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Limiting Current of Oxygen Reduction on Gas-Diffusion
Electrodes for Phosphoric Acid Fuel Cells
Li Qingfeng, Xiao Gang, H. A. Hjuler,* R. W. Berg, and N. J. Bjerrum*
Material Science Group, Chemistry Department A, Technical University of Denmark, 2800 Lyngby, Denmark
ABSTRACT
Various models have been devoted to the operation mechanism of porous diffusion electrodes. They are, however,
suffering from the lack of accuracy concerning the acid-film thickness on which they are based. In the present paper the
limiting current density has been measured for oxygen reduction on polytetrafluorine-ethyl bonded gas-diffusion electrodes in phosphoric acid with and without fluorinated additives. This provides an alternative to estimate the film thickness by combining it with the acid-adsorption measurements and the porosity analysis of the catalyst layer. It was noticed
that the limiting current density can be accomplished either by gas-phase diffusion or liquid-phase diffusion, and it is the
latter that can be used in the film-thickness estimation. It is also important to mention that at such a limiting condition,
both the thin-film model and the filmed agglomerate model reach the same expression for the limiting current density. The
acid-film thickness estimated this way was found to be of 0.i ~m order of magnitude for the two types of electrodes used
in phosphoric acid with and without fluorinated additives at 15O~
The cathode of phosphoric acid fuel cells (PAFC) consists
of a porous carbon substrate and a catalyst layer which is
composed of a carbon-supported platinum catalyst bonded
with polytetrafluoroethylene
(PTFE). The presence of
PTFE in the catalyst layer gives hydrophobicity so that the
catalyst layer, during operation, is only partially in contact
with acid. The performance of the electrode is dependent
on a number of factors such as pore-size distribution, electrolyte composition, active surface area, and electrochemical kinetics.
The working mechanism of such an electrode as well as
those used in molten carbonate fuel cells (MCFC) has been
modeled by means of the thin-film model ~,2 and more appropriately with the agglomerate and filmed agglomerate
models? -7 All of these approaches suffer from the drawback
that the film thickness is not taken into account in the
model in a satisfying way.
By fitting the theoretical expression for the initial slope
of the polarization curves to the experimentally determined values on the basis of a simple thin-film model,
Wilemski 2 found an unlikely value, ca. 0.5 ~tm, for the electrolyte film thickness for a molten-carbonate fuel-cell
(MCFC) cathode. On the other hand, by use of a theory of
the liquid-film stability, the value of the molten carbonate
film thickness on a NiO substrate was estimated to be ca.
0.003 ~m, i.e., two orders of magnitude smaller. 8
Springer and Raistrick, 9 in their ac impedance analysis,
suggested that only by assuming the presence of an external electrolyte film covering the agglomerate was it possible to explain a separate low-frequency mass-transfer
impedance loop, while the agglomerate itself could not lead
to such a loop, therefore Yuh and Selman 6 used the size of
the low-frequency impedance loop for estimating the electrolyte film thickness. The thickness was estimated to be
ca. 0.1 ~m by assuming that the low-frequency loop was
* Electrochemical Society Active Member.

caused by a Nernst-type diffusion limitation in the electrolyte film.
On the other hand, Yuh and Selman 5 used the limiting
current supposedly measured at low oxygen concentration
(less than 3% oxygen) l~ to estimate the film thickness. By
assuming that the limiting current was due to the oxygen
diffusion through the film and was independent of gas
composition, they found the film thickness to be ca. O. 1 ~m.
As they pointed out later, 6 the limiting current cannot always be observed on a MCFC
cathode even at low partial
pressure of oxygen; hence the observed limiting currents
were suspected to be due to the depletion of the gaseous
oxygen at high current levels.
In the present work, well-defined limiting currents have
been measured on a PAFC cathode, and effort has been
made to estimate the acid-film thickness by combining the
limiting current, the electrode microstructure, and acid
adsorption measurements for two kinds of electrodes and
for 100% phosphoric acid electrolyte with and without
fluorinated compounds. The success of fluorinated compounds as possible electrolyte additives for PAFC has been
demonstrated in our previous papers, 11,12where promising
compounds
are specified such as potassium perfluorohexanesulfonate, C6FI3SO3K (hereafter referred to as C~
salt), potassium nonafluorobutanesulfonate
(C4FgSO3K),
and perfluorotributylamine [(C4Fg)3N].

Limiting Current Density for Gas-Diffusion
Electrode Models
A gas-diffusion electrode contains pores with a variety of
pore sizes. From the conventional porosimetry, a set of data
for cumulative pore volume (V) and specific pore-wall surface (A) as a function of pore radius (r) can be obtained. It
is known that the total pore volume (V 0 and total specific
surface area (At) can be obtained by integration over a
range of pores of increasing radius, assuming that the pores
are cylindrical
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dV(r)

[1]

= 2dY(r)
r

[2]

The thin-film m o d e l . - - This model assumes that, during
normal operation of an electrode in contact with both the
gas and the electrolyte on either side, there exists a critical
pore radius r,. Pores with radii larger than ro will be gas
filled and supposedly acid filmed along pore walls, and
those with radii smaller than re will be acid flooded. It is
assumed that the flooding of the smaller pores is driven by
capillary forces. The critical radius ro is thus dependent on
the balance
20r~ = ~ cos 0

[3]

where 0- is the surface tension of the electrolyte, h p is the
pressure difference between the gas and the liquid, and 0 is
the contact angle of the electrolyte.
In this context, parameters such as the acid-flooded pore
volume (V,), the gas-filled pore volume (Vg), and the acidfilmed specific surface area (A~) can be defined by the
equations

V~ = fo~ dY(r)

[4]

y~ = f~ dY(r)

[5]

d g = ;= 2d-V(r)
Jr~
r

[6]
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When the entire electrode process is rate determined by
diffusion through the acid film of a dissolved reactant, e.g.,
oxygen in the case of 02 reduction, the true limiting current
density [iLIt~e)],which is based on the actual reactive surface area along the pore walls, should be expressed by
iL(true)

--

nFDco

where n is the n u m b e r of electrons involved, F is Faraday's
constant, D is the oxygen diffusion coefficient, co is the
solubility of oxygen, and ~ is the film thickness. To relate
the true limiting current density to the apparent limiting
current density (iL) (which is based on the apparent sectional area and is experimentally measurable), one has
i L ~ iL(true ) .

A~ 9z

(A)

[8]

where A~ is the acid-filmed specific pore-wall surface area
per unit volume of electrode (cm2/cm3) and z is the electrode
thickness.

The filmed agglomerate m o d e l . - - T h i s model assumes
that catalyst particles form elongated porous agglomerates
(with micropores, see Fig. 1B). These agglomerates under
working conditions are flooded and on the outside surface
filmed by the electrolyte. The PTFE binders are assumed to
create hydrophobic gas channels (macropores). When current is drawn from the electrode, reactant gas molecules
diffuse through the macropores and dissolve into the electrolyte film. After diffusing through the film, the molecules
react at active sites on the catalyst particles.
The porosity 0 of the agglomerate is defined as
O = Vd(Vr + V~)

Since the thin-film models assume that all electrochemical processes take place in the film-covered pore walls of
larger gas-filled pores, see Fig. 1, A~ as expressed by Eq. 6
might be assumed to be the electrochemically active area,
whereas the acid-flooded pores are treated as electrochemically inert. This assumption might not be true at lower
current densities; however, in the vicinity of the limiting
current density it is valid.

[7]

[9]

where Vf is the agglomerate pore volume totally filled with
acid and Vs is the solid volume. Assuming the agglomerate to be a wavy cylinder with a radius of r~, the number
of agglomerates per unit volume electrode, N, can be
expressed
N = (V~ + Vs)/(~r~%z)

[101

where z is the electrode thickness and % is the agglomerate
tortuosity correcting for the increased length.
If the surface area of N agglomerates, excluding the ends,
is denoted as S~, then

S~ = N2wr~z%

[11]

Combining Eq. 9, 10, and 11, one obtains

r~ = 2V~/S~|

According to Kunz et al., 7 the surface area of all the agglomerates per unit volume of electrode, S~, can supposedly
be expressed by Eq. 6, i.e., equal to the gas-liquid interracial area, Ag. Therefore, the limiting current due to the liquid-phase diffusion of the dissolved reactant through the
acid film can be expressed by Eq. 8, valid for both the
thin-film model and the filmed agglomerate model.
By means of acid-adsorption measurements for different
electrodes, the acid-filled volume V~and the surface area of
acid-filmed pore walls Ag or S~ can be determined from
cumulative curves of the pore volume and surface area, and
the acid film thickness can thus be calculated from the
limiting currents by using Eq. 7 and 8.

[ ] acid
~acid

]

tilted

acid f m

~2~:~'
,..= ~•

[ ] sotid

acid side

[12]

gas sde

Fig. 1. (A) Thin-film model, anti (B) filmetl agglomerate model.

Experimental
ChemicaIs.--The preparation of 100 weight percent (w/
o) H3PO4 from an aqueous 85 w/o Riedel-de Hahn acid of
analytical grade has been described previously. ~2An electrolyte additive used in some of the experiments was potassium perfluorohexanesulfonate, C~Ft~SO3K (hereafter referred to as the C~ salt) and was used as received from
Riedel-de Hahn.
Purified hydrogen (>_99.998 volume percent (v/o), Hede
Nielsen A/S) and oxygen (->99.998 v/o, AGA A/S) were
used for the reference and working electrodes, respectively.
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Mercury intrusion porosimetry was performed for electrodes and carbon supports by the use of a porosimeter,
Quautachrome Autoscan 60. The pore volume and the porewall surface area of the catalyst layer were then derived.

Results and Discussion

C

D

E

F
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K

Fig. 2. PTFE half-cell assembly: A, reference electrode; B, counterelectrode; C, stainless steel screw; D, PTFE cell housing; E, working
electrode; F, oxygen inlet; G, hydrogen inlet; H, thermocouple; I,
electrolyte; J, nitrogen inlet; and K, oxygen (and water) outlet.
EIectrodes.--Two kinds of gas-diffusion electrodes, type
A and B, were used for mercury-intrusion porosimetry,
acid-adsorption, and half-cell polarization measurements.
Electrode A was purchased from Giner, Inc., with 10 w/o
Pt/carbon catalyst and a total platinum loading of 0.5 rag/
cm 2. Electrode B was made in this laboratory by using
i0 w/o Pt/carbon catalyst and with a platinum loading of
0.5 mg/cm 2.

Limiting c u r r e n t - - F i g u r e s 3 and 4 show two sets of typical polarization curves for the oxygen reduction in 100%
phosphoric acid without (A) and with (B) the additive
(0.1 w/o C~ salt) at 150~ for both electrode A (Fig. 3) and
electrode B (Fig. 4). As the electrode potential increases, the
responding curves display limiting currents, characterizing
the diffusion determining step.
It can be seen that the limiting current increases with
increasing oxygen flow rate. The reaction sequence of oxygen reduction on a gas-diffusion electrode is assumed to
involve two diffusion steps, i.e., the diffusion of gaseous
oxygen from the outer end of the porous electrode to the
gas-electrolyte interface, and the diffusion of dissolved
oxygen through the electrolyte film to the active sites.
At very low oxygen flow rates, the limiting current density appears to be caused by an oxygen-flow limitation according to Faraday's law. As the oxygen flow rate increases,
the utilization of the gaseous oxygen decreases, i.e., the
partial pressure of oxygen in the mixture of oxygen and
water vapor will increase. If the electrode kinetics in the
vicinity of the limiting current is rate determined by the
gaseous diffusion of oxygen through the water vapor, this
increase in the oxygen partial pressure in the gas phase at
the electrode backing will result in an increased limiting
current. This is demonstrated by Fig. 3 and 4.
As the oxygen flow rate increases further, the electrode
process shifts into the range of diffusion control of the dissolved oxygen through the thin electrolyte film. This is indicated by the almost constant value reached by the limiting currents when the increase in oxygen flow rate does not
07

(A)

I

b3

PTFE half ceiL--The PTFE half-cell assembly is schematically presented in Fig. 2. The gas chamber was 12 mm
id and 5 mm in height with gas inlet and outlet holes of 2
mm in diameter. The working gas-diffusion electrode is
made of a circular disk (diam 22 ram) with an area of I.I
cm ~ exposed to the gas and an area 0.28 em 2 (6 mm diam)
exposed to the electrolyte. The counterelectrode was made
of a,plalinum plate (diam 36 ram) with a hole (diam 14 mm)
at the center. The distance between the counter- and working electrode was about 5 ram. A reversible hydrogen electrode (RHE) was used as a reference electrode. The reference capillary was situated in the hole at the center of the
counterelectrode pointing toward the working electrode.
The distance between the capillary tip and the working
electrode was adjustable.
During the experiments, the whole cell was placed in an
oven, and the temperature was controlled at 150 _+ l~
Instruments and m e a s u r e m e n t s . - - L i m i t i n g currents
were obtained by potential sweeps at the slow rate of
i mV/s. The potentiostat used was an electrochemical interface (SI 1286, Schlumberger Technologies, Ltd.). A current-interruption technique was used to correct the iR part
of the potential by means of an oscilloscope (DSO 1602,
Gould Electronic, Ltd.). The iR part of the potential was
obtained by measuring the potential drop 25 ~s after the
current was interrupted.
Gas flow was controlled by means of a valve and a flowmeter (Rotameter, Rota Apparate-und Maschinenbau,
Dr. Hennig GmbH & Co., KG).
Acid adsorption measurements were performed with the
method proposed by Mort et aI. 13,1~ The sample electrode
disk was 1.4 cm in diam, and the measurements were performed at 150 _+ ]~
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Fig. 3. Polarization curves for oxygen reduction on electrode A in
phosphoric acid without (A) and with (B) C6 salt added at 150~
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Fig. 4. Polarization curves for oxygen reduction on electrode B in
phosphoric acid without (A) and with (B) C6 salt added at 150~
lead to any significant increase in the limiting current density (Fig. 5). This is further demonstrated when the total
oxygen utilization is taken into the consideration. For instance, with electrode B in the acid containing 0.1 w/o C6
salt, the limiting current densities occur at the oxygen utilization of 27, 18, and 15% when oxygen flow rates of 21.4,
34.9, and 45.5 ml 9 rain -I - cm 2 were used, respectively.
These oxygen utilizations corresponds to the oxygen partial pressure of 0.58, 0.70, and 0.74 atm, respectively. In
other words, the fact that the limiting current is insensitive
to the oxygen partial pressure may suggest that the electrode process is under liquid-diffusion control. This current density, being insensitive to the oxygen flow rate is the
one being used in the estimation of the acid film thickness.

9 Electrode B 1OO%H3POL.
A Electrode B, H3POz.*01"1.C6

%

O E~ectrode A, ]00"I. H3 PO4
+ Electrode A, H3 PO~'O I'IoC6

<

,

/

Values of these limiting current densities were found to be
6.0 A/cm 2 (electrode A, H3PO4), 4.0 A/cm 2 (electrode A,
H3PO4 + 0.i w/o C6 salt), 3.5 A/cm 2 (electrode B, H3PQ), and
2.0 A/cm 2 (electrode B, H~PO4 + 0.i w/o C6 salt), obtained by
arbitrarily extrapolating up to the flow rate of 60 ml oxygen per minute per cm 2 in Fig. 5.
It is to be noted that the addition of C6 salt into H3PO4
resulted in a significant decrease in the limiting current
density of oxygen reduction for both electrodes. As can be
seen from Eq. 7 and 8, the previously demonstrated improvement in oxygen solubility (co) and oxygen diffusion
coefficient (D) in phosphoric acid by adding the C6 salt will
lead to an increase in the limiting current density (Eq. 7).
However, the extra flooding of the electrode by the electrolyte containing the C~ salt will considerably reduce the
reactive surface area (Ao) and probably increase the electrolyte film thickness (6) as well. The latter effect will supposedly in the present case outweigh the former one and
consequently result in the sharp decrease in the limiting
current density.
Acid adsorption.--Figure
6 shows the adsorption of
100% H3PO4 with and without C~ salt obtained for two
electrodes (A) and (B) at 150~ Here the acid adsorption is
defined as the amount of acid absorbed by unit weight of
catalyst layer of the electrode (g/g-cat. layer).
Mort et aI.13'14 have found that the acid adsorption depends on time, especially in the initial 60 h. After i00 h, the
acid adsorption tends to stabilize. For electrode A, acid
adsorptions of 0.68 and 0.83 g/g-cat, layer were achieved
with 100% H3PO4 and H3PO4 + 0.i w/o C6 salt, respectively,
and for electrode B, 0.92 and i.i g/g-cat, layer with 100%
H3PQ and H3PO4 + 0.1 w/o C~ salt, respectively. Gang et
al. 12 have shown that the addition of C6 salt in phosphoric
acid will significantly improve the acid wettability on
PTFE-bonded
gas-diffusion electrodes. The behavior correlates well with the increased adsorption of the aci,d containing C6 salt for both electrodes.
Pore v o l u m e distribution and pore-wa~l surface a r e a . -

"1o
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,
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I

,

I

,

20
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oxygen flow rote, ml ml~ 1 cm-2

60

Fi9. 5. timitin 9 current densities as a function of oxygen flow rotes.

As results of the mercury-intrusion porosimetry, Fig. 7 and
8 show the cumulative pore volume and the cumulative
pore-wall surface area of the catalyst layers of electrodes A
and B. For the pores of radii up to 2.04 ~m, the total pore
volume was found to be 0.80 cm3/g-cat, layer for electrode
A, and 1.02 cm3/g-cat, layer for electrode B. Assuming
cylindrical pores, the total specific surface area was calculated from the pore volume by using the average pore radius (A = 2 d V / r ) , and found to be 8.0 m2/cm3-cat, layer for
electrode A and 10.4 m2/cm3-cat, layer for electrode B. Here
the densities of the catalyst layers were found to be 0.41
and 0.35 g/cm 3 for electrode A and B, respectively.
In their porosimetric analysis, Watanabe et al. 1~ made a
distinction between micro- and macropores in the catalyst
layer. Micropores are assumed to originate from the plat-
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Table L Summary of the calculation of the acid-film thickness.
Electrode B

Electrode A

0.2

0.01

01

1

1
10

Electrode A
Electrode B
H3PO~ +0.I w/o C6 H3PO~ +0.I w/o C6
Dco/1012 (tool - cm. s)
z/lO 3 (cm)
iL (A/cm 2)
Pore volume (em3/
g-cat, layer)
Acid volume (cm3/
g-cat, layer)
Critical radius/10 s (cm)
Filmed area/103
(cm2/em 3)
Film thickness (~m)
rJlO ~ (cm)
O (%).
N/IO ~(/era3)

8.9
5.0
6.0
0.80

ii.0
5.0
4.0
0.80

8.9
5.0
3.5
1.02

ll.O
5.0
2.0
1.02

0.37

0.45

0.50

0.60

6.7
3.61

10.1
2.34

11.5
1.86

22.0
1.04

0.09
4.48
21
25.7

0.12
7.20
24
10.4

0.i0
8.66
23
6.85

0.13
16.1
25
2.06

Pore rodius, #m

Fig. 7. Cumulated pore volume in the electrode catalyst layer as a
function of pore radius for electrodes A and B: rl, the critical radius
with 100% H3PO~ and r 2, the critical radius with H3PO4 + 0.1 w / o C~
salt.

inure catalyst, while maeropores are formed between the
catalyst and PTFE particles. The pore radius chosen for
such a differentiation was 0.1 p~m. ~4,~ Passalacqua etal. ~o
made a similar discrimination with a value of 0.4 ptm. In
our case with a pore radius of 0.1 ~xm for such a differentiation, the micropore volume was about 0.45 and 0.48 cm3/gcat. layer for electrodes A and B, respectively.

Acid-filled porosity and filmed surface area.--From the
acid adsorption determined gravimetrically (Fig. 6), the
pore volume occupied by acid can be evaluated, taking the
density of phosphoric acid to be 1.83 g/cm 3. For electrode
A, the acid-occupied pore volume was found to be 0.37 (or
0.45) cm3/g-cat, layer for 100% H3PQ (or H3PO4 + 0.1 w/o
C6 salt), and for electrode B, 0.50 (or 0.60) cm3/g-cat, layer
for 100% H~PO4 (or H3PO~ + 0.1 w/o Co salt).
From distribution curves of the cumulative pore volume
(Fig. 7), it is found that about 46% (or 56%) of total pore
volume of electrode A was occupied by phosphoric acid (or
acid with 0.1 w/o Co salt) and 49% (or 59%) for electrode B.
It should be remarked that the mercury porosimetry is
performed on the basis of Eq. 3 and constant contact angle
0. In the case of a PTFE-bonded electrode, however, the
contact angle, 0, is not constant, and apparently different
for mercury and phosphoric acid. In spite of this fact, it
might be true to assume that phosphoric acid predominantly occupies the volume of the smaller pores determined
by mercury-intrusion porosimetry. In this way, it is found
15
rI

%

r2

,

E

Electrode B

d 10

0

u~
"c

Electrode A

ul

-

5

O
Ct_

0

0

0.01

b

0.1
1
Pore rodius, pm

I

10

Fig. B. Pare-wall surface area as function of pare radius for electrodes A and B: r], the critical radius with 100% H3PO4 and r2, the
critical radius with H3PO4 + 0.1 w / o C~ salt.

that, for electrode A, pores smaller than the critical radii
0.067 (or 0.i01) ~m are filled with phosphoric acid (or acid
with 0.1 w/o C 6 salt), and for electrode B, pores smaller than
0.115 (or 0.220) ~m in radii are filled with phosphoric acid
(or acid with 0.I w/o C6 salt).
As discussed in the section concerning limiting current
density, both thin-film models and filmed agglomerate
models assume that the electrochemically active area can
be estimated from the pore-wall surface area of pores
larger than the critical radius. This is done in the present
work by assuming that the pore-wall surface area determined by mercury porosimetry can be used for phosphoric
acid. From Fig. 8, the specific pore-wall surface area of
electrode A, corresponding to pores above the critical radii
of 0.067 (or 0.i01) ~m was found to be 3610 (or 2340) cm~/
cm 3, and that for electrode B to be 1860 (or 1040) cm2/em 3.
These values will be used in the estimation of the acid-film
thickness below.
Thickness of acid film.--Table I summarizes the data
used and obtained in the calculation of the acid-film thickness. Here the product of the oxygen solubility and the
oxygen diffusion coefficient in 100% H3PO4 at 150~ was
taken from Ref. 12, and that for phosphoric acid with
0.I w/o C6 salt was estimated by considering the value
for ]00% H3PO4 and the value (11.71 • i0 -~2 mol - cm -2 s -~) for phosphoric acid with 0.5 w/o C6 salt at the same
temperature.12
The cumulative pore volume was obtained from the mercury porosimetry. The pore volume occupied by acid was
obtained from the acid-adsorption measurement, based on
which the critical pore radius was determined from the
distribution curve of the pore volume. From the critical
pore radius thus obtained, the reactive pore-wall surface
area covered with the acid film was evaluated from the
curve of the cumulative surface area as function of the pore
radius. By using Eq. 7 and 8, the film thickness was then
evaluated.
The resulting values of the acid-film thickness for both
electrodes with phosphoric acid, either with or without C6
salt, are of the 0.i ~m order of magnitude. The presence of
C6 salt as an additive in H3PO 4 seems to enlarge the acidfilm thickness.
The last three rows of data in Table I are the agglomerate
parameters evaluated for the filmed agglomerate model,
using Eq. 9, i0, and 12. It is seen from the resulting agglomerate properties that, when the acid occupation increases
as a result of adding C6 salt into H3PO4, the number of
agglomerates decreases while the agglomerate radius increases. These will lead to a greater liquid-phase diffusion
polarization, as predicted by the filmed agglomerate
model. 7

Conclusions
The limiting current density due to the diffusion rate
control has been determined for oxygen reduction on
the PTFE-bonded
porous electrodes. Two types of diffusion were encountered, i.e., gas-phase diffusion at low oxy-
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gen flout rates and liquid-phase diffusion at high oxygen
flow rates.
It is important to mention that for the electrode process
under control of liquid-phase diffusion, both the thin-film
model and the filmed agglomerate model reach the same
expression for the limiting current density. As a consequence, this limiting current density can be used to determine the acid-film thickness, which is a critical parameter
in the modeling of porous electrodes.
By combining the acid-adsorption measurements and the
porosity analysis of the catalyst layer of the electrode, it
proved possible to determine the acid occupation, the
available specific pore-wall surface area, and some other
agglomerate properties such as agglomerate radius, agglomerate porosity, and agglomerate number on the basis
of the flhned agglomerate model. Finally the acid film
thickness was evaluated with the help of the experimentally measured limiting current density for two types of
electrodes in phosphoric acid electrolytes with and without
fluorinated additives.
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Fischer-Tropsch ElectrochemicalC02 Reduction to
Fuels and Chemicals
Michael Schwartz, Mark E. Vercauteren, and Anthony F. Sammells*
Eltron Research, Incorporated, Boulder, Colorado 80301
ABSTRACT
This investigation was directed toward the rational selection of cathode electrocatalysts compatible with promoting
carbon dioxide reduction at practical rates to commercially significant fuels and chemicals. Work performed identified
electrocatalyst sites, incorporated into gas-diffusion electrodes, demonstrating high activity toward promoting both CO2
reduction to adsorbed CO and subsequent electron transfer leading to final reaction products. The feature of electrocatalysis identified was in its apparent ability to maintain a high coverage of adsorbed CO intermediate species at reaction sites
available for further reduction to products. Carbon dioxide reduction proceeded at significantly lower overpotentials and
higher rates and faradaic efficiencies than previously found to this time at unit-activity coppen
Our objective was to characterize and evaluate novel
electrocatalyst alloys and bimetallics as sites for promoting
what we had previously referred to as electrochemical
Fischer-Tropsch (EFT) CO2 reduction. 1 Electrocatalyst alloys and bimetallic mixtures, which initially emphasized,
respectively, Cu:Pb, Cu:Ag, Ag:Pb, Cu:Cd, Cu:Zn, Cu:Mn,
and Ag:Mn, were predicted by us to exert a favorable influence on either electrochemical rate or cathode overpotential (ideally both) required for promoting EFT C Q reduction to fuels and chemicals, compared to that previously
found with unit-activity copper cathodes.
Cathode electrocatalyst selection was based on insights
developed at Eltron from recent experimental work performed both by ourselves ~-1~and others n-is on electrochemical C Q reduction in aqueous electrolyte and in the gas
phase. Our investigations had suggested that the pathway
through which electrochemical C Q reduction proceeded
was via formation of intermediate CO, followed'by potential assisted C-O splitting to give an adsorbed carbon type
intermediate. This intermediate could then become hydro-
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genated to give carbene, leading to either hydrocarbon or
alcohol reaction products.
Analysis performed at Eltron, I using experimental data
obtained by others, 17 had shown that, with the exception of
copper, all metal electrocatalytic sites possessing activity
toward promoting CO2 reduction had activity favoring
either reduction to CO or reduction of CO to hydrocarbons,
but not both. Copper appeared to be the only exception to
this observation in that it possessed high activity for prorooting both electrochemical CQ reduction to CO and subsequent CO reduction to hydrocarbons.
The above insights were found by our group I using multivariate analysis of CO2 reduction product distribution to
gain insight into the relative propensities of metal electrocatalysis toward promoting CO2 reduction to CO and subsequently to gaseous hydrocarbons and potentially other
useful CQ reduction products. Results from this analysis
suggested that one approach for data interpretation was to
determine relative electrocatalyst activities toward (i) reducing CO2 to CO and (it) subsequently reducing CO to
hydrocarbons. In our analysis we assumed that hydrocar-
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