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A Model for the Anodic Carbonization of Alkaline Polymer
Electrolyte Fuel Cells

LI Qi-hao, WANG Ying-ming, MA Hua-long, XIAO Li, WANG Gong-wei,
LU Jun-tao’, ZHUANG Lin"
(College of Chemistry and Molecular Sciences, Hubei Key Lab of Electrochemical Power Sources,
Wuhan University, Wuhan 430072, China)

Abstract: The alkaline polymer electrolyte fuel cell (APEFC) has made appreciable progress in recent years but is still suffering
performance loss during discharge with air as the oxidant. Several theories have been suggested to interpret the loss. However, ef-
forts are still needed to reach a clear quantitative understanding. Based on the major experimental findings in combination with ther-
modynamics and kinetics of the reactions involved in the anode, this paper presents a model featuring layered carbonization in the

anode and relevant grouped equations. The simulation results generated from the latter are compared with experiments, and possible

principles to suppress the performance loss are proposed.
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As an integrated part of the sustainable energy
system for the future, the fuel cell technology has
made great progress in the past decades. There have
been several types of fuel cells, among which the pro-
ton electrolyte membrane fuel cell (PEMFC) is the
most mature today and has started commercial pro-
motion. However, the strong acidic nature of proton
electrolyte membranes makes it necessary to depend
on Pt based catalysts, of which the high cost and very
low natural abundance on the earth have been a ma-
jor bottle neck for successful commercialization. In
order to get rid of the dependence on noble metals,
the alkaline polymer electrolyte fuel cell (APEFC)
emerged about two decades ago, and has made im-
portant progress. In recent years, APEFCs have been
able to generate power densities comparable to those
of PEMFCs", Unfortunately, APEFCs are still suffer-
ing own special problems, among which the car-
bonization during discharge with air as the oxidant is

most serious. Compared with the situation of using

Document Code: A

synthesized air (CO, free), the maximum power den-
sity of APEFCs using ambient air is roughly cut to a
half. The reduced conductivity of the alkaline mem-
brane was the first recognized reason for the perfor-
mance loss due to carbonization. But researchers
soon have realized that the increase in membrane re-
sistance due to carbonization is not the main cause of
performance loss. Inaba and coworkers measured the
polarization curves of anode and cathode separately
and proved that the performance loss occurred mainly
in the anode®*. However, it is not yet fully analyzed
how the anodic carbonization can depress the perfor-
mance so much. For example, no picture has been
presented with persuasive reasoning for the car-
bonization distribution inside the anode, let along any
attempts to simulate the polarization curve with car-
bonization. Besides the anodic carbonization, other
possible reasons were also suggested in the literature
such as thermodynamic, ohmic and kinetic voltage

losses*¢!. Some researchers highlighted thermody-
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namic voltage loss more than the kinetic one”*,

In the present work, we focus on the problems
related to anodic carbonization. The thermodynamics
and kinetics of the major reactions involved in the
carbonized anode are to be discussed first, followed
by description of the main features of our proposed
model for the anodic carbonization. Finally, we try to
simulate the anodic polarization curve with car-

bonization and compare the results with experiments.
1 The Three-Reaction System in the

Carbonized Anode

1.1 Thermodynamics

The anodic carbonization involves a rather com-
plicated reaction system, involving CO;*, HCO5, CO,
, OH and H,O. However, for the most important
working mode of APEFCs, this system may be rea-
sonably simplified. It has been pointed out™ that the
carbonization process of alkali might be roughly di-
vided into two main stages, the first being the coexis-
tence of OH and CO,* while the second the coexis-
tence of CO,> and HCOjs. It is well known that the
anodic carbonization decreases with increasing the
discharge current density for APEFCs!"". In view of
the real application of APEFCs, such as the main
power source for electric vehicles, the current density
is expected to be around or above 1 A -cm?, so that
we shall focus on the system without HCOy, i.e., the
carbonization mostly remains at the first stage. In
such a system, there are three reactions:

H,+20H =2H,0 + 2¢

E’yon=-0.828 V (vs. SHE) (1)
H, + CO;* = CO, + H,0 + 2¢

E’c=-0.535V (vs. SHE) ()
COs* + H,0 =20H + CO,

K 3)

The three reactions are not independent to each
other. For example, Reaction 3 = Reaction 1 - Reac-
tion 2. The relationships among the three reactions
are schematically shown in Fig. 1. Both Reactions 1
and 2 are electrode reactions, which exchange elec-
tric charges with the same electrode and, therefore,
always share the same electrode potential. On the

other hand, the reactants and products in the two

s 2020 4
0 0
EH/C EH/OH
H, H,
K | | cosl+n,0 =20H7+CO,

Fig. 1 Schematic presentation of the three reactions coexisting
in the carbonized anode of APEFCs.

electrode reactions all play roles in Reaction 3.
The equilibrium constant K for Reaction 3
-2
_ [OHT[CO,]
2-
[CO, ][H,0]

can be calculated based on thermodynamic data or,

K

equivalently, the standard electrode potentials E%oy
and E%c. The calculated results are given in Fig. 2,
which shows K increasing with temperature. When
other components are kept unchanged in concentra-
tion, the partial pressure of CO, also increases with
temperature.

With a known K, one can now go further to
calculate the anionic concentrations in carbonized
alkaline polymer electrolyte (APE) in equilibrium
with a given CO, pressure. To be kept in mind in
the calculation is that the concentrations of the co-
existing anions are not independent to each other:
[OH] + 2[CO5*] = [N], where [N] is the concentration

1E-8
K = [OHT[CO,)/[COZ][H,0] = exp(-AG/RT)
AG=56263 J
1E-94
X
1E-104

T T T
60 70 80

T/°C

T T
10 20 30 40 50 90 100

Fig. 2 Calculated equilibrium constant K for Reaction 3.
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of the fixed cations in the polymer determined by the
ionic exchange capacity (IEC). In the calculation, it
was assumed that [N] = 1 mol-L" and water activity
[H,O] = 1. The results are shown in Fig. 3 where the
degree of carbonization appears rather impressive.
Raising temperature can depress carbonization, but
the influence is limited. For example, even at 80 °C
with only 1 ppm CO,, the [OH] is below 0.05 mol - L
compared to the original 1 mol -L"; while with 200
ppm CO,, [OH7] is reduced to only 2.4 mmol-L".
With the relevant concentrations known, the equ-
ilibrium potentials for the electrode reactions 1 and 2
can be readily calculated. The calculated equilibrium
potentials for the two electrode reactions turns out to
be identical. This is not a surprise. In fact, it is the
manifestation of the equilibrium of the whole system
shown in Fig. 1. It is very important to note that the
two electrode reactions have identical equilibrium
potential. Because it means that at any given po-
tentials the two electrode reactions are experienc-
ing identical overpotential too, which is crucial for
understanding the mechanism of the whole electrode
process. On the other hand, we are also interested in
the value of the equilibrium potential shift caused by
carbonization, which is shown in Fig. 4, where the
shift is defined as AE = E + 0.828 V. The potential
shift appears to be rather large and very sensitive to
CO,. In air with 400 ppm CO,, the shift is 0.18 V, and
even with only 0.1 ppm CO, the potential shift is still

E-1

>

0.05+

1 T/°C
0.04- 8

[OH"/ (mol/L)
m
N

40

[OH"]/ (mol/L)

o o
o o
N w
PR M N
—
3
N

10 100
[CO.1gas /PP

0.014

0.004

0 100 200 300 400
[COslgas / ppm

notable, 0.06 V.

The large electrode potential shift, at a glance,
would lead one to think about the relevant loss of the
electrical motive force (EMF) of an APEFC operated
in air. However, the carbonization was found, in fact,
to cause little change in the open circuit voltage, as
proved experimentally by Inaba and coworkers P4,
This is because both the oxygen cathode and hydro-
gen anode have the same dependence on pH that is
influenced by carbonization.

1.2 Kinetics

Among the two electrode reactions, Reaction 1
is the “normal” HOR in comparison with Reaction 2.
Although the kinetics of HOR on Pt in alkaline media
has been found much slower than in acids, it is still
fast enough to support APEFCs performing compara-
bly with PEMFCs, provided that sufficient catalyst
loading is applied. The serious performance loss of
APEFCs working with air leads one to think about
the possible decrease in the exchange current i° for
HOR. There might be two possible factors influenc-
ing i°, i.e., pH change and possible poisoning effects
of carbonate anions. Yushan Yan and coworkers in-
vestigated the pH dependence of i° for HOR and HER
(hydrogen evolution reaction) on Pt-group metals in
the range pH 0 ~ 13", They found that i decreases
with increasing pH in general but levels off in the
high pH region (about pH > 11). We measured the HOR
with a Pt rotating disk electrode (RDE) in KOH and

0.501 B

TI°C
40
0.49

60

0.484
80

[CO%1/ (mol/L)

0.464

0.45

T T T T T T T T
0 100 200 300 400
[COzlgas / ppm

Fig. 3 Calculated concentrations of OH™ (A) and CO5** (B) in alkaline polymer electrolyte in equilibrium, with varying CO, con-

centration in the gas phase.
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Z‘ZZ: O caused potential shift by normalizing for the square root of the limiting cur-
' AE=E¢q+0.828 rent, ig. The results showed that within the solution
0.18] Eeq=-0.828-0.07010g [OH] - o o
0.16] =-0.535+0.035 log([CO,)[CO¥)) compositions in Fig. 5, the HOR activity is almost
< 0.14] kept unchanged. For example, in 1 mol-L"' KOH and
W 0.12] 0.6 mol-L"' KOH + 0.4 mol -L"' K,CO,, the thus cal-
0.104 culated apparent exchange currents were 0.76 and
0.081 0.67 mA with the ratios of i”i,"> being 0.49 and 0.48,
0.06 . . . .
0.04] respectively. This result is in accordance with the pH
0'02_ dependence trend revealed by Yan and coworkers,

"1E6 1E5  1E-4 1E-3
[CO2]/ mol fraction

1E-8 1E-7

Fig. 4 Calculated potential shift of the anode in equilibrium,
with varying CO, mole fraction at 80 °C.

K,CO; mixed solutions (Fig. 5). At a glance, carboniza-
tion seems to moderately reduce the HOR activity.
However, the apparent differences between the
curves were in fact caused by the difference in hydro-
gen solubility and/or diffusivity. In order to check the
real change of HOR activity, the i’ values for the
curves in Fig. 5 were calculated using the equation
developed in our previous paper!'?, which took into
account the changes of both the effective equilibrium
potential and the effective i° due to surface concentra-
tion change of the dissolved hydrogen. On the other
hand, the same paper pointed out that i° is proportion-
al to the square root of the hydrogen concentration in
the solution. Therefore, in order to compare the real
HOR activities, the i° values were further processed

2.5
2.0
E157 — 1M OH"
E — 0.95M OH +0.05M CO%
= 1.0 — 0.9M OH™+0.1M CO%
— 0.8M OH"+0.2M CO%
057 — 0.6M OH"+0.4M CO%
1 H, saturated, 5 mV/s, 2500 rpm
0.0 T T T T T T T T T T 1
0.00 0.05 0.10 0.15 0.20 0.25

E/Vvs.RHE

Fig. 5 HOR polarization curves with Pt-RDE in KOH-K,CO,

solutions

i.e., the pH dependence of HOR in strong alkaline
media is negligible; more importantly, it proves that
carbonate ions do not have appreciable poisoning ef-
fects on the HOR. Based on the above discussion, we
believe that the observed performance loss is not
caused by the i° decrease for Reaction 1. As pointed
out in a review”., the slow down effect on HOR in the
anode of APEFCs should stem from the depletion of
OH". Unlike the situation in RDE measurements
where there is plenty supply of OH™ from the bulk of
solution, in the nano-sized pores of the carbonized
anode, OH will be quickly depleted on discharge.

After OH depletion, the anodic discharge has to
depend mainly on the HOR of CO;*. The latter can
proceed in two paths in principle, i.e., the direct path
Reaction 2 and the indirect path Reaction 3 followed
by Reaction 1. To the best knowledge of the authors,
the kinetics of either Reactions 2 or Reaction 3 has
not been well investigated and no relevant data are
available at present. For the time being, what we can
judge is only that both Reaction 2 and Reaction 3
should be much slower than Reaction 1.

2 Proposed Model for Anodic Car-

bonization

In the literature, the distribution of carbonization
inside the anode is scarcely mentioned. For example,
in a review on the APEFC carbonization™, a curve for
the degree of carbonization was drawn in the mem-
brane but the rectangular areas representing the an-
ode and cathode were both left blank. Inaba and
coworkers®¥ drew a curve across both the membrane
and the anode but gave neither detailed description
nor reasoning. In the text below, a detailed model is

presented, featuring layered distribution of carboniza-
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tion degree in the anode thickness.
2.1 Carbonization Distribution
Thickness of the Anode

Based on two major facts, the anodic carboniza-

in the

tion must be distributed in a layered mode in the
thickness of the electrode: the outer side being deeply
carbonized and the inner side slightly carbonized.

It is well known that CO, is continuously re-
leased to the anodic exhaust when an APEFC is fed
with air in the cathode. According to Reaction 3, it is
clear that CO, would have been absorbed before re-
leasing if the equilibrium had not been established. In
other words, the equilibrium of Reaction 3 is the pre-
requisite for the anodic release of CO,. Therefore, the
outer side of anode must be deeply carbonized with
the anionic composition conforming to those shown
in Fig. 3.

It is also well known that the anionic reactants
needed for HOR in the anode, namely, OH™ and CO;?,
are coming from the cathode and transported to an-
ode by migration though the membrane. According to
the principle of material balance, the anionic compo-

sition that enters the anode must be equal to that pro-

2[C0Z] / (2(COZ] +[OHT)

l

o

anode AEM

carbonization

C

duced at the cathode. Obviously, this anionic compo-
sition is dependent on the discharge current density
and the CO, concentration in the oxidant gas. When
air is used and the current densities are in the range
for prospective major applications, around or above 1
A -cm?, COs* accounts for only about 1% or less of
the charge carries in the membrane. At meaningful
low current densities, such as tens mA - cm?, the CO5>
migration number may reach 0.1 ~ 0.2, which is still
much lower than that in the situation of deep car-
bonization, in which the CO;* migration number is
close to unity. Therefore, one can be sure that the in-
ner side of the anode is only slightly carbonized.

The above discussions have settled the two
boundary conditions for the carbonization distribu-
tion across the anode thickness: outer side deeply car-
bonized and inner side slightly carbonized. Between
the two extremes, there must be a transforming re-
gion. The curve of carbonization as a function of the
anode thickness is determined by a number of factors,
including migration, diffusion and the local reactions
these anions participate. For the time being, the au-

thors are making no attempts to deal with this problem

catalyst surface

aqueous phase

anode thickness AEM

v

catalyst surface

aqueous phase

anode thickness AEM

v

catalyst surface

aqueous phase

anode thickness AEM
B

Fig. 6 Proposed model for anodic carbonization. (A) Schematic presentation of the carbonization distribution in electrode thick-

ness; (B) development of anodic carbonization; (C) a simplified presentation of carbonization distribution.
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mathematically. In Fig. 6, drawings are given to illus- | ‘
trate qualitatively the proposed model. The car- H;

bonization degrees are marked by colors, orange for
deep carbonization while blue for slight carbonization.
The curves in Fig. 6A are drawn by intuition only. In
some discussions it would be helpful to simplify the
picture to Fig. 6C, where the anode is simply divided
into two layers, one deeply carbonized to the equilib-
rium of Reaction 3 and the other without carboniza-
tion at all.
2.2 Development of Anodic Carbonization

Fig. 6B explains how carbonization develops in
the anode. The main rectangle in the figure represents
the cross section of the upper half of a shortened lig-
uid pore penetrating the anode thickness. The
dot-dashed line on the bottom of the rectangle is the
axis of the pore and the lower half of the pore is not
shown for symmetric reason. The lines with arrows
are the anionic flows and the gray area on the top rep-
resents the catalyst. On discharge, COs” ions start to
form at the cathode and move through the alkaline
electrolyte membrane (AEM) as a part of the charge
carriers toward the anode along the arrow lines. Be-
cause of the low reactivity of CO;* for HOR, it has a
low probability to be consumed during migration. As
a result, the majority of CO;* survives the long jour-
ney and reaches the outer side of anode to pile up
there till the establishment of equilibrium for Reac-
tion 3. The high concentration of CO;* thus formed at
the outer side causes diffusion backward which bal-
ances with migration to establish a steady state, in
which the flowrate of COs* entering the anode inner
surface is equal to the flowrate of CO, releasing from
the anode outer surface.
2.3 Anodic CO, Release

For steady discharge using air as an oxidant, an-
odic CO, release is necessary for APEFCs. The CO,
released from the anode is produced by the HOR of
COy” inside the anode. As mentioned above, this re-
action may proceed directly or indirectly, but the net
reaction is always Reaction 2. Obviously, the major
place for this HOR to take place is the deeply car-

bonized region, i.e., the outer side of the anode. It is

CO,+20H

(€0,) +H0+ 26
f

CO; +H,

| \ARARAA

CO; +H,0

-

anode thickness

Fig. 7 Production in and release from the outer side of the
anode for CO,.

interesting to note that the location of CO, major pro-
duction happens to be the most favorable place for
CO, to escape to the exhaust. Of cause, there may be
a small part of the thus-formed CO, diffuses through
the gaseous network of the porous anode to the re-
gion of low carbonization and reacts with OH" there
to produce CO;* again. In this series of processes, the
net change is 20H" being consumed for HOR and a
CO;* moved to low carbonization region, no contri-
bution to the CO, anodic release.
2.4 The Mathematical Model

Based on the simplified picture of anodic car-
bonization (Fig. 6C), and the foregoing description of
anodic CO, production and release, two grouped
equations can be established to relate all the relevant
variables. Denote the total discharge current and the
current produced by CO,™ participated HOR as / and

I, the deeply carbonized thickness fraction x, and
the electrode overpotential m, respectively, two
grouped equations can be written:
} co, — xcolf co, (m 4)
I'Icol = (l'xCQ ) Jou(M) Q)
where fo (17) and fou(n) are the current functions for

the two HORs. Equations 4 and 5 describe the reac-
tion rates of Reactions 1 and 2, respectively. As
pointed in previous section, these two HORs have
identical equilibrium potential, therefore they have
the same overpotential for any given electrode poten-
tials. If the functions f, (1) and fou(n) are known,

1 and x¢, can be solved for any set (/, I, ) and, in turn,
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the i versus / curve can be reconstructed. Unfortu-

nately, fco (1) and fou(7) are not yet available for the

time being. In the next we shall try to simulate the
experimental 7 versus / curve on some assumptions
for simplicity.

According to our experiments, the HOR in al-
kaline media on Pt is roughly linear in the potential
region of interest (data to be reported elsewhere).

Therefore, the current function f;; (n) was taken as
linear, such as f,; (1) = 20n, which means for =

0.1 V,71=2 A (or A-cm?). It must be emphasized that
the data set (/, I, ) cannot be taken arbitrarily. The

I versus I, relationship is in fact determined by the
cathode. Unless the CO, absorption mechanism in the
cathode is well understood so that (/, I, ) can be the-
oretically calculated, we have to depend on the ex-

periment values, such as shown in Fig. 8B. Theoreti-

PtRu anode
Pt cathode

80°C, 0.2 MPa

0.6+
Hy - Synair

0.44

cell voltage/V

0.2 O.

0.0 T T T T T

0.404 C
0.35- —
030] 4 e el 2 L 0.8
0.25- -
> 0.20-
0.15-
0.10-
0.05-
0.00-

-0.05 T T T T
0.0 0.5 1.0 1.5 2.0
I/ (Alcm2)

~— Qi

cally, a given cathode can be matched with any anode
to form an APEFC and, therefore, once a series of

(1, Io,) data has been obtained from a real cathode

experimentally, it can be used in simulation for any
anodes. On other hand, however, the anodic polariza-
tion curve n vs. [ changes with the cathodic behavior
when the APEFC is working on CO, containing oxi-
dant gas. Therefore, in order to simulate the polariza-
tion curve in a real APEFC, it is necessary to use the
true (/, I, ) data obtained experimentally in the same

APEFC.

Fig. 8 presents both the experimental data and
simulation results for an APEFC. Fig. 8A is typical in
our laboratory for APEFCs discharging with different
oxidant gases. In comparison with that obtained in
synthetic air, the discharge curve in air shows addi-
tional voltage losses, which increase with discharge

current quickly at the beginning but gradually be-

150

0.0 0.5 1.0 1.5 2.0
1/ (Alcm?2)

0.40-
0.35-

Z 0.30

fod

<10.25+

>

< 0.20-
0.15-
0.10-
0.05-

0.004

-0.05 T T T
0.0 0.5 1.0 1.5 2.0

1/ (Alcm?2)

Fig. 8 Simulation of anodic polarization curve. (A) Experimental current-voltage curves of an APEFC; (B) measured /co, vs. [;

(C) calculated anodic polarization curves (solid lines) and carbonization distributions (dashed lines) for different /i, (1);

(D) comparison with experimental results.
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come roughly constant. Fig. 8B is the experimental
I o, versus I relationship based on the measured rate

of anodic CO, release. In Fig. 8C, the straight line
marked “clean air” is the calculated anodic polariza-
tion curve without CO, effects and was obtained by
simply using / =f;; (n) = 20m. All other solid curves
in Fig. 8C are for cases with CO, effects, the current
function f;; () for all these curves remained to be the

same, namely 20m while /., (1) differed as marked on

the curves. The vertical distance between the solid
curve and the straight line “clean air” represents the
additional overpotential due to CO, effects. Fig. 8C
indicates that the calculated additional anodic over-

potential depends on f,, (), which reflects the reac-

tivity of CO;* for HOR (Reaction 2): the higher the
reactivity, the smaller the additional overpotential.
For example, when f., (1) changes from 0.0257 to

0.4n representing CO;* activity increasing toward
HOR by a factor of 16, the maximum vertical dis-
tance decreases from 0.28 V to below 20 mV. In the
large current region, the additional overpotential is
approximately inversely proportional to fc, (7). The

simulated curve using fo (7)=0.025n shows the best

match with the experimental, as shown in Fig. 8D.
The calculated additional anodic overpotential An
and the experimentally measured additional cell volt-
age loss AV show similar dependence on the dis-
charge current /, indicative of the cell performance
loss being mainly caused by anodic carbonization.
Also shown in Fig.s 8C and D are the calculated
carbonized thickness fractions, x¢, , which decreases
with increasing COs* activity and increasing dis-
charge current, as expected.

The current function f, (1) may not be always

linear. For example, unlike our data shown in Fig. 8A,
where the V vs. I curves with and without CO, are ap-
proximately parallel to each other in high current re-
gion, it was also reported in the literature that the two
curves gradually met again in high current region®*.

In the latter case, the current function f, (1) must in-

crease with 7 faster than linear. Relevant modeling
works remain to be done in the future.

3 Summary

A model featuring layered anodic carbonization
is proposed for alkaline polymer electrolyte fuel cells
working with air as oxidant. This model is supported
by favorable comparison of simulation results with
experimental data. According to this model, the key
to suppress the harmful effects of CO, on APEFC
performance is to enhance the reactivity of CO;* to-
ward the hydrogen oxidation reaction in the car-
bonized region inside the anode. This model remains
to be further checked by additional independent ex-
periments, while searching for catalysts to enhance
CO4” reactivity presents a new scientific challenge.
Relevant works are under way in our laboratory.
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