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IN 

Abs t r ac t -The  results of applying enhanced-surface-area packed-bed (ESAP) electrodes in electrogenerative SOz/O2 
cells are reported to illustrate their utility and potential applications. Mathematical analysis with parameters pertinent 
to the experimental conditions shows that all electrocatalyst sites in these electrodes are expected to be uniformly 
utilized for electrochemical SO2 oxidation. Experimental results showed that ESAP electrodes (1 mg Pt/cm ~) could 
provide at least 5 times higher SO~ conversion at giw.~n cell voltages than graphite sheet electrodes (1.5 mg Pt/cm2). 
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INTRODUCTION (a) 

The electrochemical oxidation of sulfur dioxide (SOs) has been 
of special interest because it can be involved in a number of elec- 
trochemical processes associated with the treatment of effluent 
waste gases, and possibly related to some energy conversion cy- 
cles [Hollax et al., 1968; Langer and Sakellaropoulos, 1979; Lu 
and Ammon, 1980; Scott and Winnick, 1988: Struck et al., 1982; 
Townley and Winnick, 1981; Winnick, 1990]. In earlier work in- 
volving the development of liquid-phase electrogenerative SOz/02 
cells [-Card et al., 1988; Lyke and Langer, 1991a3, graphite sheet- 
supported platinum anodes were initially used because of their 
high conductivity, inertness, and macroporosity for electrolyte 
flow, all important requirements for packed-bed operation. How- 
ever, the relatively small surface area (5-20 m2/g) of the commer- 
cially available support has limited catalyst dispersion in the pack- 
ed-bed. To enhance the packed-bed electrode performance, an 
increase in effective surface area of the packed-bed electrodes 
was needed. At the same time, it was undesirable to have a pres- 
sure-drop increase for electrolyte flow through the packed-bed 
from any additional surface area (e.g., activated carbon bed (200- 
1000 m2/g) [Card et al., 1990a]). While there have been other 
investigations into more efficient packed-bed electrodes for ob- 
taining higher current densities [Fleet, 1990; Oloman, 1983], 
these increases were often associated with surface area increase 
and/or facilitation of the mass-transport processes. 

The approach adapted here for increasing the effective surface 
area of packed-bed electrodes for electrochemical SO2 processing 
was to fabricate them by utilizing platinum electrocatalyst support- 
ed on high-surface-area, carbon black microporous structures and 
attaching them to relatively large graphite particles so that a bulk 
macroporous structure for the bed was maintained (see Fig. la) 
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Fig. 1. Models for an enhanced-surface-area electrocatalyst. (a) Physi- 
cal representation, (b) Mathematical mmlel. 

[,Mclntyre and Phillips, 1982; Mclntyre and Phillips, 1984]. This 
general approach with operation in the electrogenerative mode 
makes it possible to adapt the large-surface-area carbon blacks 
so widely used in gas diffusion electrode fabrication [-Kinoshita, 
1988] to packed-bed electrode application. Thus it could realize 
some of the promise of flow through porous electrode operation 
[Newman and Tiedemann, 1975]. Heretofore, the large pressure 
drop for microporous beds and high contact resistance between 
small particles have limited the use of such electrocatalysts. The 
attachment of the finer carbon black-supported platinum electro- 
catalyst to larger graphite particles allows macroporosity to be 
compatible with enhanced active surface. The contact resistance 
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Table 1. Parameters in this work 

Dimension of the packed-bed=5.08 cm•  1.27 cm, 0.3175 cm thick 
Diameter of particles in the packed-bed, dv=0.149 cm 
Bed voidage of the packed-bed, ~=0.477 

Superficial velocity of anolyte in the packed-bed, v=3.69 cm/sec 
Conductivity of 3 M HeSO~, K=0.27 ~ ~ cm 
Kinematic viscosity of 3 M tfeSO4, v=  1.5:~< 10 2 cme/se( 
Density of 3 M I-t2SO4. p= 1.2 g /cm :~ 

Diffusivity of SO2 in 44 wt~ HaSO4, D= 10 ' cme/sec 
Exchange current density of SOs oxidation. L - 1 0  n A/cm ~ 

Reynold number, Re = vdp/v := 37 
Schmidt number, Sc=v /D-1500  

of the packed-beds also tends to decrease in comparison with 
activated carbon (or carbon black) packed-beds. Because of the 
larger bulk graphite particle networks, commercially available ac- 
tive catalytic materials of different types can also be incorporated 

into the structure. 
Here, the results of applying these enhanced-surface-area pack- 

ed-bed (ESAP) electrodes for electrogenerative SOe oxidation are 
reported to illustrate their utility and potential applications. Ma- 
thematical analysis with parameters pertinent to this work allows 

consideration of electrocatalyst utilization as well as limitations 

of ESAP types of electrode advantages. 

M A T H E M A T I C A L  A N A L Y S I S  

1. Externa l  M a s s  Trans fer  Limit ing  Currents  
Mass-transfer processes for the enhanced-surface-area (ESA) 

particles (see Fig. la) can be considered in terms of two general 

processes: external mass transfer between the bulk electrolyte 
and the external surfaces of these particles, and internal mass 
transfer between the external surfaces of these particles and the 
small particle electrocatalyst surfaces in the finer internal pore 

surfaces. The former must be considered prior to the latter be- 
cause the former can determine the maximum rate of the latter. 

An external mass transfer rate for the packed-bed electrode 
can be estimated with the mass transfer coefficient which can 
be calculated by the Wilson and Geankoplis correlation [Wilson 

and Geankoplis, 1966]: 

e d D k " -  1.09(Y-~) m (1) 

where e is the void fraction of packed-bed; de is the particle dia- 
meter; k,, is the mass transfer coefficient; D is the :tiffusivity; 
v is the superficial-velocity of a flowing-through electrolyte. This 

correlation is valid when the Reynold number  is between 0.0016 
and 50 and Schmidt number  is between 950 and 70600. To calcu- 
late the mass transfer coefficient with Eq. (1), the packed-bed 
electrode is assumed to be composed of spherical particles with 
diameter, de. The Reynold number  and the Schmidt number  of 
the packed-bed electrode in this case are calculated as shown 

in Table 1. 
With the parameters in Table l, the mass transfer coefficient 

is calculated as 0.0058 cm/sec. Now the mass transfer limiting 
current can be calculated as nFk,~sLC, where n is the number  
of electrons involved in an electrochemical reaction; F is the Fara- 
day constant; s is the specific surface area of the packed-bed 
electrode; L is the thickness of the packed-bed electrode: C is; 

the reactant concentration. If the particles are regarded as spheres 

which have, no internal pores, the minimum external surface area 
of the packed-bed can be calculated. With the particle diameter 
shown at Table 1, it is approximately 21 cm 1. Therefore the 
minimum external mass transfer limiting current density in the 
packed-bed electrode can be calculated as 7500 mA/cm e when 
the SOs concentration is 0.9 M. In practice, currents up to 185 
mA/cm ~ have been observed with the ESAP electrode in this 
study. This means that the external mass transfer between the 
bulk electrolyte and the external surfaces of the particles is insig- 

nificant in the overall mass transfer process. In the following, 
the electrocatalyst utilization in the small pores of the ESAP elec- 
trode is investigated with a mathematical model. 
2. E l e c t r o c a t a l y s t  Ut i l i za t ion  in Smal l  P o r e s  

The electrocatalyst utilization in the small pores of enhanced- 
surface-area particles would essentially depend on the interaction 
ol local electrode kinetics at electrocatalyst surfaces along the 
pore walls with the transport of reactants and products to/from 
electrocatalyst surfaces. While the total electrocatalytic active area 
can be increased significantly with the large-surface-area carbon 
black support, electrocatalyst particles in the small pores may not 
be utilized uniformly due to pore diffusional limitations. One conse- 
quence can be a nonuniform distribution of reactants and cur- 
rents. To understand this problem, a mathematical model based 

upon transport processes and local reaction kinetics is considered. 
Tim electrocatalyst utilization in the small pores of ESAP particles 
can be treated with an approach resembling the simple pore-mod- 
el t reatment of gas-diffusion electrodes ~Austin et al., 1965: Srini- 
vasan. 1967; Srinivasan et al., 1967; Srinivasan and Hurwitz, 

1~67L 
The model for the enhanced-surface-area particle then is an 

array of cylindrical micropores closed at one end (see Fig. lb) 

with etectrocatalytic materials essentially located at the pore wall. 
Electrocatalysts on the outside and at the pore bottom are neglect- 
ed because of its small area relative to that deposited on the 
pore walls. The potential along the pore wall is treated as uniform. 

With radial diffusion neglected, the situation is simplified to one 
where a one-dimensional model can be used. This can be justified 
on the basis of the activation-controlled current density being 
less than the radial-diffusion-limited current density [Austin et 

al., 1965], which implies that 

[ (1-- c0nFq ] ~,, DnFC h ) 
t, exp L ~-f ]~ ,  r,~-- (2) 

where i,, is the exchange current density; ct is l:he charge transfer 
coefficient: n is the number  of electrons involved in the electro- 
chemical reaction: F is the Faraday constant: q is the overpoten- 
tial; R is the gas constant; T is the temperature; D is the diffusiv- 
ity; C e is the bulk concentration, and r,, is the pore radius. The 
left side is the resulting current density from the Butler-Volmer 
Equation for anodic reaction without mass-transfer limitations: 
the right side represents the limiting current density for radial 
diffusion in the pore [Srinivasan and Hurwitz, 1967]. Using the 
typical experimental conditions (a=0.5;  q - 0 . 3  V: T=298~ 
C h -  1.0• 10 :~ mol/cm:~; r,, (measured) -  1.0X 10 ~ cm), the left 
side of Eq. (2) becomes 1.19• 10 ~ A/cm-' in comparison with 
1.93 • 10 :~ A/cm e for the right side. Thus radial diffusion is indeed 
a negligible factor and the one-dimensional model is justified. In 
the ranges of our experiments with parameter variation, the acti- 
w~tion-controlled current density still tends t3 be less than the 
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calculated radial-diffusion-limited current density by 5 orders of 
magnitude or more. 

At steady state, the net flux of reactant into the pore is equal 
to the total current generated there. For a material balance over 
the differential element of the pore length of Fig. lb, 

�9 dC ' ~" dC l \ d(Iz) 
n r 2 [ - D - - ~ : : ~ r ~ /  D - - )  + (3) 

" , dz/~ " .. dz ~,~ nF 

With the small pore electrolyte essentially stagnant, convection 
need not be considered. The local concentration change of the 
oxidized species from the reaction (SO42 in SO2 oxidation) in 
this strong sulfuric acid supporting electrolyte is also negligible. 

The generated current in an element dz now becomes a func- 
tion of potential and species concentrations in the electrolyte. 
Using Butler-Volmer kinetics FSrinivasan, 1967], the current den- 
sity, i, is 

�9 [ C,,~ { anFq ~ C~,~ [ (1 - a)nFq ~] 
i=  ~ , [ ~  exp~ -- ~ - ]  - ~ exp] ~ f j  (4) 

For high overpotentials in the anodic reaction at the pore wall 
surface, this becomes 

2nr,,dzi~,[ C /' ( 1 - a )nFq  t] d(Iz) - ~--exp~ ~ -  ] j  (5) 

where b is the local current generated in the 15ore from z = 0  
to z = z  and C.,~ is designated as C for convenience�9 With substitu- 
tion of Eq. (5) into (3), 

d2C m 2 
dz 2 L2 C = 0 (6) 

. �9 2 [ (1 - a)nFq ] 
1,J. expu RT J 

where m 2= (7) 
nFDr,,C b 

Here L is fhe pore length. Boundary conditions for Eq. (6) then 
are: 

C = C ~ at z -  0 (8) 

de  t _  
dz / - 0 at z = L (9), 

There are two limiting cases in Eq. (13). When m is very small, 
tanh m can be approximated as m. Thus Eq. (13) becomes 

n r , ? D n F C  b 
I/  m ~ (14) 

L 

exp[ (1 - a)nFq ] 2nr,~Li,, RT J (15) L 

When m is very large, tanh m can be approximated as 1. 

nr,,eDnFC ~ 
Ir = m (16) 

L 

[ ( 1 -  a)nFTI] 
-(2r,,:~n2DnFCqo) ''2 exp[ 2RT ] (17) 

Therefore one can observe the Tafel slope as twice of the original 
slope, and the exchange current density as the square root of 
the original. This situation occurs when the diffusion rate is much 
slower than the electrochemical reaction rate. 

Now the current from the entrance to any distance, x, in the 
pore can be calculated using 

dC dC 

_ ~rJDnFC ~ [ m s inh/m(1-  x)} ] 
L - m tanh m + ~ m J (19) 

Therefore we can estimate current distribution (electrocatalyst 
utilization) in the pore anywhere along the wahl, using the follow- 
ing equation [-Austin et al., 1965; Srinivasan et al., 1967]. 

Iz _ sinh m -  sinhFm(1- x)] (20) 
Ir sinh m 

Using the SO2 oxidation exchange current density, 10 n A/cm 2 
from Appleby and Pichon [Newman, 1991], severe mass-transfer 
problems are not expected to occur along the pores of the en- 
hanced-surface-area particles under the conditions of experiments 
here. All electrocatalyst sites along the pore are expected to be 
uniformly utilized for SO2 oxidation. 

E X P E R I M E N T A L  

The boundary condition in Eq. (8) simplifies the concentration 
profile at the pore inlet. The solution of this type of problem 
then is: 

C _ cosh[m(1-x) ]  (10) 
C b cosh m 

with dimensionless length, x=z/L.  With the assumption that the, 
total generated current in the pore, It, is equivalent to the molar 

flux at the pore entrance. 

rrr,fDnF ( dC ) 
I t=  L \ -dx-x ...... (11) 

From Eq. (10), 

(~ -x )x :0=- -Chm tanh m (12) 

so that 

nr,/DnFC ~ 
Ir = (13) m tanh m 

L 

1. P r e p a r a t i o n  o f  E S A P  E l e c t r o d e s  
ESAP electrodes were prepared using graphite particles (Supe- 

rior Graphite Company, 9012 Desulco, US Mesh 16-18). The pre- 
paration of ESAP electrodes involves two major steps : !i) deposi- 
tion of platinum on the Vulcan XC-72R (Cabot Corporation, sur- 
face area: 254 m~/g, particle size: 30 nm), and (ii) attachment 
of the Vulcan XC-72R-supported platinum catalyst to the larger 
graphite particles FMcIntyre and Phillips, 1982]. 

To increase wettability through surface oxidation [-Kinoshita, 
1988; Goodenough et al., 1990; Drazic and Adzic, 1969] and con- 
ductivity through partial graphitization [Kinoshita, 19883, the Vul- 
can XC-72R support was treated first in flowing carbon dioxide 
at 950~ for 1 hour in a tube furnace. Following this treatment, 
platinum was deposited on the Vulcan XC-72R by the reduction 
of aqueous chloroplatinic acid using hydrazine [Goodenough et 
al., 1990; Kinoshita and Stonehart, 1977]. Aqueous hexachloropla- 
tinic acid solution 0ohnson Matthey, Inc.) containing 10 wt% plati- 
num based on the Vulcan XC-72R weight was neutralized to pH 
7 with sodium bicarbonate (Mallinckrodt, Inc.) and then added 
to the suspension. The suspension was heated at 80~ for 2 hours 
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Table 2. Surface area of platinum electrocatalysts 

Pt BET Pt Pt 
Sample" loading surface surface' dispersion 

(mg Pt/cm z) (m2/g) (mVg Pl) ('}) 
Pt/graphite sheet 1.5 0.39 15.7 7 
Pt/ESA particle d 1.0 9.25 118.0 44 

"Cross sectional geometric area of the packed-bed is 6.45 cm-'. 
aPlatinum area is estinrated from an electrochemical technique, assure 
ing 210 ~C./cnv' Pt. 
'Weight used for packed-bed electrode is 2.47 g. 
'Weight used for packed-bed electrode is 1.30 g. 

with continuous stirring to allow colloidal platinum particle depo- 
sition on the Vulcan XC-72R. In order to reduce adsorbed plati- 
num salt on the Vulcan XC-72R, 50-fold excess hydrazinc (Aldrich 
Chemical Company. Inc.) was added to the suspensio l and the 
dispersion was then heated at 80C for 1 hour with continous 
stirring to complete the reduction process. The Vulcan XC 72R 
electrocatalyst was then washed with deionized water, and the 
suspension filtered using a 1.0 ~am Teflon membrane. I1 was then 
dried at room temperature overnight followed by 141)C in air 
over 1 hour. 

The dried Vulcan XC-72R electrocatalyst was dispersed in wa- 
ter under ultrasonication for 10 minutes. A small amount of iso- 
propyl alcohol was added to help wetting. Then a small amount 
of Cab-O-Sil (Cabot, Grade M-5) was added to the .-uspension 
and mixed under ultrasunication fur 5 minutes. Cab-O-Sil promot- 
ed mechanical integrity of enhanced-surface-area parti, les. Then 
0.01 g of Teflon (du Pont Company, Teflon 30P,) was added lo 
the suspension with further mixing. After this, the larger graphite 
particles (3.00 g) were added to the suspension and the suspen- 

sion was mixed completely. The mixture was then heated at 220(" 

for water removal with stirring to prevent particle aggl:)meratiun. 
When the slurries became dry, they were (:()()led to room temper- 
ature, washed with isoprupyl alcohol, and then with water. After 
dD'ing at room temperature overnight, the particles were placed 
in an owm at 140C for 1 hour. 
2. E lec trode  Character izat ion  

The total surface area and the platinum surface area of the 
electrodes were measured. The total surface area wa> obtained 
using a single-point N~ BE]" method in a standard-flow-type sur- 
face analyzer (Micromeritics Flowsorb i1 2300). The pla:inum area 
was obtained in an electrochemical three compartment cell m 
which working electrode was separated from a p la tnum wire 
counter electrode by a glass flit and the NaCl-saturatcd calomel 
electrode accessed to the w(,rking electrode by a Luggin capillary. 
The experimental setup and the theory of this technique, where 

the electrode potential is perturbed as a linear functima of time 
while the curren', generated by the surface processes is recorded, 
has been published elsewhere [Kinoshita, 1988: Bard and Faulk- 
nee, 1982: Giteadi, 1967]. The results are shown in Fable 2. 

3. E l e e t r o g e n e r a t i v e  Cells  and Apparatus  
The electrogenerative cell was a hybrid-sandwich type incorpo- 

rating a packed-bed anode with an electrolyte-impermeable, gas-- 
diffusion type cathode separated by both an electrolyte and a 

membrane (RAI Research, R4010) [Lyke and Langer, 1991a; Card 
et al., 1990b]. The cell body was constructed from stress-relieved 
polypropylene and gaskets were prepared from Tefh)n and Viton. 
A schematic representation of the assembled electrogenerative 
cell with auxiliary circuit i> shown respectively in Fig. 2. 

i 

, /-a~" ar  

gL 

Ft 

Fig. 2. Schematic representation of the e[ectrogenerative cell and asso- 
elated circuit D. 
(A) Ammeter 
(F) Feed 
(G! (}as diffusion electrode 
(I) Catholyte reservoir 
(J) Valve with PTFE plug 
(K) Fine glass flit 
(L) Gas sparger with water 
(N) NaCl-saturated calomel 

electrode 

(P) Packed-bed electrode 
(Q) Glass cap 

(R) Variable resistor 
(S) Switch, 
(V> Ve) High 

impedance w)ltmeters 
(W) Beaker with water 
(X) Three-way valve 

ESAP electrodes were used fl,r S O  oxidation in conjunction 

with a commercial platinum black gas-diffusion-electrode as a cath- 
ode [ [.yke and l.anger, 1991;t: Card et al., 1990b]. All uf the St), 

anodes m this work were sulfur-activated by the procedure devel- 
oped for packed-bed electrodes [Lyke and Langer, 1991a; Seo 
arid Sawyer, 1964; Seo and Sawyer, 1965]. To prepare the packed- 
bed electrode, enhanced-surface-area particles were [)laced into 
the packed-bed chamber and slightly compressed by a platinum 
screen current collector placed m hont ol the bed. 
4. Cell Po lar iza t ion  E x p e r i m e n t s  

Electrolyle (3 M tt~S()r was prepared with reagent-grade sul- 

furic acid and then purged with argon for 1 huur ur more to 
remove any dissolved oxygen. I)t:.sired SO~ concentrations in the 
3 M lt~S(h were obtained by mixing 3 M tt:&,O~ saturated with 
SO:: at room temperature and pressure with appropriate am~,unts 
of fresh 3 M It:SO,. The S O  concentrations here were kept below 
0.9 M to minimize bubble formation in the packed-bed. Fully satu- 

rated 3 M tt~St)~ at ambient conditions was determined to be 
:l.16 M St): by an idiometric method [Lyke and Langer, 1991a: 
Huss et al., 1982]. close to the 1.1 M ;it 20(" estimated by Card 
et al. [Card et al., 1988~. 

After all the cell parts were assembled, FSAP anodes and LA,~- 
2 cathodes were conditioned before cell polarization experiments 

t~, assure reproducible results. To reduce platinum oxides on 
LAA-2 electrodes, hydrogen was fed to the cathode gas compa~- 
ment. After 10 minu t ' s  of hydrogen treatment of the cathode, 
anode and cathode were connected thruugh a variable resistor, 
and a current of l0 mA was drawn from the cell through the 
variable resistur. When the currenl at short circuit fell below 10 
mA, the resistor was replaced with the constant-current supply 
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Fig. 3. Performance curves for electrogenerative SOz/O2 cells. Anode: 
( ) ESAP electrode (I.0 mg Pt/cm2), (A) graphite-sheet pack- 
ed-bed electrode (1.5 mg Pt/cm2); Cathode: LAA-2; Anolyte: 
0.9 M SO2 in 3 M H2SO4, 3.7 cm/min; Catholyte: 3 M HzSO4, 
static; Membrane: RAI-4010; 25~ 1~,,=0.09 l'l. Polarization 
curves are corrected for IR losses. 

in series with the ammeter  across the cell. Currents of 10 mA 
or less were then applied to keep the cell potential at 0.0 to 0.5 
mV (slightly cathodic to the packed-bed) with the cathode hydro- 
gen gas feed maintained. Slight hydrogen-gas-bubble production, 
observed at the ESAP anode during the pretreatment,  was re- 
moved from the chamber at the anode outlet. After 30 minutes 

of reduction, with the constant-current supply off, the NaCl-satu- 
rated calomel electrode (SSCE) potential vs. the cathode with its 
adsorbed hydrogen was recorded. This provided a potential ref- 
erenced to a reversible hydrogen electrode (RHE). Careful elec- 

trode pretreatment  resulted in minimum internal resistance and 

reproducible cell polarization behavior. 
Polarization curves were obtained by decreasing the external 

resistor load from open circuit. Each potential in a polarization 
experiment was determined after three minute equilibration at 

the reported superficial current density to obtain a steady-state 
value. The superficial current density is the total current divided 
by the cross sectional area of electrodes used here (50.8 mm • 12.7 
mm). The anode potential was never  allowed to exceed 750 mV 
vs. RHE to limit any irreversible oxide formation which can dimi- 
nish electrocatalytic activity for SO~ oxidation [Appleby and Pi- 

chon. 1979; Comtat and Mahenc, 1969]. 

R E S U L T S  AND D I S C U S S I O N  

!. The  P e r f o r m a n c e  of  E S A P  E l e c t r o d e s  for  SO2 Oxida-  
t ion  

The performance of the ESAP electrode and the graphite sheet 

packed-bed electrode [Lu and Spotnitz, 1981] are compared as 
anodes for SO~ oxidation in electrogenerative SO~/O2 cells in Figs. 
3 and 4 for platinum loadings of 1.0 mg Pt/cm 2 and 1.5 mg Pt/cm ~ 
respectively. Three-molar aqueous sulfuric acid electrolyte was 
used since this fell in the range of the best performance at room 
temperature [-Card et al., 1988; Lyke and Langer, 1991a]. High 
SO_~ concentrations in the anolyte assured that cell performance 
was studied under kinetically-limiting conditions with minimal con- 

centration polarization effects. To minimize SO2 gas bubble com-. 
plications, however, SO~ concentrations were limited to a 0.9 M 

600 > 
E A 

m" a 
"1- 550 tr  

500 
t -  

n 
450 

o r 

< 400 I t 
-1 0 1 2 

Superficial Current Density, Iog(mNcm 2) 

Fig. 4. Polarization of packed-bed anodes under load. (r~i~) ESAP elec- 
trode (1.0 mg Pt/cmZ); (L,) graphite sheet packed-bed electrode 
(1.5 mg Pt/cmZ). (Same conditions as Fig. 3). 

maximum. 
As can be seen from Figs. 3 and 4, the performance of ESAP 

electrode was superior to that of the graphite sheet packed-bed 
electrode. With ESAP electrodes in SO2/O2 cells, a current density 
of 185 mA/cm ~ could be achieved. This is equivalent to a calcula- 
ted SO2 oxidation rate of 6.19• 10 6 mol SO2/s in the 2 cm a pack- 
ed-bed (50.8 mm•  ram• ram). The ESAP electrode is 
about 90 mV less polarized at 70 mA/cm 2 than the graphite sheet 

packed-bed electrode, demonstrating the capacity for electrogen- 

eratively oxidizing at a considerably higher cell potential. Much 
of the cell improvement comes from the enhanced-active-surface 
area of the ESAP electrode. In Table 2, where surface areas are 
compared, it can be seen that the ESAP electrode (platinum area: 
0.76 m 2) has a platinum surface area 5 t imes higher than the 

graphite sheet packed-bed electrode (platinum area: 0.15 m~), 
even though the total ESAP electrode platinum loading (1.0 mg 
Pt/cm z) is only 2/3 of the loading of the graphite sheet electrode 
(1.5 mg Pt/cm2). The platinum dispersion in the ESAP electrode 

(44%) is enhanced through use of the high-surface-area Vulcan 
XC-72R support. However, use of the Teflon binder for the attach- 
ment to the larger graphite particles could limit platinum site 
use for the carbon-supported platinum catalyst in the finished 
product. Thus the platinum surface area of tile ESAP electrode 
based on electrochemical measurement  is only 74% of the original 
Vulcan XC-72R catalyst platinum surface area (159 m~/g Pt) before 
fabrication to the ESAP electrode. This loss can be kept low 
through use of minimal Teflon (5 wt% based on the Valcan XC- 
72R weight) in the ESAP fabrication. 

A Tafel slope for the SO2 oxidation on sulfur-activated finely- 
dispersed platinum particles can also be estimated from the plot 
in Fig. 4. Since the packed-bed potential was measured relative 
to SSCE located at the back of the packed-bed, a consideration 
was given to estimating a Tafel slope with correction for the aver- 
age packed-bed potentials [Lyke and Langer, 1991b; Newman 
and Tiedemann, 1978; Newman and Tobias, 1962]. Potentials of 
the front and the back of the ESAP electrode were measured 
under the same conditions as those of Fig. 4. The potential differ- 
ence of the front and the back of the 3.2 mm thick packed-bed 
was at most 3 mV below 2.3 mA/cm ~ and reached 66 mV at 81 
mA/cm 2. Since there can be difficulties in estimating the average 
packed-bed potential at higher current densities, a reasonable Ta- 
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Fig. 6. Comparison of ESAP and graphite-sheet electrode activities 
at constant anode potential at 500 mV vs. RHE. (LLI) ESAP 

electrodes (1.0 mg Pt/cmZ), (~:x) graphite sheet electrodes (I.5 
mg Pt/cm-'). (Same conditions as Fig. 5). 

fel line was constructed by limiting the data to the low-current- 
density region (below 2.3 mA/cm 2) where any error would be 
less than 3 mV. assuming ESAP electrode pore concentration po- 
larization is insignificant at these low current densities. The calcu- 

lated Tafel slope is then 36 mV/decade on our sulfur-activated 
finely-dispersed platinum particles (average size: 15 to 25 ,~). This 
slope can be compared to the values reported in the literature: 
44 mY/decade [Katagiri et al., 1973] and 45 mV/decade [Appleby 
and Pichon, 1979] for smooth bulk platinum electrodes which 
do not seem to be sulfur-activated [Lyke and Langer, 1991a; Seo 
and Sa~)'er, 1965] and 40 mV/decade for graphite sheet-support- 
ed platinum particles which were sulfur-treated FLyke and La- 

nger, 1991a]. 
2. The  Effect  of SO2 C o n c e n t r a t i o n s  on  E l e c t r o g e n e r a t i v e  

SOJO2 Cells 
The performances of ESAP electrodes are compaced further 

with that of the graphite sheet packed-bed electrodes [Lyke and 
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Fig. 7. Ratio of currents produced in ESAP electrodes to those in 

graphite sheet (GS) electrodes at selected potentials and con- 
centrations. ( ) 0.9 M, (,:3 0.5 M, ( )  0.01 M SOz in 3 M 
HzSO4. (Same conditions as Fig. 5). 

Langer, 1991a] at various SO_, concentrations in Fig. 5. In fairly 
concentrated solutions such as 0.5 M, ESAP electrodes polarize 
significantly less than graphite sheet electrodes at high current 

densities since the large platinum area reduces polarization. At 
0.1 M SO~, the SO,/O~ cell with the ESAP electrodes produced 
about 80 mA/cm 2 while the anode potential still stayed below 
600 mV vs. RHE. At 0.01 M SO~, significant Ixdarization appeared 

in the ESAP electrode, and the maximum current density fell 
to 20 mA/cm-'. In contrast, the graphite sheet electrode shows 
polarization at 0.5 M SOt even with increased SOt solution feed 
rates, so that the resulting current density is well below that for 
the ESAP electrode under  the same conditions. 

The activities of ESAP electrodes and the graphite sheet pack- 
ed-bed electrodes are compared in a different way at 500 mV 
vs. RHE in Fig. 6. ESAP electrodes (1.0 mg Pt/cm2) with increased 
exposed platinum area support a current 5 times higher than that 
produced with graphite sheet electrodes (1.5 mg Pt/cm ~) over 
the entire range of SO~ concentrations. The ratios of the currents 
from the ESAP electrode to those of the graphite sheet electrode 
also agree well with their platinum area ratio. This result aiso 
shows that the platinum activity changes associated with disper- 
sion (or particle size) are minor since the platinum particle sizes 
in these electrodes are quite different [approximately 20 .~ (ESAP) 
vs. 150 /~ (graphite sheet)]. 
3. The Aet ivi t les  of P a c k e d - B e d s  

The activities of the ESAP electrodes and graphite sheet pack- 
ed-bed electrodes of our work are compared further at several 
electrode potentials of interest and SOe concentrations in Fig. 7. 

Since a desirable mode of electrogenerative cell operation would 
he with fast reaction rate (high current density) at high cell tx~ten- 
tial, several ratios of currents produced in the ESAP electrode 
to those produced in the graphite sheet packed-bed electrode at 
the same electrode potential are presented. On the basis of the 
ratios of platinum areas of the ESAP electrode (0.76 m') and the 
graphite sheet electrode (0.15 m:), the current density ratio would 
be about 5 if all platinum sites in both electrodes were utilized 
efficiently without concentration polarization from diffusional lim- 
itations in small pores. 

In concentrated SOe solutions at the level of 0.5 or 0.9 M, ESAP 
electrodes produced current densities 12 to 17 times higher than 
the graphite sheet packed-bed electrodes with the current ratio 
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Table 3. Electrical conductivity of packed-bed electrodes 

Sample 
Electrical Electrical resistance of a 

conductivity packed bed (102 ~'l) 
(f~ i.cm t) without 3 M H2SO4 with 3 M H2SO4 

GSPE 12.0 2.0 2.0 
(1.5 mg Pt/cm z) 

ESAPE 7.0 2.3 L0 
(1.0 mg Pt/cm z) 

Graphite particles 9.8 2.1 2.0 
(no pt) 

Copper plate 1.6 

increasing with rising anode potential. This reflects a situation 
where the graphite sheet electrode performance even at high SOs 
concentrations is apparently limited because of relatively small 
exposed platinum area. This conclusion is supported by the more 
rapid increase of the ratio at 0.5 M than at 0.9 M SOz. Apparently 
the reduced platinum particle size of the ESAP structure allows 
reactants to be transported more effectively by spherical diffusion 
than by planar diffusion when pore diffusional limitations are not 
a factor. The finely-dispersed platinum crystaltite catalyst then 
is particularly advantageous. 

With the more dilute 0.01 M SO2 solution, the ESAP electrode 
can still produce current densities 11 times higher than the gra- 
phite sheet packed-bed electrode at 500 mV vs. RHE. But with 
higher currents and higher polarization, the ratio decreases as 
can be seen in Fig. 7. This is because at this low SO, concentration 
level, concentration polarization in the small ESAP electrode 
pores begins to limit catalyst performance.'. The ESAP electrode 
still produced a current density about 3.5 times higher than the 
graphite sheet electrodes at the highest potential of 6~r'~) mV as 
shown in Fig. 7, but some platinum electrocatalyst in the ESAP 
electrode is utilized less effectively at higher current densities. 
This effect at low concentrations would seem to be characteristic 
because despite large macroscopic flow channels in the packed- 
bed, performance ultimately depends on the micropore structure 
and catalyst accessibility. 
4. The Conductivity of Packed-Beds 

Since the matrix conductivity of ESAP electrodes could be low- 
ered from contact resistance in the Vulcan XC-72R catalyst attach- 
ment to the graphite particles with Teflon, the conductivities of 
a graphite sheet electrode and an ESAP electrode were compar- 
ed in our standard cell configuration. The conductivity of a gra- 
phite particle packed-bed without platinum was also measured 
to evaluate conductivity effects from the incorporation of Vulcan 
XC-72R with Pt into the ESAP electrode. The contact resistance 
between the platinum screen and the packed-bed was also obtain- 
ed. The contact resistance (7.7 mlq) between the 6.45 cm 2 pack- 
ed-bed and the platinum screen was indeed found to be significant 
compared with the packed-bed resistance (-~20 mlq). This result 
confirms the earlier suggestion of Oloman et al. [-Oloman et al., 
1991] that packed-bed/current collector contact resistance is im- 
portant for packed-bed-electrode cell design. 

The results in Table 3 show that the bulk conductivity of the 
ESAP electrode (7.0 f~ ~'cm ~) is comparable to that of the gra- 
phite sheet packed-bed electrode (12.3 f~ ~'cm ~). The measured 
bulk conductivity of graphite particles alone (9.8 fl t.cm ~) shows 
that there is only a slight drop from the Vulcan XC-721~'~ catalyst- 
graphite particle attachment process. In addition to bulk ESAP 

electrode conductivity, the contact resistance in Vulcan XC-72R 
catalyst attached via Teflon binder might require future consid- 
eration since it may become a limiting factor in the performance 
of small platinum catalyst particles locally, especially for high-cur- 
rent-density operations. 

CONCLUSION 

The operation of liquid-phase, electrogenerative SO2/Oz cells 
is considerably increased through use of ESAP electrodes. The 
improved performance was manifested by higher currents and 
higher cell voltages than was obtained with a graphite sheet pack- 
ed-bed electrode in earlier work. The enhancement is a conse- 
quence of incorporation of large-surface-area carbon supports into 
the electrode structure. Although the platinum loading for the 
ESAP electrode (1.0 mg Pt/cm z) was 2/3 of tile platinum load- 
ing of the graphite sheet packed-bed electrode (1.5 mg Pt/cm2), 
the exposed platinum surface area was 5 times higher than the 
graphite sheet electrode. This led to a significantly higher SO2 
oxidation rate at low SO2 concentrations. 

The general approach of attaching fine particles to larger ones 
for packed-bed use seems to be quite feasible. Mathematical anal- 
ysis with parameters pertinent to the experimental conditions 
shows that all electrocatalyst sites in these electrodes are expect- 
ed to be uniformly utilized for electrochemical SO._, oxidation. The 
utilization of a highly dispersed platinum on carbon black (44% 
dispersion) without a pressure drop increase in the packed-bed 
compartment was a significant advantage for the ESAP electrode 
for SOz oxidation relative to the earlier graphite sheet electrode 
(7% dispersion). Advantages of ESAP electrodes in electrogenera- 
tive SO2/Oz cells include; (i) higher current densities with less 
electrode polarization, (ii) facilitation of operation at lower sub- 
strate concentrations, (iii) a cost saving for platinum catalyst be- 
cause of improved dispersion on the peripheral high-area support. 
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