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REDUCTION OF OXYGEN ON PLATINUM BLACK AT FUEL CELL ELECTRODES
W. M. Vogel and J. T. Lundquist

Advanced Materials Research and Development Laboratory
Pratt & Whitney Aircraft
Middletown, Connecticut O645T !

Introduction

A problem common to the development of fuel cell electrodes and to the evalua=-
tion of catalysts has always been the difficulty of separating the effects of the
electrode structure from the more fundamental limitations imposed by the intrinsic
activity of the particular catalyst. In the past the problem has been attacked
theoretically by assuming a model. The current-potential curves for certain porous
electrodes can be predicted if the kinetics of the electrode process, the diffugion
coefficients and jonic mobilities are known. Thgs theories have been developed 1,2)
for the Teflon bonded gas diffusion electrode. 3} fThere can be little doubt about
the basic validity of the model used in these treatments. (k) . J

The usefulness of such theories, however, is severely limited if, gs is often
the case, the kinetics of the electrode process 1s not well known. To calculate
the kinetic parameters from the overall polarizat%og curve of a porous electrode
has been apparently beyond previous capabilities. P As a result, in many instances
neither the intrinsic electrocatalytic activity of the catalyst nor the structural
details of a given electrode could be determined from experiments with such porous
electrodes. This was especially true for the reduction of oxygen at Teflon dbonded
electrodes catalyzed with platinum black. The kinetic parameters for this reaction
are poorly known, with the reported data applying mostly to smooth platinum and . /
depending strongly on pretreatment and trace impurities in the electrolyte. : :

f

We have studied the reduction of oxygen at platinum catalyzed Teflon bonded i
porous electrodes in aqueous solutions of KOH, HpSO)y and H3P0h. A procedure was
used which produced current potential curves essentially free of internal iR losses
s0 that kinetic parameters for the electrochemical reaction could be obtained.

E&Erimental
Methods

The intermal iR loss of a porous electrode should become negligible for low
catalyst loadings L, i.e., for thin electrodes. A plot of I, the current per 1 ’
cm? of electrode area at constant potential, versus the loading should, at low
values of L, yleld almost straight lines. The initial slope of these curves i =
(41/dL)1=0 (ma/mg) represents the current per 1 mg of catalyst loading without
internal iR loss. The gas concentration overvoltage within the catalyst agglom-
erates is not excluded.

These iR~free data were then replotted as log i versus the potential. At
small values of i the concentration overvoltage now becomes negligible and the
plots yield the exchange current (per 1 mg of catalyst) and the Tafel slope for
the electrochemical reaction.

As an independent check the oscillographic potential decay curves were ana-
lyzed in a few instances where the internal iR loss could be assumed to be negli-
gible.
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Electrodes

It is essential for the procedure just outlined that electrodes be made in
such a way that a change in the loading does not produce a qualitatively different
structure. TIdeally only the electrode thickness should vary. The experimental
results indicate clearly whether one is successful in this undertaking. However,
we know of no method which will predictably produce the desired results.

It was found that a number of different methods produce satisfactory elec-
trodes. The kind used in this work were the easiest to make and the most reliable.

A layer of Teflon (TFE 30, approximately 1 mg/cmg) was sprayed on aluminum
foil. This layer was air dried, vacuum dried and subsequently sintered to produce
a thin porous sheet of Teflon. Upon this layer was sprayed catalyst containing Pt
black and 30 W% TFE 30. At this Teflon content the maximum performance was obtained,.
falling off at higher and lower values. (Different Pt blacks sometimes require
different Teflon contents to give maximum performance.) The Pt black was a product
of Engelhard Industries and had a specific surface area of 24 mg/g. The catalyst/
Teflon layer was air dried and then lightly compacted with a roller pressed down by
hand. Subsequently the electrode was vacuum dried and sintered. A current collec-
tor screen was pressed lightly into the catalyst layer. The screen material was
pure nickel (for experiments in KOH) or gold plated tantalum (for acids). Finally
the aluminum foil was dissolved by treatment with the respective electrolyte to be
used. The electrode was washed with distilled water and dried at 120°¢.

Apparatus

The measurements were made with the apparatus depicted in Figure 1. The test
electrodes were mounted in a screw cap holder and current pick up was made via a
platinum ring in contact with the current collector screen of the ele?t ode. The
electrode holder was made of Plexiglas \#) for use in KOH or of Lexan b) ror use in
the acids.

The reference was a hydrogen electrode used in conjunction with a Iuggin
capillary of the design shown in Figure 2. Other designs than that in Figure 2
were tried but, at high current densities, gave poor results.

The cell was a 500 ml jacketed glass reaction kettle. The temperature was
controlled by means of an external circulating constant temperature bath. Reagent
grade chemicals were used without further purification.

Flectrode polarizations were measured galvanostatically employing two 12 volt
batteries of high capacity (automobile type) in series and variable resistances in
series with cell and batteries. The external iR loss between electrode surface and
opening of Luggin capillary was determined from oscilloscopic potential-time traces
on turning the current on and off. A relay with mercury wetted contacts{¢) was used
for this purpose. - The highest currents used were established with this setup in
less than approximately 1 p second. The time traces were measured with an oscil-
loscope d) in conjunction with a camera. :

Experimental Procedure

In Figure 3 the external iR-losses measured when the current is turned on (ﬂQ)

E:;Product of Rohm and Haas.
(C)Product of General Electric Company.
(d)Potter and Brumfield, JMP 8120 1c.
Tektronix, Model 561A with plug-in units 3AT and 3B3.
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and on turning it off (T;) are plotted as a function of the current. Approximately
5 minutes elapsed betweer the two measurements. The plot of ﬂ\ is linear and the
slope equzls that czlculcted from the electrolyte conductance gor this particular
geometry.

The plot is not linear for ! values of which fall below the line at high
currents. This deviation is due Yo the changes in temperature and electrolyte con-
centration in front of the electrode. .

By the time the electrode polarization is established the external iR-loss has
changed. By using the final value (ﬂ') this effect is eliminated. However, another
ons is introduc=d: the concentration'‘change also results in a liquid Jjunction
potzntial ep and a pH drop between capillary tip and electrode. Both effects decay
slowly and are, therefore, not eliminated with the iR measurement. In order to
eliminate these external non-ochmic potential drops one would use the initial value
T Father-thar the value on current interruption (1n.). Based on past experience
we believe that the error due to these sources is considerably smaller than the
error caused by the temperature change. We therefore used the final value né to
correct for the external iR loss.

The compromise necessary for correcting the polarization data introduces an
unavoidable error which, however, becomes significant only at very high current
densities.

The electrodes were prepolarized at low potentials to remove the initial
oxygen coverage from the platinum surface. The electrode was then allowed to
drift back to 1000 mv after which the measurement was made.

Results and Discussion

The experimental results obtained for 85% H PO), at lQOOC are presented in
Figure % and Figure 5 for air (1 atm) and Figure$s 6 and T for oxygen (1 atm).
Within the experimental reproducibility the curves are linear below certain load-
ings.

similar data were measured for 30% KOH at 70°C, for 20% H,SO, at 70°C and for
50% H:POy, at 70°C, all for air (1 atm) and for oxygen (1 atm). The data follow
the s&me general pattern as those in Figures 4 to T.

Within the initial approximately linear portion of these curves the internal

iR loss is very small, certainly smaller than the reproducibility of the results.
This means that the potential was the same for every catalyst particle in the elec-
trode and it is physically meaningful to normalize the data by dividing the observed
currents by the catalyst loading. The resulting specific current (per mg of cata-
lyst) is proportional to the true current density at the Pt-electrolyte interphase
if the concentration overvoltage is negligible, i.e., at low currents and especially
Oon pure OXygen.

Plots of specific currents versus the potential are presented in Figures 8 and
. This method of plotting the datz has the advantage that the difficulties
necourterad ir eliminzting the externzl iR drop at high current densities (I) (per
unit electrode area) ars largely avoided: quite large specific currents (i) can be
obtain=d at low overall current densities I if the catalyst loading is low. At the
other end of th= scalz probleme sometimes occur stemming largely from the increasing
irfluence cf impurities in the electrolyte or the performance of very lowly loaded
electrodes. This problem is =limirnzated by measuring the small specific currents at
hignly loaded electrodes and conzequently fairly large external currents. Under
tizcs eonditions dimpuri=ies in <he slectrolyte are ineffective becauss of the very
f platinum zurface to electrolyte in the electrode pores.

D
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The’ semi-logarithmic plots for pure oxygen in HpSOy and in KOH are linear

over such a wide current range that we feel justified in calculating specific

exchange currents and Tafel slopes from the curves in Figure 8. The results are
given in Table I.

Table I
Values for io and b at Pb2 = 1 atm obtained from steady state data.

Electrolyte Temperéture b (mv) i (4/mg) i (mA/cme)(a) E¥ (mV)(7)

30 Wg KOH 70%C 50+ 5 0.9 x 10'11: ¥ x 1010 1195
20 W% HyS0, 70°C 64hx5  1x 107 4 x 10710 1186
50 W4 HzPO, 70°¢C 60+ 5 ~1 x 107 ~l x 10710 1175
85 w% H%Poh 120°¢ 60 = 5 ~1 x 1074 ~4 x 10710 1191

’(a)Using 24 me/g for specific surface area of the Pt black. This
value based on BET and hydrogen stripping experiments.

Included in Table I are values for H3P0h although the data in Figure 8 are not
sufficient to accurately extrapolate to egquilibrium potential. 1In H3P0u the con~
centration overvoltage becomes noticeable at relatively low currents even on pure
oxygen. The kinetic data in this case were obtained by determining the Tafel -
slope b from the oscilloscopic traces and then extrapolating the low current end
of the curve in Figure 8 with this value for b.

The Tafel slope was determined by assuming that the electrode capacity c* is
potential independent below approximately 800 to 850 mV. We further assumed that
at not too large currents the concentration of oxygen at the catalyst surface is
approximately constant for a short time after the polarizing current is interrupted.
With these assumptions we can integrate the equation for the current after inter~
ruption.

243
-TE

-5 = = % &8 _ v
(1) 0=1i=1 +1i c* T - kee .

F

In (1) i, i, and ip are the total, the charging and the Faradaic currents respec~
tively, E is the electrode potential (iR free since experiment is done within linear
range of curves in Figures U4 to T), k is a constant and b the Tafel slope.

The integration of (1) yields

(2) E=K1+blog(K2+t)

: 2.3 ke
1 b log 5o

__bc* 2.3 E (t=0)
K =35 e &F° 5

By varying K; until the plot of log (KQ + t) versus E is a straight line we can
determine the Tafel slope b as the slope of this linear plot.

K

Furthermore we have
dE _ b
06 EeT O

4aE b
L AE = ———— .
( ) (dt)t =0 z.303 Kz
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The capacity C* is then given by

iF
o () o

(iF)t=0 is equal to the external current before interruption. We can therefore
determine the product kec from the value of K (or Kp). In Figure 10 plots of
log (Ke + t) versus E are given for the following two cases: )

(1) 20% H,S0), (11) 85% PO,
Po2 =1 atm P02 =1 atm
70°%C 120°¢
L= 4.9 mg Pt/cm2 L = 4.9 mg Pt/cn®
i = 300 ma/cm® i = 300 ma/cm®

The parameters of these curves (Figure 10) are presented in Table IT.
Table II

Determination of Tafel parameters from oscilloscopic E-t tréces_;
 after current interruption for experiments I and II above.

K, K v (aE/at), c* Ke 1
" (mv) (msec) (mv) (Volt/sec) (wF/en®) (ma/en®)  (a/cn?)
I(ng0) T66 8.0 66 3,56 843 9.77 x 1000 L.l x 102’5‘L
I (H;Pou) 760 2.5 57 9.90 30.3 1.6 x 10° k.3 x 10

The data in Table II are referred to 1 cmf external electrode area. The value for
the exchange current in H,SOy is for-saturation concentration at Py, = 1 atm since
the concentration overvoltage in this case was negligible (see FiguFe 8). Using
the value 24 m2/g for the specific surface area of the catalyst black we have for
the true exchange c.d. i5 = 1 x 1010 A/cme. The agreement with the steady state
data (Teble I) is satisfactory. '

The value for i, in Table II for HzPOy 1s of little value because it refers
to an unknown value for the oxygen concentration which, however, by evidence of
the curve in Figure 8 was less than the solubility at sz =1 atm.

Additional data, also obtained from oscilloscope traces, are listed in Teble
IIT. The agreement with the steady state results again is satisfactory.

The data for H,PQ;, in Table I agree with those detenmined(S) from experiments
on smooth platinum gur%aces in highly purified electrolyte.

_Table III
Tafel slopes determined from oscilloscope traces for Pbe = 1 atm.

Temp. L

i b
Electrolyte (°c) (mg Pt/cm?) (ma/cn?) (mv)
306 KOH 70 6.0 840 50
30% KOH T0 3.9 8Lo 51
204 H5S0y 70 6.0 1000 67
20% HySO0y 70 3.9 1000 70

~— e Thee . s e L T
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Curves such as those in Figures 8 and 9 have proven very useful in comparing

‘different catalysts. For this purpose one has to make e¢lectrodes which yield

curves like II in Figure 8. Other possible applicationz exist in such development
work as reductior in catalyst loading or agglomerate size where progress can be
seen clearly by comparing suitably reduced data with those in Figures 8 or 9. The
data also indicate how far any structural improvements can possibly be carried.

The shape of the curves for KOH is of particular interest. Curves of this
shape, with a sharp bend into a limiting current are not observed for eslectrodes
which do not have porous Teflon backing at the gas side. The present curves have
the general form usually expected for a flat sheet electrode with a Nernst diffusion
layer. We Velieve that this behavior is the result, at least in part, of internal
flooding of the electrode caused by the same process which, in the absence of a
Teflon backing forces electrolytes out the back of the electrode. This force on
the electrolyte increases with the current density and produces an increased thick-
ness of the electrolyte film which covers the porous catalyst agglomerates. Thus
this electrolyte film depends on the current density and, at high currents, sharply
limits the current.
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