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The electrochemical oxidation of  formic acid H C O O H  at porous PTFE-bonded plat inum-carbon 
electrodes in acidic electrolyte has been studied using the AC-impedance method. A reaction sequence 
based on known details of  this process was transferred into an equivalent circuit which was used to 
simulate successfully the measured impedance data. The results confirm earlier data obtained with 
smooth plat inum electrodes and allow, for the first time, a correlation between the electrode over- 
potential and the contribution of  the various reaction steps. Further  improvements of  the porous 
electrode based on these results are suggested. 

1. Introduction 
Recently there has been a renewed interest in the 
application of the electrochemical oxidation of easily 
accessible organic fuels such as formic acid (HCOOH) 
or methanol (H 3COH) as the anodic reaction in air 
breathing fuel cells. This interest is based mainly on 
two areas of progress: firstly the improved electro- 
catalysis of the anodic reaction achieved by surface 
modification of the most commonly used electrocata- 
lyst, platinum, or by electrochemically active species 
which are underpotential deposited on platinum or 
other catalysts (up&metals) [1-4]; and secondly the 
advances in the development of platinum-free oxygen 
electrodes [5, 6]. 

In various reports on the performance of porous 
platinum-carbon electrodes in the presence of lead [7] 
or tin [8] in the electrolyte, significant improvements 
have been described. A further improvement in per- 
~brmance was achieved by Furuya and Motoo [9], 
who used a gas diffusion electrode as anode, where 
the CO2 produced was removed on the back side of 
the electrode. This idea was further developed by 
Watanabe et al. [10] into a backward feed and exhaust 
type methanol anode. With this electrode the electrode 
c, oncentration polarization usually found with porous 
electrodes immersed in the electrolyte is substantially 
reduced by supplying the fuel and removing the 
gaseous reaction product CO2 from the back side of 
the electrode. 

So far no study has been presented describing the 
contribution of the various steps of the electrochemi- 
cal oxidation reaction to the electrode overpotential 
under load, in particular as a function of changing 
experimental parameters such as concentration of 
reactants or structure of the porous electrode. Thus we 
have attempted to measure the faradaic impedance of 

a working anode and to interpret these data based on 
a methodological approach described earlier [11-14] 
and applied successfully to the investigation of porous 
oxygen reduction electrodes [15-18]. 

2. Experimental details 

Porous PTFE-bonded platinum-carbon electrodes of 
the gas fed electrode type were prepared according 
to a procedure described earlier [7, 12, 17]. The cata- 
lyst powder (platinum-carbon, 10% wo, HERAEUS) 
is dispersed in water, a PTFE dispersion (HOECHST) 
is added, the stirred mixture is spread on paper, 
pressed onto a palladium-gold metal gauze and dried. 
In this manufacturing process the total catalyst load- 
ing (platinum and carbon), PTFE-content of the cata- 
lyst layer and the pressure applied to the electrode 
were varied. Polarization curves and impedance 
measurements were carried out using a plexiglass cell 
designed according to the special requirements of AC- 
measurements [12]. A BANK PCA 72 M potentiostat, 
a home built function generator and a SOLARTRON 
1172 transfer function analyser were used for the 
experiments. The working electrode was mounted in 
the cell with 1 cm 2 electrode surface exposed to the 
electrolyte solution, the backside of the electrode was 
covered with a plexiglass disc if not stated otherwise 
(see text below). A reversible hydrogen electrode, as 
suggested by Will [19], was used as a reference elec- 
trode. Since a counter electrode, where hydrogen evol- 
ution might take place, was undesirable because of 
possible diffusion of hydrogen to the working elec- 
trode under study, an oxygen consuming porous gas- 
fed electrode was used as a counter electrode. All 
measurements were made at room temperature. Elec- 
trolyte solutions were prepared from HC104 (1 M, 

* New Address: UniversitSt Oldenburg, Fachbereich Chemic, Carl-von-Ossietzky-Str. 9-11, D-2900 Oldenburg, West Germany. 

0021-891X/88 $03.00 + .12 �9 1988 Chapman and Hall Ltd. 679 



680 RUDOLF HOLZE AND ANA-MARIA CASTRO LUNA 

MERCK, pA) and various concentrations of formic 
acid (MERCK). In some experiments 1 x 10-4M 
Pb(C104)2 was added to the solution. The electrolyte 
solutions were purged with nitrogen in order to 
remove traces of oxygen which might establish a 
mixed electrode potential at the anode. 

The electrode impedance was measured over a fre- 
quency range from 1 mHz to 10 kHz. The electrolyte 
resistance, Rso~ (later used for the iR drop correction in 
the measurements of polarization curves) and the 
double layer capacity, Cdl, were calculated according 
to procedures already described [12] and subtracted 
from the measured electrode impedance. Using appro- 
priately selected equivalent circuits the faradaic 
impedance obtained in this way was simulated with a 
non-linear least square fit using the Marquardt- 
Levenberg algorithm [12, 16, 20, 21] incorporated into 
the subroutine ZXSSQ supplied by the International 
Mathematic and Statistic Library, IMSL. 

3. Results and discussion 

3.1. Optimization of the electrode 

A set of polarization curves of electrodes prepared 
with various applied pressures is presented in Fig. 1. It 
shows an optimum pressure around 250 bar, at lower 
pressures the performance at high current densities 
(cd) drops, presumably due to poorer conductivity of 
the electrode and increasing diffusion polarization 
inside the porous structure. A higher pressure results 
in an electrode of lower catalytic activity (more posi- 
tive rest potential), nevertheless the electrode per- 
formance approaches the values of the 'optimum' 
electrode, which already indicates that the electro- 
chemical reaction takes place mostly on the outer side 
of the porous electrode. The double layer capacity 
data derived from the electrode impedance rises from 
Cdl = 112# Fcm-2 a tp  = 75bar to Cd~ = 124#Fcm -2 
at p = 150 bars and Cdl = 125 #F cm- 2 at p = 250 bars. 
At higher pressures a further increase to Cdl = 

248 #F cm -2 at 400 bars is observed. The electrochemi- 
cally active surface area (covered with organic adsor- 
bate) seems to be reflected in the Cd~ values: a lower 
value indicates a lower active surface area and conse- 
quently a poorer electrode performance at low cd, 
where the electrode potential is mostly determined by 
electrocatalysis. At higher current densities this dif- 
ference is diminished and other factors like electronic 
conductivity of the electrode are important. This has 
been observed in several cases with porous PTFE- 
bonded electrodes [12, 17]. Nevertheless these values 
of Ca~ do not represent directly either the internal 
surface area of the porous electrode wetted with elec- 
trolyte solution or the electrochemically active surface 
area [12, 15, 17]. In the case of these electrodes, when 
used as oxygen reducing cathodes in the absence of 
organic fuels in the electrolyte, values of Cdl = 
2mFcm -2 (per geometric surface area of the elec- 
trode) were measured. The values of Cdl obtained here 
are much smaller due to adsorption of organic mol- 
ecules [23]. 

These results suggest that, strictly speaking, an 
increase of the catalyst loading (total of platinum and 
carbon cm -2) should lead to an improved electrode 
performance preferably at low cds, where the poten- 
tial is under activation control, whereas at higher cds 
the difference should disappear. This is supported by 
the results in Fig. 2, although the difference between 
the two electrodes is still significant (100mV) at the 
highest cd measured. This indicates that either, even at 
this cd, there is still mixed activation and transport 
control of the electrode potential or that there are 
further effects of the changed catalyst loading influ- 
encing the electrode properties. The difference between 
the two electrodes is not reflected in the double layer 
capacity; at both loadings the values of Cd~ are roughly 
equal when a pressure of 150 bar or 250 bar is applied 
during the manufacture of the electrode. 

A similar effect is observed when the PTFE-content 
is reduced. Considering the hydrophobic properties of 
this binding agent a reduction of its content in the 
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Fig. 1. Current density against potential 
curves for plat inum-carbon anodes pre- 
pared with different pressures applied to 
the electrode (1) 75bar,  (2) 150bar, (3) 
250bar,  (4) 400bar,  1 M HCOOH, 1 M 
HCIO4, room temperature, corrected for 
iR-drop. 
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Fig. 2. Current density against potential 
curves for p la t inum-carbon anodes pre- 
pared with different total catalyst toadings 
o f ( l )  14mgcm -2 Pt/C and (2) 20mgcm -2 
Pt/C, 1 M HCOOH, 1 M HC104, room 
temperature, corrected for iR-drop. 

electrode should result in a less hydrophobic and, 
consequently, more flooded electrode. The results sup- 
port this view. The double layer capacity is greatly 
enhanced. In addition, the rest potential, E0, is shifted 
from E0 = 736 mVR~E at a PTFE-content of 42% wo 
to E0 = 112 mVRHE at a PTFE-content of 26% wo. 

A preliminary optimization of the electrode struc- 
ture thus leads to the following manufacturing par- 
ameters: pressure 250 bar, PTFE-content 26% wo and 
20mgcm -2 catalyst loading. Using these electrodes 
the influence of the fuel concentration and the addi- 
tion of Pb 2+ to the electrolyte solution was studied. 

The influence of the formic acid concentration upon 
the polarization curve is evident from Fig. 3. With 
increasing concentration of HCOOH the performance 
is improved significantly. This indicates a major 
influence of this concentration upon the electrode 
overpotential under load. 

A major gain in electrode performance has been 
reported after addition of small amounts of metal ions, 

capable of upd deposition on platinum. Fir, st results 
obtained with porous platinum-carbon elec(rodes 
have been reported by Adzi6 [8] and Castro Luna eta[. 
[7]. In Fig. 4 a comparison of the electrode perfor- 
mance with and without lead present in the electrolyte 
solution is given. These curves represent a further 
improvement in terms of overall performance; the 
gain amounts to about 100 mV when compared to the 
results of Adzi+ [8] (obtained with POWERCAT 
(Stonehart Assoc., platinum-carbon) and upd-tin) 
and about 100 mV when compared with the previous 
results of Castro Luna et al. [7] (obtained with a 
somewhat lower platinum content of presumably 
5% wo and a total loading of onlyl4mgcm-2). 

Based on the suggestions of Furuya and Motoo [9] 
the polarization curves of our electrodes in the 'gas 
diffusion' mode were measured, with the back side of 
the electrode either exposed to ambient air or to a 
continuous purge flow of nitrogen. Since the elec- 
trodes under investigation here are used in appli- 
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Fig. 3. Current density against potential 
curves for p la t inum-carbon anodes in 1 M 
HCIO 4 electrolyte solution with various 
concentrations of  HCOOH: (1) 0. I M., (2) 
0.5M, (3) 1.0M, (4) 2.0M; room tem- 
perature, corrected for iR-drop, arrows 
indicate cd where impedance measure- 
ments were made. 
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Fig. 4. Current density against potential 
curves for platinum-carbon anodes in 1 M 
HCIO4 and 1 M HCOOH electrolyte sol- 
ution, without lead ions being present in 
the solution (1) and with 1 x 10-4M 
Pb(C104) 2 in solution, room temperature, 
corrected for iR-drop, arrows indicate cd 
where impedance measurements were 
made. 

cations without positive pressure on the gas side, they 
are equipped with a porous PTFE-backing, acting as 
a hydrophobic gas transport layer. If a small gas 
pressure is applied the backing is no longer needed. 
Both types of electrode were tested. 

In the case of the electrode with backing exposed to 
ambient air a rather poor polarization curve (see 
Fig. 5) was obtained. Presumably a mixed electrode 
potential, involving both formic acid oxidation and 
oxygen reduction, is established. A very similar, 
although not as pronounced, effect has been observed 
previously during the investigation of oxygen cath- 
odes for fuel cells with organic fuels [5]. This assump- 
tion is supported by the result obtained with an elec- 
trode where the back side is purged with nitrogen (see 
Fig. 5). A further improvement is obtained if the 
backing of the electrode is omitted, especially at 
higher cd. Thi~ may be due to an enhanced flow of CO2 
out of the electrode. In addition, the partial coverage 
of active electrode sites by CO2 is decreased, since the 
internal CO2 pressure is reduced. By comparison with 

1 0 0 0  . . . . . . . .  I . . . . . . . .  I 

-r- 
ev" 

i . a 3  

~-500 
c 

- 4 -  
0 

13_ 

.1 

the corresponding curve (1) in Fig. 4 it is evident that 
the gain in performance obtained by the backward 
exhaust is rather small and visible mainly at higher ed. 
With combinations of this type of electrode and an 
appropriately modified catalyst (upd-lead modified 
platinum) a further improvement is to be expected. 
Currently, life-time testing of these electrodes is being 
carried out; results will be reported soon. 

3.2. Impedance measurements 

In order to obtain more quantitative data on the 
influence of formic acid concentration and the 
presence of lead on the electrode reaction kinetics, 
impedance measurements were performed with the 
electrodes of Fig. 3 and Fig. 4 at points on the current- 
potential curve indicated by arrows in the correspond- 
ing figures. 

In order to make correlations between the elements 
of the equivalent circuit and the values of the imped- 
ance elements extracted from the measured impedance, 
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Fig. 5. Current density against potential 
curves for platinum-carbon anodes in 1 M 
HCIO 4 and 1 M HCOOH electrolyte solu- 
tion, (1) with porous PTFE-backing, elec- 
trode back side exposed to air, (2) with 
porous PTFE-backing, electrode back side 
exposed to flowing nitrogen, (3) without 
porous PTFE-backing, electrode back side 
exposed to flowing nitrogen, room tem- 
perature, corrected for iR-drop. 
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Fig. 6. Equivalent circuit of  a working anode, Zdien = diffusion 
impedance of  the HCOOH-diffusion, R~t = charge transfer resist- 
ance, R~d~ and C~d~ adsorption impedance of the dissociative chemi- 
sorption of  HCOOH on the electrode, Za~r2 = diffusion impedance 
of  the product ( C O J  diffusion, Cdl = double layer capacitance, 
R~o I = electrolyte solution resistance (further discussion see text). 

the current density and the concentration of  HCOOH 
were varied. 

The equivalent circuit was based on a reaction 
sequence as follows: 

- diffusion of  the reactant HCOOH to the reaction 
site (the porous electrode) 

- adsorption or surface chemical reaction. According 
to the literature (see below) a dissociative chemi- 
sorption has to be assumed as the first reaction step 

- charge transfer, presumably attributed to the oxi- 
dation of the absorbed hydrogen formed in the 
preceding step 

- diffusion of  reaction products (CO2 in the acidic 
electrolyte solution under study) 

This model does not include the further reactions of 
the absorbates, with the exception of  the charge trans- 
fer due to the oxidation of  the adsorbed hydrogen, 
since further reaction results in the formation of  addi- 
tional adsorbed hydrogen, which is also oxidized (this 
cannot be separated from the oxidation process men- 
tioned above). This reaction was assumed to be even 
faster than the first step [22] and was not included in 
the equivalent circuit. The final oxidation step of  the 
carbonaceous adsorbate on the electrode is extremely 
slow [24] and its contribution could not be detected in 
the measured electrode impedance. The resulting 
equivalent circuit, based on this sequence including 
the double layer capacitance Cd~ of  the electrode and 
the electrolyte resistance R~o~ present between the tip of 
the Luggin capillary and the surface of  the working 
electrode, is given in Fig. 6. 

A set of data describing the impedance element of  
this equivalent circuit as obtained with an electrode of 

the optimized type described above and measured in 
an electrolyte solution at a current density of 
5 m A c m  -2 and 20mAcro 2 with various concen- 
trations of HCOOH, is given in Table 1. The measured 
and the fitted electrode impedance are presented in 
Figs 7a, b and c. The most significant change of par- 
ameters observed as a function of HCOOH concen- 
tration is the changed magnitude of  the diffusion fac- 
tor A 1 and the diffusion resistance Rd~. According to 
the equations of  the Nernstian diffusion the imped- 
ance Zj,~ is given by: 

Z d ~ - :  Rcl~f(x) (1) 

The diffusion resistance: 

Rd~ = RTd/(n2F2DAG) (2) 

where R = gas constant 
T = temperature 
d = thickness of  the Nernst diffusion layer 
n = number of electrons transferred in the 

rate determining step 
F = Faraday constant 
D = diffusion coefficient of the diffusing 

species 
A = electrode surface 
c, = surface concentration of  the diffusing 

species 

and the diffusion function is 

f ix)  = (sinh (x) + sin (x)) 

- i sinh (x) - sin(x)/x(cosh (x) + cos (x)) 

(3) 

with a diffusion factor x = 2d(co~/2)/(2D) ~/2 and i = 
x/-Z-] -. (For a detailed discussion of this impedance 
element as well as related impedance elements see 
[5, l l, 12]). 

Thus a decrease of Rd~ and A1 with increasing 
concentration of HCOOH, with all other experimental 
parameters kept constant, means a corresponding 
decrease of  the diffusion layer thickness, d, and surface 
concentration, Cs. This diffusion impedance element 
describes the diffusion of  the reactants to the reaction 
sites. The diffusion process contributes a substantial 
amount to the electrode overpotential, up to more 
than 50%. This is mainly due to the comparatively 
slow diffusion of  HCOOH in water (the diffusion 
coefficient Dr~cooHvariesfromD = 1.5 x 10-Scm2s -1 
at 0 . IM concentration to 1.37 x 10 Scm2s-~ at 2M 

Table 1. Results of the fitting procedure of the parameters describing the faradaic impedance 

c cd A11 A22 Rdiffl3 Rd~.24 R,~s C, d6 Rt ' ka~z ~ Ca / 
,/M) (mAcm -2) (s 1/2) (s 1/2) (~cm 2) (g2cm 2) (g3em 2) (Fcm-;)  (~Qcm 2) (s -I ) (#Ecru a) 

0.5 5.0 15.0 0.056 6.36 O. 199 8.35 5.46 O. l I0 0.02 250.0 
2.0 5.0 2.8 0.09 1.36 0.3 11.70 3.90 0.180 0.02 181.0 

1.O 20.0 7.31 0.079 3.36 0.23 1.05 13.30 0.167 0.07 213,0 
2.0 20.0 6.52 0.065 3.07 0.24 2.02 5.33 0.138 0.09 209.0 

I A1 diffusion factor associated with the diffusion of  HCOOH; 2A2 diffusion factor of  the diffusion of CO2; 3R din diffusion resistance 
associated with the diffusion of  HCOOH; 4Ra~er 2 diffusion resistance associated with the diffusion of  CO2; 5 R,ds and 6 C~d~ adsorption/ 
reaction resistance and capacitance; ~ CuE double layer capacitance. 
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Fig. 7. Measured and calculated (fitted) electrode impedance of the electrode as described in Table 1, lines 3 and 4. cd = 20mAcm -2, 
concentration of HCOOH: 1 M in (a) and (b) (high frequency part only) and 2 M in (c); x = measured impedance values, ( ) calculated 
impedance values, room temperature, for full details see Table 1 and text. 

[25], which is further hindered in the present case by 
the fact that, in the strongly acidic HC104 solution, the 
formic acid remains most ly undissociated and there- 
fore diffuses only along a concentra t ion gradient with- 
out  any migrative contribution.  The second diffusion 
impedance,  characterized by a lower diffusion resist- 
ance and a smaller diffusion factor, A2, is consequently 

associated with the diffusion of  the reaction produc t  
CO2. 

F r o m  the adsorption resistance, Rads, and the adsorp- 
tion capacitance, Cad~, the rate o f  adsorpt ion can be 
calculated [5] according to 

k~a~ = l/(R~dsC,d~) (4) 
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Table 2. Results of the fitting procedure of the parameters describing the faradaic impedance 

c cd A 1 A2 Raiy 1 Reiff2 Ra~ s Coa~ Rc~ k~d~, Cal 
(M) (rnA cm -2 ) (S 1/2 ) (S 1/2 ) ( ~ c m  2 ) (J2cm 2) (K2cm 2) (Fern -2 ) (K2cm 2) (s -1 ) (l~Fcm -~ ) 

1.0 20.0 7.3I 0.079 3.36 0.23 1.05 13.3 0.167 0.07 213.0 no lead 
present in the 
electrolyte sol. 

1.0 20.0 7.49 0.090 3.69 0.24 1.04 I2.6 0.130 0.07 245.0 Pb(C104) ~ 
in the 
electrolyte sol. 

Footnotes as in Table 1. 

The rate constants calculated in this way are shown in 
Table 1. The values are somewhat higher than those 
previously published by Pletcher and Solis [26] with 
lead ions present on the electrode. This difference 
might be due to the fact, that the active electrode 
surface area of the porous electrode used here is sub- 
stantially higher than the geometric surface area of 
1 cm 2. Based on the double layer capacitance data a 
surface factor of 10 might be assumed resulting in a 
decrease of kad s by an order of magnitude. Never- 
theless, such an estimate is rather difficult due to the 
fact that the double layer capacitance in the presence 
of adsorbed organic species deviates from the values 
measured in the absence of such molecules (ca. 
20/~Fcm -2 true surface area for a smooth metal 
electrode). 

On addition of lead ions to the solution a further 
improvement of the electrode performance has been 
observed (see Fig. 4). 

The results of the fitting procedure obtained in two 
measurements, with and without lead ions, are given 
in Table 2. No significant difference between the 
results can be detected; the actual differences in the 
values given is within the experimental margin of 
error. In both cases the value of k,d~ is higher than the 
value calculated at lower cds, since a higher cd corre- 
sponds to a more positive potential with a decrease in 
lead coverage [26]. This might explain the increase in 
kad~ as observed previously with a smooth platinum 
electrode [26]. Thus it can be concluded that the rate 
determining step in the presence, as well as in the 
absence of lead ions is the dissociative chemisorption 
of formic acid on platinum in the porous carbon 
electrodes used in this work. A more detailed descrip- 
tion of the role of the lead ions, as suggested by Solis 
and Pletcher [26], which proposed dissociative chemi- 
sorption to occur at two platinum atoms adjacent to 
an adsorbed lead atom in the rate determining step, 
would require further measurements of parameters 
such as lead coverage as a function of electrode poten- 
tial in the absence and presence of formic acid and as 
a function of time. This will be attempted in subse- 
quent work. A comparison of the slope of the current 
density against potential curves in Fig. 4 shows that 
the slope dE/d (cd) of the two curves, which is equiv- 
alent to the sum of the resistive components of the 
electrode impedance (or to Ze~ctr. at zero frequency 
[17]) is almost exactly the same. Thus the sum of the 
impedance elements calculated from both experiments 

should be the same, although a different distribution 
might have been possible. The potential difference 
between the curves is 90mV at a cd of 20mAcro-2. 
The difference in rest potentials, E0, is 63 mV. Various 
modeIs describing the role of upd lead in formic acid 
oxidation electrocatalysis have been proposed. Adzi6 
et al. [27] have assumed that upd lead prevents the 
formation of strongly adsorbed electrode poisoning 
intermediates by separation of platinum adsorption 
sites on the electrode surface. Pletcher and Solis [26] 
observed an increase in the rate constant of the adsorp- 
tion step. The results presented here do not lend 
strong support to the latter model, although the 
uncertainties about the rate constants, corrected with 
respect to the true electrode surface area, do not 
entirely exclude their model. The model of Adzi6 et at. 
[27] suggests a lower coverage with strongly adsorbed 
intermediates, which inhibit further electrode reac- 
tion, in the presence of lead ions, which should result 
in a potential shift of the polarization curve to more 
anodic values as observed here. This model is also 
consistent with the impedance data reported here, 
since it does not assume changes in the rates of the 
adsorption process and the other potential determin- 
ing steps. 

4. Conclusions 

The electrochemical oxidation of formic acid at a 
PTFE-bonded porous platinum carbon electrode has 
been investigated using the AC-impedance method. 
Based on the results of potential current density 
curves, improvements of the electrodes have been sug,- 
gested. With these advanced electrodes impedance 
measurements showed a significant contribution of 
the formic acid diffusion to the working electrode 
overpotential. The dissociative chemisorption step 
preceding the charge transfer step was found to be 
independent on the presence of lead ions in the sol- 
ution. The improvement of the electrode performance 
due to upd lead can be explained in terms of a model 
suggested by Adzi6 et al., which assumes a decrease 
in coverage of the electrode with strongly adsorbed 
intermediates. 
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