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Electrochromic Processes at Electrodes 
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ABSTRACT 

Cur ren t -po ten t i a l  (i-E) curves for the e lec t rochromic  process at  WO8 e l e c -  
trodes  were  ca lcula ted  wi th  a digi ta l  s imulat ion model  which assigns the ra te  
of charge t rans fe r  at  the ox ide / so lu t ion  interface  and the ra te  of diffusion of 
hydrogen  into the bu lk  of the film as ma jo r  variables .  The s imula ted  i-E curves 
agreed  wel l  wi th  expe r imen ta l  ones for different  types  of WO3 films and p re -  
dicted the observed dependency  of cur ren t  on scan rate.  The s imula t ion  r e -  
qui red  knowledge  of the form of the e lec t rochemical  isotherm, which was ob-  
ta ined  exper imenta l ly ,  and ad jus tmen t  of a charge t ransfe r  ra te  constant,  kf, 
and the hydrogen  a tom diffusion coefficient wi th in  the film, Dm The best  fit 
was obta ined wi th  kf ~- 9 • 10 -~ sec -1 (mo le / cm~) -2  and DH : 1 X 10 -9 to 
2 X 10 - l ~  cm2/sec for the WO~ films p repa red  by vacuum evapora t ion  and 
kf --  7.2 sec -1 (mo le / cm 3)-2  and DH = 5 X 10 - s  cm2/sec for WOz anodic 
films. S imula ted  poten t ia l  step results ,  which  are  s imi lar  to the  expe r imen ta l  
curves at  longer  t imes but  show some discrepancy in the  shor t  t ime region,  
and  concentra t ion  profiles a re  also repor ted .  

Recent ly  a g rea t  effort has been made  to under s t and  
the e lec t rochromic  process which  occurs at  WO3 elec-  
t rodes dur ing  reduct ion  and reoxida t ion  and to con- 
s t ruct  d isp lay  devices based on this process (1-5).  
While  i t  appears  c lear  tha t  the process involves fo rma-  
t ion and oxida t ion  of hydrogen  tungsten bronzes, the 
de ta i led  mechanism and a quant i ta t ive  model  of the 
e lec t rochromic  process and the steps which govern  the 
ra te  of the co lor -b leach  (CB) process have not  been 
resolved.  Different  WO8 films produced  by  vacuum 
evapora t ion  exhib i t  different  response t imes for  color-  
ing and bleaching,  even when  they  are  p repa red  by  
s imi lar  techniques (5). Moreover  different  types  of 
WO~ electrodes (e.g., anodic vs. evapora ted  films) 
show significant differences in response t ime and elec-  
t rochemical  character is t ics  in the e lec t rochromic  re -  
gion (6-8).  The exis tence of wa te r  in the  WO3 film 

* Electrochemical Society Active Member. 
Key words: electrode, interfaces, films. 

(7-9) and film porosi ty  (7-8) appear  to p l ay  impor t an t  
roles in de te rmin ing  the response t ime of the WO~ 
electrodes.  Crandal l  and Faughnan  (I0) discussed the 
factors  en ter ing  into the dynamics  of the CB process 
at  WO3 and compared  values  for  the composit ion of 
the film wi th  time, obta ined  dur ing  po ten t ia l - s tep  ex-  
periments ,  wi th  ca lcula ted  values.  Thei r  model  as-  
sumed that  mass t ransfe r  wi th in  the film was ve ry  
large  and tha t  the r a t e - l imi t i ng  steps involved  pro ton  
t ransfe r  at  the WO3/l iquid in ter face  and the bu i ldup  
of a "back emf" as the hydrogen  bronze formed. Good 
agreement  be tween  the expe r imen ta l  and ca lcula ted  
values was obta ined  in the shor t  t ime region af ter  
the s tar t  of the coloring step or when  the  coloring step 
was made  at  low potent ia ls  wi th in  the e lec t rochromie  
region. Wi th  this model  (5) the  b leaching  process is 
l imi ted  by  the "space charge" which  is created by  ac-  
cumula t ion  of H + in the film. Arnoldussen  (11) m e a -  
sured exchange currents  and  t ransfe r  coefficients for  
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the  e lec t rochromic  process but  did  not  r e la te  these 
values  to any pa r t i cu l a r  mechanism for the  process.  In  
the  model  p rev ious ly  suggested for  the colorat ion proc-  
ess (10), diffusion of hydrogen  a toms wi th in  the  WO3 
film was not  t aken  into considera t ion nor  were  fits to 
potent ia l  sweeps for  different  films a t tempted.  These 
were  thus res t r ic ted  to descr ipt ions of processes oc- 
curr ing at  ve ry  shor t  t imes a f te r  the s ta r t  of the  
colorat ion process, a t  low colorat ion levels,  o r  for ve ry  
thin  WO3 films. 

In  this paper  we presen t  a d igi ta l  s imula t ion  model  
of the  W08 systems and  repor t  ca lcula ted  cu r ren t -  
po ten t ia l  ( i -E)  and cu r r en t - t ime  (i-t) curves which  
compare  wel l  to those obta ined wi th  WO3 evapora ted  
and anodic film elect rodes  in  the e lec t rochromic  region 
(7, 8). This model  includes the effects of cha rge - t r a n s -  
fer  from the e lect rode to the hydrogen  ion in solut ion 
and diffusion of hydrogen  atoms in the film. The differ-  
ences in the  e lec t rochromic  behavior  be tween  the 
evapora ted  and anodic film electrodes,  which  was a t -  
t r ibu ted  (7, 8) to a significant difference in the charge 
t ransfe r  ra te  constants  and the diffusion coefficient of 
the hydrogen  a tom in both these films is demons t ra ted  
by  the simulat ion.  The model  proposed here  m a y  also 
be re l evan t  to the th in  l aye r  behavior  found in elec-  
t rodes p r e p a r e d  by  coat ing wi th  films of po lymers  or 
o ther  e lectrodes wi th  mu l t i l aye r  surface modification. 

Models 
Theoretical modeL--The model  we propose for  the  

CB process at  the WO3 elect rode is shown in Fig. 1. 
We assume tha t  mass t ransfer  of protons in solut ion 
and t r anspor t  of electrons th rough  the semiconduct ing 
films a re  not  r a t e - l imi t i ng  and tha t  there  is no ba r r i e r  
to e lect ron in jec t ion  at  the meta l /WO3 contact  (10). 
The r a t e -de t e rmin ing  processes a re  then  (i) charge 
t ransfer  to protons at  the W O J s o l u t i o n  in ter face  to 
form hydrogen  atoms (H) ;  (ii) diffusion of H-a toms  
wi th in  the  film; (iii) bui ld  up of the  H - a t o m  concen- 
t ra t ion  wi th in  the film towards  the sa tu ra t ion  level,  
y, de te rmined  by  the u l t ima te  film composition, 
HyWO3. This is r ep resen ted  by  the equat ion 

kf diffusion 
H + + e ~- Hi > Hb [1] 

kb 

where  Hi and HD represen t  H-a toms  at  the in ter face  
and in the  bulk  film, and kf and  kb a r e  charge  t ransfe r  
ra te  constants.  The concentra t ion of H-a toms  wi th in  
the film, which  is a funct ion of x and t, is r epresen ted  
as [HI and the re la t ive  sa tura t ion  or  occupancy of 
H-atoms,  e, is g iven by  

e = [H] /Cm~ [2] 

where  Cmax represents  the m a x i m u m  concentrat ion of 
hydrogen  wi th in  the  film. At  the in terface  [HI = [H]i 
and  0 ---- el. The ra te  of fo rmat ion  of H-a toms  at  the 
in terface  can be re la ted  to the cur ren t  density,  j, and 

SOLUTION W O  3 FILM 
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Fig. 1. Model for the electrochremic process at W03 electrodes 

the  potent ia l  drop across the  interface,  V, by  the fo l -  
lowing equat ion 

d [ H ] i _  j D ( 02[H]i ) 

dt nF Ox a 

=kf[H+]Cmaxq(1--oi)qexp [ --flnF V ] 
RT 

--  krCmax TM 0i m exp [ ( 1 -  fl)nF V ] exp[--r01] 
RT 

--D( O'[H], ) [3] 

This equat ion is of the  usual  form for in ter rac ia l  charge  
t ransfe r  wi th  a t ransfe r  coefficient, 8. The empir ica l  
coefficients, q, m, and  r, which  mus t  be de te rmined  
exper imenta l ly ,  take  account of the fact  that :  (i) the  
fo rward  react ion is a t t enua ted  by  a factor  represen t ing  
the ava i l ab i l i ty  of free sites on the WOs for H-a toms,  
(1 --  0i); (ii) the backward  reac t ion  is governed by  
the ac t iv i ty  of the dissolved hydrogen,  r a the r  than by  
its concentra t ion [expressed by  the t e rm exp ( - - r0i ) ,  
which is equiva lent  to the  in terac t ion  te rm in the  
F r u m k i n  isotherm (12), where  r is the  fac tor  express -  
ing the ex ten t  of in terac t ion  be tween  the absorbed  
hydrogen  atoms, wi th  a negat ive  value  of r imply ing  a 
repuls ive  in terac t ion] .  

We assume that  the mot ion of hydrogen  atoms in the 
film is governed  by  diffusion processes, governed by  
Fick 's  law (Eq. [4] ), and that  a t  the 

O[H]/~t  - -  DH(O2[H]/Ox 2) [4] 

boundar ies  of the film x ---- 0 ( the ox ide -e lec t ro ly te  
interface)  and x --  l (the ox ide-conduc tor  in ter face)  
the condit ions are  a lways  

J 
-- DH(O[H]/Ox)x=o (x = 0) [5] 

n F  

DH(O[H]/Ox) = 0 (x  = l)  [6] 

where  DH is the diffusion coefficient of hydrogen  a tom 
in the film. These bounda ry  conditions express  the 
assumptions  that  there  is no accumula t ion  of H-a toms  
at  the  ox ide -e lec t ro ly te  interface,  and that  there  
is no t ransfe r  of hydrogen  across the ox ide-conductor  

- - C A L  
EXP q:m=2 0 

K= 2 0 0 0  / 
F 

z z 0.2 

m 

O.4 

I 

0.01 O.1 1,O 
e(V)  

Fig. 2. Electrochemical isotherm for hydrogen in W 0 3  electrodes. 
The line represents Eq. [9 ]  with q = m ~ 2, r = - -52.2 ,  end 
k ~- 2000. The points ore experimental dote. 
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interface.  The in i t ia l  condit ion is 

[HI--- -0  ( t - - 0 ,  a t  a l l x )  [7] 

Digital simulation lnodel.--The digi ta l  s imula t ion  
fol lowed the usual  finite difference approach  to the  
solut ion of e lec t rochemical  p roblems  (13-16), where  
the  film was d iv ided  into increments  of thickness,  
~x, and [HI and 0 a r e  ca lcula ted  for different  times, 
d iv ided  into increments ,  at.  The [HI (and 0) in the 
first space e lement  (i.e., at  the surface)  is obta ined  
f rom its ra te  of product ion,  Eq. [3], cor rec ted  for 
the  loss into the film by  diffusion. Within  the film, 
[HI and 0 are  control led  only by  diffusion, subject  
to the  constra ints  of finite thickness  and sa tura t ion  
of [H] at  its m a x i m u m  value  at  a given potential .  

Results and Discussion 
Hydrogen isotherm.--To ca r ry  out  the simulat ion,  

values  of the  pa rame te r s  q, m, and r mus t  be obtained.  

These  are  ava i lab le  f rom the  equi l ib r ium isotherm. 
At  a given potential ,  V, equ i l ib r ium is achieved when 
the d is t r ibu t ion  of H throughout  the film is un i form 
(i.e., 0e/0x ---- 0) and o a t ta ins  its m a x i m u m  value  
for tha t  potent ial ,  0eq(V). At  equi l ibr ium,  j - -  0, so 
f rom Eq. [3] I 

[ 
kf[H + ] [1 --  0eq(V) ]q exp [ ( - - 3 n F / R T )  3/] -- kr0eq (V) m 

exp [ (1 --  ~) nFV/RT] Cmax TM-qe-reoq(v)  [8] 

Oeq(V) m 
~--rOeq(V) 

[1 - -  ~eq(TVT) ] q 
: K [ H  +] e-(nF/RT)VCmaxm-q 1"9] 

where  K = kr/kr. Cmax was eva lua ted  by  assuming 
a formula  of HWOa, for the oxide sa tu ra ted  wi th  
hydrogen  (17). The  pa rame te r s  q, m, and  r we re  
es t imated  by  fitting Eq. [9] to the  expe r imen ta l  e lec-  
t rochromic  isotherm. The i so therm was de t e rmined  

(a) / 

+0.6 
V, vs NHE 

! ! 

+0.3 0 

I 1 mA/cm 2 

(b) 

- - 0  

II I A[ 

+0.6 +0.3 0 
V, vs NHE 

I 1 mA/cm 2 

I , i i l 

+0.6 0 
V, vs NHE 

0 

Fig. 3. Simulated current-potentlal curves for the electrochromic process at WOa. Film thickness, 1.8 ~m; scan rate, 100 mV/sec; kf, 
9 • 10-3 sec-1 (mole/cm~)-2; and (a) DH ----- 1 • 10 -0  cm2/sec, (b) DH = 2 • 10 - l ~  cm2/sec. (c) Typical experimental current- 
potential curve for WOa evaporated film electrode 1.8 ~M thick at scan rate of 100 mV/sec. 
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by stepping the WO3 electrode potential  to a certain 
value, V, with respect to the reference electrode 
(Hg/Hg2SO4/1M H2SO4), wi thin  the electrochromic 
region. After  stepping the potential, the amount  of 
charge involved in coloration was determined coulo- 
metrical ly by integrat ing the current  unt i l  i t  decayed 
to zero and equi l ibr ium was attained. This procedure 
was repeated with various potentials wi thin  the color- 
ation region. A similar  isotherm was obtained by 
Faughnan  et al. (17). The exper imental  isotherm and 
the calculated one are shown in Fig. 2. The best fit 
was obtained with q _-- m ~_ 2, K : 2000 cm3/mole, 
and r = --52.2. A similar  conclusion regarding the 
values of q and m was reached by Faughnan  et al. 
(17). Since K --_ kf/k~, the assignment  of a numerical  
value to K requires that  only the magni tude  of either 
kf or kr is needed in  the simulation. 

Evaporated fi lm e lectrodes . - -The digital s imulat ion 
was carried out by taking ~ : 0.5 and assuming 
different values for kf and DH. Typical s imulated 
curves (i l lustrated with a 1 cm 2 electrode area, 1.8 
#m thick film, and scan rate, v, of 100 mV/sec) with 
kf = 9 • 10 -8 sec -~ (mole/cm3) -2 and DH of (a) 
1 • 10 -9 and (b) 2 • 10 -10 cm2/sec are shown in  
Fig. 3. These are of the same shape as exper imental  
i -E curves found for evaporated film WO~ electrodes 
(7) [Fig. 3(c)] .  Thus the cathodic current,  which 
begins at ,~0.5V, increases monotonical ly upon scan- 
n ing to more negative potentials and upon reversal 
of the scan direction, the current  remains cathodic 
only becoming anodic at potentials 0.2-0.3V more 
positive than the reversal potential  for 1.8 ~m films. 
The anodic current  peak is typically 2-3 times smaller 
than  the cathodic current  at 0V. The magnitudes of 
currents  shown in the simulated curves are also sim- 
i lar to those obtained experimental ly.  The dependence 

of the simulated electrochromic i -E curves on scan 
rate is shown in Fig. 4. The s imulat ion shows that 
the coloration current  at more negative potentials 
is l inearly dependent  on v'/2 as observed exper imental ly  
with the evaporated WO3 film electrodes (7) [see 
Fig. 4(c) ]. 

The kf and DH values both affect the rate of the 
electrochromic process, the shape of the i -E curves, 
and the scan rate dependence. For a film with a 
given thickness, l, the potential  at which the s imu-  
lated electrochromic current  changes its sign from 
cathodic to anodic following the change in the direc- 
t ion of the potential  scan, is very  sensitive to the 
charge transfer  rate constant, kf. This is i l lustrated 
in  Fig. 5. Typical ly the experiments  with 1.8 ~m WO3 
evaporated film electrodes produced i -V  curves which 
crossed the X-axis  about 200-300 mV after the poten- 
tial of scan reversal. This behavior,  shown in Fig. 3, 
puts kr at a value of ,~9 • 10 -3 sec -1 (mole /cm 3)-2. 
For a typical evaporated W Q  film, this choice of kf 
value produces a ratio of the cathodic to the anodic 
peak current  similar to the exper imental  values. For 
some evaporated films the exper imental  anodic cur-  
rent  started to appear at more positive potentials. 
The s imulat ion results suggest that  in these cases kf 
was smaller, perhaps because of some change in the 
na ture  of the surface of the film. In  other extreme 
cases the exper imental  anodic current  started to 
appear at a more negative potential, indicat ing a 
larger kr value for these. The value of D~ also affects 
the potential  at which the anodic current  begins 
on scan reversal but  its effect on this value is smaller  
than  that  of kf. However the magni tude of DH 
strongly affects the size of the electrochromic current,  
as shown in Fig. 3. For two films with the same kf 
an  increase in DH by a factor of five causes an increase 

2 m A / c m  2 

(a) 
2 0 0  

1 0 0  

5 0  

(b) 

lmA/cm 2 

o.e 6 
V ,  v s  I'mAJcm2 j 1200 +0." 

V, vs NHE 

' +de  ' 6 
V ,  vs  N H E  

i100 

I 

0 

2 5  

Fig. 4. (a), (b) Simulated electrochromic current-potential curves, as in Fig. 3, for different scan rates. (c) Exp~rimentM current-poten- 
tim curve of the evaporated film shown in Fig. 3(c) at different scan rotes. The numbers are the scan rates in mV/sec. 
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(a) 

I 2  n lA/c  m 2 

�9 I I 

+0.6 +0.3 
V ,  vs NHE 

Fig. 5. Simulated current-potential curves for the electrochromic 
process at a W03 film, 1.8/~m thick with DH = 1 • 10 -9  cm2/ 
sec and with kf values of (a) 1.8 • 10 -3  , (b) 4.5 • 10 -'~, (c) 
9 • 10 -3  sec -1  (mole/cm3) -2. 

in  the electrochromic current  by a factor of about  2. 
The values of DH which produced simulated i-E curves 
with currents  s imilar  in magni tude  to typical experi-  
menta l  ones with evaporated WO3 films were 1 • 
10-9-2 • 10 -19 cm2/sec. Mainly l and DH determine 
the dependence of the current  on the scan rate. The 
calculated concentrat ion profile of the hydrogen atom 
wi th in  the evaporated film at the negative potential  
l imit  (0V vs. NHE) is shown in Fig. 6(a) and (b) 
for different scan rates and two different film thick- 
nesses. As expected the concentrat ion profile shows 
a sharp slope at the surface, which is caused by slow 
diffusion into the film. It is this behavior which results 
in  the v'/2 dependence observed in the i-E curves. 
We have observed similar  i-E curves and sc.an rate 
dependences for WO3 layers obtained by thermal  oxi- 
dat ion of W (18), which suggests that  these films 
have k~ and DH values similar to those of the evapo- 
rated film electrodes. 

Anodic film electrodes.--The shape of the i-E curves 
and the scan rate dependence were different for the 
WOs anodic film electrodes (7, 8) [Fig. 7(a) and (b)] .  
These i-E curves appear more reversible than those 
for the WO3 evaporated film electrodes discussed 
above. Thus, the electrochromic current  changes sign 
from cathodic (coloring) to anodic (bleaching) almost 
immedia te ly  after the direction of the potential  scan 

is reversed. The anodic current  magni tude  is similar 
to that of tile cathodic current  and general ly the curves 
look more symmetrical .  Moreover, the electrochromic 
current  in  this case depends directly on v [Fig. 7 (b)]  
as opposed to the vV2 dependence found with the 
evaporated or thermal ly  oxidized films. This differ- 
ence in behavior  can be ascribed to large differences 
in  kf and DH. Indeed to obtain simulated i-E curves 
which resembled those obtained exper imenta l ly  with 
the WO3 anodic film electrodes, much larger values 
of kf and DH had to be used [Fig. 7 (c) and (d)] .  To 
obtain an i-E curve of this shape, k~ must  be taken 
as about 7.2 sec -1 (mole /cm 3)-2. DH values of about 
5 • 10 - s  cm2/sec then yield current  magnitudes in 
the simulated i-E curves similar  to those obtained 
experimental ly.  With these kf and DH values, the 
current  in the s imulated i-E curves is l inear ly  de- 
pendent  on v [compare curves (b) and (d) in  Fig. 7]. 
The H-concentrat ion profile wi thin  the film, calculated 
for E ---- 0V vs. NHE, with the same thickness (l), kf, 
and DH values as in Fig. 7 is shown for several scan 
rates in  Fig. 6(c). These concentrat ion profiles are 
almost flat, so that the concentrat ion of hydrogen 
atoms is essentially uni form throughout  the film. 
This concentrat ion is also near  the equi l ibr ium value 
at this potential  (compare with the data in Fig. 2). 
This type of response is typical of "thin film" beha-  
vior as found for thin electrochemical ce]ls (19) and 
as well as for adsorbed layers, modified e]ectrodes, 
etc., and results in  a dependency of cur ren t  directly 
on V. 

Current- t ime curves.--Simulated cur ren t - t ime  (i- t)  
curves for the electrochromic process can be calcu- 
lated with the same digital s imulat ion model and 
parameters.  Simulated i - t  curves for the coloration 
process at two different potentials are compared to 
an exper imental  one obtained with the WOs evapo- 
rated films in Fig. 8. The values of kf and DH used 
for the calculation of the s imulated curves are those 
which were used for calculated i-E curves of Fig. 3. 
While these values give s imulated i-t  curves which 
are similar to the exper imental  ones, there is some 
discrepancy between the simulated and the experi-  
mental  curves in the shorter t ime region. In general  
the exper imental  i - t  curves show a bump or i r regular i ty  
in the short time region, while the s imulated curves 
are smooth at all times. The source of this i r regular i ty  
in the short time region has not yet  been established, 
and we could not simulate it  by any minor  variat ions 
in the model (such as attempts to incorporate a proton 
source, like water, wi th in  the film). The H-concentra-  
tion profiles during a coloration potential  step, which 
are directly related to the intensity,  were calculated for 
several times (Fig. 9). Such curves are useful for pre-  
dicting what  degree of coloration will  be obtained at a 
given time after the onset of a potential  step into the 
coloration region. For the evaporated film electrodes, 
1.8 ~m thick, 50% of the max imum coloration occurs at 
about 15 sec. This is s imilar  to what  is found experi -  
mental ly.  

Conclusions 
The model suggested here describes in a satisfactory 

way the exper imental  results obtained for the electro- 
chromic processes at different types of WO3 electrodes. 
The model proposes as major  factors both the rate of 
diffusion of hydrogen atoms wi th in  the WO3 films and 
the rate of charge transfer  at the WOa/solution in te r -  
face along with the saturat ion effect which occurs 
as the hydrogen tungsten  bronze forms. The scan rate 
dependence of the current  and rate of coloration of the 
films is main ly  a funct ion of DH and l and the behavior  
can be roughly classified according to the dimensionless 
parameter  S = (RT/F)DH/v l  2. When S is greater  than 
~1, i varies with v and "thin layer" behavior  is ob- 
served. For S less than ,~0.1, a v'/2 dependency is found. 
This model also describes in  a genera l ly  satisfactory 
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Fig. 6. Simulated concentration profiles of hydrogen atoms within the W08 evaporated film. (a) kf = 9 X 10 -3 sec -1 (mole/cm3) -~,  
DH = 1 X 10 -~  cm2/sec, I = 1.8 p,m; (b) as (a) with I ~ 0.9 ~m; (c) kf  ~ 7.2 sec -1 (mole/cm3) -2, DH ~ 5 X 10 -s  cmg/sec, I 
0.9 ~m. All curves are for an electrode potential of 0V, at the scan rates indicated on the curves (mV/sec). 
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Fig. 7. (a) Experimental current-potential curves recorded at 100 mV/sec for 0.9/~m thick anodic film electrodes in 1M H2S04 solution; 
(b) as (a) for different scan rates indicated on the curves (mV/sec); (c) simulated current-potential curve with I ---- 0.9 ~m, kf = 7.2 
sec - I  (mole/cmS) -2, DH = 5 • 10 -s  cm2/sec, scan rate --~ 100 mV/sec; (d) simulated current-patential curve as in (c), for different 
scan rates. 

way the i-E behavior  of WO8 electrodes as well  as i - t  
t ransients at longer times. The discrepancies between 
the exper imental  data and the s imulated i-t  curves in  
the short t ime region remain  to be explained and 

modifications of the model which can simulate this be-  
havior may lead to fur ther  insight  into the na tu re  of 
the electrochromic process and changes which occur in  
the films dur ing coloration and bleaching. 
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Fig. 8. Simulated ( ) and experimental ( - - - )  current-time 
curves during the coloration process at WO3 evaporated film elec- 
trode, 1.8 #m thick at two different potentials (a) -I-0.02V, (h) 
-t-0.17V vs. NHE. The values of kf and DH used for the calculation 
were the same as those which were used to calculate the current- 
potential curves of Fig. 3(a). 
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The Thionine-Coated Electrode for Photogalvanic Cells 
W. John Albery, Andrew W. Foulds, Keith J. Hall, and A. Robert Hillman 
Department of Chemistry, Imperial College, London SW7 2AY, England 

ABSTRACT 

The successful operation of a photogalvanic cell for solar energy conversion 
requires that the illuminated electrode should discriminate between the two 
redox couples in solution. In the case of the iron-thionine system the electrode 
must oxidize photogenerated leucothionine but not reduce the photogenerated 
Fe(III) .  Modified electrodes with coatings of thionine of up to 20 monolayers 
can be prepared on Pt and SnO~. These electrodes have been investigated using 
ring disk, cyclic voltammetry, XPES, and spectroelectrochemical measure- 
ments. Results for the modified electrode kinetics are presented for the follow- 
ing systems: thionine, disulfonated thionine, Fe (I ~D, Fe (CN) ~4-, Ru (bpy) ~3 +, 
Ce(IV), quinone, and N,N,N',N'-tetramethyl-p-phenylenediamine. The results 
for the Fe (III) and thionine systems show that this modified electrode is suit- 
able for the iron-thionine photogalvanic cell. 

A typical photogalvanic cell for solar energy con- 
version is shown in Fig. 1. The iron-thionine system for 
such a cell works according to the following reaction 
scheme (1-3) 

hv 
T h  > Th* 

H+ 
Th* + Fe(II)  > S' Jr Fe(III)  

H + 
S'+S" ,)Th+L 

Illuminated electrode 
L 

Dark electrode 

2Fe ( I I I ) +  2e 

where Th is 

�9 ) T h + 2 e + 3 H  + 

) 2Fe (II) 

H 2 N ~  NI-I~. 
L is 

H 

I-I3N + ~ ~  NH3 + 

and S' is the semithionine radical. 
In order to obtain power from the cell it is essential 

that the illuminated electrode should discriminate be- 
tween the photogenerated leucothionine (L) and 
Fe(III)  (4). If the electrode does not so discriminate, 
then addition of the electrode reactions in the reaction 
scheme shows that the electrode merely catalyzes the 
back-reaction of photogenerated products into the 
original reactants 

Key words: photogalvanic cells, modified electrodes, thionine. 

L + 2Fe (III) -> Th + 2Fe(H) 

The illuminated electrode must remove one of the 
photogenerated products, in this case L, and force the 
other, Fe(III) ,  to diffuse across the cell and react on 
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Fig. 1. Typical photogalvanic cell 
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