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ABSTRACT 

Electrochemical studies have shown that  the reduct ion of persulfate and 
hydrogen peroxide is a two step mechanism, the first step occurs by electron 
t ransfer  with the conduction band and the second step by hole inject ion with 
the valence band. It could be concluded from corresponding measurements  
performed with a semiconductor electrode (GAP) that the electrochemical 
properties of these oxidizing agents have to be described by two instead of one 
redox (normal)  potential. One normal  potential  is much lower (COl) and the 
other much larger  (~o2) than  the theoretical value (c o) determined from 
thermodynamic  data. These values are estimated as 

~ol _--< 0.6v; Eo2 >_-- 3.4v; c ~ = 2v for S2Os 2- 
and 

~Ol <_-- 0.6v; ~o2 >_-- 2.9v; c ~ ---- 1.77v for H202. 

Redox reactions with persulfates and hydrogen per-  
oxide have been subject of several investigations. Es- 
pecially the electrochemical behavior of H202 was of 
interest  in connection with the electrochemical reduc-  
tion and formation of oxygen. Bagotzky and Jablokowa 
(1) and Weiss (2) determined the reaction order in 
the reduction process of H202 on a dropping Hg- 
electrode and assumed a two step mechanism 

H 2 0 2  ~- e -  ~ OH -b O H -  

OH + e -  ~ OH-  

R. and H. Gerischer (3) and Winke lmann  (4) ob- 
tained the same results with a Pt-electrode and as- 
sumed also the same mechanism. Chemical properties 
of persulfate also are reported in the l i terature  (5). 
The reaction kinetics, however, have not been studied 
in detail. F r u m k i n  (5) has only postulated a possible 
reduction process which is similar to that  of H202. 

In  the present  paper investigations on the reduction 
mechanism using a semiconductor electrode (GAP) 
are reported. As is shown such a GaP-electrode with 
a large energy gap makes it possible to obtain funda-  
menta l  informat ion about the corresponding charge 
transfer  in the reduction process. 

Experimental 
The electrochemical measurements  were performed 

with single crystals of GaP as electrode material .  
These crystals were oriented in the <111> direction. 
The best results were obtained with Ga planes. In  all 
cases the density of free carriers was about  1017/cm '~. 
The solutions (Merck, p.a.) were buffered to the 
proper pH values using standard phosphate and borate 
buffers. The electrodes were glued in araldit  (CIBA) 
sockets (exposed area , -  0.2 cm2). A saturated calomel 
electrode was used as a reference electrode. (In the 
figures, however,  values are plotted against  the poten-  
tial of the normal  hydrogen electrode.) 

All measurements  were performed under  potentio- 
static conditions. In the medium pH range, measure-  
ments  could be carried out only at cathodic potentials 
since Ga (OH)8 layers are formed dur ing  anodic polar-  
ization (8). The interracial  capacity was determined 
at 250 kc by measur ing the phase angle between a-c 
current  and a-c voltage (6). The exper imental  a r range-  
ment  for the luminescence measurements  has been 
described previously (7). 

Reduction of Simple Redox Systems 
Charge t ransfer  processes on GaP electrodes may 

occur via the valence or the conduction band of the 
crystal. As was reported (8) previously the anodic 

dissolution proceeds via the valence band, whereas for 
the cathodic hydrogen evolution conduction electrons 
are consumed. In  the lat ter  case a charge t ransfer  
across the interface can only occur if sufficient elec- 
trons in the conduction band are available. Conse- 
quently,  in the case of n - type  GaP the interfacial  
current  rises rapidly with increasing cathodic poten-  
tial, whereas with p- type  GaP a very small  saturat ion 
current  of less than 1 ~a was found (Fig. 1). I l lumin-  
ation of such a p- type  electrode, i.e., optical excita- 
t ion of electrons from the valence band  into the con- 
duction band, leads to an increase of the cathodic 
current .  The saturat ion current  is only determined by 
the number  of electrons excited by light. As shown in 
Fig. 2 it increases l inear ly  with the light intensity.  

Moreover, it was observed (8) that the charge 
t ransfer  during the reduction of certain redox systems 
on GaP proceeds via the conduction band and in others 
via the valence band. This is demonstrated in  Fig. 3 for 
ceric and ferr icyanide ions in acid solutions using a 
p- type  electrode. In  the first case the current  density 
is quite large and is not determined by the diffusion of 
minor i ty  carriers toward the surface, i.e., the reduction 
of ceric ions proceeds via the valence band. In  the 
case of ferr icyanide ions the cathodic current  is much 
smaller. Since this current  may be increased by i l lu-  
minat ion  of the p- type  electrode it has to be concluded 
that  electrons from the conduction band are consumed 
for the reduct ion of [Fe(CN)6] 3- in acid solutions. 1 

As proved by investigations with a variety of semi- 
conductor electrodes the probabi l i ty  for a charge 

I t  s h o u l d  o n l y  be  m e n t i o n e d  h e r e  t h a t  in  a l k a l i n e  s o l u t i o n s  th e  
r e d u c t i o n  o f  [ F e ( C N ) ~ I  3- p r o c e e d s  v i a  t h e  v a l e n c e  b a n d .  T h i s  e f f ec t  
is  not  o f  i n t e r e s t  h e r e ,  i t  w a s  d i s c u s s e d  e l s e w h e r e  (8).  

t 1 .o.` 
Fig. 1. Current-potential behavior of n- and p-type GaP elec- 

trodes in the cathodic region (1N H2S04) (electrode potential 
against nermal hydrogen electrode, NHE). 
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Fig. 2. Cathodic photocurrent vs. light intensity for a p-GaP 
electrode (1N H2S04). 
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Fig. 3. Current-potential (NHE) behavior 
trode in various oxidizing agents (10-2M) 

of a p-type GaP elec- 
in 1N H2SO.~,. 

t ransfer  via the conduction or the valence band de- 
pends on the redox potential  of the corresponding sys- 
tems (9). It was always found that  the valence band 
process is prefer red  for systems with  a high redox 
potential. This result  may be qual i ta t ively  understood 
by the fact that  an oxidizing agent is an electron ac- 
ceptor. This proper ty  can be described energet ical ly  
by deep lying energy levels. If we have, e.g., a redox 
reaction of the type 

A (z+l)+ ~ e -  --> A z+ 

then the A (z+l)+ ions represent  the unoccupied and, 
A z+ the occupied electron levels. According to Ger-  
ischer's theory (10) the position of those energy levels 
is influenced by the solvation shell of the correspond- 
ing ions. Since the s t ructure  of the solvation shell  de- 
pends on the charge of such an ion in its oxidized 
( A  (z+l>+) or reduced state (A ~+) the energy levels 
of A (z+l)+ and A z+ differ considerably from each 
other. This is schematical ly shown in Fig. 4. Accord-  
ing to the basic concept of this model  electrons can 
be exchanged only be tween states on the same energy 
level  (10), i.e., the  tunnel ing of an electron occurs 
wi thout  energy exchange with the surrounding mole-  
cules. As fur ther  shown by Gerischer  the Fermi  level  
in the semiconductor and of the  redox system are 
equal  at equi l ibr ium conditions. Since general ly  we 
do not have  an iner t  electrode no equi l ibr ium is 
achieved, i.e., one observes a corrosion potential  which 
differs considerably f rom the redox potential.  This 

A(Z.1). 
i I (unoccupied 

E c ,~ I ~ / s t a t e s )  

EF~c~ ~ E F ( r e d o x )  / ~  
(occupied 

states) 

semiconductor redox system 

D 
space coordinate 

o 
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band �9 

A(Z*l)* 
(unoccupied 
/ states) 
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density of energy states 
b 

Fig. 4. Schematic energy diagram of the interface semiconduc- 
tor-redox system. 

model proposed by Gerischer (10) is the basis of all 
fu r the r  considerations. 

In Fig. 4 we have shown schematical ly a situation 
where  the energy levels of the redox system only 
over lap with the valence band. In this case the electron 
t ransfer  only occurs via the valence band as it was 
observed wi th  ceric ions on gal l ium phosphide elec- 
trodes. The normal  potential  of this redox system 
amounts to 1.4v. The energy levels of redox systems 
with  a higher  normal  potential  have a much lower 
position in Fig. 4 (strong electron acceptors),  i.e., in 
this case the electron t ransfer  is expected even more 
to proceed via the valence band. 

We have performed corresponding measurements  
wi th  persulfates and hydrogen peroxide which have 
a normal  potential  of 2.0 and 1.77v, respectively.  As 
discussed above the reduction of these systems should 
occur via the valence band, i.e., the reduction current  
should not be l imited by minor i ty  carr iers  in p- type  
GaP. In contradict ion to this postulation, however ,  we 
did observe a cathodic current  diffusion l imited by 
minor i ty  carriers.  The  results obtained with  persul-  
fates and hydrogen peroxide and the corresponding 
reduct ion mechanism are  discussed next. 

Reduc t ion  M e c h a n i s m  o] Persu l fa te  and 
H y d r o g e n  Perox ide  

In Fig. 5 the cur ren t -vo l tage  behavior  is shown 
for a p- type  GaP electrode in sulfuric acid before and 
after  addition of (NH4)2S2Os of various concentra-  
tions. It should be noted that  the current  scale is con- 
siderably enlarged compared with Fig. 1. As shown 
in Fig. 5a only a ve ry  small  current  increase occurs 
after addition of a large amount  of S2Os 2- ions. Simi-  
lar results were  also obtained with I-I202. As shown in 
Fig. 5b the cathodic current  may be increased by i l-  
luminat ion of the electrode. In this figure it is quite 
str iking that at large cathodic potentials the current  
obtained for the reduction of  S2Os 2-  is twice  as large 
as that  measured during the hydrogen evolution in 
H2SO4. As discussed in the previous section and de- 
monstra ted in Fig. 1 and 2 the saturat ion value  of the 
photocurrent  for the hydrogen evolution is only deter-  
mined by the number  of electrons excited by light 
from the valence band into the conduction band. Pro-  
vided that  this a rgument  still  holds for the reduction 
of persulfate  we have  to assume that only half  of the 
electrons necessary for the reduct ion is produced by 
light excitation. This is possible pr incipal ly because 
two electrons are necessary for the reduct ion of one 
persulfate  ion according to 

S2082- JF 2e-  --> 2SO42- [1] 

Actually,  this result  leads to a ve ry  simple model  as- 
suming that  reaction [1] is a two step process. We 
can then assume that  only for the first reaction step 
an electron f rom the conduction band is consumed, 
whereas  an electron f rom the valence band is t rans-  
ferred across the interface in the  second step. Conse- 
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Fig. 5. Interracial current vs. electrode potential (NHE) of p- 
type GaP in 1N H2SO4 with various concentrotion of (NH4)2 S2Os. 
(a) Without illumination, (b) during illumination. 

quent ly  react ion [1] may be split up into 

S2Os e-  + e -  -> SO4- + SO42- [la]  

SO4- --> SO42- + p+ [lb] 

In these equations e -  indicates an electron f rom the 
conduction band whereas  p+ is a hole injected into 
the valence band. Such a hole is created if an elec- 
t ron f rom the valence band is t ransferred to the redox 
system. A similar equat ion can be postulated for the 
reduct ion of hydrogen peroxide 

I-I202 Jr e -  "-> OH + O H -  [2a] 

OH--> O H -  + p+ [2b] 

Such a cur ren t -doubl ing  was also observed by Mor-  
rison and Freund  (11, 12) for the oxidation of formic 
acid on ZnO. These authors also postulated a two 
step mechanism in which both valence and conduction 
band are involved.  This in terpreta t ion of the current  
doubling, of course, is only an assumption. In the case 
of GaP electrodes, however,  it is possible to prove this 
model  as follows: 

As ment ioned above holes are injected if electrons 
f rom the valence band are consumed in the second 
react ion step ( [ lb ]  and [2b]). Using n - type  GaP in- 
stead of p - type  as the electrode material ,  these holes 
diffuse into the inter ior  of the crystal  and recombine 
somewhere  wi th  an electron f rom the conduction 
band. As we reported recent ly (7) this recombinat ion 
process corresponds to a radiat ive transition, i.e., lu-  
minescence occurs if holes are injected into an n- type  
GaP electrode. Such an exper iment  can only be per -  
formed with  n - type  mater ia l  in order  to have suffi- 
cient electrons in the conduction band for the recom-  
binat ion with  injected holes. In the case of persulfate  
or hydrogen peroxide  an n- type  electrode has also 
the advantage  in the luminescence exper iment  that  
the first react ion step ( [ l a ]  or [2a]) is not l imited 
by minor i ty  carriers. 

As we reported recent ly  (7) we did observe lumin-  
escence which can only be explained by inject ion of 
holes. The same spectral  distr ibution was also ob- 
tained with  hydrogen peroxide. This result  proves 
indeed that  the second reaction step proceeds via the 
valence band. 

pH dependence.--In a fur ther  exper iment  we also 
measured the pH dependence of the current  doubling, 
as shown for hydrogen peroxide in Fig. 6 and for per -  
sulfate in Fig. 7. As a s tandard value  we used again 
the cathodic photocurrent  for the H2 evolut ion which 
is independent  of the pH value. In the case of HeO.~ 
current  doubling always occurs in alkal ine solutions, 
whereas  in acid solutions it depends on the H202 c o n -  
c e n t r a t i o n  (Fig. 6). 

This pH dependence may obviously be related to 
the degree of dissociation of this molecule. Since the 
pK value  of H202 is about  12 it may  be concluded 
that  the O O H -  ion is more easily reduced on a GaP 
electrode than the undissociated molecule itself. The 
pH dependence for S2Os 2- as shown in Fig. 7 is much 
more difficult to understand. One possible explanat ion 
for the drop of the current  doubling above about pH 
= 2 would be the assumption that  hydrogen persulfate  
ions (HS2Os-)  exist below pH = 2. In general  ions 
with a lower negat ive  charge are more easily reduced 
than those wi th  a higher  charge for electrostatic rea-  
sons. Unfor tunate ly  the corresponding pK va lue  is 
not known. Only the corresponding pK value  for 
SO42- (HSO4-)  is tabulated which would fit to the 
exper imenta l  results (pH ~ 2). It seems to be rea-  
sonable to assume the pK value  for persulfate  to be 
similar. This is supported by the fact that  the reduc-  
tion current  (saturation value)  of persulfate  on a Pt  
electrode varies in the same way in the corresponding 
pH range and remains constant at h igher  pH values. 
On the other  hand the photocurrent  on a GaP elec- 
t rode increases slowly again at higher  pH values. This 
may  be due to the fact that  SeOs 2- is not ve ry  stable 
in alkal ine solutions and decomposes par t ly  to H202 
(via Caro acid).  

It would be interest ing to study the pH dependence 
in the reduct ion of persulfate or peroxide also with 
n - type  electrodes since then sufficient electrons are 
avai lable in the r band. Current  voltage 
curves have shown, however,  that  with n- type  ma-  
ter ial  pract ical ly no increase of the cathodic current  

0.2 I m 

o~= ~ I / / ' ~  
" '0~/' / ~ 2~'~ 

.....>-. 
i ~ p - V V - -  ~ " / DX IU - 

o, . . . H  
�9 =- i " :  = � 9  " 2 

t o 0.05 

I I I i i I i I 
0 2 4 6 8 10 12 pH 14 

Fig. 6. pH dependence of the photocurrent for p-type GaP in 
vorious H202 concentrations. 
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Fig. 8. Current potential (NHE) behavior of an n-type GaP elec- 
trode in 1N H2SO4 and 10-~M (NH4)~ $208. 

occurred after addition of persulfate to H2804 (pH 
= 0.5) (see Fig. 8). On the other hand  we did already 
ment ion in connection with the luminescence experi-  
ments  that  holes are injected if $2082- ions were 
present in the electrolyte. From this we may conclude 
that obviously the reduct ion of $2082- does occur at 
higher cathodic potentials than for p- type  electrodes. 
Actually, in the case of n - type  electrodes the reduc-  
tion of persulfate sets in  at about the same potential  
as the hydrogen evolution. This result  implies that 
also with n - type  electrodes the rate de termining step 
is not determined by the redox system but  by charge 
carriers wi thin  the electrode. This prediction may 
easily be proved by capacity measurements  as fol- 
lows: 

In Fig. 9 the exper imental  values of the space charge 
capacity Csc are plotted vs. the electrode potential  for 
n -  and p- type GaP. According to this figure 1/Csc 2 
varies l inear ly  with the electrode potential,  i.e., the 
space charge capacity follows the Schottky-Mott  law 

I 2kT ( e U s c  ) 
Csc - - ' ' ~  = e 2 eeo ND(A) kT 1 

where Usc = potential  drop across the space charge 
layer, ND(A) = density of donor or acceptor states 
wi thin  the semiconductor, e = dielectric constant, ~o ---- 
8.854 x 10 -12 a m p . s e c . v - ' . m e t e r - 1 ) .  Such a re la t ion-  
ship is always obtained for a depletion layer (6). Ex- 
trapolat ing the curves to 1/Csc 2 = 0 one obtains 
roughly flat band position, i.e., Usc ---- 0. The band 
bending is zero for n - type  at --0.gv and for p- type  at 
-}-1.2v. The difference between the two flat band posi- 
tions is then 2.1v, i.e., it is slightly less than  the energ~ 
gap of GaP (2.25 ev). This result  is expected for 
highly doped semiconductors provided that the poten- 
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Fig. 9. Reciprocal values of the square root of the space charge 
capacity for n- and p-GaP electrodes in 1N H2SO4. Potential vs. 

NHE. 
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Fig. 10. Energy band bending at the rest potential UR; (a) n-GaP, 
(b) p-GaP. 

tial difference applied across the interface occurs only 
wi thin  the space region of the electrode. From this 
result  the band bending at the rest potential  UR = 
+0.35V (see Fig. 9) can be determined (13). One 
obtains an upward  bending of 1.25v for n - type  and 
downward bending of 0.85v for p- type as shown sche- 
matical ly in Fig. 10. Consequent ly  the electron density 
at the surface of an n - type  electrode is so small  that  
any charge t ransfer  from the conduction band into the 
electrolyte is only determined by number  of electrons 
available at the surface. This behavior makes it also 
impossible to obtain any fur ther  informat ion about 
the reduct ion of persulfate from current  voltage curves 
with n - type  GaP-electrodes. 

Normal potentials of persulfate and hydrogen perox- 
ide.--As described in the first part  of our discussion in 
this paper it depends on the normal  potent ia l  of a 
redox system whether  the charge t ransfer  occurs via 
the conduction or via the valence band. Since the 
reduction of 82082- and H202 is a two-step mecha- 
nism in which both energy bands of the electrode are 
involved it follows directly from Gerischer 's model 
(10) that the properties of these redox systems can 
only be described by two instead of one normal  poten-  
tial. This can be demonstrated again by an energy 
diagram (Fig. l l a )  which is similar to that  shown in 
Fig. 4b. In  the case of persulfate, for example, we have 
now three energy states. The energy position of the 

cond.~-...~ v 
b o n d - " -  

vOL f 
b a n d /  

semiconductor 

OH) 

redox system 

density of energy states 
a 

cond. ~ . ~  
band ~-"- 

eAUsc ::o 
band 7 

density of energy states 
b 

Fig. 11. Schematic energy diagram of the interface semiconduc- 
tor-persulfate (hydrogen peroxide) (at equilibrium). Concentration 
of SO41- : (a) large, (b) small. 
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intermediate  state SO4- is just  between the unoccupied 
S2Os 2- and the occupied state SO42-. According to 
Gerischer 's model the density of the unoccupied 
(S2Os 2-)  and of the intermediate  state (SO4-) are 
equal at normal  potential  c o] for the first reaction step 
provided that the concentrations of S~O82- and SO4- 
are equal. The lat ter  condition is more or less t r ivial  
because, according to Nernst  law, the redox potential  
is only identical with the normal  potential  if the con- 
centrat ions are equal. In  the same way also the normal  
potential  for the second step co2 is determined. The 
effective redox potentials depend on the concentra-  
tions of the three species. The corresponding Nernst  
equations are given by 2 

CS2Os 2 -  
ect = ecol + kT  In [3] 

CS04 t -  C s 0 4 2 -  

Cso41- 
e~ = eco2 -t- kT In ~ [4] 

Cso42  - 

where e ~ e lementary charge, and k = Boltzmann's  
constant. The free enthalpy of the complete reversible 
electrochemical reaction is given by AG = zFc ~ For a 
two-step mechanism this free enthalpy may be split 
up into two values 

zFc ~ = (zlc~ + z2eo2)F [5] 

According to [ la]  and [ lb]  Zl = z2 -- 1 and z = 2 
so that 

co~ -t- ~~ 
co = _ _  [ 6 ]  

2 

i.e., the  no rma l  po tent ia l  c o of the  to ta l  system is jus t  
the mean va lue of the  no rma l  potent ia ls  col and ~o2 
defined for each reaction step (see Fig. l l a ) .  Under  
equi l ibr ium conditions the concentrations of the three 
species have to ar range themselves in such a way that  
the redox potentials are equal, i.e., 

ci ~ ~ = c [7] 

Since the intermediate  state SO4- is a very unstable  
species its concentrat ion is very low. Using an elec- 
trolyte containing S~Os 2- and SO42- ions in concen- 
trat ions of the same order of magni tude  then the ef- 
fective redox potential  e of the complete system is 
almost identical  with the corresponding normal  poten- 
tial c o according to 

kT Cs2o8  2 - 
= ~o + ,  I n  - -  [8] 

2e C2so42- 

In  th is  case the  redox  po ten t ia l  e ( ~  c ~ is jus t  ha l f -  
w a y  between the two normal  potentials c~ and c~ and 
the density of energy states for the intermediate  species 
(SO41-) is very low as indicated in Fig. l lb .  

Moreover, at equi l ibr ium the Fermi  level EF(sc) in 
the semiconductor and the Fermi  level EF(redox) in the 
redox system (which is defined as eD are equal (10) 
(Fig. I l b ) .  Values of the normal  potential  c a in this 
energy scale are not known. Only the corresponding 
normal  potential  ~Oh relat ive to the hydrogen normal  
potential  can be general ly  measured or calculated from 
thermodynamic  data. In the case of persulfate  c% -~ 
-F2.0v (14). 'Consequently, at equi l ibr ium one would 
also measure an electrode potential  of -F2.0v pro- 
vided that  no corrosion etc. occurs. This is a very  
large potential  and according to capacity measurements  
the energy bands even for p- type GaP would be bent  
upward  very strongly. Consequently the electron den-  
sity at the semiconductor surface would be very low, 
i.e., at an electrode potential  of -F2.0v the Fermi  level 
at the surface of the semiconductor is quite close to 
the valence band. This leads to the conclusion that  the 
upward  band bending has to be decreased considerably 
by varying the electrode potential  into the cathodic 

2 The re fe rence  point  for the  normal  potent ials  COl, 2 is here  not 
the standard h y d r o g e n  electrode. The point  of zero ene rgy  is the  
free  electron ene rgy  at  infini ty which  is zero by definition. 
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direction before sufficient electrons are available in 
the conduction band for a charge t ransfer  across the 
interface. In  the energy distr ibution picture (Fig. l l b )  
this is equivalent  to an upward  shift of the Fermi  level 
in the semiconductor (dotted l ine for EF(sc)). Accord- 
ing to the current  voltage curves (Fig. 5b) a reduction 
current  was actual ly measured below +0.75v, i.e., 
Fermi  level EF(sc) has to be shifted upward  relat ive 
to the equi l ibr ium value by at least 1.5v. 

It is impor tant  to note that  this behavior of persul-  
fate or hydrogen peroxide not only  occurs on semi- 
conductor electrodes bu t  exhibits a general  property 
of these redox systems. Using a p la t inum instead of a 
semiconductor electrode a cathodic reduct ion cur ren t  
is also only observed below about +0.8v, although 
sufficient electrons are available even at large anodic 
electrode potentials. On the other hand it is also a 
necessary condition for a charge t ransfer  that  occupied 
energy states in the metal  overlap with the empty 
states ($2082-) in the redox system. In  the case of a 
metal  its Fermi level is also equal to that  of the redox 
system at equil ibrium. Since only energy states up to 
Fermi  level are occupied and no higher energy levels 
can be filled, the overlapping between the  occupied 
states and the S2Os 2- states is very poor (Fig. 13a). 
Applying an external  voltage ~U the Fermi  level in a 
metal  (in contradiction to a semiconductor) cannot be 
shifted relative to its energy states. In this case only 
the potential  difference across the Helmholtz double 
layer  can be changed (Fig. 12b), i.e., the energy states 
in the metal  are  shifted relat ive to those of the redox 
system as shown schematically in Fig. 13b. Since the 
energy difference between the unoccupied (S2Os 2-)  
and the occupied state (SO4 ~-)  is quite large (see 
below) the electrode potential  has to be varied con- 
siderably into the cathodic direction before a current  
flow is discernible. 

Comparing the results obtained with S2Os 2- and 
H202 with those of other redox systems it is possible 
to get a rough estimate for the values of the two nor-  
mal  potentials C~ and c~ This does not mean  that we 
obtain absolute values of the potentials. We can only 
determine corresponding values of the normal  pa ten-  

AU=AUs U ~  

semiconductor I redox system 
a 

. . . . .  l 
AU=AUH 

UH 
,.~ 

metal redox system 

Fig. 12. Potential distribution fer (a) semiconductor end (b) metal 
electrolyte interface. Dotted line: at cathodic polarization. 

3, 

F(redox) 

metal redox system 

density of energy states 

metal 

~ensity of 
a 

Fig. 13. Schematic energy diagram ef the interface metal-persul- 
fete. (o) At equilibrium, (b) during cothedic polorlzatlon. 

redox ~rn 

energy states 
b 
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t i a l s  e~ a n d  e~ VS. a normal  hydrogen electrode. As 
ment ioned before it depends on the normal  potential  
whether  the charge t ransfer  in  a certain redox reac- 
tion occurs via the conduction or the valence band. 
According to Fig. 3 the reduct ion of Fe 3+ proceeds 
already via the conduction band. Since the normal  
potential  of the Fe2+/Fe3+ amounts  to 0.6v we have 
to conclude that also the normal  potential  ~Ol.h for the 
first reaction step of persulfate and hydrogen peroxide 
is equal or smaller  than  this value. The normal  poten-  
tial ~ol,h can immediate ly  be calculated using Eq. [6] 
since the normal  potential  of the complete system is 
known from thermodynamic data. One obtains for 
persulfate 

normal  potential:  ~oh ~ -p2.0V (complete system) 
~ol. h ~ ~u0.6v (1. reaction step) 
�9 ~ ~ W3.4v (2. reaction step) 

and for H 2 0 2 :  e~ --~ -~1.77V 
~~ =< +O.6v 
�9 ~ ~ -]-2.94V 

In  the case of persulfate, e.g., the difference between 
the two normal  potentials is 

he ---- [eot - -  e%[ ~ 2.8v 

Consequently, the energy difference between the un-  
occupied and occupied states is also larger than  2.8 ev. 
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Capacities of Zinc-Potassium Hydroxide 
Interfaces 

R. A. Myers 1 and J. M. Marchello 
University of Maryland, College Park, Maryland 

ABSTRACT 

A galvanostatic pulse current  technique was employed to measure the 
capacitance of flat and porous zinc electrodes in 32 w/o KOH solution at 25~ 
The data were obtained by operating near  the hydrogen evolution potential.  
The electrode capacities were used to obtain the wet surface area of the zinc- 
KOH interface. Some exchange currents  were obtained and average pore 
cross sections were calculated for porous zinc electrodes. 

The metal-e lectrolyte  interface exhibits a double 
layer  capacitance which can be used to calculate the 
surface area. The objective of this invest igat ion was to 
obtain a better  unders tanding  of the properties of the 
zinc electrode in the zinc-air  battery. Unpubl ished re-  
sults of investigations conducted on zinc electrodes at 
the Naval Ordnance Laboratory indicated that  porous 
zinc electrodes do not  seem to passivate as readi ly as 
flat zinc electrodes. Performance data is usual ly  based 
on current  density in terms of projected geometric 
area without  regard for the physical s t ructure of the 
surface. Since performance is dependent  on the sur-  
face characteristics, the double layer capacitance tech- 
n ique  was employed to determine the wet surface area 
of the zinc electrode. 

Grahame (1) states that  the charges (once the con- 
ditions equil ibrate) do not cross the double layer  
because they lack the tendency to do so. The metal  
electrode is infinitely polarizable either ( ~ )  or (w) 
at the interface. The dis t r ibut ion of charge in the elec- 

1 Present address: Harry Diamond Laboratory, Washington, D. C. 

t rolyte  phase at the interface may be calculated using 
the Gouy-Chapman  theory. The original theory as- 
sumed point size charges, but  this has been modified 
by Stern to account for finite size particles. In  this 
theory, two double layers are assumed; the compact 
double layer (Helmholtz or inner  double layer) is 
separated by the distance of closest approach from the 
outer or diffuse double layer. 

The double layer capacity is usual ly  measured by 
a galvanostatic pulse or an a-c bridge technique. The 
total capacitance is made up of two double layer ca- 
pacitances in series. If the bu lk  of the capacitive na-  
ture  of the interfacial  system is very close to the 
interface then Cdiffuse is large and the total  capacitance 
is equal to the compact capacitance. This is usual ly 
the case in strong electrolytes. It is also assumed that  
there is no specific adsorption of impurit ies which 
would alter the double layer. The capacitance is a 
funct ion of potential. The electrode-electrolyte in ter -  
face exhibits a m i n i m u m  capacitance with respect to 
some part icular  potential ,  often referred to as the 
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