of 0.17 atm. It has previously been
pointed out in the literature that increase of water within the aqueous
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Table 1. Fitting parameters (a and b) of the calibration curve (Figure S1) with a linear model of y = a- x+ b where y is the acid concentration in
the membrane (mmol H3POy - cm™3) or the acid doping level (mol H3POy4 per polymer repeat unit) and x is the conductivity in S cm~! obtained

from the EIS ohmic resistance.

Temperature Pu,0 Membrane concentration (y;) Acid doping level (y2)

(°C) (atm) aj by R? a b, R?
160 0 0.084 0.008 0.95 122.27 3.82 0.98
160 0.1 0.071 0.007 0.972 102.98 3.015 0.986
160 0.17 0.068 0.007 0.971 98.62 2.88 0.984
160 0.3 0.066 0.007 0.975 99.22 2.59 0.98
180 0.17 0.066 0.007 0.947 97.2 2.56 0.981
200 0.17 0.067 0.007 0.944 97.48 2.47 0.98

acid solution should give a lower viscosity to the system, resulting in
a higher mobility of all particles within the system.’’ In addition, the
hydrolysis of higher polymeric phosphoric acid will also lower the
viscosity of the overall phosphoric acid. In the presence of the poly-
mer, the present measurement showed, however, that further addition
of water into the gas stream from Py, 0.17 to 0.30 atm did not seem
to affect the value of D.

Figure 6b compiles the value of D as a function of temperature
under a constant water partial pressure of 0.17 atm. Apparently, the
increase of temperature decreased the acid mobility as indicated with
the decline of D. The value was decreased from 8t0 5.7 x 107! m? s~!
when the temperature was escalated from 160°C to 200°C. It should
be noted that the shown D values at each condition are an average
of replicates. The value of D at these temperatures ranges from 4.3—
8 x 107! m? s~!, which makes it unreliable to confer a decreasing
trend at this point. In principle, an increase of temperature for a con-
stant acid concentration should be followed by enhanced mobility.
However, the opposing trend is shown, indicating that this effect is
diminished by the acid condensation reaction. The diffusion coeffi-
cients for both conditions shown in Figures 6a and 6b all fell within
the same order of magnitude, which was 10~'" m? s~!. It should
be remarked that the diffusion discussed here occurs in form of net
transport of mass in the presence of concentration gradient, i.e. the
chemical diffusion coefficient. Using the Taylor dispersion technique
Lang et al.® measured the chemical diffusion coefficient of H;PO,
in aqueous solutions. For 85 wt% H;POy,, the chemical diffusion co-
efficient was found to be 1.7 x 107" at room temperature. Similar
values were reported by Ruiz-Bevid et al.*® This value was increased
to about 8.6 x 107! m? s~! at 70°C.3® Taking the temperature effect
into account, the diffusion coefficient of H;PO, through the polymer
phase obtained in the present study is at least an order of magnitude
lower.

The values of the acid diffusion coefficient that has been obtained
is then used to calculate the transference number of the monovalent
anion (ty,po,-) by using Equation 7. Table II summarizes the results
of the acid transference number ty,po,- as a function of water partial
pressure and temperature. The fraction of ty,po,~- was found to be
the lowest under dry conditions and slowly increasing as the water
partial pressure was increased, following the trend exhibited by the

diffusion coefficient in Figure 6a. The ty,po,~ value was started at
around 0.01 and increased to around 0.03 when the water partial
pressure was at 0.17 atm. The increasing amount of water within the
phosphoric acid doped m-PBI system would result in a greater degree
of pyrophosphoric acid hydrolysis, which promoted the formation
of both H;O" and H,PO,~ anions within the system and therefore
increased the acid migration

As the temperature is increased under dry conditions, the phos-
phoric acid condenses to pyrophosphoric acid and higher oxoacid
oligomers. The condensed phosphoric acid species show higher acid-
ity than that of ortho-phosphoric acid. As a result, the condensed acid
is able to protonate co-existing phosphorous oxoacid species, lead-
ing to formation of anions such as HszOg’ and H3P3Ofa as well as
the cation H,PO; . When a current is applied between the electrodes,
the anions tend to migrate toward the anode while cations migrate in
the opposite direction. This means that, besides the back diffusion of
acid toward the cathode, an additional driving force exists to oppose
the anion migration. As a consequence, the calculated ty,po,- at dry
conditions is actually the net amount of acid due to anion migration
subtracted by cation migration, if any.

A change of temperatures did not seem to have a strong ef-
fect on the acid transference numbers. As discussed in section Ef-
fect of temperature, the acid concentration did change very little for
the conditions of the experiment. The lowest value is 97.2 wt% for
160-0.30 and the highest is 100.5 wt% for 180—0.17 and temperatures
above. This means that virtually no free water molecules were present.
The crossing of the 100% marked by a change in water vapor pressure
indicates the involvement of the condensation processes affecting the
ty,po,~ Variation. Nevertheless, it seems reasonable to assume that the
electrolyte composition under real operating conditions is comparable
to that of a working HT-PEMFC. This assumption is based firstly on
the very low equilibrium water content of phosphoric acid solutions
at these elevated temperatures. Secondly, a similar high concentra-
tion of 100 wt% H;PO,4 has been suggested by Maier et al. from the
combination of synchroton X-ray radiography with EIS data.*’

Another measurement of ty,pp,- in a working HT-PEMFC was
conducted by Eberhardt et al.>* They measured the amount of acid
that ran-off into the GDL. Consequently, only very small values in
the order of 1073 to 10~ were obtained. On the other hand, the

Table II. Calculated average acid concentrations, chemical diffusion coefficient (D) and transference number of the monovalent anion (tH2P04_)

in a phosphoric acid doped m-polybenzimidazole membrane.

Temp. Py,0 Concentration of H3POy4 Diffusion coefficient D Transference number

(°C) (atm) (Wt%)* (10~ m? 571 th1,p0, -

160 0.00 - 3.4 (£ 29%) 0.01 (£ 29%)
160 0.10 100.55 5.4 (£ 30%) 0.02 (£ 30%)
160 0.17 98.74 8.0 (£ 29%) 0.04 (£ 29%)
160 0.30 97.16 8.0 (= 29%) 0.04 (£ 29%)
180 0.17 100.54 7.1 (£ 28%) 0.02 (£ 28%)
200 0.17 100.58 5.7 (£ 28%) 0.02 (£ 28%)

*The phosphoric acid concentration under various humidities was estimated from the hydration isotherm by Melchior et al. '
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phosphoric acid fuel cell (PAFC) community assumes that the an-
ion transference number under its normal operating conditions is
around 0.1.*' It must be noted that the electrolyte in phosphoric acid
fuel cells is contained in a ceramic matrix with a thickness about
200 wm,* with different mass transport properties than in a polymer
membrane. The water uptake capabilities of the phosphoric acid is
diminished as more benzimidazole is present within the system, caus-
ing phosphoric acid doped PBI to have a different acid composition in
comparison to that of the PAFC.?® Also, the PAFC typically contains
much more phosphoric acid than a HT-PEMFC. It seems reasonable
that a fraction of 10% of the current involves the acid migration in
PAFC while only 2% to 4% in HT-PEMFC. This may also corre-
late with the very low acid loss reported for HT-PEMFC operation.
The effect of acid migration may also explain the observed increase
in degradation of HT-PEMFC at very high current densities.** The
coupled effect of acid migration and back diffusion was also dis-
cussed for the operation of fuel cells with poly-perflourosulfonic acid
membranes.* In that case the very low diffusion coefficient of the
acid is assumed to be responsible for the very poor performance.

Conclusions

Phosphoric acid is used as electrolyte in high temperature polymer
electrolyte fuel cells and phosphoric acid fuel cells. It has been known
that parasitic migration of acid species from the cathode to anode side
occurs under normal operation conditions. This leads to an assumption
that acid anions contributes to the overall charge transfer through the
membrane. The current driven migration of acid anions gives rise to a
concentration gradient, a driving force for back diffusion of acid from
anode to cathode side. Both transport mechanisms are assessed by
in situ measurement of the acid transport utilizing layered membranes
with embedded platinum microelectrodes.

The phosphoric acid diffusion coefficient obtained in acid doped
m-PBI membranes is in the order of 107!! m? s~!. This value is
about at least one order of magnitude lower than that of aqueous
phosphoric acid solutions, suggesting the effect of the dense polymer
phase. From the anion transference number it can be concluded that
under typical fuel cell operation conditions about 1% to 4% of the
current is carried by the vehicular transference of acid anions and
the rest via the Grothuss type or structure diffusion mechanism. The
value of 4% of anion transference can be understood as the upper limit
for the membrane systems, hinting a degradation mode in long term
operation of HT-PEMFC.
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