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Fig. 7. The dependence of the photopotential for n-type Ge 
(sample as in Fig. 3) on dark surface potential Vs; Io = 1016 
photons/cm2-sec. Dashed line, calculated according to Johnson's 
method (4) assuming PL1 = 1.3 X 1013 cm -'~ (see text). 
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Semiconductor Electrodes 
IX. Digital Simulation of the Relaxation of Photogenerated Free Carriers 

and Photocurrents 

Daniel Laser and Allen J. Bard* 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

A digi ta l  s imula t ion  of the  photoprocess  at  a semiconductor  e lectrode is 
described.  The s imula t ion  model  accounts for photogenerat ion,  recombinat ion,  
and t r anspor t  of excess free carr iers  wi th in  the  semiconductor  phase.  The 
origin of the  photopoten t ia l  in the  absence of fa radaic  cur ren t  is elucidated.  
Quant i ta t ive  cur ren t  eff iciency-potent ial  curves for  the  photocur ren ts  under  a 
va r i e ty  of condit ions a re  ca lcula ted  for  n - t y p e  TiO2 and these a re  compared  to 
exper imen ta l  results.  

In  previous  papers  in this series we have in t roduced 
the use of d igi ta l  s imula t ion  methods  for the  t r ea tmen t  
of semiconductor  electrodes.  In  Ref. (1) the  r e l axa t ion  
of f ree  carr iers  fol lowing charge injection,  wi th  and 
wi thout  surface states, was described.  In  Ref. (2) a 
method of der iv ing  the semiconductor  e lectrode char -  
acteristics,  equ i l ib r ium or  s teady state, at open circuit  
in the da rk  or under  constant  i l luminat ion,  was p re -  
sented. When  a semiconductor  e lec t rode  at  equ i l ib r ium 
and in Contact wi th  solut ion is i l luminated ,  a cer ta in  
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t ime elapses before  the  photoeffects a re  observed.  Dur -  
ing this t ime a red is t r ibu t ion  of free carr iers  and 
charges in the  electr ic  field in  the  space charge  region 
occurs. [When the semiconductor  e lec t rode/so lu t ion  
interface  is blocked to charge t ransfer ,  the new dis t r i -  
but ion of free carr iers  in the space charge region under  
i l lumina t ion  wil l  cause a change in the  potent ia l  of the  
e lec t rode  (the photopotent ia l  effect).]  Frequent ly ,  i l -  
lumina t ion  of the  e lect rode is accompanied  by  charge 
t ransfer  to solut ion species and this gives r ise to a 
photocurrent .  Fo r  example ,  i r r ad ia t ion  of n - t ype  TiO2 
wi th  l ight  of energy l a rge r  than  the bandgap  energy  
wil l  resul t  in the oxida t ion  of wa te r  (3, 4), whi le  
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cathodic photocurrents arise at p - type  semiconductor 
electrodes (5, 6). Numerous examples of photogalvanic 
effects and analyt ical  t reatments  of these have been 
given (7, 8) 

In  this paper  we treat the t ransient  behavior  of a 
semiconductor electrode following the onset of i l lumi-  
nat ion and the photocurrents  which are produced. The 
semiconductor electrode characteristics which affect the 
magni tude  of the photocurrent  are discussed and a 
comparison of the simulated light in tens i ty -cur ren t  and 
current -potent ia l  behavior  with some exper imental  re-  
sults given. 

Relaxat ion  of Photogenera ted  Carr iers  in the  
Absence  of Farada ic  C u r r e n t :  Physical  M o d e l  

The rate of change of the concentrat ion of excess 
free carriers (e.g., holes, the minor i ty  carriers in  an 
n - type  semiconductor) dur ing i l luminat ion  is governed 
by their rate of generat ion by the adsorbed light, their 
recombination, and their  t ranspor t  

Ohp/at : g ( x )  - (1/~p) (n (x)  /nb) Ap ~- Dp (O2Ap/ax 2) 

+ UpO[A(E-p)] /Ox [1] 

where Ap _~ p ( x )  -- p(x)e% hE ~- E ( x )  -- E(X) eq.A 
similar expression can be wr i t ten  for excess electrons, 
An. The electrical field vector in  the x direction is 
governed by Gauss' law 

dAE(x) e f ~ [  d ] 
d ~  - -  eo'-er ~r ~ (p - -  n) dx  [23 

Equations [1] and [2] were wri t ten  in finite difference 
form by using the same space division and representa-  
t ion of fluxes given in Table I of Ref. (2); the actual 
expressions are given in  the Appendix. The general 
notat ion and the terms in Eq. [1] and [2] are the same 
as those given in  Ref. (1) and (2) and are discussed 
only briefly here. The generat ion funct ion for free car- 
riers by light, g (x ) ,  can be wr i t ten  as 

g ( x )  = Ion e x p ( - - a x )  [cm-:a-sec -1] [3] 

Io is the incident  l ight flux at the electrode surface 
(cm-2-sec -1) and a is the absorptivi ty of the light 
[cm-1].  We assume here that all of the l ight absorbed 
leads to free carrier formation. The t rea tment  is easily 
modified for less than uni t  efficiency of carrier forma- 
t ion by the in t roduct ion of a quan tum efficiency factor. 
The term (1/~p)Ap is the usual  expression (9) for the 
recombinat ion rate of excess minor i ty  free carriers in 
the semiconductor bulk, where the process is assumed 
to be pseudo-first order with respect to the excess 
minor i ty  carriers (i.e., 1/~p ~-~ kr?~b, where T~b is the 
bulk  concentrat ion of electrons and kr is the second 
order recombinat ion rate constant) .  The term n (x ) /nb  
is introduced to account for this effect inside the space 
charge region, where the concentrat ion of electrons is 
not equal  to the bu lk  value. The last two terms on the 
r igh t -hand  side of Eq. [1] are the divergence of the 
flux of excess free carriers by dil~usion and migration. 
For a numerical  calculation of the migrat ion term, the 
properties of the  semiconductor at equi l ibr ium [p (x)eq, 
E(x)  eq] have to be known.  Similarly, calculation of 
the recombinat ion term requires knowledge of n (x) ~q, 
in  addit ion to An(x).  Thus, a s imulat ion of the semi- 
conductor electrode free carr ier  and electric field dis- 
t r ibut ion in  the dark at a given potential  Vs, as given 
in  Ref. (2), provides the ini t ial  conditions which pre-  
cede s imulat ion of the photoeffects. The usual  simula- 
t ion techniques were employed [see the Appendix and 
Ref. (10) and (11)]. Changes in Ap and An which oc- 
cur dur ing a short t ime interval,  St, based on the car- 
r ier  concentrations and fields from the previous t ime 
interval ,  were calculated. These changes are used to 
calculate new values of p ( x )  and n ( x ) ,  as well as a 
new field distr ibution E(x) ,  by Eq. [2]. These new 
values are then used for calculation of the values of 

Ap and An in  the next  t ime interval ,  etc. The dis t r ibu-  
tion of excess free carriers and electric field are 
mutua l ly  dependent, since E ( x )  depends upon the 
charge and the migrat ion of the free carriers depends 
upon the field. 

Results 
The distr ibutions of excess carriers for an n- type  

TiO2 electrode at two dilYerent times after the onset of 
i l luminat ion are shown in Fig. 1. In this example, the 
n-TiO2 electrode at equi l ibr ium in the dark was a s -  
s u m e d  to be ini t ia l ly biased positively (Vs ---- 0.8V) to 
form a depletion layer. In  the t ime in terval  considered, 
only very slight changes in  electric field are observed. 
The changes in  the charge density distribution, al- 
though noticeable, are still very small  compared to 
the charge density at equi l ibr ium or to the changes in  
charge density which exist at the steady state. Consider 
some aspects of the re laxat ion process which can be 
observed from the t ransient  behavior. The generat ion 
funct ion is an exponential  one with respect t o  distance 
from the surface so that with the semilog axes of Fig. 1 
it would be drawn as a straight line with a slope of 
--a. However, except for the very first instants  follow- 
ing the onset of i l luminat ion,  the shape of the per turba-  
t ion (the l ight generation funct ion)  is not  apparent.  
Because of the rapidi ty of the t ransport  processes in  
the semiconductor phase, the dis t r ibut ion of excess 
free carriers reflects ra ther  the momenta ry  existing 
driving forces (electric fields and concentrat ion gradi-  
ents).  Thus, the excess holes accumulate at the semi- 
conductor surface (assuming no outlet to solution),  
while the electrons accumulate near  the space charge 
reg ion/bulk  boundary.  At this stage, some of the holes 
which are produced outside the space charge region 
and which escape recombinat ion enter the space charge 
region by diffusion. Only at a later  time, when  the 
surface concentration of holes increases further,  are 
they reflected back from the surface by diffusion, so 
that at the steady state [as in  Ref. (2)] a flux of holes 
leaves the space charge region toward the bulk. At 
this time the concentrat ion excess of holes outside the 
space charge region is about equal to the concentration 
excess of electrons (An : hp). This steady-state si tua- 
tion could not be achieved wi th in  the t ime domain of 
the t ransient  simulation. The reason for this will be 
discussed in some detail, because it  is directly related 
to the general  problem of s imulat ion of the photo- 
process. The steep concentrat ion and field profiles 
which exist inside the space charge region require a 
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Fig. 1. Excess carrier concentrations in n-type Ti02 (dashed 
line) 1.44 X 10 -11 ser and (solid line) 1.16 X 10 - 9  ser after 
turning on illumination (10 TM photons em - 2  see-l ) .  Vs = 0.8V 
(in dark); n ~ ----- 1017 r p~ ---- O; r ---- 100 esu; Un ---- 100 and 
Up ~ 50 cm2-sec - 4  �9 V - 1 ,  a ~ 5 • 104 cm-1; "~p ---~ 10 - 9  sec. 
Vertical dashed line shows space charge region/bulk semiconductor 
boundary. 
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fine division of space elements (~x ~ 20-50A) to rep-  
resent the quanti t ies there to a sufficient accuracy in 
the digital simulation. Because of this, combined with 
the high value of the t ransport  coefficients of the free 
carriers, a very short t ime in terval  must  be used as a 
s imulat ion t ime step (ca. 10 -14 sec) and the total s imu-  
lated t ime is l imited to the nanosecond range even 
after 105 s imulat ion steps. For  reasonable fluxes of 
l ight to be calculated (e.g., 101~ photons cm -2 sec-1),  
the excess of free carriers added to the space charge 
region within  this time interval  is far smal ler  than the 
amount  which will be present  there at the steady state 
to produce the photopotential. An at tempt to overcome 
this problem by using higher light fluxes or slower 
t ransport  coefficients (which, numerical ly,  have the 
same effect) results in a distorted picture in  which the 
generat ion of carriers is very exaggerated with re-  
spect to their  transport.  Thus the t ransport  processes 
(migrat ion and diffusion) dominate all others. The 
speed at which these driving forces, especially inside 
the space charge region, dissipate a large portion of 
any local per turba t ion  (provided it is not too large) 
is what  underl ies  the possibility of using the Boltz- 
m a n n  distr ibution in  cases where actual equi l ibr ium 
does not exist (7, 8). The simulated t ransient  behavior 
allows us to deduce the sequence of events which leads 
to the steady state and causes the photopotential  effect. 
This is shown schematically in  Fig. 2. The charge den-  
sity distr ibutions at equi l ibr ium in the dark and under  
i l luminat ion  are given in Fig. 2a. Figure  2b shows the 
redis t r ibut ion of the charge density caused by the 
changes Ap and An in the light. The total charge is 
conserved and so is the surface field, but  its dis tr ibu-  
tion shows an accumulat ion of positive charge at the 
surface and a loss of positive charge at the space 
charge reg ion /bu lk  boundary  (where the excess of 
electrons which accumulate  there compensates for the 
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Fig. 2. Schematic representation of the production of the photo- 
potential. (a) Charge density (p) distribution in the space charge 
region (dashed line) in the dark; (solid llne) under illumination. 
(b) Excess charge density distribution with illumination due to 
redistribution of excess carriers as shown in F~g. 1, (Ap + = Ap-) .  
(c) Electrical field (dashed line) in the dark and (solid line) under 
illumination. The area between the curves represents the photo- 
potential. 

diffuse positive charge of the space charge region).  
The corresponding electric field distr ibutions are shown 
in Fig. 2c. The area between the field curves, i.e., the 
integrat ion of the difference in  the electric field with 
respect to distance from the bu lk  semiconductor to the 
surface, is the decrease in surface potential  due to il- 
luminat ion,  the photopotential  

Photocurrent  in the Absence of Kinet ic  Compl icat ions 
If charge t ransfer  across the semiconductor/solut ion 

boundary  is possible, the s i tuat ion differs from the 
open-circuit  case described above. Two extreme cases  
can be considered. If the rate constant  for charge t rans-  
fer is infinitesimal, the open-circui t  case, which is 
characterized by very small  faradaic currents  and the 
photopotential  effect, is approached. At the other ex- 
treme, if the charge transfer  to solution is l imited only 
by the combined effect of genera t ion/ recombinat ion  
and transport  of carriers wi thin  the semiconductor 
phase, only a small  accumulat ion of excess free car-  
riers occurs leading to a smaller  photopotential  and 
larger faradaic currents. Thus, the rate constant for 
charge transfer  to solution will have a key role in  
determining both the photocurrent  and the electrical 
state of the semiconductor. 

We simulate here the fast charge t ransfer  case and 
calculate the photocurrent  which is determined by the 
processes wi thin  the semiconductor phase. We use n -  
type T i Q ,  a stable semiconductor electrode for which 
the photocurrent  has been widely described (3, 4), as 
a model. The very low concentrat ion of minor i ty  car- 
riers (holes) in this sample somewhat simplifies the 
calculation because no oxidation current  (hole injec-  
tion to solution) exists in the dark. 

The photocurrent  density due to photogenerated 
holes within the semiconductor biased to positive po- 
tentials is expressed as the product of the charge 
t ransfer  rate constant kp (cm.sec -1) and the hole con- 
centrat ion at the surface (x -- 0) (or in  the s imulat ion 
for space element, K : 1) 

ip,f = ekpp(o) [4] 

The rate constants were chosen to be sufficiently large 
that the steady photocurrent  calculated in  the s imu-  
lated t ime domain was independent  of the value of 
kp. The surface concentrat ion of holes was found to 
be inversely proport ional  to kp. The effect of the mag-  
ni tude of kp is shown in  Fig. 3. The electron d i s t r i bu -  
tion is also affected by kp, because for every hole which 
is injected into the solution, an electron is collected 
by the metallic contact to the semiconductor electrode 
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Fig. 3. Effect of kp on the concentration profiles of excess free 
carriers. All conditions as in Fig. 1, except with holes transfer to 
solution with kp values of (1) 1.39 X 105; (2) 1.39 X 106; (3) 
kp = 1.38 X 107 cm/sec. In all cases the calculated photocurrent, 
ip,f, was 1.437 mA. 
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and is delivered to the counterelectrode. Although the 
effect of kp is most p rominent  at the semiconductor 
surface, it also determines the whole level of excess 
holes inside the space charge region and hence the 
flux of holes which will enter  this region. Under  actual 
conditions the si tuation may be far more complex be-  
cause kp may depend upon the potential  drop in the 
Helmholtz layer  at the semiconductor/solut ion in ter-  
face, Ar e.g., it could be given by kp o exp (~ea~H/kT) 
and where kp o may have a much smaller  value than 
that  used in the simulation. At the instant  after i l lu-  
mina t ion  only a small  photocurrent  is expected, re-  
sult ing in a pronounced accumulat ion of excess car- 
riers in  the space charge region, in  a manne r  similar  
to that  for the open-circui t  case. This accumulat ion 
causes a photopotential  to be bui l t  up gradually, which 
in  a potentiostatic exper iment  wil l  result  in  a gradual  
change in hen  and in  an increase in kp. At the steady 
state the charge transfer  rate will be sufficiently fast 
to prevent  any fur ther  accumulat ion of excess free 
carriers inside the space charge region. We did not 
simulate this suggested sequence of events which ex- 
tends over two completely different t ime domains. 
Moreover, k~, could not be made too small because 
under  these conditions, even after a lengthy computa-  
tion, a steady state was not achieved. Therefore, we 
can only speculate that as long as migrat ion is the 
predominant  dr iving force (high fields and band  bend-  
ing) and kp is not so small  that a high accumulat ion of 
excess carriers is produced inside the space charge re- 
gion thus changing considerably the fields there, only 
a minor  dependence of photocurrent  on kp is expected. 
At low band bending,  on the other hand (which would 
usual ly  occur at the foot of the photocurrent-potent ia l  
wave),  diffusion may be the main  t ransport  process. 
The photocurrent  will then strongly depend upon the 
diffusional flux of the holes inside the space charge 
region and towards the surface, which in tu rn  will be 
determined by the concentrat ion profile present  and 
thus on kp. 

Results  
Photocurrent -potent ia l  curves assuming rapid charge 

t ransfer  to solution under  several different sets of 
conditions were simulated (Fig. 4). Curve a represents 
the steady-state currents  for the electrode ini t ia l ly 
(in the dark)  held at the indicated potential  where all 
of the imposed potential  is assumed to drop inside the 
semiconductor space charge region. No photopotential  
is observed. The dashed l ine a shows the calculated 
curve if electrons are allowed to cross the surface 
as well, to reduce the species just  formed by the hole 
inject ion process, or to react with holes at the surface 
at a rate which is proport ional  to the absolute concen- 
t rat ion of electrons at the surface. Both processes will 
have the same effect in reducing the net oxidation 
current.  This back-react ion effect could be of im-  
portance, since the photosensitized oxidation at the 
semiconductor electrode f requent ly  produces a species 
which is thermodynamical ly  reducible at the electrode 
potential.  For  any  value for the rate constant, kn, 
chosen for this "back-reaction" effect, the observed 
photocurrent  is found to rise very steeply (almost 
discontinuously) with potential. This steep rise is 
caused by the fact that  the absolute electron concen- 
trat ion at the surface is an exponential  function of 
potential.  Such abrupt  rises in photocurrent  are not 
observed experimental ly.  A calculation in  which the 
excess of e]ectrons at the surface, ra ther  than their  
absolute numbers,  determines their  contr ibut ion to the 
photocurrent  is shown as curve a ' .  A simple model for 
surface recombination, similar to that which was pre-  
sented previously (1) results in  the expression 

i~ : e[k~Ap (o) -- kn~n(o) ] [5] 

For the case under  consideration, for holes, ~p ~ p, 
while for electrons, an  : n -- n eq. This effect modifies 
somewhat the foot of the photocurrent-potent ia l  wave. 
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Fig. 4. Simulated photocurrent-potential curves for n-Ti02. Elec- 
trode as in Fig. 1, Io = 101'6 photons cm-2sec -1 ,  kp = 2.78 X 
10 '6 em/sec, except as noted below. Efficiency = ip~f / Io ,  with ip~f 
given in holes per second. (a) Tp = 10 - 9  sec; (a') as in (a), assum- 
ing electrons cross to solution at a rate proportional to their 
absolute number at the surface, with a rate constant kn = 1.39 X 
106 cm-sec-1; (a") as in (a) assuming electrons cross to solution 
at a rate proportional to their excess number at the surface, kn = 
1.39 X 106 cm-sec-1; (b) as in (a"), a = 3 • 104 cm-1;  (c) 
as in (b),~p = 10 - l ~  sec; (d) a = 3 X 104cm-1 , '~p  = 5 • 
10 - l z  sec, n ~ = 4 X 1017 cm-a;  (e) experimental efficiency 
curve for a single crystal TiO2 for water photo-oxidation (c axis 
normal to solution) measured at 375 nm; solution pH = 4.0; the 
potential axis in this case is the electrode potential vs. SCE. 

At more positive potentials the excess of surface elec- 
trons is negligible (since they are repelled from the 
surface) compared to the excess of holes, and no "back- 
reaction" effect is noticed. 

Two other factors govern the photocurrent  and enter  
into the simulation. The first is the bu lk  recombinat ion 
rate constant for the excess minor i ty  carriers (1/~p). 
This influences the number  of holes which are gen-  
erated outside the space charge region which will be 
collected by the space charge region and delivered to 
the surface. Photogenerated holes which are produced 
at a distance greater than ~/zpDp from the space charge 
reg ion /bu lk  boundary  are practically lost and will 
not contr ibute  to the photocurrent.  The effect is i l lus-  
trated by Fig. 5. An extremely high bulk  recombina-  
t ion rate constant can even reverse the direction of 
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Fig. 5. Effect of bulk recombination rote constant for excess 
holes on the photocurrent and concentration profiles of excess 
free carriers. Electrode and illumination as in Fig. 1; Vs = 0.4V. 
(a) Tp = 1,0 - 9  sec, ip,f = 1.096 mA; (b) ~p = 10 - l ~  sec, ip,f = 
0.8881 mA; (c) Tp = 10 -11 sec, ip,f  - -  0.7186 mA. 
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diffusion of holes, resul t ing in a hole flow from the 
space charge region to the bulk  semiconductor. A sec- 
ond factor, directly related to the first, is the relat ive 
dimension of the space charge region to the l ight pen-  
e t ra t ion depth. A more efficient photoprocess will  be 
observed if practically all of the photogenerat ion proc- 
ess of free carriers occurs wi th in  the space charge re- 
gion where the excess of holes suffer very little recom- 
binat ion and are delivered prompt ly  to the surface by 
migration. The depletion layer  thickness is determined 
by the potential  imposed on the semiconductor elec- 
trode and its width can be taken as being proportional 
to the square root of the imposed potential  (12). The 
upper  quan tum efficiency limit, which asymptotically 
approaches unity,  represents the si tuat ion of a high 
surface potential  resul t ing in an extended space charge 
region in  which all of the l ight is absorbed. All of these 
s imulated observations are consistent with Gartner ' s  
approximate t rea tment  of the subject  (12). Curves b, 
c, and d in  Fig. 4 show the calculated results for var i -  
ations in  a, Tp, and ND (which influences the thickness 
of the space charge region).  Curve e shows an experi-  
menta l  efficiency curve measured at a single crystal of 
TiO~ in  a pH = 4.0 solution with a monochromatic 
l ight of wavelength 375 nm. While the calculated satu-  
ra t ion current  can be adjusted to fit the experimental  
one, a larger discrepancy is revealed be tween the s imu-  
lated and the exper imental  curve on the rising portion 
of the wave. A bet ter  fit to the exper imental  results 
will probably require consideration of the previously 
discussed kinetics of the charge t ransfer  and other 
solution processes as well. 
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APPENDIX 

Equat ion [1], the corresponding equation for elec- 
trons, and Eq. [2] were simulated according to the 
procedure shown in the Appendix of Ref. (1) and the 
space division and digital notat ion which were used in 
Table I of Ref. (2). For holes in the case of n-TiO2, 
with a bandgap of 3.0 eV, we can wri te  

peq~E "~ 0 and ~ p n E  ~_ 0 [A-1] 

po = peq ~ 0 across the whole semiconductor. The 
change of concentrat ion of holes in element  K within  
a t ime interval  at  is 

a p t  = LK -- (at/Tp) " (hE~rib) " PK 

+ D M P ( p K - 1  - -  2pK -5 PK+I) 

-5 0.5 U M P  {EK + I (PK -5 PK+I) -- EK(PK -5 PK+I)} 
[A-2] 

For electrons, a more complicated expression arises 
because of the importance of the term U~Oa (E �9 n ) / O x  

A (E �9 n )  : E~qan + n~qnE [A-3] 

where an  = n -- n eq and aE = E -- E eq. Here, the 
term neq~E cannot be neglected, especially near  the 
space charge region boundary.  The resul t ing expression 
for electrons is 

~ ( A n )  = LK - -  ( a t / r v )  ( n K I n b ) p t  

+ D M N ( h n K - 1  - -  2 A n t  + h n t + ~ )  

+ 0.5 U M N  {Eteq(anK + anK-1) 

- -  aEK+leq(anK + Ant+ l )  + A E t ( n t  eq + n t - 1  eq) 

- -  nEK+l(nteq + nt+leq)} [A-4] 

In  Eq. [A-2] and [A-4] the following terms apply 

L K -  ( I o a ) e x p [ - - a ( K -  u [A-5] 

D M N  = D n A t / A x  2 D M P  = D p a t / A x  2 

U M N  = U n A t / A x  U M P  = U p a t / a x  

The resul t ing change in  the electric field caused by 
changes in  h p t  and Ant is 

a E t  = (eAX/eoer) (apK - -  hnK) + AEK+I [A-6] 

The following boundary  conditions apply 

a p K _ ~  : O, a n K _ ~  -- 0, E t _ ~  : 0 [A-7] 

The calculation cannot be extended in  reasonable s imu-  
lat ion times to K values that rigorously will satisfy the 
conditions of Eq. [A-7]. Instead, the tollowing bound-  
ary condition was chosen 

APKMAX : APKMAX--1 exp{- -Ax/ (~pDv)Y2}  [ A - 8 ]  

AntMAX : aPKMAX aEtMAX : 0 

where ax �9 KMAX is far outside the space charge re-  
gion but  still not in  the bulk. 

For the first e lement  (K = 1) (the semiconductor 
surface) within the semiconductor, only t ransport  to 
the second element  occurs. Charge t ransfer  to solution 
is expressed, when  desired, as the product of a rate 
constant k~ with the hole concentrat ion in  the first 
element. The ini t ial  conditions are the equi l ibr ium dis- 
t r ibut ion of carriers and electrical fields which are 
first obtained by the s imulat ion procedure previously 
described (2). 

a 
Dp, D,~ 
E ( X )  
E ( x )  eq 
~E (x) 

g(x) 
ir 
ip,f 
Io 
kp, kn 

kr 
K 
n(x) 
n(x)eq 
nb 
a n  

p ( x )  
p ( x )  eq 
Pb 
Ap 
At  
Up, Un 
x 
A x  

~r 
eo 
er 
Tp 
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Analysis of Multiple Reaction Sequences in 
Flow-Through Porous Electrodes 
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ABSTRACT 

The role of mult iple  reactions in f low-through porous electrodes has been 
investigated theoretically. The reaction sequences studied include simultaneous 
deposition of several metals, deposition o~ a metal  in tr_e presence of a redox 
system, and an ECE sequence which is characteristic of many  electro-organic 
synthesis reactions. The model accounts for mass transport,  mult iple  charge 
t ransfer  reactions, homogeneous chemical reactions, ohmic and geometric pa-  
rameters. Results are compiled in a series of graphs which elucidate electrode 
behavior over a wide region of parameter  space. 

One advantage of electrochemical processes is that a 
high level of selectivity for a desired reaction product 
can often be achieved through careful control of the 
potential  under  which reaction proceeds. On the other 
hand, the a t ta inment  of economically high volumetric  
reaction rates often requires optimizing around com- 
peting needs for large surface area, adequate mass 
transfer,  and low ohmic resistance. Although flow- 
through porous electrodes are advantageous for 
achieving high reaction rates per uni t  volume, these de- 
vices often exhibit  substant ial  potential  variations over 
their  inter ior  surface so that the original electrochemi- 
cal advantage of selectivity may thereby be lost. The 
purpose of this invest igat ion is to develop theoretical 
methods for predicting the selectivity of f low-through 
porous electrodes in systems where mult iple  reactions 
occur, and to i l lustrate how such predictions can be 
compiled for use in  engineering design. 

Literature Review 
The use of fixed bed porous electrodes with a single 

electrode reaction has been recently reported for 
s tr ipping copper (1), depositing ant imony (2) and cop- 
per (3-5), carrying out redox reactions with iron (6) 
and ferricyanide couples (5, 7, 8), detecting dissolved 
gases (9-11), and for precipitat ing anionic species (12). 
Earlier work has been reviewed with emphasis on 
bat tery applications (13) for which a single electrode 
reaction is the preferred mode of operation. The ex- 
tensive publications of Sioda, reviewed in Ref. (13), 
are especially noteworthy since they established many  
exper imental  procedures and theoretical methods of 
analysis. Many addit ional porous electrode studies are 
known which involve mult iple  electrochemical reac- 
tions in order to accomplish simultaneous removal  of 
several metal  ions from mixed solutions (14-21); 
separation of quinones (22), radioactive nuclides (23), 
and halide ions (24) ; and reduction of metal  ions in the 
presence of competing reactions (25). Reaction schemes 
involving coupled electrochemical and homogeneous 
chemical steps have also been used in porous electrode 
cells for coulometric and preparat ive  applications (12, 
26-29), and for electro-organic synthesis applications 
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(30-36). It is abundan t ly  clear that mult iple  reaction 
sequences are commonly encountered in m a n y  fixed 
bed porous electrode applications. 

Theoretical considerations of mult iple  reaction ef- 
fects in porous electrodes have led to the development 
of simple criteria for choosing the flow velocity and 
applied current  such that (i) the potential  distr ibution 
is sufficiently uni form that  side reactions are avoided 
(8, 13, 37), or (ii) the residence time is convenient  for 
maximizing the production of an in termediate  species 
in a sequential  reaction (27). In  both cases, the ap- 
proximate procedures are based on the need to at ta in  
a high degree of selectivity in the presence of mult iple  
reactions. Therefore it seems appropriate to develop a 
more extensive theoretical basis for predict ing the cur-  
rent  and potential  dis t r ibut ion behavior  of porous 
electrodes in  the presence of mul t iple  homogeneous 
and heterogeneous reactions. 

Theoretical Formulation 
The geometry of the porous electrode system under  

study is indicated in Fig. la. Electrolyte flows in the 
direction of the y coordinate; the electrode is of thick- 
ness l. The counterelectrode may be located either up-  
stream or downstream from the porous electrode; in 
Fig. la, a downstream location is shown. Other details 
of cell construction are not shown since they are not 
included in  the model equations. Electrolyte flows 
through the porous electrode, supplying reactants to 
the interior surface where electrochemical reaction 
occurs. The local reaction rate is a funct ion of position 
since the potential  and species concentrat ions vary  
along the reactor length owing to ohmic and transport  
limitations. 

Figure lb  i l lustrates how the processes in the 
interior region of the porous electrode are envisioned 
by the model. The solid surface of the interior  region, 
upon which electrochemical charge transfer  occurs, 
is of arbi t rary  shape and is accounted for in the model 
only by a specific area term. The species concentrat ion 
distr ibutions at the solid surface, cis(y), are different 
from the species concentration distr ibutions in the well-  
mixed core, ci(y),  owing to the presence of a mass 
t ransfer  diffusion layer  be tween core and surface. The 
diffusion layer is assumed to occupy only a small  frac- 
t ion of the electrolyte volume so that (i) if homo- 
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