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Introduction

Electrocatalysis may be defined as the relative ability of differ’
ent substances, when used as electrode surfaces under the same condi-
tions, to accelerate the rate of a given electrochemical process.

Unlike catalytic effects in the conventional sense, the relative
electrocatalytic properties of a group of materials at a given temp-
erature and concentration of reactant and product are not necessarily
constant. They may vary owing to the different dependence of rates on
electrical potential; that is, varliation in Tafel slope with substrate,
for the same electrochemical reaction. These differences in Tafel
slope may come about by variation of the symmetry factor from one sub-
strate to another, or by changes in the adsorption isotherm of reac-
tion intermediates. A problem of fundamental importance in assessing
electrocatalytic behavior i1s, therefore, the rational potential at
which relative reaction rates should be compared. It is generally con-
sidered that this potential should be the potential of zero charge
(p.z.c.) of the particular substrate, as under these conditions there
is no %h?rge—dependent electric field to influence electron transfer
rates (1).

It is more convenient in practice to measure rates at constant
potential with respect to a standard electrode. Under these conditions,
electronic factors which are involved in the chemical (p.z.c.) rate
equation cancel, so that a simplified dependence of relative rate on
free energies of adsorption of reaction intermediates results provided
the symmetry factor is constant (2,3). This point will be more com-
pletely discussed below.

The concept of electrocatalysis 1s rather recent, and has arisen
since the advent of research into fuel cells as a practical means of
energy conversion. The performance of such devices depends, at the
present stage of technology, almost entirely on problems concerning
electrode reaction rates rather than, for instance, mass-transport
processes. Typical Ho/Oz fuel cells, working at low temperatures in
acid electrolyte, are limited by the intrinsic rate of the oxygen
electrode. To date, platinum is the most effective material for both
hydrogen oxidation and oxygen reduction in acid medium. There is,
however, a considerable difference in the relative rates at a given
overpotential that can be maintained on a platinum electrode for
these two processes. Under ordinary conditions, the hydrogen oxida-
tion rate is approximately 107 times more rapid than that of oxygen
reduction. This difference results in an effective loss in efficiency,
due to cathode polarization, of perhaps 30 percent, and requires the
use of platinum metal catalysts in high loadings. This slow rate of
the oxygen-reduction reaction is well known, and is manifested in
practice by the low open-circuit potential of the cathode which
corresponds to rate control by an alternative process, the electrode
potential being determined by platinum oxidation (4), or impurity
oxidation (5), or by some parasitic redox process.
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The hydrogen electrode process on platinum has one of the fastest
specific rate constants known (apart from metal-metal ion reactions of
reactive metals and some redox processes) in aqueous solutions, where-
as oxygen reduction on platinum must by comparison be considered a
very slow process, though it is by no means the slowest reaction that
has been observed. *

One striking fact about reaction rates on different metal substrates
is the wide range of rate constants that are encountered for the same
process — for instance, some 10 orders of magnitude for the hydrogen
electrode reaction (6), and at least 5 orders of magnitude for oxygen
evolution on oxidized platinum (7). Recent work conducted in this
laboratory has shown that rate constants for oxygen reduction on
oxide-free noble metals in acid electrolyte vary by approximately 7
orders of magnltude. Wide rate variations for other types of reactlons,
for instance hydrocarbon oxidation, have been noted.

In this paper, past work on electrocatalysis will be briefly re-
viewed and correlated with some recent work on the electrocatalytic
properties of Group VIII and Ib metals and alloys for the oxygen re-
ductlon reaction in acid solution. Some of the consequences of this
study concerning the fuel cell oxygen electrode are discussed. 1In
particular, the electrocatalytic mechanisms of the hydrogen and
oxygen electrodes will be explored in detail, to determine the
likelihood of future increase in 0= electrode exchange currents.

The Mechanism of Electrocatalysis

In general, the study of specific reactions has glven some insight
into the factors controlling rates on different electrode substrates.
The reactions most broadly studied for this purpose have been —

1. Hydrogen evolution in acid solutiomn (6, 9, 10).
2. Oxygen evolution on noble metal oxides in acid solution (11,12).

3. Cﬁrtain hydrocarbon reactions, for example, ethylene oxidation (13,
14).

In comparing reaction rates for a specific process on different
metals, it 1s important to first ascertain that two necessary condi-
tions are met:

1. The process in question rust be the same on the group of metals —
that is, the rate-determining step must be the same in each case,
and the reactlion path, at least as far as the rate-determining
step, must also be the same.

2. The process has been compared on the different metals under the
same conditions — that is, -with the same surface preparation in
solutions of the highest possible purity, so that poisoning of the
electrode surface by adsorption of capillary-active matter is
avolded.

* Oxygen reduction on gold (8), and hydrogen evolution on lead or
mercury (6) are several orders of magnitude worse.
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The Hydrogen Evclution Reaction

It is generally considered (15-22) that the mechanism of the
hydrogen evolution reaction in acid solution on the majority of metals
studied involves the sequence

HaO' + M+ e~ - M — H + H20 (Discharge reaction) A Step I
which is then followed by either

H30+ + M—H+ e - M+ H20 + H> (Electrochemical or ion + atom
reaction) Step ITa

or
2M — H- 2M + Ho (Combination reaction) Step ITb

where M is a surface site on the metal.

Attempts to correlate the overpotential of hydrogen evolution
with the properties of the electrode substrate date back several -
decades. Bonhoeffer (23) in 1924 noted a connection between hydrogen
overvoltage and the rate of catalytic hydrogen combination. Correla-
tions between exchange current and interatomic distance (24<27g netal
surface energy (28,29), cohesion energy (30), melting point (2 3,
and compressibility (31), have been discussed by a number of authors.
In a similar way, Bockris and co-workers (6,32-34) showed that the
thermionic work function of the metal and its hydrogen overvoltage
were empirically related. Horiuti and Polanyi (35), followed by
other authors (36,37) had previously pointed out that the rate of
the discharge reaction (I) should be increased (that is, the activa-.
tion energy decreased assuming a constaent entropy of activation) if
the heat of adsorption of atomic hydrogen on the metal surface were
high. Rietschli and Delahay (9,38) attempted to establish this
relationship by considering an approximate calculation of the S — H
bond energy, based on the Pauling equation (39) as used by Eley (40)
for chemisorption phenomena, i.e.,

Dy-—g = % (DM-— M+ Dy_ H} + 23.0§ (XM _ Xle | (1)

where DM-— H is the M — H bond strength, DM -M is the metal-metal
atom bond strength, Dy_ g is the adsorbate bond strength, and XM,

XH are the electronegativities of the metal and adsorbate respec-
tively. As metal-metal atom forces are short range, DM - M is equated
to Lb/S for close-packed metals (9), where Ib is the latent heat of

sublimation. These authors (9) established that a good dependence of
log rate on DM - H existed, but they calculated the latter value

neglecting the electronegativity terms; that is, they showed that for
certain metals a correlation between Lg and the rate of the hydrogen

electrode reaction existed. As Ls is closely related to hardness,

cohesion energy, melting point, compressibility and surface energy,
this relationship is in good agreement with other correlations
based on these parameters (26,28-31). Conway and Bockris (6g
developing earlier ideas of Bockris and his coworkers (32, 34) showed
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that an approximately linear relationship exists between log i and
electronic work-functions for many metals with a second (inverse)
relationship apparent for a few metals (Tl,Hg, Pb) with very low
hydrogen evolution rates (i, ~ 10-11 — 10-13). They also point out
that, because of the empir18a1 linear relationships between work
function and Lb’ and work function and Xm, which hold for meny metals,

IM — g can be written in the form
A3 +Ba +C (2)

where @ 1s the work function, and A, B, and C are constants. In con-
sequence of this relation, and as log io and & are linearly dependent,

" a quadratic expression connects log io and the calculated (or experi-

mental*) values of Dy — g (41,42).

The same authors show that other relationships exist between &
and the percentage d charascter (% 4 contribution to intermetallic dsp
single-bond orbitals) (43) which is a function of atomic number and
interatomic distance (43,44). This serves to correlate earlier obser-
vations of rate dependence on the latter quantity (32). Similarly, a
linear % d character-log io relation is observed for the transition
metals. ~ .

The quédratic plot of log i, (or overpotential) against Dy bes,

like the log i /& plot, two distinct approximately linear regions,
with a positive slope for the transition metals and Group Ib, together
with Al, Be, and Ga, whereas a negative slope appears for Hg, Tl,

and Pb. Conway and Bockris (6) attribute this to the fact that on the
latter three metals, which probably have much lower _ ¢ values than
calculated owing to their electronic structures, reaction I is rate
determining, whereas on the remaining metals reaction IIa is rate

determining.

Volcano Piots

We may, in principle, write the forward rate equations‘for Reac-
tions I and ITa as follows:

- . .

N Ag G
@ Ter - B on tlew - - G- gt -4 O

N Az’ BAG
0 Ter Eratien- B R @

where [M], [H] and [H'] are the activities of metal sites, adsorbed
hydrogen, and hydroxonium ions, Ag  and A2 are metal independent

(i.e., adsorption independent) free energies of the activated complex
at ¢ = 0. AG, is the free energy of adsorption_of H, and ¢ 1s the

potential with reference to an arbitrary reference electrode. The
other symbols have their usual meanings. Following Frumkin (2), no
expression for &, the work function, aggears in the rate equation, as
this quantity is self-cancelling (2,3,46).

* Experimental and calculated (metal-hydride) values of Dy _ ; &re

in relatively good agreement, but differ by about 15 kcal, due to
the surface 'image potential® (45).
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Putting 8 = [H] and 1 — 6 = [M],, we have

" T . ag, - AGy, R (5)

(1) i=F" % (1 - 8)[Hlexp — g — (1 - B) - — B ﬁ%
)
(Tra) 1 =7 6l Iexp = gr® + - — 6 1 . ©)
: AG

Assuming that-T4%7; = (sz)aé - exp -~ ﬁTﬁ (7)

That is, the Langmiir isotherm applies for the equilibrium process IIb,

%H2+M-oM—H

(PHz)*2 exp — AG, /RT . 8
We can write 6 = (pHz 1% exp — AGA/RT (8)

Substituting for 8, we obtain

pury

- ag (HJexp — (1 ~ B)aG,/RT
kT F,
I 1=F- -5 exp(--ﬁTQ - F@) T + (pHz )¥2 exp — AGH/RT (9)

-

Ag! (PHz)"2 - exp (1 - B)AG,/RT
kT o T H
IT 1=F -7 (exp ab- e &ﬁ’f)‘l 7 ToHz]¥E exp = &0, /RT (10)_

These equations are similar to those developed by Parsons (4) and
Gerischer (48), and indicate that rates for both reactions have,
under these conditions, the same dependence on AG,- They indicate

that log i1 would be, at fixed potential and fixed pHz and [HY], an
ascending and descending linear function of AGy with a maxinmum at
AG,=0. If AﬁHis linearly coverage dependent, that is, if the
Temkin isotherm applies, a development of these equations show
that a simllar relation between i. and AGy , but with a plateau-
like rather a sharp maximum around AGy=0, should occur. Such
plots were given the name "vclcano plots” by Balandin (49),

though he discussed catalytic rather than electrocatalytic
cases. .

It has been claimed (50) that this approach will explain the fact
that metals such as Pb, Hg and T1 have low exchange currents
(AG,, > 0), whereas metals such as Pt or Pd (AG; presumed to be ~ 0)

have high values. In a similar way, metals with AG,< 0 (W, Mo, Ta)
also have low exchange currents.

As AGy values are not generally known, the general trend of this
parameter is equated to the experimental (or calculated) AH (i.e.,
IM _ H) values (6,9) assuming that the standard entropy of adsorption

is metal independent — that is, it corresponds only to the loss of 3
translational degrees of freedom (9). This assumption is, however,

probably not justified, as there is evidence that a compensation effect

between 4S,, and Al erxists. This implies that on surfaces where

b
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DM._ H is high, AS,, is low owing to the high degree of order in the
adsorbate. Similarly, on surfaces with a low4DM - increased
adsorbate mobility and hence increased AS, results. This is well
illustrated by Breiter's (51) experimental correlation of Al and
AS,; on platinum in different electrolytes where Dy, _  is modified
by differing degrees of anion adsorption. ’

A second, more important objection involves Parsons' (47) assump-
tion that the adsorbed hydrogen on the surface of the electrode is in

equilibrium with gaseous hydrogen via the combination reaction (Equa-
tion 7). On platinum, Parsons (47) has estimated the i, of this

© reaction to be ~10"2. As the process is non-electrochemical, it is

hard to see how the Hz =+ 2H equilibrium can be maintained in the Tafel
region (i > 10~ A/sq cm). On this basis, it would therefore seem
that this thermodynamic equilibrium is not the origin of the volcano- .
type 1 - DM - H relationship noted by Bockris and Conway (1 increasing
with DM'— H for Pb, Hg, Ti, decreasing with DM - H for transition .
metals (6). The relative rates seem best explained by the exponen-
tial dependence of i on increasing DM —F for the discharge reacpion

(Equations 5, 9) as suggested by Conway and Bockris (6,41, 42,52), for Pb,
Hg, and Tl, where low coverages of molecular hydrogen are encountered,
and vhere AG, 1is large and positive. For the Group Ib and transition

metals (except platinoid metals at low overpotentials (53,55), and
perhaps Fe (1)), the ion and atom reaction is considered to be

rate determining (56). 1In this case, we can assume that the pre-
vious step, the discharge reaction (I) is in pseudo-equilibrium. .
The equilibrium condition for this process (assuming ILangmuir condi-
tions) is

v 1‘3—5 = [Hexp — AGH/RT exp — Fp/RT : (11)

Hence [H*]exp — AG,, RT exp — Fo/RT

O = T THTex - &G, /RT &5 = Fp/FT (12)
where 8 is the surface coverage in [H ].
Substituting this in Equation 6 we obtain
- exp — (1 + B) Fo/RT — BAG,/RT

h T+ [H]exp — AG,/RT — Fo/RT

This expression has exactly the same form as Equation 10, and implies
again that a volcano-type relation should occur, with i decreasing
with decreasing AG, (increasing Dy _ H) for AG, < 0 (52,57). The

latter condition implies a high coverage of H, and hence favors the
ion and atom rate-determining step, as suggested by Conway and
Bockris for these metals (6,52,56,57).
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Heats of Activation and Frequency Factors

Heats of activation for the hydrogen evolution reaction are only
available for a few metals. Glasstone, Iaidler, and Eyring (58) quote
some early values, which indicate general similarity of preexponential
terms. Later values, obtained under conditions of high purity by
Parsons (55) for the combination and discharge reactions on platinum,
indicate that for both the heat of activation is about 5.2 kcal/mole
at the reversible potential. In the same work, Parsons (55) (see also
Temkin (59)) derives theoretically the preexponential terms of the
combination, ion, and atom and discharge reactions. For the discharge
reaction, the quantities are about 2 X 10¢ A/sq cm (g » 0), and 2 X 107
A/sq cm (8 - 1); for the combination reaction 3 X 10° A/sq cm (g - O)
and 2 X 107 A/sq cm (6 - 1); and for the ion plus atom reaction
éassuming a mobile activated complex) 40 A/sq cm (6 - 0) and 10% A/sq cm

6 - 1). These values are in reasonable agreement with experiment (55).

Conway, Beatty, and DeMaine (60) measured activation energies on a
series of copper-nickel alloys. They found that in each case the acti-
vation energy was temperature dependent, but that the value for copper
was less than that for nickel (in agreement with other workers (61,
62)). The values for the alloys were nonlinearly dependent on the atom
percentage of the components. However, at constant overpotential, the
difference in the heats of activation on copper and nickel was shown
to be reasonsbly consistent with experimental values of Dy_pgon

these metals, assuming Equation 13 applies in its simplified form
for AG, negative (i « exp + (1 — B) AG./RT), hence energy of activation
« (1 - B) AH, . Hence, the fact that i  on Ni is greater than that
on copper indicates that in all probability the Arrhenius preexponen-
tial terms for these two metals are very different, and perhaps implies
a higher coverage of H on nickel. Similarly, if coverage is markedly
temperature~dependent, the norilinearity of the Arrhenius plots is
accounted for.

On the basis of Parsons' (55) and Temkin's (59) theoretical calcu-
lations and the experimental data of Conway et al. (60) the assump-
tion of a constant Asact (or preexponential Factor, assuming @ to be

constant) over a series of metals is improbsble. It is clear from
Equation 13 , assuming AGH is large and negative, that

i« exp (1= 8) AGH/RT

Hence, assuming that the preexponential factor is independent of the
metal, we may write

2.303 log i = (1L — B)AHH/RT

Hence, with 8 = %, the slope of the linear log i — AHy plot should be

1/4+6 RT (about 0.36). Data of Conway and Bockris (6,41) show that
for metals with a large AH,, the slope 1s appreciably less than this,

again suggesting that the preexponential factor is important in deter-
mining the overall rate, and that a "compensation effect" between

AHact and the preexponential factor, as is often noted in gas-phase

caetalytic processes, appears to apply in this case.

_— e e .
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Recently, Bockris, Damjanovic, and Mannan (10) have reexamined
the hydrogen electrode reaction on a number of pure metal and alloy
systems. The systems were chosen to maximize the change in one par-
ticular parameter — for instance, d-orbital vacancies or internuclear
distance. The results obtained again show the dependence of rate
constants on % 4 character and d-orbital vacancies. In addition, io

appears to be linearly dependent on internuclear distance (which
depends on lb and electronegativity when other electronic character-

istics are constant). Essentially, these results confirm that for
similar systems, i depends on those characteristics which determine
the strength of the M-H bond.

The general picture that emerges is an approximate dependence of
log i, on the heat of adsorption of atomic hydrogen, but experimental

evidence of the effect of the preexponential factor in the rate ex-
pression is not at present available.

Electrocatalysis in Other Systems

Rietschi and Delahay (63) have examined Hickling and Hill's (64)
oxygen evolution overpotential data in terms of the strength of the
M-OH bond, using arguments similar to those for the hydrogen evolu-
tion electrode. The rate-determining step for the oxygen evolution
reaction in acid solution is generally accepted to be the water dis-
charge reaction (65,66).

S + HaO = S-OH + H™ + e

where S is an active surface site on the (oxidized) metal surface.
On this basis, the heat of activation of the oxygen evolution reaction
should depend on the strength of the 3-OH bond. RHetschi and Delashay
(63) assumed that this could be equated to the bond strength of the
metal hydroxide, which is reasconable in view of the fact that at
oxygen evolution potentials, metallic electrodes are always covered
ith a superficial oxide layer, which reaches a thickness of several
Xngstréms on Pt (67).

Dahms and Bockris (13), and Kuhn, Wroblowa and Bockris {14) have
examined ethylene oxidation in acid solution on a series of noble
metals and alloys. The latter workers established that a volcano-
type relationship existed when log i at constant overpotential was
plotted against d-orbital vacancies or Ib' Approximately two orders

of magnitude positive change in i was noted in going from Au to Pt,
with a further negative change of approximately three decades through
iridium, rhodium and ruthenium to osmium.

Ethylene oxidation was shown te have a negative reaction order
on platinum, and this was interpreted by postulating that increasing
ethylene coverage reduces.the coverage of adsorbed OH radicals on the
electrode (13). The OH is derived from the oxidation of water, and
is directly involved in the chemical rate-determining step. This rate,
on the ascending side of the volcano, is controlled by increasing metal-
adsorbate bonds, whereas in the descending side the major influence is
in the preexponential term of the rate expression — that 1s, the de-
creasing coverage of ethylene in the face of increasing —0 or —OH
adsorption.
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A process of this type indicates a special case of electrocatalysis

where increasing rate as the metal-adsorbate bond-strength increases

is compensated bv decreasing coverage due to competitive adsorp- I

tion. ‘''his eTrfect would be expected to be even more marked under the

Temkin conditions of adsorption, where the strength of the metal-

adsorbate bond falls as the total coverage of the adsorbate increases.

Oxygen Reduction on Phase Oxide-Free Precious Metals in Acid Solution

Recent work in this laboratory on the oxygen reduction reaction
carried out on a range of precious metals and alloys in 85% orthophos- 1
phoric acid solution under high purity conditions indicates that
inltial electron transfer to an adsorbed oxygen molecule is rate
determining on Group Ib and Group VIIT metals and alloys, provided the /
metal surface was initially ln the reduced condition — that isg, it
carried no phase oxide.

In all probability the rate-determining step also involves a pro-
ton, thus:

S+02+H++e'-302H

This is in agreement with pH dependence work carried out on plati-
num electrodes in dilute perchloric acid at constant lonic strength
(68) and is in general agreement with mechanisms suggested for other
metals in acid electrolyte (69,70). At potentials sbove about 800 mV
on platinum, 650 mV on rhodium, and 750 mV on palladium, intermediste
coverages of absorbed oxygenated species derived from water oxidation
are present on these metals (71,72,73). The coverage of these species ‘

is linearly potential dependent, and can be approximately described by
the Temkin isotherm (72,73). On iridium (73), ruthenium (7%), and :
osmium (75), high coverages of oxygenated compounds are present, and the
coverage~potential relationship seems to be more nearly langmiirian. 1
On gold, very low coverages of the oxygenated compounds are noted (71),

and again the appropriate isotherm is Iangmuirian.

The rate of the forward reaction in oxygen reduction may be . written

- - 28, — (1 - ) AG, + BAG - ‘
1 = KL gx[pr)exp——20 i L oxp Bl (1)

where g* is the coverage with molecular oxygen, 280 is metal indepen-
dent, Aﬁp is the standard free energy of adsorption of the reaction
product {S0zH), AGP 1s the standard free energy of adsorption of oxygen

molecules, and 8 is the symmetry factor. It is assumed that the stand-
ard state forgq is g = 1/2. If AGp and AGr are not potential dependent

(that is, the Langmuir isotherm applies), the Tafel slope for this
process will be 2RT/F, if B8 = 1/2. This is experimentally observed
on gold, silver, osmium, ruthenium, and iridium.
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Oxygenated compounds are adsorbed on the electrode according to
an equilibrium of the type (5,68)

S + H20 = S-OH + H" + e *

The equilibrium condition for this reaction is

exp(Fp/RT) (15)

T8 —g - KH0) [ exp I;—AGOH/RT

where again §* is the coverage of molecular oxygen by direct
absorption, AGoriis the free energy of adsorption of —OH, and k is a

metal-independent constant.

If we assume g* to be small compared with 8 in the intermediate
coverage range (0.2 < 8 < 0.8) where Temkin adsorption might be ex-
pected to apply, with §/1-5 approximately constant in this range of
6, we can write

log [H'] + AGgy RT = Fp/RT + const. (16)

If we assume that the heat of adsorption of 0O2H is similarly affected
(68) by the changes in coverage, and heat of adsorption of OH, then
with 8 = 1/2, and substituting Equation 16 in Equation 14 we
obtain

i« [p02] [HH¥ exp (~Fo/RT) (17)

which is in agreement with experimental data on platinum (68), :
palladium and rhodium. This equation assumes that ¢* < pOz (that is,
9* 1s small, and AGr is small and independent of changes in 6). Under

Temkin conditions of adsorption of —OH the effective rate constant of
the reaction falls as 9, hence potential, rises and the reaction can
be considered to be progressively poisoned by adsorbed oxygen atoms or
OH radicals.

It is of interest to consider the type of relation we would expect
between the forward reaction rate of the reduction reaction and AGp-

Assuming that molecular oxygen 1is adsorbed following the Langmuir
isotherm, we can write

*
— o — = [pO=]exp — AG,/RT (18)
where 1 — 8* — @ is the available activity of vacant metal sites.
Hence, from Equations 18 and 15, at constant pOz, Hz0 and H'

8* = k™ exp (AGgy — AC, — Fo)/RT (19)

* The S-0H is probably oxidized further to 3-0, but this causes no
further change in the total coverage.
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Trom Egquation 15 , assuming that 8% is small compared with 6

K exp (o - AC—OH)/RT

b =TT T e e — 455}/ (20)
@rom Equations 14 , 19 , and 20 assuming g = 1/2
exp — AG,_/2RT exp — AG,./2RT
. r/ p/ (21)

TC TE R ew (0 - Moy/Rr . PP Fo/RT

is Aip (free energy of adsorption of OzH) and AGqy (free energy of ad-

sorption of OE) should change by similar amounts from metal to metal,
Equation 21 can be written at constant 6

exp — AG,/2RT exp — AG,,/2RT

T exp — AG,/RT (22)

C1.is expression again has a maximum at AGOH = 0; increasing with
AGOH for AGOH > ¢, and decreasing for AGOH < 0.

E-perimental Data on Oxygen Reduction ,
Figures 1-5 show data for a range of metals and alloys for the R

ovygen reduction reactior of 85¢% orthophosphoric acid. Volcano plots
are observed when i ( at 25°C) .at a potential of 800 mV with respect
to a hydrogen electrode in the same solution are plotted against metal ,
- perameters that are known to influence heat of adsorption Ib’ d-

orbital vacancies, ¢ d character). In addition, a plot of i against
trne heat of adsorption of the oxygenated reaction intermediate 1is
shown.

The latter has been cealculated relative to the value for gold,
agssuming that Paulings' equation for heat of adsorption holds for
the adsorbed product Zn the rate-determining step (—02H) and assuming
that the electronegativity of oxygen in the adsorbate can be put
equal to 3.5. Electronegativity values for the metals are derived
from Gordy and Thomas (7€) and L, values are from Bond (7€). Data

are included here for a range of pilatinum-ruthenium alloy electrodes.
In this case, each parameter plotted has been assumed to be directly
dependent on the atomic corposition of the solid solution.

Published polarization data on platinum-rhodium alloys in dilute
sulfuric acid (79) make it appear that they could be accomodated on
the rising side of the vclcano in the same way as the Pt-Ru alloys
and similarly, data on the platinum-gold and palladium-gold alloys (60)
suggest that they woulc fall on the opposite side of the volcano.
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In the present work it was possible to compare the heat of activa-

" tion measured for each metal or alloy system with a calculated value

(relative to platinum).+ The S-0=H bond strength (aAG.) calculated from

Pauling's equation relative to that for platinum was substituted in
Equation 1% , assuming g = 1/2, and ignoring changes in AGr over the

series of metals. A plot of this value against experimental activation
energy at n = —460 mV is shown in Figure 6. For the materials exhibiting
Temkin adsorption (Pt, Rh, Pd and some Pt-Ru alloys) a small correction
had to be made to the experimental energy of activation because of the
different value of the Tafel slope under those conditions. Horizontal
lines on the plot indicate the uncertainty in the calculated values of
heat of activation corresponding to +0.1 unit uncertainty in metal
electronegativity, whereas vertical lines are estimated experimental
uncertalnties in heats of activation. It can be seen that a satis-
factory agreement exlists between calculated and experimental values,
thus confirming earlier suppositions that this should be the case.

It should be noted that no satisfactory correlation was obtained for
silver, whose Pauling electronegativity (1.9) predicts a much higher
bond strength than would seem to be the case here.#

It is clear that for this electrode system, the major differences
in the rate over the series of metals studied are due to changes in
preexponential factors rather than in heat of adsorption. In Figure
7, the experimental value of the preexponential factor for each metal
or alloy has been plotted against the experimental heat of actlvation.
For the Group VIIT metals and alloys a very good "compensation effect"
is exhibited with the preexponential factor increasing over more than
five decades from osmium to platinum. Gold and silver have similar
preexponential values, but substantially greater heats of adsorptlon,
than those on platinum. From Equations 19 and 20 , assuming AGr

not to vary substantially over the series of metals examined (as
implied in Figure 6), the coverage of molecular oxygen 6* can be
expected to be proportional to (1 + k exp — AGOH/RT It will

therefore be low for metals of high negative AGgy (e.g., osmium), and
will rise as AGyy increases. The rise will be slow, however, after
AGoy ~ O (platinum). At least part of the variation in preexponential

factors may be explained in this mammer. It is also apparent that the
entropy of the adsorbate may not be metal-independent, but may depend
on the heat of adsorption. The experimental values of the preexponen-
tial factor on platinum, palladium, gold, and silver are high — of
the same magnitude as those calculated by Parsons (55) for mobile
adsorbates 1n the hydrogen reaction. Thus, it is probable that the
loosely bound adsorbate on these metals is relatively mobile. 1In-
creasing heat of adsorption on going from platinum to osmium should
decrease adsorbate mobility so that the adsorbate entropy, hence the
standard free energy of the activated complex, 1s decreased.

$ The observed difference between the activitieé of gold and silver in
acid and alkaline solution is very striking.

'+ The absolute value of the 0=H bond strength cammot be determined, as

the D,_» value — that is, the strength of the 0-0 bond in a hypothetical
diperoxyl éompound — ig indeterminate.
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Summary and Application to Fuel Cells

It thus appears that the oxygen electrode reaction 1s thermodynam-
ically limited on the noble metals. Preexponential factors of the
rate-determining oxygen reduction reaction are close to those of the
hydrogen electrode reaction, but heats of activation are very much
higher. Attempts to reduce the heats of activation by increasing
the heat of adsorption of reaction intermedliates simply result in
lowered rates due to compensating changes in the preexponential
factor. The rate of the oxygen electrode reaction under Langmuir
adsorption conditions 1s an ascendlng and descending function of the
standard free energy of adsorption of —02H (or similar oxygenated
species), with a maximum when this quantity 1s equal to zero. This
occurs approximately at platinum as 1s the case for —H in the hydro-
gen electrode reaction. Consequently, it seems to be highly improbable
that the rate constants of the oxygen reduction mechanism on the
noble metals In acld solutlon can be substantlally increased from
present levels. '
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THE EFFECT OF ADSORPTION OF NEUTRAL AND IONIC SPECIES ON THE
KINETICS OF REDUCTION OF OXYGEN AT PLATINUM ELECTRODES

S. Gilman and L. D, Sangermano

NASA/Electronics Research Center
575 Technology Square
Cambridge, Massachusetts 02139

ABSTRACT

The kinetics of electrochemical reduction of oxygen at platinum electrodes is
sensitive to the presence of surface-active substances in solution. In acid solutions,
the effect of anions and of organic substances is particularly pronounced while in
alkaline solutions heavy-metal ions produce the most striking effects. Adsorption
from acid solutions has received considerable attention over the past decade but few
detailed studies have been performed in alkaline solutions. In the present investiga-
tions, the surface of a "clean" polycrystalline platinum electrode was characterized
in KOH solutions by means of voltage-sweep techniques. Time effects were studied as
a function of ‘solution purity and as a function of controlled additions of carbonate
and other common contaminants. Preliminary studies were made of the kinetics and
thermodynamics of heavy-metal ion adsorption.
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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
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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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SOME INFLUENCES OF STRUCTURE IN FIIM-TYPE OXYGEN CATHODES

T. Katan
Lockheed Palo Alto Research Laboratory
Palc Alto, California Q4304

and

E. A, Grens, II
Department of Chemical Engineering, University of California
Berkeley 94720

ABSTRACT

Measurements were taken of the performance of oxygen elect-odes consisting of
beds of silver spheres operating in 13.5 M KOH at 95°C. The intrinsic meniscus was
positioned in a fine silver mesh, and silver spheres were added to the gas side of
the mesh while constant cathodic current was applied. Classified spheres were used
in sizes ranging from 1L to 156 microns in diameter, and electrode thickness was
gradually increased to about 3000 microns. In these electrodes, the electrochemical
reaction occurs beneath a film coating the walls of the gas-filled pores between
the spheres.

Several effects can be observed when such electrodes are built up. Increased
performance is generally noted until a certain thickness is obtained. For spheres
with diameters of about 156 and about 86 microns, if the electrode is made thicker
than 800 microns, little further improvement in performance is found, However, as
successively smaller sphere sizes are used, the increase in performance expected
for the increased specific surface area becomes offset by another, detracting
influence. As electrode thickness is then built up beyond a certain thickness,
performmance is found to decrease with further increases in thickness. This effect
may be an important factor in considerations of electrode design.
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CATHODIC OXYGEN REDUCTION ON COBALT PHTHALOCYANINE
J. B2ti, ¥W. Vogel, K. Routsis, znd S. Anderson

Advanc=d Materisls Research and Development Laboratory
Pratt & Whitney Aircraft
Middletown, Connecticut 06457

Metzl phthalocyarin> complexes have bae? eported to have =lectro a$4lyt1c
~ctivity for oxygen rzduction in both acidic and basic ele tfolyte= and a
vatent has been issued for their use in fuel cell electrodes. Sln<(’[.1 the specific
conductancs of all phthalocyanines is vary low, about 107 ohm=1 it has been
th2 practice to disperse these compounds in conductive supports in order to utilize
their catalytic activity. This renders it impossible to estimate the true specific
activity of the phthalocyanine surface or to decide whether their activity is lim-
ited by their seemingly prohibitive resistivities. For example if one postulates a
phthalocyanine surface which draws a current of 0.2 ma/cmg, i.e., approximately that
obtained from the reduction of oxygen on platinum at 800 mv, a current path length
of 1y through the phthalocyanine crystal would cause an internal resistance polar-
ization of 2 volts. Under these circumstances any polarization data obtained on
vhthalocyanine =lectrodes would reflect the effective electrical contact of the
phthalocyanine crystal with the conductive support rather than the transfer resis-
tance of oxygen reduction on the catalyst.

We have examined the electrochemical behavior and activity of a number of thin
filme of cobalt phthalocyanine in order to separate the resistive and charge trans-
fer components of oxygen reduction and to evaluate the true specific activity of the
phthalocyanine surface.

Experimental Part

Cobalt phthalocyaane was prepared by the reaction of cobalt metal with o
cyanobenzamide at 250 C. The product was purified by precipitation from con-
centrated sulfuric acid and sublimation under vacuum. ?6¥151ble spectrum of the
sublimed =ample was identical to those in the literature.

Several electrodes were prepared from this material:

2) CoPc was dissolved in concentrated H,SOy, mulled with a desired amount of
Columbia Neo Spectra carbon or Shawinigan Black, and precipitated on the carbon by
dilution in ice water. This resulting powder was mixed with 30% by weight of
Teflon 30 dispersion and sprayed on Au plated tantalum screen. Sintering and
pressing completed the electrode.

b) CoPc was sutlimed orto gold foil under vecuum to form films with loadings
of frzm 0.05 to 0.1 mg/cmc, altiiough of varying uniformity of thickness.

c) CoPc wac adcorked on Columbia Neo Spesctra carbon from pyridine solution.
Adsorption isotherms werc obtaired by mezsurirg the change in concentration of CoPec
i:. zoluiion spectrophctomstriczlly. Conditions were chosen under which 2 monolayer
35 patonlocyanine would furm on the carbon and catalysts were preparad by filtering
hel bor: from the Dy“l”l e =zclution after @4u1115'1t on. The result2n§ powder

i 2t s0°C to remove the pyridinc and mournted as trin layer electrodes

Before the ~dzormtior of CoPe, samples of Columbia Neo Spectra carbon (1000
mé/g) were pretrestad in three different wayc. The first was heated at 420°C under
oxygen to give an =z2cid surface which, or titrstion with base give 1% m =2q¢/g of
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surface acid species.(g) The second, evacuated at 400°C and exposed to oxygen at
room temperature had a basic surface, which had 0.5 m eq/g of basic spccies. The
third was the initial untreated Columbia Neo Spectra carbou.

These electrodes were examined variously in a floating electrode cell,(9) a
conventional three compartment cell with gold counter electrode and platinum refer-
ence electrode, and as submerged gas electrodes in the manner described for the thin
layer electrode. T .

Results and Discussion

Screen Electrodes

Screen electrodes were first made by method (a) and parameters were varied to
give the best possible performance. For instance mechanical mixing of the phthalo-
cyanine and carbon gave poor results relative to a catalyst made by mulling catalyst
and support in HpS0y. Furthermore, highest activity was displayed by a catalyst to
support weight ratio of about 1:1 and the higher surface area Neo Spectra carbon
(1000 m2/g) proved superior to Shawinigan black (70 m/g). Data for these compari-
sons are given in Table I and were obtained from floating electrodes in 50% H3P0h’

The effect of each of these variables was such as to suggest that the best
performance was achieved when maximum electrical contact was established between
the catalyst and the support. Thus the high resistivity of the solid phthalocyanine
appeared to limit catalytic activity.

The polarization curve for the best electrode of Table I run in half cell
configuration in 30% HpSO), is shown in Figure l. Since the available surface area
of the CoPc was not known, nor the contribution of internal resistance to polariza-
tion, no caleulation of the intrinsic activity of the CoPc surface could be made.

Table I

0o reduction

Wg coPc** carbon ma at mv¥*¥
in Catalyst Powder Support OCP 10 100 200
30 Sh. Bk. 755 210 - ——-
50 Sh. Bk. 789 k10 310 260
T0 Sh. Bk. T60 345 220 -——
30 Sh. Bk.* 802 148 ——— ——
50 N. Sp. 750 570 360 260

Films of CoPc on Gold

If the major portion of the polarization of phthalocyanine electrodes were
caused by the internal resistance then the cathodic reduction of oxygen on thin
films of CoPc on gold would be inversely proportional to film thickness. As is
shown in Table II this effect was not observed for films of phthalocyanine sublimed
onto gold foil. The current density at a given voltage appearcd to be independent
of film thickness. Moreover when an electronic interrupter measurement was made on
the film no sharp jump characteristic of internal resistance was seen. In agreement
with these observations the activation energy for oxygen reduction on this film was
cezlculated from experiments 2t several temperatures to be less than 15 K cals/mole

*Mechanically mixed. All others mulled in H5SO).
¥*plectrode contains 30% TFE.
el TO IR A HzPOy, 70 C.
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whereas the activation energy for intrinsic semi-conduction in CoPc, the expected
value if conductance limits performance, has been measured as 36 K cals/mole.(h)

Table II

Oxygen Reduction on Films of CoPc of Varying Thickness on Gold

Film Thickness® 05 Reduction™
ma/cm2 wa at 500 mv

.01 17

.05 b

.58 . 8

The apparently contradictory results obtained from screen electrodes and CoPc
films might be reconciled if one assumed that the films of CoPc were porous and
that, due to high internal resistance, oxygen reduction only took place at the
bottom of the pores, where phthalocyanine was in good electrical contact with the
gold foil base. Then no internal resistance would be observed although a large gas '
concentration polarization might be expected in the pores. The porous nature of
these films was proven by electrodepositing gold and copper on them. Thus, although
the plating current was kept constant no deposit was visible except towards the end
of the experiment when microscopic metallic beads appeared on the surface.

The CoPc films' were also investigated by cyclic voltammetry under N, at scan
rates of 410 mV/sec. The CoPc film disintegrated rather rapidly in the electrolyte
if the electrode was polarized to low potentials (E* =0 to 50 mv versus S.H.E. in
same medium). The samples were therefore kept at E¥ = 300 mv. Under the conditions
used the currents were due within a few percent solely to reactions of the electrode
material, i.e., CoPc.

Progressive changes which occurred on repeated cycling of a characteristic film
are shown in Figure 2. We see initially (Curve A) two redox systems designated by
I and II with equilibrium potentials of approximately Ef = 900 mv and E;I = 700 mv.
The original red-purple electrode color remained the same during the first potential
cycles. These curves rapidly changed during subsequent cycles, the change being the
more rapid the thinner was the film. An intermediate state was reached, character-
ized by curve B in Figure 2, and by a clear blue color at low, and the former red=-
purple color at high potentials. Eventually a new couple III appeared at around
E?II = 450 mv which became the dominant feature. Simultaneously the color changed
to grass green (at potentials cathodic to peak III) and purple (at higher potentials)
without any blue intermediate. It is probable that the reactions involved in these
couples are zhe redox reactions of central Co ion involving the valencies 3+, 2+,
1+ and zero. The measured resistance of the dry film wag approximately L4000 to
5000 Q cme corresponding to a specific resistivity of ¢ = 10 0 cm. The maximum
currents in Figure 2 (curve C) are L.5 ma/cm2 and these peaks are separated by 50
mv. The IR loss within the film therefore could not be larger than 50/2 = 25 mv.
If the original resistivity were maintained during the experiment the thickness
A of the layer involved_in reaction III would have to be thinner than approximately
) Ra/c nd 25/1&.5 x 10'8 =~ S5A. A calculation based on the density of CoPc shows
that a layer this thin can produce a charge of only 0.01 pu Coul/cm2 whereas the
total area within the Curve C of Figure 2 indicates that changes two orders of
magnitude greater are involved (Table III). These changes, in Table III, would be
consistent with the case where approximately 20% of the thickness of the CoPe film
was involved in the redox reaction. One must therefore conclude that the resistiv-
ity of the CoPc breaks down as a load is applied to the electrode film and that the
operating resistances of the film are lower than those measured in the dry state.

*ITepared by sublimation.
Tafel slope approximately 160 mv.
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Table III

Coulometric Behavior of CoPe Films during Cyclic Voltammetry

CoPc Loading Area Charge
[mg/cm?] lm Coul/cm?) [coul/mole CoPecl
.055 5.8 6.0 x 104
075 5.9 4.5 x 1oi++
.095 L.9 3.0 x 10

The electrical circuit at the CoPc/electrolyte interface has to be completed
by Faradaic reaction since capacity currents would not be sufficiently large. For
this role we assume H' ions to be the most likely reactant according to the diagram:

CoPc

Gold Electrolyte

<« H

VWA

Without supply of Y into CoPc the reaction could not proceed even if elec=-
tronic conductance were sufficient. Hence the reduction of the cobalt ion requires
the formation of the protonated form of phthalocyanine (free-base). The model which
emerges from these arguments, which can explain at least some of the observations is
as follows: The CoPc in contact with the electrolyte acquires electronic conductiv-
ity by the passage of protons from the electrolyte however due to limited ion-
conductivity only a fraction can react during a voltammetric cycle.

The catalytic activity of the CoPc films on gold is therefore a complex combi-
nation of reaction at the bottom of pores in the film and extending into the film
because of the increased conductance of phthalocyanine under load. It is thus not
possible to evaluate the true specific activity of the phthalocyanine surface from
polarization data on these thin films.

Formation and Catalytic Activity of CoPc Monolayers

Cobalt phthalocyanine adsorbed strongly from pyridine solution onto carbon.
The equilibrium concentration of phthalocyanine in solution was measured spectro=-
scopically and the concentration on the surface of the carbon calculated by the
difference. The adsorption isotherms are shown for the three different carbon
surfaces in Figures 3, 4 and 5. These have the sharp elbow and saturation coverage
characteristic of Langmuir adsorption and indeed the %sotherms may be plotted
according to the linear form of the langmuir isotherm{1l) (Figures 6, 7 and 8).

cp = concentration of CoPe in solution (mg/liter)

Cg = concentration. of CoPe on surface (mg CoPc/mg carbon)
Cy = surface concentration =2t satur~tion coverage

K = adsorptior <cguilibrium constani

The saturation coverages for each carbon surface were very similar, Table IV,
suggesting that in strongly bzsic pyridine colution differencse in surface species
was minimized. The surface 2rea occupied by one CoPc molecule at saturation coverage
ie also listed and zhowz that the CoPec was concidrrably lwcs than close packed sincc
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aataly 180 .1t s urlikely that the very small

the CoPc wmolicule iz =pproxi
carbon particles, § diam eter, have pores sufficiently large to occlude the CoPe
mol=cules thﬁrafore we assume the CoPc to be dispersed on the surface of the carbon

znd in strong interzetion with it.
Table IV

Saeturation Coverage of CoPc adsorbed from
Pyridine Solution on Various Neo Spectra Carbon Surfaces

Saturation Surface Area per
Surface Coverage CoPc Mglecule
Pretreatmant mg CoPc/mg Carbon 2
Untraated 0.107 880
Acidic 0.135 700
Basic . 0.141 670

Since CoPc is insoluble in 20% HpSOy it was possible to use these preparations
in electrodes for oxygen reduction. Thus the activity for oxygen reduction of
nonolayers of CoPc could be measured; a condition where there is no possible resis-
tance to thz passage of electrons from the conductive support to the active site
and hence whire internal resistance should be negligible.

The catalyst powders were mounted in thin layer electrodes(7) designed to
eliminate gas concentration polarization and electrolyte IR losses. Polarization
curves for oxygen reductior on phthalocyanine supported on the three different
carbon surfaces are shown in Figures 9, 10, 11. The linearity of the Tafel plot
and its lack of dependerce on catalyst loading confirms that these data refer only
to charge transfer.

The current density, plotted as ma/mg CoPc, was very nearly the same for each
of the three carbon surfaces and only slightly greater than for the carbon without
CoPc (Figure 12). Since the phthalocyanine was spread as a monolayer the exchange
current could be calculated assuming 180 per phthalocyanine molecule. This gave
a value of &4 x 10711 a'nps/cmC for i, and a Tafel slope of 160 mv for CoPc on the
acid carbon surface. The other surface were not significantly different. Thus
tha CoPc surface 1s rather weakly catalytic; only slightly better than the carbon
on which it 1< supported. The presence of different surface species under the
adsorbed phthalocyanine appears to have littls effect on the catalytic activity
although th2 basic carbon surface seems to lower the activity slightly.

Polarization date for the best screen electrode made from CoPc by method (a)
is also plotted on the basis of ma/mg CoPc in Figure 9 for comparison. Its lower
performznce points out that this electrode did not make the most efficient use of
th2 prnthalocyenine on the carbon possibly because all the phthalocyanine was not
ir 2lectrical contact with the support.

Dizcussion

Cyclic voltammetry of the thin films of phthalocyanine showed that the resis-
tanes of tnz prthalocyznin~ decreacsed at cathode potentials as the oxidation state
o7 th2 central ion chang=d. Hence despite the very high iritial resistance of
phthalocyanine there iz probetly not ean important resistance contribution to
cathode polarization. Tkis behavior would imply that the activity of cobalt
pnthalocyanine mixed with o conductive support in a screen z2lzctrode should be
clocse to the intrinzlic zetivity of the availabls phthalocyanine. Thiz assumption
iz borne out ty th2 very similar activity o7 thin laysr =lectrodes with monolayers
2f phthalocyznine ind the ccreen electrodec in Figure 9.
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_Undoubtedly the nature of the surface in which the phthalocyanine is supported
may have a large effect on its activity and therefore some support other than carbon
may be found giving enhanced activity. Indeed the crystalline morphology of the
phthalocyanine itself is known to affect catal(ﬁis activity of a number of phthalo-
cyanines for the decomposition of formic acid. 2 "Moreover the mechanism for the
reduction of oxygen on a semi-conductor surface will certainly be complicated by
changes in the electronic structure of the central metal ion. However the present
study demonstrates that electronic conductance through the semi-conductor is not a
limitation in the case of cobalt phthalocyanine but that the electrochemical reaction
at the catalyst surface is the slow process.
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Figure 1

OXYGEN REDUCTION ON CoPc SUPPORTED
ON NEO SPECTRA CARBON IN A SCREEN ELECTRODE
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Figure 2

CYCLIC VOLTAMMETRY OF CoPc FILM
SUBLIMED ON GOLD
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Figure 3
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ADSORPTION ISOTHERM CoPc
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Figure 7
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PREPARATION AND ELECTROCHEMICAL TESTING OF INTERSTITIAL
COMPOUNDS AS FUEL CELL CATALYSTS ’

by
8. Akhtar, C.T. Grein, and D. Bienstock ) 4

U.S. Department of the Interior, Bureau of Mines,
Pittsburgh Coal Research Center, Pittsburgh, Pa.

INTRODUCTION : 14
In March 1966, the Pittsburgh Coal Research Center of the Bureau
of Mines, at the suggestion of E. Cohn of the National Aeronautics
and Space Administration and funded by this organization, initiated
a sé;dy of the interstitial compounds of the:transi:ion metals as ’
fuel cell catalysts. vThe interest in the work was generated by a
preliminary obseyvation at Tyco Laboratories, Inc., of Waltham, Meass.,
. thet the interstitial carbide x-FepC is an active catalyst for Fhe
electrochemical reduction of oxygen. The Bureau's part in this
program was to prepare cathode catalysts for a}kaline hydrogen-oxygen
fuel cells operating at low temperatures; the cathodic activity of
these preparations was to be determined by Tyco Laboratories. The
scope of the project was later enlarged by cooperative arrangement . . /
with.ten other laboratories engaged in fuel cell work. The materials
were made available to them for both cathodic and anodié activity tests
in a variety of systems. The results obtained in two of these
laboratories are presented in this paper.
The carbides of Fe have been prepared by the action CO, CO+H,, or
hydrocarbons on Fe (l,g,g)l. When COHl, is emplcyed, Fe is in effect

carburized with a mixture of CO and hydrocarbons, since CO reacts with

1
Underlined numbers in parentheses refer to items in the list of
references at the end of this report.



57

Hy to form hydrocarbons in the presence of reduced Fe (Fischer-Tropsch

synthesis). Hydrocarbons alone do not lead to complete carbiding (3),

and CO alone tends to deposit unacceptable amounts of free ;arbon. The
action of 8O on Fe is very exothermic and there is a strong tendency
for the Fe to become overheated. Reaction temperature should be
carefully controlled below that at which the desired carbide decomposes.
‘HZ in the reacting gas helps remove the exéess heat and minimizes the
amount cf free carbon in the product. |

C<2C is prepared by the action of CO on Co (4) and Ni3jC by the
action of CO on Ni {5) at 250°-280°C. 1In both cases, carbide formation
is accompénied by deposition of free carbon, and the higher the
reaction temperature, the greater the prcportion of free carbon.
Some features of the kinetics of the reaction of CO with Ni are
presented in Fig. ! from the published results of Eyraud (6). A
fixed weight of reduced Ni was carburized with CO at different _
temperatures. Below 250°C, Ehe rate of formation of NijC was very -
slow but the product was substantially free £rom deposited carbon,
At 285°C, the reaction was complete in about 30 hours, but NiyC was

contaminated with free carbon. * temperatures above 300°C, large

quantities of free carbon were - -osited.

As with Fe, the reactionsg L with Co and Ni are strongly.
exothermic. However, ¥y can n employed to dilute CO in
carburizing Co and Ni; COZC an _2 can not be prepared under
conditions of Fischer-Tropsch . -esls. The contrast in this

respect with Fe may be noted.
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The nitrides of Fe, Co, and Ni are prepared by reacting the mctais
with NH3.A Ihe phase diagram for the nitrides of Fe is shown in F?gf 2 (1)
it shows the phases that are in equilibrium with K, at the pressures
corresponding to the dissociation of KHj3. €-FesN-FepN h?S the most
extended rgﬁge of existence. With the exception of the #-phase, the
various nitrides of Fe may all be prepzred at about-350°c, the compo-
sition of the product depending on the space velocitylof NH3 and the
duration of nigriding. The nitrides of Co and Ni also have been
prepared by the action of NH3 on the metals but their preparation
appears to be attended by unusual difficultiés (§).l Temperatures ro
higher than 350°C and high space velocities of NH4 are reconmended.

Even so, the reported successes in the preparation of these nitrides

have only been in terms of "milligram" or "up to a gram" quantities.

PREPARATION OF INTERSTITIAL COMPOUNDS
The scheme for preparing the interstitial compounds of Fe, Co,
and Ni is shown in Fig. 3. The first step consists of preparing finely
divided metals and mixtures of metals, or alloys. Sirce the rate of
formation of carbides and nitrides by gas-solid reactions falls off
as successive layers of the products increasingly obstruct the access

of the reacting gas to metal substrates, it is important to start with
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fine powders of metals. Also, the preparatious were intended to be

tested as contact catalysts where large specific surface areas are of

.obvious advantage. The different methods employed for preparing finely

divided metals are indicated in the scheme.

Ihe gas-solid reactions were carried out in horizontal vycor
tubes of l-inch diameter shown in Fig., 4. The tubes were fitted with
metallic end pleces which had provisions for gas inlet and outlet.
Fifty to one hundred grams of solids were processed at a'gime.
Separate thermocouples monitored the éemperature of the front end, the
middle, and the rear of the powder beds. Fig. 5 is a photograph of
the apparatus which included furnaces, thermoregulators, gas flow
meters, safety valves, ad al2-point recorder for the thermocouples.

Reactions were carried out at atmospheric pressure. The leached
Raney metals were treated with hydrogen at 450°C for 10-20-hours at
an hourly space velocity of 1,000-2,500 before carbiding or nitriding.
The hydroxides were generally reduced in situ.

The experimental conditions employed in the preparation of the

- carbides are presented in Table 1. Reduced metals were always allowed

to cool down to at least 160°C before CO or COHiy was introduced. When
pure CO was employed as the carburizing agent, the concentration of CO

in the exit gas was monitored by a differential type infrared detector.
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When the concentration of CO in exit gas fell below 80 percent, power
supply to the furnacé was cut off by an automated arrangement. Higher
C0 conversions is conducive to run awa& femperaturés_and excess carbon
deposition. The temperature of the powder bed was raised slowly
and in steps. Several hours were usually allowed for the temperature

to come up to the final level (see columns 4 and 5 in Table 1). With

Co and Ni, the tendency for sudden overheating aépears at about 180°-
220°C in the presence of CO. Since the carburization of Co or Ni does
not ordinarily proceed at measurable rates at temperatures below 250°C,
the lower teémperature represents the pcint of onset of carbiding ofl

the active spots on the metal powders. Column 6, Table 1, gives the
results of qualitative x-ray analysis of the carburized materials.

The major detectable phase is listed firsct., The findings were further
checked by chemical analysis of the products for carbon. As conéomitant
deposition of some free carbon is unavoidable, the combired or carﬁidic
~carbon must be distinguished from the free carbon. In practice, it is
simpler to determine the total carbon and the free_carbon, and to
compute the combined carbon by difference. Total carbon was determined
by igniting samples in excess 0 and scrubbing COp from the stream of
combustion gases in towers’packed with ascarite. The towers were weighed
before and after the absorption of CO;. The free carbon was determined

as follows: Samples were digestud in dilutc (1:3) HCL at
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60°-80°C for % hour to drive off carbidic carbon as gaseous hydrocarbons.
Free carbon is not affected by digestion with dilute HCl. The i&solubles
were filtered on a porous crucible, washed with hot water, and dried at
105°C. The crucible was then placed in a tube furnace and ignited in
excé;s 0,. As before, €0y was scrubbed in ascarite towers. The results
for total carbon and free carbon are given in coluﬁns 7 and 8, Table 1,

The experiméntal conditions employed for preparing the various
nitrides of Fe are given in Table 2. Samples of Raney Fe were recduced .
with H, at 450°C before treatment with NH5. The products were analyzed
for-nitrogen by the Kjeldahl method. 'When mixtures of Fe aﬁd Ag were
treated with NH3, only Fe was nitrided. All efforts to prepare nitrides
of Co and Ni were fruitless.

The experimental conditions employed for the preparacion of

- nitrocarbides and carbonitrides are given in Tables 3 and 4, respec-

tively.
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Electrocatalytic Activity of the Interstitital Compounds

As the interstitial compounds of Tables 1-4 are.pyrophoric, the
preparations were subjecfed to a process of "induction" before electro-
chemical investigation. Induction of a pyrophoric powder essentially
con;}sts of oxidizing the surface layer of its particles by exposing
the powder to mildly oxidizing conditions; the oxide layer then provides ' "
a protective coating for the solid against further attack by oxygen.
When pyrophoric pévders are ordinarily exposed to air, the conditions
are too drastic for the oxidation to stop at the surface layer. The
powders are inducted by successive treatment with a series of golvents
" of increasing solubility for 0. The powders so treated were found to
develop far less heat on subsequent exposure to air and the electrodes
prepared from them gave reproducible results.

The catalytic activity of the interstitial compounds were tested
in the reduction of O in KOH containing NgH,, and in the oxidation of

NH3 in 30 percent KOH.
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(1) Reduction of 0, in KCH containing NoH, at room temperature

The interstitial compounds were homogenized by grinding, and
sieving through a 325-mesh screen in a dry box filled with nitrogen.
The powders were covered with petroleum ether and then brought out in
the open, where they were inducted witﬂ diethyl éther, acetone, and
ethanol. 0.1 gram samples of the inducted materials were waterproofed
with a teflon emulsion, cured at 200°C in N2, mixed with equal weighcs
of waterproofed graphite, and packed in the sample holder shown in
Fig. 6. The electrolyte consisted of 10 ml, of 12 M ROH containing
0.2 ml. of 60 perceut NpH;. For activity measurement, the electrades
were polarized against an inert nickei screen at 10 amp/ft2 for 15
ﬁinutes, then at 20, 30, and 40 amp/f:2 for 5 minute periods, and
finally again at 10 amp/ft2 for 5 minutes. The polarization measure-
ments were made wi£h a Kordesch-Marke Bridge, a Hg/HgO electrode serving
as the reference electrode. The average values of the pétentials are
plotted against the apparent current densities in Fig. 7. It will be
szen that 17N, 3CN, and INC are about as active as Pt-black. Duplicate

experiments gave reproducible results.

2
This portion of the work was done in the laboratories of the Union
Carbide Corporation, Fuel Cell Department, Parma, Ohio, under the
supervision of Dr. G.E. Evans.
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(2) Oxidation of NH, in 30 percent KOH at 25°C3

After induction with hept;ne, acétone, methanol, and Qater,
28.3 mg of each dried material was mixed with an aquecus emulsion of
5 mg.- PTFE and the mixture was spread on a 1.5 cm x 1.5 cm platinum
screen. The screen, with the spread, was dried in vacuum at 85°C for
half an hour and then pressed at 100 psi for 2 minutes at 250°C.
Anodic activities and corrosion currents were determined pofentio-
statically by a floéting electrode technique. A dynamic hydrogen
electrode (9) was employed as the reference electrode and corrosion
currents weré‘measured in Np. The potentiostat was progrémmed for
continuous scanning from O v to 1.2 v and the current-voltage curves
were traced directly on an x-y recorder. If an electrode gave a
corrosion current of more than 1 ma, the electrode m&teria} was
considered incompatible with the electrolyte. To compare the
- activities per unit area of the various preparations, the electro-
chemically effective area of each electrode was determined by a double-
layer capacitanée method (10). The values of equilibrium potential,
exchange current, and Tafel élope were computed graphically from the
current-potential data. 1I-R corrections were ignored since the currents

were small. The results are presented in Table 5.

3 .
This part of the work was done in the laboratories of the Catalyst
Research Corporation, Baltimore, Md. The principal investigators
.were H.J, Goldsmith, J.R, Moser, and T. Webb.




Five of the fourteen interstitial preparations tested corroded

visibly on addition of NHj to the electrolyte. The stable electrodes
gave half-cell potentials of 0.54 v-0.56 v compared to 0.58 v for Pt,
and.}afel slopes of about 0.12 v compared to 0.04 v for Pt. The
half-cell potentials and Tafel slopes for the unstable materials were
widely scattered.

Oswin and Salomon (1l1) have suggested a four-step mechanism for
the anodic oxidation of.NH3. Their scheme and their calculated values

for the Tafel slopes of the intermediate steps are as follows:

Calculated
Tafel slope, v

(1) NHy +M + OH  » M-NH, + H90 + e~ 0.118
3 2 2
) M-NH, + OH~ > M=NH + Hp0 + e~ 0.039
(3) M=NH + OH™ > MEN 4+ Hp0 + e 0.024
= > . " 0. or ®

(4) M=N M+ N, 0.010 (
at high current
densities)

A comparison of the experimental values of the Tafel slope with the
calculated values indicates that on Pt the rate-determining step for the
oxidation cf NH4 is reaction (2), but on the stable catalysts of Table

5, the rate-determining step for the oxidation of NH3 is reaction (1).
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From a practical point of vieﬁ, the anodic activities of the
nine stable catalysts as measured by the e%change current per unit
weight of catalysts were disappointingly low. However, it may be
noted that the intrinsic activity of some of the'materials, as measured
by the activity per unit of surface area, is surprisingly high. 1If
methods for preparing interstitial compounds of specific surface areas
comparable to specific surface area of Pt-black could be developed,
the interstitial compounds may provide fuel cell catalysts of practical
value. The specific surface areas of the interstitial preparations of
the present inQestigation were four orders of magnitude smaller than
the specific surface area of Pt-black.

CONCLUSIONS

Interstitial carbides, nitrides, nitrocarbides, and carbonitrides
of Fe are active in the reduction of 0, in KOH containing N2H4 at rsom
temperature. The activity of some of these preparations is comparabie
to that of Pt-black. Further investigation of these compounds with
prototype fuel éells appears to be desirable.

None of the preparations tested showed any promise as anode

catalysts in the oxidation of NHj in KOH.




(1)

(2)
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TABLE 5.- Oxidation of NH3 in 30% KOH at 25°C

72

Tafel Equilibrium
Catalyst Exchange current2 slope, pctential,
(composition) ma/g pa/em Y
Pt 883 4,24 0.04 .58
*
33C 106 21.6 0.04 .22
(Coxc, a-Co)
43C 60.1 4.40 0.08 .68
(carbided 1Ni-iAg)
46c* 42.4 10.5 0.08 .24
(Ag, NisC)
28nc* 28.3 0.968  0.10 .32
(nitrocarbided 1Ni-1Co)
27¢* 14.1 2.0 0.12 .26
(carbided 3Ni-1Co)
12¢C 3.54 107 0.17 .55
(x-Fe,C)
15NC 3.53 0.507 0.23 .56
(nitrocarbided 3Ni-1Co)
21N 3.15 42.6 0.12 .56
(Y'-FeyN, e-FegN-FegN)
61C 2.80 7.0 0.11 .54
(carbided 3Ni-1Co)
18N 2.47 29.9 0.12 .56
(C-FeyN, €-FejN-FeplN, v'-Fe,N)
20N 1.66 23.2 0.13 .56
(C-Fe,N, €-FejN-FegN, Y'-FeyN)
INC 1.37 14.3 0.12 .54
[e-FeX-FeyX(C,N), Fe30, ]
5CN 1.13 20.7 0.26 .55
[e-FejX-FeX(C,N) ]
4CN 0.99 6.45 0.11 .56

L €-FeX-FeoX(C, k)

*The catalysts marked with an
Mlq was added.

asterisk dissolved irn the electrolyte vhen




73

0.35¢ -
30} 4
Ol-—
wlw .25. 1
oo _
—{ 8 ' -
L .20 ;
sl -
w5 : 4
2=

10 4
! (o]
05 5 . 1300" |
.ol e —
! S IO 15 20 25 30 35
TIME, hours

Figure 1.~ Carburization of Ni with CO at different temperatures.
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r.I..ETICS OF REACTIONS Ui 5ILVER AnD wICKEL SXYGEN
ELECTRODES Iii ALKALINE SCLUTIONS

Ne.A.Snumilova, V.S.3a;0tzXy, G.V.Zhutaeva,N.D.Merkulova,
G.P.Samoilov, E.Il.nhrushcheva,V.Yu.Filinovsky

Institute of Electrochemistry, Academy of Sciences
of the U.5.5.R. 4 luOscow.

ABSTRACT

Although the oxygen electrode has been the object of
numerous studies, it remains as yet a limiting factor in
the operation of hydrogen-oxygen tuel cells. In rfact,

“whereas the hydrogen electrode opaerates under reversible
conditions, for real oxygen electrodes it has not been
possible to obtain a low enough solarization during the
oxygen ionization reaction. Therefore, for an oxygen
reaction it is extremely important not only to choose a
proper catalyst, but also to find the optimum conditions
of the occurrence of the oxygen ionization reaction. In
view of a complicated stepwise nature of this reaction,
the presence of competing parallel reactions, the torma=
tion of hydrogen peroxide as an intermediate product in
particular, in order to create effective and stable oxy-
gen electrodes it is necessary to study the mechanism-of
this reaction, the kinetics of its separate steps and to
tind the optimum conditions of its occurrence.

In the precent paper we have studied the operation of
oxygen electrodes in azlkaline solutions by rmeans of the

disk-ring electrode, using silver and nickel as electrode
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zrteriale. The ovygen ionizaiion reaction on silver and ni-
cxel in alkaline solutions occurs simultansously by two
m2chanisms; by direct reduction to hydroxyl 1ons and witn
vue formation of hydrogen pcroxide as an intermediate pro-=
duct, winich can be turther electrochemically reduced to
water and decompose catalytically to form molecular oxygen.
and water. Wwe nave measured partial currents and the rate
constantes oi the individual steps of oxygen reduction
reactions, zllowing for the possibility of a catalytic
nydrogen degomposition, and found the dependences of these-
partizl currents on the electrode potentizl and its cxida-
tion state. Particular attention has been given ito the pro-
cess of further reduction of hydrogen peroxide.

The analysis of the data on the kinetics of the indi-
vidual cteps of oxygen ionization reaction can serve as an.
important subsidiary means for the assessment of the suita-
bility o>f a metal ror use as a material for oxygén electro=
des of Tuel cells, in which hydrogen peroxide formation

is undesirable.
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ADSOREDICN AND AXIDIC OXIDATICON CF
HYDROGEN ON TUNGSTIN CARBIDE ZLZCTRUDES
rlaralc S6hm
AEG-TELZFUNKEN TForschungsinstitut
Frarnkf urtamLhin

So far the anodic oxidation of hiydrogen has rainly been perforzed
in fuel cells working wich arn alkxaline electrolyse. The crawoacsds
oI :an alkaline cell - carbonate forzation arnd poisoning of the
electrocatalysts - are however sufficiently well known.

fuel cells working with an acid electrolyte avoid these difficulties.
NXoble metals however are needed as electrocatalysts. The resulting
main disadvantages are the high inherent cost and the sensitivity

of platinium against CO.

Our aim therefore was the utilisation of non-noole metal catalysts
for the arodic oxidation of commercial, impure hydrogen in an acid
fuel cell.

Tocur years ago we discovered that tungsten carbide is a useful
g.ectrocatalyst /1 /. #C had so far beean known in engineering as

& refractory material with hard wearing properties. Catalytic
properties had not until then been attributed to this subdbstarnce.

In view of its excellent acid resistance and good electrical ccrnluc-
tivity we have prepared gas diffusion electrodes froa ASC-powcer.

Cn these electrodes, arranged in a conventional half-cell with

2.N E, SO, as an electrolyte, we have measured the anodic hydrogen
oxidation.

Tpe first figure shows the results of the triangular voltage sweep
measurements. ¥ith argon onﬁj at a potentlal exceeding 700 mV against
a H, reference electrode in the same solution according to Giner /2/
comnences the oxidation of the WC. With hydrogen higher current
densities are achieved which are attributable to the anodic oxida-
tioa of hydrogen. Statiornary measurements too =~ as in Figure 2 -

show the hydrogen consumptionrate. The results for Gifferent ce
ratures provide an activatioa energy in the range of 5.5 to 7.9
kcal/z=ol.
These xeasurements were taken on a gas diffusion electrode whicz

vzs zarufactured from a commercial quality of WC powder. But to
cluce secondary effects such as porosity etc. measurements are
st zade with smooth #C electrodes. Such electrodes are obtained
2y carturizing 20um thick tungsten foilswith lampblack at texzpera-
Tures o2 1500-16C0°C. A thicker sheet would not yield a full carbu-
rization effect. At these smooth electrcdes the oxidation and
adso“ptlon of hydrogen was measured in a thermostatically controlled
cell. Again a half-cell assembly was chosen with a platinized pla-
.1nu: electrode as the reference electrode, and 2N f, SO, as the
electrolyte. The nydrogen was streamed through a frlt. (Flg. 5)

' 0D

w
<

only low current densities are observed at these smooth JC elec-
<rcdes for the arodic hydroger oxidation. At 20pA/cmé the liziting
currernt density is already fouzd to occur., This is rather a low
vaiue compared to szooth platizuz electrcdes. The exchange current

censity for tke i /H* reaction at WC is also very low, 0,4 wa/ca

rave ceterained the a‘netlcs of aydrogen adsorption urder opern
ocult corditions by plotting the caarging curves. ror ihis

e

O <
Ve
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33SC Thée elsctrelc is sudbjecesol to o 5 ¢cycie &s Is

Zitraseld in Figure 4. First the elec 25 Zept &t + 400V
W.ZTE practically no I, adsorption take: .ce. Tnerealter the
¢.ectrodc Is placed into a poterntial-Ir ase, and Quring Tils
Deriod of tTime tag hydromen is bLeing ads G. .Jacn this sericd
~as elapceld the whole azount oI alsoroed rogen is oxidized Dy
one rectanzular current izpulse; the adso 4 cuantity ol hrdro-
gen is deverxnined Iroz the potential curve. 3y selectiny various
lengstis of tad the zaxinur adsorbable hydregen amount sad the
Xinetics of the adsorpticn process may ve detvermined.
&~ noticeadble I, adsorpiilon on the AC electrodesonly occurs after
several anodical impulses when the electrodes assume potentials
¢ 200 to 1080 zV. It zust therefore be assumed tnat adsorption
cces nctv directly proceed oan the WC surface but rather on a thin
oxide layer forzed during the arodic impulse duration.
Tre zaxizun adsordetle hydrogen veolums is net reproducidle employ-
ing various szooth WCelectreles. Tnc valucs Jouné lay doiweln 7 o
ané 32 pC/cmz. Tre platinua electrode in contrast yicldécd 5704+ C/ca

P

ess winetics also ciffer betwe

The adso en Vi
s may be characterized by the Lang

wnere o represents the degree of coverage - 6 is arbitrarily egquated

it unity for the zaxinum adsorbatle &, amcunt - K 1s the rate
tonatent, ci, the hydrogen concentration witiin the electrolycte,
enid n 1s the order of reaction with regard to the Iree surface
sites.

Tigure 5 shows log d6/d% plotted over log (1 -6). The slope of the
curve and Lence of the reaction order zn are found to be unity for
slatizua, for tungsten carbide however two. Tne slope is very well

e

rezroducible for tzme diverse [JC electrodes.

Jito zlatinum ore surface site is needed, i.e. the adsorption of
the =, molecule determires tke rate of the reaction; with JWC and
reaction order 2,ao0wever,two surlace sites zre needed. The rate
deterzining step here is the dissociation of the L wmolecule:

—_ 2 I

2ag “ad
Trne Ttwodatozs ere then adsorved on two surluce sites; only with
aigher fractiornal coverages will values below 2 be found. .Jith
largely occupied surfaces also the adsorption ol the L, molecule
tends to cetverzine the reaction rate.

In soite of the Llow excnange c Ty & ad
ceracity for rydrogen at suo dcs, ble
sitles zay alsc Te attalincd olzs cd
suitabile trecess znd under o Tion at
trez Y& carried outv &t 2% 10° S LS 2 wita
short reaction tizes. wnotie is ticic
size.
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REACTION MECHANISMS OF THE HYDRAZINE ELECTRODE

M. Barak and G.R. Lomax

Electric Power Storage Lirmited
Manchester, England.

1. Introduction

The overall reaction at the hydrazine electrode is:-

N2n4 + 40H ~ N2 + 4H20 + de
Pavela(l) suggested that the mechanism involves  the anodic oxidation of hydrogen
derived from the decomposition of hydrazine, i.e.

N254 - 2H2 + N2 and H2 + 20H = 2H20 + e
Alternatively, Szpak(') et al concluded that at the hydrazine electrode the
hydrazine molecule is systematically degraded through various radicals, e.g.

N H* * N_H*
N A, NH, NH

to finally produce nitrogen gas.

The reversible electrode potentials: calculated from.Gibbs Free Energy data for

the Pavela and Szpak mechanisms are respectively 0.000V and -0.33V, against a
hydrogen electrode in the same solution., The reported values for the 03? f scult
potential of the hydrazine electro e are in the range -0.03V + -0. 16V +)(s
Consejuently it has been surgested\®/ that the observed open circuit potential of
the hydrgzine electrode is a consequence of the oxidation of hydraz1ne(1) proposed
by Szpak(®) and the electrolysis of water (2).

1]

+ 4OH' = N, + 4B0 + 4e E° -0.733v (1)

N2H4 2

48,0 + 4o -~ 2H, + 40H E°
Nc conclusive data has been published however, on the nature of the reactions
occurring on hydrazine electrodes working under the conditions encountered in
fuel cells. A study was therefore made of the reactions occurring on the hydrazine
electrode by investigating the reaction products and the discharge curves associated
with a typical working electrode. This paper describes the results obtained on an
uncatalysed sintered nickel electrode, worked under condtions where the fuel
concentration was strictly controlled with respect to the current being drawn from
the sys:em,

-0.00v (2)

2. Experimentg]l

2.1 aratus

The apparatus is shcewn schematically in Fig. 1. The electrode A, diameter 5.7 co
was secured in the wall of the electrolyte cell B, by the Acrylic cover C. The
sasecus reacticr trcducts were removed from tre ceil by the ports D and E. Ammonia
which was produced at high current densities was removed from the effluent gas by

a standard solution of hydrochloric acid in the scrubber F. The flow rate and the
composition of the gas passing from ithe scrutber were respectively measured on the
bubble flow meter G and a gas chromatogragph.

p I —

P - Wy, W

e




The fuel mixture of hydrazine hydrate in 7M potassium hydroxide solution was
contained in the reservoir H. The fuel mixture was forced from the reservoir H
through +he capillary J to the chamber K at the rear of the electrode. The fuel
flow was controlled by varying the nitrogen gas pressure applied to the tank H
and its flow rate was determined from the differential pressure L developed across
the cavillary J. The fuel mixture flowed through the test electrode into the cell B,
and the excess liquid that accumulated in the cell was drained away via the tube N.
b The cell B was contained in a water jacket maintained at 60°C. The current flowing
' be tween the test electrode A and the auxiliary electrode P was controlled by the
" resistance Q and measured by the ammeter R. The potential of the electrode A was
G measured against a mercury mercurous oxide half cell S on the valve voltameter T
\ then the results were transposed to the potential against a hydrogen electrode
in the same electrolyte.

|
t . 91
f

} 2.2 Procedure

An electrode 5.7 cm diameter was cut from 70% porous, 0.08 cm thick, sintered

\ nickel plaque. The electrode was cathodised for five minutes in 10% sulphuric acid
solution and thoroughly washed in distilled water. After securing the electrode in
the cell wall, the interior of the box was filled with a 7M solution of potassium
hydroxide containing various concentrations of hydrazine hydrate.

\ When the cell electrolyte attained a constant temperature of 60°C the fuel mixture
was fed to the electrode at a predetermined flow rate. The working potential of
the electrode and the analysis of the effluent gas were determined for current

\ densities between O and 500 mA.cm™2 at various flow rates and concentration of

; fuel.
b 3. Results
. 3.1 Gaseous Evolution from a Working Hydrazine Electrode
The gases evoived from a working hydrazine electrode were analysed and the results
are shown in Table 1 where the respective flow rates of nitrogen and hydrogen are
quoted at various current densities when the fuel concentration was 1.5M and its
flow rate was 30 ml.min™%.
N Table 1
K Gas Evolution for a Working Hydrazine Electrode
Working Current Nitrogen Hydrogen Nitrogen Calculated from
N Potential Density the Current + H2 Evolved
\
\ v mA.cm™? ml.min™t ml.min™? ml.min™?
\ -0.075 50 6.46 4.18 5.03
' -0.066 100 5.7 2.0 6.29
\ -0.,050 150 7.6 0.2 8.0
-0.035 200 11.4 0.1 10.65
-0.025 250 15.5 0 13.2
+0.030 300 .20.25 0.25 16.1
! +0.038 350 20.3 0.4 18.7
, +0.045 400 23.8 0.73 22.56
+0.050 450 30.5 1.80 24.7
+0.055 500 29.2 3.4 28.1
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A graph of the increase in working potential with current density is shown in Fig. 2.
Similarly, Fig. 3 shows the working electrode potential plotted against hydrogen
evolution expressed for convenience as 1og10 H2 evolved on closed circuit.

The experimental technique used for quantitative measurements of hydrogen evolution
was not capable of detecting the small amounts of gas evolved within the potential
range -0.035V to +0.030V., The observed results plotted in Fig. 3 however, appear
to suggest a relationship between the log,. H, evolved on closed circuit and the
working potential, which graphically follows a parabolic curve. This curve, shown
in Pig. 3, was therefore extrapolated to pass through a minimum, and it is
interesting to note that the potential of the minimum coincided with current density
int'lexion x shown in Fig. 2.

3.2 Effect of Fuel Flow Rate on a Hydrsgine Electrode

When the flow rate of O.5M fuel through the electrode was varied, the inflexion in
the discharge characteristic shown in Pig. 2 was found to be dependent upon the

rate at which fuel mixture passed through the system. Table 2 shows the correlation
between fuel flow rate and the inflexion current density.

Table 2
The Effect of Fuel Fl te
Fue] Fiow Rate Inflexion Current Density
nl.min™? mA.cn~2?
i .

37 140

56 200

78 250

140 385

220 550

3,3 Effect of el Concentrati zine Electrode

At 30 ml.min=! the concentration of the fuel passing through a working hydrazine
electrode was varied between O.S5M and 4.0M. The inflexion in the discharge
characteristics observed in previous experiments was found to be dependent upon
the fuel concentration as shown in Table 3.

Tgble 3
E el C ntrgtion
Hydragine Concentration Inflegion Current Dengity
M mA.cm™3
0.5 90
1.0 190
2.0 390
4.0 >500

4 Disc jon

All the experiments on working hydrazine electrodes produced an inflexion in the
lischarge characteristic as the potentiml of the electrode passed through zero on

the hydrogen scale (Pig. 2). The points of inflexion were shown to depend upon

the availability of fuel, either in terms of concentration or flow rate. If the
fvlarisation curve in Fig. 2 is plotted in terms of potential against log1 (current)
density) shown in Pig. 4, then it can be seen that the graph displays two gistinct
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straight Tafel lines A and B. These lines together with the inflexion observed

in Tables 2 and 3 suggest that the electrode can work via two mechanisms.

As the

theoretical and observed nitrogen evolution rates agree within experimental error
it was concluded that the measured evolutions of hydrogen and nitrogen were
faradaically consistent with the currents drawn from the working electrode. This
justifies the conclusions drawn from Fig. 3 which shows that the evolution of
hydrogen was at a minimum in the region of zero potential and it is probable that

the mechanism changed at this point.

Susbielles and Bloch(a) have suggested that the observed open circuit potential of
the hydrazine electrode is a mixed potential arising from the direct oxidation of

hydrazine and the electrolysis of water.

should increase as the potential of
relative to the hydrogen electrode.
at zero volts on the hydrogen scale
The results in Fig. 3 show that at
to pass through a minimum, and that
negative potential.

In this case the hydrogen evolution

the hydrazine electrode becomes more negative
Conversely when the hydrazine electrode is
there should be no nett evolution of hydrogen.
zero potential the hydrogen evolution appears
it increases directly with increases in the

This would suggest that the potential is a consequence of

two simultaneous reactions which occur in the region negative to the hydrogen

electrode.
hydrazine electrode working via the

N_H

The negative potentials however, exclude the possibility of the

thermochemical reaction

- 2H, + N

274 2 2

and the electrochemical reaction

H., + ©20H™

2

- 2H20 + 2e

This leaves the more probable mechanism involving the direct oxidation of hydrazine

+ 40H - N2

associated with the simultaneous evolution of hydrogen by the electrolysis of water

N2H4 + 4H2O +  de

4H,0 + 4e —~ 2H, + 40H

2

The rate equation for electrochemical processes is

1o €xP RT

Current density(A.cm-ﬁ supporting an
overpotential (V)

Exchange current (A.cm *)

Number of electrons passed

Faradaic equivalent

Gas Constant

Temperature (°K)

= Exchange coefficient

i =

1t

where i

noaou

0

2 P3P
|

The terms i , n, F, R, T and a are constants provided the concentration of reactants’
remain constant. Under these circumstances the rate equation is simplified to,

K1 exp [—Kz‘ﬂ]
where K, and K, are constants. The relationship between the current i, and the
overcotential ﬁN associated with the direct oxidation of hydrazine becomes,

l” = K1N exp [—KanN]

i =
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Similarly the current i, associated with the electrolysis of water is,

iH = KTH exp [—K2Hné

The raio of the currents Sor tctn the reactions can be expressed as

q

N
lOg 1. = A + K2HT]H - KanN (3)

Therefcre *hne exrression (3) arzve teccmes of the form

1)

log —

B + CnH
where B and C are constan:s.

It can be seen that if a* nesative potentials on the hydrogen scale, the reaction

crnvelving the direct eiec=rochem.cal coxidation of hydrazirne occurs sizmultaneously

~ith t.e elecirilysis cf water or a working hydrazine electrode, then the ratio
1y

log— should be prozoriiornal <o <“he overpotential “H' Values of iN' iH and “H
iy )

were therefore evaluated from the regative region of Table ! and the results are

showy 1n Fig. 5. It can be seen that the overpotential nH was proportional to

-y

log I indicating that the hydrogen evolution was an electrochexical process

. H . s
arising from the electro.y*ic decomnosition of water.

As the evcluticn of hydrcsen at negative potentials is an electrochemical process
governed by the rate equation

i = 1 _ exp nE M 1

: o ®*? | 7Rt %H'Hl
can he seen that a‘ zerc overootential the hydrozen evolved would be ®&quivalent
ine exctnalge current .. N:w Fig, 3 srows that the term logyg Hp evolved at
-sed circ.:t would zass “nr_isn e zinimu. value as the rotential passes through

zero. It was therefore oocsicle to calculate the hydrogen evolutiion at zero
cotential ard this was found to he C.616 ml.min~!, which is equivalent to a
current I = 8,85 x 10~°A, Tre exchange current for this reaction was estimated(”)
at iy = 4 x 1077A.cm™3. The active area of the hydrazine electrode was therefore
calculated frox the ratio

% = 2.2t o?

“o

A tyrical hydrazire electrsde with a superficial area of 16 n® would weigh 3.2 g.
Tre active area to weight ratio would tnerefore be 0.7 m*.g™% This result agrees
2lecely wotn the value of l.oz =%.z7! calculated froz porosity measurerents on

s.nterei n.24el :lagues.

Ir.s -ie &Lr.lCazion

:f ine raze ej.at.tn iz ine electrochexical reactions

N.H, + A0H = N, o+ 4H.0 + de
z

e 2
and JH.C + le - 2H + 40H
2 2
produces a result tha*t *neoretically correlates with tne ctserved values of electrode




95

i
active area, and the proportional relationship between log ;! and the overpotential
. ] H
N, at negative potentials below 0.0V. It was concluded therefore that the working
potential of a hydrazine electrode in the region negative to zero on the hydrogen
scale, is a consequence of two competing electrochemical reactions, the oxidation
of hydrazine and the decomposition of water.

The reactions occurring in the region positive to zero on the hydrogen scale on a
working hydrazine electrode were far more complex. Fig. 3 shows that as the working
potential of the hydrazine electrode increased above zero, there was a net increase
in hydrogen evolution. This phenomena was associated with the straight line Tafel
plot B shown in Fig. 4. The results show that it is not possible to correlate

this i?csease in the hydrogen evolution with the reactions proposed by either
Pavela'l’ i.e.

N2H4 - 2H2 + N2 and H2 + 20H =~ 2H20 + 2e

or Szpak(a) i.e.

NH, o+ 40H" ~ N, + 4H,0 + 4e
The evolution of ammonia in this region has been detected on many occasions and it
is probable that a number of partial oxidation processes are involved. The
dependence of the inflexion current density on the mass transfer of hydrazine to
the reaction interface would suggest that diffusion processes were occurring
(Tables 2 and 3) but further work will be required to identify these reactions.
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ON THE PERFORMANCE OF WC ELECTRODES UPON OXIDATION OF
HYDROGEN, HYDRAZINE, AND FORMALDEHYDE

H. Binder, A, Kohling, and G. Sandstede

Battelle-Institut e,V.
Frankfurt am Main, Germany

1. Introduction

For wide application of fuel cells other than in space technology
the one with an acid electrolyte will probably play the predominant
part. We could show that in sulfuric acid hydrogen and carbon
monoxide can be oxidized simultaneously at high current densities
and temperatures below 100 °C at electrodes with pre-sulfurized
platinum as the catalyst (1) (2).

However, the price of platinum, even if used in small amounts, is
prohibitively high for the very broad application of fuel cells
in everyday life. In the attempt to replace platinum a variety
of substances has been investigated and proposed as a catalyst
for a cell with an acid electrolyte. They did, however, not
prove satisfactory. Some of them, e.g. CoMoOy, are not even
stable against the attack of sulfuric acid., The activity claimed
for several other substances was presumably due to the presence
of traces of platinum in the product used as the catalyst in a
fuel-cell electrode. So far, we have only found tungsten carbide
(WC) to be catalytically active, which has recently been described
as a catalyst for the-oxidation of hydrogen in acid electrolyte
(3). The present paper deals with the preparation and the
improvement of tungsten carbide electrodes at which not only
hydrogen but also hydrazine and even organic substances can be
anodically oxidized at considerably high current densities.

2, Preparation of Electrodes ]
Tungsten carbide which can serve as a catalyst has to be finely
divided. Unfortunately, the commercially available substances
generally do not meet this requirement. Tungsten carbide with
a large surface area can be obtained, e.g., by precipitation
from the gas phase or by the carburization of finely divided
tungsten powder with carbonaceous gases (CO or CHQ). We pre-
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pared the tungsten carbide required for our investigations by
firing an intimate mixture of tungsten powder and soot at a
temperature between 1100 °C and 1300 °C in a hydrogen atmosphere.

During the firing process sintering takes place and the resultant
product can he used directly as an electrode provided that the
starting mixture contained a pore-forming substance and was
compressed to disks. Such an electrode is appropriate for the
oxidation of fuels dissolved in the electrolyte or may even serve
as a bubbling electrode for the oxidation of gaseous substances,
such as hydrogen.

When using hydrogen as fuel, we usually prefer an electrode with
polyethylene as a binder bacliied with a wet-proofing layer made from
PTFE, as has been described elsewhere (h).

The best performance is achieved with electrodes containing a
tungsten-carbide preparation whose carbon content is somewhat
smaller than that corresponding to the stoichiometric value. An
excess of carbon considerably decreases the catalytic activity of
the product.

3. Electrochemical Measurements

For the electrochemical measurements we used the half-~ell arrange-
ment described in detail elsewhere (5), with an autogenous hydrogen
electrode in the same electrolyte at the same temperature as the
reference electrode. For use as a bubbling electrode the disks were
fixed in a plexiglass ring by means of an adhesive and fitted in a
specially designed electrode holder. Immersed electrodes were fixed
by a tantalum wire loop. The electrolyte - 2N H;S0, -~ was satu-
rated with pure argon in order to exclude the influence of air. In
most cases the measuring temperature was 70 OC.

In sulfuric acid free from oxygen corrosion of WC is negligibly
small at open-circuit potential or even up to a potential of 300 mv.
Between 300 and 500 mv a corrosion current is observed during
periodic potentio-dynamic measurements (Fig. 1). After some

sweeps this corrosion current starts to decrease and after some
hours the corrosion has discontinued. While corrosion takes

place the evolution of a gas is observed which means that part of
the carbon contained in the carbide is oxidized to give carbon
dioxide.

After cessation of corrosion, i.e., when the passive state is
reached, the current density achieved with hydrogen is smaller than
at the beginning of the experiment. Fig. 2 shows the decrease in
activity for an electrode which has been corroded at a potential
of 700 mv during 16 hrs,. In this case the current density has de-
creased by about 20 per cent of the initial wvalue.

It has never been observed that such a disactivated electrode can
be reactivated by hydrogen gas applied to the electrode, not even
at open-circuit potential; the inactive layer can be removed,
however, by other means, e.g. by a treatment in potassium hy-
droxide solution. :

~w
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A" considerable increase in the activity instead of a disactivation
is observed, however, when anodic corrosion takes place in the
presence of a reducing agent, e.g., hydrogen bubbling through the
electrode. Hence the activity of a WC electrode increases slowly
during its operation as an anode for the oxidation -of hydrogen.
Such a slow increase in activity takes several days until a final

state is reached where no further activation is observed. More de-
fined results are obtained with a solution of hydrazine sulfate in

the sulfuric acid electrolyte at a potential of about 600 to 700 mv
maintained by means of a potentiostat. A period of some hours is
sufficient to achieve optimum activity. In general the current
density at a given potential can be increased up to twice its in-
itial value. '

Instead of hydrazine, formaldehyde dissolved in the electrolyte can
be used as the reducing agent for the activation process. The
reason why the application of a dissolved reducing agent is more
effective than the application of hydrogen may be seen in the fact
that a dissolved fuel can in any event reach those parts of the
inner surface area of the electrode which are reached by the electro-
lyte, whereas in the case of hydrogen the pore-size distribution
and the varying porosity may restrict the expected activation to
only a small part of the inner surface area. An electrode which
has been activated in the manner just described does not undergo
further corrosion up to a potential of, say, 0.7 v, not even in the
absence of any fuel.

Fig. 3 shows the current-potential plots obtained with an activated
WC electrode under steady-state conditions upon hydrogen oxidation.
At a potential of 30Q mv. and a temperature of 90 °C a current
density of 160 ma/cm® is measured with this type of a sintered
bubbling electrode. A% a temperature of 25 °C the current density )
is reduced to 35 ma/cm”, From the dependence of the current densi-
ty on the temperature a mean value of 5.8 kcal/mole is derived for
the activation energy at a potential o1 300 mv.

A surprising observation is the fact that hydrazine is oxidized at
a WC electrode at considerable densities, whereas it is not de-
composed at open-circuit potential. Fig. 5 shows galvanostatic
current-voltage plots obtained with hydrazine in 2N HSOy at a
temperature of 70 °C. At a potential of 400 mv a current density
of 80 ma/cm2 is achieved under these conditions. Moreover, the
figure clearly shows the influence of activation described above.

On the other hand, polarization is very high upon oxidation of
hvdrazine in sulfuric acid. The periodic potentiodynamic plot of
Fig. 6 reveals that oxidation starts only at a potential of about
200 mv. This may be due to the fact that hydrazine sulfate is
formed in the sulfuric-acid electrolyte so that a higher activation
energy is required. Hence the performance of hydrazine on WC is
somewhat improved by using a sulfuric-acid electrolyte with a
concentration smaller than 2N, since in this case the solubility

of hydrazine is greater. The best performance is achieved in a
solution of hydrazine sulfate in water as the electrolyte.

Mucih more interesting than the oxidation of hydrazine appears the
oxidation of formaldehyde. Fig. 7 shows that with formaldehyde

a current density of about 60 ma/cm2 can be achieved at a potential
of 4G mv, and that the oxidation starts already at the potential
of the hydrogen electrode.
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The current density depends largely on the concentration of form-
aldehyde in the electrolyte, as is shown by Fig. 8.

Unfortunately, oxidation of formaldehyde nearly stops at the stage
of formic acid, which is only slowly oxidized. At a potential of
200 mv and a temperature of 70 "C a current density as low as

1 ma/cm? is observed (Fig. 9). Even at 90 ©°C the oxidation rate
is small compared with that of formaldehyde. An interesting
feature in the oxidation of formic acid at 90 °C is the obser-
vation that it is dehydrogenated at the WC electrode under open-
cirouit conditions. At low current densities the oxidation of hydro-
.&en evolved in the decomposition is the rate-determining step; at
higher current densities the rate of dehydrogenation is insuf-
ficient, and direct oxidation of formic acid has to take place.
This new process requires a higher potential. The maximum current
density is reached at a potential of about 400 mv, as is shown by
Ehe peak)in the periodic potentiodynamic current-voltage plot

Fig. 10

Acetaldehyde, too, is oxidized at WC. Fig. 11 shows that a -
current density of about 20 ma/cm”“ is measured at a potential of
400 mv in periodic potentio-dynamic investigations. Under steady-
state oonditions the current density decreases to about 10 ma/cm ’
(Fig. 12). In the potential range considered, the oxidation stops
completely at the stage of acetic acid. This means that at WC
electrodes acetic acid can be formed from acetaldehyde in an electro-
chemical reaction, a process which might be of interest to the
chemical industry. .

With pro?ionaldehyde only small current densities are observed,
which are even smaller in the case of other aldehydes.

Neither alcohols, not sven methanol, nor carboxylic acids other
than formic acid can bes eleotrochemically oxidized at WC electrodes-
in sulfuric acid.

4. Conclusions

Our investigations show that WC is an interesting new electro- '
catalyst at which not only hydrogen but also a variety of other
substances can be oxidized. From our findings we conclude that n

the activation process described in this paper is due to the for- 5
mation of tungsten oxides other than W03 with an oxidation number

smaller than six, for instance tungsten bronzes of the type 4
HyWOq, first reported by Glemser and Naumann (6). .These bronzes
are considered as activators of platinum catalysts in the oxi-
dation of carbon monoxide (7) Thus it might be the combination
of such a bronze with WC as the carrier which gives rise to the
good performance observed. We hope that these results will help /
us in our efforts to replace platinum as a catalyst even for the
direct electrochemical oxidation of methanol or hydrocarbons.

Acknowledgement: This work is part of a program for a group
project and we greatly appreciate the sponsors' permission to
publish these results.
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Fig. 1 Corrosion of WC in 2N Hp50, at Anodic Potentials in the
Absence of Reducing Agents at 70 °C, Periodic Potentio-
dynamic Current-Potential Plots; dU/dt = 40 mv/min.
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Curve 2: Final (Passive)State
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Oxidation of Hydrogen at a WC Electrode in 2N H2S04 at
70 °C. Periodic Potentiodynamic Current-Potential Plots;

dUu/dt = 100 mv/min. :

Curve 1: Initial State
Curve 2: After Activation at a Potential of
650 mv in the Presence of Hydrogen
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Fig. 6 Oxidation of Hydrazine at a WC Electrode in
2N HZSOL‘ at 70 °c. Periodic Potentiodynamic

Current~-Potential Plot; dU/dt = 100 mv/n_:in
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Fig. 7 Oxidation of Formaldehyde at a WC Electrode

in 2N H,S0, at 70 ®C. Periodic Potentio-
dynamic Current-Potential Plot; dU/dt = 100 mv/min
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Fig. 10 Effect of an Intermediate from Formic

Acid Oxidation on the Performance of

a WC Electrode in 2N sto,* at 70 °c.
Periodic Potentiodynamic Current-Potential
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THE EFFICIENCY OF HYDRAZINE-PEROXIDE FUEL CELLS
H. B. Urbach and R, J. Bowen

Naval Ship Research and Development lLaboratory
Annapolls, Maryland

INTRODUCTION ' ,

Hydrazine fuel cells may be a contender in some future bapplications
of fuel-cell power (reference l). However, the precise evaluation of
the hydrazine fuel cell relative to other cells requires a knowledge of
their realizable experimental coulombic efficiencies. The inefficiencies
characteristic of hydrazine fuel cells are caused largely by self decom - ' /
position of the hydrazine, cross diffusion of hydrazine and oxygen
through the porous structure of the cell,and by bleed of oxygen from the
cell. A sample evaluation of such coulombic inefficiencies is made in
this report based upon laboratory analysis of a single 6-in by 6-in cell
employing platinum catalyzed fuel cells. The revelancy of the data ig
quite general. However, the specific assignment of numerical values of
efficiency t& other systems should only be‘employed with the knowledge

that considerable variation exists not only between different commercial .

!
systems but within individual systems.
(.
’
DESCRIPTION OF THE EQUIPMENT /
Mechanical Features of the Experimental Apparatus - r

High ambient pressures were developed in a pressurized system
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similar to that shown in Figure 1. The pressure chambers were 5-in
and 9-in diameter steel vessels rated at 15, 000 and 30, 000 psi respec-
tively. Pressurization of the system was achieved with high pressure
argon and oxygen compressed with air-driven compressors. Cells of
15 ¢cm?2 {circular) and 232 cm? (6-in by 6-in square) were employed.
The hydrazine-electrolyte mixture was circulated past the anode with a

magnetically coupled centrifugal impeller for the small cell with a pres-
1

sure -equilibrated submersible centrifugal pump in the large cell. The

electrolyte flow was monitored with a turbine flow meter (FI).
Electronic Components of the Experimental Apparatus

Polarization data were obtained by programming the current sweep
of a 50-amp Kordesch-Marko-type current interrupter and gate (reference
2), recording sequentially by means of a stepping switch, the anode,

cathode and cell potential (including cell potential corrected for ohmic '

losses)i.
Fuel Cell Components

The anodes were commercially supplied pressed teflon-platinum
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powders on gold-plated nickel screens with platinum loadings of 9 mg/cm
The cathodes were the same except that the platinum loadings were 40
mg/cmz. The electrolyte was fixed ina .030-in asbestos matrix. The
electrolyte contained in the asbestos was in contact with the hydrazine-
electrolyte mixture circulated behind the anode through the pores of the
electrode. These pores permitted convection and/or diffusion of oxygen
and nitrogen depending upon the differential pressure (indicated by the
differential pressure gage DF in Figure 1) maintained between anolyte
and catholyte compartments by the differential pressure regulator within
the pressure vessel.
EXPERIMENTAL RESULTS
The major sources of the inefficiencies in the hydrazine-oxygen fuel

cell are derived from self-decomposition of the fuel, cross diffusion of

. the oxidant and fuel, and from bleed of the oxidant. The experimenltal
data on self-decomposition are indicated in Figure 2. The arrows
indicate the rate of gas evolution during increasing or decreasing load.
Gas evolution rates include both hydrogen and nitrogen evolution., The
dashed line increasing with load represents only the theoretical nitrogen
evolution discussed below. The ascending solid line is the straight line
parallel to the theoretical line of nitrogen evolution which best approxi-
mates the experimental points. The descending solid line has the same
absolute value of slope. The points show a fall-off in gas evolution which
approaches a minimum at approximately 128 ml/m'm-ft:2 almost 67% of

the open circuit approximation of 200 ml/min-fté,

2-
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Figure 3 represents the cross diffusion of hydrazine from the
anolyte through the anode and cell matrix to the cathod.e where the hydra-
zine is oxidized to water and nitrogen. The cross diffusion is measured
by analysis of the evolv_ed gases rather than by electrochemical analyses
as in reference 1. The diffusion is dependent upon the applied load as
well as the hydrazine concentration. The equivalent hydrazine loss is
given in ml/min-ft2 for water-saturated nitrcgen at 25° C and in equi-
valent amp/ftz. Gas volumes are always water-saturated at 25° C in all
graphs and tables.

;I‘he most significant fact relative to efficiency is that the cross
diffusion losses of hydrazine decrease rapidly with load. At low concen-
trations of hydrazine the ratio of cross-diffusion losses at open circuit
and at load is much higher than the ratio at high concentrations of hydra-
zine. For example, at 1% hydrazine the ratio is approximately ZQ whereas
at 3% the ratio is approximately 4. 5.

Table I contains the raw data used to calculate efficiency in'subsequent
figures. Figure 4 illustrates the effect of experimental bleed rates 6n the
cell potential at various loads. The cell potential is logarithmically
dependent upon the bleed rate within the experimental limits of study.
However, the logarithmic dependence is not uniform with current density,
exhibiting increasing slope with the load. Thus bleeds rates effect
increased cell output most strongly at high loads.

) DISCIjSSION
Self-Decomposition Losses

Experimental gas -evolution data for hydrazine decomposition have
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been reported in the open literature (reference 2). It is possible to
rationalize the shape of the experimental curves. If itis assumed that
the mechanism of seli-decomposition of hydrazine proceeds according to

the following half cell and overall reactions:

N2H4 +40H .. NZ + 4H,0+ 4e (1
4H, O+ 4¢ —» 2H, + 40H" (2)
N2Hy —» 2H, + N, (3)

then as the potential of the electrode becomes more anodic, reaction
(2) will be suppressed while reaction (1) is accellerated. For every
four equivalents of charge one mole of nitrogen will be produced and

2 moles of hydl:ogen will be consumed. ;Zhus:

L 0 KI
Va=Vo + 5 (4)
o] K1 o . s
Vi =V, - 5 for 1 €2V} /K (5) . -

where V_and V| are the volumes in liters of nitrogen and hydrogen
produced per min-ftz, V: and Vg are the volumes produced under open
circuit conditions, K is (298/273) (22.4 x 60)/96,500 and I is the current .
density in amp/ftz. When the current density exceeds ZV: / K, Vj vanishes.
The total gae production rate, Vi is given by the sum of Equations (4)

. o o
and (5). Recognizing from Equation (3) that 2V, equal V}, we obtain:

o]

K I o '
V=3V, - = for I<2Vy /K : (6a)

K1

2

30

V=V for 1> 2VQ /K (6b)

Thus, the slope of the descending portion of the gas evolution curve at
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low current densities is equal in absolute value to the slope of the
ascending curve. The minimum occurs when the two branches of the

curves in Equations (6) are equal whence, at the minimum,

— o
I in=4Vn /K (7
and
o
tmin ZVn (8)

Thus at the minimum, the total volume of gas should correspond to 67% of
the open circuit gas evolution. Furthermore, the slopes of the ascending
branch of the curve should be KI/4, in agreement with the theoretical
value indi;:ated by the dashed curve. These conclusions are closely
approximated in Figure 2 and in the results of reference 2.

There is one area of divergence between theory and results. In
previous studies (unpublished) analy-'tical data on gas evolution indicate
that not all\\df the hydrogen is consumed. This result would suggest that
some self -decomposition does not occur at the electrodes but on insulated
metallic or catalytic surfaces which cannot accomodate electrochemical
discharge of the evolved hydrogen.

Thus the current of minimum gas evolution at approximately 15.5
amp/ftZ in Figure 2 might normally be expected to correspond with the
current of self-decomposition indicated by the back-extrapolated (to zero)
ascending branch of the curve ;x}hich indicates 20 amp/ftz. The difference,
4.5 amp/ft2 (corresponding t-o 1.5 amp/ftz since only a third of this gas

should be nitrogen) might reasonably be interpreted as self -decomposition
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on insulated metal surfaces.
Cross Diffusion Losses

The results of Figure 3 may be compared with previous studies of
cross diffusion reported il;l reference l. The data of reference | were
obtained by a potentiostatic analysis of hydrazine under open circuit
conditions. The present data, .interpolated to 30° yield a cross-diffusion
loss of approximately 9.5 amp/ft2 in good agreement with the value
of 8 amp/ft2 obtained from Figure 3 (at 3% hydrazine) considering the
differences in the experimental conditions.

The significant features of the data in Figure 3, namely that los§és
arising from cross diffusion decrease with load, arise from the fact
that under load the available hydrazine is more rapidly consumed. Most
interesting is the fact that the cross-diffusion loss at lower concentrations
of hydrazine is significantly less than half the loss at higher concentrations.
In particular, for example, at the 80-amp load, the loss at 2% hydrazine
is only 35% of the loss at 3%.

The possibility that cross diffusion of oxygen decreases with load is
suggested by these results.
Bleed Losses

The data of Figure 4 repx;esent not only bleed losses, but cross
diffusion of hydrazine. The nitrogen which is observed in éhe oxygen
bleed was originally part of the hydrazine which was transported by

diffusion from the anolyte flowing past the backside of the anode through

the asbestos separator. Convection plays no role in the transport of this
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hydrazine because the pressure gradient in the celi is normally against
the direction of hydrazine flow,

The logarithmic dependence of the cell potential on oxygen bleed
rate sgggests that tHe cathode potential is exhibiting a Nernst-like
response to the oxygen concentration which therefore should be linearly
related to the bleed rate. While logarithmic proportionality may exist
the slopes of the curves do not correspond to expected values for typical
Nernst behavior. In addition, the slopes change with current density
indicating more complex relationships.

Hydrazine Fuel Requirements

A formulation of fuel requirements is simply stated if it is assumed
that there are only four significant elerr.xents of fuel-cell inefficiency,
the diffusion of hydrazine to the cathode, Dp, the diffusion of oxygen
to the anode, Do’ the bleed of oxygen from the cathode space, B. and the
self decomposition of hydrazine, S. The weight per kw-hr of hydrazine,
W, in terms of the weight per kamp-hr, M (0. 663 1b/kamp-hr for pure
hydrazine) is

M I +Dpn+Do+S
w =?“(———’}—~*—-) (9)

n

where E is the cell output potential. The oxygen bleed term does not
enter into the expression for fuel requirements.

In Table I the vcompilation of raw laboratory data, - losses
have been expressed in aml;/ftz for consistency. The loss due to

diffusion of oxygen, Do, (see column 3 which contains the sum of D and
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S) is obtained from Figure 5 which is reproduced from reference l.
The value of Do is 1 amp/t't2 corresponding approximately to the cross
diffusion of 4500 psi and 50° C. The value of the self decomposition
term, S, is 1.5 amp/ft2 and is derived from Figure 2 in accordance with
the discussion above. The airerége values for the cross diffusion ok
hydrazine, Dn; namely, 5.75, 3.7 and 3.8 amp/ﬁ:2 were obtained experi-
mentally and deviate from the values 7.8, 5.5 and 2. 6 interpolated from
Figure 3 and corrected for temperature. The results of Figure 3 repre-
sent a separate independer;t study at 30° C. The disparities result from
aging processes and from difficulties associated with maintaining constant
oxygen bleed, hydrazine diffusion rates, and differential pressures in a .
dynamic.'system.‘ _The results of Figure 3 exhibit a larger fall-off in the cross-
diffusion rate as load increases than is 'apparent from column 2 of Table I.
In fact according to Table I, the average cross diffusion, D,. is slightly
higher at 80 amp/ft2 than at 40 amp/ftz. Figuvre 3 indicates that such
behavior is anomalous. The data of Table I represent measurements over
a pe}riod of several hours in contrast with the data of Figure 3. Thus,. thgy
may represent changes in the differential pres s;xre betweeﬁ anode and
cathode spaces which modify the diffusion processes by superpo sition of
convective flow patterns.

In the following analysis, the values of hydrazine diffusion, D,
employed in subsequent calculations are those listed in Table I. The

inconsistency described in the previous paragraph color the results of




- -

o

125

the following analyses to the extent of +4% to -2% in the most discrepant
cases. The discrepancy is on the conservative side in the most likely
operating ranges.

Columns 6 aﬁd 7, the hydrazine fuel requirement calculated by use
of Equation 9 are plotted as a function of the bleed rates in column 8
in Figure 6. The immediate conclusion to be drawn is that the oxygen
bleed rate within the range of 1 to 5 amp/ftz does not change the fuel
requirement by more than 1.5% and is therefore not the most significant
factor in hydrézine fuel requirements,
Peroxide Requirements

A formulation of peroxide requirements is given in Equation 10.

The weight per kw-hr of peroxide, W, in terms of the weight of peroxide

o’

required per kamp-hr, M_, (l.398 Ib/kamp-hr for 100% peroxide) is

M. 1+D,+D,+B
- 2t Dot Dy + F
W, = —° ( 2 ) (10)

o- 1

The self-decomposition term, S5, in Equation (9) is replacéd by the bleed
rate, B, in Equation (10). The value of D, has again been arbitrarily

set at 1 amp/ftz corresponding to the cross diffusion at 4500 psi and

50° C. The values of Dp and B are taken directly from the measured
raw data of Figure 4. See Table I for a compilation of the input raw data
and calculated values of weights per kw-hr. The required weights are
plotted against bleed rate in Figure 7. The significant fact again is that
at current densities where operation is likely because of high efficiency,

the bleed rate is essentially negligible in effect between 1 and 4 amp/ftz.
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Fuel-Oxidant Requirements

Figure 8 indicates that fuel-oxidant requirements per kw-hr{derived
from Figures 6 and 7) exhibit broad minima with respect to oxygen
bleed rate. The significant conclusion, as before, is that the oxygen
bleed rate is mot a significant factor at operating current densities such
as 40 amp/ft2 or greater which would be desirable for reasonable coulombic
efficiency.

Figure 9 represents the specific fuel-oxidant requirements per kw-
hr under varying load as determined by Figure 8. The effect of bleed
rate is again seen to be small compared to the effect of load. In contrast
with behavior‘o_bserved in hydrogen-oxygen fuel cells, the specific fuel-
oxidant requirements decrease with ioad until approximately 80 amp/ftz.
Increase in specific fuel-oxidant requirements probably increases above
80 amp/ftzAwhere life characte_ristics of hydrazine fuel cells represent
an uncertain area. Assuming acceptable life characteristics, maximum
energy density appears to occur between 60 and 90 amp/ftz. However, at
least up to 80 amp/ftz, the specific energy density of the tested cells does

not exhibit a maximum when trade-off analyses are made involving the
operating power of fuel cells and the - power efficiency of fuel and
oxidant.
Coulombic Efficiencies

Figures 10 shows that the coulombic efficiency of the .peroxide (oxygen)
cathode is a function of bleed rate exhibiting a maximum for high current

densities in the neighborhood of 1 amp/ft2. On the other hand, Figure 11
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shows that the coulombic efficiency of the hydrazine anode is essentially
indépéndent of oxygen bleed rate over the range studied. Figures 12
and 13 show again that load rather than bleed is the significant overall
factor in coulombic efficiency as in specific energy req;xirements.
SUMMARY

The coulombic efficiency and specific material requirements per
energy unit of a hydrazine-peroxide single cell was studied. Electrodes
were a commercially supplied variety prepared from pressed po»t;'dered
platinum and teflon powders in 6-in. by 6-in. squares. Analysis of the -
gas evolution at hydrazine anodes indicates that at high loadings the
seH—décomposition losses of hydrazine may be negligible. Cross
diffusion of hydrazine (and possibly oxygen) decrease rapidly with load.
Bleed rates effect increases in cell potential most strongly at high
loadings.

Hydrazine requirements decrease only slightly with bleéd rate.
On the other hand, peroxide requirements increase with bléed rate
although at high loads the increase is small. Combined fuel-oxidant
requirements per energy unit show broad minima with respect to bleed
rate. At high current densities the fuel -oxidant requirements are
essentially independent of bleed rate. However, they are stro'ngly de -
pendent upon load. Maximum energy density and coulombic efficiency
may occur between 60 and 90 amp/ftZ,

The results are peculiar to the particular system studied. In any
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systems analysis, numerical assignmgnt of efficiencies should be
based upon experimental evaluation of the fuel cell modules actually
contemplated for application.

As a result of the increase of coulombic efficiency with load at
least up to 80 a.mp/ftz no maximum may be expected when trade -off
analyses are made involving the operating power density of fuel cells

and the coulombic efficiency of fuel and oxidant consumption.
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GLOSSARY OF SYMBOLS

B = Bleed loss of oxygen in amperes per square foot
D, = Diffusion loss of hydrazine in amperes per square foot
D0 = Diffusion loss of oxygen in amperes per square foot

E o Cell potential in volts

I = Current density in amperes per square foot

K = A constant

M = Mass requirements per kiloampere-hour

Mn =Wt of hydrazine-water mix per kiloampere hour

M, = Wtof pero?ide-water mix per kilowatt hour

-8 = Self-decomposition loss of hydrazine

Vi = Volume of hydrogen in liters produced per minute per square foot

Vn = Volume of nitrogen in liters produced per minute per square foot

Vt = Volume of all ga.ses in liters produced per minute per square foot
r;‘ = Wt of hydrazine -water mix per kilowatt hour |
o = Wt of peroxide-water mix per kilowatt hour
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TABLE III - FUEL-OXIDANT REQUIREMENTS

Total Total
I Fuel Oxidant Wt per kw-hr | Wt per kw-hr
Amp/ftz Wt per kw-hr | Wt per kw-hr (100%) (90%) B
20 1.045 2.109 3.154 3.504 0.3
20 1.044 2.158 3,202 3.558 0.9
20 1.034 2.204 3.238 3.598 1.8
20 1,031 2.273 3.304 3.671 2.8
20 1.027 2.473 3.50 3.889 5.5
40 .898 1. 844 2.742 3.047 0.3
40 . 889 1.841 2.73 3.033 0.8
40 . 8385 1.868 2.753 3.059 1.6
40 . 882 1. 885 2.767 3.074 2.1
40 .877 1.971 2.848 3.164 4.5
80. .854 : 1.792 2.646 2.94 1.1
80 . 842 1. 80 2.642 2.936 2.7
80 . 846 1.813 2.659 2.954 2.9




‘aanssaad
1opun sy1o> (ony Surdpnis 103y snyeredde (eiuswriadxy - 1 2and1g

Y/

133

PD<t—e
mv ENTAISSIT
‘0 LN4NI

1080d *N =pt——D—(D—D——L D3
1a 39¥nd 40

ﬂ 1 | ><] -VA »
JYNSS3Yd @u :amz&

W31SAS V101 vV LNdN!




‘aurzeipAy 03 pasodxa ANEu\wE 6 ST

Surpeo] wnuye(d) sapoue uofye3-wnunel(d je uoIN[oAd seD - 2 @2and1 g
z44/dwo ‘A{ISN3IQ INI¥IND
00l 08 09 or V4 0
1 1 i | [ O
i 08
- 091

ove

134

0z¢

oor

08y

7,05 JANIVYIIWIL
THiN (2€)WI HOX WS

i 1 ! | 1

Zifrutw/w 31y NOILINT0AI SV



135

40 T T T T — T
30 MIL ASBESTOS 1o
5 M KOH
sl 30°C {,
30 18
N‘—
- 17
$.
R
£ +
E 16 %
- =%
% §
3 20 o=
= 1° &
p-4 <
[T >
o >
g s 142
—
=
o
vl 13
10
12
S
1!
R ,
=% 1 2 3 0
N, Hy %
Figure 3 - Effect of hydrazine concentration and load on nitrogen

evolution at a platinum anode.
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Figure 5 - Effect of pressure on the cross diffusion of oxygen through

an asbestos separator in a hydrazine-oxygen cell.
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ELECTROCATALYSIS IN THE NICKEL-TITANIUM SYSTEM

Eduard W. Justi, Henning H. Ewe, Adolf W. Kalberlah, Nikolaus M. Saridakié,
and Martin H. Schaefer

Institute of Technical Physics, University of Braunschweig

Braunschweig, West Germany

1. INTRODUCTION

Europe offers no economic chances for application of fuel cells in mili- -
tary or space technology and therefore, all efforts are focussed to eventual
applications in civilian technique. This has been the reason why Justi,
Scheibe, and -Winsel (1) have postulated from their beginnings in the early
fifties to avoid principally rare metal electrocatalysts when publishing
their double skeleton katalyst ("'DSK') system of fuel cells. To achieve the
necessary high catalytic activity of base metal catalysts operating at am-
bient temperature they have introduced into electrochemistry for the first .
time Raney type microskeleton catalysts supported by inactive macroske-
leton electrodes. Raney nickel in hydrogen anodes,and Raney silver oxy-
gen (air) cathodes or similar structures are now widely used even.in
other countries for fuel cells operating with alkaline electrolytes at ambi-
ent temperature and low pressure. In the meantime Justi et al. (2) have
investigated various other base metals concerning their abililty as electro-
catalysts and focussed their present interest to titanium which appears
attractive for its low specific weight and huge hydrogen storage capacity,
up to the nonstoichiometric hydride TiH1 65°

Unfortunately titanium is corroding in alkaline electrolytes by forma-
tion of irreducible impermeable TiO, (rutile) coating layers thus exclu-
ding application in our fuel cell systém. Moreover the above mentioned
huge hydrogen storage capacity cannot be used efficiently by adsorbing
hydrogen at moderate temperatures and subsequent desorption at high
temperatures. For by this method of storing hydrogen about one half of
the free energy of combustion of hydrogen would be wasted, as we have
calculated by applying a Carnot cycle on experimental data such as tem-
peratures, pressures, heat content,and heats of sorption. Therefore the
goal of the present work is to combine the good catalytic and storing pro-

_perties of nickel and titanium, and to avoid the disadvantageous ones,
both for fuel cell and for accumulator electrodes. Of course this cannot
be done simply by mixing both metals and thus averaging their various
properties. However nickel and titanium are forming some intermetallic
compounds stable by relatively high energies of formation (about 8000
cal/mole) with quite differing properties. These compounds and their
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alloys may offer a chance of finding out electrocatalysts with really new
and possibly favourable performance. To find this assertion plausible look
at the complicated structure of the elementary cell of Ti_Ni crystal con-
taining 96 atoms (fig. 1) and offering at least 3 different distances between
Ti-Ti, Ni-Ni, and Ni-Ti atoms, an increased tendency towards covalency
between Ti and Ni atoms, and a corresponding variety of hydrogen binding
energies (3).

.DIAGRAM OF STATE OF THE BINARY SYSTEM Ti-Ni AND SCOPE OF

PRESENT WORK

According to the well known diagram of state (4) Ti and Ni form the
intermetallic compounds Ti_Ni, TiNi, and TiNi_, out of which we have
investigated Ti Ni and TiNi." As the left side ot3 fig. 2 shows, Ti Ni
forms an eutecficum with B-Ti. Therefore, all alloys containing less
than 33.3 at-% Ni have finely dispersed Ti corroding in lyes and forming

.the above mentioned thick layer of irreducible TiO,_. This is the reason

why we have focussed our efforts to the interval be%ween Ti,Ni and TiNi,
this is from 33.3 to 50 at-% Ni. The diagram of state shows that cooling
down a melt of e. g. 43 at-% Ni starts with precipitation of TiNi thus
enriching the residual melt with %i. Continued cooling causes increased
segregation of TiNi, until at 1015 C Ti_Ni is formed by peritectic reac-
tion of TiNi and the residual melt. A typical example of such a peritectic
structure is shown in the micrograph fig. 3 at 250 times linear magnifi-
cation. The rounded off parts of the structure are the residuals of prima-

rily precipitated TiNi grains surrounded by peritecticly formed TizNi.

For our experiments we have chosen several alloys with different
contents of Ti_Ni and TiNi. Concerning the TiNi-rich alloys a difficulty
arises because TiNi is extremely hard and tough and can neither be
rolled nor powdered. The nickel richest composition we were able to
mill contained 53. 6 at-% Ti and 46. 4 at-% Ni. In this case the TiNi
grains are prevailing but are surrounded completely by the brittle Ti Ni-
regions, a circumstance of importance for our results to be reportedz.

3. STORAGE OF CATHODICALLY EVOLVED HYDROGEN

First of all we would like to learn if and how this .alloy will accept
cathodically evolved hydrogen. For this purpose we have pressed and
sintered DSK electrodes consisting of 3 gramms of the particular Ti_Ni-
TiNi alloy with grain sizes from 35 to 150 microns, and 6 gramms copper

with grain sizes below 6 microns as a soft macroskeleton preventing

formation of cracks caused by volume increase of hydrogen accepting
titanium. This circular electrodes of 40 mm diameter, corresponding

to twice 12 gq. cm geometric surface were charged first with 5 mA
cathodically in 6m KOH at ambient temperature. Fig. 4 shows the poten-
tials of several specimens thus measured vs. reversible hydrogen poten-
tial as function of the charge accepted. The potentials start rather negative
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and subsequently become somewhat more positive. This transient positive
sign of potential may be explained by supposing an autocatalytic mechanism
(5), this means the primarily accepted hydrogen will favour subsequent )
entering of H-atoms. Probably this effect is caused by enlargement of the
crystal lattice facilitating the inclusion of additional hydrogen until com-
plete saturation.

Next diagram fig. 5 shows the slow anodic discharge of same electrodes
at same current strength. There are striking differences between charging
and discharging capacities. This difference may be called "irreversible
capacity” or ''first hydrogen' and is plotted in fig. 6 vs. Ni content of
each specimen and one may conclude that only Ti_Ni will bind the hydrogen
so strongly. In this connection let us remember the complicated structure
of the Ti_Ni crystal cell (fig. 1) offering a variety of interatomic distances
and thus %inding energies. More precise measurements, taking into
account an initial corrosion of Ti Ni have shown that one molecule of Ti_Ni
may trap irreversibly about two hydrogen atoms. However, concerning %he
storage capacity of the system Ti-Ni mainly hydrogen dischargeable in
the region of reversible hydrogen potential - this is up to 200 mv against
reversible hydrogen - is of practical importance. These reversible capa-
cities are plotted vs. Ni-content of each alloy in fig. 7, and one may see
that they decrease with Ni-content linearly, so the useful capacity is com-
posed additively of those of the pure compounds Ti _Ni and TiNi. Only the
values of the Ti_ Ni richest compositions are deviaging from this linearity.
Micrographs have shown that these deviations may be caused by insuffi-
cient breaking of alloys containing only a few grain boundaries. There-
fore, we have feeled justified to calculate the specific capacities of the
pure compounds Ti_Ni and TiNi by linear extrapolation of these measu-
ring values of the a%loys. Thus the specific useful capacity of pure Ti Ni
~ amounts to 0. 26 , and that of pure TiNi to 0. 245 amp. hrs/gramm. This
means, that each molecule of Ti Ni may store about.1.5, and each mole-
cule of TiNi about 1 H-atom in a reversible way, and this hydrogen may
be called "'second hydrogen' '

According to our hope mentioned in our introduction the reversible
specific capacity is rather high, but there are several other important
points of view for the evaluation of an accumulator electrode, such as
fast charge acceptance, high discharging rate, aging properties and
so on. Ti Ni offers excellent fast discharge performance, for the capa-
city decréases but little on discharge rates down to 15 minutes ("4 C").
In contrast to Ti_Ni, the capacity of TiNi decreases with increasing
discharge rate, what may be explained by slower diffusion of H-atoms
within the TiNi crystal lattice.

To evaluate the cycling performance we have checked the above men-
tioned specimens by automatic cycling at a six hours rate (C/6) within
a potential interval from -30 to + 200 mv vs. reversible hydrogen
electrode in the same electrolyte 6m KOH at room temperature. The
discharge capacity of Ti_Ni rich electrodes degraded to 50% after 45
cycles already, whereas TiNi rich specimens, e. g. 53.6 at-% Ti and
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46. 4 at-% Ni reached this deterioration but after 300 cycles.

One may conclude that it is mainly Ti_Ni which is responsible for aging
of the alloys. This result could be confirmed directly by microscopic in-
spection of polished and etched specimens containing 57 at-% Ti and 43 at-%
Ni, and comparing a virgin sample with another after 180 cycles. Fig. 8
demonstrates that TiNi grains remain unaffected, whereas the surrounding
Ti Ni regions became completely black under cycling. The information
given by light miciroscopy have encouraged us to apply larger magnifica-
tions using an electron mi croscope and in addition to elucidate the struc-
ture and composition by electron beam probe. Fig. 9a corroborates at 1000x
linear magnification that TiNi grains remain unchanged. Fig. 9b shows a
monochromatic photo of the nickel X-ray radiation and indicates that the
surface of TiNi grains is enriched in nickel. In contrast,the original Ti Ni
phase has lost most of its nickel. Fig. 9c¢ is a monochromatic picture o '
Ti radiation and shows that Ti atoms are distributed rather homogeneously.
Fig. 9d proves an enrichement of potassium atoms in the areas of former
Ti,Ni grains. Another analysis has disclosed an enrichement of about 20%
oxygen there, and both K and O atoms must have entered from electrolyte.

However, the decrease of useful capacity of TiNi rich alloys under
cycling cannot be explained by Ti_ Ni oxidation only, for the capacity of
TiNi grains should remain unaltefed. According to fig. 8 the TiNi grains
are surrounded by peritecticly formed Ti Ni respectively the impermeable
coating layers formed by its oxi dation, preventing the access of hydrogen.

4. HYDROGEN ADSORPTION FROM GASEOUS PHASE

After the adsorption of cathodically evolved hydrogen by various Ti-Ni
compounds we have studied the corresponding acceptance from gaseous
molecular hydrogen. For this purpose we used electrodes with the data
mentioned above. These electrodes were now provided with an additional
fine pore copper coating layer, and after being fitted in a conventional gas
tight half cell arrangement with 6m KOH as electrolyte, hydrogen was ad-
mitted at pressure of 2 atmospheres to the active side of the electrode.

In fig. 10 is plotted the hydrogen consumption Q(t) measured in amp. hrs
equivalents per gramm alloy containing 64 at-% Ti and 36 at-% Ni, vs.
time t in hours. The saturation value is about 0.44 amp. hrs/gramm,
this is as much as from cathodically evolved hydrogen (cf. fig. 4). The
adsorption velocity Q(t) of hydrogen is obtained by differentiating Q(t),
and is also plotted in fig. 10 vs. time. As one may see, the adsorption
starts very slowly following an exponential function and reaching its
maximum after 7.5 hours. This dependence on time may be explained
by an autocatalytic mechanism similar to the course of potential during
the first cathodic charging as described above, cf. fig. 4.

By this arrangement we have checked all our alloys and confirmed
that they are able to adsorb molecular hydrogen from the gaseous phase.
Hydrogen adsorbed in this way may also be discharged electrochemically

and therefore. this alloy is suitable as electrocatalyst in H2 anodes.
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5. HYDROGEN ANODES

However, for application of said Ti-Ni compounds and alloys as cata-
lysts in hydrogen anodes, adsorption of molecular hydrogen does not suf-
fice; in addition is deciding the voltage amperage performance. For this
. purpose we have made circular gas diffusion electrodes of 40 mm dia-
meter consisting of an active layer containing 3 gramm Ti-Ni compounds
alloy with grain size below 60 microne, 6 gramm electrolytic copper as
macrosgkeleton and 1. 5 gramm Na CO,, with grain size below 75 microns
as filler. This active layer was coateg by 2 gramm of copper as fine
pore coating layer and hot pressed at 400°C under 8 tons. Among the
various compositions of active materials, the Ti_Ni rich mixtures were
hydrogenated before hot pressing to prevent subszequent formation of
cracks under hydrogen adsorption.

" These electrode specimens were operated both as cathodes or anodes
in an hydrogen atmosphere of 2 atm at room temperature. Fig. 11 shows
the current _polarization performf.nce for both directions of processing
and -a slope of 3.5 to 6 ohm.. em”, and this differential resistance com-
pares unfavourably with ggod Raney nickel DSK electrodes reaching
values below 1.5 ohm. em™ . To specify the reason for this insufficient
performance we have first measured the current density as function of
temperature and plotted in an Arrhenius diagram delivering a linear
correlation between logarithm of amperage and inverse operating tem-
perature with a slope corresponding to 4 to 5.5 kcal/mole, rather inde-
pendent on Ti Ni to TiNi ratio and equalling those of good Raney nickel.
Therefore, ‘the inner surface became suspicious to be insufficient. In .
fact, BET measurements have disclosed that the inner surface of TiNi
rich alloys is less than 1 sq. m/gramm this is only 1 percent of our

- Raney nickel.

6. OUTLOOK

‘Although our investigations into the electrocatalytic properties of
alloys of intermetallic Ti-Ni compounds have not yet yielded a techni-
cal progress we are finding it encouraging that intermetallic compounds
are offering a new variety of potential electrocatalysts, in addition to
the hitherto applied metallic elements. Moreover the electron beam
probe has proved to be a very useful tool in analyzing electrode struc-
tures and in fact we have quite recently succeeded in increasing the
inner surface of the tough compound TiNi and reached the cathodic
and anodic performances shown in the last diagram (fig. 12) equalling
. the valyes of good Raney mckel So one may hope to make a break-

through in this way. .
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ANODE-CATALYST PROMOTED REACTIONS OF
REFORMED HYDROCARBON FUEL CELL FEEDS

D. K. Fleming, S. S. Randhava, and E. H. Camara

Institute of Gas Technology
Chicago, Illinois 60616

INTRODUC TION

The purpose of this study was to investigate the reactions of anode feed
mixtures over candidate anode catalyst combinations. Previous work indicated
that some of the catalysts suggested for CO-tolerant anodes were active in
promoting chemical reactions of carbon monoxide with other constituents in the
normal anode fuels. A program was initiated to determine if these reactions
could occur at the operating temperature of the fuel cell with catalysts which had
been formulated into fuel cell anodes with Teflon binder. The relative extent of
these reactions could illustrate the mechanism of carbon monoxide tolerance in
electrodes and indicate the formulations required for improved anodes.

The methanation of carbon monoxide with hydrogen was one of the major
reactions expected. '

Methanation of CO: CO + 3H, = CH, + H,0 ' (1)

This.reaction is the reverse of the reforming reaction and, according to free
energy considerations, should proceed to the right at lower temperatures.

CO Shift: CO + H,0=CO, + H, (2)

Another expected reaction is the CO shift, Equilibrium considerations dictate
that the steady-state concentration of CO is about 1700 ppm at 150°C, if the
HZO/CH4 ratio fed to the reformer is 2. 5. With dry fuel, the equilibrium carbon
monoxide concentration is higher by a factor of 10. There is an electrocherical
equivalent of this reaction in which the product hydrogen is directly oxidized.

This reaction may take place in an operating fuel cell because the hydrogen formed
is adsorbed on the electrocatalysts.

‘Methanation of CO,: CO, + 4H, = CH, + 2H,0 (3)

Recaction 3 indicates the direct methanation of carbon dioxide and is the sum of
Reaction 1 and the reverse of Reaction 2. However, this reaction neced not occur
stepwise with the formation of free carbon monoxide.

Other chemical reactions are also possible; however, these reactions have
little likelihood of occurring at the fuel cell operating temperature and the C-H-O
composition employed.

In this paper only the relative strength of the anode catalysts for enhancing
these reactions is presented. No attempt is made to relate to the CO tolerance of
operating fuel cell anodes, except in general terms with known past histories of
anode performance.

Catalyst Selection

All of the anode catalysts used in this study were manufactured by American
Cyanamid Co. according to its standard techniques, hut with the noble mectal
constituents specified below. The noble metal loading in all clectrodes was
5 mg/sq cm; the oxide admixture proportions followed the supplicr's standard
specifications. In mixed catalysts the weight proportions were cvenly dividerl
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between the constituents. The catalysts were not analyzed for precise composition;

rather, the compositions requested from the supplier are discussed below.

The anode caté]ysts tested were —

e Platinum: This is the standard fuel cell catalyst and was used as a
basis of comparison for the other materials.

e Ruthenium: This material is known to be active for the methanation
reaction (Equation 1) when deposited on alumina. It provides the basis
of comparison for platinum-ruthenium mixtures (1, 2, 4, 7).

® Rhodium: Pure rhodium is known to be slightly active in promoting the
methanation reaction(2,4)and provides a basis for comparison with
platinum-rhodium mixtures.

e Platinum-Rhodium: This is the standard Type-BA catalyst manufactured
by American Cyanamid and mentioned in its basic patent by Ziering,
L. K. (8). Studies of this electrode were also conducted by McKece
et al.(5). ‘

e Platinum-Rhodium + WO,: This is Cvanamid's Type-RA anode; it is dis-
cussed in the Ziering, L.K.,patent(d)and by R.G. Haldeman(3), also
of American Cyanamid Co.

® Rhodium + WQ,: Although not a standard anode catalyst, excellent
- carbon monoxide tolerance was claimed for this combination in the
Ziering, L.K., patent(8)of American Cyanamid Co.

e Platinum-Ruthenium: This is the basic mixture used by General
Electric Company: Several papers have been published on its carbon
monoxide tolerance (4, 7).

e Platinum-Ruthenium + WO,: This combination was selected because of
the high activity of the platinum-ruthenium and the beneficial effects of
the addition of WO, in other catalysts. -

e Ruthenium + WQ,: This catalyst combines the best features of the
ruthenium and the WO, admix, without the dilution effect of the platinum.

o Platinum + WO,: This was a basic reference catalyst to determine the
effects of the oxide constituents with a relatively inert base, This elec-
trode combination exhibits carbon monoxide tolerance according to
Niedrach and Weinstock (6).

e Platinum-Rhodium + MoQ,: Molybdic oxide was a constituent in the
original precursor of the Type-RA electrode and was studied in this
program to determine the effects of the MoO, admix.

e Platinum-Ruthenium + MoO,: This combination was chosen to deter-
mine the effects of the molybdic oxide admixture upon the relatively
active platinum- ruthenium noble metal base. ' '

Palladium was not tested because it is relatively inert and iridium-containing
electrodes could not be supplied. Variation of the noble metal proportions was
not attempted in this study; varying concentrations of the oxide admixture were
not available,

Table 1 lists the catalyst combinations used and the logical divisions
according to systems and admixtures.

T—— e e e Yo D
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Table 1. CATEGORIZATION OF CATALYSTS TESTED

Admixed Catalysts

Metals Mixed Metals WO, MoQO,
Rhodium System Pt o Pt + WO, :
: Pt-Rh Pt-Rh + WO, Pt-Rh + MoO,
_Rh Rh + WO, .
Ruthenium System Pt Pt + WO, -
Pt-Ru Pt-Ru + WO, Pt-Ru + MoO,.

Ru Ru + WO,

Experimental Equipment and Techniques

The reactors for this work were standard fuel cell hardware, indicated
schematically in an exploded view in Figure 1, Stainless steel and tantalum end- '
plates were tested and found inert for these reactions. The flow configurations
in the 2 x 2 inch test cells were checked for uniformity by smoke tests. These -
electrodes were placed against a Teflon backup sheet and the available area of
the electrode was determined by the opening in the frame gasket, identical to.a
standard fuel cell compartment gasket. Tantalum, expanded-metal screens
were used to fix the location of the electrode.

The flow pattern of this reaction, with the reactant gas passing through
a thin, wide chamber with one catalyzed wall, is not ideal. However, this is the
configuration used in most fuel cells, and the equipment was set up to relate to
operating fuel cells.

The tests were operated with dry electrodes; that is, an acid-soaked
matrix was not present behind the electrode. The acid was omitted to avoid the
effects of variable electrode drowning, gas dissolution rates, equilibrium shifts
due to water at the electrodes, variable acid concentration with drying out of the
cell, and other effects that would alter the rate and/or the reproducibility of the
reactions. The results presented, however, are useful in relating the relative
activity of the catalysts — a factor which is not grossly affected by the presence
of an electrolyte. However, in an operating fuel cell, the electrode operates
at fixed potentials with respect to the electrolyte: This potential may shift the
equilibrium due to the effect upon the free energy change.

The experimental apparatus is indicated schematically in Figure 2. In
the flow system either standard fuel gas or a zero gas (for calibrating the instru-
ment) is admitted to the system through a pressure regulator and block valve.
The gas passes through a flow-indicating rotometer and a flow regulator which
control a constant, downstream flow rate, regardless of the upstream pressure.
The gas then flows either to the test cell or to a bypass. Leaving the system,
the gas goes either to a bubble flowmeter or to the gas analysis train. The
bubble flowmeter is used to adjust the flow controller for each run. The gas
analyzing equipment is calibrated with a zero and a standard gas at the beginning
of each run. In a given test, when the cell temperature stabilized, as controlled
by a proportional temperature-indicating controller and verified by a strip-chart
temmperature recorder, the bypass valve is closed and the gas fed to the cell for
several minutes to establish steady-state conditions. The carbon monoxide and
methane contents in the effluent gas are then recorded as a function of tempera-

ture.

The gas compositions are determined by sensitive infrared analyzers
calibrated for the detection of carbon monoxide and methanc. The first unit in
the analysis train is a Lira Model 200, manufactured by Mine Safety Appliances,
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Pittsburgh, Pa. It rhas three carbon monoxide ranges with full-scale sensitivities

of 100, 500, and 5000 ppm CO. Although the lower range is direct reading, non-
linearity exists in the upper two ranges so that calibration curves are required.
When used with these curves, the Lira IR analyzer continuously monitors the
carbon monoxide concentration in the flowing gas stream with an estimated
accuracy of 24 of full scale. The analyzer used for methane determination is a
Lira Model 300, which has greater electronic drift so the absolute values of the
methane concentrations are not as accurate: This unit has a single range of 0-€000
ppm methane.

The gas flow rate used in most of this work was 300 cu cm/min. This rate
was chosen because it is near the lower range of the gas analyzing equipment.
l.ower flows are time-consuming, and this standard flow rate indicates the relative
performances of the catalysts. For comparative purposes, this flow rate is
approximately equivalent to 30 times the stoichiometric equivalent for l-ampere
current drain from this size cell, or 10 times the stoichiometric flow rate for
100 A/sq ft current density. The average residence time in the cell is approxi-
mately 3/4 second.

The primary feed gas was a simulated reformer product.:

Hydrogen 79. 7%
Carbon Dioxide 20%
Carbon Monoxide  0.3%

Gas of this composition may be expected after reforming and shifting reactions
with a high H,O/CH, ratio in the feed to the reformer. This gas composition was
chosen because it is a possible fuel cell feed and is near the mid-range of the gas
analyzing equipment in concentration. )

In some tests, a reference gas containing 804 hydrogen and 20% carbon
dioxide was used. This gas determines the effect of a carbon monoxide-free
feed. Most of the tests were run with dry feed, although some were operated
with 57°C dew point humidification to check the effect of moisture on the
reaction. '

PRESENTATION OF RESULTS

Interpretation of the Data

The relative capabilities of these catalysts in promoting the reactinns are
determined by the change in the CO and CH, concentrations in the effluent gas
stream. Any increase in the CH, concentration is indicative of Reactions 1 or 3.
If an increase in CH, concentration is accompanied by a corresponding decrease
in the CO level, then Reaction 1 takes place.

A decrease in the CO concentration could mean either Reaction 1 or 2
occurs. As discussed above, a corresponding increase in the CH, level indicates
Reactionl. Anyincrease in CO content, without a change in the CH, level, indi-
cates the reverse of Reaction 2.

The effluent from some rhodium-containing catalysts first shows a de-
crease in the CO content, with a corresponding increase in CHy. At higher
temperatures, both the CO and CH, levels increase: This is interpreted as simple
methanation of carbon monoxide at lower temperatures, followed by the reverse
CO shift and continued methanation at higher temperatures. However, the
methanation capabilities of the catalyst are weak, so the net CO content increases.
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Metals — Rhodium System

Figures 3 and 4 present the carbon monoxide and methane concentrations
in the effluent from fuel-cell-type reactors containing ''metal-only" catalysts. In
the rhodium system, the electrode containing only platinum exhibited a slight re- .
duction in the CO concentration (Figure 3) at higher temperatures; the platinum-
rhodium electrode was similarly inert, A pure rhodium electrode showed a
carbon monoxide generation of about 50-100 ppm above 225°C. In Figure 4, the
platinum exhibited a methane generation which was not significant. Again, the
platinum-rhodium was inert. The pure rhodium electrode, however, showed
a definite methane generating capability.

In summary, the platinum and platinum-rhodium electrodes are essentially
inert in the temperature range studied. The pure rhodium is a weak methanation
catalyst, probably forming CH, from CO: Itis also slightly active in promoting
the reverse CO-shift reaction.

Metals — Ruthenium System

"The performance of the ruthenium system metals is presented in Figures
3 and 4. As indicated above, the platinum reference electrode is almost inert;
however, the pure ruthenium one is a definite methanation catalyst. The carbon
monoxide concentration in the effluent from this electrode decreased rapidly at-
temperatures between 150° and 175°C. Similarly, the methane concentration
in the effluent rose as the CO concentration decreased, indicating that the carbon
monoxide was being methanated. At temperatures greater than 175°C, the methane
concentration continued to increase; the graphs do not present enough evidence to
indicate if carbon dioxide was being methanated directly, or if carbon monoxide
was being formed from carbon dioxide and hydrogen by a reverse CO shift, while
the high methanation capabilities of the electrode maintained a low CO concentra-
tion. At higher temperatures, the CO concentration in the effluent tended to
increase slightly. This is in accordance with the equilibrium consideration.

The platinum-ruthenium mixed electrode also exhibited methanation capa-
bilities (Figures 3 and 4) but the effect took place at a higher temperature. This
indicates that the catalytic strength of the platinum-ruthenium electrode is not as
great, probably because of the dilution effect of the platinum upon the ruthenium.

In summary, in the ruthenium system, the platinum clectrode is inert,
but the ruthenium electrode is active in promoting the selective methanation of the
carbon monoxide. When the CO had been consumed, additional methane was still
generated, indicating either a direct methanation of carbon dioxide, or activity for
the reverse CO-shift reaction followed by enough activity for the CO-methanation
reaction that the carbon monoxide concentration was maintained at a low level.
The platinum-ruthenium electrode behaves similarly to the ruthenium electrode,
although at higher temperatures.

Effect of Additives — Ruthenium System

Figures 5 and 6 present the CO and CH, concentrations from three
platinum-ruthenium electrodes. One of these clectrodes contained no admixtures,
another contained tungstic oxide, and the third contained molybdic oxide. These
graphs indicate that the tungstic oxide admix significantly improves the methana-
tion capabilities of this electrode, dropping the temperature of reaction to about
150°C. The molybdic oxide admix, however, had no significant effect upon the
electrode's methanation capabilities; it may even have decreased this activity at
the higher temperature, as indicated in Figure 6. However, the MoO, admix did
cause an increase in the CO concentrations at elevated temperatures (Figure 5),
indicating that this electrode is active in promoting the reverse CO-shift recaction
when used in conjunction with platinum- ruthenium.
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Figures 7 and 8 show the CO and CH, concentrations in a series of
ruthenium-containing electrodes, both with and without tungstic oxide admix.
These graphs indicate that the Pt-Ru + WO, is even more active for the methana-
tion reaction than the pure ruthenium electrode; the Ru + WO, is more active yet.
In contrast, the Pt + WO; anode exhibits the same degree of inactivity as the pure
platinum electrode.

Summarizing, tungstic oxide exhibits a definite synergistic effect in
promoting the methanation reaction when used in conjunction with ruthenium-
containing electrodes. Molybdic oxide admix may have a slight depressing effect
upon the methanation reaction, but promotes the reverse CO-shift reaction,

Effect of Admixes — Rhodium Systems

The CO and CH, concentrations from three platinum-rhodium electrodes
are given in Figures 9 and 10. One of the electrodes contains no admix, another
contains tungstic oxide, and the third contains molybdic oxide admix. These
graphs indicate that the tungstic oxide admix promotes the generation of methane.
At temperatures less than 175°C, the methane apparently is formed from carbon
monoxide, because the decrease in the CO concentration is equal to the increase
in the CH,; concentration. At elevated temperatures, the CH, concentration con-
tinues to increase: The CO concentration also increased, indicating catalytic acti-
vity for the reverse CO-shift reaction.

The molybdic oxide admix, however, promotes very little decrease in the
CO concentration at lower temperatures, but apparently promotes the reverse CO-
shift reaction at higher temperatures. In Figure 10, the amount of methane gen-
erated with the molybdic oxide admix is relatively high. This may be due to
direct methanation of carbon dioxide. As indicated earlier, the platinum-rhodium
electrode without admix is relatively inert.

Figures 11 and 12 present the CO and CH, concentrations for the family of -

rhodium-containing electrodes both with and without WO; admix. As-indicated
earlier, platinum, platinum-rhodium, and platinum + WO, are relatively inert;

the pure rhodium electrode has slight activity for the methanation and reverse CO-
shift reaction. However, with the addition of tungstic oxide, the activity of the
platinum-rhodium electrode for the methanation and CO-shift reactions increases
significantly. These graphs also illustrate the one irregularity which has been
observed: Thepure Rh + WO, electrode is not as active for the methanation or
CO-shift reactions as the Pt-Rh + WO, catalyst. This effect may be real or due

to an irregular catalyst sample. '

Summarizing, tungstic oxide admix exhibits a definite synergistic effect in
promoting the methanation and reverse CO-shift reactions when used in conjunc-
tion with rhodium-containing catalysts. However, pure platinum plus tungstic
oxide is relatively inert. Molybdic oxide admix apparently promotes only the
reverse CO-shift reaction, although it may have an effect on the direct methana-
tion of carbon dioxide with platinum-rhodium based catalyst.

Effect of CO-Free Feed

Figures 13 and 14 present the carbon monoxide and methane concentrations
in the effluent from a Pt-Ru + WO, electrode with both the standard feed gas con-
taining 3000 ppm CO and with a CO-free feed. Apparently, the methane-generating
capability of this catalyst is greater with a CO-free feed: No carbon monoxide is
generated with this catalyst. At temperatures in the range of 125°-150°C, signi-
ficant CH, is generated without apparent CO in the effluent. This is the range
{with the 3000 ppm CO feed) where the CO concentration decreases and the CH,
concentration increases in an apparent steady-state condition. The new data indi-
cate that methane may be generated from carbon dioxide without an independent

b
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CO intermediate. Earlier data indicated that free CO would be present in the
indicated temperature range during the selective methanation of the carbon
monoxide. However, with the CO absent from the feed, the carbon dioxide can
methanate directly and apparently reacts at a lower temperature when CO is
absent from the feed.

Figures 15 and 16 present carbon monoxide and methane concentrations
for a platinum-rhodium + tungstic oxide electrode combination, both with and
without carbon monoxide in the feed. Figure 15 indicates that the activity of this
catalyst for the CO-shift reaction is constant; Figure 16 indicates the variation
in the methane-producing capabilities of the electrode with the feedstock. Again,
more methane is generated from a CO-free feed. Similar to the ruthenium-
containing electrode, methane is generated in a temperature range where the
CO/CH, ratio is much lower than was required for the 3000-ppm CO feed. There-
fore, it appeags that the CO, is methanating at lower temperatures, but, as the
temperature increases, CO also methanates as the two lines of Figure 16 merge.

With the feed containing 204 hydrogen and 20% carbon dioxide, the direct
methanation of carbon dioxide is indicated for both Pt-Ru + WO; and Pt-Rh + WO,
electrodes. The methane generated at any temperature is greater than experi-
enced with CO-containing fuels when selective methanation of the carbon monoxide
is experienced before methanation of the carbon dioxide. With the rhodium-
containing electrode, activity for the reverse CO-shift reaction was still evident
as carbon monoxide was formed at higher temperatures. In this case, the
methane-generating capabilities from the two feed streams became similar at
elevated temperatures with higher CO concentrations, indicating methanation of
the carbon monoxide generated.

Effect of Moisture

Several tests were made with the fuel gas humidified to 57°C; the dew point
if the H,0/CH, ratio fed to the original hydrocarbon reformer was 2.5. The water:
concentration in the feed caused the effects expected from equilibrium considera-
tions. It reduces the methane generated over thie catalysts in Reaction 1 and the
CO generated by the reverse CO-shift Reaction 2. Extensive tests with moisture
in the feed were not run because they did not aid in the general purpose of the
program — determining the relative catalytic activities of candidate anodes in the
reformed fuel mixtures.

Effect of Gas Flow Rates

Earlier work had shown that the methanation reaction was sensitive to
contact time. Figure 17 presents the methanation capability of a pure ruthenium
catalyst electrode as a function of flow rate. The temperature at which the
majority of the carbon monoxide is methanated decreases from 160°.to 130°C as
the flow rate is decreased from 500 to 100 cu cm/min. These data indicate that,
at flow rates normally employed at the fuel cell anode, the temperature ot the
reaction decreases so that significant methanation may occur. This is parti-
cularly true in the case of the CO-containing fuel in the pores of the electrode
as longer residency time would be expected in this case. -

Figure 18 presents a similar set of curves for the variation in the CO
consumed, with the flow rate for a platinum-rhodium plus tungstic oxide elec-
trode. In this case, the methanation capability of the electrode is improved
with lower flow rates, enough to partially offset the CO-increasing tendency of
the CO-shift reaction at higher temperatures. Again, significant chemical reac-
tions could occur at the fuel cell operating temperature; the lowest flow rate
on this graph is still stoichiometrically equivalent to over 300 Alsq ft.
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CONCLUSIONS

Noble metal catalysts formulated into fuel cell anodes maintained their
activity for the methanation reaction. Particularly, ruthenium-containing elec-
trodes exhibited significant methanating capabilities; pure rhodium electrodes
showed some methanation activity. Therefore, the Teflon waterproofing is not a
significant deterrent to the reaction, nor is the alumina support used in granular
methanation catalysts necessary for the reaction.

Ruthenium-containing electrodes are active for the production of methane,
If carbon monoxide is present in the fuel, it is selectively converted to methane
before the carbon dioxide reacts. If the feed is CO-free, CH, is generated
directly from CO, in greater quantities than if CO was present., The ruthenium-
containing electrodes appear to be inactive for the generation of CO from CO,,
although this effect could be masked by the CHgenerating capability of the
material.

. Rhodium-containing electrodes are much less active for the generation of
CH, from CO and CO;, but the reactions still take place. Pure rhodlum elec-
trodes appear tobe relatively inactive for the generation of CO from CO,,

All the reactions tested were sensitive to flow rate, indicating that reac-
tion time . is an important parameter in the equipment configuration used.

The addition of molybdic oxide appears to enhance the production of Cco
from CO,; with both rhodium- and ruthenium-containing electrodes. It has slight

offect uson the CH, generating capabilities, except,perhaps, causing some produc-
tlon of CH, from CO; with Pt-Rh slectrodes. '

The addition of WO, to the electrode has a definite synergistic effect for
every catalyst combination tested, except pure platinum, With the ruthenium-
containing electrodes, the methanation capabilities were significantly improved.
The ‘methanation capabilitias were also improved with the rhodium-containing
electrodes; in addition, this constituent improved the generation of CO from CQ,
with the rhodium catalyst family,
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ON THE DEPENDENCE OF THE CATALYTIC ACTIVITY OF PLATINUM ON SIZE
AND ORIENTATION OF THE CRYSTALLITES

V. S. Bagotzky, Yu. B. Vvassiliev, A. M, Skundin, V, Sh. Palanker,
I. I. Pyshnograeva, O, A, Khasova, and L, S. Kanevsky

Academy of Sciences of U.S.S.R.
Moscow V-71

ABSTRACT

The influence of structural factors upon the activity of plati-
num catalysts for different reactions was investigated. Processes of
electrelytie hydrogen and exygen evolution, anion and methanol afdsorp~ '
tien and methanel oxidation were used as model reactiens. .

It was shown that for methanol exidation the catalytic activity
of platinized platinum, referred to unit true surface, is appreciably
lewer, than that of smoeth platinum. Investigatiens on monocrystalline
platinmum have shown that on different crystal fsces the isotherms for
hydrogen adserption are similar. Neither is there a difference as re-
gards the exygen adserption isotherm and the kinstics of oxygen and
bromine adserption. However, there is a appreciable change in the
rates of methanol adsorption (imnvolving dehydrogenation of the metha-
nol melecule) and of the oxidation of erganic residues on the surface.
On the (111) face with the greatest density of surface atoms the rate
constants (referred to one surface atom) exceed the relevant constants
on ether faces 3-6 times. An analogeus effect can be observed for hy-
dregen and exygen evolution, The valuss of the activation energy re~
main unchanged, the density of the surface atoms affecting mainly the
preexponential factor. Annealing of polycrystalline platinum or pre-
liminary mecanical deformation do not affect the adsorption and ca-
talytic properties of the surface.

On a smooth carbon surface (glassy carbon covered with nonporous
pyrolytic carbon) low quantities of platinum microcrystallites were
deposited electrolytically. The surface concentration was low enough
to prevent overlapping. The hydrogeu evolution rate depends on the
erystal eize and on the mean distance between crystallites on the
surface. For small crystallites (i.e. for high specific surface
areas) and for small smounts of crystallites on the surface the re-
action rate exceeds 5-7 times the rate on smooth platinume.
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DISTRIBUTION OF CURRENT CONVERSION IN POROUS
GAS ELECTRODES

Karl Joachim Euler

VARTA
Frankfurt/Main, Germany

§ 1 Introduction, Probleu:

During the past yeers, the phenomenn of currcnt corversicn

f

in porous ges elecirodes of finite thickness have been

investigated veory thorouzhly by a grent number of authors

[LLES

(2, 3 4, 5, 6, 7, 8, 9). The mein attention in recunt

S

the current con-—

Fh

papers was pzid to the investigation o
version in the nesrcst neignbeourhiood of thiriphase zones,
i,e, nearest to the liquid - gos meniscus in a singie nore
of the'working clectrode, sce balow & 5, However, this

is only ore of several important factors, responsilble for
the distribution of current conversion inside electrodes
of finite thickness, In the following paper, pléine porous ,
gas electrodes consisting of at least twe layers, having 7
different pore diameters, are examineld. To this kind of

electrodes, the gas is fed through one surface, and the

/
liquid electrolyte adheres the other electrode surface. r
Thickness 1s svpposed to be finite but small with regard ,
to the lateral dimensions, and the use of electrolyte . 4
. x
repellent agents nay be generally excluded ). 5
[
§ 2 General Theory
In most cases, the complicated tnsory of iri-phzse J
electrodes can be reduced to the betiter known ( 9, 12) ’

*) Please sece § 7
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theory of porcus two-phase electrodss. Pigure 1 shows

the geomztry cof a semi-infinite porous double layew
oxygen elecirode, made of metal powder, The electrenic
conductivity of ths electirode matrix is supvozed to te
nigh, to such a degrec, that the volizge drop in the
electron path czn be neglectied, in trc covexr layer,

the narrow pores are filled completely with elecirolyte,
andno elecirical conversion of ions to electrons proceeds
therein. Thus, the cover layer acts as simple resistor_
in the electric znalogue, having no influence on the

spatiel distribution of current conversion inside the

working layer,

When we regard, for instance, a hydrogen anode in alka-
line electroiyte, the eleétrochemical gross rcaction
may be written .

Hy, + 2 dH_ — 2 Hy0 + 2 e,
Since "metzbolism waste" wuter is formed, which must
be removed from the working layer, either migrating in
the liquid phase, or diffusing, as stéam, into the
hydrozen supply system, Because the water lovers the
ionic.conductivity inside the electrode, its effect
approximatively can be taken into consideration, under
steady state conditions, by introduction of a somewhat

elevated ionic resistivity @, , see § 8.
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Conseguently, orly wvwo trensport phenormena remsin to be
considered, tre ion resistivity, and the fas friction in-
side ihe nerrow pores, hereaftor callcd "gus resistivity".
Two-phase electrodes, up to now have been ircated a2s an

. N , .. - D . i
electrical networiz, Dligmelinical characleristics, like dif-
fusion constant D of gases, pressure drQp, and channel

geonetry must be transferred into adequate electrical

magnitudes.

Using the Einstein equation D = b kT/e, inmediately a

gas resistivity.y g can be defined:

1/ = 0N b e =DnN e/t

N [cm_3J carrier density D [cmz/él diffusion constant
n number of elem- kT/ex25 mV at room'temperature
entary charges
per carrier f== 4 geometrical factor, ,
> : . 1including porosity,
b [pm /V4 "physicalmobility tortuosity, etc. (
e = 1,601°10719 s !

To be exact, the Einstein equation applies only +to conductors
having equal mobilities b, and b_ of carriers of both signs.
Here, H and OH ions are involved, the mobilities of which

differ considerably. However, only an estizate is necessary L
in the framework of this investigation, as become evident
here below. /
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‘ alid
| 0,1 <D< 1 e /s val

; I 5,3'1019 e {
preszure 2 Xp/cui

e =1,601"10" 12 As
X KT/e = 25,3 uV

ve get 0,01< < 0,1 onm'cn,
Se

On the other hand, the ionic resistivity inside the working

layer can be esvimated easily, and, in addition, has been
measured by jiclthusen (11), Porosity is around 50 pct., and
i about 15 pct, thereof are filled with electrolyte, 6 n KCH
) .at 60 °c. Teking into consideration a tortuositj factor
of 1,5 , the final ionic resistivity can be calcuiated to
i G 4= 20 ohm"crz. This result agrees well with Holthusens

measureuents,

Vhen comparing gas and ionic resistivities, we find, that 9g'<:?i'

o -3 . s N . - . N
l Thus, beneath electronic r951st1v1ty'ge, alsc)?g can be ne;lectad,
Out of tne theory of two-phase electrodes, we take

.y — @ cosh [exSz*) +.¢ cosh [xS{1-2%)]
0(zx) = (a+c) Sinnl=5] *5. (eq.1)

SN




180

n =04/ c = ¢,/h; «? = (gite les &= 1i/v;

A [anJ area; [mV] border overvoltege; i [mA/cm2]current

density.

Since equation 1 implies diffusion constant D and ion
mobility b, we call © the "Special Transport Function”

of this type of porous gas electrode., Because ¢ > ¢g OF

a > ¢, the eabove written equation 1 can be simplified

‘cosh Vo g s z]*
sinn [Vg5€ 5]

or, intfoducing C = Veig S -

c

0;(z*) = cosh [C z*], ' (eq. 2b)

‘sinh C

the shape of this function being given in figure 2., . 9; (z%)

is analogous to 0(z*) the approximative special transport

function, neglecting gas resistance.

To let 0(z2*) or Oi(z*) become effective and evaluable,
.we have to introduce adeqﬁate values of boundary over-
voltage”? ,» Or overvoltage parameter g, respectively.
Under steady state conditions, i.e., a constant current
density i flowing to or from the eleétrode} there may
exist a factor of 10.or 100 betﬁeen gas concentration

(or activity) in the gas phase and electrolyte. Thus,
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. . S e m
cLoen™ pouLntl L

Lot onloens

proxiizztion simply the
devove the
we have to expect 15 to0 60 1V in o

120 wV in %;dro;eJ electrodes, Tes;

; . 2 ; - .
density i between 10 and 100 ni/en®, the range of poscible

. - . . " . P
valuec, 1n wilch g = 1/y1must be comprised, is 0,2< g < 10,
Pigure 2 exhibits z set of specizl transport funcilon, eguatiocn
2b, using as paremeters ¢ ;= 20 onu’cu, 0,1 < g < 10, and

electrode thickness S = 1 nmm.

"§ 4 Statistical Distribution of Active Sites

With the special transport function €(z*), the porous
electrode has been described as homogeneous and isotropic
continuun, The active sites, or, in other words, working
grains of incorporated catalyst are supposed to be evenly
distributed, and its activity shall not depend on z*,

From observations made at a great number of electfodes,

we know, that there exists a certain statistic distribution
Y(z*) of active sites, depending on grain density statistics,
grain size statistics, spatial distribution of active
procedure, flooeding of pores and on poisoning after a

rolon;ed reriod of work, However, in generzl Y(z*) mzy
[ b L (] o
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be regarded as even, Yo(z‘) = 1. This approximation
holds fairly well during the first year-of use under
rated load., Iater on, exvressions like Yt(z*):: 1 -
(mz¥)%, therein.m depending on time, O < m < 1, and

q 7.1, fit better, To avoid unadequate mathematical
difficulties, we limit the study here to the behaviour
of electrodes having active sites evenly distributed;

Y(z*) = YO(Z*)=3 1.

. § 5 Current Distribution in a Single Pore

More tﬁan 100 years ago, already Sir Grove (1), had

some insight into fhe import role of tﬁe trifphase

boundary as‘current generating zone of gas electodes,

However, not earlier than during the past years, several

authors tried to solve -the problem of current convérsion‘
spatial distribution in these tri-phase zones, seé for

instance (3,4,5 and 6)., The resulting distribution

fﬁnctions @ (v) are with respect to a éb—ordinate v

along the single pore, or perpendicular to a single

conversion zone.”) The origin vhas to be imagined in

the top of the meniscus, or aimply'ceﬁtergd to each

individual conversion zone. z. ( or z) and v include ' .
an angley depending-on the geometrical situation of V o

each site, see figure 3.

*) This treatoment is not restricted to "pore" geometry,
but cen be easily applied to every geoumetry, just

inserting as d the characteristic distance.



sical asswsptions, e.s5, pore or

o

The diétribution.é (v) depends consideradly on
geomctrical and phy :

film geometry, gas diffusion across liquid or éolid
phase, surface migration of gas atoms, creeping of
electrolyte; electrochcmical reaction, ratec devermining
step, nature of wastes formed etc, However, as global
ciiaracteristics, the sinple rule can he regarded as
generally valid in nearly all cases, that §-(v) differs
from zero only in a small interveal t'A{’v on both sides
of the co-ordinate origin, and b;v being comparable

to the éharacteristic "pore diameter" d. Conseguently,
each individual conversion sife can abproximately be
treated as a small differential volume, perhaps as

small cube or sphere, the diameter s of which is a
little bit larger than the pore diameter d. In our
special case, d .is of the order of magnitude of 30 '/um;
and therefore suall when compared with elecxrode ‘

thickness S.

§ 6 Combination of ©, Y and é

Combining the aforementioned distributions, we get
for gﬁg_ single conversion site

a3/3 = o(z*) ¥(z*) § (v) av. . (eq.3)
Therein, é (v) is‘the distribution inside a single

.. * A ; - i
site, Y(z ) represents the probability, that sites are
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located in a certain depth iﬁterval from z* to z*+dz*,

and O(z*) indicates the fraction dJ of the overall
current J converted in the zone z* to z*+ dz*. "Since

the problem, in‘fact, is to indicate the conversion
profile inside the whole working layer , we have to inte-
grate equation 3, taking into consideration the angle ¥
between the co-ordinates v and z*. However, we restricted
ourselves to Y = Yo(z*)a: 1 and to'éuch electrodes, whose
thickness S > d allows to approximate the individual
sites as smell point-like spheres. Then tne influence

" of Q‘é.nd 04 degenerates simply tb a factor, which 'i‘ﬁrther-l
more can be taken into account by normalizing the dis-
tribution with respect to the current J of the entire
electrode, Thus, we get finally the spatial distribution
of current conversion in the working layer of a éemi—

1nfinite, porous gas diffusion electrode

——————

sinh C
Expression 4 do not depend on electrode area A, there-

az(z*)/3 = Oi(z') az* = C cosh [C z*] dz”; (eq.4)

fore 4&J/J can be taken, at will, as current, or current
density. In most praétical cases, the columetric current
load of the eletrode will be the favourized, because

mostly obvious magnitﬁde

ai(z") = as(z") C cosh [C zf} (eqa.5)
. ids* J daz"* sinh C : ‘

to be measured in mA/cmB.




185

Since the currant cceaversion irn the clseiredcs wn
considernvion is describsli by monotonous funciions

withoutd pousi it may b2 useoiul, to define

As easily event, this exvression loses 1ts sense, if

cosh ©~ C<e . Therefore, we let rise the electrode

thickness § to very high values, than we are able to

replace cosh [z>> 1]::-; __1__ exp z, and we get T= ~1/V§-iE.
2 .

Table 1 contains caleculated penetration depths in the

ranges of g and Qs here of interest.

Table 1 Penelration depth UV of conversion current in
the working layer of a semi-infinite porous gas
diffusion electrode, as function of boundary over-

voltage parameter g and ionic resistivity ?i'
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speciiic ion resistivityg}i( chni“ci )
20 30 40 50 60 80
g
-1 -3 )
(ohm cm ) penetration deoth T  (mz)
0,1 7,02 5’73 4,95 4,45 'ilo4 31':_)1
0,2 5,00 4,08 3,53 5,17 2,89 2,2@
0,5 3,15 2,57 2,22 2,00 1,82 1,58
1 2,25 | 1,84 1,59 | 1,42 | 1,30 1,13
2 1,58 1,2 1,12 1,00 0,91 0,79
5 1,00 0,82 0,71 0,63 0,58 0,50
10 0,70 0,57 0,50 0,44 0,40 0,35
26 0,50 0,41 0,35 0,3%2 0,29 0,25

In the woiking layer of ﬁanufactured sintered nickel
elect;odes penetration depth has been found between 0,6

and 0,9 mm. These results refer .to electrodes of different
design, both oxysen cathodes and hydrogen znodes, cént-
aining fine divided silver metal, and Raney niciel aé
catalysts, respectively; Having in mind, that under

steady load the mean ion resistivity ?i apéears somewhat
elevated above 20 ohm'cm*), the measured penetration depths
agree fairly well with the results given in table 1.
Consequently, the experimentzl range of g, has to be

assumed to about 5<g < 10, i.e. the upper limit of the

*) see § 9.
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rangzge ingicuted in § 3. ‘“the vrob: )
that the torier overvoliugey reclliy Io o«

n of tiae szcond teorm within uae

quovient znd on the i

braxes in e stroight forusnrd equation indiented also by

Hernst:
+ -— N
kT 2 - S -
Y = - mmTr e oo (i Fot n(ViZ'- V11) . (eq.n)
+ 1
vherein b+-an6 b are the moblitiecs of positive und
negative ions, f1 and f2 are hydrozcn activities in the
gas phase and thne electrolyte, and B is a constant, the
marnitude and sign of which depend on ihe muituzl inter-
action of ion strength, activity factors, and electrophoresis,
R 2z "4 l.. . —4 v2 t - S5 %
Assuming b, = 33°107" and b_= 18°10 " cm /Vs, the mobility
quotient equuls== 0,3 . ¥Wnen we approximate Bs== 0, thcn

. . . . S
we finzlly find nwaerical velues of g up %o 50 chm cm 5.

§ 8 Carbon Zlectrodes

A . .
Instead of multinle hydropnlic layer

[

having diffcrent
porse size, gas phase and electrolyte can be throughout
separated By impregnating uniforii porous electrodes with
electrolyte repellent azents, inls is eilected, preferatly

on carbon slecircdus, by addin:s solid hydrocarvons, niiro-

benzene, syniueiic rubier, silicones, polveinylens (21)
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or even polytetrafluoro-ethylene -(PIF3). Schumsccher and
Heise (13) showed &lready, that "hydroghovie" nonolayer
electrodes czn be wanufaciured only eithex ﬂot cormpletely
eleétrolyte repelient but correctly workins, or, on the
other side,'completeiy hydrovhobic but not properiy suited

to their electrochemical duties.

Duriﬁg the past &ears, very thin triple layer carbon
electrodes have been developed by Xordesch (14). These
electrodes consiét oi a sintered nickel foil as substrate,
about 6,18 mm in thickness, and completely water rebellent
by>additiqn of some PIFE. On this supporting sheet, a
coarse carbon layer is sprayed; composed of 50'pct of
carbon powder and 50 pct PIFE and PE. This inner, so-
.called "backing" carbon layer indorportes no catalyst,

Its fhickness is about 0,25 mm., Finzlly, the electrode
is covered by a third layer, consisting of 75 pct of
carbon énd 25 pct ;%55 having also about 2-mg/cm2 of
platinum biack as catalyst, The thickness of this upper,

so-called "active" carbon layer is about 0,13 um,

The large amounts of electrolyte repellent agents in-
corporated in the two under layers, holds them free of
electrolyte.. However, in the upper layér, the PTFS acts
"preferably as binding aéent and, therefore, this active

layer is partly filled with electrolyte. This kxind of
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electrodes are designed for a very low gus pressure,
. 2 ;

less than o,l kp/cm” gage. ‘'Therefore, already the

very thin film of electrolyte, adher ent to the outer

surface of the  electrode avoid gas losses.

In prineiple, nultilayer, partly hydrophobic electrodes

obey the sawe theory as hydrophilic two-layer arrangements. -
Only a thorough study of the parameters is required in

those cases. .

Since the active layer exhibit a thickness of no more
than 0.13 mm, we are led to the conclusion, that, in

- hydrophobic carbon electrodes¢ ; and/or g must be higher,

than in hydrophilic niciiel sintered electrodes, In fact,
both assumptions are reasonable. ZElectrolyte films on

a partly repellent substraten often will be interrupted.
Therefore, the wain ion resitivity of the electirolyte .
network becomes substantizlly higher, than on hydrophilic
materials., In carbon electrodes, the reactiion gases are
fed to the convertlng sites through very narrow slits and

_channels in the solid material rather than dissusion

across liquid filwms, Thus, the activity between gas phase
and electrolyte, in this type of electrode differs certainly
less, than in hydrophilic ones. Consequently, the over-
volta , as caused by this difference must be lower,

g~ 1§w must be higher,

Thus, it seems likely, fhdigas restivityg'»g and electron re-
sistivityge remain small as compared to ion resisﬁivity

Qi 1 Pe<< 9i and Pg < @.. ©Since exact values of

" porosity, pore diameter, and fraction of pores filled

have not been published,Aa quantitative cémparisoh with

the theory cannot yet be accomplished.
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§ 9 Non-uniform Ion Resistivity

*)

In a recent paper (15), it has been shown, that "strange"
types of current distributions occur in porous electrodes,
if ion and electron resistivities do not remain homozeneous,
but devend on thickxness co-ordinate z* . Under steady
state conditions, in hydrogen anodes water is formed, and
in oxygen cathodes water is consumed. Thus, concentration:
profiles K(z*) occur, which influences ion conductivity.
The "zero current" electrolyte exhibit nearly the ion re-
sistivity minimum, and any -change .in concentratidn X will,‘
therefore, cause an increase of ion resistance fi’ How-
ever, the exact concentrétion -and therefore also resisti-~

vity- profile is so far not yet known,

i . *
However, the influence of resistance profilesf’i(z.) can
be studied without exact khowledge of their magnitudé,
simply by putting differeat oblique profiles into the
electrical analogues, As a first series, we took linear
concentration profiles K(z*):

* .

K(z) = X, - K2(1—z*) s 2t = z/S (equ. 6a)
having different constants K5. 1In figure 4, the influence
of three linear conceniration profiles on current distribution
is given.

*)

i.e, distributions exhibiting a maximum inside
the electrode, instead of a broad
minizunm 2s in "common" distributions
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Tokle 2
Concen’:
curve llo in pet.of welght
in Tis, 4 ot 25 = 1
(1) Consi. 27 2
(2) lingar 15,5 21
(3) linesr 4,5 217
(4) Iineny 0,27 : 27

In genorel the influsncs oven of very steep concsniration
profiles is not very imporlznt, Therciore, figure 4 to

6 are given in a logarithmic scale., Indicated is the
relative fraction of currest coaverted in a thin sheet

A z = 0,1 mn of the electrode, given in pet. of the

entire electrode‘current. As become evident, tne concen-~
tration profile lowers the current distribution near fhe
gas side of the electrode, i.e¢., near z= 0 . In other words,

the peneiration depth has veen deccreased,

In order to verify this result, as a second series, we-
also tooX some othner ion resistivity profiles into the
analogue, The reéult indicated in figure 5 does not

differ considerably from the influence of linear concentration

profiles, zs is evident when comparin: fig. 4 and 5,
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3 of figure 5

Table 3

Concentration nrofile

curve Ho tyne of KOH cencentration K(x*) in net.of
in fig.5 | profile at z = 0 7 =
(1) const, 27 27
(2) linear 4,5 27
(3) exp. 4,5 27
(4) tgh 0,5 26
Exponential and tgh profiles are given by
x*, - *
K(Z ) = K1 expl_—Kz(‘l—z )J (equ. 6 b)
and K1 ’ .
* o % .
K(z ) = 7~ + K5 tgh [K4( % -z ﬂ . {(equ. 6 ¢)

As main result, we can state, that concentration profiles

in the electrolyte do not cause unusual distributions of

the current conversion in porous triphase electrodes,

Especially, "strange" distributions do not occur here,

§ 10 Non-uniform Overvoltege

In order to replenisn the resulis, in figure 6 the

influence of overvcltage profiles on current distribution

in porous triphase electrodes is shown, eiiher having
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uniform ion resistiviiy (curve 27), either in cowdin-

ation with exponsntial conceatration profiles (curve 3).
Already in (14) it was explainad, that overvolicze
profiles influences the distribution of éurrent‘conversion
much less, than resistivity profiles do. %he profile
chosen here is very steep; a ninc—fold increase of over-

voltage over a distance of only 1 mnm, is completely out

of the range to be ever expected in manufactured electrodes.
Therefore, it can be affirned, that also in porous tripnase

electrodes, the influence of realistic overvoltage profiles

remains swmall. ZEven taking steep overvoliasze profiles

those triphase electrodes under consideration.

Table 4

Concentration and overvpltage profiles in figure

curve KOH concentration K(z*) overvoltage (z*)
Yo (pct. of weight) (relative units)
in tyve of |, * *_ type of *_ _ *

fig.6 |[profile at z= 0 jat z =1 profile at z = 0f at z
(1) const, 27 27 const, 1 1
(2) const, 27 27 linear 9 . 1

*
(3) exp, 4,5 ) 27 linear g - 1

*) the same concentration profile as curve (3) in figure 5
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Corclusion

Ihe trecatment of current conversion and ils distribution
inside the working layer of porous gas electrodes -tri-
onase electrodes- can be substantially simplified by
reducfing the problem to the nmuch better known theory

r

of porous electrodes. The only condition ist, that

electron resistivity can be neglected, as it is the cése
for instance in all pracfical fuel cell electrodes. To
rezlize tris theory, gas supply can be characterized by

a "gas resistivity" to be measured in electrical units,

The disfribution of current conversion can be found out

as the product of three wain factors, the special transport

function 6, the current distribution in a single current
generﬁting site, and the site statistics. The fifst of
these factors governs the conversion behaviour at least
of sintered metal electrodes., As a principal result

o{ the worx reported here, following the rules mentioned

[\

bove, moriotonous distribution curves can be given. A
penetration denth can be defined, having the order of
several tenth of a millimeter., The results agrees with
practical experienéc. By introducing concentration

and/or overvoltage osrofiles, the theory cah be further

developed. As special result, no "strange® distributions

occur under tnese conditions,
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working layer

cover layer

: 2 N\N\\ -
— // | \\ - OH
— -—OH"
\\\ —
gas —» -— OH
supply —» \ -—O0H"
: . / <« OH-
HoO-—"] A& ———metabolism
- waste H20
Az
& ' z _ thickness
z=0] z=S ~ co-ordinate

Figure 1

Geometry of th2 semi- infinite porcus doulble lazyer elecireds

investigzated here.
(&)
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1,6
™
Y 1.5 :
c ¢i = 20 ohm-cm
o S=1mm
g 14
2
8
o 13
c
o g=10
5 g=5
§ 1'2 g-= 2
1)
g= 1
1.1 90,
1.0 \
.—-—°/
- P
0.9 /,,
——" )
0.8 /
0.7

0 0,2 04 06 0.8 1,0 mm
—— thickness co-ordinate z

Figure 2

‘Shape of special trensport functions Gi(z") in'working
layers of porous gas electrodes, equation 2 a or 2 b.

/i
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~——working layer ——=__ over layer

o 4

;grr:\;el'/?/on <«— electrolyte

gasf // B
7.

Figure 3

Relations between electrode co-ordinate 2z znd individuel site

co~ordinate v. 2* = z/S,.
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percent current/ Az =0,1 mm

@ 30

5 20 | y’ﬂ

- ,é/é d (1)
Z 10 L

3 Qj = const. / / ———(2)
8 s Pl 1 (13.)
5 — uniform — (4)
0 7 distribution of —

¢ 2 PR | current conversion

g Y ./’

S /

IR

e |/

o 05

| 3

gas —| -—ions

1) 0.2 0.4 0.6 0.8 1.0 mm
thickness co-ordinate z

Figure 4

Influence of lineer concentration profiles K(z) on currenf
distribution in porous triphase electrodes. Thickness of working
layer S = 1 mm, overvoltage paremeter g = 10 ohm-1cm-3.
Concentration profile parameters are given in table 2.
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distribution of
— current conversion

current conversion per unit volume

05 /
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gas — -— jons
0. 0,2 0.4 0,6 0.8 1.0 mm
thickness co-ordinate z
Figure 5

Influence of different chape of the corcentration prolile X(z)

on current distribution in porous triphese electrodes. Thickness
of working layer S5 = 1 nm, overvolteze psz
Concentration profiles are given in table 3.

rarmcter £ = 10 ohm

/l

o
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percent current/Az = 0,1 mm

@ 50 ‘

E 30 7

0

>

= 20 ‘1—0j = const. %/ (1)
) g =const. \ : —_(2)
g 10 - ——— (3)
5 %/ / ,(

@ —1_ -1 7/

2 3 ’,—’ - uniform __|

S Y distribution of

= 2 7 current conversion

Y ”

5 1

(8]

0.5
gas — | ' -— ions
' 0 02 04 06 08 1.0 mm
thickness co-ordinate z

Figure 6

Influence of 2 linear overvoltage profile V(Z) on current
distribution in porous triphase electrodes. Thickness of vorking
layer S = 1 pn, peraceters indicated in table 4.
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ADSORBED RESIDUES FROM FORMIC ACID AND FORMATE ION
GENERATED UNDER STEADY-STATE POTENTIOSTATIC CONDITIONS

Slgmund Schuldiner and Bernard J. Piersma*
Naval Research Laboratory, Washington, D. C. 20390

INTRODUCTION

When a clean platinum electrode is exposed under open circuit con-
ditions to formic acid or sodium formate solutions therc is a rapid dehydro-
genation reaction followed by a much slower interaction of adsorbed H atoms

with formic acid or formalc ions to glve molecular hydrogen and free radicals

(1, 2), The free radicals formed by this reaction and by the initial dehydro-

genation reactions intcract with the surface and each other to form residues °

which then hinder further dchydrogenation, Upon potentiostating the Pt

electrode, onc would expect that any atomic hydrogen formed by dehydrogenation

would be rcadily oxidized. A previous steady-state potentiostatic sfudy 3)

on the anodic oxidation of formic acid and hydrogen In formic acid and formic
acid + sulfuric acid mixtures showed that even though the (nitial rates of
oxidation for formic acid and hydrogen in such solutions could be quite high,
there is a gradual decreaée in rates until at stcady-statg, the reactldn rates
would be considerably reduced. Evidently, the formaltion of free radicalg also

occurs under potentiogtatic conditions and the regulling residue can affect the

. rates of oxldation of both furmate species and hydrogen.

* Permanent address, Eastern Baptist College, St. Davids, Pa.
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The present investigation was for the purpose of determining the
steady -state potential vs. coverage relationshlp of the organic residue on
Pt in formic acid and formate ion solutions, both uﬁder helium and hydrogeh
saturated conditions. Tﬁe amount of residue was determined by a high current
density anodic galvanostatic pulse. Such charging curves show an increase in
the number of pcoul/cm?® required to form a monolayer of adsorbed oxygen
" atoms on the surface of the Pt electrode (Pt-Oa d). This Increase beyond
the 420 + 36 pcoul/cm? required to form a monoiayer of I;t-oa qgona clea_n
Pt electrode plus double layer charglng,v respectively (4) was attributed
to oxidation of the organic residue on the electrode.' Such measufements onl&
show the number of coulombs of charge required to oxidize adsorbed organic
material plus water. Unreactable species on the surface may not be oxidized
by the anodic galv'uiostatic pulse, but may be desorbed. Unreactable specles,
whxch are chemisorbed may cause an increase in overvoltage for the forma-
tlon of oxygen atoms. Because of the complexlty of lnterpretatlon of the anodic
‘charging curves and because qualitative ldentlflcatlonAof the organic residues
or of fhe oxidized or desorbed products is an extremely difficult problem in
itself, it is not possible, at the present time, to associate the amount of
charge actually determined by this technique to specific réactants, reactions,
or products. Therefore, lﬁ such a case the use of such terms as degree of
‘surface co.verage have little real meaning. Hence, In tﬁis study the number - ’

of electrons generated in the atomic oxygen adsorption region (from ~0, 9 to

. 1.8 v), after subtracting the monolayer contribution due to Pt- O FRA double
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layer, is expressed as qorg and solely represents the amount of charge
used to remove the organic specles adsorbed on the Pt surface at specific,

steady-state anodic potentials,
EXPERIMENTAL

The solutions investigated were: (@) 1 M HCOOH +1 M H,;SO, (pH= 0),
(L) 1 M HCOOH + 1 M HCOONa (pH = 3.5), and (c) 1 M HCOONa (pH = 7.9). |
The formic acid was reagent grade, the H,SO, was ultrapure (E. Merck, Darmstadt).
Measurements were made in both helium-and hydrogen-saturated solutions (see
ref, 2 for d~otails of experimental techniques). The Pt working electrode po-
tentials werc controlled with a Wenking 61RS potentiostat, galvanostatic pulses
(1-2 amp/cm?) were applied with either an Electro-Pulse 3450C or 3450D pulse
gencrator and traces were photographed from a Tektronix 547 oscilloscope with
a 1A1 plug-in. The circuitry used and the fast switching betweeﬁ potentiostatic

and galvanostalic control were as previously described (5).

The time required {o reach steady-state conditions, in most cases, re-
quired at least 14 hours. Fig. 1 gives two examples of the qorg relation ;vith
time. Curve (a) for the 0.1 M HCOOH + 1 M H,SO, in Hrsaturated solution is
the only data obtained for this solution. Even though, in many case‘s,' there
was litlle change in q()m within the first 5 minutes, the_ steady-state values
after a sufficient length of iime showed considerably larger amounts of charge
were required to remove the organic residue which slowly formed on the

surface.

v
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All potentials are referred to the reversible hydi'ogen electrode in

~

- the same solution (RHE). The temperature was 25+1°C.
RESULTS

Steady-state, potentiostatic polarization curves for formic acid and
formic acid + sulfuric acid mixtures were published previously (3). Fig. 2
and 3 show the polarization behavior for 1 M HCOOH + 1 M HCOONa and
1M ,HCOONa solutions. i)oth curves show hysteresis effects similar to
those in othgr formic ncid solutlons (3). Ti\ere are some lmportant dif-
teienc_es, however. In the 1 M HCOOH + 1 M HCOONa (He-saturated)"
solution (Fig. 2), on the decreasing pdtential arm, the current densities

extend beyond the values found for the increasing potential arm at potentials

of about 1.0 v. In the 1 M HCOONa solution (Fig. 3), there s a similar n-

crease: in current densities for decreaslng potentials in H,—saturated solution

whlch extends from 1.0to 0.1v, @ . A '

!
Flg. 2 shows a passivation effect for both He-and H.,-saturated 1M
_HCOOH +1 M HCOONa at about 1, 4 ve Thls is well above the potentlal water
| can be oxldized to form Pt-O ad*
" of an oxldizable anion passivation does not occur at the relattvely low poten-

Flé. 2 further shows that in the presence

tials (vs. RHE) found In solutions containlng inert anions (3, 6, 7). A slight

passlvgtion effect in He saturated 1 M HCOONa (F'ig. 3) occurs at about

'1.5 v but this also is well above the potential at which water can be oxidized
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to form Pt-Oad. In H,-saturated 1. M HCOONa there is a slight decrease
in oxidation rate at potentials positive to 1\.‘0 v and a marked activation on
the decreasing potential arm starting at about the same potential. However,
these effects clearly show that the formation of oxygen species on Pt do not
affect the retardation of the oxidation of formic acid or formate ion below
1.4 v. This verifies previous conclusions (3, 6, 7) that passivation effects
in the presence of casily oxidized hydrogen or organic species is not due to
the form:\tioﬁ of oxygen species from water which retard the oxidation of H,

and/or formates.

Fig. 4, 5, and 6 show the effects of the steady-state, potentiostatic
adsorbed residuc found in formic acid and formate ion solutions., The qorg
values in Fig. 4, 1 M HCOOH + 1 M H,SO, in both He and H,-saturated
solution, start at about 450 pcoul/cm? at open-circuit and go to maximums
of about 525 to 575 at 0.5 Ve 'If one would assume a monolayer coverage of
the residue, then a little over two electrons per Pt site (210 ucoul/cm? =
1 electron per Pt site) would be required to oxidlze the residue. Contrasting
these results with those of Breiter (8), Brummer and Makrides (9),
Brummer (10), Minakshisandaram et al. (11), and Urbach and Smith (12),
the amount of charge required to strip the adsorbed residue‘ls more than
twice the amount found by those Investigators. It should be remembered,
however, that we have measured the steady-state values, and as can be seen
.in Fig. 1, this can be about twice the values found for the coverages at the

short adsorption times used in references (8-12). In addition, although the

general shape of the curves in Fig. 4 are similar to those in (8-11), the

details are quite different. For example, instead of the plateau found (8-11)
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a linear increase in Uorg with potential t;gto a maximum at about 0.5 v

was found. The drop in Qppg W28 also less abrupt. It is obvious that the
residue formed under steady-state conditions is quite different l;om the one -
a@sorbed on the surface after only short times. The adsorption results of
Urbach and Smlth (12) showed peaks at about 0.2 and 0. 8 v and were different
from the results of other workers (8-11) and to those shown here. However,
Urbach and Smith determined coverage from radiometric meésurements of
tagged formic acid and wc.rc, in facf, detcrmlnlng the concentration of ad-
sorbed tagged carbon rather than the concehtratlon of adsorbed oxidizable |
species. It.ls‘ possible also that the differences found by the vark;us'wo;kers
are dué to the differences in the constantly changing composition of the surface

species. This can be seen from Fig. 1, curve (a) where the initial 2.5 to

5 minute results gave Qorg of 140 to 180 ucoul/cm? 6r, on the basis of 21_0

ucoul/cm? for fraction of surface cbverage, 8 =1, a0 of about 0,7 to 0.9is obtained,

The Uorg found in 1 M HCOOH + 1 .M HCOONa in He-and ﬁ,—saturated
solutions are shown in Fig. 5. In Hy-saturated solution the relationship be-
tween- qorg and potential is gimilar to thl;! sulfuric acid cas;e (Fig. 4) except
orgA is less at potentials above 0.5 v. In 'He-sat;u'ated ‘

solution, however, the character of the residue must be quite different since

the q

Uorg runs considerably higher than in sulfuric acid solutions. In this

 case q org runs as high as 775 ucoul/cm? or about 3.7 electrons per Pt site.

" Sucha high value of q, rg appears to indicate that the organic residue which

A

s/
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is oxidized consisls of complex molecules with oxidizable sites which ex-

tend several atomic distances away from the surface.

The complexity of the potential vs. qorg relatlon shown in Flg, 6
makes analysis yirtually impossible. There are some similarities between
the peaks and valleys for the He-and Hy-saturated solutions, but the most
obvious difference is the fact that in He-saturated solution the adsorption
behavior is both more (-on?plcx and qorg can rise to substantially higher
pcak values. The 0. 95 v value of 925 gcoul/cm? is equivalent to 4. 4

electrons per Pt atom.
DISCUSSION

The most obvious cffect of hydrogen in the solutions investigated is
that the measured Toypg is substantially lower al essentially all potentials,
In Hg-saturated solations, the open-circuit potentlals were the equilibrium
hydrogen potentinls even though the charging curves taken under steady -state
conditions showed no visible hydrogen oxidation region. It appears that the
trace amounts of hydrogen present on the clectrode werce sufficient to main-
tain the equilibrium hydrogen reaction at open-circuit (2). Some of the
hydrogen from the H, can associate with the surface and/or organic residue
on the surl‘:n'p affecting the structure and composition 0[_ this residue, Pre-
viously reported work (13) has indicated that atomic hydrogen at potentials
negative to 0.3 v can interact with CO, which then prevents oxidation of this

hydrogen at potentials below 0.8 v with a high amplitude galvanostatic pulse.
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The interaction of hydrogen with formic acid and formate ion 18 much more
complex, but it is apparent that the presence of hydrogen does aifect the

character of the steady-state organic residue.

Another factor which apparently also has a strong effect on the
character of the organic residue is the pH. This can be especially seen
for the He-saturated soluﬁons shown in Fig. 4, 5, and 6 where the inter-
fering effect of hydrogen ls minimized. At potentials below 0.7 v, qorg de-
creases as the pH Ilncreases.  This indicates that the structure of the ad-
sorbed organic residue is in a higher oxidation state as the pH increases.
~ This and the fact that the pH 7.9, 1 M HCOONa solution (Fig. 8) is more
sensitive to pot.ential indicates that in the more alkaline solution the adsorbed
species may be more in the nature of adsorbed anions or simple dipoles -

rather than complex molecules. The lower pH adsorption is less dependent

on potential and significant desbrption does not occur below 0.5 v, :

Further evidence for the pH effect bn the structure can be éeen
from the He-saturated potentlostatic polarization curvés shown in Fig. 2
aﬁd 3. The higher pH results (Fig. 3) show a limiting current density at
2.5x10°®* amp/cm? {rom 0.7 to about.l.Z v followed by a range of increasing
oxidation rates with increasing potential. The hysteresis effect in thé de-
creasing potential arm is relatively small. This and the data in Fig. 6
- (which shows a strong coverage dependence on potential) lhdlcates that the

oxidation of formate ion iLtself is rate-determining and is not limited by the

.

/
/

—

T TS

——




amount or character of the organic residue on the surface. At potentials .

above 1,2 v, the surface is essentially [ré.e of the organic residue and the
rate of oxidation gradually increascs as the potential is increased to about
1.5 v. This implies that the oxidation mechanism of formate gradually
changes at about 1.2 v. Perhaps, a mechanism involving a water oxida-

tion intermediate has some alfect on the reaction rate at potentials above 1.2 v,

In Fig. 3 there really is no pronounced passivation on the increasing
potential arm for the Hc—'s:\turated solution. It also is significant that in H, -
saturated solution, the organic residue only slightly passivates the H, oxida-
tion compun{cnl {o the oxidation rate of the formate itsclf on the increasing
potential arm above 1.0 v. ‘ln fact, there only is a little difference between
the Hy and He-saturated solutions from 0.7 to 1. 6 v on the increasing po-
tential arm. On the other hand, for the decrcasing potential arm there is a
significant activation effect which reaches a maximum at 0.7 v. The hysteresis
at potentials below 1.0 v in H,-saturated solution show increased activity for
hydrogen oxidation. This and the decreasing potential increased activity shown
in Fig. 2 are the first times such increases have been noted in the various
formic acid, formate, sulfuric acid, and alkall solutions investigatcd here.
Although thesec points werc repeatedly checked and critical lpoints képt
potentiostated at o given value for three to four days, it'is likely that very
slow changes in reaction rate may still be occurring and that eventually a
return to the values on the potential increasing curve would be obtained. . It is

difficult to sce how this could be otherwise. r
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Contrasting the behavior in 1 M HCOONa with that in 1 M HCOOH

+1 M HCOONa (Flg. 2) important dlfferefic'es are noticeable. In the first
place, Fig. 2 shows little difference in the behavior in He-and H,-saturated-
solutions except in the potential range .from open circuit to aboﬁt 0.9v. At
lower potentials the current densities are higher in the presence of H,. The
increased reaction rates for both the data shown in Fig. 2 and 3 are due to
the contribution of H, oxidation which is faster in this potential range than
is the oxidation of formate¢ species, The fact that the net oxidation rate in
Fig. 2 reaches a peak of about 7x10=? amp/cm?® at about 1.4 v is of interest
because this rate of oxidation ls 3.5 times faster than the maximum rate of
oxidation of h;'drogen in sulfuric acid solution (6). The pronounced passiva-
tion which occurs at higher'potentiaI.s can be explained by adsorbed oxygen
atoms generated by the oxidation of water. The marked hysteresis for t_he
decreasing potential arm Indicates the strong effect of dermasorbed oxygen

.. v L
atoms on the reaction rates.

CONCLUSIONS

A limitaﬁon to the use of organic fuels lfor low temperature fuel ce1_1
applications is the formation of organic residues primarily from the free - A
radicals which are generated at the surface. To better understand these
residues it Is necessary to study their formation, to characterize their

" electrochemical behavior, and to determine their chemical composition,

Translent electrochemical studies which primarily avoid the effects of these

e
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residues m\d which deal only with the reactions of the original specles in
solution on a clean electrode must be carried out on rigorously controlled
surfaces characterized in a meaningful way. The rates of the various processes
occurring on a clean surface may be controlled and separated in certaln in-
stances. However, the character of the surface is constantly changing and

of real import from both a fundamental and practical viewpoint is the steady-

state behavior.

The work reported here shows Umt at low polarization potentials the - -
rates of fuel oxidation are strongly retarded by the organic residues formed
on the surf:;ce. This most likely occurs by removing sites at which dehydro-
genation of the organic material can take place (2). Dehydrogenation appears
to be the desired process whi ch can produce casily oxidizable H atoms which
arc the cffective fuel at low polarization. It appears that oxidation of carbon
itself can readily occur at higher potentlais, but this reaction wohl_d be of no
obvious value for fuel cell operation, Dissociatlon of organic fuels to atomic
hydrogen also implics that {ull low temperature oxldation of the fuel to CO,
and H,O would not be practicable in many cases, and that a ‘large part of the

chemical energy of the fucl could not be utilized in the generation of electricity.

Some degree of control of the organic residue results from the presence
of molecular hydrogen and by changing the pH. Both increased pH and hydrogen
lower the number of coulombas. of charge required to oxidize the organic residue

and allow higher anodic current densities at low polarization potentials,

v
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Activation of a Pt electrode by anodic charging appears to have

long-time effects on increasing the rate of fuel oxidation. This effect is - 4

most pronounced in H,-saturated 1 M HCOONa.

10.

11.

12.

13.
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FUNDAMENTAL STUDY OF ADSORPTION

OF HYDROCARBONS ON PLATINUM ELECTRODE

M.BONNEMAY, G.BRONOEL, D.DONIAT and J.P.PESANT

Laboratoire d'Electrolyse
" du C. N. R. S.

I. INTRODUCTION.

The purpose of this report is to present the results
obtained by a selective method of analysis of adsorption in
connection with the study of the kinetics of fixation of hydrocarbons
on smooth platinum. The principle involved and the experimental
equipment used 1n this method have been described in a number of
articles /1-2/ and we will not go into them further at this time.
However, we. have considered it appropriate to emphasizé the basic
differences existing between the method used by us and those which
were selected by other authors dealing with the same subject.
These differences should in fact be kept in mind in comparing our
results with those previously published.

II. BASIC CHARACTERISTICS OF THE SELECTIVE METHOD FOR THE
STUDY OF ADSORPTION.

The study of adsorption processes is usually carried out
from an analysis of the shape of the isothermal curves, that is
to say the curves representing the variation of electrode coverage ©
as a function of the concentration of substances in the medium
under consideration. This method is not very appropriate when
the concentrations are very weak, because all isothermal curves are
practically straight in cases of low concentration. That is the
case with hydrocarbons the solubility of which is rather low in
aqueous solutions.

On the other hand, the analysis of curves representing the
variation of the coverage as a function of adsorption time makes
it easier to reveal and differentiate the various adsorption
mechanisms involved, even for low concentrations. That is because
the curve submitted to analysis always shows a well marked curvature,
which facilitates identification by theoretical kinetie functions.



222

In connection with their research in adsorption kinetics,
some authors have also resorted to the analysis of the coverage
development curves as a function time. However, in all cases the
standard procedures are characterized by the fact that the

electrode is polarized during the adscrption phase and that the
coulometric measurement of the coverage takes place in the medium
containing the adsorbable substances. As for this last point, it
can be admitted that the degree of error committed is small since
the duration of the phase during which the coulometric measurement
is effected is a very short part of the duration of the adsorption
phasg. But on the other hand, the presénce of a faradic current
causes more serious troublé. In fact, under these circumstances .
the total adsorption kinetic, that is to say the development of
the electrode coverage, depends not only on the characteristic
constants of the elementary processes of adsorption and desorption,
but also on the constants characteristic of the charge transfer.
In fact @

a8 ot i
_ =V -v- (1)
in which
%% is the coverage velocity of the electrode,
V anq § are, respectively, the adsorption and desorption
velocities, and

is the faradic term.

Bl

The result is that the experimental curves characteristic
of the variation of the coverage as a function of the adsorption vi
time, obtained by these methods, depends on the value of the
overall charge transfer terms which in turn depend on the /
overvoltage applied. Thus, the differences observed between the
curves taken at more than one adsorption potential are difficult i
to exploit. Moreover, the passage of a faradic current, which is J
never a negligeable one, is accompanied by the formation of various
" reaction products the adsorption of which on the electrode and the
chemical reactivity of which with the adsorbate may change /’
conslderably the adsorption kinetics under study.: ‘
/

[
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A second disadvantage is linked with the fact that in
the method generally used the kinetics of mass traﬂsfer actions
and in particular of diffusion cannot always be considered rapid
in relation to the rhenomena under stpdy. Therefbre, the analysis
of the curves representing the adsorption imply the consideration
of a term characteristic of the diffusion processes and the
necessity of a correction which it is usually difficult, if not
impossible, to make.

III. BASIC EQUATION FOR THE ANALYSIS OF ADSORPTION KINETICS.

In heterogeneous catalysis, it is often found that the

kinetics of adsorption obeys a law which can be expressed by the
formula :

@D

d
=Y exp(- ab)

in which Vo is the initial adsorption velocity (for © = 0).

Most authors explain that this formula, called the Elovich -

equation /3/, 1s obtained by a linear variation of the adsorption
activation energy with the coverage. More than one hypothesis

has been offered as to the origin of this variation of activation

energy. Systems have been suggested implying heterogeneity of
active sites withdut interaction between adsorbed molecules [E7
or homogeneity of sites with Interaction between the molecules of
the adsorbate [37. In this latter case, parameter a of equation
serves as a coefflclent of interaction. More recently, a concept
has been suggested [§7 which implies the creation of energy chains
on the surface of the solid.

Similar considerations have also been adopted to measure
adsorption in an electrolytic medium and have led to various
isothermal expressions /7-8/. However, in some cases, although
the kinetics observed has the Elovich form, it is unlikely that a
pronounced heterogeneity of the sites or interactions in the
adsorbate should be expecte@. We therefore considered it wise to

(2)
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see if other processes of reasoning, not presupposing a
relationship between the adsorption activation energy and the
coverage, would result in obtaining functions of the same form.

Let us consider first the case of non-dissociative
adsorption of a compound on a surface so homogeneous that the
reaction surface 1s the same as the apparent surface.

The general equation for the kinetics of adsorption is :

g—:- = -k—hlic (1- 8) exp(~ %) - El‘_hg. exp(- g—;) (2)
in which:
k,T ,h and R have their usual meanings,
C 1s the partial pressure of the active substance,
and W and W' are respectively the activation energies of
' adsorption and desorption.

For low coverages, 1£'1s possible to disregard the
: kT w
desorption term h.e exp(- RT).
We then have :

dé _ kT W - ‘
a = 1 ¢ (1-8) exp(- 5 ) - ()

The term (1-9) for 8 << 1, can be identified at the start of the
. development in series of (exp - 6), which means that equation (4)

is equivalent under these circumstances to :

9-% = KTH ¢ exp(- :—T) exp(-9) (5)

Consequently, we see in this case that the kinetics observed can
be described by a law or formula analagous to equation (2), the
term a then being equal to 1. '

When, for a reaction of the same type, the reacting
surface 1s composed of two fractions Xo and Yo characterized_by
sites having different activation energies wl and w2, we can
write expressions analagous to equation (4) for X, and Y .

e s

N
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Assuming :

as_ ae_  ad
= 8 X, X .
b * &= & T TT X

we obtain by means of a development in limited series a fonction

a0 _ .
it = f(t) of the form :
as _ 2 2
T = mX_ +nY - t(Xom +Yn ) (6)
W
. _ kT 1
with: m==C exp(- RT)
kT
and n == C exp(- 5 )

Equation(2)expressed in the form %% = f(t) leads, with

the same approximations, to :
a8 2
at = Vo - Vo at (7)

Equation (6) can therefore be identified with equation (7),
in which the term a has the following value :

2 2
Xom + Yon
a = "'_‘——'*"'é
(xom + Yon)

Similar treatment carried out for a surface which can be decomposed
into n fractions also gives us, for %% = f(t), a formula which
can be identified with equation (7).

It is easy to show that when (Hz-wl) < 50 cal., a tends
toward 1, and the system acts substantially the same as in the
case of a homogeneous surface. On the other hand, when (w2;w1)>2000a1
surface Yo can be considered inactive and in that case a 1s equal
to % that 1s to say to the ratio of the apparent surface to the

active surface.
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Let us now consider the case of a dissociative adsorption
produced on a surface the active fraction of which is xo.
The kinetics of the reaction : : : ‘

AB + gi -+ AMS' + BM(S—S')

in which S 1is the number of sites occupied after adsorption of
an AB molecule, can be written neglecting desorption :

|

%%'%Ckoexp(-g—w)u-;—of @ i

{

or else, when %— <<1 : 1
° 1

F - Fox - ) em(- £ 0. (9) |

This expression can be identified with equation (2) with a = %;. 1

It is readily seen that many adsorption reactions have
kinetics similar to that of Elovich without any phenomena of \
variation of adsorption activation energy being involved.

It is therefore absolutely necessary to take dissoeciation
parameters and surface factors into account in order to evaluate !
the terms of any intermolecular interaction which may exist.

Equation (9) expresses effects of surface activity and of )
dissociation. It can be filled out to allow for a possible variation
of adsorption activation energy. In that way we have a very general ,
equation of the form /1/ : }

/

. 4
dé kT
S =5 CX, exp(- z2) exp( 252 0) (10)

o
'in which @ represents the interaction coeffilcient and wo is the }
initial adsorption activation energy.
J

~
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The relationship must now be established between the
experimental value q and the electrode coverage 8. 6 is defined
here as the proportioﬁ of the number of sites occupied by the
adsorbed substances to the total number SO of sites existing on
the surface of the electrode. If S 1is the number of sites occupied
after the adsorption of one hydrocarbon molecule (an adsorption
which may have created other adsorbed particles by dissociation)
and Z the number of electrons exchanged in the oxidation of the-
adsorbed molecule and its products of dissociation the relation
between q and & is written :

(11)

in which N 1s the Avogadro number and F the Faraday.

The quantity q 1s determined in such a way that it is
exclusively a function of the oxidation or of the reduction of
the adsorbate. Corrections should be made to eliminate any effects
of double layer or of electrochemical transformation of the surface.

Combining equations (9) and (10), we obtain :

W
dg _ . kT ZF S N S S+a
b g = LhCX°Ts_° exp(- g7), - A zr 5 () (12)
. (o] [o]

Plotting the %% = r(q) function in a semi-logarithmic form

gives us a straight line the ordinate of which at point of origin ﬁo
and the slope Po are expressed, respectively, as follows :

ZF S W

o

Ly = Ln| %5 € X, 5~ exP(-7p) ) (13)
NS S

PO = ZF S (X+’Y) (l)'l')
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Generally speaking, four parameters are unknown : xo, S,
Ho and ¢. When parameters xo and 3 are constant within a given
temperature range, an examination of the variation of Lo as a

function of T enables us to know the value of Wo.

. Knowledge of an additional factor is then necessary in

order to determine the other parameters on the basis of equations (13)
and (14)\. This additional factor may be relative to X, or to

the parameter 3. Measurements of the double layer differential
capacity generally enable us to obtain 1nfc_>rmatioh on these _
parameters. As regards S, it is possible to relate the double layer
capacity C, to © 79/ 1in the following way :

c

a= co + c'(1-8) (15) .

in which C and C' are the specific capacities of the surface whether
covered or not. Continuing equations (11) and (15) we obtain the
additional factor of relationship which was sought between Cd' q
and 8. : '

~ ¥We find therefore that it is possible in this way to
detérmine the characteristic values of an adsorption kinetic by
resorting to only a minimum of assumptions.

IV. RESULTS.

This research was carried out on five alkanes (CH“, Czﬂs,
c,ne, n-C\H , and 130—64310), three alkenes (Czﬂa. CBH6 and
n-(hﬂe) and on acetylene. The temperatures for the tests were
fixed at 80°C and 90°C. The electrolyte medium was constituted /
by a normal solution of sulphuric acid or phosphoric acid. The
electrode was a polished platinum plate. ' Before each phase of
adsorption, this electrode was subjected to an electrochemical ' )
treatment the purpose of which was to ensure perfect
reproductibility of the surface condition of the metal.
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For each hydrocarbon under the conditions stated above,
we obtained the g=f(t) curves representing, according to the
adsorption time t the quantity of electricity corresponding to
the oxidation of the adsorbed substances.

The functions Ln dq/dt = r(q) were plotted on the basis
of the q=f(t) curves. Some interesting features of regularity
appeared in this form of expression. By way of example, the
curves obtained from the tests made in H2804 N at 80°C are shown
in figure 1.

Exploitation of these curves and of the differential capacity
measurements enable us to determine the constants characteristic of
the adsorption kinetics involved. Moreover, the special behavior
of methane enabled us to make a separate calculation of these
parameters, In fact, the stability of the methane molecule entails
identical dehydrogenation at 80°C and at 90°C, which is confirmed
by the identical slopes of the Ln dq/dt = f(q) curves plotted at
both of these temperatures. wo(goo) is therefore equal to wo(goo)
in the case of CH4 and it is possible to compute its value from
the ratio of the initial adsorption velocities.

The values of the parameters thus determined are shown in
tables I, II and III.

V. DISCUSSION.

An examination of the results enables us to formulate a
number of remarks concerning the reaction mechanism involved in
the course of the deposit of hydrocarbons on platinum.

It can be noted that in all the cases studied, with the
exception of isobutane, the number of sites occupied by the products
resulting from the adsorption of a molecule is egual to the number
of carbon atoms contained in the molecule plus two. It can be
assumed that the adsorption is dissociative and causes a break of
C-H bonds in such a way that two hydrogen atoms are released, which
occupy two sites. The carbon radical resulting from this dissociation
i1s deposited on a number of sites equal to the number of carbon
atoms which it contains. '
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This preferential dissociation involving the C-H bonds has
already been suggested by various authors.

In the case of the alkanes and the ethylenes, as in the
case of acetylene, the dehydrogenation probably occurs in the end
groups of the chain. This assumption is also supported by the fact
that the deposit of one molecule of isobutane results in the
occupation of 7 sites. In fact, the presence in the molecule of
this reactive agent of an extra methyl group appears to cause the
break up of a third C-H bond.

This rate of site occupation does not necessarily indicate
that each occupled site comprises a link with an adsorbed particle.
Our examination of the very slight variation of Wo as a function
of the number of carbon atoms contained in the molecules of
hydrocarbons of the same series suggests rather that the number of
bondings between the products of dissociation and the platinum
remains constant. These bondings take place both between the
platinum and the dehydrogenated end groups and between the platinum
and the hydrogen atoms resulting from that dissociation. The other
sites occupled are not linked but simply covered by the middle part
of the chain. )

It is worthy of note that the values found for S agree
with the *heoretical expectations and are different from those
heretofore determined by chemical methods /11/.

In the final analysis, we are inclined to suggest'a reaction
system which includes as the final stage of the reaction occurring
at zero current the formation of both adsorbed H and a CxHy radical
comprising bondings with the platinum. However, it must be pointed
out that i1f this radical reacts with its environment (0 or OH
compounds, for example), the number of sites occupied may then be
the same as for the CxHy radical alone. The suggested system
therefore constitutes only one of the possible solutions for a
given number of sites.
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It should also be stressed that, under the assumption of
adsorption accompanied by chemical reactions leading to partial
oxidation of the.CxHy radical, the coulometric measurement will not
depend at all on the state of oxidation. In fact, i1f the anodic
pulse causes the formation of CO2 and Heo, the number of coulombs
willl always be the same regardless of the state of oxidation of
the substance adsorbed to the extent that this oxidation can
only involved the oxygen derived from the water or anions of the
acid.

A number of observations can also be made in regard to the

" values found for the coefficient a. Actually, for a given medium

and temperature, this coefficlent increases as a function of the
length of the molecule adsorbed. Moreover, a 1is subjéct to a
decided increase when, in the case of molecules having the same
number of carbon atoms, the number of radicals undergoing a

breakage of bond increases. This would seem to indicate that the.
greater the separation of the end groups the smaller will be the
intramolecular interactions and the larger the term @ when measured.

Coefficient & is usually lower for an ethylene hydrocarbon
than for a saturated hydrocarbon, with the same number of carbon
atoms and an identical degree of dissociation. It is also observed
that acetylene shows a very high interaction coefficient. This
probably has to do with the fact that the dehydrogenation of this
compound produces a highly reactive carbon containing residue
which may react on the environmental medium.

Attention should be called to the fact, however, that even
with the highest values of the interaction coefficient a, the
variations of the adsorption activation energy W as a function of
the coverage remain comparatively low. In fact, in the case of
isobutane, a reactive agent which involves the strongest interaction,
the variation of W is about 620 cal/mole while the coverage increases
from O to 0.1 (which was the case in our experiments).
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As regards the effect of the nature of the electrolyte on
the value of coefficient a, the results obtained indicate a decided
variation of this parameter according to whether the medium is
sulphuric or phosphoric acid. This interaction coefficient is
therefore not only linked with forces of attraction or repulsion
between adsorbed molecules but also with the action of the ions of .
the electrolyte. It is probable that the effect of the anlions 1s V
dominant, which would be in full agreement with the specific
adsorption of H Pou lons brought out in other articles on the

subject [::::37?
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TABLE T g i
!
‘Hydrocarbon : z s : W, cal/mole ! a v
: - . s — |
: CH, § 8 § 2,1 § 22 500 : 11
'S CEHG s 14 : 3,9 : 23 300 : 0,94
: C,Hg ; 20 : S o4,T7 : 23 200 : 3,80
: n.CH, : 26 : 5,6 22 900 : 5,59
H H : : : :
g 180.CyH, ¢ 26 : 6,6 23 200 : 8,85 a0 )
H H H H . H
H : : H H
: C 3 : 12 : 3,8 : 22 300 : 1,34
) C 6 : 18 : 4,7 : 21 700 : 3;38
. nCHg [ 24 ] 57 X 4,22
S H H H H
: CH, i 10 S39 22 400 : 5,81
H
' 1n H,S0, at 8o°c
TABLE II
i l
|
:' Hydrocarbon : z 8 W, cal/mole ! o 4
: : N ; ; ' |
: CH, : 8 . 21 22 500 . : 11 :
: CZH6 : 14 : 4,2 : 23 300 : 1,66 : 1
: C5Hg P20 o501 23 100 : 3,91 Py
t D.CH, : 26 : 6,1 22 900 : 9,99 : !
: CHy : 12 ! s1 !} 21900 @} 4,29 f
: c3H6 : 18 : 5,1 : 21 200 - 5,87
t , : : : :
. n.C4H8 :
s CH,

g

aa ! 6,15 ° : 9,08 : }
10 : 42 : 21 300 : 5,14 :
in H,SO at /
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TABLEAU TII

Hydrocarbon @  z Pos cal/mole a
CH, : 8 I 1,9 22 400 15
CHg ¢+ 14 = 3,7 22 100 7,6
C4fig i 20 I 46 22 000 13,9
CH, : 12 : 3,6 ¢ 21 500 5,6
C;Hg . 18 1 46 21 000 12,1
CH, i 10 1 38 : 19 200 11,9

in H,P0, at 80°C

e o8 o0 s se
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at 80°C for :
1- CHu; 2-C2H6; }'CDHS; 4. n.Cquo;

6-C2H4; 7'C}H6; 8- n.C4H8.

_6
q C.10
-8 A e
100 200 300
FIGURE 1 Plots of loglo dq/dt versus q 1in H,S0, N medium .

5—150-04H103
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STUDY OF ELECTROCHEMICAL PROCESSES BY THE
ROTATING DOUBLE RING ELRCTRODE

W. Vielstich

Bonn, Germany

ABSTRACT

During the last decade it has been proven that the.

rotating disc electrode is & very useful tool for stationary.

investigations of electrode procecsses and preceding

.or following chemical reactions. The occurance of

intermediate products has been successfully studied by
a disc electrode with an additional concentric ring.

Por the investigation = of particlee with a very short
lifetime the double ring electrode, sugsested by

Heusler and Schurig, should be of special advantage. e
have solved the hydrodynamic problem for the double ring
electrode by & numerical calculation,

The experimental device is suited for measurcments 'p to
400 rps.

Experimentel results will be presented for the following

systems:

a) iron (I11) - iron (II) - sulfe.te/H2804 (to check. the
calculation),

b) carbonmonoxide/formate in alkaline solgtion,

c) methanol/formaldehyde in ¥OH-electrolyte.
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SOLUBILITY OF GASEOUS HYDROCARBONS IN AQUEOUS SOLUTIONS: INITIAL
MECHANISM FOR PROPANE ADSORPTION ON PLATINUM

Dorothy D. Williams, John A. Christopulos, and Gabriel J. DiMasi

Power Sources Division, Electronic Components La.'boratoi'y
USAECOM, Fort Mommouth, New Jersey

INTRODUCTION

Barly methods for the determinmation gf gaseous hydrocarbon solubility in aqueous
solution were baged on static techniques. 2 Basically, the static technique in-
volves bringing together an excess volume of gas and a measured quantity of gas-free
solvent in an equilibrium cell, which is rocked for several hours to attain gas-
solution eqyilibrium. Subsequent removal of the dissolved gas by mancmetric
techniques,- however, appears to lack precision agd becomes unwieldy. Therefore
methods for hydrocarbon solubility determinations 2 were developed which applied
inert gas-stripping techniques to isolated samples of gaseous hydrocarbon-saturated
solutions. Collection of the stripped gaseous hydrocarbons was made on various
adsorbents at reduced temperature (-80°C). The hydrocarbons subsequent release

wvas effected by raising the temperature allowing the sample to be swept into a
gas-liquid chromatograph (GLC). This GLC technique as developed by Swinmerton and
Linnebom wae found satisfactory for measurement of trace quantities of gas :
dissolved in solution, however, a desirable gas-saturation chamber was lacking.
Thus it was necessary to develop a new dynamic method for gas-saturating aqueous
solutions (electrolytes) which simulates gas-saturation as it exists in fuel cells.
The technique described herein is being used to determine solubilities of gaseous
hydrocarbons (propane) in the following fuel cell electrolytes: perchloric,
sulfuric, phosphoric, and trifluoroacetic acids at 1 molar concentrations.
Solubilities of propane in these electrolytes were used in _conjunction with propane
adsorption rate data obtained through linear anodic sweep36 to elucidate the .
mechanism of initial propane adsorption on smooth platinum. .

EXPERIMENTAL

A Hevlett-Packard Model 5750 gas chramatograph equipped with dual flame
ionization and thermal conductivity detectors was used. A six foot column packed
with Chromosord W coated with diisodecyl phthalate was used for the analysis and
helium was employed as carrier gas. Research grade propane (99.9 mole percent)
was obtained from Phillips Petroleum Company. The apparatus for propane saturetion
of electrolyte and subsequent collection of dissolved propane is shown in Fig. 1.

Propane is first humidified by passing through a glass-jacketed scrubber (A)
having the same electrolyte and temperature as the test solution. The humidified
fropne bubbles through a jacketed vessel (B) effecting saturation of the electrolyte

150 ml). The gas train conmtimues through line D and 3-way valves 1 and 2 to a
104 ml Jacketed saturation-stripping chamber (E) containing 84 mls of electrolyte.
Thus, a volume corresponding to 20 ml is reserved for propane during transit. All
éas flov rates are measured and adjusted using & bubble flow meter. Excess propane
exits from this chamber via 3-way valve 3 and 2-way valve 4 into a waste trap.

The propane saturation process requires 30 minutes at a flow rate of 2.5 cc per
second. Then 3-way valve 1 is turned to allow propane saturated electrolyte from
vessel B to flovw into the saturation-stripping chamber (E) via line C until it .
becames filled. As soon as this is accomplished, 3-way valves 2 and 3 are closed
simultaneously, to seal the saturation-stripping chamber. To purge outer line F
of propanc humidified helium is pessed through line G and valves 3 and & before
sample collection begins. Thirty minutes of helium purge is required to clear
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line F of propane. - To collect the sample 2-way valves 4 and 5, 3-way valves 2 and

3 and 2-way valve 6 are turned to allow humidified helium to strip the dissolved
propane from the 104 ml chamber (E), the gas flows through line F, valve 5, drying
tubes of magnesium perchlorate, and valve 6 into a closed test tube containing 5 mls
of purified toluene maintained at -80°C. Stripping and collection of propane requires
30 minutes. The test tube of toluene is then removed. from the gas train, capped, and
brought to room temperature. A 10 microliter aliquot sample is removed and injected
via hypodermic syringe into the gas-liquid chromatograph. Before the next propane
saturation run, 3-wvay valve 2, and 2-way valve 7 are turned to allow the electrolyte-
filled chamber (E) to drein to starting level of 84 ml.

CALIBRATION

The. Hewlett-Packard gas chromatograph Model 5750 used in this work is equipped
with a Mosley Recorder and a Disc Integrator Model 229 to record and integrate peak
area. Propane retention time is 0.4 minutes at a column temperature of 89°C and a
helium carrier gas flow rate of 20 cc per min. The chart speed was one inch per
mimite. To calibrate the gas chromatograph 20 microliter of pure propane gas was
injected using a Hamilton gas-tight syringe. The mmber of integrator counts was
recorded and used as a standard. Since the ratio of area to volume for the standard
is directly proportional to the area-volume ratio of the sample the quantity of
propane in the sample was calculated. ’

The tech.u:lq\xe6 employed to obtain data on the rate of propane adsorption at a
smooth platinmum electrode was a modified version of the multipulse potentio-dynamic
(MPP) sequence with a linear anodic sweep (las) of 10 volts per second. This sequence
allows measurement of charge required to completely strip the propane adsorbed at the
study potential at various times. This is accamplished by subjecting the anode to
the MFP sequence in presence, first of helium and then propane. The charge obtained
with helium, %e’ is subtracted fram that in the presence of propane, , to obtain
the desired charge difference AQ. The duration of the study potential step was
identical for both Qg and Q,p measurements.

RESULTS AND DISCUSSIOR

In these experiments the molarity of the acid was considered constant. Using
this basis a series of results relating the mole fraction of dissolved propane to
temperature are shown (Fig. 2). Both 0.5 and 1.0 molar sulfuric acid solutions have
approximately the same solubility within the conditions of the experiment; thus,
indicating that in this example ionic concentrations do not substantially interfere
with the solubility of propane. Another interesting feature concerning this acid is
?53; the quantity of dissolved gas does not vary with temperature between 20° and

Hovever, in examining the solubility data for the other acids one finds a
similarity between the phenomens displayed in water as a function of temperature and
that in perchloric, trifluorocacetic, and phosphoric acids. .In these data one finds
that at 65°C the solubility of propane in all the acids and in water is the same
quantity within the precision of the experiments. At lower temperatures a difference
in the quantity of dissolved gas was observed. For example, at 40°C an appreciable
difference has been measured. At 20°C the propane gas is now adsorbed in the largest
quantity in water while the amount in the ecid solutions has some dependence.on the
character of the acid. Figure 2 also illustrates the ancmalous behavior! of water
in vhich a maxisum propane solubility is observed. Similar behavior is displayed in
all the acids examined with the exception of sulfuric. The degree of nydration
associated with sulfuric acid may account for this invariant behavior for propane
solubility at these temperatures.
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The solubility data once obtained can be used in making certain statements
concerning the initial process of propane adsorption on a smooth platinum surface
measured by linear anodic sveeps. If semi-infinite linear diffusion is assumed, the
rate of accumulation of charge is given by

Q = 2nF — C té

The symbols have their usual significance. Although it has been previously shmm9

that the overall oxidation of propane to carbon dioxide and water involves 20 elecisone,
it has been determined that using las techniques n should be equal to 17 electrons
since three hydrogen atoms are lost upon adsorption at potentials equal to or greater
than 0.3 volts. Therefore, using the measured values of propane dissolved in solution
we may calculate fram the lineag portions gf Pigs. 3 and 4 the diffusivity ofagropane
in pgrehloric acid as 0.156(10"°) cmP sec™' and in sulfuric acid as 0.067(10°°) e
sec™ ™. These calculations are in agreement with the approximate inverse relationship
of diffusivity and viscosity. In Fig. 5 one can see that the viscosity of perchloric
is less that that of sulfuric acid.

Another interesting phenomenon which seems evident is the change in slope (Fig. 4)
as a function of potenmtial in perchloric acid. These apparent deviations are observed
at times of one second and are in contrast with the diffusion-limited process portrayed
in sulfuric acid (Fig. 3) as a function of potenmtial. In sulfuric acid the initial
adsorption is diffusion-controlled for approximately 60 seconds at 0.2 and 0.3 volts
while deviations from linearity occur after 8 seconds at O.4 volts. These times are
in general agreement with observations of Brumme in concentrated phosphoric acid.

Further consideration of the data at anodic potentials of 0.3 and 0.4 volts is
shown in Fig. 6. Here, in the perchloric acid anion enviromment propane adsorption
can be described by :

Q = A + Blogt

in vhich Qe=charge per cnz, totime, and A and B are parameters which depend on the

type of adsorption occurring. This relationship continues until a time invariant
condition is achieved on the platimm surface. Since this difference in behavior in
the two acids has already been found not to be a function of the propane concentration,
_other possible explanations are considered.

It has already been postulatedu that at potentials less anodic than reversible
oxygen the electrochemical formation of "0" type species from the electrolyte may
proceed via the mechaniam

(1) Pt + By, Pt = "PL(CH)" + K + & /

This type of reaction, of course, will proceed at an electrode surface at
vhich the least specific anion adsorption occurs. Since, perchloric acid anions are
less adsorbed than sulfate the rate of formation of the partially oxigenated species ‘
on platimm will proceed at a faster rate due to the concentration of HoO at the
interface. Evidence of decreased_perchloric anion adsorption has already been
presented by some of the authors.® Here it was shown that the total propane adsorbate /
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was greater in perchloric acid indicating it has a lesser degree of anion coverage.
Since reaction (1) then occurs it is possible that at 0.3 volts in very short times
same of the adsorbed species may undergo this mechanism

(2) c

flg+ Pt~ CjR Pt + H + & (fast)

(3) ~ C3Hy-Pt + "Pt(OH)" — CpHyC-OH (5lov)
() 2Pt + CpHy C-OH — Pt C-OH + Pt Cplfg + o' + 2e”

Similar type mechanisme 2’13 have been suggested, but, fhe possibility of reaction (1).
occurring is made more evident by the work of Hunger. This postulated mechanism
demonstrates a curious position. For in perchloric acid as compared to sulfuric the
competition of anions for active sites decreases, hence the degree of partial oxygen-
ation of platimm increases. With this condition, O-type hydrocarbon species are
formed and the carbon-carbon bonds are more easily broken. Therefore, the amount. of
available gsites decreases and the rate of further deposition becomes adsorption-
controlled at these low anodic potentials. In comtrast, the diffusion controlled
mechanism in sulfuric acid may indicate the lack of surface reactions and subsequent
increase in surface coverage due to the formation of free radicals and oxygenated
species originating from prg e at the potentials studied. Interestingly enough,
the adsorption of methanol,”’ a partially oxygenated compound, also follows an
adsorption isotherm.

CORCLUSIONS

The solubility of propane seems to be about the same in the electrolytes
studied. Thus, the initial rate of propane adsorption is influenced by surface
conditions at the platinum anode. The tendency of the anion to specifically adsord

and the rate of partial oxidation of the platinum surface seem to be interrelated
factors wvhich dictate the initial mechanism of propane adsorption.
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GAS SOLUBILITY APPARATUS

Fig. 1
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A THIN-FILM SOLID-ELECTROLYTE FUEL CELL

Isenberg
Pabst
Sverdrup
. Archer
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Westinghouse Electric Corporation
Research Laboratories

ABSTRACT

The chemical energy of coal can be directly converted into
electrical energy by solid-electrolyte fuel cells. These fuel cells
operate at about 1000°C and use a doped-zirconia solid electrolyte.

A thin-film, solid-electrolyte cell has been fabricated by successively
applying:. 1) a porous fuel electrode; 2) a dense, continuous yttria
doped zirconia electrolyte; and 3) a porous air electrode layer on a
porous ceramic tube 1.3 cm in diameter and 5 cm long. Each of these
three layers‘was less than 30 p thick. The electrolyte was produced
by chemical vapor deposition and the electrodes by sintering processes.

The cylindrical cell was tested with HZ(N 3% HZO) fuel gas
inside and air outside the tube. The open circuit voltage of the cell
was 1.06 volt -- within 2% of the theoretical value. The operating
voltage was 0.73 volt at 517 milliamperes/cmz. The resistive losses
checked closely those calculated from the resistivity and thickness of
the electrolyte and the resistance of the electrodes. The polarization
losses were less than 0.10 volt for the porous cobalt-zirconia fuel
electrode and a 0.20 volt for the air electrode. While the performance
of the cell thus exceeds that projected for anm initial 100~-kilowatt
coal-burning fuel-cell power plant, further work is required to improve

the air electrode and to intercomnect such thin-film cells in a battery.

Work sponsored by the Office of Coal Research, U. S. Department of the
Interior -- N. P. Cochran and P. H. Towson, Contract Monitors.
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ABSTRACT

The chemical energy of coal can be directly converted into electrical
energy by solid-electrolyte fuel cells. These fuel cells operate at about 1000°C
and use a doped zirconia solid electrolyte. A thin-film, solid-electrolyte cell
has been fabricated by successively applying: 1) a porous fuel electrode; 2) a
dense, continuous yttria doped zirconia electrolyte; and 3) a porous air elec-
trode layer on a porous ceramic tube 1.3 cm in diameter and 5 cm long. Each of
these three layers was less than 30u thick. The electrolyte was produced by
chemical vapor deposition and the electrodes by sintering processes.

The cylindrical cell was tested with Hp(~3% H90) fuel gas inside and
air outside the tube. The open circuit voltage of the cell was 1.06 volt —-
within 2% of the theoretical value. The operating voltage was 0.73 volt at 517
milliamperes/cmz. The resistive losses checked closely those calculated from the
resistivity and thickness of the electrolyte and the resistance of the electrodes.
The polarization losses were less than 0.10 volt for the porous cobalt-zirconia
fuel electrode and a 0.20 volt for the air electrode. While the performance of
the cell exceeds that projected for an initial 100-kilowatt coal-burning fuel-
cell power plant, further work is required to improve the air electrode and to
interconnect such thin-film cells in a battery.

INTRODUCT ION

Electrical energy can be generated using coal as a fuel by direct
electrochemical conversion using solid electrolyte fuel cells.(1) A solid elec-
trolyte fuel cell can be visualized as shown in Figure 1. The oxygen receives
electrons at the air electrode (cathode), migrates through the electrolyte as an
ion and transfers the electrons at the fuel electrode (anode) reacting with the
fuel gas to form H70 and COy. The electrolyte is a yttria doped zirconia which
has an oxygen ion transfer number very close to one. The electrodes are either
metallic or consist of electronically conducting oxides. This fuel cell operates
at temperatures near 1000°C where the oxygen ions are mobile. A fluidized coal
bed, receiving heat from the fuel cells, gasifies the coal and generates the fuel
for the cells. Since the goal of ‘this work is central station power, the fuel
cell power plant has to compete with conventional power generating plants. This
means that the solid electrolyte fuel cells have to be fabricated using low cost
production techniques and that the costs of expensive materials (i.e. the yttria
doping of the electrolyte) have to be minimized. The thin-film fuel cell
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represents an important step toward this goal. To prepare such thin film fuel
cells complex ceramic machining and assembling techniques (2) are replaced by

a less expensive film deposition process. The reduction of electrolyte thickness
from nearly 1000 microns to about 30 microns reduces the calculated cell resis-
tance from 12 to about 3 x 1073Q per square centimeter of active cell area at the
operating temperature. This paper reports the construction and performance of a
thin-film fuel cell.

CELL PREPARATION

The cell was built on a cylindrical porous ceramic support tube coated
first with the fuel electrode, then the thin film electrolyte, and finally by the
air electrode. The fuel flows through the inside of the tube and diffuses through
the porous structure of the support tube to the fuel electrode. Combustion prod-
ucts diffuse in the opposite direction. A concentration gradient is built up
with increasing combustion product content along the tube axis. Air flows over
the outside air electrode.

As support tube for the cell we used a 1.3 cm 0.D. stabilized zirconia
tube with a wall thickness of 1.5 mm. The measured open porosity of the support
tube was 15 percent.

The tube was covered over a length of nearly 15 cm with a fuel elec-
trode consisting of a 20 to 30p thick cobalt-zirconia cermet layer. This layer
was applied by sintering.

The fuel electrode was covered with a thin film electrolyte by chemical
vapor deposition.

The x-ray analysis of the electrolyte films confirmed a fully cubic
structure of the electrolyte.

Film thicknesses obtained from a three hour chemical vapor deposition
run are about 30p to 50u. Cross section analysis of various films grown in a
number of experiments show that pores up to 10 microns in the cermet fuel elec-
trode can be bridged with a gas-tight electrolyte film.

After the electrolyte film was applied to a 4 cm long cell it was as-
sembled into the tester for testing at 950°C. As Figure 2 shows, alumina adapter
tubes fit over the cell tube ends. Gold washers seal the cell tube to the alumina
tubes. The assembly was compressed by means of an alumina rod running through the
center of the tubes. Threaded brass tubing was glued to the alumina rod ends to
allow the tubes to be placed under a controlled compression using a spring on one
end of the assembly. Since the gold washers are pressed against the thin fuel
electrode located between support tube and thin-film electrolyte, they provide
electrical contact to the fuel electrode. A platinum wire was welded on to one
washer representing a potential probe and a 1.5 mm thick palladium silver wire
was welded to the other washer as .current lead to the fuel electrode.

An air electrode consisting of a three layer coating of platinum was
applied in three separate sintering steps. The platinum was sintered in air
while the inside of the cell was purged with forming gas. The platinum air elec~
trode was backed up with a platinum screen current collector. A 1.5 mm thick
palladium silver wire acted as the current lead on the air side of the cell.




The cell was equipped with a thermocouple which acted also as a potential
probe for the air electrode. An electrolyte reference electrode was placed beside
the air electrode. Figure 3 shows the cell. The total active cell area, deter-
mined by the air electrode size, was 5.8 cm2. A cross section through the thin
film cell structure is shown in Figure 4.

EXPERIMENTAL RESULTS

The cell was tested using hydrogen containing nearly 3% water as the
fuel. The flow rate indicated by flowmeters was 400 to 500 ccm per minute. Air
was supplied by natural convection to the outside of the cell.

The cell was operated at 950°C. The electrical characteristics are
shown in Figure 5. The polarization characteristics of the fuel and the air
electrode include the ohmic and non-ohmic part of the polarization. The measured
open cell voltage was 1060 mV over the entire test period of nearly 100 hours. A
maximum current density of 720 mA/cm2 was obtained at a cell voltage of 618 mV.
The cell was operated for a 96 hour test at a continuous current load of 500
mA/cm?. The cell voltage at this current level is plotted versus time in Figure 6.

Current interruption tests (3) showed an ohmic potential drop in the cell
of 30 mV at a current density of 630 mA/cm2. The resistance drop in the fuel
electrode, calculated from the square resistance of the fuel electrode, does not
exceed 5 mV at this current level. The resistance of the air electrode was ne-
glected because of the heavy current collector. The difference of 25 mV is due
to the potential drop in the electrolyte.

From these data, the calculated resistivity of the thin film electrolyte

is:
2
0.025 V:Cm

0.630 x 30 x 1074 Arem

p[Q-cm] = 1 =13 [Q-cm]

This compares very favorably with the resistivity of sintered zirconia doped with
10 mole percent yttria which is between' 11 and 12 ohm centimeters at this tempera-
ture.

SUMMARY

A high temperature fuel cell using a thin—film zirconia electrolyte,
prepared by chemical vapor deposition, was tested successfully under current load
in a single cell design. The test proved the gas tightness of the electrolyte.
Resistive losses checked closely with those calculated from the resistivity and
thickness of the electrolyte and resistance of the electrodes. The tested cell
was thermally cycled four times without damaging the thin film structure. The
performance of this single cell exceeds that required for the initial 100-kilowatt
coal-burning fuel-cell power plant. Fuel electrode tests indicate that thin-
film fuel cells will perform equally well on the fuel gas derived from the
fluidized coal bed used in that plant.

The development of the thin-film fuel cell is an important step
toward a commercial power generating system capable of producing electrical
energy from coal at overall efficiencies approaching 60 percent. Further work
is required to provide the thin-film cells with low-cost air electrodes and to
interconnect them in batteries.
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