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Oxygen Reduction in Fuel Cell Electrolytes 

Kathryn Ann Striebel 

Abstract 
• 

0 

' 
Voltage losses in the 0 2 cathode represent the major inefficiency in aqueous fuel cells for 

transportation or stationary applications. Experimental and theoretical studies of oxygen reduc-

tion (OR) in novel acid and alkaline electrolytes on smooth and supported Pt have been carried 

out. 

Similar kinetically limited rates for OR were measured in the "super-acid" electrolytes 

triftuoromethane sulfonic acid (TFMSA) and tetraftuoroethane-1,2-disulfonic acid (TFEDSA), 

with the rotating disk electrode (RDE) technique at 23 ·c and pH=l. A first-order dependence 

on 0 2 pressure was measured, contrary to previously-reported results for TFMSA. 

The mechanism for OR on Pt in alkaline electrolytes is complicated by the concurrent oxi-

dation and reduction of Pt. Rotating ring-disk electrode (RRDE) studies carried out with anodic 

and cathodic potential sweeps in 0.1 to 6.9 M KOH and 0.1 to 4.0 M K2C03 revealed similar 

currents when corrected for 0 2 solubility differences. In dilute electrolytes, OR proceeds pri-

marily through the 4-electron pathway to water, independent of pH. In KOH, the mechanism 

for Pt oxidation changes and the fraction of current yielding a· peroxide product increases at 2 to 

3 M. These changes were not observed in K2C03• 

Porous gas diffusion electrodes (GDE) with supported Pt catalyst were studied in a special 

cell with low uncompensated solution resistance. Cyclic voltammograms yielded measurements 

of the wetted areas of carbon and Pt and the local electrolyte composition. GDE galvanostatic 

steady-state performance with 100% 0 2 was measured in 2 to 11 M KOH and 2 to 5.5 M K2C03. 

Comparisons with kinetic results suggest that OR on carbon contributes to the high currents in 

6.9 M KOH at high overpotentials. In ~C03, lower wetted areas and slow OH- ion transport 

are responsible for the poor performance when compared with KOH .. 
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Models for the steady-state operation of porous GDE's were developed. These models 

account for the diffusion and reaction of 0 2 and ionic transport in KOH and K2C03 . Perfor

mance data showed good agreement with the model, using reasonable values for the electrode 

structural parameters. The non-kinetic Tafel slope and the half-order dependence on 0 2 pres

sure, observed with K2C03, were predicted without using adjustable parameters. The results sug

gest that modifications of the GDE structure will be necessary to obtain good performance with 

aqueous carbonate electrolytes. 

• 

' 
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~· Chapter 1 

Introduction 

' I 

1.1. Fuel Cells for Electric V ehieles 

Fuel cells offer high theoretical efficiencies for converting hydrocarbon fuels to electricity 
( 

with environmentally benign exhaust products, low noise and modular construction. Several 

types of hydrogen/oxygen fuel cell systems, which utilize hydrogen from reformed organic fuels, 

are in different stages of development for electric utility and electric vehicle (EV) applications 

(1). This thesis reports on some experimental and theoretical studies of the oxygen electrode in 

novel electrolytes for the alkaline fuel cell (AFC) and the phosphoric acid fuel cell (P AFC). 

Battery-powered electric vehicles were invented and popularized early this century only to 

be abandoned in favor of the longer-range, higher-powered internal combustion engine vehicle 

(ICEV) by 1930. Renewed interest in EVs as a market for off-peak electricity has been expressed 

by public utilities, and several fleets of commercial vehicles powered by advanced lead-acid bat-

teries will soon be in operation. While a number of advanced batteries will meet the stringent 

specific power requirements of the EV, they will have limited range and require hours for 

recharge. Fuel-cell-powered vehicles are limited in range only by the size of the fuel tank and 

require only minutes for refueling. 

' Modern fuel cells have been under development for transportation and stationary applica-

tions since their success in the space program in the early sixties. The low- to medium-

temperature aqueous and solid-polymer-electrolyte systems are most practical for an EV applica-

tion due to weight and start-up considerations. In 1967, Kordesch built and operated an electric 

vehicle powered by a 6kW Union Carbide alkaline compressed hydrogen/air fuel cell (2). This 

was a hybrid system including a lead acid battery for start-up and acceleration. It included an 

electrolyte circulation loop to prevent carbonate build-up, which occurs by reaction of carbon 
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dioxide from air with hydroxide ion (2). However, only limited attempts to consider the applica-

tion of state-of-the-art fuel cells, developed for stationary applications, to vehicle propulsion 

have been made. 

The phosphoric acid fuel cell (PAFC) is the most mature fuel cell technology today (within 

a few years of commercialization for stationary power generation in both utilities and on-site \) 

applications) largely because of it's ability to reject carbon dioxide. This tolerance allows the use \ 

' of reformed hydrocarbons, such as methanol, as sources of hydrogen avoiding the need for hydro-

gen storage and electrolyte circulation. P AFC's for utility applications operate with unscrubbed 

air and light hydrocarbons or natural gas, which are desulfurized, steam reformed and shifted to 

H2 with ,...,. 25%C02• Both electrodes contain Pt catalyst supported on high-specific-area carbon 

and bonded with polytetrafluoroethylene (PTFE). The concentrated H3P04 (85-95 wt%) displays 

most of the physical· properties desirable in a fuel cell electrolyte such as low volatility, low wet-

tability of PTFE, acceptable conductivity, good stability and low cost. Even with platinum 

catalyst however, typical cell performance is 0.65 volts at 250 mA/cm2, 190 ·c and 3.4 bars, with 

the cathode responsible for most of the loss. The poor oxygen reduction kinetics in this electro-

lyte have been attributed to phosphate anion adsorption onto the platinum, which slows the 

kinetics for oxygen reduction (63). Considerable attention has been focused on fluorinated sui-

fonic acids as non-adsorbing alternatives to phosphoric acid. This thesis includes some kinetic 

studies of two of these new acid electrolytes. 

Solid polymer electrolyte fuel cells (SPEFC) are also being developed for the EV applica-

tion. This fuel cell employs acidic cation-exchange membranes such as Nafion (fluorinated iono-

mer) for the electrolyte. They have many potential advantages over the PAFC but still require 

very large amounts of platinum (0.75 mgfcm2). Work with this system is covered in a recent 

review ( 1) and will not be discussed further here. 

AFCs were developed for the Apollo space program because of the better reliability and 

operating characteristics generally observed in these systems. Alkaline electrolytes also offer the 
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best promise for the use of non-noble metal catalysts. As mentioned above, however, these sys

tems must be operated with pure hydrogen and oxygen or include electrolyte circulation systems 

to remove carbonate ions. Concentrated carbonate electrolytes were suggested as C02-rejecting 

alternatives to KOH in the alkaline fuel cell by Cairns and Bartosik in 1964 (3). They studied a 

methanol/oxygen fuel cell with concentrated C~C03 electrolyte. This early work demonstrated 

complete oxidation of the methanol to C02 and water at reasonable cell voltages without 

changes in the electrolyte composition. Such a system would allow the use of the preferred fuel, 

methanol, avoid the need for electrolyte circulation, and have better corrosion and stability 

characteristics because of the lower pH. A carbonate electrolyte should also facilitate good oxy

gen electrode kinetics and the possibility of non-noble electrocatalysts, as with alkali~e systems 

in general. Several aspects of an alkaline fuel cell with concentrated carbonate electrolyte were 

investigated in this research to determine if this system warrants a concerted effort. 

1.2. Oxygen Cathodes in Aqueous Electrolytes 

The oxygen cathode is the major limiting factor in several fuel-cell and battery systems. At 

any given· temperature and pressure, oxygen cathode performance depends on the electrocatalyst 

identity and physical structure, the electrolyte properties and the interaction between the two. 

The extreme irreversibility and low exchange current densities observed for oxygen reduction 

reaction require an electrode with highly dispersed catalyst on a suitably conductive support 

material, usually graphitic carbon. Because oxygen reduction is necessarily a three-phase reaction 

these supported catalyst particles are bound into a hydophobic structure with PTFE, creating a 

three-dimensional reaction zone. 

An idealized diagram of the structure of a PTFE-bonded platinum-on-carbon electrode 

such as used in this work is shown in Figure 1-1. The gaseous reactant, oxygen, must first diffuse 

through the hydrophobic gas pores created by the PTFE. It then dissolves in the electrolyte and 

diffuses through a flooded (PTFE-free) portion of porous catalyst to a platinum crystallite where 

it reacts though a number of fundamental steps (mechanism to be discussed later). The overall 
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reaction can be written 

0 2 + 4H+ + 4e-- 2H20 

0 2 + 2H20 + 4e-- 40H-

5 

(1-1) 

(1-2) 

for acid and alkaline electrolytes respectively. Products must then diffuse away from the reaction 

zone toward the anode or gas chamber exhaust. Ions migrate and/or diffuse through the liquid 

phase carrying the ionic current balanced by electrons migrating through the solid matrix to the 

current collector. 

The rate-limiting factor of all of these processes is the slow kinetics of the electrochemical 

reaction in many cases. Platinum is generally regarded as the most active electrocatalyst for this 

reaction. In alkaline media, the platinoid elements, silver, various transition metal oxides and 

carbon show significant activity. Several new electrocatalysts such as transition metal macrocy

clic complexes and oxides are under development and are covered in a recent review (4). Since 

our work focused on electrolyte effects in the cathode, we studied only one electrocatalyst, plati-

num. 

1.3. Organization of this Thesis 

Chapter 2 provides an overview of previous research concerning oxygen reduction kinetics 

on Pt in aqueous media. The first part covers some of the lumped-parameter mechanisms pro

posed for the parallel pathways often observed in oxygen reduction. This is followed by a discus

sion of the proposed rate-limiting reaction steps and their dependences on surface oxidation 

state, pH and electrolyte composition. 

Chapter 3 discusses the the measurement of kinetic currents using a rotating disk electrode 

in dilute electrolytes and presents the results of kinetic studies of oxygen reduction carried out in 

two "super-acid" electrolytes, trifluoromethanesulfonic acid (TFMSA) and tetrafluroethane-1,2-

disulfonic acid (TFEDSA). It has been suggested by other workers that the reaction order with 

respect to oxygen concentration is less than unity in these "superadd" electrolytes because of the 
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failure of data obtained very close to the limiting currents to follow adequately the first-order 

model for the rotating disk electrode (ROE) (26). We measured the reaction order directly by 

varying the concentration of oxygen in the electrolyte. 

Chapter 4 presents the results of voltammetric and kinetic studies for oxygen reduction on 

Pt in alkaline electrolytes. The rotating ring-disk electrode (RRDE) technique was used to meas

ure kinetic currents and rate constants for a three-step model where possible. Kinetic results for 

KOH and K2C03 are compared at concentrations up to 6.9M and 4.0M, respectively. The depen

dence of measured parameters on electrode pretreatment is also discussed. 

Chapter 5 reports the results of performance studies carried out with porous gas-diffusion 

electrodes in potassium carbonate and potassium hydroxide electrolytes. We were able to identify 

electrode kinetics as the limiting process in these electrodes with high-pH electrolytes over a wide 

performance range by direct comparison with smooth-electrode data. Hydroxide ion build-up in 

the porous electrode was identified as a serious issue for the development of a practical electrode 

with medium-concentration carbonate eiectrolyte. Our attempts at overcoming this hydroxide 

build-up by the addition of small quantities of C02 to the oxygen stream are also reported. 

Chapter 6 covers the development of a mathematical model of our experimental carbonate 

cathode system. The model is based on the flooded agglomerate structure of the PTFE- bonded 

gas-diffusion electrode and takes into account the relatively complex chemistry occurring in the 

carbonate-containing cathode. Model results are compared with the experimental results of 

Chapter 5. Recommendations for further work in the development of a C02-rejecting alkaline 

electrolyte suitable for electric-vehicle fuel cells are discussed. 
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Chapter 2 

Oxygen Reduction on Platinum in Aqueous Electrolytes 

" 

2.0. Introduction 

At roughly 200 mA/cm2, 70% of the overpotential losses occurring in the most efficient 

hydrogen/ air aqueous fuel cells can be attributed to the oxygen reduction reaction. A very large 

number of fundamental steps may be involved, due to the large number of electrons being 

transferred (4) and the fact that this is a surface reaction where adsorption and desorption of 

oxygen and the intermediate, hydrogen peroxide, may play major roles. Several approaches in 

the study of this reaction have been taken and will be reviewed here. 

The first step in the determination. of a mechanism is the measurement of the dependence 

of current-potential behavior and production rates of any intermediate species on reaction condi-

tions. Based on such diagnostic criteria, one can write an expression for the observed kinetic 

current for a cathodic reaction far from equilibrium, such as. 

II a. -aFV 
ik = nFk~ ( 3.j 

1
) exp( RT (2-1) 

where si are the effective reaction orders with respect to activities 3.j of species in solution or on 

the surface, a and k~ are the transfer coefficient and the potential-independent part of the rate 

constant for the multistep cathodic reaction, respectively, and V is the electrostatic potential ~s 

of the solid relative to the pH-independent standard hydrogen reference electrode (SHE), just 

outside the double layer (5). An alternate form of Equation 2-1 in terms of a pH-dependent 

reference electrode, such as the reversible hydrogen electrode at the electrolyte pH (RHE), can 

also be written 

II 
e. -aFE 

1k = nFk~ ( 3.j 1 
) ~ exp( __..;.;..;;...=.. 

i RT 
(2-2) 
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since 

RT 
V = ~s- EsHE , E = ~s- ERHE and ERHE- EsHE = Flnaw. (2-3) 

Diagnostic criteria give mechanistic information for regarding the nature of the reaction 

steps up to the rate-determining step (rds). When the mechanisms for the forward and reverse 

reactions are identical, diagnostic criteria for the reverse reaction shed light on the remaining 

reaction steps. The mechanism for oxygen reduction (OR) on platinum, however, is complicated 

by several factors. First, the oxidation and reduction processes occur at such widely separated 

potentials that the surface conditions differ and the oxidation and reduction pathways are prob-

ably not complementary. This is because the platinum surface itself is oxidized over the same 

potential range as that over which the OR reaction occurs. Second, two competing pathways 

may exist: the direct 4-electron reduction to water and the 2-electron reduction to peroxide 

which, may or may not be further reduced. When the rate of intermediate H20 2 production is 

measured, the rate constants for a more-detailed, lumped-parameter type of expression can be 

determined. 

After a brief review of the oxidation and reduction of platinum, previous studies of OR in 

dilute electrolytes with the rotating ring-disk electrode (RRDE) will be discussed along with 

some of the lumped-parameter models that have been proposed for this mechanism on the basis 

of such investigations. The literature will then be evaluated to determine if there exists a con-

sensus on the the effects of oxygen pressure, temperature, and pH on this reaction. The depen-

dence of the reported diagnostics on the oxidation state of the platinum will then be reviewed. 
..( 

Finally, OR studies in concentrated electrolytes will be reviewed. 

2.1. Platinum Oxidation and Reduction 

There is still much disagreement over the nature of the oxidation product that forms on 

platinum in aqueous solutions; it has been postulated to be PtO, Pt02, PtOH, and Pt(OH)2• It 
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will be referred to as an "oxide" here, except when referring to specific works. The observed 

effects of the "oxide" on the electrocatalytic properties of platinum toward dissolved oxygen will 

be discussed in the next section. 

The cy(;lic voltammogram shown in Figure 2-1 can be interpreted as a fingerprint for the 

electrochemical interaction between an aqueous electrolyte (2M KOH in this figure) and smooth 

platinum. In sufficiently pure electrolytes, the sizes of the peaks should be directly proportional 

to sweep rate and independent of stirring rate, as expected for surface reactions. The degree of 

symmetry of the current peaks about the potential axis is an indication of the reversibility of the 

process. The platinum oxidation process begins at about 0.5 V in alkaline solutions (and at about 

0.75 V in sufficiently pure acid solutions). In Figure 2-1, the reversibility of this process can be 

seen to be a function of the anodic turnaround potential. When cycling to potentials greater than 

1.1 V, a significant amount of oxide is formed which is not reduced until well into the cathodic 

hydrogen region. This phenomenon is most prevalent in alkaline electrolytes and renders studies 

of the oxidation and reduction of platinum difficult. Conway (6) referred to the irreversibility of 

platinum oxidation as an "intrinsic irreversibility" involving different species or states. 

The "coverage" of oxide is often defined by 

(2-4) 

where Qox is the charge required to reduce the oxide ~nd Qh is the charge associated with the 

hydrogen desorption region, which is proportional to the active surface area of platinum (7) (see 

Figure 2-1, area marked A). Bagotsky and Tarasevich (8) found ()ox to depend in a complex way 

on both potential and time at a given potential. For a constant oxidation potential, Eox < 0.9 V, 

I.,J 
the formation and removal of the oxide appears to be completely reversible. For 0.9 < Eox < 1.1 

V, the oxide appears to "age" or require more charge and lower potentials to be reduced. At oxi-

dation potentials greater than about 1.1 V, the coverage has been observed to increase 

indefinitely with the logarithm of time, and the oxide becomes more irreversibly reduced (9). 
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There are two schools of thought on the cause of this behavior. The logarithmic growth behavior 

is consistent with a bulk oxide phase formation (10-12). This is said to occur by a place-exchange 

mechanism whereby oxygen penetrates or is absorbed into the platinum lattice (10). This type of 

mechanism can account for the extremes in irreversibility but has difficulty explaining the 

different peaks that are frequently observed. Ross found no evidence of oxygen below the surface 

of a highly oxidized_ platinum electrode using Auger spectroscopy (detection limit 0.1 atomic %) 

and argued in favor of a strictly surface process (13). The irreversibility is then explained by the 

continual formation of more stable species adsorbed on the surface (14). Any number of possible 

oxidized platinum species can be proposed to account for the peaks observed in a voltammogram 

such as Figure 2-1. 

Bagotsky et al. (15) found oxygen absorption to depend strongly on the degree of cycling to 

which an electrode had been subjected. For well-annealed platinum, they measured steady-

state oxide coverages at potentials as high as 1.7 volts after only a few seconds. They suggested 

that there are two distinct "aging" mechanisms occurring in the oxidation of well-cycled 

polycrystalline platinum electrodes: oxygen absorption into the platinum as well as a change in 

the oxygenated species adsorbed on the surface. The peaks observed in a voltammogram such as 

Figure 2-1 are then due to surface processes, and the flattening sometimes observed is caused by 

oxygen absorption. They studied the surface aging, independent of absorption, by using well-

annealed platinum and applying their cathodic measuring sweeps to only 0.4 V (assuming that 

all adsorbed oxide is reduced at more anodic potentials and all absorbed oxide is reduced at 

more cathodic potentials). Their "steady-state" results agree with those of many authors (12,16) 

in that () varies essentially linearly with potential and the potential for a given coverage shifts 60 

m V for each unit of pH according to the relation 

F oeq= a+ --E 
ox fRT (2-5) 

where f is a heterogeneity factor which depends on the assumed stoichiometry of the oxidation 

product. This form is consistent with a coverage-dependent adsorption energy, 
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(2-6) 

Bagotsky et al. found f = 15 for PtOH formed at low potentials in alkaline electrolytes (15). 

Bagotsky et a1.(15) made extensive studies of the kinetics of the formation and reduction of 

the "oxide." One technique involved the measurement of the dependence of peak potential (Ep) .. 

and peak current (ip) versus sweep rate (v) during a linear potential sweep experiment. For a 

surface reaction, this experiment can be analyzed as a thin-layer process or an adsorption pr<r 

cess, yielding the diagnostic relations ( 17) 

(2-7) 

and 

(2-8) 

written for a cathodic process, where a and k0 are the transfer coefficient and rate constant for 

the process and A0 is a geometric factor. The peak current, ipc• depends linearly on sweep rate, 

and the peak potential depends linearly on log v. A slope of 120 mV /decade for the latter can be 

interpreted as a one-electron process with a =lAt. In 1.0 M KOH, they observed two types of 

oxide species formed in the intermediate-potential region (0.9-1.1 V) at short times, as evidenced 

by two reduction peaks. As the holding time or potential is increased, these peaks tend to merge 

into one at an intermediate potential. They concluded that at 0.9 V, in 1.0 M KOH and 0.1 M 

perchloric acid, a monolayer of PtOH is formed reversibly on the surface. Between 0.9 and 1.2 V, 

a third peak appears which corresponds to the one-electron oxidation of PtOH to Pt( OH)z. The 

mechanism of surface aging in this potential range is not clear but might be attributable to a 

"dehydration" of Pt(OH)2 to PtO. 
.. 

In well-cycled systems, both oxide adsorption and absorption will be observed. The identity 

and the bond strength or the adsorbed surface species should play an important role in determin-

ing the electrocatalytic activity of the surface. The identification of two mechanisms for "aging" 
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should aid in the interpretation of the effect of oxide "coverage" on other reactions such as OR. 

Increased coverage is usually thought to decrease the electrocatalytic activity of platinum toward 

OR. Some authors have obseryed, however, that aging of a platinum surface (at constant cover-

.. age) increases the rate of the 2-electron pathway for oxygen reduction through the intermediate 

peroxide. This will be discussed further in Section 2-4. 

2.2. Rotating Electrode Studies or Oxygen Reduction 

The kinetics of OR are most frequently studied with controlled-mass-transfer techniques, 

such as the rotating disk electrode (RDE). The mass-transfer-limited current to an RDE depends 

on the rotation speed and solution properties according to the Levich equation which is expressed 

in a number of convenient forms: 

(2-9) 

Further details of this technique are covered elsewhere (18). Mueller and Nekarosov (19) were 

the first to detect quantitatively the intermediate product, H20 2 in the OR reaction, with a 

RRDE. With this technique, the reduction of oxygen is carried out on the disk while the ring is 

held at a potential in the limiting-current regime for peroxide oxidation (E > 1.1 V). The 

amount of peroxide that can be detected as it is swept past the ring is governed by geometry 

(18). 

Equations for correcting rotating disk currents for mass transfer are derived by balancing 

the diffusion of oxygen to the surface with the consumption of oxygen through N reactions at the 

·surface of the disk 

(2-10) 

where eo2 is defined above, and c;2 and c~ are the concentrations of oxygen at the electrode 

surface and in the bulk, respectively. For a single reaction, which is first-order with respect to 

0 2, Equation 2-1 can be used to derive 
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= (2-11) 

where id is the measured disk current, and ik is the mass-transfer-corrected current or "kinetic 

current." Substitution into Equation 2-10 and rearrangement gives the classical expression 

= (2-12) 

When there are parallel reactions with possibly different values of n, which consume the 

diffusing species, the expression becomes more complex. Since only the current due to the sum of 

the reactions can be measured, it is necessary to propose a reaction sequence or lumped-

parameter mechanism before data can be corrected for mass transfer effects. 

The most general lumped-parameter mechanism for OR was proposed by Bagotsky, 

Tarasevich and Filinovski in 1972 (20) and is shown in Figure 2-2. Reactions 1-3 correspond to 

multistep electrochemical reactions (with the potential-dependent rate constants, k1, k2 and k3). 

Step 4 is the surface catalyzed chemical decomposition of H20 2• Reactions 5 and 6 correspond to 

the adsorption/desorption of H02 and 0 2, respectively. Hsueh, Chin and Srinivasan {21) 

reviewed several simplifications of this mechanism and discussed their relative applicabilities to 

OR in dilute sulfuric acid. The three mechanisms most applicable to OR on platinum in alkaline 

electrolytes will be discussed here. 

The simplest and therefore most popular dual-path mechanism was originally proposed by 

Damjanovic et al. in 1966 (22). They considered steps 1-3 in the forward direction only, with the 

first-order rate constants k 11 k2 and k3• The current measured at the disk, id, can be written 

(2-13) 

and that measured at the ring, ir 

(2-14) 
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where Nc is the collection efficiency. The mass balance on oxygen at the surface, Equation 2-10, 

for this reaction sequence, becomes. 

= (2-15) 

and a similar relation, assuming C}f~2 = 0 can be written for peroxide 

(2-16) 

These four expressions (Equations 2-13 through 2-16) can be rearranged, eliminating surface con-

centrations, to give the following expressions of diagnostic value 

1 Nc 1 1 .. = = + (2-17) 
ld Ncid+ir 4FC~e02w111 4FC~Jk1 + k2) 

and 

Ncid 2k3 kl 2kl 
= \!o (k + 1) + (~ +1) (2-18) ir eH~2W 2 

where i; will be called a "corrected disk current." All three rate constants can be determined 

from the slopes and intercepts of plots of the left side of these expressions against 1/w111 at a 

given potential. 

The precursor to the model shown in Figure 2-2, also developed by Bagotsky et al., 

included the reverse of reaction 2 (add step -2) and the catalytic decomposition of peroxide on 

the surface (step 4). However, their analysis did not account for the fact that the 0 2 produced in 

step 4 will affect the rate of diffusion of 0 2 to the surface. They considered step 4 to be first-

order and obtained ... 

(2-19) 

and 
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{2-20) 

where i~ is the limiting current assuming n = 4. Plots of the left sides of these equations against 

1/w'la should also be linear for a given potential. However, only four of the five rate constants can 

be calculated in this manner. 

Appleby and Savy (23} included in their analysis the possibility that H20 2 adsorption may 

be slow. They also accounted for the change in 0 2 diffusion rate with "recycling." The analysis 

of recycling at a RDE was originally carried out by Mcintyre (24} and involves summing over the 

geometric series obtained by following one mole of oxygen arriving at the surface of the disk. 

Using the above terminology, Appleby and Savy's results take the following form for a first-

order recycling reaction and reaction 2 irreversible 

(2-21} 

where 

(2-22) 

The value ofT is 1 in the absence of recycling and 2 with complete recycling and kd = eH 0 w'la. 
2 2 2 

Appleby and Savy discussed many limiting cases for which different sets of rate constants could 

be calculated. Most notably, when the ratio of the slope to the intercept of this plot is a loga-

rithmic function of potential then k3 > k4 and k6 >> k3 + k4 implying that desorption and 

.. catalytic recycling of peroxide are not extremely important and the mechanism approaches the 

simple three-step model above. 

Bagotsky et al., Appleby and Savy and others extended their analyses to the case where the 

solution contains peroxide instead of oxygen. Similar systems of linear equations can be derived 

which allow the calculation of more constants. However, relatively few experimental studies have 

been carried out with enough accuracy to verify all of the rate constants. 
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Hsueh et al. {21) suggested that the constants for these more complex models can be calcu

lated by fitting data to non-linear functions. A more sophisticated approach along this line was 

taken very recently by Adanuvor and White {25). They created a numerical model of the reac

tion scheme in Figure 2-2 (without the adsorption and desorption steps) and calculated expected 

ROE curves for different values of the rate constants, for OR in 0.1 M NaOH. However, they did 

not compare their theoretical results with any experiments, and the work was limited to the 

RDE. They were able to generate RDE curves which show a maximum current as a function of 

potential for the parallel reaction scheme with and without the consideration of step 4. This 

point is made because this type of behavior is unexpected in ROE experiments but has been 

reported in the literature {19). 

2.3. Oxygen Reduction in Dilute Electrolytes 

Kinetic studies of OR are usually carried out in dilute electrolytes even though practical 

fuel cells operate with concentrated electrolytes. Dilute electrolytes are favored due to higher 

solubilities of oxygen and the extreme sensitivity of catalytic activity to the presence of impuri

ties. In this section, literature studies of dilute electrolytes will be reviewed in part as a basis for 

understanding OR kinetic behavior in the more-useful concentrated electrolytes. 

Most authors agree that in most electrolytes, the reaction order with respect to oxygen 

pressure above the electrolyte is one. One exception to this was reported by Hsueh et al. {26) for 

TFMSA. In the present work, we measured a reaction order of one for this electrolyte as well. 

This matter is covered in Chapter 3. 

The other points of agreement in the literature are that at least two regions of potential 

dependence are observed in all electrolytes and that higher coverages of oxide generally slow the 

rate of the direct 4-electron reduction to water. The remaining points such as the dependence of 

the rates of the two pathways on pH, temperature and platinum "oxide" coverage or age remain 

open to debate even after some 30 years of modern r'esearch. 

• 

.. 
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2.3.1. Acid Electrolytes 

The log10 current-potential behavior of oxygen reduction on platinum in acid electrolytes 

usually exhibits two linear regions with slopes of 2F /2.3RT and F /2.3RT (a = 1/2 and 1 accord-

ing to Equation 2-1). Damjanovic, Genshaw, and Bockris (27,28) detected no peroxide during 

RRDE experiments in sufficiently pure acid electrolytes, concluding that OR on platinum 

proceeds only through the direct 4-electron transfer to water. This behavior is consistent with a 

mechanism wherein the rate-determining step (rds) is the transfer of the first electron to an 

adsorbed oxygen molecule which, in acid electrolyte, is accompanied by protonation: 

(2-23) 

For this rate-limiting step, the relation 

(2-24) 

shows the same form as Equation 2-1 where 3w+- is the hydrogen ion activity, 902 the coverage of 

adsorbed molecular oxygen and f3e is the symmetry factor for the electron-transfer process. 902 is 

dependent on oxygen pressure, potential, pH and the coverage of other species. The two 

observed slopes are attributed to a change in the adsorption mechanism with the change from a 

bare platinum surface (Langmuir adsorption) to an oxidized surface (Tempkin adsorption). 

The Langmuir adsorption isotherm can be approximated as 

(2-25) 

where AGJ is the activation energy for adsorption which depends on the energies of adsorption 

of both reactants and products in the rds. Substituting Equation 2-25 into 2-24 we get 

(2-26) 

which reduces to 



(2-27) 

for low coverages when .::lGj is constant and /Je = Y.a. 

At intermediate. coverages of oxide species, the activation energy for adsorption is assumed 
-, 

to be proportional to coverage as is the adsorption energy (see Equation 2-6). This is expressed as 

follows with the addition of a symmetry factor for the adsorption process, /Ja (28) 

(2-28) 

where r is the proportionality constant. Substituting Equations 2-5 and 2-28 into Equations 2-25 

and then 2-24, we find 

(2-29) 

Assuming for convenience that r from Equation 2-28 equals f from Equation 2-6, the symmetry 

factors /Je and /Ja are both equal to ~. and using the relation 

(2-30) 

the following expression is obtained 

(2-31) 

This analysis supports the pH and potential dependence reported by these authors 

SW = 3/2 and a = 1/2 for high current desities (2-32) 

and 

SW = 1 and a = 1 for low current desities (2-33) 

Yeager {29), and Fischer and Heitbaum (30) have suggested that in acid electrolytes, dis-

solved molecular oxygen adsorbs to one platinum site with the 0-0 bond parallel to the surface 

(Griffith model). The first electron transfer breaks this bond in the rds, followed later by proto-
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nation and eventually the formation of water. This is supported by the results of Ghoneim et al. 

(31), who observed no isotope effects in studies of OR kinetics in 85% D3P04/D20 and 85% 

H3P04fH20, concluding that the proton is not involved in the rds. The expressions for current 

• according to this mechanism will have the same Tafel slopes and oxygen reaction orders as 

above, but SW = 0 and ~ for high and low current densities, respectively. In the presence of 

adsorbed surface impurities, or highly oxidized surfaces, steric ·or energy considerations may lead 

to end-on adsorption of oxygen leading to an adsorbed peroxide species. This peroxide may even-

tually desorb (and be detectable with an RRDE) or it may be further reduced to water. 

2.3.2. Alkaline Electrolytes 

The main difference between OR on platinum in acid and alkaline electrolytes is the 

amount of peroxide product generated. Within the alkaline regime, the dependence of peroxide 

production on pH is less obvious. Authors have reported anywhere from 2 (32) to 100% {30) of 

the current going through the peroxide intermediate in 1N KOH depending on the electrochemi-

cal pretreatment of the platinum. Log current-potential plots usually exhibit at least two linear 

regions, as with acid electrolytes, but the slopes reported for these regions vary considerably. 

The reaction order with respect to hydrogen ion for OR kinetics continues to be the subject of 

controversy and confusion in the literature {33). Much of the confusion comes from the expres-

sion used to define the current (Equations 2-1 or 2-2), and specifically whether or not one is using 

a pH-dependent reference electrode. The strict definition of the reaction order with respect to 

hydrogen ion activity is obtained froni Equation 2-1 as (34) 

.... [ 
aiogik l = . 

Blogaw SW (2-34) 

When one is comparing the relative merits of fuel cell electrolytes, a more appropriate expression 

is the current as a function of potential versus a pH-dependent reference electrode (E) such as 

Equation 2-2, since the counter electrode in a fuel cell {the hydrogen electrode) has the same 
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thermodynamic dependence on pH as the oxygen electrode. The expression 

(2-35) 

follows from Equation 2-2, where qw is a strictly kinetic reaction order (ie. without the effect of • 

thermodynamics). Some of the reaction orders and transfer coefficients that have been reported 

are shown in Table 2-1. These are based on Equation 2-1 since SW is usually reported. The fol-

lowing conversions to a hydroxide reaction order will be useful for comparison with the results in 

Chapter 4. 

(2-36) 

Damjanovic, Genshaw and Bockris (35) examined the role of peroxide in the kinetics of OR 

in 0.1N KOH on platinum with the RRDE technique. They were the first to report that meas-

ured kinetic parameters for OR in alkaline electrolytes were not sensitive to impurities, as is the 

case for acids. They compared steady-state current measurements (as opposed to slow potential 

sweeps) on platinum surfaces that had been prereduced with a cathodic pulse with those that had 

not been so treated. Their data were analyzed according to Damjanovic's three-step model for 

the dual-path mechanism, already discussed in Section 2-2. They found the reaction to occur by 

both pathways at comparable rates on "prereduced" platinum, with about 23% of the current 

generated via the 2-electron pathway for potentials greater than 0.6 V vs. RHE. The rate con-

stants k1 and k2 exhibited two Tafel regions (the symmetry coefficients are shown in Table 2-1). 

For their "not prereduced" electrode they found similar results for k2• However, they observed 

only one Tafel region for the 4-electron-path rate constant k., with significantly lower values 

than for the reduced electrode. They suggested that the first part of the reaction sequence for the 

2-electron path included the following steps: 

(2-37) 

(2-38) 
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Table 2-1: Diagnostic Criteria Reported for Oxygen Reduction in Alkaline Electrolytes 

Author Platinum Type 
Oxidation or 

(ref) State Experiment 

Damjanovic Red. ss 
el al.(35) lt. Oxid. ss 

Sepa Red. ss 
et al.(28) 

Appel & Red. sw 
Appleby {36) 

Bowen & lt.Oxid. sw 
Urbach {37) 

Park et.al. lt.Oxid. sw 
(38) 

Bagotski lt. Oxid. ss 
et al.(32) mod.Oxid. ss 

Tarasevich Red. ss 
(39) hi.Oxid. ss 

Bagotski hi.Oxid.t sw 
et al. hi.Oxid.t sw 
(40) Red. sw 

Fischer & 1 sw 
Heitbaum(30) 

--

SS: Steady state measurement 
SW: Slow linear potential sweep measurement 
Lightly Oxidized: E0 J[ < l.lV 
Moderately Oxidized: 1.1 < E0 J[ < 1.7V 
Highly Oxidized: E0 J[ > 1.7V 
t Thermally Oxidized in 0 2 at 500 ·c 

Global Process 

high cd low cd 
Q s.t+ Q s.t+ 

<% - 1 -
<% - . <1 -
% 0 1 % 

- - >1 1 

- - 7 7 

0.18 - <1 -
- - - -
- - - -
- - .85-1 1 
- - 1.75-2 .875-1 

- - .66 .66 

- - .75 .75 
- - .75 .76 

<% - - -
----

4-electron path ' 2-electron path 

high cd low cd high cd low cd 
Q s.t+ Q s.t+ Q sw Q Su+ 

2/5 - <1 - <% - <1 -
<1 - <1 - 2/5 - <1 -
- - - - - - - -
- - 1 1 - - 3/2 1 

- - - - - - 3/2 1 

2/5 - - - - - - -
% % 1 1 - - - -

<<% - .6-.43 7 <<% - .64 -
- - - - - - - -
- - - - - - 2 1 

- - - - - - - -
- - - - - - - -
- - - - - - - -

- - - - - - - -

~ 
~ 
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OH + fast (2-39) 

with hydrogenation of an electrosorbed oxygen molecule as the rds. This was based on the 

observed Tafel slopes and diagnostic criteria borrowed from oxygen evolution work. Such criteria 

refer necessarily to a highly-oxidized platinum surface and are really not applicable to OR at low 

oxide coverages. For the 4-electron path, they listed several possibilities with the rds dependent 

on current density. 

In later work, Sepa, Vojnovic and Damjanovic (16,28) measured steady-state polarization 

curves with a prereduced platinum RDE, but this time they ignored the possibility of peroxide 

generation. They cited the work just discussed (35) as proving that both paths have the same 

rate-limiting step, depend on surface state in the same way, and can therefore be treated as one 

reaction. As for acid electrolytes, they proposed that the rds was the first electron transfer to a 

chemically adsorbed oxygen molecule at all current densities: 

0 2 + Pt :: Pt ... 0 2 fast (2-40) 

Pt ... 0 2 + e- - (Pt ... 02) rds (2-41) 

For this rds, the kinetic current is expressed as 

(2-42) 

Following the procedure as outlined above for the acid electrolytes, Sepa et al. obtained the fol-

lowing expressions for the current density in the high-current-density (low-oxide-coverage) region 

and low-current-density (high-oxide-coverage) regions, respectively: 

(2-43) 

(2-44) 

Appel and Appleby (36) studied this reaction as a function of pH in mixtures of KOH, 

K2C03, and K2SO,h holding the concentration of K+ ion constant, with the RRDE technique. 
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This work was carried out with care to obtain a reproducibly prereduced Pt surface, and 

currents were measured during slow (10 m V /sec) anodic potential sweeps from 0 V vs. RHE. 

They calculated rate constants for two parallel paths in the low-current-density (high-potential) 

region only and reported a Tafel slope for the global process of "a little less than RT /F." They 

claimed that this was due to the combined effects of the dominant 4-electron path, with a slope 

of RT jF and the 2-electron path with a slope of 2RT /3F. This slope for the 2-electron path 

agrees with that reported by Bowen and Urbach (37) in their studies of the 0 2/H20 2 couple for a 

moderately oxidized surface (even though typographical errors in the Appel and Appleby article 

would have one believe differently). Also in agreement with Bowen and Urbach, they measured 

currents for the 2-electron process which increased with pH. From their recorded diagnostics, 

they proposed that both paths proceed through the same first step 

-_ Pt ... H02 + OH- fast (2-45) 

followed by the rds for the 4-electron path 

Pt ... H02 + Pt - Pt ... OH + Pt ... O (2-46) 

and for the 2-electron path 

Pt ... H02 + e- - HOi + Pt. (2-47) 

This mechanism results in a value of qff+ equal to zero for the direct reduction path and 

qH+ = -~ for the 2-electron path. For the global process, since the direct reduction is dominant 

on these surfaces, qff+ is zero, in contradiction to the results of Sepa et al. (28) . 
.. 

The source of this contradiction is probably due to the neglect of the dual pathways by 

Sepa et al. Even if the pathways have the same rds, Damjanovic had already pointed out that 

the analysis of RDE data must be modified since the numbers of electrons transferred in the two 

pathways are different according to the discussion in Section 2-2. Another difference in the two 

works just discussed is the pretreatment of the surface. The steady-state surfaces will have 

higher oxide coverages and ages than the pre-reduced surfaces and, as we will see later, tend to 



favor the 2-electron pathway for OR. If the surface in the work of Sepa et al. was moderately 

oxidized (instead of reduced) their reported transfer coefficient and pH reaction order agree with 

those of Appel and Appleby (for the 2-electron path)! 

Bagotsky, Luk'yanycheva and Leites (32) reported that on a well-cycled and reduced plati-

num surface, OR in 0.1 M NaOH proceeds only 1% via the 2-electron-route in the potential 

range of 0.2-0.5 V vs. RHE depending on solution purity, and about 11% by this route at higher 

potentials (as opposed to the 23% reported by Damjanovic). Their reported rate constants, k1 

and k2, showed a similar dependence on potential with k1>k2• They proposed yet another 

mechanism wherein the rds for the 4-electron pathway was the slow adsorption of oxygen at all 

current densities 

0 2 + Pt - Pt ... 0 2 rds (2-48) 

For this rds, the potential dependence and therefore the reaction rate ts controlled by the 

amount of free surface, Op,, according to the relation 

ik = nFkgOp, exp(-E.Bifi(Ji) 
i 

where Op, = 1 - EOi (fori possible surface species). 
i 

(2-49) 

We can conclude from this review that the direct reduction pathway is dominant on sur-

faces of low oxide coverage in dilute alkaline electrolytes. From Appel's work the overall rate 

may have a weak kinetic dependence on pH in cases where the 2-electron pathway represents a 

significant portion of the current. The size and dependence of k2 on potential seem to be a 

strong function of the platinum surface oxidation state. This topic has been investigated 

thoroughly by several Russian authors and is the subject of Section 2-5. Contrary to the authors 

discussed above, Bagotsky in conjunction with others (32,41,42), reports that measurements of 

OR kinetics with the RRDE technique are indeed sensitive to electrolyte impurities or time. It is 

not possible to ascertain whether the time-dependent behavior that they observe is due to impur-

ities in the solution and not to platinum state or "age" since they both affect the surface. 

• 
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However, impurity effects should not be as reproducible or as well-behaved as oxide effects. 

2.3.3. Effect of Temperature 

The dependence of OR kinetics on temperature should be a function of the dependence of a; 

and kc on temperature according to Equation 2-1. Of the reactant activities, the solubility of 

oxygen is the most dependent on temperature, and the dependence of kc is expected to follow the 

activation energy of the rds. The Tafel slope, b, 

b = 
-2.303RT 

aFV 
(2-50) 

is expected to be a linear function ofT since the transfer coefficient (a), for even a complex reac-

tion, is expected to be independent of potential and temperature. However, several authors have 

reported temperature-independent Tafel slopes for electrocatalytic reactions involving adsorbed 

species, such as OR on platinum in concentrated phosphoric acid ( 43,44), the discharge of brom-

ine in acetonitrile ( 45) and more recently for OR on iridium in dilute aqueous electrolytes ( 46). 

Conway (47) studied this phenomenon in detail, and Yeager (48) suggested that Conway's expla-

nation through entropy effects was the most plausible, but this area is far from being under-

stood. 

For OR on platinum in KOH, Park et al. (38) reported a classically temperature-dependent 

Tafel slope, for low current densities, as did Sepa et al. (49,50) for pH 1.9 and 11.6 M LiC104 

solutions. 

As will become obvious in the next section, the relative rates of the two pathways depend 

to a great extent on the amount of the oxide (and its age). Park also reported that the amount of 

oxide formed on a platinum electrode in alkaline electrolytes decreases with increasing tempera-

ture. It should not be surprising if a appears to be temperature dependent in some cases on plati-

num. 
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2.4. Dependence of Oxygen Reduction Kinetics on Oxide Coverage 

Paucirova, Drazic and Damjanovic (51) studied the effect of oxide coverage on OR kinetics 

in acid electrolytes. They measured the current response to potential steps from a completely 

reduced surface (0.5 V) to the potential of interest. OR currents corresponding to zero coverage 

were obtained by extrapolating to zero time. They reported the relation 

. . ( -j3f()) 
lf = 11-o exp RT (2-51) 

where /3f = 10 Jjmol. Their extrapolated i,-o values exhibited a potential dependence with a 

Tafel slope of about 2RT/F (120 mV /decade) for potentials up to 1 V. These results are con-

sistent with the assumption that adsorption controls the potential dependence of OR. This type 

of mechanism should not be expected to hold in alkaline electrolytes, however, where adsorption 

begins at much lower potentials. By the potential where OR is kinetically limited, a much larger 

amount of oxide is on the surface and one needs to consider aging effects and the actual 

stoichiometry of the surface. 

Several Russian authors have studied the effect of platinum oxidation state on oxygen 

reduction in alkaline electrolytes. They controlled the holding time at a series of oxidizing poten-

tials as a means of varying the oxide "coverage" in the absence of dissolved oxygen. OR kinetics 

were then studied by measuring steady-state galvanostatic polarization curves with a RRDE, 

after an identical pretreatment. Tarasevich et al. (39) used electrodes that were well-cycled, 

well-reduced and then oxidized for 10 minutes at potentials up to 1.7 V. They observed the 

same dependence of current on coverage as in Equation 2-51. At the lower oxidation potentials, 

they correlated a change in OR Tafel slope from about 60 to 30-35 m V j decade with the decline 

in the observed value of /3f to essentially zero at the highest oxidation potentials. They proposed 

that the low slopes are due to the complete suppression of the 4-electron path with the 0 2jH20 2 

couple at quasi-equilibrium on the highly oxidized surface. This slope is slightly lower than that 

reported by Bowen and Urbach ( 40 m V j decade), but their surface was also more highly oxidized 

(37). 
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Luk'yanycheva et al. (42) went further in their investigations of the oxide effect. They 

observed a decrease in (3f, from 9 to 5, with holding time at a constant oxidation potential. 

They reported that the reaction rates of both pathways decrease as coverage increases at a con-

stant oxide age, but that the rate of the 2-electron path increases with the age of the oxide at 

constant coverage! Therefore, as coverage and age increase, there is a trade-off between the 

decrease in rate due to coverage (especially the 4-electron path ) and an increase in the rate of 

the 2-electron path (which is also becoming dominant as coverage increases). The net result is a 

slight increase in the global rate in some cases. Their analysis was based on partial currents 

i1 and i2• They did not distinguish between changes in k2 or k3 + k4• 

Later, this same group reported the dependence of kto k2 and k3 + k4, calculated from 

RRDE measurements, on the oxidation potential used to pretreat the electrode ( 41 ). They found 

k1 to decrease and k2 to increase with increasing Eox (oxide coverage and/or age), at a constant 

OR potential. They also found that the total rate at which the intermediate peroxide reacts 

further, either through reduction (k3) or decomposition (k4), to be fairly independent of Eox· The 

Tafel slope for the total current decreased smoothly from 120 to 60 m V /decade as Eox increased. 

They proposed the rate determining step mentioned above in Equation 2-48. The change in Tafel 

slope is attributed to a change in the potential dependence of the equilibrium coverage of dom-

inant surface oxide species: PtOH at low potentials and high current densities, and PtO at high 

potentials and low current densities. At lower coverages PtOH is assumed to form according to 

(2-52) 

or more appropriately in alkaline electrolytes 

... 
oH- + Pt - Pt ... OH + e-- (2-53) 

At equilibrium they write 

[ 
IJoH r fJ -(3FV exp(-(3fiJoH) = Kada 

1
_

80
H (~+) exp( RT ) (2-54) 
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Rearranging and combining with 2-49 above yields an expression for current 

(2-55) 

The same type of development can be carried out for higher coverages where PtO is assumed to .. 
form according to 

2 OH- + Pt (2-56) 

With this equilibrium and Equation 2-49, the expression for ik is 

(2-57) 

This mechanism predicts diagnostic criteria which are consistent with the more-recent results of 

Sepa et al. for OR on iridium (46). The fact that the global Tafel slope decreased only to 60 

m VI decade compared to the 30-40 m VI decade cited above may be a result of the lower oxida-

tion times allowed by Luk'yanycheva et al. If this is the case we can argue that oxide age is 

responsible for the attainQlent of a quasi-equilibrium state for the peroxide (low Tafel slopes). 

A mechanism suggested relatively early by Tarasevich {39) incorporated the dependence 

observed for the rate of the 4-electron pathway on coverage (Equation 2-51) with a limit of 

quasi-equilibrium for the peroxide reaction at high coverages. This combination of limiting cases 

can qualitatively predict Tafel slopes anywhere from 30 to 120 m VI decade. 

It seems clear that the rate of the 4-electron pathway decreases with increasing oxide cover-

age and age. The effect of the platinum oxidation state on the rate of the 2-electron pathway is 

less obvious in RRDE experiments because of the competing effects on the rate of peroxide pro-

duction and further reaction. The observed Tafel slope will be intermediate to those for the par-

ticipating parallel reactions. With these conclusions in mind we will review what has been 

learned about the kinetics of OR in concentrated alkaline electrolytes. 
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2.5. Oxygen Reduction in Concentrated Alkaline Electrolytes 

In their early work with concentrated electrolytes, Blurton and McMullin postulated that 

platinum is more active for OR in alkaline electrolytes than in acid electrolytes because the 

former supports higher peroxide production rates (52). Their preliminary "proof" was an 

observed change in Levich slope from n = 2 to just less than n = 4, with light platinization of 

the disk in RDE measurements. This was said to improve the rate of recycling of peroxide to 

oxygen through a catalytic process (step 4 in Figure 2-2). However, this behavior could also be 

observed if adsorbed impurities were blocking the surface (because of an increase in surface area 

to electrolyte volume ratio with platinization). The change in Levich slope for a reversible elec-

trode process in conjunction with product recycling through a catalytic reaction was calculated 

by Mcintyre (24) 

[
_s ]iL 
s- 1 

(2-58) 

where k4 is the s-order catalytic rate constant, i1 is the mass-transfer-limited current density 

ignoring recycling and i1 ,r is the observed i1 in the presence of the recycling. Blurton et al. 

assumed that step 4 was second-order (s=2), so as k4 increased with platinization, i1 ,r - 2i1 

(which agrees with a shift of n from 2 to 4). For finite values of k4, the intercept of the Levich 

plot will pass through zero (lim(i1 r) = 0), but for higher rotation speeds, the plot of i1 r vs w~ 
w~ ' ' 

will exhibit downward curvature. Based on this analysis, Blurton and McMullin (53) proposed 

that neither the direct 4-electron path nor the further electrochemical reduction of H20 2 occur on 

platinum in 30% KOH at 70°. OR proceeds according to 

with total recycling of the peroxide catalyzed by surface oxide according to 

- Pt ... OH + H+ + e--

(2-59) 

(2-60) 

(2-61) 
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H20 2 + Pt ... OH :: Pt ... 0 2H + H20 

H20 2 + Pt ... 0 2H :: 0 2 + Pt ... OH + H20 

They attempted to measure peroxide production rates but those results were inconclusive. 

(2-62) 

(2-63) 

More recently, Park et al. studied OR in KOH at concentrations of 0.1 to 6 M (38). They 

carried out RRDE measurements with an "oxidized" platinum surface, generated by holding at 

1.2 V vs RHE for 2 to 3 minutes before measuring the polarization curves with slow cathodic 

potential sweeps. They reported rate constants for the three-step Damjanovic model for 

CKoH :::; 1M and concluded that their RRDE results at higher KOH concentrations were not 

satisfactory when examined with this model. They gave no reasons for this and did not attempt 

to use other models. From their ROE data, they did find that despite lower oxygen solubility, 

the rate of OR increases as KOH concentration increases. 

It appears that a change OR mechanism may occur as concentration of KOH increases 

above 1 M. This is not too surprising for KOH considering that the thermodynamic properties 

of this electrolyte change dramatically at high concentrations. Chapter 4 presents our study this 

mechanism as a function of electrolyte concentration or hydroxide anion activity, and platinum 

oxidation state. 
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Chapter 3 

Oxygen Reduction on Platinum in TFMSA and TFEDSA 

3.0. Introduction 

Trifluoromethane sulfonic acid (TFMSA) has been considered for low-temperature ( < 

110 ·c) fuel cell applications due to the favorable oxygen reduction rate observed in this electro

lyte compared with phosphoric acid (54). The use of the less-volatile, higher homolog of TFMSA, 

tetrafluoroethane -1,2-disulfonic acid (TFEDSA), was suggested by Baker et al. (55) to overcome 

the problems of high acid vapor pressure and low contact angle with PTFE observed with con

centrated TFMSA. Preliminary investigations with TFEDSA (56) showed insignificant acid 

vapor pressure and acceptable water vapor pressure at 60-70 wt% acid, as well as high (non

wetting) contact angles with PTFE. However, it has been suggested that the reaction order with 

respect to oxygen concentration is ~. based on the failure of the first-order model for mass 

transfer to a rotating disk electrode (RDE) (26). This reaction order has been shown to be unity 

in perchloric, sulfuric and phosphoric acid electrolytes (57-59). In this chapter, we report our 

measurements of the rate of OR in TFEDSA and TFMSA on smooth Pt with the RDE tech

nique. Kinetic currents in the two electrolytes are compared at pH=l. Dependence of the reduc

tion current on oxygen concentration was determined independently by varying the partial pres

sure of oxygen in contact with the electrolyte. 

3.1. Experimental Proeedure 

Experiments were performed in a Pyrex cell with a surrounding water jacket. Circulation 

of thermostatically controlled water was used to maintain the cell temperature at 25 ± 0.5 ·c. 

The working electrode (0.46cm2 Pt), obtained from Pine Instruments Inc., was polished with a 

succession of alumina papers, followed by 6pm and then lpm diamond paste. Rotation was 
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achieved with a Pine Instruments Analytical Rotator. A dynamic hydrogen reference electrode 

(DHE) (60) was held in a separate compartment which was connected to the main cell through a 

Luggin capillary. The DHE held a constant potential of 3 m V negative to an RHE at the same 

pH, as was checked with a standard calomel reference electrode. A 1-cm2 Pt-foil counter elec

trode was used directly in the cell, placed well outside the diffusion boundary layer as can been 

seen in Figure 3-1. Premixed cylinders of oxygen and nitrogen (4.31- 58.66% ± 0.01% oxygen), 

pure oxygen and pure nitrogen were further purified by passing through 3 molecular-sieve beds 

as suggested by Hsueh et al.(21). All gases were humidified by bubbling through doubly distilled 

water at room temperature before entering the cell. 

All glassware and electrodes (except the DHE) were cleaned by soaking in a mixture of con

centrated sulfuric and 70% nitric acids for two days. This was followed by rinsing and soaking in 

freshly distilled water at least four times. 

TFMSA, from 3M Corporation, was purified by a succession of steps devised by Ross et al. 

(61). This technique consisted of two successive distillations followed by the addition of about 

10% hydrogen peroxide to oxidize any remaining organic impurities. The peroxide was decom

posed and removed in a final distillation. The final distillate was collected over a boiling point 

range between that of the acid and its monohydrate (162 ·c to 205 ·c). The product was then 

cooled slowly to crystallize out the monohydrate and the remaining inorganics which favor the 

solid phase (62). Potassium tetrafiuoroethane-disulfonate was received from KOR, and it was 

converted to the acid via ion-exchange with pre-purified resin in another laboratory (63). Com

plete conversion to the acid was checked by titration. Water was removed by vacuum distilla

tion, leaving the acid dihydrate. The hygroscopic nature of this solid prevented exact knowledge 

of the water content. Solutions of both these electrolyteS were prepared by dilution with ultra

pure water (Harleco) to a pH of unity. Solutions were pre-electrolyzed in the cell with large-area 

platinum gauze electrodes for at least 72 hours at a current of lmA. 
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Figure 3-1: Electrochemical cell. 
A, Rotating disk electrode; 
B, Counter electrode; 
C, Dynamic hydrogen reference electrode; 
D, Gas inlet; 
E, Water jacket. 
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The potential of the working electrode was controlled with a PAR model 173 potentiostat 

and a PAR model 175 universal programmer. Current-potential data for the experiments 

reported in this chapter were recorded with an HP7046B X-Y recorder. 

3.2. Results 

First-sweep cyclic voltammograms were recorded in both electrolytes. Two such traces in 

and TFEDSA and TFMSA at pH=1 are shown in Figure 3-2 and Figure 3-3, respectively, with 

the potential profiles used to generate these curves shown in the inset of Figure 3-2. Curve A was 

recorded on the stationary disk following preteatment; curve B was recorded following the same 

pretreatment with the addition of a 1-minute hold at 0.4V vs DHE while rotating the working 

electrode at 1600 rpm before recording the voltammogram on the stationary electrode. The 

absence of any additional peaks or significant shifting of the existing peaks indicates satisfactory 

electrolyte purity. The charge associated with the hydrogen adsorption region of the curves was 

used to quantify the active electrode area and all mass-transfer-corrected or "kinetic" currents 

reported in this thesis are adjusted to an effective roughness factor of 1.0. 

Current-potential sweeps at several rotation speeds were recorded in TFMSA and TFEDSA 

with several partial pressures of 0 2• Those for TFEDSA in contact with 1 atm. oxygen are shown 

in Figure 3-4. The reduction currents were found to depend somewhat on sweep rate and sweep 

direction because of the changing oxidation state ·of the electrode as discussed in Chapter 2. 

Therefore, when comparing TFEDSA and TFMSA, only anodic sweeps at 10 m V /sec were used. 

Similar curves were recorded in the absence of 0 2 to quantify the anodic currents associated

directly with platinum oxidation which lead to non-zero baselines in the low 0 2 pressure experi

ments. Relatively high (15 to 30 0) uncompensated solution resistances in these dilute electro

lytes were estimated from conductance measurements between the working and counter elec

trodes and checked by the current-interrupt method. Data were adjusted after the experiment by 

reading the ffi.-free potential along lines with slopes of 1/Rn, as is indicated in Figure 3-4. 

.• 
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First-sweep cyclic voltammogram in TFEDSA, pH =1, 25 ·c, Argon atmo
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A, recorded after pretreatment; 
B, recorded after pretreatment and holding 60 sec at 0.4 V while rotating at 
1600 rpm. w ...... 
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The observed limiting currents are plotted against w12, according to the Levich equation 

(Equation 2-9), and are shown in Figure 3-5. If oxygen solubility follows Henry's law 

(3-1) 

in these electrolytes, the slope of these plots should be proportional to the partial pressure of 0 2 

above the solution. Figure 3-6 shows the linear dependence of log B on log p02 for TFMSA and 

TFEDSA at pH= 1 and 25 ·c. Both lines have slopes close to one. 

In sufficiently pure acid electrolytes, the reduction of oxygen can be assumed to proceed 

through a single 4-electron pathway on platinum. The measured disk current, id is defined as in 

Equation 2-2 

. - nFk' (C* 'qo2 [ -,BFE l ld - c 0-¥ exp RT (3-2) 

where k~ includes any dependence on pH. For a single reaction at a rotating disk, Equation 2-10 

can be rearranged to obtain 

(3-3) 

Combining Equations 3-2 and 3-3 using Equation 3-1, yields the following expression for the 

current at a disk electrode under conditions of mass-transfer control (for an irreversible reaction) 

(3-4) 

For potentials near 0.9 V, the currents are insensitive to rotation speed above about 400 

rpm, as shown in Figure 3-4. Under these conditions id << iL, so that ( iL ~ id) approaches 
IL 

unity, and id = ik. According to Equation 3-4, the reaction order, q0 2' can then be determined 

from the slope of a plot of log id vs log p02 at constant E. Figure 3-7 shows kinetically limited 

current as a function of P 02 for TFMSA and TFEDSA. Part A, for E = 900m V, indicates that 

the reaction order is 1.0 ± 0.05. 

... 
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When q0 is unity (at 0.90 V) Equation 3-4 can be simplified to Equation 2-12, where ik is 
2 

defined by Equation 3-2 with C~2 replaced by C~. The kinetic current, ik, may be obtained 

from the intercept of a plot of id"1 vs w-1!1 at constant potential and oxygen pressure, since 

i£ = B0 w'"'. The values of ik may then be used with Equations 3-1 and 3-2 to test the value of 

q0 2' by plotting log Ik vs log p0 2' where Ik = ikA. This is shown in Figure 3-7 for 0.8 V (lines B) 

and 0.7 V (lines C), and the reaction order is seen to be unity within experimental error. 

A direct comparison of the kinetic current densi~ies for TFEDSA and TFMSA at pH= 1, 

one atmosphere of 0 2 and 25 ·c is shown in Figure 3-8. These current densities are based on the 

active area of platinum as mentioned above (roughness factor = 1). The similarity of the Levich 

slopes for the two electrolytes (0.46 and 0.44 mA-sec'"'Jcm2 for TFMSA and TFEDSA, respec-

tively) indicate that the oxygen solubility and diffusivity in the two acids are very similar. Over 

the potential range 0.67 to 1.0 V vs DHE, the kinetic currents are very similar. The change of 

slope is observed at 0.8 V, as discussed in Chapter 2. Exchange current densities calculated by 

extrapolation of the results obtained at higher potentials are 4 x 10~ and 6 x 10~ mA/cm2 for 

TFMSA and TFEDSA, respectively. These can be compared with the exchange current density of 

9 x 10-s mA/cm2 reported for 1.1 N TFMSA, 25 ·c, by Appleby and Baker (64). The difference 

is probably due to the lower 0 2 solubility in the more concentrated electrolyte. 

3.3. Conclusions 

From the experiments reported above, and the analysis of the data, it is concluded that the 

reaction order of the electrochemical reduction of oxygen on platinum in TFEDSA and TFMSA 

with respect to oxygen concentration is unity, over the full potential range studied (1 V to 0.65 V 

vs DHE). The kinetics of oxygen reduction on platinum in TFEDSA are very similar to those for 

TFMSA, the currents being very closely comparable at pH= 1 for identical overvoltages. 

These results offer some promise for the use of fluorinated organic acids in high-

performance fuel cells, while avoiding the high vapor pressure of TFMSA and its undesired wet-
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ting of PTFE. Furthermore, pressurization is expected to improve significantly the performance 

of cathodes in fuel cells using TFEDSA and TFMSA. 

• 
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Chapter 4 

Kinetic Studies of Oxygen Reduction on 

Pt in Alkaline Electrolytes 

4.0. Introduction 

47 

Alkaline electrolytes have long been known to support higher OR currents on platinum 

than those observed in acid electrolytes (65). The reasons for this are not well understood. In 

alkaline media, the potential of zero charge for platinum is closer to the region of OR activity 

than in acidic media, which should lead to more interference by specific anion adsorption. 

Higher peroxide production rates have been cited as the key to the higher OR currents (53) even 

though peroxide production results in the transfer of only 2 electrons per mole of 0 2 which 

should result in lower currents, other things being equal. 

The purpose of this work was to investigate and compare the kinetics of oxygen reduction 

in KOH and K2C03 electrolytes over a wide range of conce~tration as one step toward determin

ing the feasibility of using a carbonate-containing electrolyte (as a replacement for hydroxide) in 

low- to medium-temperature fuel cells operating with a COrcontaining hydrogen source. 

We have performed RRDE experiments and RDE experiments in potassium and cesium 

hydroxides and carbonates at several concentrations at 23 ·c, and some measurements were 

made at elevated temperatures. These experiments have been carried out with at least two 

different pretreatment potential profiles (with anodic and cathodic measuring sweeps) to aid in 

the identification of specific electrolyte effects as distinct from effects resulting from changes in 

the oxidation state of the platinum surface. 

Section 4.1 covers the investigation of platinum/electrolyte interactions as a function of 

electrolyte properties and electrode pretreatments. Most of these studies involved cyclic voltam

metry measurements at the beginning of each OR experiment. In addition, some unique potential 
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profiles were used to measure the amount of surface oxide present under various conditions. 

This information is then used as an indication of the amount of oxide expected during an oxygen 

reduction experiment. 

Section 4.2 reports RRDE studies of OR in dilute electrolytes. The effect of carbonate ion 

concentration and pH on rate constants calculated for the three-step model of Damjanovic (22) 

are discussed. 

Section 4.3 presents studies of OR kinetics for electrolytes with concentrations of 0.1 to 4M 

~C03 and 0.1 to 6.9M KOH. The effect of temperature from 23 to 95 ·c was studied in some 

electrolytes. 

Section 4.4 concludes the chapter with a summary of the results pertinent to the evaluation 

of the fuel cell cathode behavior to be presented in Chapter 5. 

4.1. Platinum/Electrolyte Interactions 

As introduced in Chapter 2, the oxidation state of a platinum surface varies considerably 

with potential history and electrolyte composition. The interactions between a metal and an 

ionic liquid are often studied with triangular-sweep or cyclic voltammetry. "Steady-state" or 

repeating cyclic voltammograms were recorded on a smooth platinum electrode at 100 m V /sec in 

several electrolytes under a nitrogen atmosphere. Figure 4-1 shows voltammograms for a series 

of electrolytes with an ionic strength of 0.7 M. The complete nominal ionic compositions for 

these experiments are listed in Table 4-2. Figures 4-2 and 4-3 show voltammograms for a range 

of concentrations of KOH and K2C03, respectively, with one curve for O.lM C~C03 included in 

Figure 4-3. The sharpness of every feature of the voltammograms increases with hydroxide ion 

activity. The dependence of specific features on electrolyte composition will be discussed by 

region. Table 4-1 lists potentials of the major peaks for these experiments as well as the charges 

due to hydrogen desorption Qh (integrated as shown in Figure 2-1). HAl and HA2 refer to the 

low- and high-potential anodic peaks associated with hydrogen desorption. OAl and OA2 refer 

to the first and second platinum oxidation peaks. All potentials are referred to an RHE in the 
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Table 4-1: Voltammetric Peak Potentials in Alkaline Electrolytes 

Experiment QH2 

Name (pC) 

Ionic lA 100 
Ionic lB 95 

Ionic lC 95 
Ionic 2A 104 
Ionic 2B 92 
Ionic 3 80 

O.lMKOH 132 
0.5MKOH 94 
l.OMKOH 118 
2.0MKOH 245. 
3.3MKOH 107 
5.4MKOH 130 
6.9MKOH 125 

0.1MK2C03 91 
0.5MK2C03 95 

l.OM~C03 92 
2.0M~C03 143 
4.0M~CO:~ 239. 

tpeak not very well defined 
fShoulder on peak HAl 
•Performed with large-area electrode 

electrolyte reported. 

4.1.1. Hydrogen Region 

Peak Potential ( m V vs. RHE) 

HAl HA2 OAl 

275 390 825 
"280 390 830 
280 390 835t 
280 390 825 
245(275)f 345 83ot 
230 330 -
300 410 840 
280 395 830 
270 390 820 
260 375 810 
260 380 815 
270 375 815 
265 375 820 

245(275)f 345 840t 

233(275)f 345 85ot 

205(267)f 325 85ot 

210(270)f 325 845t 
195(250)f 310 83ot 

OA2 

950 
970 
965 
955 
930 
900 

960 
970 
975 
975 

1000 
1000 
995 

925t 
95ot 
94ot 
95ot 
975t 

Huang, O'Grady and Yeager carried out a detailed investigation of the effects of different 

ions in solution on the size and location of the peaks due to hydrogen adsorption and desorption 

in a cyclic voltammogram (66). Most of their work was concerned with acid electrolytes where 

the potential of zero charge lies close to this region and anion adsorption greatly affects the 

shape. For alkaline electrolytes, they proposed that the shifts they observed for cation 

(Ca++ and Ba++) additions to a O.IM NaOH electrolyte were caused by changes in the structure 

of the double-layer, as opposed to specific anion adsorption. This seems reasonable since the size 

and relative position of peaks HAl and HA2 were not affected. The absolute potentials of the 
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peaks were shifted cathodically toward a less strongly adsorbed state. They did not study the 

effect of pH on this behavior. 

The low-pH electrolytes in Figure 4-1 exhibit two features not present at higher pH's, i.e. a 

small cathodic peak just before the onset of hydrogen evolution and an anodic shoulder on HAl. 

In the more-concentrated carbonate electrolytes the shoulder persists even though the pH is 

greater than or equal to 13. This shoulder was also shown in the work of Angerstein-Kozlowska 

(67) for O.lM N~C03• 

The potentials for the two hydrogen oxidation peaks (EHA1 and ~) shift slightly with 

. increasing concentration. ~1 shifts from 245 to 195 m V in K2C03 electrolytes and from 300 to 

265 mV in KOH. However, the separation between these peaks is essentially constant for all of 

the electrolytes tested. It is interesting that the location of the hydrogen region changes 

significantly with pH, beyond that due to the thermodynamic dependence. 

Another shoulder was often observed on the negative side of the main cathodic hydrogen 

peak in KOH-containing electrolyte. This feature often coincided with a larger-than-normal pla

tinum oxidation prewave and rotation-dependent OR polarization curves in the kinetically con

trolled region. All three features are probably due to traces of organic materials which are form

ing a "reduced-C02" which has been proposed in studies of methanol oxidation and C02 in acid 

electrolytes. This species is then oxidized off the surface at around 675 m V (68,69). This 

phenomenon has also been suggested as occurring in carbonate electrolytes (68). 

4.1.2. Platinum Oxidation Region 

As the hydroxide concentration increases, so does the clarity of every peak and the separa

tion between the two platinum oxidation peaks OAl and OA2. The relative sizes of the peaks or 

amount of oxide formed at a given potential is found by integrating voltammograms shown in 

Figures 4-2 and 4-3 from the double-layer region (or minimum between the hydride and oxide 

regions) according to 
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Eox 

= 
1 J (i - imin) dE 
VEmin 

(4-1) 

where imin is the current minimum (an estimate of the double-layer charging current). Oxide 

coverage Oox is then calculated as in Equation 2-4. These results are shown in Figures 4-4 and 4-

5 for KOH and K2C03, respectively. The slopes of these curves range from 1.85 to 2.5 y-t in 

KOH and are constant at about 2.2 in K2C03• The slope of a steady-state plot of this form is an 

indication of the stoichiometry of the oxide, as discussed in Chapter 2. Quantitative calculations 

of stoichiometry are not suggested here because of the uncertainty in the absolute value of Qh. 

Qh is more commonly calculated by integrating the cathodic portion of the hydrogen region. This 

is not possible in alkaline electrolytes, however, due to interference of oxide reduction in this 

region, as discussed above. The relative values for Qh and Box should be adequate for inferring 

whether the mechanism of oxidation is changing as a function of concentration in KOH where it 

is not in K2C03• The data from Figure 4-4 for KOH are cross-plotted in Figure 4-6, showing the 

maximum in coverage at about 3.2M. This concentration may prove significant later when 
' 

analyzing OR kinetic behavior. 

Similar voltammograms (not shown) were recorded in 2M KOH over the temperature range 

of 23 to 82 ·c) and integrated as above. Figure 4-7 shows the coverage as a function of potential 

at several temperatures. The amount of oxide formed on the surface at a given potential 

increases with temperature, contrary to the behavior reported by Park et al. (38). 

The separation between the two OA peaks tended to increase with increasing KOH concen-

tration and decrease with increasing temperature. Both of these phenomena are consistent with 

an increase in the hydroxide ion activity. This is probably due to changes in the thickness of the 

double-layer as suggested by Huang, O'Grady and Yeager (66) according to the following quali-

tative relationship between double layer parameters and electrolyte ionic strength. 

(4-2) 
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where n° is related to ion concentration, e0 is the charge of an electron, and z is the valence of 

the ion (70). The relationship between the electrolyte/platinum interaction and observed OR 

activity will be discussed further in the next few sections. 

4.1.3. Surface Coverage of Oxide during OR Sweep Experiments 

& discussed in Chapter 2, the kinetics of OR are known to be very dependent on the oxi

dation state of the platinum. Ideally, kinetic studies with such a potential-dependent surface 

would be carried out at steady state. The reasons for using potential sweep experiments in the 

study of OR have already been discussed. Accepting this necessity, the amount of oxide on the 

surface was measured during four different potential sweep experiments in 1N KOH in the 

absence of 0 2• The potential profiles used for this experiment are shown in Figure 4-8. They con

sist of an electrode pretreatment, the experimental linear potential sweep to a given potential 

(Em), and finally a fast "measuring" sweep at 100 m V /sec to a potential in the hydrogen region. 

The coverage dependence on Em, obtained by integrating the currents due to the measuring 

sweep and using Equation 2-4, are shown in Figure 4-9. The slope of the anodic sweep data in 

Figure 4-9 (profile 1) is 2.6 y-t, which agrees with that reported by Bagotsky (15) for steady

state coverage in this electrolyte (obtained by stepping from a bare "well-annealed" platinum 

surface to each potential). This value is higher than the 2.1 y-t shown in Figure 4-4 obtained 

from the 100 mY /sec cyclic voltammogram in this electrolyte. This is consistent with others who 

have observed that charges measured by integrating reduction currents are higher than those 

obtained by integrating oxidation currents (71 ). This is probably a manifestation of the aging of 

the oxide. 

The cathodic sweep experiments (profiles 2 to 4) show slopes of about 3.62 y-t and 

significantly higher coverages over the whole potential range than the anodic result. Bagotsky 

did not measure steady-state coverages obtained by stepping from high potentials to low poten

tials. He did study the kinetics of reduction and oxidation by measuring the dependence of peak 

potentials on sweep rate. He found both oxidation peaks (OA1 and OA2) to be reversible (or 
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independent of sweep rate) at sweep speeds up to about 2 V /sec. However, the potential of the 

reduction peak, 001, was found to depend on sweep rate down to 10 mV/sec. The higher slope 

for the cathodic experiment (curve 2) is therefore due to either a change in the stoichiometry of 

the oxide on the surface (as observed by Bagotsky), or to the fact that the reduction kinetics are 

slow when compared with the sweep rates used. 

The fact that the intercepts and not the slopes of curves 3 and 4 in Figure 4-9 increase 

with oxidation time and sweep rate must be due to aging by absorption, since a change in 

stoichiometry should change the slope. 

4.1.4. Summary 

There are several conclusions which can be drawn from the data presented so far in this 

chapter. In dilute electrolytes, there appears to be little change in the general features of the 

platinum oxidation region of the cyclic voltammogram due to the presence of eo; anion. As 

concentration of co; increases, the clarity of the hydrogen-region peaks increases with little 

effect on the oxidation region. In KOH, in addition to the increase in peak clarity, the potential 

dependence of the oxide coverage is a function of concentration. The amount of oxide formed 

appears to pass through a maximum at a concentration of 3.2M KOH, indicating. some mechanis

tic change in the oxidation of platinum that does not occur in K2C03• At a concentration of 2M 

KOH the amount of oxide formed at a given potential increases with temperature. 

The oxidation state of a platinum surface in KOH during an OR experiment is a strong 

function of the potential profile used. The coverages measured for the profiles used will be useful 

when trying to interpret the role of the oxide in the mechanism of electrochemical oxygen reduc

tion. 

4.2. RRDE Studies in Dilute Alkaline Electrolytes 

Rotating ring-disk studies of the OR reaction were carried out in three series of dilute elec

trolytes. Series 1 consists of 0.1 M CsOH to which two additions of C~C03 were made. Series 2 
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and 3 include electrolytes of various carbonate concentrations and with a constant ionic strength 

of 0.7 M at two levels of pH. Table 4-2 lists the nominal ionic compositions of the electrolytes 

along with the measured Levich slopes, predicted oxygen solubilities, and Tafel slopes observed 

at low current densities . 

The three potential profiles used in these OR experiments are shown in Figure 4-10 and are 

similar to those used to study oxide coverage, discussed above. Profile A consists of a pulse pre-

treatment, a short holding period at a potential where OR is controlled by mass-transfer Col-

lowed by a 10 m V /sec anodic sweep to zero current. Profiles C1 and C2 consist of the same pulse 

program followed by a 30-second potential hold at 1100 or 1300 m V vs. RHE to allow the forma-

tion of a relatively steady oxide coverage before sweeping cathodically at 10 m V /sec to the limit-

ing current for OR. Profile A produces a surface with only "young" oxide. Profiles C1 and C2 

will produce a much more highly oxidized surface than profile A with possibly a different 

stoichiometry. There could also be a difference in the oxide structure between profiles C1 and C2. 

Table 4-2: Summary of Dilute Electrolyte Results 

Experiment Nominal Ionic Cone. (mol/1) 

Series 
Name K+;cs+ 

1 CsOH AO 0.1 
1 CsOH A1 0.24 
1 CsOH A2 0.33 

2 Ionic 1A* 0.5 
2 Ionic 1B* 0.55 

2,3 Ionic 1C* 0.60 
2,3 Ionic 2A* 0.70 
3 Ionic 2B* 0.60 
3 Ionic 3* 0.70 

0.1 MKOH 0.1 
0.1 M K2C03 0.2 
0.1 M Cs.,CO~ 0.2 

tC0~ter = 1.26 x 10-3 mol/1 

t K+ anion 

co; oH- F-

0 0.1 0 
0.07 0.1 0 
0.11 0.1 0 

0.2 0.1 0 
0.15 0.1 0.15 
0.10 0.1 0.3 
0 0.1 0.6 
0.1 trace 0.4 
0 trace 0.7 

0 0.1 0 
0.1 trace 0 
0.1 trace 0 

Levich Slope 
c 
~t ( mA-sec\!a) cwater 

02 cm2 

0.969 0.439 
0.923 0.416 
0.897 0.399 

0.809 0.364 
0.790 0.35 
0;772 0.351 
0.736 0.406 
0.768 0.399 

0.734 0.351 

0.961 0.445 
0.918 0.416 
0.932 0.418 

Tafel Slope 
(mV /dec) 

prof.A prof.C1 

67.4 38.5 
76.7 39.4 
73.4 -
53.6 78.1 
59.2 -
70.3 74.2 
59.8 66.2 
65.3 74.5 

55.5 69.2 

64 -
76 -
65 54 
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As we saw in Chapter 2 (Figure 2-1), the oxide that was formed at potentials greater than 1.2 V 

required a lower potential to be fully reduced than that formed at less than to 1.2 V. 

4.2.1. Experimental Equipment and Procedures 

Experiments were performed using the glass cell described in Chapter 3. Electrolytes were 

prepared primarily from ultrapure salts (Alpha ultrapure KOH, ultrapure Cs2C03 and 99.9% 

CsOH; Aesar 99.995% K2C03·1.5H20 and 99.994% KF; and GFS ultrapure KOH), however 

Baker reagent-grade KF was used in Ionic 1B and 1C. Solutions were pre-electrolyzed in the cell, 

although this procedure showed little effect on recorded voltammograms and OR currents. The 

high-collection-efficiency Pt-Pt ring-disk electrode obtained from Pine Instruments Inc. had areas 

of 0.458 and 0.428 cm2 for the disk and ring respectively. A collection efficiency (Nc) of 0.42 was 

determined from the tables supplied by Albery and Bruckenstein (72) and verified with the 

Fe+3 fFe+2 redox couple. The counter and reference electrodes as well as all polishing and clean

ing procedures were discussed in Chapter 3. The ring was maintained at a constant potential of 

1.1 to 1.2 V vs. RHE during the experiments in order to minimize the platinum oxidation back

ground currents. 

4.2.2. Electronics 

Ring and disk electrode potentials were controlled with a Pine RDE4 bipoteniostat. Poten

tials proportional to the two current signals were recorded simultaneously on the two channels of 

a Nicolet 2090 digital oscilloscope and an HP7046B dual pen XY-recorder. The potential profiles 

required-for electrode pretreatment and linear sweep experiments were generated by a real-time 

program implemented on an ffiM PC. This program also controlled the transfer of data via 

digital 1/0 lines from the oscilloscope for storage on disk. Disk rotation speeds of 100 to 3600 

rpm were controlled with a Pine Analytical Rotator. 
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4.2.3. Analysis of RRDE data 

The procedure used for data analysis will be illustrated for experiment Ionic 2A, which had 

a composition of 0.1 M KOH + 0.6 M KF. Figure 4-11 shows the results of RRDE experiments 

generated with the three potential profiles shown in Figure 4-10 at a rotation speed of 1600 rpm. 

Current-potential curves were recorded at several rotation speeds in binary data files for analysis 

by computer. The program performed the analysis and prepared the appropriate data for plot-

ting. Correction for the uncompensated solution resistance was performed as discussed previ-

ously (Section 3.2). Potential-dependent rate constants for the electrochemical reactions which 

make up the three-step model, proposed by Damjanovic 

(4-3) 

(4-4) 

k 
H02 + ~0 + 2e- 3 30H-- (4-5) 

are determined from linear plots of the data according to the expressions developed in Chapter 2. 

Sample plots of 1/i; vs 1/wv. (plot #1) and idNe/i, versus 1/wv. (plot #2), according to equations 

2-17 and 2-18, are shown in Figure 4-12 for the data generated with profile Cl. These plots were 

visually inspected for linearity before the regression analysis was performed by the program. The 

mass-transfer-corrected or "kinetic current" obtained from the intercept of plot #1 has the form 

(4-6) 

Rate constants for this model were calculated from the slopes and intercepts of these two plots 

according to 

{o
2
St(J2 - 1) 

(J2 + 1)Jt 
and k3 = {4-7) 

where Jl, sl, J2, and s2 are the intercepts and slopes of plots 1 and 2, respectively. eo2 was cal-

culated with Equation 2-9; Levich slopes from limiting-current data; and oxygen solubilities in 
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the mixed electrolytes with the following correlation from Schumpe, Adler and Deckwer (73) 

E Hilci 
i -*ions 

(4-8) 

where lsi = 'i!Cizr and the values for the Henry coefficients for salting out, Hb are shown in 

Table 4-3. As shown previously, ei depends only on Di and v. Because of the lack of data for 

peroxide diffusivities in mixed salts, We assumed that eHi)
2 
= eo

2
• 

4.2.4. General Results for Dilute Alkaline Electrolytes 

Figure 4-13 shows the dependence of the log i~c-potential plot on the pretreatment profile 

for Ionic 2A (generally observed in the dilute electrolytes). The anodic sweep results show 2 

Tafel regions (as is generally observed in acid electrolytes) with a slope of around 60 m V /decade 

(or a = 1) for the low-current-density region and a slope of anywhere from 2 to 3 times this in 

the high-current density region. The cathodic results show an essentially potential-independent 

region at high current density indicating that a chemical reaction step is rate-controlling. There 

is a very steep potential dependence and a medium-slope region at very low current density. This 

last region is probably due to the added effects of platinum reduction which is occurring simul-

taneously and but is of the order of magnitude of the OR currents only at these potentials. 

At high potentials, the lowest-oxide-coverage surface shows the highest activity. At low 

potentials, the lowest-oxide-coverage surface shows the least activity but the intermediate-oxide-

coverage surface shows the highest activity. The rate constants calculated from these data are 

shown as functions of potential in Figure 4-14. 

Cations 
K+ 

-0.596 

Table 4-3: Henry's Law Coefficients for Salting Out 
of Oxygen in Mixed Electrolytes (1/mol) (73) 

Anions 
cs+ OH- co; 

-0.666 0.941 0.485 

F-

0.982 
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The value of k1 parallels the previous Tafel plots closely as the 4-electron process is dom-

inant in these dilute, relatively pure electrolytes. The value for k2 , for the anodic sweep, is 

independent of potential up to about 750 m V and an order of magnitude smaller than that for 

the cathodic sweep profiles. The fact that k2 is independent of potential even though there is 

some coverage of oxide may be an indication that k2 is accelerated only by a minimum coverage 

or by coverage with a certain form of oxide that is older than the initial PtOH. In the cathodic 

sweep experiments, log k2 increases linearly with potential in the direction of higher oxide cover-

ages. A maximum occurs at the point where the Tafel behavior for this reaction takes over (at 

about 800 mV) and then k2 decreases with approximately the same slope as k1• This behavior is 

consistent with the cathodic sweep experiments of Park et al. (38) for in 0.1 M KOH. However, 

Damjanovic et al. (35) reported a similar potential dependence for k1 and k2 over a wider poten-

tial range. Their results were for a steady-state measurement on a "prereduced" surface which is 

not well defined. The higher kinetic current densities for profile 01 over 02 may reflect the rela-

tive abilities of these surfaces to reduce the peroxide formed, as indicated by the fact that k3 is 

greatest for profile Cl. 

It is concluded that the presence of oxide adversely) affects the OR activity of the Pt surface 

at high potentials. At lower potentials, where k1 shows negligible dependence on potential, an 

intermediate coverage with oxide is more active than either the bare surface or the aged oxide 

surface. In the case of the "bare" or well-reduced surface, one might suggest an interference by 

adsorbing impurities; however no rotation dependence was observed in the kinetically-controlled 

region of the RDE curves. 

( .. 
4.2.5. Series 1: Carbonate Addition to Hydroxide ~ 

Kinetic current densities recorded with the anodic swee~ ,, . ~ , le A) for Series 1 electrolytes 

containing CsOH and 0~003 are shown in Figure 4-15. At a given potential, i: increases 

slightly with carbonate concentration at potentials greater than 850 m V vs RHE. This trend may 

be due to ionic strength differences, and was considered only as an indication of the absence of a 
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detrimental effect due to the presence of carbonate anion. 

4.2.6. Series 2: Effect of CO 
3

- at Constant Ionic Strength and pH 

Series 2 was composed of electrolytes with varying carbonate anion concentrations all hav

ing the same ionic strength (maintained by the addition of the non-adsorbing and presumably 

non-interfering fluoride anion). Kinetic current densities measured with profiles A and C1 are 

shown in Figure 4-16. Rate constants for series 2 and series 3 electrolytes at 700 and 820 mY vs. 

RHE for three potential profiles are listed in Table 4-4 along with pertinent ionic compositions. 

The effect of the presence of carbonate on the rate of the 4-electron pathway, or k1, is not large. 

However, for the cathodic sweeps an increase in 0
003 

depresses the rate of the peroxide path as 

indicated by the values of k2 and k3• 

4.2. 7. Series 3: Effects of Carbonate Concentration and pH 

Series 3 kinetic current densities are shown in Figure 4-17a and b, for profiles A and Cl, 

respectively. Again referring to Table 4-4, the effect of carbonate on the values of k1 and k2 on 

the anodic sweep surface (profile A) is not large. However, with a decrease in pH, k1 increases 

and k2 decreases in agreement with the results of Appel and Appleby {36) discussed in Chapter 2. 

On the cathodic surface, both an increase in 0
003 

and decrease in pH lead to promotion of the 

4-electron over the 2-electron pathway. 

In all of the pH 13 electrolytes, the cathodic surface generated with profile C1 showed 

greater values for k1 and k2 than those for the less-oxidized surface generated with profile A. 

This is the case for potentials less than 820 m V vs RHE, which was the limit at which these 

separate rate constants could be calculated. At higher potentials, the kinetic currents are indica

tive of the sum k1 + k2• These kinetic currents show the expected trend of decreasing as oxida

tion state increases. At the lower potentials, the increase in oxidation state from Cl to C2 

further increased k2 but tended to reduce k1 in agreement with the work presented in Section 2.4. 

The calculation of k3 was relatively difficult for the anodic surface because of the extremely low 
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Table 4-4: Three-step Model Rate Constants in Dilute Electrolytes 
Part A: Rate Constants at 700 m V vs. RHE 

Exp. ceo; 
Series 

Name 
pH 

(mol/1) 

2 1A 13 0.2 
2 1B 13 0.15 

2,3 1C 13 0.1 
2,3 2A 13 0 
3 2B 11.4 0.1 
3 3 11.4 0 

Exp. Ceo; 
Series 

Name 
pH 

(mol/1) 

2 1A 13 0.2 
2 1B 13 0.15 

2,3 1C 13 0.1 
2,3 2A 13 0 
3 2B 11.4 0.1 
3 3 11.4 0 

t Experiment not done 
* uncalculable, no peroxide detected 
t uncalculable, noisy data 

k1x102 (em/sec) k2x10° (em/sec) 

profile profile 
A C1 C2 A C1 C2 
4.2 7.5 5.2 2.8 95 82 
4.3 t t 9.1 t t 
3.0 5.2 7.1 12.4 125 156 
3.2 6.7 4.1 4.1 320 345 
6.2 4.4 5.7 0.6 39 49 
8.4 5.6 4.9 • 24 31 

Part B: Rate Constants at 820 m V vs.RHE 

k1x1o2 (em/sec) k2x10° (em/sec) 

profile profile 
A C1 C2 A C1 C2 

5.6 29 9.6 5.6 260 162 
7.6 t t 12 t t 
1.6 34 15 6.9 356 27 
5.6 17 3.8 26 864 191 
8.6 4.9 5.5 2.4 

* 
79 

1.1 1.9 t • 2.5 
* 

k3x103 (em/sec) 

profile 
A C1 C2 

* 
5.6 3.8 

7.1 t t 

* 
8.4 7.1 

40 26 15 

* 
190 12 

* 4.2 4.4 

k3x103 (em/sec) 

profile 
I 

A C1 C2 

1.8 10 7.3 
I 6.4 t t 

41 11 8.4 
I 21 45 15 

* * 1!·
6 

I • 7.4 
- ----

:::1 
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level of peroxide produced, but it appears to be an inverse function of oxide coverage. 

4.2.8. Summary of Anion Effects 

The presence of carbonate anion in an alkaline electrolyte tends to depress the rate of the 

2-electron path for OR (k2) and increase the rate of the 4-electron pathway (k1), but not in pro

portion to the concentration. The OH- ion exhibits the same effect as co; on k1, while increas

ing the rate of the 2-electron path. These observations are made on a relatively small number of 

experiments and should be taken primarily as a starting point in the analysis of the behavior of 

concentrated electrolytes, to be discussed in the next section. 

4.3. Oxygen Reduction in Concentrated Alkaline Electrolytes 

Many investigators have studied oxygen reduction in KOH at concentrations of 1 M or less. 

Only one recent investigation has been carried out at higher concentrations, as reviewed in 

Chapter 2. No kinetic analyses in aqueous carbonate electrolytes have been reported, although 

carbonates have been used in at least one work as a pH-buffering medium. In this section we 

report the results of oxygen reduction kinetic studies with the ROE and RRDE for 0.5 to 6.9 M 

KOH and 0.1 to 4.0 M K2C03• 

4.3.1. Experimental Equipment and Procedures 

An all-PTFE cell was constructed for the study of concentrated alkaline electrolytes at 

elevated temperatures. A diagram of this cell is shown in Figure 4-18. Elevated temperatures 

were achieved with heating tape on the walls of the cell. N2 {99.999%) and 0 2 {99.96%) were 

bubbled though all-PTFE, heated bubblers filled with the working electrolyte for gas presatura

tion, to prevent dehydration of the electrolyte. Every part in contact with the electrolyte was 

constructed of PTFE with the exception of the nylon wick used in the Luggin capillary. This 

wick was found to be essential at the higher concentrations to maintain contact with the refer

ence electrode and to prevent flow between the two chambers. A bubbling hydrogen reference 

electrode was used instead of the DHE due to a severe lack of stability in low-pH carbonate 
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electrolytes observed with the latter. Under all conditions the reference electrode was mam

tained at the same temperature and water vapor pressure as the working electrode. The active 

part of the RHE was either a high-area platinized platinum gauze or a piece of a supported 

platinum-on-carbon fuel cell electrode partially immersed in the electrolyte. A small flow of H2 

was bubbled continually through the electrolyte in the reference electrode compartment and out 

though a gas trap. 

Electrolytes were prepared from the ultrapure salts listed in Section 4.2.1, but no preelec

trolysis was carried out. The KOH concentrations were checked by dilution of 1 ml samples, 

acidification and back titration. Total carbonate in the ~C03 electrolytes was determined by 

dilution of 1 ml samples, precipitation (by addition of BaC12), drying and weighing of BaC03• 

RRDE experiments were carried out at room temperature in the manner discussed previ

ously. However, the all-PTFE electrode is unsuitable for high-temperature kinetic measurements 

since the PTFE tends to flow if held for a long time at elevated temperature. Upon cooling, 

leaks form between the metal electrode and the PTFE, which doesn't return to its original shape. 

A new rotating disk electrode was designed and built with a nickel shaft and outer removable 

ring. The platinum disk was enclosed in a small piece of Kel-F and had an area of 0.71 cm2 . 

The ring, which was removed when polishing the disk, enables the Kel-F spacer to maintain its 

shape. No leakage was detected after several experiments to 95 ·c. 

The ROE current-potential sweeps were controlled and measured with a PAR 273 poten

tiostat. This instrument in turn was controlled by an IDM PC through a GPID bus. Data were 

analyzed with the programs discussed previously. 

4.3.2. Subtraction of Background Currents 

The extremely low solubility of oxygen in high-concentration electrolytes reduces the 

measurable cathodic OR currents to the order of magnitude of the anodic platinum oxidation 

currents, even at low sweep rates. Therefore, the anodic background currents were measured in 

the absence of oxygen (with the electrode subjected to each of the profiles intended for OR study) 
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and then subtracted from the currents measured with oxygen-saturated solution. Background 

curves recorded at 900 rpm with an anodic sweep profile (A) and a cathodic sweep profile (C) in 

5.4 M KOH under N2 atmosphere are shown in Figure 4-19. Figure 4-20 shows RRDE data 

recorded with the same two profiles along with the corrected disk currents. In most cases, back-

ground currents were recorded before the electrolyte was saturated with oxygen. In this case, 

rotation of the electrode showed little effect, and curves at an intermediate rotation speed (900 to 

1600 rpm) were used. In some cases it was necessary to record the background curves after some 

of the OR experiments (when several temperatures were investigated). In these cases, background 

data were recorded on the stationary electrode because of the difficulty of removing traces of 

oxygen remaining in the solution. 

4.3.3. Analysis of RRDE and ROE Data with Multiple Reactions 

With an RDE, only the "global" reaction rate can be measured. The equations used in 

Chapter 3 for the analysis of data were valid for a single reaction only. In the presence of a 

significant fraction of the current passing through a parallel pathway, the correction for mass 

transfer by extrapolation takes on a different meaning. With the 3-rate-constant model of Dam-

janovic, we can recompute the form of this correction. If the current due to step three is small 

compared to the sum i1 + i2, the following replacement for Equation 2-17 can be obtained by 

combining Equations 2-13 and 2-15 

1 = (4-9) 

When k2 = 0 this reduces to the classical relation in Equation 2-12, f~r a single reaction. When 

k2 ~ 0, plots of 1/id vs 1/w'lt should still be linear, but the slope may be a function of potential. 

This analysis points out the problem of using Equation 2-12 to calculate kinetic currents with 

the value of the Levich slope B from limiting current data. This analysis also suggests that non-

linear plots of 1/id versus 1/w'lt may be due to multiple reaction paths rather than to impurities. 
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The analysis of the RRDE results in the high-concentration KOH electrolyte, according to 

the three-step model, and Equations 2-17 and 2-18, was unsatisfactory (yielding negative rate 

constants over part of the potential range studied) in many cases, even though the diagnostic 

plots were relatively linear. This could be due to the compound errors involved with the subtrac-

tion of background currents and the digital averaging of small signals. However, it seems more 

likely that this is an indication that the three-step reaction scheme is too simple. More-complex 

schemes could be proposed as discussed in Chapter 2; however the relatively small amount of 

data (four rotation speeds for each experiment in most cases) does not warrant numerical fitting 

to calculate rate constants. The kinetic interpretation given here will be based on three factors: 

(i) i~ computed from the RRDE data is an indicator of the total rate of oxygen conversion 

through the parallel pathways if all peroxide were reacted to water. (ii) The potential depen-

dence of i; will be intermediate to that of the two pathways. {iii) The maximum percentage of 

oxygen reacting through the 2-electron pathway can be estimated from 

{4-10) 

at the potential where the ring current is a maximum. Plots of the ratio of J2jS2 

{intercept/slope of the plot of IdNcllr versus w111
) against potential will be used as an indication of 

the rate of the further reaction of peroxide, as suggested by Appleby and Savy {23) for several 

lumped-parameter mechanisms. 

4.3.4. General Results for Concentrated Electrolytes 

Figure 4-21 shows the measured Levich slopes for both KOH and K2C03 electrolytes as a 

function of concentration. A log scale is used for the ordinate since C~ depends on log Cs&I~ (see 

Equation 4-8) and 0 02 is a much weaker linear function of electrolyte concentration. The solid 

curve, calculated from literature data for KOH for n = 4, compares quite well with the observed 

values. These data were obtained from the slopes of plots of 1/i; according to Equation ~-17. 

Table 4-5 lists the values of these Levich slopes and physical properties for the electrolytes 
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discussed in this section. 

Figure 4-22 shows a comparison of the kinetic current densities calculated from the 

background-corrected data in Figure 4-21 using the procedures discussed in Section 4.2 and 

Equations 2-17 and 4-9 to determine i~ and ik, respectively. The anodic sweep data generally 

show two to three regions of Tafel behavior whereas the more oxidized surface generated by the 

Table 4-5: Experimental and Predicted Levich Slopes 
Part A: KOH Electrolytes 

Cone. Levich slope Electrolyte Properties 
(mA-sec'"'/cm2) 

D6JC106 / ,l 
(mol/1) Co2 

EXP. PRED. 
__ g 

3.w cwa~r 
02 (cm2/sec) (g/cm3

) (cp) 

0.1 0.420 0.440 0.971 1.87 1.00 1.01 0.997& 

0.5 0.358 0.354 0.818 1.74 1.025 1.06 0.983& 

1.0 0.273 0.278 0.669 1.65 1.045 1.12 0.961c 

3.3 0.087 0.0863 0.265 1.20 1.12 1.47 0.822c 

5.4 0.028 0.028 0.114 0.818 1.24 1.94 0.67lc 

6.9 0.0103 0.0122 0.063 0.607 1.29 2.4 0.578c 

Part B: K2C03 Electrolytes 

Cone. Levich slope 
(mA-sec"'fcm2) 

(moljl) EXP. 

0.1 0.422 
0.5 0.292 
1.0 0.173 
2.0 0.049 
4.0 0.0046 

astokes and Robinson (74) 
bSalting-out Correlation (73) 
~acdonald et al. (75) 
dRoy et al. (76) 

emeasured by volumetric technique 
rFalk and Salkind (78) 

gGubbins and Walker (79) 

Electrolyte Properties 

c pe 
~b 3-wd 
cwa~r (g/cm3) 02 

0.918 1.0 0.995 
0.560 1.0 0.979 
0.423 1.120 0.956 
0.179 1.203 0.899 
0.032 1.385 0.709 

amr 

(mol/kg) 

0.07a 
0.36a 
0.74c 
6.8c 

22c 
41c 

d 
amr 

(mol/kg) 

0.0022 
0.0036 
0.0049 
0.0083 
0.033 
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cathodic sweep usually exhibits a very steep rise to a potential·insensitive current below about 

800 m V. The higher·slope region at very low current densities, noted for the cathodic sweep 

experiments in Section 4.2, disappears at concentrations greater than 0.5 M in both KOH and 

4.3.5. OR Dependence on KOH Concentration at 23 • C 

Table ~6 lists Tafel slopes, potential ranges over which they are valid, values of i~ at 700 

and 900 m V versus RHE and the maximum percentage of peroxide generated for the KOH elec· 

trolytes tested. Exchange current densities are not reported because of the uncertainty involved 

in the long extrapolation to E0
• Figure ~23 shows the potential dependence of kinetic current 

density at several KOH concentrations measured with anodic and cathodic potential profiles. 

These data were not corrected for differences in 0 2 solubility, only electrode area. In order to iso-

late the effect of hydroxide concentration, a "normalized" current density, i~0 was calculated 

according to 

Cone. 
lmol/1) 

0.1 
0.5 
1.0 
3.3 
5.4 
6.9 

Cone. 
(mol/l) 

0.5 
3.3 
5.4 
6.9 

Table ~6: Kinetic Parameters in KOH Electrolytes 
Part A: Anodic Profile Experiments 

i~ (mA/cm2l Tafel Slope Potential Range 
@700 mV @900 mV (mY/dec) (mY) 

15.8 0.123 64 800.925 
11.7 0.197 67 880.950 
10.7 0.203 76 860.920 
3.3 0.304 40 900.970 
1.52 0.398 41 910.960 
1.23 0.431 34 930.990 

Part B: Cathodic Profile Experiments 

i~ (mA/cm2l Tafel Slope Potential Range 
@700 mY @900 mV (mY /de~) (mY) 

14.0 0.098 47 880.910 
3.7 0.35 29 910.950 
1.86 0.51 34 910.980 
1.76 1.02 28 920.970 

%H202 
@max 

1.4 
0.76 
0.95 

22 
31 
32 

%H202 
@max 

1.3 
15 
28 
32 
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(C~)water ·• 
= 'l 

( C~llectrolyte k 
(4-11) 

Regular and normalized kinetic current densities at 700 and 900 m V vs. RHE are shown in Fig-

ure 4-24a and b. The value of i~ can be seen to increase with concentration at 900 m V vs. RHE .. 
and decrease with concentration at 700 m V. After correction for the difference in oxygen concen-

tration, i~0 at 700 m V exhibits a minimum in activity around 3.3 M. The data from Figure 4-

24b are replotted in Figure 4-25 as a function of hydroxide ion activity. At 900 mV, the normal-

ized OR activity is almost a linear function of hydroxide activity for both surfaces up to 5.4 M 

KOH. The dependence of the maximum percentage of peroxide on KOH concentration is shown 

in in Figure 4-26. 

Figures 4-25 and 4-26 both show a change in concentration dependence at approximately 

3.3 M KOH coincident with the change in the potential-dependence of the oxide coverage noted 

in Section 4.1. The Tafel slope for these experiments can also be seen to drop from around 60 

m V /decade at low current densities and low concentrations to around 30 to 40 m V /decade in the 

higher-concentration electrolytes. A Tafel slope of 30 mV /decade is indicative of 02fH02 couple 

at pseudo-equilibrium. Such a mechanism is very much different from the model of Damjanovic. 

Therefore, it is not surprising that the simple 3-reaction lumped-parameter model fails at the 

high concentrations. 

J plots for some of the high-concentration experiments are compared in Figure 4-27. In 

dilute electrolytes, the rate of further reduction of peroxide, k3, was seen to decrease as the elec-

trode surface became more oxidized. From Figure 4-27a it appears that the rate for further reac-

tion of peroxide is highest at the intermediate concentration of 3.3 M. These data are noisy 

because of the error involved with extrapolation to 1/w""-o, compounded with the subtraction 

of background currents, etc. 

It appears now that a more-aged oxide structure results in lower rates of peroxide con-

sumption. This was evident in the decrease of k3 in going from profile Cl to 02 in the dilute-
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electrolyte studies. It can also be inferred from the lowering of the sum k3 + k4 shown in these 

J-plots coinciding with the change in platinum oxidation mechanism as noted in Section 4.1. 

4.3.6. OR Rate Dependence on K
2 
CO 

3 
Concentration at 23 o C 

Figure 4-28 shows the Tafel behavior for OR in K2C03 at several concentrations and from 

two potential profiles. Tafel slopes and kinetic current densities are listed in Table 4-7 for 

K2C03• Kinetic current densities, at 700 and 900 mY, corrected for the dramatic changes in 

oxygen concentration (according to Equation 4-11), are shown in Figure 4-29. The activity at 

both potentials generally increases with concentration in contrast to the results at the low poten-

tials in KOH, which showed a minimum at a concentration of about 3 M. The maximum percen-

tage peroxide current was less than 1% for cathodic sweep experiments performed at 1 and 2 M 

and essentially zero for all of the anodic sweep experiments (Ir < O.lJlA). 

4.3.7. KOH versus K
2
C0

3 
at 23 o C 

Whereas i~ has mechanistic significance, the truer measure of the observable mass-

transfer-corrected current density, ik, will be used to compare the rates of oxygen reduction in 

Cone. 
(mol/1) 

0.1 
0.5 
1.0 
2.0 
4.0 

Cone. 
(mol/1) 

0.5 
1.0 
2.0 

Table 4-7: Kinetic Parameters in K2C03 Electrolytes 
Part A: Anodic Profile Experiments 

i~ (mA/cm2
) Tafel Slope 

@700 mY @900 mY (mY_Ldec} 

22 0.293 76 
18 0.349 69 
19 0.286 58 
7.1 0.217 66 
1.8 0.064 51 

Part B: Cathodic Profile Experiments 

i~ (mA/cm2) Tafel Slope 
@700 mY @900 mY (mY/dec) 

14 0.0058 47 
19 0.086 58 
9.9 0.109 56 

Potential Range 
(mY) 

830-950 
860-980 
880-950 
860-980 
900-960 

Potential Range 
(mY) 

770-850 
860-920 
810-960 
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KOH and K2C03• Figure 4-30 shows ik and i~ as functions of electrolyte concentration for the 

two salts. At low concentrations, K2C03 shows higher OR currents as we reported earlier (109). 

At an electrolyte concentration above 3 N, the low solubility of oxygen limits the activity in 

K2C03• When normalized to the oxygen concentration in pure water, the activity for OR in 

K2C03 is greater than in KOH. The dramatic rise in OR rate in KOH noted in Figure 4-24 is 

countered by the reduction in the rate of further reaction of the peroxide. ~C03 has an addi

tional advantage over KOH, because peroxide has been suggested to be detrimental to carbon

supported electrodes. 

4.3.8. Temperature Dependence of Oxygen Reduction in Concentrated Alkaline Elec

trolytes 

Oxygen reduction experiments were performed at three or four temperatures in 1.0 M 

KOH, 1.0 M K2C03, and 6.9 M KOH. In all cases the hydrogen reference electrode was held at 

the same temperature and water vapor pressure as the working electrode. Levich slopes are 

shown as a function of temperature in Figure 4-31. In all three electrolytes a maximum is 

observed due to the competing effects of oxygen solubility and diffusivity. In pure water, C02 

decreases with T and Do
2 

increases with T. Data for C02 and 0 02 at various temperatures are 

not available for either KOH or K2C03 solutions. 

The kinetic behavior expected for the oxygen cathode in a fuel cell is directly demonstrated 

by kinetic current density plots without corrections for water vapor pressures. Figure 4-32 

shows i~ for 1 M K2C03 and 6.9 M KOH at several temperatures. In both electrolytes the high

current-density region shows little dependence on temperature, and the Tafel region shows a 

minimum activity at an intermediate temperature around 50 ·c. Both electrolytes show a nega

tive effect of temperature in the Tafel region. 

In order to obtain any mechanistic information, data must be corrected to a constant refer

ence electrode potential and oxygen pressure. According to the Nernst equation for the hydrogen 

electrode in alkaline media 
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RT [ a.,y(T) 7KoH(Trer) l 
Erum(T) - ERHE(Trer) = --F 2ln (T ) - lnpH2 + 2ln (T) 

2 3.w ret "YKOH 
( 4-12) 

where "YKOH is the mean ionic activity coefficient for KOH and 3.w is the water activity. Activity 

coefficients and water activities are available from at least two sources for KOH at temperatures • 

up to 120 ·c (74,75). However, values from these sources differ significantly at the higher tern-

peratures and concentrations. Corrections were made to the KOH data with the activity values 

listed in Table 4-8. Only room-temperature data are available for K2C03• Water activities vary 

only slightly with temperature in most electrolytes, so corrections were made with the room-

temperature value of 3.w and t.he appropriate vapor pressures of pure water. Table 4-8 lists Tafel 

slopes and current densities at 900 mV vs RHE at 25 ·c. The dependence of Tafel slope on tem-

perature is not large. The most significant conclusion from these data is that even though OR 

may be an activated process, as indicated in the literature, the decrease in oxygen solubility, and 

possibly changes in the oxidation state of the platinum, combine to render a small negative tern-

perature effect in both KOH and K2C03• There may be other factors such as heat and water 

rejection requirements that necessitate the use of elevated temperature, but there seems to be no 

kinetic reason for it in the temperature range 25-90 ·c. 

4.4. Conclusions 

Cyclic voltammetry is a useful tool for the characterization of the platinum surface for the 

study of oxygen reduction in electrolytes of various concentrations. In alkaline electrolytes, 

roughness factors calculated by integration of the hydrogen region of the voltammogram are 

probably low due to interference by the platinum oxidation/reduction reaction. The amount of 

oxide and rate of formation at a given potential are functions of hydroxide ion activity and 

should be studied more fully. The amount of oxide on the surface during an OR experiment is a 

strong function of the potential-time profile and the surface cannot be regarded as reduced, 

except possibly in very fast anodic sweep or potential step experiments. Anodic and cathodic 

sweeps may also result in surfaces with different oxide structures and/or stoichiometries. 



Thermodynamic Properties 

T PH~ AEam; 
c ·c) a.. 1KOH (atm.) (mV) 

l.OMKOH 

25 0.961 0.562 0.030 0.4 

45 0.963 0.434 0.086 8.2 
66 0.965 0.324 0.250 20 

6.9MKOH 

25 0.578 5.4 0.018 0.2 
54 0.607 3.5 0.089 15 
70 0.614 3.0 0.189 22 
90 0.623 2.7 0.404 33 

1.0MK2CO!i 

25 0.956 0.715 0.03 0.4 
49 - - 0.11 2 
73 - - 0.33 6 
90 - - 0.66 17 

!Experiment not done 

Table 4-8: Summary of Variable-Temperature Experiments 

Anodic Profile 

Lev.Slope ik(.9VvsRHET) Tafel Slope E-Range 

(mA-sec"'/cm2) (mA/cm2) (mV /dec) (mV) 

0.273 0.112 76 860-920 
0.323 0.096 49 830-920 
0.318 0.239 74 870-940 

0.0121 0.044 30 940-990 
0.0162 - - -
0.0197 0.023 43 850-910 
0.0175 0.027 83 890-950 

0.165 0.440 38 910-950 
0.196 0.278 47 880-920 
0.161 0.321 49 880-940 
0.120 - - -

Cathodic Profiles 

ik( .9VvsRHET) Tafel Slope 

(mA/cm2) (mV/dec) 

I I 

0.019 41 
0.038 49 
0.0191 45 
0.0039 41 

0.057 48 
0.036 43 
0.082 55 

- -

E-Range 
(mV) 

I 

910-980 
890-970 
860-950 
830-920 

800-920 
800-910 
780-920 

-

..... 
0 
(M 
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In all of the alkaline electrolytes studied here, the amount of peroxide formed with 

cathodic sweep profiles was greater than that formed with anodic sweeps. In general the rate of 

the 2-electron pathway is accelerated by the presence of oxide on the surface and the rate of the 

4-electron reaction is slowed. In dilute electrolytes, increases in carbonate concentration and 

decreases in pH suppress the rate of the 2-electron pathway, in agreement with the results of 

Appel and Appleby (36). 

In concentrated electrolytes, measured disk currents must be corrected for background 

currents due to platinum oxidation or platinum oxide reduction before kinetic results can be cal

culated. Corrections for mass transfer in the presence of parallel reactions may be carried out by 

extrapolation of plots of 1/id versus 1/wv. to infinite rotation speed for certain cases of mechanis

tic parameters. 

The following phenomena were found to occur at a KOH concentration near 3.3 M: i) a 

change in the platinum oxidation mechanism as indicated by the amount of oxide formed at a 

given potential passing through a maximum. ii) a minimum in the normalized high-overpotential 

kinetic current density iii) a decrease in the rate of further conversion of peroxide during OR, 

and iv) an increase in the amount of current passing though the 2-electron OR path'Yay. The 

last two phenomena may couple to increase the local concentration of peroxide with the result 

that the 2-electron pathway approaches a quasi-equilibrium state, as indicated by a decrease in 

the Tafel slope to about 30 mY/dec in some cases for an oxidized surface. 

Finally, kinetic current densities normalized using the concentration of oxygen in pure 

water are somewhat higher in K2C03 than in KOH when compared at the same electrolyte con

centration and potential (vs. RHE). Peroxide production is significantly lower in the carbonates 

and should result in a longer electrode life. However, the actual currents attainable in a car

bonate electrolyte probably will be lower than in KOH at the same concentration because the 

oxygen solubility in this electrolyte is lower by a factor of almost one third. 
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Chapter 5 

Fuel Cell Cathode Studies 

in Alkaline Electrolytes 

5.0. Introduction 

In Chapter 4 we reported kinetic studies of the oxygen reduction (OR) reaction on smooth 

platinum electrodes in alkaline fuel cell electrolytes. The large areas of electrocatalyst necessary 

for a practical fuel cell are obtained by dispersing very small crystallites of platinum on a sup

port material of suitable conductivity, stability and pore structure such as graphitized carbon. 

In this chapter, we present studies of the reduction of oxygen in K2C03 as compared with KOH 

in this more-complex electrode structure. 

The reduction of oxygen on platinum in a supported porous electrode structure such as 

that shown in Figure 1-1 involves several limiting factors besides kinetics. The rate of mass

transfer of the reactants and products to and from catalyst sites is much less well understood 

than in the case of the rotating disk electrode discussed previously. Finite values of electrical 

conductivity in the solid phase and ionic conductivity in the liquid phase may also affect the 

measured performance. We have studied the performance of this type of electrode as a function 

of electrolyte composition, temperature, and oxygen partial pressure. 

Section 5.1 presents a review of the literature related to this topic, including performance 

studies, catalyst-support interactions and particle size effects on electrocatalysis. The chemistry 

of the aqueous carbonate system will also be reviewed in this section. 

In Section 5.2 the electrodes, electrolytes and the design of the half-cell used in these stu

dies are described. Experimental techniques and their implications for the results are also dis

cussed. 
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Section 5.3 presents the cyclic voltammetry results through which we obtain an indication 

of the degree to which the electrolyte wets the electrode, and the local electrolyte composition. 

Composition changes, in the case of carbonate electrolytes, are found to be extreme and are 

responsible for most of the added polarization observed with this electrolyte when compared to 

KOH. The examinations of the electrodes with optical and scanning electron microscopy (SEM) 

are also presented in this section. 

Section 5.4 reports our oxygen cathode performance measurements in KOH electrolytes 

under various conditions. Comparisons are made with the kinetically-limited currents reported in 

Chapter 4. 

Section 5.5 presents the performance studies in several concentrations of K2C03• Also 

included in this section are studies carried out with the addition of C02 to the oxygen stream as 

one way to control the buildup of hydroxide anion in the pores of the electrode. 

Section 5.6 presents a summary of the results obtained, and suggestions for modeling and 

further work. 

5.1. Previous Work 

Several works have been devoted to determining the optimum structure for a porous 

PTFE-bonded gas-diffusion electrode (GDE), and manufacturing techniques required to attain 

that structure (80-84,87,88). The performance of the type of electrode shown in Figure 1-1 has 

been studied extensively in acid electrolytes. The related areas of crystallite size effects and 

catalyst-support interactions have been studied primarily in acid electrolytes. These areas will be 

reviewed separately. The various mathematical treatments of GDE performance will be 

reviewed in Chapter 6. 
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5.1.1. Performance and Structure 

Kordesch et al. {80) provide a good outline of the various aspects involved in producing a 

porous GDE and some performance data to go along with various techniques. The choices 

include type of carbon support, catalyzation method, heat treatments, the number of layers, 

binder content, catalyst loading, and thickness of the active layer, all of which can be varied 

independently. Most performance studies are involved with these last few parameters and their 

effects on electrode polarization and lifetime. 

Some recent studies correlating microscopic phenomena with electrode life and polarization 

have been carried out. Vielstich and Holze {82) used impedance techniques to measure charge

transfer resistances and "double-layer" capacities Cd1 of their electrodes. They were able to 

correlate decreases in cdl with increases in electrode fabrication pressure, increases in binder con

tent and increases in electrode age. However, their measured values were extremely low, indicat

ing that they were only detecting about 0.2% of the electrode area as measured with BET. 

Olender et al. {85) and later Singer and Srinivasen (86) used cyclic voltammetry to measure the 

area of platinum in contact with the electrolyte by integrating the hydrogen-region currents for 

the charge due to hydrogen adsorption in acid electrolytes. Neither group reported voltammo

grams with any significant peak definition. 

Watanabe, Motoo and various co-workers have made comprehensive studies of the relation

ship between performance and the structure of their new electrodes {87,88). They measured two 

ranges of pore sizes in PTFE-bonded Pt on carbon electrodes made with their new process and 

were able to correlate performance, utilization, and pore-size distribution with PTFE content. 

They utilized cyclic voltammetry on electrodes made with and without PTFE to measure utiliza

tion based on the platinum on the exposed surfaces of the carbon instead of platinum weight, 

although they did not show any voltammograms. 

Kunz and Gruver {89) studied GDEs made of 5 to 15% Pt on XC-72 carbon black from 

Cabot corporation. They reported 220 m2jg BET surface area for this support and deposited Pt 
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from a chloroplatinic acid solution. They measured crystallite sizes of 1.6 to 3 nm with transmis

sion electron microscopy (TEM), which corresponds to 109 to 175 m2/g for spherical particles. 

This agrees quite well with other authors' results for this type of catalyst (90). They measured a 

lower area (60 to 70m2/g) with cyclic voltammetry after fabrication into a PTFE-bonded elec

trode because of incomplete wetting, coverage and electrical isolation of a fraction of the Pt par

ticles. Kunz and Gruver found good agreement between kinetic currents measured on smooth Pt 

for OR in 96% H3P04 and currents measured with a porous electrode. 

5.1.2. Platinum Particle Size Effects 

The major factor limiting cathode performance in any low-temperature fuel cell cathode is 

the kinetics of the reac~ion. For this reason, any changes in the structure and environment of 

the electrocatalyst are expected to play a role in the performance. 

Lundquist and Stonehart studied particle size effects on platinum oxidation and reduction 

in 1 M H2S04 (91). At low potentials ( < 1.2 V) they found no difference in oxidation rates for 

supported Pt, Pt black and Pt sheet. However, at relatively high oxidation potentials (1.4 V) 

and short times (low coverages) they found lower oxidation rates on the smaller Pt particles. 

They did not attribute this to steric effects due to the smaller amount of room for oxygen atoms 

inside the particles because their conclusions were based on low-coverage data. These authors 

also studied the reduction of the oxide formed on small Pt particles. They noted, as did Ross (13) 

and Peuckert et al. (92), that as Pt particle size is decreased, the cyclic voltammetry peak 

corresponding to oxide reduction in acid electrolytes shifts to a lower potential (for a more 

irreversible process). This is attributed to the higher surface energies on the smaller particles 

(due to higher curvature) through higher heats of adsorption (13) or though higher fractions of 

the oxide drawn inside the particles (91). 

The dependence of OR rates on particle size has been studied by several authors (13,92-97). 

Blurton et al. (96) and Bregoli (97) found a decrease in activity for OR in acid electrolytes when 
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the Pt particle diameter was less than 3nm. This conclusion was supported recently by Peuckert 

et al. (92). In all of these works, particle size was inferred from surface area measurements, 

which can only reflect average particle size, and OR activity was compared at low overpotential 

to avoid complications due to mass-transfer effects. Luss (98) found activity measurements to be 

distorted when the distribution of particle sizes is wide. Another complication to these conclu

sions is that very small particles tend to "sinter" when cycled electrochemically as noted by 

Stonehart and Lundquist (91), and have different crystallographic surface structures as discussed 

by Ross (13). 

Pt particle sizes for the catalysts used in this work are assumed to be time-invariant and in 

the range of 2 to 3 nm as measured by Kunz and Gruver with TEM (89). 

5.1.3. Catalyst Support Activity and Interactions 

In the case of any supported catalyst, there is the possibility of the support material show

ing activity for the reaction being catalyzed (or electrocatalyzed) as well as interactions between 

the small particles of catalyst and the large-area support. All of the authors cited above, who 

used Pt supported on carbon along with Pt black and Pt sheet in their studies of size effects, 

found results related solely to particle size, indicating an absence of influence from the support 

material. As mentioned above, however, particle-size-effect studies are carried out at low overpO

tentials where carbon activity for OR is low. Appleby and Marie (99) studied the kinetics of OR 

on several types of carbon materials. They looked at the effects of BET area, pH, oxygen pres

sure and temperature. OR on carbon is known to proceed to peroxide which must then be tran

sported away from the reaction site. They measured concentration-dependent Tafel slopes for 

this process that decreased from 80 to 100 m VI decade to 40 m VI decade as KOH concentration 

increased from 1 to 6N. The transition pH for this change in Tafel slope was found to increase 

with decreasing carbon surface area. This was explained by a change in the rate-determining 

step as a function of water activity and solid surface area to electrolyte volume ratio. Different 
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carbons were compared on a weight basis due to the uncertain connection between BET surface 

area and the surface area actually wetted by the electrolyte in a PTFE-bonded structure. The 

medium-area furnace blacks (80 to 250 m2/g BET area as received) all showed Tafel slopes of 45 

to 62 m V /decade in 6N KOH at room temperature. The closest in area to the Vulcan XC-72 

used in this study showed an activity of about lmA/mg at 900 m V vs RHE under these condi- .. 
tions. This activity will be compared with our results for platinum-catalyzed electrodes in Sec-

tion 5.4.1. 

Sodium and potassium carbonates are used frequently in the laboratory as buffer reagents. 

The two equilibria written from the point of view of alkaline electrolytes are 

Ky 
HC03 + H20 - H2C03 + OH- {5-1) -

Kn 
co; + H2o - HC03 + OH- {5-2} -

where these reactions are instantaneously fast and the thermodynamic equilibrium constants, at 

25 ·c, are 

Ky 
~HiJOa amr 

4.7X1011 M = = 
~co; a.. 

(5-3} 

Kn 
~co; amr 

4.69X103 M = = 
aC03 a.. 

(5-4} .. 
and a... is the water activity. The observed or "apparent" equilibrium constants expressed in 

terms of concentrations will depend on the activity coefficients of the individual ions and the 

activity of water. The thermodynamics of aqueous carbonate solutions must be treated with 

mixed electrolyte theories because of reactions 5-l and 5-2 {100}. Data predicted for potassium 

carbonate over a wide range of concentrations have recently been published for solutions at room 
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temperature (76). The pH and water activity of aqueous K2C03 and KOH solutions are com

pared as a function of nominal salt molality in Figure 5-l. The second dissociation constant Krr 

and other thermodynamic parameters and data are discussed in Appendix A. 

5.2. Experimental Apparatus and Procedures 

5.2.1. Cell Design 

The cell used to study the performance of oxygen fuel-cell cathodes was inspired by that of 

Watanabe et al. (77). All of the parts in contact with the electrolyte were constructed of PTFE. 

A diagram of the cell is shown in Figure 5-2 and a photograph, including some of the accom

panying hardware is shown in .Figure 5-3. The working electrode (WE) was held with a plati

num mesh current collector and two FEP gaskets between the two bottom plates of the cell, 

which have circular openings of lcm2. Test gases may be passed behind the WE through the gas 

chamber or used to purge the electrolyte above the WE. The counter electrode was a large-area 

Pt gauze with a hole in the center to allow passage of the Luggin tip from the reference chamber. 

The reference electrode chamber is threaded into the top plate for precise positioning with 

respect to the WE. The bubbling hydrogen reference electrode was described in Section 4.3.1, 

and as in the previous cell, the Luggin capillary contained a nylon wick to prevent flow between 

the two chambers. The electrolyte in the reference chamber was checked and replaced frequently 

with fresh solution, especially during the higher-temperature experiments, in order to insure a 

composition identical to that of the bulk electrolyte. 

The cell was heated through the thin cell wall with heating tape and from the bottom with 

an aluminum plate fitted with cartridge heaters. The temperatures of the heating tape, plate 

and bubbler heating block were controlled with on-off controllers (made in-house) at tempera

tures no higher than 200 ·c. Temperature was monitored in the H2 bubbler, in the bulk electro

lyte and at a position in the lower PTFE block near to the WE with thermocouple probes. 
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About 1.5 hours were required for heat-up to 100 ·c, but the temperature was easy to maintain 

because of the low thermal conductivity of the PTFE parts. The most difficult problem with 

high-temperature experiments was maintenance of the electrolyte composition. Samples of 1 ml 

were taken from the reference and electrolyte chambers periodically and their concentrations 

were checked as discussed in Section 4.3.1. 

5.2.2. Electrolytes and Gases 

Electrolytes were prepared from reagent-grade KOH and K2C03 (Mallinkrodt) and deion

ized water, which passed through 2 columns each of "Universal" and "Research" ion exchange 

resins from Cole-Parmer Instrument Co. 0 2 (99.96%) and N2 (99.999%) were used as received 

from Pacific Oxygen Co. Certified standard gas mixtures containing N2 with 4.13%, 20.28% and 

58.66% 0 2, and 0 2 with 173 ppm, 0.17% and 1.57% C02 were obtained from Matheson Gas 

Products. All gases were bubbled through electrolyte at the same conditions as the working elec

trolyte to prevent dehydration and control water transport. The bubbler solutions for the C02-

containing test gases were adjusted to the same C02 equilibrium pressure by the addition of 

KHC03 (according to the data of Roy et al. (76)), and then water activities were matched as well 

as possible. The electrochemical measurements made with this cell were independent of the gas 

flow rates to either the reference or working electrode chambers. These flow rates were therefore 

maintained as low as possible ( < 0.5 cc/min) and moni~red by passing exit streams through a 

water trap . 

5.2.3. Electrodes 

Most of the electrodes tested in this work were cut from one 7.5 em by 7.5 em piece of Pro

totech PC-206 fuel cell electrode (designated as P20, P23 etc) . This electrode contains a thin 

" active" layer supported on a thicker gas-supply layer. The catalyst in the active layer is 10wt% 

Pt on Vulcan XC-72 furnace black which is prepared by Prototech using a colloidal method 

described in the patent literature ( 101 ). Before teftonation , this catalyst contained about 
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120m2 jg platinum when measured by CO adsorption {90) . A weight of 5 ±0.5 mg of the catalyst 

was mixed ultrasonically with 30 wt% PTFE to form the active layer. This layer is filtered or 

pressed onto a hydrophobic piece of carbon Stackpole PC206 paper {25% by weight PTFE) 

about 0.4mm thick, which serves as the gas-supply layer. 

Electrodes L24, L27 and L28 were prepared by Mr. Lee Johnson of Lawrence Berkeley 

Laboratory following techniques similar to those of Prototech. Electrodes EM-A and -B were 

obtained. from Electromedia Inc. The active layer of EM-A was made following the suggestions 

of Watanabe et al. {102) and "united with a hydrophobic gas-supply layer." EM-B was a single-

layer electrode of Electromedia's design. 

Catalyst layer thicknesses were measured from optical micrographs, as shown in Figure 5-4 

for a new Prototech electrode. These values along with composition and all available parameters 

are shown in Table 5-l. A scanning electron micrograph {SEM) of the surface (uncoated) of a 

new Prototech electrode is shown in Figure 5-5 at two magnifications. The small carbon 

agglomerates are approximately 0.1 to 0.2 Jlm , in agreement with the measurements of Stonehart 

and Klinedinst {103). 

Electrodes were cut with a #7 cork borer (diameter 1.335 em) and rinsed with water before 

soaking in the working electrolyte, catalyst-side down for at least one day prior to the experi-

ment. 

Table 5-l: Gas Diffusion Electrode Characteristics 

Composition of Active Layer 
Manufacturer Designation Pt Carbon Teflon Thickness 

(mg/cm2) (mg/ cm2) (wt%) (mm) 

Prototech Co. p 20-23,26,29 0.5 4.5 30% 0.10-0.12 
LBL L 24 0.5 4.5 34% 0.07 
LBL L 27 0.25 2.5 34% 0.05 
LBL L 28 0.25 7.5 34% 0.09 

Electromedia Inc . EM-A ? ? ? 0.10 
Electromedia Inc. EM-B ? ? ? 0.30 
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Figure 5-4 : 

Optical micrograph of Proto tech electrode: ~ 0.01" 
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Figure 5-5: 

XBB 870-8828 

SEM of active layer of new Prototech electrode at 20kV. 
(a) 15,000 X: t-----i 662nm 
(b) 50 ,000 X: t----t lOOnm 
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5.2.4. Electronics 

Galvanostatic polarization curves and voltammetric triangular potential sweeps were gen

erated, control:ed, measured and then stored with a PAR Mode~ 273 Potentiostat/Galvanostat. 

This instrument was in turn controlled by an interactive Basic program running on an IBM PC 

through an Nati:>!lal Instruments GPIB parallel interface. The analog-to-<!igital converter in the 

P AR273 yielded measurements that were about 0.65% high. This value was checked at the 

beginning of each experiment, and the data were corrected accordingly. 

The potentiostat contained an automatic current-interrupt circuit for the measurement of 

the uncompensated solution resistance, R.n, between the WE and theRE. In potentiostatic mode, 

the current was interrupted for a total of 190 psec. The potential was measured at 10 and 20 

psec following the interruption, and a value for the potential drop due to IR0 was calculated by 

extrapolation to zero time. 

5.2.5. Experiment Design 

Cyclic voltammetry measurements were made with triangular potential sweeps at 50 

m V /sec, while Nz flowed through the gas chamber and the Luggin tip was positioned so that the 

non-conducting wick just touched the WE surface. This position resulted in the sharpest vol

tammetric peaks with minimal over-compensation in potentiostatic control. The areas under the 

peaks were relatively insensitive to the position of the Luggin tip . 

The charge due to hydrogen desorption was measured by first cycling at least twice 

through the window of electrolyte stability (between Hz and Oz evolution potentials) followed by 

three cycles between the onset of Hz evolution and an anodic potential in the double-layer region 

(usually about 500 mV vs. RHE) to ensure complete reduction of the platinum oxide formed dur

ing the full sweeps. The third cycle through this potential region was recorded digitally , and the 

anodic portion was integrated numerically as indicated in Figure 2-1. 
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Stable rest potentials with 100% 0 2 flowing through the gas chamber were recorded after 

30 to 45 minutes. Steady-state polarization curves were recorded galvanostatically by stepping 

the current incrementally from 0.02 rnA to a maximum current of either 100 rnA or 1 A 

(cathodic direction) or by starting at the high current and stepping down (anodic direction). The 

potential was measured at 30-second intervals until three successive measurements fell within 1 

m V. Current, potential and the time required to reach steady-state potential were recorded by 

the computer for subsequent analysis. The polarization curves were measured with the reference 

tip about 1.2 mm (one quarter turn) away from the WE surface to avoid shielding. 

The value of Rn was measured at several potentials immediately following a set of polari

zation measurements as described above. The value of Rn ranged from 0.1 to 0.50 for all elec

trolytes with an estimated accuracy of ±10%. 

Due to the large composition changes and the resulting hysteresis observed with the car

bonate electrolytes, another type of polarization measurement was made in some cases. Several 

successive sets of cathodic- and then anodic-direction measurements were made with a 7-minute 

interval at open circuit between "cycles." A maximum time of 5 minutes was allowed for 

steady-state to be achieved, at each current, before the potential was recorded and the next 

current imposed. These polarization measurements will be referred to as cycling curves. 

5.3. Cyclic Voltammetry in Supported-Pt Gas-Diffusion Electrodes 

Most of the cyclic voltammograms reported in the literature for porous GDEs show 

minimal peak definition, even at low sweep rates, because of the high uncompensated solution 

resistances typically encountered in a fuel cell electrode test apparatus. High R0 coupled with 

high capacitance of the support material renders such measurements difficult. The extremely low 

R0 in our test cell allowed us to record well-defined voltammograms at sweep rates of 50 

m V /sec, from which estimates for the wetted catalyst area and total wetted areas could be calcu

lated. The position of the peaks also allowed us to compare the behavior of the small Pt particles 

with that of smooth Pt and to monitor the pH of the electrolyte in the pores of the electrode. 
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Figure 5-6 shows cyclic voltammograms for a smooth Pt electrode (at 100 mV/ sec) and a 

porous Pt/0 electrode (at 50 m V /sec) in 6.9 M KOH. The different scales indicate the vastly 

different platinum areas involved. Except for the generally lower sharpness in the peaks from 

the supported electrode, the hydrogen-region peaks are quite similar for the two electrodes. The 

lower peak resolution is probably due to the higher resistivity of the solid phase of the porous 

electrode (about 1 n-cm for the active layer (104) compared with Q,Qll mfl-cm for platinum 

metal (105)). 

The regions for oxidation and reduction of the platinum show significantly different peak 

structure. The first anodic platinum oxidation peak is fairly similar for · the two electrodes, 

which is to be expected for an adsorption process, as in the hydrogen region. The second anodic 

oxidation peak is almost non-existent for the supported electrode although there is a non-zero 

current plateau indicating that further oxidation is occurring. These oxidation currents were 

integrated from the double-layer region to various oxidation potentials and compared with the 

corresponding experiment on a smooth electrode (see Figure 4-4). This comparison, shown in 

Figure 5-7 , can be interpreted as a lower oxidation rate occurring on the smaller supported Pt 

particles at potentials higher than 900 mV, in agreement with the results of Stonehart et al. (91) 

for acid electrolytes. The reduction of this oxide shows greater irreversibility, also in agreement 

with the previously-discussed results for acid electrolytes. 

Figure 5-8 shows cyclic voltammograms for smooth and supported Pt electrodes in 2 M 

K2003. Peak definition for the supported electrode is low due to the lower degree of wetting and 

somewhat lower electrolyte conductivity . The Pt oxidation region is essentially featureless for 

both electrodes. The porous electrode voltammogram is shifted about 45 m V cathodically due to 

residual hydroxide in the pores of the electrode; this phenomenon will be discussed a little later. 

The poor peak definition precludes the detailed comparisons made for KOH, but it can be noted 

that the oxide reduction peak appears to occur at a potential much closer to that for the smooth 

electrode, suggesting a pH-dependency of the particle-size effect on Pt oxide reduction. 
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5.3.1. Electrode Activation and Wetting 

The voltammograms recorded with new electrodes reflect a very small wetted area and 

corresponding lack of peak definition. Both the charge due to hydrogen desorption and the 

double-layer charging current grow with the passage of OR current as indicated in Figure 5-9 for 

several electrodes and electrolyte conditions. Most of the scatter in these plots is due to small 

amounts of oxygen remaining in the electrode, which affects Idb but not QH. The difference in 

porosities indicated in Table 5-1 (L24 has the same same catalyst loading as P23 but is formed in 

a thinner layer) results is a lower maximum degree of wetting but the same slope in Figure 5-9A. 

The electrodes with only 5 wt% Pt in the active layer (L27 and L28) show approximately half 

the slope in this figure. The slight downward curvature is probably due to the gas-supply layer 

becoming flooded by the electrolyte. This effect became more pronounced as temperature was 

increased or electrolyte concentration was decreased. The slope of this plot, or the ratio of Qh to 

Idb is related to the fraction of total area covered by Pt according to 

(5-5) 

where adl is an average double-layer capacitance for the platinum and carbon surface (dominated 

by the carbon), v is the potential sweep rate and Qg is the charge associated with a monolayer of 

hydrogen adsorbed on platinum (usually taken as 0.22 mC/cm2pt). The average slope for the 

Prototech electrodes was about 5 seconds. Using the specific areas reported by Ross {90) for this 

catalyst (120 m2/g for Pt and 260 m2/g for Vulcan XC-72), we can estimate a value of 0.34 to 

0.37 for Op~ and a corresponding value of 300 J.~F /cm2 for Cdt· This value has the same order of 

magnitude as the values for Cdl reported for glassy carbon: 500 J.lF jcm2 (106) and 330 J.lF jcm2 

(107), lending support to our interpretation of Idl· 
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5.3.2. Local Electrolyte Composition in Electrode Pores 

Voltammograms recorded on well-wetted electrodes such as those of Figures 5-6 and 5-8 

are extremely reproducible so long as no OR current is passed. In a KOH electrolyte, following 

an OR polarization measurement which concluded with a current density greater than 

100mA/cm2, the voltammograms before and after the polarization measurement show certain 

reproducible differences. 

Voltammograms recorded before and after a polarization measurement in 6.9 M KOH are 

shown in Figure 5-10. The whole curve grows with an increase in the degree of wetting and is 

shifted about 10 m V cathodically. This shift disappears after about 15 minutes and is more 

extreme the higher the last OR current density used. This is probably due to local depletion of 

water and production of oH- in the pores (due to OR), both of which act to raise the local pH 

relative to the constant-pH reference electrode. 

The other difference is a premature onset of oxygen .evolution. This phenomenon disappears 

with cycling into this region but not readily with time. It is probably due to peroxide build-up 

in the pores of the electrode during OR in concentrated KOH. This peroxide is reoxidized with 

cycling above 1.2 V. This phenomenon is difficult to separate from the shift of the whole voltam

mogram already mentioned. 

The potential shift in the voltammogram due to oxygen reduction is much more dramatic 

in carbonate electrolytes, sometimes reaching 150 m V. Figure 5-11 shows this shift with voltam

mograms recorded before and after OR in 2 and 5.5 M K2C03• The only logical cause for this is 

a build-up of hydroxide anion in the pores of the electrode. while the reference electrode pH 

remains constant. The maximum pH changes for these electrolytes, assuming that the inventory 

of K+ remains constant, are 2.8 and 3.2 pH-units for 2 and 5.5 M K2C03, respectively (from the 

thermodynamic data in Appendix A). This corresponds to somewhat larger potential shifts than 

were recorded. It should be noted that the pH gradient generated by OR adjusts itself continu

ally following the removal of oxygen from the gas chamber with an N2 purge. The alkalination 
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of the electrode is also indicated by the fact that voltammetric peaks become more characteristic 

of KOH electrolytes (see Figure 5-6). 

5.4. Cathode Performance in KOH Electrolytes 

Performance curves for OR with 100% 0 2 at room temperature in several concentrations 

of KOH were measured with several different electrodes. Performance curves with lower oxygen 

partial pressures or elevated temperatures were measured at some concentrations. Voltammetry 

measurements were made before and after each polarization measurement in order to monitor 

the wetted areas and allow comparison of polarization measurements on the basis of equal 

amounts of wetted platinum. 

Cathode polariza~ion curves recorded in the cathodic direction on several different elec

trodes in 6.9 M KOH with 100% 0 2 at room temperature are shown in Figure 5-12 (see Table 5-

1 for electrode structural details). Measured currents on the 1 cm2 working electrodes have been 

divided by the area of wetted Pt, calculated from QH measured immediately before the polariza

tion measurement. This quantity will be referred to as a specific current density. The low 

specific current densities (within 12 mV over 3 decades of current) exhibit a Tafel slope of 44 

m V /decade and an i0 = 7.5 x 10-a rnA/ cm2 Pt. The deviations at the highest potentials (low 

overpotentials) in Figure 5-12 are due to local composition changes (from previous measure

ments) that have not had time to relax. At high overpotential, the specific current densities in 

the mass-transfer limited region (with an average Tafel slope of about 100 m V /decade) are 

inversely related to the wetted Pt area; which means that current density in this region is pro

portional to Alll, where m < 1. The flooded agglomerate model predicts a half-order dependence 

on Pt loading when both diffusion and kinetics are controlling (89). Partial electrode wetting is 

mathematically different from variable Pt loading and is examined in more detail in Chapter 6. 

The high-current-density data are also more sensitive to small errors in Rn· 

Figure 5-13 shows the performance of two electrodes with different degrees of wetting at 

three oxygen partial pressures. In the kinetically-controlled region, the current densities exhibit 
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a linear dependence on p02. The dependence of current density on oxygen partial pressure in the 

mass-transfer-controlled region is more complex due to the variation of wetted area already dis

cussed and the possibility of a gas-phase resistance. 

5.4.1. Smooth versus Supported Platinum 

Cathode performance at 23 ·c is compared with kinetically-limited current densities, 

presented in Chapter 4, which have been multiplied by the area of wetted Pt in the porous elec

trode, in Figures 5-14A and B for 3.3 and 6.9 M KOH, respectively. At· low overpotentials, 

current densities at a given potential lie within a factor of 2 to 3 of one another. At high overpo

tentials, the activity of the supported Pt is higher than what would be measured with a smooth 

electrode of the same area. Kinetic currents in concentrated KOH are limited by a non

electrochemical process (as evidenced by the extremely high Tafel slopes) at high overpotentials. 

In Chapter 4, we proposed that this was due to the decrease in peroxide production on the less

oxidized Pt at these potentials. The possibility that the carbon in the electrode, which starts to 

reduce oxygen to peroxide at an appreciable rate in this potential range, is responsible for the 

higher currents was investigated. 

The activity of unplatinized electrodes was not measured directly, but an estimate of the 

activity of the carbon can be made from the data of Appleby and Marie (99). They report OR 

performance data for Monarch 1100 furnace black (BET area of 227m2/gas compared with 220 

to 260 m2/g for Vulcan XC-72) in 6N KOH at 23 ·c. The carbon currents shown in Figure 5-14b 

were estimated by assuming that the weight fraction of wetted Carbon in the Prototech struc

ture is equal to the area fraction of wetted Pt, as measured with cyclic voltammetry. This area 

fraction was calculated assuming a theoretical area of 120 m2 fg for the Pt in the Prototech elec

trode. It appears from this plot that the activity of the carbon could easily be responsible for the 

high current densities observed at low potentials in 6.9 M KOH, since the actual benefit derived 

from the carbon support is probably double that shown in Figure 5-14b if the HOi produced on 

the carbon is further reduced by neighboring platinum crystallites. 
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5.4.2. Electrolyte Concentration Effects 

Polarization curves with 100% 0 2 for 3.3, 6.9 and 11M KOH are shown in Figure 5-15 on 

a specific area of Pt basis. These curves exhibit Tafel slopes of 47, 44 and 39 m V /decade, respec

tively. The large change in kinetic currents with oxygen solubility differences noted in Chapter 4 

do not show up here. The reaction rate is indeed sensitive to oxygen concentration, as was indi

cated in Figure 5-14, but there appears to be a compensating factor. The fact that the Tafel 

slope changes with concentration may be an indication of either local pH changes (which are a 

function of current) or a manifestation of the influence of the carbon support. Appleby and 

Marie interpreted the decrease in Tafel slope with increasing KOH concentration, for OR on car

bon, as a change in the rate-determining step caused by the decrease in water activity. 

It is interesting to note that the onset of mass-transfer control appears in 6.9 M and 11 M 

at current densities in the range of 1 to 10 mA/ cm2pt but not in the low-concentration KOH, 

probably because of the much-higher 0 2 solubility. 

5.5. Cathode Performance in K
2 
CO 

3 
Electrolytes 

Concentrated carbonate electrolytes wet the type of porous GDE used in this study to a 

much lower degree than do the KOH electrolytes. Even after soaking in the working electrolyte 

for several days, the resistance of the working electrode is often too high for the control circuit of 

the potentiostat. Sufficient wetting is achieved only by the reduction of oxygen. This process 

essentially transforms the electrolyte in the pores into a hydroxide electrolyte which then wets 

the electrode. After sitting for 24 hours or more, the composition in the pores equilibrates with 

the bulk, and the electrode remains wetted. 

Large fluctuations in wetted area along with the composition changes discussed in Section 

5.2 render difficult the measurement of polarization curves that are truly characteristic of a car

bonate electrolyte. The two types of measurements discussed in Section 5.1 were performed: 

first-polarization curves were recorded immediately after a vo}tammetric characterization of the 

wetted area and the electrolyte composition in the pores. Then cycling measurements were 
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performed in an ·attempt to characterize the reversibility (or lack thereof) of the system. 

Figure 5-16 shows specific curre~t densities for first polarizations recorded in 2 and 5.5 M 

K2C03 at 23 ·c with 100% 0 2, along with the kinetic result for 2.0 M K2C03 from Chapter 4 

corrected as in Figure 5-14. At low overpotentials, the measured currents are not proportional 

to the area of Pt wetted by the electrolyte, but rather show a square-root dependence on wetted 

area. This observation, along with the fact that the Tafel slope for the porous electrode in 2 M 

K2C03 is almost twice that measured with the smooth electrode, indicates that a mass-transfer 

process along with the kinetic process are controlling the reaction rate. 

Figure 5-17 shows first polarization measurements made in 4 M K2C03 at three oxygen 

partial pressures. These measurements were made (in one day) by measuring potentials at each 

of the three gas compositions before increasing the current. A half-order dependence of current 

density on p02 at a constant potential is shown in Figure 5-18. A limiting rate of 0 2 diffusion 

into the pores of the agglomerates will not result in a half-order dependence on oxygen pressure 

(99). It has been suggested by Ross (90) that ionic migration of H+ ion is responsible for 

anomalous dependencies on oxygen pressure in phosphoric acid fuel cell cathodes at high 

currents. The ionic mass-transfer resistance due to build-up of OH- ion in a carbonate system 

will be shown in Chapter 6 to result in similar behavior. 

Figure 5-19 shows first polarization curves for 5.5. M K2C03 at 23 and 100 ·c along with 

data reported by Cairns et al. (3) for a C~C03 electrolyte at 107 ·c on an electrode with a very 

high loading of Pt black. The high-temperature data indicate that the kinetically-controlled 

region may be extended to slightly higher current densities with an increase in temperature. The 

performance in Cs2C03 shows the same ionic-mass-transfer-limited Tafel slope with higher 

currents due to a much-larger platinum loading. Cairns et al. did not observe the large concen

tration changes we have noted here. This is due to the fact that both anode and cathode concen

trations shifted while the reference electrode was maintained at an average composition through 

electrolyte circulation. 
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First and eyeling polarization measurements for 100% 0 2 are shown in Figure 5-20A for 

2.0 M K2C03 as compared with 3.3 M KOH on a Prototech electrode and in Figure 5-20B for 5.5 

M K2C03 as compared with 6.9 M KOH on electrode EM-A (prepared according to the pro

cedures of Motoo et al. (102)). The hydroxide anion appears to remain in the pores at a 

sufficiently high concentration that transport of hydroxide ion out of the pores no longer affects 

the Tafel slope. However, the whole curve is shifted cathodically since the new composition has 

a pH which is different from that of the reference electrode. Both of the electrodes in Figure 5-20 

have been optimized for the transport of 0 2 to the reaction site (short pathway) at the expense 

of a large diffusion path in the liquid phase. The fact that this hysteresis was not seen in the 

work of Cairns et al. (3) is a result of the fact that the electrode structure used in the mid-1960's 

contained an active region which was much more two-dimensional and thus contained more 

equal diffusion pathway for liquid and gaseous reactants and products. The double-Tafel slope in 

the early work could be due to either 0 2 or OH- diffusion limitation. 

C02 Addition 

One approach to reducing the buildup of OH- during OR in K2C03 is the addition of C02 

to the oxygen stream. C02 reacts very rapidly with hydroxide ion· at these pH's (108) to form 

bicarbonate and water. In a real system, it is not inconceivable that C02 from the anode gas 

could be used for this purpose. First and cycling polarization measurements made with pure 0 2 

in 5.5 M ~C03 are compared with cycling measurements with different partial pressures of C02 

in Figure 5-21. The first polarization curve from part a is repeated in parts b-d. 173 ppm C02 

appears to have little effect on the polarization behavior. With 0.17% C02 there is a shift in 

potential at the low currents due to a lowering of the pH (an aqueous solution will maintain a pH 

around 9.6 in contact with 1 atm of C02). As current (and OH- production rate) increases, the 

pH shifts back to a high value. With 1.57% C02, this shift occurs at higher currents, and the 

Tafel slope up to that point is about 75 mV /decade. The kinetic Tafel slope in this electrolyte 

was not measured. Further interpretation of these results is difficult because of the fact that 
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with continued exposure to C02, the bulk electrolyte composition begins to change. 

5.6. Summary and Recommendations 

Cyclic voltammetry of platinum-on-carbon electrodes performed in a cell with a sufficiently 

low uncompensated resistance yields valuable information regarding the degree of electrode wet

ting and local electrolyte composition. With this technique, lower Pt oxidation rates were meas

ured on supported Pt than on smooth Pt in alkaline electrolyte, in agreement with previous 

results for acid electrolytes. The reversibility of the reduction of this oxide may depend on elec

trolyte pH as well as Pt particle size. An estimate for the double-layer capacity for the carbon

Pt surface of the electrode of 300 pF /cm2 compares well with that measured on a smooth gra

phite surface. Evidence for product build-up (OH- and HOi) and/or reactant depletion (H20) in 

the pores of an oxygen cathode in 6.9 M KOH was obtained. 

Polarization curves recorded at varying degrees of electrode wetting yielded information 

about the limiting processes, similar to that obtained by varying Pt loading. The oxygen cathode 

in KOH is controlled strictly by kinetics at low current densities. As current density increases 

(and potential decreases), the chemical limitations observed in the kinetic measurements may be 

overcome by the added activity of the carbon support. The electrocatalytic effect of the carbon 

support may compensate for lower oxygen solubilities as KOH concentration increases. 

Performance in the carbonate-containing electrolyte is limited by ionic mass-transfer of 

product OH-. The large barrier to ion transport in the pores also manifests itself as an extreme 

hysteresis effect which requires times as long as 24 hours to fully equilibrate with the bulk elec

trolyte. This hysteresis is probably due to the lower wettability in the carbonate relative to the 

hydroxide. This represents a surface-tension resistance to rapid equilibration of the pH gradient 

that forms in a carbonate-containing cathode. The hysteresis was not observed in the work of 

Cairns et al., probably because of the vastly different electrode structures involved in that work. 

A numerical model of the oxygen cathode in carbonate electrolyte will be presented in 

Chapter 6. Such modeling efforts might lend suggestions on electrode structures which would 
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result in more reversible for use in carbonate electrolytes. More work at higher temperature 

should also yield new information. 

• 
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Chapter 6 

Modeling of the Aqueous Carbonate Fuel Cell Cathode 

6.0. Introduction 

In Chapter 5 we presented a comparison between 0 2 cathode polarization behavior with 

concentrated K2C03 and KOH electrolytes. The kinetic results of Chapter 4 allowed us to iden

tify the observed Tafel slopes of the performance curves as kinetically-limited or mass-transfer

limited. Hydroxyl ion transport was identified as a possible limiting process with the carbonate 

electrolyte. In this chapter we present a steady-state model of the gas-diffusion electrode based 

on the flooded-agglomerate model, including the effects of the carbonate chemistry. 

In Section 6.1 previous models for the gas diffusion electrode are reviewed. Early work was 

based on the assumption that the active layer region for the contact between the three phases 

was essentially two-dimensional. Modern electrodes, constructed of supported Pt, are presumed 

to have a more three-dimensional active layer as depicted in Figure 1-1. 

Section 6.2 presents our version of a steady-state flooded agglomerate model for a cathode 

operating with 100% 0 2 in pure KOH electrolyte. Ohmic losses in the solid phase, and migra

tion and diffusion in the liquid phase are considered, along with the reaction and diffusion of 0 2• 

The results are compared with the performance data reported in Chapter 5 for high potentials in 

order to provide estimates for some or the electrode structural parameters. 

Section 6.3 presents a similar model developed for the carbonate cathode, including the 

transport of and the equilibrium reaction between the three anions present in the electrolyte. 

Model results, calculated with no adjustable parameters, are compared with performance data 

reported in Chapter 5. 

Section 6.4 presents our conclusions regarding the 0 2 cathode in concentrated carbonate 

electrolyte based on the experimental and theoretical work reported in this thesis. Directions for 
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future experimental and modeling work are discussed. 

6.1. Previous Work 

Early modeling of fuel cell electrodes dealt with various microscopic approximations of the 

complex structure (110,111) or continuum approximations (112) which were too abstract to allow 

more than correlation parameters to be determined. Most of the controversy regarded the actual 

structure of the active region. Bennion and Tobias (113) modeled the active region of a porous 

0 2 cathode as a thin stable electrolyte film extending from a flooded region of porous electrode. 

They measured current distributions along a film-covered Pt electrode and modeled the migra

tion and diffusion of KOH along the film using concentrated-electrolyte theory. They predicted 

the KOH concentration to rise above the saturation limit if it was assumed that the reactant 

water was supplied only through the electrolyte. It was concluded that a significant fraction of 

the reactant water was supplied by condensation from the gas phase. Bockris and Cahan 

modeled the active region as existing entirely within the meniscus formed at the three-phase 

boundary. They were also able to fit their model to their experiments in a model cell (111). 

Modern PTFE-bonded porous GOEs are envisioned to have an active region which is much 

closer to a three-dimensional structure as depicted in Figure 1-1. This type of structure was first 

envisaged by Giner and Hunter in 1969 (114). They modeled a PTFE-bonded Pt black electrode 

as a series of flooded cylindrical agglomerates which have small diameters compared with the 

thickness of the electrode, fed by parallel hydrophobic gas pores. They assumed that water tran

sport equilibrated through the gas phase and ignored ohmic losses in the solid phase. These 

assumptions resulted in an analytic solution of the 0 2 problem (in terms of modified Bessel func

tions) separate from the ohmic conduction problem in the liquid phase. They explained the 

"double-Tafel slope" observed as a switch from activation control to mass-transfer control inside 

the agglomerates. 
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The most comprehensive model based on the idea of the flooded agglomerate was developed 

by Iczkowski and Cutlip, for the 0 2 cathode in phosphoric acid electrolyte (115). They included 

the possibility of a thin film covering the agglomerates, which is necessary in order to explain the 

observation of limiting currents (not caused by gas transport when operating with 100% 0 2). 

They used Ohm's law for conductivity losses in the solid and liquid phases, and assumed gas

phase losses in the active and backing layers to occur via Knudsen and/or molecular diffusion. 

They also assumed that water (a product in an acid electrolyte) equilibrates through the gas 

phase. They estimated voltage losses for each of the processes in an electrode operating on air. 

The most significant losses (after kinetics) were found to be ohmic drop in the electrolyte, and 

gas transport in the active layer. 

Ross (90) suggested that the neglect of migration effects may not be valid with a phos

phoric acid-containing cathode. In this electrolyte, hydrogen . ion may not be in large enough 

excess to act as a supporting electrolyte, since it is being consumed by the reaction and the phos

phoric acid is not fully dissociated. He modeled the electrode as a series of flooded spherical 

agglomerates and used a form of Fick's law to describe transport of H+ in the liquid phase, 

neglecting ohmic and gas-phase losses. Limiting-case studies were used to show that the 

increased polarization and corresponding anomalous current ratios (non-first-order dependence 

on 0 2 pressure), often observed in phosphoric acid fuel cells at high current densities, can be 

explained by a local depletion of H+. This "resistance polarization" can lead to a "double Tafel 

slope" without 0 2 transport limitations. 

In concentrated acid electrolytes, resistance polarization manifests itself only at relatively 

high current densities. In the carbonate cathode, we have reported similar symptoms 

(anomalous current ratios and non-kinetic Tafel slopes) even at low current densities. In this 

case, however, we are dealing with the buildup of a product upon which there is a strong thermo

dynamic potential dependence. After discussing a model for the 0 2 cathode in KOH, a flooded

agglomerate model based upon a K2C03 electrolyte wia be developed. 
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6.2. Oxygen Cathode with Concentrated KOH Electrolyte 

6.2.1. Model Development 

A steady-state model will be developed in this section to predict the potential under 

controlled-current operation. The assumed electrode structure and geometry for the model are 

shown in Figure 6-1. The assumptions are as follows: 

1 Oxygen reduction occurs only via the direct 4-electron pathway and only on the platinum 

in the electrode. 

2 Ionic mass transfer is adequately described by the expressions for dilute electrolytes. 

3 The electrocatalyst is fully wetted by the electrolyte. The behavior of a partially wetted 

electrocatalyst is examined for the case of pure kinetic/02 diffusion control. 

4 The radius of the spherical agglomerates is small compared to the active layer thickness so 

that the electrolyte ionic composition, and the potential in the liquid and solid phases are 

uniform over each agglomerate. 

5 With 100% 0 2, all gas-phase resistances to transport are negligible. 

6 Reactant water is supplied by rapid condensation from the gas phase. 

R-Direction 0 2 Diffusion Problem 

Assumption 4 above permits solution of the r-direction equations for diffusion and reaction 

of 0 2 in the agglomerates, independent of the ionic migration/ diffusion problem in the x-

direction. Assuming spherical particles, the simultaneous reaction and diffusion of 0 2 is 

described by 

(6-1) 

where la and Ta are the agglomerate microporosity and tortuosity factors, (1 - le) is the volume 

fraction of agglomerates in the electrode, 5 is the thickness of the active layer, and a0 is the Pt 
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area per unit area of the electrode. i1ocal is the local current per square em of Pt for the irreversi-

ble consumption of 0 2 which is described by a form similar to Equation 2-2 written for an alka-

line electrolyte 

(6-2) 

where E is the potential of the solid with respect to a reversible hydrogen electrode just outside 

the boundary layer, orE= ~s- E~. For a first-order reaction with respect to 0 2 concentra-

tion s02 = 1 and Elf~ can be expressed as 

(6-3) 

We will define ~e = Effim so that when activities are replaced by concentrations the expression 

for i1ocal takes the following form 

(6-4) 

The potentials of the solid and liquid phases ( ~L and ~s) and the ionic composition of the elec-

trolyte (C0 fr) are assumed to be uniform throughout the agglomerate, in accordance with 

assumption 4 above (Rp << o). The general solution to Equation 6-1 is 

Kt ~ 
= - cosh(~r) + - sinh(~r) 

r r 
(6-5) 

where 

(6-6) 

and 

~ = (6-7) 

For complete wetting of the agglomerate particles, the boundary conditions 
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BC 1: (6-8) 

BC2A: @r = 0 V'Co =0 
2 (6-9) 

lead to the solution 

Co2 = RP sinh(pr) 
C~ r sinh( t,PRP) 

(6-10) 

If progressive wetting (observed in the results in Chapter 5) is assumed to occur in the r-

direction, the second boundary condition is 

BC 2B: (6-11) 

where Rw is the radius to which wetting has proceeded. This leads to the more complex solution 

Co2 _ Rp [ (t.PRw- tanh(t,PR._)) ( ) (1 - t,PR._tanh(<PRw) . ( ] 
C~ - r Bcosh( t,PRP) cosh t,Pr + Bcosh( t,PRP) smh t,Pr) (6-12) 

where 

B = <PRw- tanh(t,PR,.) + tanh(t,PRp)- t,PR,.tanh(t,PRp)tanh(t.PRw) (6-13) 

This expression reduces to Equation 6-10 when Rw = 0. 

The current per cm3 of electrode is obtained from the flux of 0 2 into an agglomerate times 

the agglomerate surface area and the number of agglomerates per cm3, 

(6-14) 

The interfacial current per unit volume of electrode produced by the reduction of 0 2 is 

(6-15) 

which reduces to 

(6-16) 
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for complete wetting, and 

k' ( Jw = B [</>Rw- tanh(</>Rw)][</>Rptanh(</>Rp)- 1] + 

[1 - </>Rwtanh(</>Rw)][</>RP- tanh(</>Rp)]) 

for a partially wetted electrode where 

k' = 
3nFC<fPob(l- Ee) 

R;ra. 

(6-17) 

(6-18) 

Figure 6-2 shows the functional relationship between Jwfk.' and </>RP for different values of Rw/Rp· 

If the potential and composition over the entire electrode are assumed to be constant, i.e. kinetic 

control, the current to the fully-wetted electrode takes the familiar form for small values of </>Rp, 

- aFEm 
I = .SJ = aanFk~C~exp(-~) (6-19) 

where Em is the measured potential between the current collector at x = o and an RHE in the 

liquid at x = 0. For large values of </>Rp, (</>Rpcoth(</>Rp)- 1) - (</>RP- 1), yielding the expres-

sion for mixed diffusion and kinetic control 

(6-20) 

This expression reduces to that reported by Kunz and Gruver (89) if the micro- and macroporosi-

ties are considered equal. The transition between these two regions can be estimated, (from a 

log-log plot of the data in Figure 6-2) to occur at (Rp</>)~- 2, for the fully wetted agglomerate. 

The partially wetted electrode will show similar behavior at small values of <,f>RP where 

Jwfk.' is proportional to the fraction of wetted area, A. 

Rw3 
= 1- (-) 

Rp 
(6-21) 

as can be determined from Figure 6-2. The value of </>RP at which mass transfer begins to play a 
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role, ( </>Rp)h is proportional to A:;.,.. For large values of <PRP, the functional form of Jwfk' is 

more complex. These calculations are consistent with the results presented in Section 5-2 for Pro-

totech electrodes with varying degrees of wetting by 6.9 M KOH electrolyte. 

X-Direction Liquid-PhaBe Problem 

Assumptions 2 and 6 above lead to the following expression for a dilute binary electrolyte 

(5), 

and 

'V~L 
D+ 

= ---'VlnC~ 
u.)i' 

(6-22) 

(6-23) 

where J arises due to the production of oH- by the reduction of 0 2 and is described by Equation 

6-16. For the KOH model we neglect the dependence of Jon 0 011 through <P in Equation 6-6. 

We define \II as the potential difference between the liquid and solid phases so that 

(6-24) 

Eliminating 'V2~s by differentiating Ohms law in the solid phase and 'V2~L by differentiating 

Equation 6-23 yields 

(6-25) 

The expression for conservation of current in the electrode, J = 'Vi5 , results in two coupled non-

linear ordinary differential equations (6-22 and 6-25), in the unknowns \II and C~ ( = C0H-), to 

be solved with the boundary conditions 

BCl, @x = 0: 'V\11 = = c~ (6-26) 

and 

• 
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BC2, @x = 8: V'lll = 
I V'CJ(+ = 0 (6-27) 

where ro' is the effective conductivity of the electrolyte in the agglomerates according to 

I ,. = (6-28) 

u is the conductivity of the solid matrix and I is the current density applied to the electrode. 

The details of the numerical solution of these equations are given in Appendix B. The solution is 

in the form of an electrolyte concentration profile and a potential difference profile at each value 

of current. The measured potential is defined by 

(6-29) 

and is calculated by integrating the potential difference profile as follows: 

= 1!1(0) - .!. j [ j J(x) dx ] dx + ~L(O) 
(T 0 0 

(6-30) 

6.2.2. Parameter Estimation 

Table 6-l lists the electrolyte and kinetic parameters used in the model for 6.9 M KOH 

electrolyte along with those used in the carbonate model to be presented later. The electrode 

structural parameters u, T a and RP were taken from various sources. u for this type of electrode 

was reported by Cutlip et al. (116) from fits of their version of the flooded-agglomerate model to 

0 2 cathode data for phosphoric acid electrolyte. The tortuosity factor for carbon black has been 

suggested to fall in the range of 4 to 6 (90). A value of 5 was used in this work. Stonehart et al. 

measured an agglomerate radius of about 10-6 em for PTFE-bonded carbon particles. This 

value seems reasonable from our examination of an SEM of the active layer in Figure 5-5. From 

geometric considerations we have the additional relation 

8 = W c/ Pc + W PTFE/ PPTFE 

(1 - la)(1 - le) 
(6-31) 
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Table 6-1: Parameters for GDE Models 
Part A: Electrolyte Dependent Parameters 

Parameter 
KOH 

Electrolvte 
K.,CO., 

Nominal Concentration 
6.9 2.0 

(mmoljcc) 
Kj}PP {ccjmol)& - 7.71 X 106 

C02 {pmolfcc)b 0.0768 0.226 

D02 { cm2 /sec )c 0.25 X 10-o 0.585 X 10-o 

n (equivjmol) 4 4 

i0 = k~/nFC~ {A/cm2l 1.01 X 10-11 case.l: 6.05 X 10-11 

case 2: 1.36 X 10-10 

b = 2303 RT/aF (mV /decade) 44 
case 1: 57 

case 2: 62.5 

tc0 {0-cm)-1 0.65d 0.194e 

(D_- D+)u+r 
0.359 -

DJu+ + u_) 

2D 
( mr )' - 10.82 

Dco-
3 

20Hco-
( 3 )' - 2.65 

Dco-
3 

2D 
( __.!£:.. )' - 4.25 

Dco-
3 

an ( cm2ptfcm2electrode)h 255 172 

Part B: Prototech Electrode Parametersi 

4.0 

10.75 X 106 

0.04 

0.36 X 10-o 

4 

2.13 X 10-11 

51 

0.223e 

-

11.65 

2.85 

4.25 

100 

I u = 0.971 (0-cm)-1 r .. = 5 Rn = 10-o em 

6 = 0.012 em w~ = 4.5 mg/cm2 

a Calculated in Appendix A 
b Calculated with Equation 4-8 
c Calculated from measured Levich slope and C~ 

d ref.78 
e measured 

r calculated from infinite dilution values {5) 

'ref.118 
h measured with cyclic voltammetry; see Chapter 5 
i see text 

w?'rF"F. = 2.1 mg/cm2 

... 

I 
I 
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.. 

where W 0 , p0 , WPTFE and PPTFE are the loading and density of carbon and PTFE, and 8 is the 

measured thickness of the active layer. This leaves freedom to vary only one of the porosities. 

6.2.3. Results and Implications for Carbonate Model 

For the limiting case of pure kinetic/Ordiffusion control in the agglomerates, the transi-

tion from a kinetic Tafel slope to a double Tafel slope yields an estimation for the group of 

structural parameters: 

(6-32) 

where (Rpf)& i~ calculated from the transition potential assuming a value of Rp</1 = 2. Perfor-

mance data for two different electrodes (P23 and 124) in 30% KOH yielded a value for (Rp</1) = 

2.9 X 10-4. Assuming that RP = 10-6 em and porosities of 0.5, a value of Ta'"'""' 40 is estimated. 

This high value results from the neglect of the effect of porosity and tortuosity on electrolyte 

conductivity. 

Figure 6-3 shows model results, including electrolyte transport, for 3 values of fa (with Ta = 

5) compared with performance data recorded on electrode P23 in 30% KOH with 100%02• The 

fit appears to be relatively insensitive to the choice for fa since the condition expressed in Equa-

tion 6-31 balances €a and €.. For this reason and the fact that the SEM of the active layer sug-

gests a relatively large value for €e we will take €a == 0.5 (which gives €e = 0.49 for this electrode) 

as the best fit in Figure 6-3. Figure 6-4 shows the current distribution and electrolyte concentra-



160 

100 

-('.! 

E 
0 ......... 
<( 

10 E -
> ..... 
en 
c: 
Q) 

0 
..... 1 
c: 
Q) ... ... 
;:, 
u 

0.1 

0.01 ~----------~----------~--------~~~--~--~ 
700 800 900 1000 1100 

Potential vs RHE (mV) 

Figure 6-3: Prototech electrode P23 with 6.9M KOH and 100% 0 2, 23 ·c. 
•, data, 
--~A, KOH Model with e.== 0.2, 
--X, KOH Model with e. = 0.5. 
---0, KOH Model with e. = 0.8, 

XBL 8711-4723 

.. 



161 

tion profiles for several currents for the case of Ea = 0.5. The model predicts an electrolyte con-

centration 3.5 times the bulk value at a current density of 1 A/cm2• This corresponds to a value 

greater than the solubility of KOH. This could be due to the fact that we have used dilute-

electrolyte theory for a concentrated system or to the neglect of gas-phase water transport. 

We can conclude that the approximations for the electrode structural parameters are rea-

sonable, and that the model adequately predicts the behavior of the 0 2 cathode in 6.9 M KOH .. 

At lower electrolyte concentrations a transition to the double Tafel slope region was not 

observed within the range of currents accessible to measurement(~ 1 A). This behavior can also 

be predicted by the model but is relatively uninteresting, due to the lack of fittable features. 

The more-complex carbonate problem will now be discussed. 

6.3. Concentrated K
2 
CO 

3 
Cathode Model 

6.3.1. Model Development 

The r-direction problem of 0 2 reaction and diffusion in the flooded agglomerates is identi-

cal to that discussed above for KOH. Ionic transport in this electrolyte is more complex due to 

the presence of three interacting anions according to the dynamic equilibrium 

KJiPP 
co; + ~0 - HCO; + OH- (6-33) -

Steady-state material balances for the 3 anions, including production and consumption terms 

from OR and the above reaction, can be combined to eliminate the rate of the equilibrium reac-

tion as suggested by Hseuh and Newman in their work on the effects of H2S04 dissociation (117) 

(6-34) 

(6-35) 

The fluxes Ni are expressed as 
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(6-36) 

for dilute electrolyte conditions with no convection. The material balance on K+ can be solved 

immediately for the potential gradient in the liquid phase as for the KOH problem (see Equation 

6-23). Following that development further gives the same expression for the potential difference 

function, 

(6-37) 

Finally, the expressions for equilibrium 

(6-38) 

and electroneutrality 

(6-39) 

round out the 5 non-linear coupled ordinary differential equations in the 5 unknowns: CK+' Cc0 -, 
. 3 

The boundary condition at the gas-supply-layer interface is the same as in Equation 6-27 

with the addition that V'Ci = 0 holds for all 4 ions. Two conditions at the electrolyte/electrode 

boundary were evaluated. Assuming that the bulk electrolyte is well mixed we have Ci(O) = Ci 

and 

• 'VIII = 

For a finite rate of mass transfer into the bulk, Equation 6-40 will still hold but the interfacial 

transport of the ions is also subjected to the condition 

(6-41) 

where hmL is the mass-transfer coefficient. The details of the numerical solution of these equa-
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tions and boundary conditions in dimensionless form are given in Appendix B. 

6.3.2. Parameter Estimation 

Oxygen and electrolyte diffusion parameters for 2.0 and 4.0 M K 2C03 electrolyte were 

listed in Table 6-1. The 0 2 solubilities were calculated from Equation 4-8 and the 0 2 

diffusivities were calculated using this solubility with the measured value of the Levich slope 

reported in Table 4-5. Exchange current densities and Tafel slopes were obtained from Chapter 

4 kinetic data. Electrode structural parameters were obtained from the fit of KOH data discussed 

in Section 6.2.2. The apparent dissociation constants, KjlPP, were estimated from the activity 

data as discussed in Appendix A. Ionic diffusivity ratios were estimated following the sugges

tions of Winnick et al. (118) with viscosity data from their work with Cs2C03• The uncertainty 

in these transport parameters led us to invoke the Nernst-Einstein equation and use only one 

diffusivity ratio, D/Dco; for i = OH-, HCO;, and K+. The electrolyte conductivity was meas-

ured at room temperature with a Wayne-Kerr self-balancing conductivity bridge and a dipping 

conductivity cell from Yellow Springs lnstr. Co. This leaves no adjustable parameters. 

6.3.3. Results and Discussion 

The calculated performance curves are compared with the experimental data from Chapter 

5 in Figures 6-5a and 6-5b for 2.0 and 4.0 M K2C03, respectively. Case 2 for the 2M fit was cal

culated with a value of i0 obtained from the low-current supported-electrode data. The model 

predicts a transition to the double-Tafel slope at much lower current densities than in the pure 

KOH, but not quite as low as those experimentally observed in the carbonates. The superior fit 

of the 2 M data, as compared to 4 M, could be due to the fact that the electrode was wetted 

more completely by this electrolyte. 

Current distribution profiles are shown in Figure 6-6 for the two concentrations (case 2 for 

2 M) at several values of applied current density. Except for the very front of the electrode, 
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current is distributed fairly evenly throughout, in contrast to that predicted for the KOH elec

trode in Figure 6-4. These curves suggest that electrode structure could be optimized with a 

thinner active layer, effectively producing a shorter diffusion path in the liquid phase. 

Calculated ionic concentration profiles are shown for the 2 M electrolyte in Figure 6-7. 

The hydroxide ion concentration at the gas-supply side reaches a value of 132X the bulk value of 

0.017 M at a current density of only 100 mA/cm2. The average hydroxide ion concentration 

(over the electrode) at this current is 95X or 1.6 M. If changes in the activity coefficients are 

neglected, this corresponds to a pH change of 2 units or 120 m V, which can be compared with 

the 160 m V shift between the low current potentials in the hysteresis experiment shown in Figure 

5-16 for 2M ~C03• 

The general behavior of the model is investigated for 2 M K2C03, in Appendix B, by vary

ing input values for the dimensionless parameters. The "base case" values were calculated with 

the parameters in Table 6-1 (case 2). Table B-4 shows the parameter ranges investigated. The 

electrolyte resistance shows the greatest influence on electrode performance, as expected for an 

ionic mass-transfer-limited process. Use of the finite mass-transfer boundary condition was also 

investigated in Appendix B. The low current data for 4 M K2C03 could be fit with this parame

ter at the expense of predicting a premature limiting current due to oH- transport. In the elec

trode, the observed limiting currents were probably abnormally high due to the increase in elec

trode wetting as the hydroxide concentration of the local electrolyte increased. 

Finally, the effect of 0 2 pressure was calculated to result in a half-order dependence at 

moderate current densities, as observed in Chapter 5 and as concluded by Ross (90) for the 

mathematically-similar problem in H3P04• 

6.4. Conclusions and Recommendations 

We have constructed steady-state models for the 100% 0 2 cathode i.n KOH and K2C03 

electrolytes, including expressions for ionic transport in dilute electrolytes and ohmic conduction 

in the solid phase. The KOH model was used to fit data in 30% KOH with reasonable values for 
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the electrode structural parameters. 

The carbonate electrolyte model successfully predicts the low-current transition to the the 

double-Tafel slope region and the half-order dependence on 0 2 partial pressure that are observed 

experimentally. Calculated performance curves agree remarkably well with the data for 2 and 4 

M K2C03 electrolytes, especially considering there are no adjustable parameters and the variation 

in the data due to variable degrees of wetting. 

Calculated current and ionic concentration distributions indicate that a thinner active 

layer and/or a smaller liquid diffusion pathway would improve electrode performance. Perfor

mance would also be improved with a higher effective electrolyte conductivity which would result 

from a more open structure in the catalyst (agglomerate) particles. Changes in the size of the 

agglomerate particles should not have much effect on performance. 

The hysteresis phenomenon discussed in Chapter 5 cannot be predicted by a steady state 

model of this type. It is most likely a result of the variation of the extent of electrode wetting 

with electrolyte composition. 
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Nomenclature 

Roman 

a activity 

Pt area per unit elel:trode area 

A 

geometric constant, Equation 4-2 

b Tafel slope (mY/decade) 

B variable wetting function, ch6 

c concentration (mole/cm3 or mole/liter) 

double layer capacity (F jcm2) 

D diffusion coefficient ( cm2 jsec) 

electron charge 

E potential vs. RHE (volts) 

F Faraday (96,487 Cjequiv) 

f heterogeneity factor 

Gibbs free energy for adsorption (Joule/mole) 

mass transfer coefficient (em/sec) 

H Henry's law constant (mole/cc-atm) 

I current (A) 

ionic strength (mole/liter) 

current density (A/ cm2) 

exchange current density (A/ cm2) 

measured disk current density ( rnA/ cm2) 

corrected disk current density, Eqn. 2-17 (mA/cm2) 

kinetic current density (mA/cm2) 
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·o 
lk normalized kinetic current density (mA/cm2) 

·o* 
lk normalized corrected kinetic current density (rnA/ cm2) 

iL mass-transfer limited current density (A/ cm2) 

• iL ch6, current density in liquid phase (A/cm2) 

Jlo J2 intercepts of plots 1 and 2, ch4 

J Interfacial current per unit vol. (A/ cm3) 

KfiPP apparent equilibrium constant 

kb Boltz mans constant, 1.381 X 10-23 J jK 

kc chemical rate constant (em/sec) 

kd rate constant for diffusion (em/sec) 

k1,k2 etc potential-dependent rate constants (em/sec) 

k' effective reaction parameter, ch.6 (A/cm3) 

L function defined by Equation B-34 

mi molality (mole/kg) 

Mi molecular weight (g/mole) 

n number of electrons 

N flux (mole/cm2-sec) 

Nc collection efficiency 

p partial pressure (atm) 

<t thermodynamic reaction order 

Q charge (mC) 

Q~ charge due to a monolayer of hydrogen on Pt (pCjcm2pt) 

r radial coordinate 

R gas constant (Jjmole-K) 

RP particle radius (em) 

Rw agglomerate radius to which wetting has occured (em) 

Rn uncompensated solution resistance (0) 
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t 

T 

u 

v 

X 

z 

Greek 

>. 

0 

slopes of plots 1 and 2, ch4 

reaction order 

time (sec) 

temperature (K) 

ionic mobility (cm2-mole/J-sec) 

potential sweep rate (volts/sec) 

potential vs. SHE (volts) 

Carbon loading ( mg/ cm2) 

PTFE loading ( mg/ cm2) 

Pt loading (mgjcm2) 

distance coordinate 

Dimensionless liquid conductivity ratio, i0 a0 8F jx:RT, ch6 

Dimensionless solid conductivity ratio, i0 a0 8F foRT, ch6 

multiple of electron charge 

transfer coefficient 

symmetry factor, for electron transfer process 

symmetry factor, for electrosorption process 

activity coefficient 

electrode thickness (em) 

agglomerate porosity 

electrode porosity 

dielectric constant 

electrolyte conductivity (fl-1cm-1) 

(D_....:. D+)u+/(u-tD- + u_D+), Appendix B 

coverage 
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p. viscosity (g/ em-sec) 

v kinematic viscosity ( cm2 /sec) 

p density (g/cm3) 

Pc density of carbon, 2.0 gjcc 

PPTFE density of PTFE, 2.7 gjcc 
• 

u matrix conductivity (0-1cm-1) 

4J Theile Modulus 

~L potential in liquid (volts) 

~s potential in solid (volts) 

Ta agglomerate tortuosity factor 

w rotation rate (rad/sec) 

ei 0.62Df13vi-t/G, Eqn. 2-9 

~ Thiele coefficient, Equation 6-7 

• ~RP, Dimensionless Thiele coefficient ~ 

Subscripts 

ads adsorption 

c cathodic 

d disk, diffusion 

h hydride 

k kinetic 

m measured 

n nominal 

L limiting or liquid phase 

ox oxide 

p peak 

r ring 
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ref reference 

w water 

Species 

1 02 

2 HO; • 

3 oH-

4 HC03 

6 co; 

7 K+ 

Superscripts 

• dimensionless variable 

* 
activation 

eq equilibrium 

00 at bulk conditions 

0 at x = 0, or standard state 

Abbreviations 

A anodic profile, Figure 4-10 

AFC alkaline fuel cell 

C1 first cathodic profile, Figure 4-10 

C2 second cathodic profile, Figure 4-10 

FEP fluorinated ethylenepropylene 

GDE gas-diffusion electrode 

HAl first anodic hydrogenation peak 

HA2 second anodic hydrogenation peak 

ICEV internal combustion engine vehicle 



175 

OAl first anodic oxidation peak 

0A2 second anodic oxidation peak 

OR oxygen reduction 

PAFC phosphoric acid fuel cell 

PTFE polytetrafiuoroethylene 

• 
RDE rotating disk electrode 

RHE reversible hydrogen electrode 

RRDE rotating ring-disk electrode 

rds rate determining step 

SCE saturated calomel electrode 

SEM scanning electron microscopy 

SHE standard hydrogen electrode 

SPEFC solid polymer electrolyte fuel cell 

TFEDSA tetrafiuroethane-1 ,2-disulfonic acid 

TFMSA trifiuromethane sulfonic acid 

TEM transmission electron microscopy 

WE working electrode 

I 
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Appendix A 

Thermodynamic Properties of KOH and K 2 CO 
3 

There are many sources of thermodynamic data for aqueous KOH over a wide range of 

temperatures and concentrations (74,75). The only source of thermodynamic data for K2C03 • 

which takes into account the dissociation of this electrolyte into carbonate and bicarbonate ions 

is the recent work of Pitzer's group (76,100). They report calculated values for the molalities, 

mean molal activity coefficients of KOH, KHC03, and K2C03 and water activities for a wide 

range of nominal salt concentrations of ~003 and KHC03• There calculations are based on 

Pitzer's mixed electrolyte theory and potential measurements on the cell 

(A-1) 

The pH values reported in Figure 5-1 were calculated with the following expressions and 

the assumption that K.. = 10-14 mole2 fliter2 

pH = -log10 aw (A-2) 

and 

aw= (A-3) 

The apparent dissociation constant for the dissociation of carbonate into bicarbonate and 

hydroxide (Equation 6-33) is defined in terms of concentrations: 

= 
Krr fKoHfKHco3 

Kw fi<.;POa 
(A-4) 

where Krr is the literature value for the dissociation of HC03 into H+ and CO;' (Kn = 4.69 X 

10-11 lit/mol), and fi are the mean molar activity coefficients. The terms fi and 'Yi are related by 
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f% = 'I% (1 + 0.001 E miMi) Psolvent 

solutes Pmix 
(A-5) 

for a multicomponent electrolyte (119) where Mi are the molecular weights of the solute species 

and p is the density. We measured carbonate solution densities at room temperature in order to 

make this conversion. These are shown in Figure A-1. Figure A-2 shows the calculated values 

for KftPP. 
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Appendix B 

Steady-State Flooded Agglomerate Model 

for the Gas-Diffusion Electrode in KOH and K
2 
CO 

3 

B.l Introduction 

The numerical solution of the equations developed in Chapter 6, which describe steady

state 0 2 cathode behavior in KOH and K2C03 electrolytes, will be discussed in this appendix. 

Section B.2 describes the non-dimensionalization of the equations developed in Sections 6.2 and 

6.3 and presents the solution technique used to solve the mathematically similar problems. In 

Section B.3, the general behavior of the carbonate model is investigated by varying the magni

tude of the dimensionless parameters. The calculated results for various 0 2 partial pressures and 

non-perfect mixing at the electrode/electrolyte interface are also calculated. Section B.4 contains 

the Fortran code used to compute the numerical solutions to the equations. 

B.2 Dimensionless Equations and Solution Technique 

Model Equations were developed and discussed in Section 6.2.1 for the 0 2 cathode with 

KOH electrolyte and in Section 6.3.1 for the ~C03 electrolyte. For ease of solution and analysis 

of the results, the equations were put into dimensionless Corm with the definitions listed in Table 

B-1. The reaction coefficient, k', defined in Equation 6-18 is eliminated through the identity 

which results for pure kinetic control: 

(B-1) 

As mentioned in the text, the available information regarding ionic mobilities and diffusivities in 

concentrated KOH and ~C03 solutions is limited. To understand the influence of electrolyte 

transport, therefore, we made use of the Nernst-Einstein equation, 

... 
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Table B-1 Definitions 

Part 1: KOH Problem 

Dimensionless Variables Dimensionless Groups 

• X ). 
(D_- D+}u+ 

X = = 6 D±(u+ + u_) 

c· Cow cfC+ 
zl 

ioaoOF'Ta 
= = = 

c~w coo t:ax:RT I(+ 

w· wF (4>s- 4>L)F 
Zs 

i0 a0 8F 
= = = ---

RT RT O'RT 

¢J*2 = )*2 e-a~· 
. R2 

)*2 = 
loaoTa E 

I* I nFC~Po2£a(1- le) = --
ioaa 

Part 2: K2C03 Problem 

Dimensionless Variables Dimensionless Groups 
,, 

c.· ci 
ds 

2D3 2D4 2D7 
= -- = De , d• = De , d7 = --I c.oo D6 I 

for i 3,4,6,7* 
Cf' c.r C!f 

= ea = -- e = -- e = 
2Cg<>' 4 2Cg<>' 7 

2Cg<> 

• X 
te 

4u6Cg<>F2 
X = = 6 X: 

w· wF (4>s- 4>L)F 
Zs 

i0 a0 8F 
= = = ---

RT RT O'RT 

I* I zl 
ioaoOF'Ta 

= -- = 
ioao t:ax:RT 

. R2 
¢J *2 s-"2 e-a~· (C;)-a s-"2 

loaoTa P 
= = 

nFC0'Pola(1- t:e} 

*3 = OH-, 4 = HC03, 6 = co; and 7 = K+ 
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{B-2) 

This reduces necessary transport parameters to N-1 ionic mobility {or diffusivity) ratios, where N 

is the number of ions, and the electrolyte conductivity, which is more readily available. 

The two coupled non-linear differential equations, which describe the KOH problem (Equa-

tions 6-22 and 6-25), and the corresponding boundary conditions (Equations 6-26 and 6-27), are 

shown in dimensionless form in Table B-2. 

The carbonate problem is described by three coupled ordinary non-linear differential equa-

tions (Equations 6-34, 6-35 and 6-37), and the algebraic expressions for the equilibrium between 

the anions (Equation 6-39) and electroneutrality (Equation 6-39). These equations and the two 

sets of boundary conditions are shown in dimensionless form in Table B-3. 

Table B-2 Dimensionless Equations for KOH Problem 

Dimensionless Equations 

V2c· ( . . 1} + (1 _ >.)Z .1!. coth¢!. - = 0 {B-8) 
I ()•2 /3) 

V2111• + 
( . . 1} - V2 ln c• z .1!. coth¢!. - = 0 {B-9) 

8 ().2/3) 

Dimensionless Boundary Conditions 

at x • = 0, electrode/electrolyte interface 

c· = 1 {B-10) 

VIII• + _>._ vc· 
1->. = z1t {B-11) 

at x • 1, electrode/gas-supply interface = 

vc· = o (B-12) 

VIII• = -z,t {B-12) 
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.• 

Table B-3 ~C03 Problem in Dimensionless Form 

Equations 

d4e4['V(C;'Vln c;) + 'V2c;] + ·2'V(c;'Vln c;) + 'V2c; = o 

'\12\lf* + z (<j)cothf- 1) - 'V2ln c; = 0 
8 (s-*2 /3) 

c; = c; c: 

Boundary Conditions 

@ x • = 0, electrode/ electrolyte interface: 

for perfect mixing: ct = 1 

@ x· = 1, electrode/gas-supply interface: 

th• = 
m~ 

Solution Technique 

'VCt = 0 
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(B-23) 

(B-24) 

(B-25) 

(B-26) 

(B-27) 

(B-28a) 

(B-29) 

(B-29) 

(B-30) 

Both problems consist of coupled non-linear differential equations. The non-linear terms 

were linearized using a Taylor expansion about a trial solution, Yio 
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af 

Yio) (-8 ) I Y;
0 Yi 

This process results in the following approximations: 

for the KOH problem and 

• • • • ( • *)( a ) *) ( • • )( a ) ( *) tP cotht/J - 1 = (t/J0 COtht/J0 - 1) + 'II - '110 -- L(t/Jo + Ca - Cao --.- L tPo 
2 2C~ 

for the ~C03 problem, where 

L(y) = y [coth(y) + y - y coth2(y)] 

The other non-linear terms which appear in both problems are approximated as follows: 

21 2 1 2.. 2V"yo [ 2V"y; V"2y o l V"-m Y = V" ln Yo + (-)V" 1 - (-2-)V"y + -3- - -2-
Yo Yo Yo Yo 

and 

(B-31) 

(B-32) 

(B-33) 

(B-34) 

(B-35) 

(B-36) 

The linearized equations are solved by casting them into finite-difference form using central 

differences to approximate the space derivatives. For a mesh distance h, 

V"y" = &.. y*(xi• + h) - y"(xi• - h) 
+ O(h2) = 

dx* 2h 
(B-37) 

d2)' • y"(xi· +h)+ y*(xt- h)- 2y*(xn V"2y. = = + O(h2) 
dx"2 h2 

(B-38) 

The first trial solution is determined from the predicted result for pure kinetic control with uni-

form electrolyte concentration: 

• ( 1 ) • • llf0 = - - ln I and q = 1 
a 

(B-39) 

The BAND routine, developed by Newman (120), was used to compute the exact solution to the 

• 
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set of approximate algebraic equations resulting from these operations. The new solution was 

used for the next trial, and computations were continued until the difference between successive 

iterations was less than 10-6. No change in the computed results occured when the number of 

mesh points was increased above 200. 

B.3 General Model Behavior 

The programs listed in the next section were written to solve the equations in dimensionless 

form. The user may input either dimensional or non-dimensional quantities. Computed voltage 

vs. current density curves are compared with experimental results in Chapter 6. General model 

behavior will be examined by varying the dimensionless parameters from the base-case values 

calculated with the parameters shown in Table 6-1. Table B-4 lists the base-case values of the 

dimensionless groups along with the range examined in this section. 

Figure B-1 shows the sensitivity of performance predictions to order of magnitude changes 

in the three dimensionless groups, z., Zb and~· (defined in Table B-1). The maximum current in 

most of these plots is limited by the large increase in hydroxide concentration which causes the 

dimensionless potential difference variable, 111•, to get very large. The program terminates when 

this variable is greater than 100. The only significant improvement in performance (without 

adjusting the kinetic parameters of the area, a0 ) is gained by an increase in Z1• This could most 

easily be achieved by increasing agglomerate poraosity. This might be achieved with a different 

fabrication technique. 

'~ 

Table B-4: Dimensionless Parameters for GDE Model in K2C03 

Parameter Base Case Value Range Investigated Figure 

z. 1.126 X 10-7 1.126 X 10-6 - 10-8 B-1a 
Zt 5.635 X 10-7 5.635 X 10-6 - 10-s B-1b 
• 6.843 X 10-o 6.843 X 10-4 - 10-6 B-1c ~ 

h~, 00 0.1- 10 B-2 
Po., (atm.) 1.0 0.04- 1.0 B-3 
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The inclusion of the finite mass-transfer boundary condition predicts a premature limiting 

current, as is shown in Figure B-2. 

Figure B-3 was calculated using dimensional quantities to predict the dependence of perfor

mance on 0 2 partial pressure. This involves adjusting the input values of C~ and i0 , since 

i0 = nFk~C~. The dependence of current on p02 at a constant potential shifts from first-order at 

very low currents (kinetic Tafel slope regime) to half-order, in the double-Tafel-slope region. 

This result is consistent with the observations of Chapter 5. 
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B.4 Computer Code 

KOH Problem 
c 
C PROGRAM FOR THE NUMERICAL SOLUTION 
C FOR THE POTENTIAL VS CURRENT AND CONCENTRATION 
C PROFILES FOR AN OXYGEN ELECTRODE WITH HYDROXIDE ELECTROLYTE 
c 

PROGRAM KOHSIM 
c 
C DIMENSIONLESS POTENTIAL DlFF. PSI*: C(l,j) 
C DIMENSIONLESS KOH CONCENTRATION: C(2,j) 
c 

c 

Real*8 C(2,203) 
Real*8 Cn(2,203) 

C CURRENT AND POTENTIAL VARIABLES 
c 

c 

Real *8 im,imstar ,fstcur ,lstcur ,curstp 
Real*8 eO,psik,psikstar 
Real*8 cursave(50),curstarsave(50) 
Real*8 evsrhe,erhesave(50),estar, estars~ve(50) 
Real *8 potsav ,del taphis,deltaphisstar ,psiO,psiOstar 
Real*8 slope(50),isolstar(202),jbarstar,cdist(202) 

C ELECTROLYTE PARAMETERS 
c 

Real*8 cnom,kappa 
Real*8 clb,dcl,Atc,ts,iO,T,nelec 

c 
C ELECTRODE PARAMETERS 
c 

Real*8 sigma,delta,aO,Rp 
Real*8 aporous,eporous,lvol,atau 

c 
C DIMENSIONLESS PARAMETERS 
c 

c 
c 
c 

c 

Real*8 zetap,lamda,Zs,Zl 

BAND COEFFICIENTS 

Real*8 A(2,2),B(2,2),D(2,5) 
Real*8 G(2),X(2,2),Y(2,2) 

C CONSTANTS AND PROGRAM CONTROL VARIABLES 
c 

c 

Integer count,N,NJ,itnum,itmax,pcode 
Integer check ,ncur ,curn um ,icnt,il ,i2 ,n2 
Real*8 h,tol 
Real*8 alphan,aQalphan,kl,k3 
Real*8 temp,cn3,dcn3,ddcn3,Anot,Bnot 
Real*8 sum! ,sum2,sum3,sum4,alph 
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Character* 3 pcstring 
Character*13 ansfile,paramfile,cdistkoh 
Character*10 cohprofile 
Real*8 dsqrt,dlog,dlog10 
C01\1MON /BLK1/ A,B,C,D 
C01\1MON /BLK2/ G,X,Y,N,NJ 
Data R,PI,F /8.314,3.1416,96487 I 

'" c 
c Read Input Data From: "kohinput.par" 
c 

Open (Unit=7 ,File='kohinput.par' ,Status='Old') 
c 

Read(7, *) pcode 
Read(7, *) tol 
Read(7, *) fstcur 
Read(7, *) lstcur 
Read(7, *) curstp 
Read(7, *) NJ 
Read(7,*) itmax 
Read(7, *) cnom 
Read(7,*) ts 
Read(7, *) lamda 
if(pcode .ge. 100) then 

Read(7, *) nelec 
Read(7,*) iO 
Read(7,*) eO 
Read(7,*) clb 
Read(7,*) del 
Read(7, *) kappa 
Read(7, *) aO 
Read(7,*) delta 
Read(7,*) Rp 
Read(7, *) aporous 
Read(7, *) sigma 
Read(7, *) atau 
Read(7, *) lvol 

endif 
if(pcode .It. 100) then 

Read(7, *) Zs 
Read(7, *) Zl 
Read(7, *) zetap 

endif 
c 
c Create Filenames and Open Output Files 
c 

encode(3,22,pcstring) pcode 
22 format(i3) 

paramfile = 'kohres'/ fpcstring/ /'.txt' 
ansfile = 'kohans'/ fpcstring/ j'.dat' 
cohprofile = 'coh'/ /pcstring/ /'.pro' 
cdistkoh = 'cddkoh'/ jpcstring/ /'.pro' 

c 
Open (Unit=8,File=paramfile,Status='New') 
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c 

Open (Unit=9,File=ansfile,Status='New') 
Open (Unit=11,File=cohprofile,Status='New') 
Open (Unit=12,File=cdistkoh,Status='New') 

C CALCULATE OR SPECIFY CONSTANT PARAMETERS 
c 

c 

c 

N=2 
T = 298.0 
h = LOI(NJ-2) 
count = (NJ-2)150 
Ate = 2303 • R • T I ts I F 

if(pcode .lt. 100) goto 20 

C CALCULATE THE DIMENSIONLESS GROUPS 
c 

c 

eporous = 1.0- (lvol I delta I (1.0- aporous)) 
if(eporous .ge. 1.0) eporous = 0.5 
zetap = Rp*dsqrt(aO*iO*ataulaporouslneleciF ldcllc1bldeltal(1-eporous)) 
Zs = iO • aO • delta • F I sigma I R I T 
Zl = iO • aO • delta • F • atau I aporous I kappa I R I T 

20 continue 
c 

c 

c 

k1 = 3.0 • Zs I zetap**2 
k3 = 3.0 • (1.0- lamda) • Zl I zetap**2 

write(8,30) 
write(8,32) NJ,h 
write(8,34) cnom,T,ts,lamda 

C Write input and dimensionless parameters to result files 
c 
30 format('***Results for hydroxide cathode**SIM16') 
32 format('***Mesh points= ',i4, 

1 I' Step size= ',e10.3) 
34 format(' KOH Added: ',e9.3, 

c 

c 
35 
40 

1 I'. Temperature= ',f6.1,' K', 
2 I' Tafel slope= ',f10.3,' mVIdec', 
3 I' <m7)l<mx) = ',e10.3) 

1 
2 
3 

if(pcode .ge. 100) then 
write(8,35) 

endif 

r 

write(8,40) delta,Rp,aO,sigma 
write(8,45) 
write(8,50) iO,eO,nelec,clb,dcl 

format(/'***Electrode parameters**') 
format(' Thickness = ',e10.3,' em', 

/' Agglomerate Radius= ',e10.3,' em', 
I' Platinum arealcm**3 = ',e10.3,' cm**-1', 
I' Matrix Conductivity= ',e10.3,' (ohm-cm)**-1') 

., 
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50 

c 

c 

1 
2 
3 
4 

format(/'***Oxygen Parameters**') 
format(' Exchange Current Dens= ',e10o3,' A/cm**2', 

/' Equilibrium Pot = ',f6o3, 

write(8,60) 

/' Stoichiometric#= ',f3o0, 
/' Oxygen Conco(mol/cc) : ',e11.4, 
/' Oxygen Diffo(cm**2/sec): ',e11.4) 

write(8,65) Zs,Zl,zetap 

60 format(/'***Dimensionless parameters**') 
65 format(/' Zs = ',e10.4, 

1 /' Zl = ',e10o4, 
2 /' zetap = ',e10o3) 

c 
C write header data for TAG files 
c 

c 

write(9,70) 
write(11,70) 
write(12,70) 
write( 11,7 5) 
write(12,77) 
write(9,80) pcode,ts,lamda,Zs,Zl,zetap 
write(11,80) pcode,ts,lamda,Zs,Zl,zetap 
write(12,80) pcode,ts,lamda,Zs,Zl,zetap 
write(9,85) 
write( 11,85) 
write( 12,85) 

70 format(' title text "Hydroxide Cathode, SIMKOH".', 
1 /' every curve interp smooth,no color ,delta 0,', 
2 'symbol count Oo ', 
3 /' page border no.') 

75 format(' x axis label "Dimensionless Position" 0,, 
1 /' y axis label "C<l.5ho8)3<lxhx)- 1".') 

77 format(' x axis label "Dimensionless Position".', 
1 /'y axis label ', 
2 ' "Current Distribution" 0 ') 

80 format(' mes 1 units inches,line space ratio 2,', 
1 /' x 7o75,y 4,text ', 
2 /' " pcode o ' i5 ' " ' . ' ' , ' 
3 /' "Tafel Slope: ',f6o2,' mY/dec",', 
4 /' " <m7)l<mx): ',e10.4,' ",', 
5 /'" Zs: ',e10o4,' ",', 
6 /' " Zl: ',e10.4,' ",', 
7 /'" zetap: ',e10.4,' ".') 

85 format(' INPUT DATA.') 
c 
c ************************* 
C * LOOP OVER CURRENT RANGE 
c ************************* 
c 

icnt = 1 
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c 

c 

c 

ncur = int(dlog10(lstcurlfstcur)lcurstp) 

do 400 curnum=1,ncur 

itnum = 0 
check = 0 
icurflg = 0 
im = 10**(dlog10(dabs(fstcur)) + (curnum*curstp)) 
if(pcode .ge. 100) imstar = im I iO I aO 
if(pcode .It. 100) imstar = im 
rdec = dlog10(dabs(im)) 
idee= int(rdec) 
if(abs(rdec-idec) .It. 0.1) icurftg = 1 

C CALCULATE AND SET INITIAL GUESS FOR TillS CURRENT 
c 

c 

psikstar = -(I.OIAtc)*dlog(imstar) 
psik = psikstar*R*T*1000IF + 1230 

do 100 i2=1,NJ 
Cn(1,i2) = psikstar 
Cn(2,i2) = 1.0 

100 continue 
c 
C ************COME HERE IF SOL'N HASN'T CONVERGED******** 
c 
200 continue 
c 
C ZERO CONCENTRATION ARRAY FOR BAND 
c 

do 210 i1=1 ,N 
do 209 i2=1,NJ 

C(i1,i2) = 0.0 
209 continue 
210 continue 
c 
C Calculate first mesh point, j = 1 
c 
C Zero Coefficients 
c 

do 230 i1=1,N 
do 220 i2 = 1,N 

B(i1,i2} = 0.0 
X(i1,i2) = 0.0 
D(il,i2) = 0.0 

220 continue 
G(i1} = 0.0 

230 continue 
c 

c 
j = 1 

B(1,1) = -0.5 
0(1,1) = 0.0 



c 

c 

c 

c 

X(1,1) = 0.5 
B(1,2) =- lamda I (1.0- lamda) I 2.0 
X(1,2) = -B(1,2) 
G(1) = h * imstar * Zl 

B(2,1) = 0.0 
B(2,2) = 1.0 
G(2) = 1.0 

call BAND( 1) 

do 250 j = 2,NJ-1 

C Zero Coefficients 
c 

do 240 i1=1,N 
do 235 i2 = 1,N 

A(i1,i2) = 0.0 
B(il,i2) = 0.0 
O(i1,i2) = 0.0 

235 continue 
G(il) = 0.0 

240 continue 
c 

c 

c 

c 

c 

c 

cn3 = Cn(2,j) 
dcn3 = (Cn(2,j+1)-Cn(2,j-1))12.0ih 
ddcn3 = (Cn(2,j+1)+Cn(2,j-1)-2.0*cn3)lh**2 
alphan = zetap*dexp(-Atc*Cn(1,j)l2.0) 
hypcot = l.Oidtanh(alphan) 
temp= alphan*hypcot- 1.0 
aQalphan = alphan*(hypcot + alphan- (alphan*hypcot**2)) 
Anot = ddcn3lcn3- (dcn3lcn3)**2 
Bnot = 2.0*dcn3**21cn3**3- ddcn3lcn3**2 

A(l,l) = 1.0 
0(1,1) = 1.0 
B(l,1) = -2.0- (h**2)*(k1 *Atc*aQalphanl2.0) 
A(1,2) = -l.Oicn3- h*dcn3lcn3**2 
0(1,2) = -l.Oicn3+ h*dcn3lcn3**2 
B(1,2) = 2.0icn3- (h**2)*(Bnot) 

G(l) = (h**2)*(Anot- kl *(temp+ Atc*Cn(l,j)*aQalphanl2.0)) 

A{2,1) = 0.0 
0(2,1) = 0.0 
B(2,1) = -(h**2)*(k3* Atc*aQalphanl2.0) 
A(2,2) = 1.0 
0(2,2) = 1.0 
B(2,2) = -2.0 

G(2) = -(h**2)*k3*(temp + Atc*Cn(l,j)*aQalphanl2.0) 

call BAND(j) 
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c 
250 continue 
c 
C Calculate last mesh point, j = NJ 
c 

do 260 i1=1,N 
do 255 i2 = l,N 

A(il,i2) = 0.0 
B(i1,i2) = 0.0 
Y(il,i2) = 0.0 

255 continue 
G(i1) = 0.0 

260 continue 
c 

c 

c 

Y(1,1) = -0.5 
B(1,1) = 0.5 
A(1,1) = 0.0 
G(1) = -h * imstar * Zs 
Y(2,2) = -0.5 
B(2,2) = 0.5 
G(2) = 0.0 

call BAND(NJ) 

c ********************* 
C CHECK FOR CONVERGENCE 
c ********************* 
c 

c 

c 

270 

c 

do 280 i1=1 ,N 
do 279 i2=1,NJ 

conv = dabs((C(i1,i2)-Cn(il,i2))/C(i1,i2)) 
if(conv .gt. tol) then 

itnum = itnum + 1 

if(itnum .ge. itmax) then 
write(8,270) 

endif 

format(' max iteration count exceeded') 
goto 300 

C Save old try in Cn and check for blowup and neg cone. 
c 

do 272 n2= 1,NJ 
if(dabs(C(1,n2)).gt.100) check= 99 
if(C(2,n2) .It. 0.0) check = 100 
Cn(1,n2) = C(1,n2) 
Cn(2,n2) = C(2,n2) 

272 continue 
c 
C Go to next iteration unless check > 0 
c 

if(check .gt. 0) then 



~ 

274 
276 

c 

c 

279 
280 
c 
c 
c 
c 
c 
300 
c 
c 
c 

c 

end if 

if{check .'eq. 99) write{8,274) 
if{check .eq. 100) write{8,276) 
format(/' potential blow-up, goto next current!') 
format(/' negative concentration, goto next current!') 
goto 300 

goto 200 

end if 
continue 
continue 

IF WE CONVERGED or if itmax is exceeded, WE ARRIVE HERE 
NOW WE CALCULATE THE RESULTS WE NEED AND WRITE THEM 
TO THE APPROPRIATE FILES 

continue 

If there was a problem skip the answer calculations 

if(check .gt. 0) then 
icnt = icnt + 1 
check= 0 
goto 400 

end if 

C Write paramfile headings 
c 

c 

write(8,310) im,psikstar,alphan,itnum,check 
write(8,315) 

310 format(/' CURRENT= ',e10.4,' Alcm**2', 
2 I' Dimensionless initial guess: ',e10.3, 
3 /' alphan = ',e10.3, 
1 /' # iterations: ',i5, 
4 /' check= ',i5) 

315 format(/' Dimensionless Profiles', 

c 

c 

c 

1 I ,t5,'y' ,t14, 'psistar' ,t28,'c_ *' ,t42 ,'Cur .Dist.' ,t58, 'alpha') 

sum1 = 0.0 
sum3 = 0.0 
sum4 = 0.0 

do 320 i2=1,NJ-1 

C First Integration to find i-s 
·c 

alph = zetap*dexp{-C{1,i2)*Atcl2.0) 
temp= {alphldtanh{alph))- 1.0 
jbarstar = 3.0*templ(zetap**2) 
cdist(i2) = jbarstar I imstar 
sum1 = sum1 + h*jbarstar 
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isolstar(i2) = sum1 
c 
C Check for uniformity 
c 

c 
c 
c 

sum3 = sum3 + dabs(cdist(i2)-l.O) 
sum4 = sum4 + dabs(C(2,i2)-l.O) 

Write profile results at each decade 

if(mod(i2,count).eq.O) write(8,325) i2,C(1,i2), 
1 C(2,i2),cdist(i2),isolstar(i2) 

320 continue 
c 
325 format(i7,4e14.4) 
c 
C Second integration to calculate delta PhL.s 
c 

sum2 = 0 
do 330 i1 = 1,NJ-1 

sum2 = sum2 + h*isolstar(il) 
330 continue 

c 

deltaphisstar = - Zs * sum2 
deltaphis = R*T*deltaphisstar/F 

C PSI(O) 
c 

c 

psiOstar = C(1,1) 
psiO = R*T*C(1,2)/F 

C FINAL ANSWER 
c 

estar = deltaphisstar + psiOstar 
evsrhe = deltaphis + psiO + eO 
erhesave(curnum) = evsrhe * 1000.0 
if(pcode .ge. 100) cursave(curnum) = im * 1000.0 
curstarsave( curnum) = imstar 
estarsave(curnum) = estar 
write(8,335) evsrhe,deltaphis,psiO 

335 format(/' E-m vs RHE = ',f8.4,' volts', 
1 /' PhLs(1)-PhL.s(O) = ',e10.4, 

. 2 /' PhL.s(O)-PhU(O) = ',e10.4) 
c 
C Compute Tafel slope 
c 

if( curnum.ne.O) then 

end if 

slope( curnum) = -1000.0*R*T*(estar-potsav)/( curstp*icnt)/F 
icnt = 1 

potsav = estar 
340 format( e14.5,2x,e14.5) 
c 
C Write individual profile files if non-uniform 
c 

" 



" 
350 

355 
360 
c 
c 
c 
400 
c 
c 
c 

c 
c 
c 

c 
c 

if(icurflg .eq. 1) then 

endif 

if(sum3 .gt. 0.1) write(12,355) imstar 
if(sum4 .gt. 0.1) write(l1,355) imstar 
do 350 i1 = 1,NJ-1,count 

if(sum3.gt.0.1) write(12,360) ((il-1)*h),cdist(i1) 
if(sum4.gt.0.1) write(l1,360) ((i1-1)*h),C(2,il) 

continue 

format(' "1-m* = ',e10.3,' " ') 
format(f6.3,2x,e14.5) 

END OF TillS CURRENT CALCULATION 

continue 

FINISH OFF PROFll..E Fll..ES 

write(l1,510) 
write(12,510) 

WRITE FINAL RESULT Fll..ES 

if(pcode .It. 100} goto 430 
DIMENSIONAL Fll..E 

write(9,520) 
do 420 i1=1,curnum-1 

write(9,340) erhesave(i1 ),cursave(i1) 
420 continue 

write(9,525) 
do 425 i1=1,curnum-1 

write(9,340) erhesave(i1),slope(i1) 
425 continue 
c 
C DIMENSIONLESS Fll..E 
c 
430 write(9,540) 

do 435 i1=1,curnum-1 
write(9,340) estarsave(i1 ),curstarsave(i1) 

435 continue 
c 

write(9,510) 
c 
510 format(' END OF DATA.') 
520 format(' "Current Density" ') 
525 format(' "slope" ') 
540 format(' "imstar" ') 
c 

stop 
end 

KeC0
9 

Problem 
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c 
C PROGRAM FOR THE NUMERICAL SOLUTION 
C FOR THE POTENTIAL VS CURRENT AND CONCENTRATION 
C PROFILES FOR AN OXYGEN ELECTRODE WITH CARBONATE ELECTROLYTE 
c 

PROGRAM SIMKO 
c 
C CONCENTRATION: C(l,j) = C3 (OH-) 
C CONCENTRATION: C(2,j) = C4 (HC03-) 
C DIMENSIONLESS POTENTIAL DIFFERENCE: C(3,J) 
C CONCENTRATION: C(4,j) = C6 (003=) 
C CONCENTRATION: C(5,j) = C7 (K+) 
c 

c 

Real*8 0(5,203) 
Real*8 Cn(5,203) 

C CURRENT AND POTENTIAL VARIABLES AND STORAGE 
c 

Real *8 im ,imstar ,fstcur ,lstcur ,curstp 
Real*8 cursave(50),curstarsave(50) 
Real*8 evsrhe,estar 
Real*8 erhesave(50),estarsave(50),Tslope(50) 
Real*8 deltaphis,psiO,psik 
Real *8 deltaphisstar ,psiOstar ,psikstar 

c 
C INPUT ELECTROLYTE PARAMETERS 
c 

c 

Real *8 cnom,kiiapp, T ,cl b,dcl ,kappa,kappathstar 
Real*8 iO,alpha,nelec,ts,eO,kmtc 
Real*8 p6,p7 ,d3,d4,d6,d7 

C INPUT ELECTRODE PARAMETERS 
c 

Real*8 sigma,delta,aO 
Real*8 Rp,atau,lvol,eporous,aporous 

c 
C CALCULATED ELECTROLYTE PARAMETERS 
c 

c 

Real*8 c3b,c4b,c6b,c7b 
Real*8 e3,e4,e6,e7,dc6 
Real*8 Ate 

C DIMENSIONLESS PARAMETERS 
c 

Real*8 Zs,Zl,t6,zetap,mtc 
c 
C NUMERICAL SOLUTION PARAMETERS 
c 
C BAND Coefficients 
c 

c 

Real*8 A(5,5),B(5,5),D(5,11) 
Real*8. G(5),X(5,5),Y(5,5) 



.. 

.. 

C Other 
c 

c 
c 
c 

c 
c 

c 

c 

c 

Real*8 tol,h 
Integer N,NJ,pcode,check,itnum,itmax,icnt 
Integer icurflg,ncur,curnum,i1,i2,n1,n2,pcount,count 

Misc. Storage 

Real*8 isolstar(202),jbarstar,cdist(202),alphapro(202) 
Real*8 alphavg(50),cohavg(50) 
Real*8 alph,potsav 
Real*8 sum1,sum2,sum3,sum4,sum5,sum6,temp 

Real*8 dsqrt,dlog,dlog10 
Character*25 infile 
Character* 12 cdistfile,ansfile,paramfile 
Character*10 c3profile,c4profile,c6profile,c7profile 
Character*3 pcstring 

CO:MMON /BLK1/ A,B,C,D 
CO:MMON /BLK2/ G,X,Y,N,NJ 
CO:MMON /BLK3/ Cn,imstar,h,Atc,t6,Zs,Zl,zetap,mtc 
CO:MMON /BLK4/ e3,e4,e7,d3,d4,d7 

Data R,PI,F /8.314,3.1416,96487/ 

C Open Data Input File 
c 

c 

c 

c 
c 
c 
c 
c 

infile = 'kcinput' 

Open (Unit=7,File=infile/ /'.par',Status='Old') 

Read(7,*) pcode 

PCODE < 100 computes results from dimensionless parameters 
PCODE > = 100 computes results from dimensional parameters 

individual parameters listed by code# 

Read(7, *) tol 
Read(7,*) fstcur 
Read(7, *) lstcur 
Read(7,*) curstp 
Read(7,*) NJ 
Read(7,*) itmax 
Read(7, *) cnom 
Read(7, *) kiiapp 
Read(7,*) ts 
Read(7,*) d3 
Read(7,*) d4 
Read(7,*) d7 
if(pcode .ge. 100) then 

Read(7, *) kmtc 

213 
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c 

endif 

Read(7, *) nelec 
Read(7, *) iO 
Read(7,*) clb 
Read(7,*) del 
Read(7, *) kappa 
Read(7, *) aO 
Read(7, *) delta 
Read(7,*) Rp 
Read(7, *) aporous 
Read(7, *) sigma 
Read(7, *) atau 
Read(7, *) lvol 

if(pcode .lt. 100) then 
Read(7,*) Zs 
Read(7, *) Zl 
Read(7,*) zetap 
Read(7, *) mtc 

endif 

C CALCULATE OR SPECIFY CONSTANT PARAMETERS. 
c 

c 

N=5 
eO= 1.23 
T = 298.0 
h = LOI(NJ-2) 
count = (NJ-2)150 
pcount = 2 * count 

·Ate = 2303 * R * T I ts I F 

C Calculate bulk ionic compositions and concentration ratios 
c 

c 
c 

c4b = (dsqrt(1.0+(4.0*cnom*kiiapp))-l.O)I2.0ikiiapp 
c6b = cnom - c4b 
c3b = c6b I kiiapp I c4b 
c7b = 2 * cnom 
e3 = c3b/c6bl2.0 
e4 = c4blc6bl2.0 
e6 = 1.0 
e7 = c7b/c6b/2.0 
d6 = 1.0 
p6 = 1.0 
t6 = 4.0 I (4.0 + e3*d3 + e4*d4 + e7*d7) 

if(pcode .lt. 100) goto 20 
C If pcode > = 100 Calculate dimensionless parameters 
c 

eporous = 1.0- (lvol I delta I {1.0- aporous)) 
zetap = Rp*dsqrt(aO*iO*ataulaporouslneleciF ldcl/clbldelta/(1-eporous)) 
Zl = iO * aO * delta * F * atau I aporous I kappa I R I T 
Zs = iO * aO * delta * F I (sigma * R * T) 
dc6 = t6 * kappa * R * T I c6b I (F**2) I 4.0 

• 
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rotc = kmtc * delta / dc6 / 2.0 
c 
20 continue 
c 
c 
c Write input and dimensionless parameters to result files 

• encode(3,22,pcstring) pcode 
22 format(i3) 

paramfile = 'param'/ jpcstring/ /'.txt' 
,, ansfile = 'final'/ jpcstring/ /'.dat' 

c3profile = 'c3s'/ jpcstring/ /'.pro' 
c4profile = 'c4s'/ jpcstring/ /'.pro' 
c6profile = 'c6s'/ jpcstring/ /'.pro' 
c7profile = 'c7s' / jpcstring/ /'.pro' 
cdistfile = 'cdist'/ jpcstring/ /'.pro' 

c 
Open (Unit=8,File=paramfile,Status='New') 

c 
write(8,30) 
write(8,31) NJ,h,tol ,pcode 
write(8,32) cnom,ts 
write(8,52) 
write(8,55) c3b,c4b,c6b,c7b 
write(8,60) e3,e4,e6,e7 
write(8,75) d3,d4,d6,d7 

c 
30 format(' **Results for carbonate cathode-SIM2**') 
31 format(' **Mesh points = 'i4,5x, 

1 /' Step size= ',e10.3, 
2 /' tolerance = ',e10.3, 
3 /' pcode = ',i5) 

32 format(' Nominal Carbonate Concentration: ',e9.3, 
1 /' Tafel slope= ',f7.2,' mv/dec') 

52 format(/' **Solution parameters**' 
1 T31,'0H-',T42,'HC03-',T53,'C03=',T64,'K+') 

55 format(' Bulk Conc.(moljcc)',T27,4ell.3) 
60 format(' Ionic Cone. Ratios (ei)',T27,4e11.3) 
75 format(' 2Di/D6',T27,4ell.3) 
c 

if(pcode .ge. 100) then 
write(8,45) 

• write(8,50) iO,nelec 
write(8,65) c1b,dc1 
write(8,33) 
write(8,40) delta,aO,Rp,sigma,aporous,eporous,atau,lvol 

c 
45 format(/' **Kinetic and Oxygen Parameters**') 
50 format(/' rate constant= ',e10.3,' A/cm**3', 

3 /' Stoichiometric#= ',f3.0) 
65 format(//' 02 conc.(moljcc): ',ell.4, 

1 /' 02 diff.(cm**2/sec): ',ell.4) 
33 format(/' **Electrode parameters**') 
40 format(' Thickness= ',el0.3,' em', 
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1 
2 
3 
4 
5 
6 
7 

c 

c 

c 
85 
90 

1 
2 
3 
4 

c 
c 
c 

c 

endif 

write(8,85) 

/' Platinum areajcm**3 = ',e10.3,' cm**-1', 
/' Agglomerate Radius= ',e10.3,' em', 
/' Matrix Conductivity= ',e10.3,' (ohm-cm)**-1', 
/' Agglomerate porosity = ',f6.3, 
/' Electrode porosity= ',f6.3, 
/' Agglomerate tortuosity= ',f6.2, 
/' Electrode load vol. = ',f6.2) 

write(8,90) Zs,Zl,t6,zetap,mtc 

format(/' **Dimensionless parameters**') 
format(' Zs = ',e10.4,' kinetics/matrix cond.', 
/' Zl = ',e10.4,' kinetics/soln cond.', 
/' t6 = ',e10.4,' kappath/kappa', 
/' zetap = ',e10.4,' kinetics/02 diff', 
/' mtc = 'e10.4,' dim .less mass-trans.coeff. ') 

create file names with pcode in it! 

Open (Unit=9,File=ansfile,Status='New') 
Open (Unit=10,File=c3profile,Status='New') 
Open (Unit=11 ,File=c4profile,Status='New') 
Open (Unit=12,File=cdistfile,Status='New') 
Open (Unit=13,File=c6profile,Status='New') 
Open (Unit=14,File=c7profile,Status='New') 

C title info 
c 

c 
c 
c 

c 

write(9,91) cnom 
write(10,91) cnom 
write(ll,91) cnom 
write(12,91) cnom 
write(13,91) cnom 
write(14,91) cnom 

axis labels 

write( 10,93) 'C_OH-/C-OH-o' 
write(11,93) 'CJIC03-/CJIC03-o' 
write(12,93) 'C. Dist, J* /1' 
write(13,93) 'C_C03=/C-C03=o' 
write(14,93) 'C-K+/C-K+o' 

C message 
c 

write(9,89) pcode,Zs,Zl,zetap,mtc 
write(10,89) pcode,Zs,Zl,zetap,mtc 
write(ll,89) pcode,Zs,Zl,zetap,mtc 
write( 12,89) pcode,Zs,Zl,zetap,mtc 

• 
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write(13,89) pcode,Zs,Zl,zetap,mtc 
write(14,89) pcode,Zs,Zl,zetap,mtc 

c 
91 format('title text" ',e8.2,' mollcc KC Cathode".', 

1 I' every curve no color,', 
2 'symbol size 1.5, count 9999.') 

• 92 format(' x axis label "Potential vs. RHE (V)".', 
1 I' y axis label" Current Density (Aicm**2) ".') 

c .. , 93 format(' x axis label "x<e.Sh.8)*<exhx)".', 
1 /' y axis label " ',A,' ".') 

c 
89 format(' mes 1 units inches,line space ratio 2,' 

1 I' x 7.75,y S,text ', 
2 /' , pcode: ',iS,' ",', 
3 /' , Zs: ',e10.4,' ",', 
4 /' , Zl: ',e10.4,' ",', 
5 /' , zetap: ',e10.4,' ",', 
6 /' " mtc : ',e10.4,' ". ') 

c 
write(9,95) 
write( 10,95) 
write(11,95) 
write(12,95) 
write(13,95) 
write( 14,95) 

c 
95 format(' INPUT DATA.') 
c 
c ***************************************** 
c * MAIN LOOP OVER TaE CURRENTS OF CHOICE 
c ***************************************** 
c 

icnt = 1 
ncur = int(dlog10(lstcurlfstcur)lcurstp) 

c 
do 500 curnum=1,ncur 

c 
icurflg = 0 
im = 10**(dlog10(dabs(fstcur)) + (curnum*curstp)) 

• 
if(pcode .ge. 100) imstar = im I iO I aO 
if(pcode .It. 100) imstar = im 
rdec = dlog10( dabs(im)) 
idee= int(rdec) 
if(abs(rdec- float(idec)) .It. 0.1) icurflg = 1 
if(pcode .ge. 100) cursave(curnum) = im * 1000.0 
curstarsave(curnum) = imstar 

c 
psikstar = -(LOIAtc)*dlog(imstar) 
psik = (psikstar * R * T IF)+ 1.23 

c 
itnum = 0 
check = 0 
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c 
C SET INITIAL GUESS FOR THIS CURRENT 
c 

99 
c 
c 
c 

do 99 i2=1,NJ 
Cn(1,i2) = 1.0 
Cn(2,i2) = 1.0 
Cn( 3 ,i2) = psikstar 
Cn(4,i2) = 1.0 
Cn(5,i2) = 1.0 

continue 

************ COME HERE IF SOL'N HASN'T CONVERGED ******** 

200 continue 
c 
c 
C ZERO CONCENTRATION ARRAY FOR BAND 
c 

do 210 i1=1,N 
do 209 i2=1,NJ 

C(il,i2) = 0.0 
209 continue 
210 continue 
c 
C Calculate first mesh point, j = 1 
c 

c 

j = 1 
call BCOEFFS(j) 
call BAND(j) 

C Calculate NJ-2 interior points 
c 

c 

do 250 j=2,NJ-1 
call JCOEFFS(j) 
call BAND(j) 

250 continue 
c 
C Calculate last mesh point, j = NJ 
c 

c 

call BCOEFFS(NJ) 
call BAND(NJ) 

c ********************* 
C CHECK FOR CONVERGENCE 
c ********************* 
c 

c 

C· 

do 280 i1=1,N 
do 279 i2=1,NJ 

if( dabs( ( C(il ,i2 )-Cn(i1 ,i2)) / Cn(i1 ,i2)) .gt. to I) then 
itnum = itnum + 1 

•·' 

1 
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281 

c 
c 
c 

if(itnum .ge. itmax) then 
write(8,281) 

end if 

format(' max iteration count exceeded') 
goto 399 

Save old try in Cn 

do 355 n1=1,N 
do 350 n2= 1,NJ 

if(nl.eq.3) then 
if(dabs(C(3,n2)).gt.100) check= 99 
end if 
if(n1 .ne. 3) then 

endif 

if(C(n1,n2) .lt. 0.0) then 
C(n1,n2) = 0.01 
check= 100 

end if 

Cn(n1,n2) = C(n1,n2) 
350 continue 
355 continue 
c 
C Time to go back for another round 
c 
C unless check = 99 
c 

c 
356 
357 
358 
c 

c 

279 
280 
c 
c 
c 
c 
c 
399 
c 

400 
2 

if( check .eq. 100) write(8,357) 
if( check .eq. 99) then 

write(8,356) 
goto 399 

endif 

format(' **error** potential blowup, go on to next current') 
format(' neg. HC03- cone., ') 
format(' check= ',i4) 

check = 0 
goto 200 

end if 
continue 
continue 

IF WE CONVERGED or if itmax is exceeded, WE ARRIVE HERE 
NOW WE CALCULATE THE RESULTS WE NEED AND WRITE THEM 
TO THE APPROPRIATE FILES 

continue 

write(8,400) im,psikstar,itnum 
format(/' CURRENT= ',e10.3,' A/cm**2', 
/' pure kinetic overpotential : ',el0.3, 
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4 /' #of iterations required: ',i5) 
if(check .eq. 99) then 

icnt = icnt + 1 
goto 500 

endif 
c 

write(8,405) 
405 format(/' Dimensionless Concentration Profiles') 

write(8,410) 
410 format(/ I ,t5, 'j ',t14, 'C-OH-' ,t26, 

1 'PSI*' t40 'iS*' t54 'cd') 
' ' ' ' c 

sum1 = 0.0 
sum3 = 0.0 
sum4 = 0.0 

c 
do 420 i2=1,NJ-1 

c 
c First Integration to calculate i-s (x) from j-bar 
c 

temp = -Ate * C(3,i2) I 2.0 
alph = zetap*dexp(temp)*(C(1,i2)**(-Atcl2.0)) 
alphapro(i2) = alph 

c 
temp = (zetap**2)*imstar 
jbarstar = 3.0*(alphldtanh{alph)- l.O)Itemp 
isolstar(i2) = sum1 + h*jbarstar 
sum1 = isolstar(i2) 
cdist(i2) = jbarstar 

c 
c determine whether profile is non-uniform enough to be interesting 
c 

sum3 = sum3 + dabs(cdist(i2)-1.0) 
sum4 = sum4 + dabs(C(1,i2)-l.O) 

c 
c print profile points once in a while 
c 

if( mod(i2,pcount) .eq. 0) write(8,424) i2, 
1 C( 1,i2),C(3,i2),isolstar(i2),cdist(i2) 

c 
420 continue .. 
424 format(i6,7e12.4) 
c 
c Second integration to find (F IRT)[PHI-s(delta)- PHI-s(O)] 
c II 

sum2 = 0.0 
do 421 i2 = 1,NJ-1 

sum2 = sum2 + isolstar(i2)*h 
421 continue 
c 

deltaphisstar = -sum2*Zs 
psiOstar = C(3,2) 

c. 
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c 
c 
c 
c 

c 
c 
c 

c 
c 
c 
c 
c 

c 
c 
c 

c 

Calculate answers in dimensional and dimensionless form 

The dimensionless overpotential 

estar = deltaphisstar + psiOstar 
estarsave(curnum) = estar 

potential vs. RHE 

evsrhe = R*T*estariF +eO 
erhesave(curnum) = evsrhe * 1000.0 

MISC. CALCULATIONS 

Individual potential drops 

deltaphis = R*T*deltaphisstariF 
psiO = R*T*psiOstariF 

Tafel Slope 

if( curnum.ne.O) then 

end if 

Tslope(curnum) = -R*T*(estar-potsav)lcurstplicntiF 
icnt = 1 

potsav = estar 

C Average hydroxide cone. 
c 

sum5 = 0.0 
sum6 = 0.0 
do 470 i2=1,NJ 

sum5 = sum5 + C(1,i2) 
sum6 = sum6 + alphapro(i2) 

470 continue 

c 
c 

cohavg(curnum) = sum5 I (NJ- 2) 
alphavg(curnum) = sum6 I (NJ- 2} 

C Write dimensionless profiles at each current decade 
C if they are non-uniform enough 
c 

if(icurftg .eq. 1) then 
if(sum3 .gt. 0.5) write(12,440) imstar 
if(sum4 .gt. 0.5) then 

end if 

write(10,440) imstar 
write(11,440) imstar 
write(13,440) imstar 
write(14,440) imstar 

do 451 i1 = 1,NJ-1,count 
if(sum3 .gt. 0.5) write(12,441) ((i1- l.O}*h),cdist(i1) 
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if(sum4 .gt. 0.5) then 
write(10,441) ((i1- l.O)*h),C(1,i1) 
write(11,441) ((il- l.O)*h),C(2,il) 
write(13,441) ((il - l.O)*h),C( 4,il) 
write(14,441) ((il - l.O)*h),C(5,il) 

end if 
451 continue 

endif 
c 
441 format(f6.3,2x,e14.5) 1, 

440 format(' "1-m* = ',e10.3,' " ') 
c 
c 

write(8,422) evsrhe,psiO,deltaphis 
422 format(' E_m: ',f10.4,' mV' 

1 /' psi(O): ',f10.4,/' delphis: ',f10.4) 
c 
c END OF CALCULATION FOR TillS CURRENT 
c 
500 continue 
c 
c FINISH OFF PROFILE TAG FILES 
c 

write(10,510) 
write( 11,510) 
write( 12,510) 
write( 13,510) 
write( 14,510) 

c 
c WRITE FINAL RESULT FILE FOR TillS RUN 
c 

if(pcode .It. 100) goto 526 
c DIMENSIONAL FILE 
c 
c 

write(9,520) 
do 521 il=1,curnum-1 

write(9,550) erhesave(i1 ),cursave(il) 
521 continue 

write(9,525) 
do 526 i1=1,curnum-1 

write(9,550) erhesave(i1 ),Tslope(i1) 
526 continue 
c 

write(9,530) 
do 531 i1=l,curnum-1 

write(9,550) estarsave(i1 ),cohavg(i1) 
531 continue 
c 
c DIMENSIONLESS FILE 
c 

write(9,540} 
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do 541 il=1,curnum-1 
write{9,550) estarsave{i1 ),curstarsave{i1) 

541 continue 
c 

write{9,545) 
do 546 il=1,curnum-1 

·.;:J write{9,550) estarsave{il),alphavg(il) 
546 continue 

,. write{9,510) 
c 
510 format{' END OF DATA.') 
520 format(' "Current Density" ') 
525 format(' "T slope" ') 
530 format(' "C-OH* avg" ') 
540 format(' "imstar" ') 
545 format{' "<M7)a<MX)-avg" ') 
550 format( e12.4,3x,e14.5) 
c 
c 
551 stop 

end 

SUBROUTINE JCOEFFS(j) 
c 
c This routine calculates BAND Coefficients for SIMKC 
c at mesh points 1 < j < NJ 
c 

Real*8 A(5,5),B{5,5),C(5,203),D(5, 11) 
Real*8 G{5),X{5,5),Y(5,5) 
Real*8 Cn(5,203) 
Real*8 d3,d4,d7 ,e3,e4,e7 
Real*8 imstar,h,t6,Zs,Zl,Atc,zetap,mtc 
Real*8 k1,k3 
Real*8 cn3,cn4,cn5,cn6,cn7 
Real*8 dcn3,dcn4,dcn6,dcn7 
Real*8 ddcn7 ,alphan,aQalphan,term1,term2 
Integer N,NJ 

c 
Real*8 Anot,Bnot,Cnot,Dnot,q3,q4,q3prime,q4prime,hypcot 
Real*8 dtanh,dexp 

c 
Common IBLK11 A,B,C,D 
Common IBLK21 G,X,Y,N,NJ 
C01\1MON IBLK3I Cn,imstar,h,Atc,t6,Zs,Zl,zetap,mtc 
C01\1MON IBLK41 e3,e4,e7,d3,d4,d7 

c 
c Calculate new values for k1 and k3 
c 

k1 = 12.0 * Zl I t6 I (zetap**2) 
k3 = 3.0 * Zs I (zetap**2) 

c 
c First recover the values of Cn[k,j] from memory with 
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c 
c 

c 
c 
c 

c 

c 
c 
c 

c 

c 
c 
c 

5 

10 
c 
c 
c 
c 

c 
c 
c 

c 

c 

the above note in mind. 

cn3 = Cn(l,j) 
cn4 = Cn(2,j) 
cn5 = Cn(3,j) 
cn6 = Cn(4,j) 
cn7 = Cn(5,j) 

Next we will compute the derivative quantities needed 

dcn3 = ( Cn(1,j+1)- Cn(l,j-1)) I 2.0 I h 
dcn4 .= ( Cn(2,j+1)- Cn(2,j-1)) I 2.0 I h 
dcn6 = ( Cn(4,j+1)- Cn(4,j-1)) I 2.0 I h 
dcn7 = ( Cn(5,j+1)- Cn(5,j-1)) I 2.0 I h 

ddcn7 = ( Cn(5,j+l) + Cn(5,j-1)- 2.0 * cn7 ) I h**2 

Next the complex functions, alpha and alphaQ(alpha) 

alphan = zetap * dexp(-cn5*Atcl2.0) * (cn3 **(-Atcl2.0)) 
hypcot = 1.0 I dtanh(alphan) 
terml = alphan*hypcot- 1.0 

aQalphan = alphan*(hypcot + alphan- alphan * (hypcot**2)) 

First initialize all array values to zero 

do 10 i=1,N 
do 5 k=1,N 

A(i,k) = 0.0 
B(i,k) = 0.0 
D(i,k) = 0.0 

continue 
G(i) = 0.0 

continue 

Now we are ready to calculate coefficients 
calculate some prelim. quantities 

Bnot = dcn7 I cn7 
Anot = ddcn7 lcn7- dcn7**2lcn7**2 
Cnot = (2.0*dcn7**2lcn7**3)- (ddcn7 lcn7**2) 
Dnot = dcn7 I cn7**2 

*************** Equation 1 terms *************** 

q3 = e3 * d3 * cn3 + 2.0 * cn6 
q3prime = e3 * d3 * dcn3 + 2.0 * dcn6 

A(1,1) = d3 * e3 * (1.0- (hi2)*Bnot) 
B(1,1) = -2.0*d3*e3 + (h**2)*(e3*d3*Anot- k1 *aQalphan*Atclcn3l2.0) 
0(1,1) = e3 * d3 *(1.0 + (hi2)*Bnot) 

t 

"" 



225 

A(1,4) = 1.0- (h/2)*(2.0*Bnot) 
B(1,4) = -2.0 + (h**2)*(2.0* Anot) 
0(1,4) = 1.0 + (h/2)*(2.0*Bnot) 

c 
A(1,5) = q3/cn7- (h/2)*(q3prime/cn7- 2.0*q3*0not) 
B(1,5) =- 2.0*q3/cn7 + (h**2)*(q3*Cnot- q3prime*Onot) 

\.t 0(1,5) = q3/cn7 + (h/2)*(q3prime/cn7- 2.0*q3*0not) 
c 

A(1,3) = 0.0 
.! B(1,3) = (h**2)*(-k1 * Atc*aQalphan/2.0) 

0(1,3) = 0.0 
c 
c ************** Equation 2 terms ************ 
c 

q4 = e4 * d4 * cn4 + 2.0 * cn6 
q4prime = e4 * d4 * dcn4 + 2.0 * dcn6 

c 
A{2,2) = e4 * d4 * {1.0- (h/2)*Bnot) 
B(2,2) = -2.0*e4*d4 + (h**2)*(e4*d4*Anot) 
0(2,2) = e4*d4 * (1.0 + (h/2)*Bnot) 

c 
A(2,4) = A(1,4) 
B(2,4) = B(1,4) 
0(2,4) = 0(1,4) 

c 
A(2,5) = q4/cn7- (h/2)*(q4prime/cn7- 2.0*q4*0not) 
B(2,5) =- 2.0*q4/cn7 + (h**2)*(q4*Cnot- q4prime*Onot) 
0(2,5) = q4/cn7 + (h/2)*(q4prime/cn7- 2.0*q4*0not) 

c 
c ************** Equation 3 ******************* 
c 
22 continue 
c 

B(3,1) = (h**2)*(-k3*aQalphan*Atc/cn3/2.0) 
c 

A(3,3) = 1.0 
B(3,3) = -2.0 + (h**2)*(-k3*aQalphan*Atc/2.0) 
0(3,3) = 1.0 

c 
A(3,5) = -1.0/cn7- h*Onot 

Iii 
B(3,5) = 2.0/cn7 + (h**2)*(-Cnot) 
0(3,5) = -l.O/cn7 + h*Onot 

c 
term2 = term1 + (aQalphan/2.0)*(Atc*cn5 +Ate) 

c 
G(1) = (h**2)*(-k1 *term2) 
G(2) = 0 
G(3) = (h**2)*(Anot- k3*term2) 

c 
B(4,1) =- cn4 * h**2 
B(4,2) =- cn3 * h**2 
B(4,4) = h**2 

c 
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c 

c 

B(5,1) = -e3 * h**2 
B(5,2) = -e4 * h**2 
B(5,4) =- h**2 
B(5,5) = +e7 * h**2 

G(4) = -cn3 * cn4 * h**2 
G(5) = 0 

C That's all 
return 
end 

c *********************************************** 

Subroutine BCOEFFS(j) 
c 
C Calculate BAND Coefficients at the Boundaries 
c 

c 

Real*S A(5,5),B(5,5),C(5,203),D(5,11) 
Real*S G(5),X(5,5),Y(5,5) 
Real*S Cn(5,203) 
Real*S imstar,h,t6,Zs,Zl,Atc,zetap,mtc 
Real *8 e3,e4,e7 ,d3,d4,d7 
Integer N,NJ,j,k 

C Common blocks 
c 

c 

c 

COMMON /BLK1/ A,B,C,D 
COMMON /BLK2/ G,X,Y,N,NJ 
COMMON /BLK3/ Cn,imstar,h,Atc,t6,Zs,Zl,zetap,mtc 
COMMON /BLK4/ e3,e4,e7,d3,d4,d7 

if(j .eq. NJ) goto 100 

C FOR j = 1 
c 
C Zero the arrays 
c 

do 35 i=1,5 
do 30 k=1,5 

X(i,k) = 0.0 
B(i,k) = 0.0 
D(i,k) = o.o 

30 continue 
G(i) = 0.0 

35 continue 
c 
C PERFECT MIXING BC 
c 

c 
if (mtc .gt. 9999) then 

B(1,1) = 1.0 
B(2,2) = 1.0 
B(4,4) = 1.0 

' 



... 

c 
c 
c 

c 

c 

c 

c 

endif 

B(5,5) = 1.0 
G(1) = 1.0 
G(2) = 1.0 
G(4) = 1.0 
G(5) = 1.0 
goto 50 

MASS-TRANSFER BC 

B(1,1) = -0.5 
B(2,2) = -0.5 
B(4,4) = -0.5 
B(5,5) = -0.5 

X{1,1) = 0.5 
X(2,2) = 0.5 
X(4,4) = 0.5 
X(5,5) = 0.5 

D(1,1) = -h * d3 * mtc 
D(2,2) = -h * d4 * mtc 
D(4,4) = -h * 2.0 * mtc 
D(5,5) = -h * d7 * mtc 

G(1) = -h * d3 * mtc 
G(2) = -h * d4 * mtc 
G(4) = -h * 2.0 * mtc 
G(5) = -h * d7 * mtc 

C CURRENT FLUX BC DOESN'T DEPEND ON MIXING 
c 
50 continue 
c 

c 

40 
c 

c 
c 
100 
c 
c 
c 

X(3,1) = e3 * d3 * t6 I 8.0 
X(3,2) = e4 * d4 * t6 I 8.0 
X(3,3) = 0.5 
X(3,4) = t6 I 4.0 
X(3,5) = -e7 * d7 * t6 I 8.0 
G(3) = h * imstar * Zl 

do 40 k=1,5 
B{3,k) = -X(3,k) 

continue 

return 

*************** COME HERE FOR J = NJ **************** 
continue 

Zero appropriate arrays 

do 10 i=1,N 
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5 

10 
c 

20 
c 

c 

do 5 k=l,N 
A(i,k) = 0.0 
B(i,k) = 0.0 
Y(i,k) = 0.0 

continue 
G(i) = 0.0 

continue 

do 20 i=1,5 
B(i,i) = 0.5 
Y(i,i) = -0.5 

continue 

G(3) =- h * imstar * Zs 

return 
end 

.. ;( 
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