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ABSTRACT 

The da rk  e lect rochemical  po lymer iza t ion  of o -pheny lened iamine  (OPD) a t  
n-WSe2 and n-MoSes  single crys ta l  e lectrodes (surface j_C axis exposed)  w a s  
invest igated.  The resul ts  indicate  that  po lymer iza t ion  occurs only  at  surface 
imperfec t ions  (edges, steps) in the o therwise  smooth van der  Waal ' s  surface. 
The photoelec t rochemical  response, in aqueous solutions containing Fe(CN)6~-/  
Fe(CN)64- and I a - / I - ,  of e lectrodes subjec ted  to this po lymer iza t ion  is im-  
proved compared  to the un t rea ted  electrodes.  The resul ts  are  consistent  wi th  
a decrease  in recombina t ion  rate  due to b locking of surface s tates  by  OPD 
polymeriza t ion .  The character is t ics  of severa l  PEC cells before  and af ter  OPD 
polymer iza t ion  are  also described.  Increases in the so la r - to -e lec t r i ca l  power  
efficiency, ~], range f rom 30-300% af ter  surface p re t r ea tmen t .  

The na tu re  of the surface of a semiconductor  e lec-  
t rode  in a photoelec t rochemical  cell  (PEC) p lays  an 
impor t an t  role  in the efficiency of conversion of im-  
pinging rad ian t  energy  into net  ex te rna l  cur ren t  (1). 
Much of the success in recent  years  in improvemen t  of 
PEC per formance  can be a t t r ibu ted  to the discovery 
of etching procedures  or  chemical  t rea tments  which de-  
crease the ex ten t  of recombinat ion  react ions at the 
semiconductor  electrode. The l aye red  semiconductor  
mater ia ls ,  e.g., MoSe2 and WSe2, while  promis ing  
candidates  as electrodes for PEC's, f r equen t ly  show 
large  energy  losses via recombina t ion  processes at 
c rys ta l  imperfect ions  in the photoact ive  surface ( •  
axis)  ( la ,  2-7). These recombina t ion  centers  show 
meta l l i c - l ike  behavior  in that  da rk  oxidat ion  and re-  
duct ion of solut ion species wi th  redox potent ia ls  cor-  
responding to energies  be tween  the valence band and 
conduct ion edges is quite facile a t  e lectrodes wi th  ex-  
posed edges on the surface. Pa rk inson  and co-workers  
(6, 7) have taken advan tage  of the in terca la t ion  p rop-  
er t ies  of these l aye red  mate r ia l s  to a t tach bu lky  molec-  
ular  species at  the edges to block these recombina t ion  
centers  and thus p reven t  e lect ron exchange wi th  solu-  
t ion species. This method  improved  the overa l l  energy  
conversion character is t ics  of PEC's based on n-WSe2 
and MoSe2 in aqueous I - / I 3 -  solutions. 

We repor t  here  an a l t e rna t ive  approach to blocking 
the recombina t ion  associated wi th  surface imper fec-  
tions of n-WSes  and n-MoSes  electrodes by  the da rk  
e lec t rochemica l ly  in i t ia ted  p o l y m e r i z a t i o n  of an im-  
pervious  coating at  these sites. The s t ra tegy  here is 
based on the fact tha t  only  the recombinat ion  sites on 
n - type  mate r ia l s  a l low apprec iab le  da rk  anodic cur-  
rents. The oxidat ion  of o r tho -pheny lened iamine  (OPD) 
at  metal l ic  e lectrodes yields  a po lymer ic  produc t  tha t  
effect ively blocks the e lect rode surface (8-10), and 
prevents  e lect ron exchange wi th  solut ion species. The 
use of this po lymer iza t ion  react ion at  the surface im-  
perfect ions  of l aye red  crysta ls  provides  for the specific 
pass ivat ion  of recombinat ion  centers. 

A simplif ied represen ta t ion  of the s t ra tegy  involved 
here  is shown in Fig. 1. In the absence of surface 
states or deep t raps  electrons genera ted  wi th in  the  
space-charge  region are  dr iven  to the bu lk  of the elec-  
t rode  where  they  are  collected at the r ea r  ohmic con- 
tact  or  recombine  wi th  minor i ty  carr iers .  When  sur -  
face states are  present  (Fig. l a )  that  can t rap  photo-  
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genera ted  carriers ,  e i ther  direct  recombina t ion  of elec- 
tron-hole pairs  m a y  occur or the electrons may  reduce 
photogenera ted  products  (e.g., I s - )  if they  are  ene r -  
getic enough (i.e., highly  reducing)  and have an ac-  
cessible p a t h w a y  to the solut ion (11). This l a t t e r  re -  
combinat ion process p lays  a significant role in l imi t ing 
solar  conversion efficiencies of photoe lec t rochemical  
systems based on WSes and MoSe2 since the  empty  
metal l ic  d -orb i ta l s  that  comprise  the conduct ion band 
can shunt photogenera ted  electrons to solut ion species 
at  surface imperfect ions.  The  effect of OPD da rk  oxi -  
dat ion is to increase the resistance of the e lect ron pa th -  
way  be tween  the conduction band and solut ion and 
the reby  decrease the recombina t ion  rate.  The resul t  of 
b locking these surface imperfect ions  of n-WSe2 and 
n-MoSe2 crysta ls  on the photooxidat ion  of I -  and 
Fe (CN)  64- is demonstra ted .  

Exper imenta l  
Single  crystals  of n-WSe2 were  dona ted  by  Dr. Ba r ry  

Mil ler  and Dr. F r a n k  DiSalvo (Bell Labs) .  The n-  
MoSes sample  was a gift  f rom Mr. Ying-sheng Huang 
(Boston College) .  Ohmic contacts were  made  b y  rub -  
bing I n / G a  onto the back of the crysta ls  which were  
then a t tached wi th  conduct ive s i lver  pa in t  to a copper  
lead  and mounted  on 6 mm bore glass tubing.  The elec-  
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Fig. I. Schematic representation of the effect of OPD dark oxi- 
dation on the semiconductor/solution interface. A. Before OPD 
oxidation showing reduction of photooxidized product (13-) by 
electrons shunted to solution through surface state (s.s.). B. After 
OPD polymerization: showing blockage of solution species to sur- 
face state. Ec ~ conduction bandedge, EF ~ Fermi level, Ev 
valence bandedge. Dashed line in A and B indicates direct electron- 
hole recombination by surface state. 
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trodes were masked with 5 min  epoxy cement  and 
sealed in wax except for the surface to be i l luminated.  
The area of the exposed surfaces ranged from 0.20-0.02 
cm 2. As discussed below, the degree of surface imper-  
fection varied considerably from sample to sample. No 
attemPt was made to measure quant i ta t ively  the per-  
centage of exposed surface area composed of edges, 
steps, or other imperfections. Some crystals had a con- 
siderable number  of clusters composed of microcrystals, 
~10 ~m 2, attached to the exposed surface, as found by 
scanning electron mi.croscopy (SEM). 

O-phenylenediamine  (1,2-diaminobenzene) was re- 
crystallized three times from methylene chloride and 
stored under  N2 in the dark. Triply distilled water was 
used throughout.  All  other chemicals were used with-  
out fur ther  purification. 

The electrochemical cells and apparatus have been 
previously described (4). All potentials are reported 
vs. a sodium saturated calomel electrode (SSCE). A 
Spectraphysics He/Ne laser (80 mW/cm 2, at 632.8 nm) ,  
an Oriel Corporation (Stamford, Connecticut) 450W 
xenon lamp (power of focused beam ~150 mW/cm2),  
or a commercial sunlamp (,-,60 mW/cm '~) were used to 
irradiate the photoelectrodes. The power of the light 
sources was measured with an E. G. & G. (Salem, 
Massachusetts) Model 550 radiometer /photometer  and 
a Scientech 361 power meter. The light intensi ty  at 
the electrode surface was varied with neutra l  density 
filters (Oriel Corporation).  

Results 
P l a t i n u m . - - T h e  electrochemical oxidation of the iso- 

meric phenylenediamines  has been the subject of a 
number  of investigations (8-10). Oxidation of OPD 
leads to the production of a nonconductive film on the 
electrode surface. This effect can be seen in the cyclic 
voltammetric  response of a Pt disk electrode in contact 
with a 25 mM o-phenylenediamine,  0.2M Na2SO4 solu- 
t ion (borate buffer, pH 9.1) (Fig. 2a). As indicated by 
the decreasing currents upon consecutive potential  
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Fig. 2. (a) Yoltammetric response of a Pt disk electrode in 25 
mM o-phenylenediamine (0.2M Na2SO4, borate buffer, pH 9.1), 
scan rate ~ 100 mV/sec. (b) Dark voltammetric response of n- 
WSe2 under the same conditions. Numbers on curves refer to the 
scan number. 

scans, OPD oxidation leads "co a coating which effec- 
t ively blocks the metal  surface. The thickness of the 
polymeric coating measured on Pt  after 20 consecutive 
potential  scans was 1-2 ~m, as measured with a Dektak 
Profilometer. To assess the extent  of blockage, the 
cyclic vol tammetr ic  response of the coated electrodes 
was examined in solutions .containing a high concen- 
tration of electroactive species-[0.4M Fe (CN)64-/0.05M 
Fe(CN)68-  and 1.0M I- /0.05M I2] which are typical of 
solutions employed in liquid junct ion solar cells. The 
results are presented in Table I. Although OPD poly- 
mer films on Pt near ly  completely block oxidation of 
Fe(CN)64- and reduction of Fe(CN)63- ,  a much 
smaller  blocking effect was found in I - / I 3 -  solutions. 
The smaller decrease in current  caused by the poly- 
meric film for I3- reduction and I -  oxidation can prob- 
ably be a t t r ibuted to some par t i t ioning of these species 
into the film. 

T.o obtain a bet ter  idea of the nature  of the blockage 
of the electrochemistry of solution reactar~ts, potential  
step experiments  were conducted on p la t inum elec- 
trodes bearing polymeric films of OPD in solutions of 
Fe(CN)63- /4-  and I - / I 3 - .  In all cases, the potential  
w,as stepped sufficiently beyond the diffusion plateau 
(typically 200-300 mY) to insure diffusion-limited be- 
havior. With Fe(CN)63- /~-  (0.05 and 0.38M, respec- 
t ively),  good Cottrell behavior (i.e., a l inear  plot of 
i vs. t-~/2) was found for t < 20 sec. However, for 20 > 
t > 30 sec, a sudden drop in current  was observed 
after which a very slow decrease in  current  ensued. 
This behavior was reproducible for a number  of speci- 
mens and for different step sizes (provided the final 
potenti.al was past the diffusion plateau).  This behavior 
can be accounted for by assuming that at short times, 
there is sufficient electroactive mater ial  inside the 
polymer film to insure Cottrell behavior. At longer 
times, this mater ial  is depleted (current  drop) and 
thereafter the response is controlled by slow diffusion 
through the polymer film (membrane-cont ro l led  diffu- 
sion). A model for this behavior  has been proposed 
(12). Given this, it is instruct ive to contrast the t r an-  
sient vs. the steady-state behavior and their relat ion 
to PEC cells. Thus, although on a cyclic vol tammetr ic  
time scale (say at 100 mV/sec) the decrease in current  
associated with the polymer film may not appear to 
be very large, the steady-state current  that can be 
sustained will be much smaller at the polymer-coated 
electrode than at the bare electrode. Since in operating 
PEC's it is the steady state and not the t ransient  cur-  
rent  flow that is re levant  in these systems, cyclic 
vol tammetry  experiments will, in general, not be a 
true reflection of the degree of passivation of recom- 
binat ion sites. Thus, Fig. 3, 4, and 5 represent a lower 
l imit of the degree of passivation of recombinat ion 
centers. 

For I - / I 3 -  (1.0 and 0.05M, respectively) the results 
are somewhat different. Even on a bare, freshly pol- 
ished Pt  electrode, the oxidation of I -  shows some 
peculiarities, i.e., after a potential  step (e.g., 0 to 0.6V) 

Table I. Steady-state currents at bare Pt and Pt/OPD electrodes 

E1/2 i (P t /  
( V  vs .  i (Pt )*  OPD)** % De- 

Solution SSCE) (~A) (aA)  c rease  

0.39M Fe (CN) 64-/3-, 
0.{)5M Fe(CN)  ~ -~ 

1.9M I-, 0.05M I~ 

[Oxidation ( + 0.SV) ] 
0.23V 560 1 >99 

[Reduct ion (0.0V) ] 
6~ 1.5 98 

[Oxidation (+0 .6V) )  
0.27V 940 150 84 

[Reduct ion  (O.OV) ] 
32 24 25 

Pol i shed Pt  electrode.  
** Elec t rode  coated  wi th  p o ly mer  formed on oxidation of OPD, 
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the cu r ren t  r ises r ap id ly  and then s tar ts  to decay. I t  
then undergoes  per iodic  oscil lat ions in the cur ren t  
centered  a round  a r e l a t i ve ly  s table  s t eady-s t a t e  value.  
This phenomenon has been ascr ibed to the fo rmat ion  
and subsequent  removal  of solid iodine films on the 
surface of the  electrode.  A qua l i t a t ive ly  s imi lar  be -  
havior  is observed for po lymer -coa t ed  electrodes ex-  
cept  tha t  the  currents  are  decreased by  a factor  of ca. 
10. Fo r  I3-  reduct ion,  both  the bare  and the p o l y m e r -  
coated electrodes show smoothly  decaying cu r r en t - t ime  
profiles wi th  the l a t t e r  showing currents  which are  
suppressed  by  ca. 20%. The resul ts  can be in te rp re ted  
as be ing  ma in ly  due to the differences in pe rmeab i l i t y  
of I -  and I~- in the po lymer  film, Since I -  has a 
much h igher  charge dens i ty  than  I3- ,  i t  wil l  show a 
lower  pe rmeab i l i t y  th rough  the polymer ic  film, and 
the oxida t ion  cur ren t  at  the po lymer  modified elec-  
t rode  wil l  be g rea t ly  suppressed (as found wi th  the 
F e ( C N ) 6 3 - j 4 -  sys tem) .  However ,  I3-  is able  to pene-  
t ra te  the film much more easi ly  and as a result ,  on ly  
a modera te  decrease in cur ren t  is observed  when com- 
pa red  to the  bare  electrode.  These in te rpre ta t ions  are  
consis tent  wi th  observat ions  made on the pe rmeab i l i t y  
of redox  reagents  th rough  po lymer ic  films (12). 

I t  should be noted that  the  OPD polymer ic  film 
(pKa 4.5) is capable  of acting as an ion exchange film 
in the pro tona ted  form at lower  pH and, in fact, the  
ac id /base  proper t ies  of  OPD films on Pt  e lectrodes 
have been suggested for use as potent iometr ic  sensors 
(10). Only a smal l  difference was observed in the  
b locking ab i l i ty  of the film in Fe (CN)62- /4-  solutions 
over  the pH range  of 2-14. 

The e lect rochemical  po lymer iza t ion  of OPD at p la t i -  
num is also s t rongly  dependent  on pH. The pass ivat ion 
of the e lec t rode  surface occurs at  a ra te  that  increases 
wi th  decreas ing pH. At  pH 2 ( t r i f luoroacetate  buffer)  
only  2-3 poten t ia l  scans were  necessary  to reduce the  
cur ren t  to <5% of the ini t ia l  peak  value  while  at  pH 
9.1, app rox ima te ly  10 scans were  necessary.  The films 
obta ined  at  pH 6-10 had  the la rges t  b locking effect in 
F e ( C N ) 6 4 - / 3 -  and I - / I s -  solutions. Except  where  
noted, the  resul ts  r epor ted  here  were  obta ined at  pH 
9.1 (sodium bora te  buffer)  wi th  0.2M Na2SO4. The 
OPD coated P t  e lectrodes (P t /OPD)  .appear to be qui te  
stable.  No increase  in cu r r en t  was observed af ter  15- 
20 h r  of con t inuous  opera t ion  in Fe (CN)6  s - / 4 -  or 
I - / I s -  solutions. This was done in a s t eady- s t a t e  fash-  
ion by holding the e lect rode potent ia l  200 mV posi t ive 
of the  s t anda rd  poten t ia l  for the r edox  couple in ques-  
tion. 

Semiconductor electrodes.--A typica l  cyclic vo l tam-  
mogram for OPD (25 mM) oxidat ion  in the  da rk  at  an 
n-WSe2 e lec t rode  is shown in Fig. 2b. Al l  OPD oxida-  
tions at the semiconductor  electrodes were  pe r fo rmed  
in the  dark  to p reven t  po lymer  format ion  on the pho-  
toact ive surface. Comparison of Fig. 2a and 2b demon-  
s t ra tes  tha t  blocking of the da rk  e lec t rochemical  ( re-  
combinat ion)  sites is qui te  s imi lar  to tha t  at a meta l l ic  
surface. As expected,  the  cur ren t  densit ies ca lcula ted 
on the  basis  of the geometr ic  a reas  were  smal le r  at  the  
semiconductor  .electrodes since the area  inc luded the 
surface • C axis which is nonact ive in the  dark.  How-  
ever,  the vo l t ammet r i c  response is qua l i t a t ive ly  ve ry  
s imi la r  to Pt. Blockage of the surface imperfect ions,  as 
indica ted  b y  the decreas ing currents,  occurred at a 
s lower  ra te  than  at  Pt. Af te r  cycling be tween  0.0 and 
+0.6V (10-20 scans at  20 mV/sec ) ,  the da rk  cur ren t  
was reduced  to 5-50% of the ini t ia l  value.  The differ-  
ence in the ini t ia l  and final currents  s t rongly  de-  
pended on the ini t ia l  qua l i ty  of the e lect rode surface; 
e lectrodes wi th  many  imperfect ions  showed the biggest  
decrease.  SEM photographs  of P t  surfaces af ter  OPD 
polymer iza t ion  revea led  a f a i r ly  smooth surface wi th  
scat tered islands of a microcrys ta l l i~e  product .  S imi-  
lar ly ,  SEM photographs  of n-WSe2 electrode's af ter  
OPD da rk  polymer iza t ion  were  feature less  except  for  

ve ry  s imiIar  c rys ta l l ine  product  aggregates  found at  
imperfect ions  on the van der  Waal ' s  plane.  These 
crysta ls  were  easi ly  dis t inguished from the la rger  mi -  
crocrysta ls  of n-WSe2 sometimes found on the  elec-  
t rode surface. The crys ta l l ine  OPD oxidat ion  produc t  
was absent  f rom the smoother  port ions of ,electrode 
surface indica t ing  that  da rk  oxidat ion  of OPD does not 
occur at  the photoact ive surface. 

Effect of OPD polymerization on photoelectrochemi- 
cal response.--The desired vo l tammet r ic  character is t ics  
of a photoanode in contact  wi th  a concent ra ted  solut ion 
of oxid izable  ma te r i a l  are  as follows: (i) the  potent ia l  
for  onset .of photocurrent ,  Vonset, should be as negat ive  
as possible and l imi ted  by  the f la tband po~tential; (if) 
photocurrents  should be l imi ted  by  the  l ight  in tens i ty  
and be potent ia l  independen t  at  potent ia ls  posi t ive of 
Vonset. Figures  3 and 4 are  i l lus t ra t ions  of the vo l t am-  
metr ic  behavior  in the  da rk  and under  i l lumina t ion  of 
two n-WSe~ electrodes in uns t i r red  1.0M I-/0.05NI I3-  
solutions before  and af ter  da rk  oxida t ion  of OPD. The 
surface qual i ty  of these electrodes va r ied  cons iderably  
wi th  the  one in Fig. 4, having  a much smal l e r  concen-  
t ra t ion  of surface defects. A s imi la r  expe r imen t  per -  
fo rmed in a solut ion conta in ing 0.TM F e ( C N ) s  4 - ,  
0.05M Fe (CN)63- is shown in Fig. 5. In  ,all three  cases, 
a significant improvement  in the vo l t ammet r i c  photo-  
response was observed  af te r  da rk  oxida t ion  of OPD. 
The da rk  reduct ion cur ren t  (which  would  represen t  a 
recombina t ion  of  photogenera ted  oxidized species) 
decreased and the pho tocur ren t  increased.  The degree  
of improvemen t  va r i ed  cons iderably  f rom sample  to 
sample. However ,  the la rges t  increases in pho tocur ren t  
(/photo) and most negat ive  shifts of Vonset were  ob-  
served at  e lectrodes wi th  the poorest  ini t ia l  response 
(compare  Fig. 3 and 4). In addit ion,  the pho tocur ren t  
became much less po ten t ia l  dependent  beyond  Vonset 
and the i -V curves showed be t t e r  fill factors. F u r t h e r -  
more, less hys teres is  was observed in the pho tocur ren t  
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Fig. 3. Voltammetric response of n-WSe2 in the dark and under 
illumination in 1.0M Nal, 0.05M 12 (borate buffer, pH 9.1) before 
(solid lines) and after (dashed lines) dark OPD oxidation. Input 
power was 60 mW/cm 2 (commercial sunlamp), scan rate = 100 
mV/sec. 
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I-Jg. 4. Voltammetric response of n-WSe2 in the dark and under 
illumination in 1.0M Nal, 0.05M 12 (borate buffer, pH 9.1) before 
(solid lines) and after (dashed lines) OPD dark oxidation. Input 
power of 450W xenon lamp was 150 mW/cm 2, scan rate = 100 
mV/sec. 
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odic currents  at  potent ia ls  negat ive  of Vonset tha t  were  
considerably  smal ler  af ter  the p re t r ea tmen t  (see Fig. 
3-5).  There  w.as a small  increase of the da rk  anodic 
cur ren t  in the 0.1-0.3V region fol lowing the OPD t r ea t -  
ment. This may  be caused by  a smal l  amount  of con- 
t inued oxidat ion  of OPD monomer  or e lectroact ive spe-  
cies en t rapped  in the film. 

Cur ren t -po ten t i a l  scans under  chopped i l luminat ion  
(for l ight  pulses of 1-2 sec) were  especia l ly  useful  in 
diagnosing the effect of OPD t rea tment .  Such an i -V 
t race  for the  e lectrode used in Fig. 4 is shown in Fig. 6. 
Sudden  i l lumina t ion  of an un t r ea t ed  electrode in the 
potent ia l  region 0.0 to --0.3V vs. SSCE resul ted  in a 
photoanodic cur ren t  tha t  decayed rap id ly  wi th  time. A 
corresponding cathodic t rans ient  was observed in this 
potent ia l  region immed ia t e ly  af ter  b locking the l ight  
source. When  the l ight  was chopped at a fixed poten-  
tial,  the i - t  t rans ient  showed ,a more pronounced cur -  
ren t  decay  (see inset, Fig. 6). Af te r  da rk  OPD poly-  
merizat ion,  the photocurrents  were  not  only larger ,  but  
the t rans ient  cur ren t  decay observed af ter  i l lumina t ing  
and blocking the l ight  was not iceably  reduced.  The 
magni tude  of the cathodic da rk  cur ren t  recorded af ter  
blocking the l ight  source was also reduced. I t  is c lear  
that  the t rans ien t  na ture  of the photocur ren t  observed  
before  OPD oxidat ion  is not  due to deplet ion of I -  a t  
the e lectrode surface since the decay is not observed 
at  the h igher  ini t ia l  currents  af ter  OPD oxidat ion.  

To contras t  the effect .of blocking only the recom-  
binat ion sites by  da rk  oxidat ion  of OPD, we also in-  
ves t iga ted  the OPD oxida t ion  on an i l lumina ted  
n-WSe2 electrode.  The oxidat ion  of OPD at n-WSe2 
under  constant  i l lumina t ion  (80 m W / c m  2) begins at  
--0.25V vs. SSCE. A peak  current  of 0.7 m A / c m  2 was 
observed at 0.2V dur ing  the ini t ia l  fo rward  scan (100 

A .  

m A/c rn  2 

13 

!1 c 
J'l~] 

Fig. 5. Voltammetric response of n-WSe,2 in the dark and under 
illumination in 0.7M K4Fe(CN)6, 0.05M K3Fe(CN)6 (borate buffer, 
,oH 9.1) before (solid lines) and after (dashed lines) dark OPD oxi- 
dation. Input power of He/Ne laser was 80 mW/cm~, scan rate 
I00 mV/sec. 

vol tammograms,  especial ly  in the potent ia l  region 
~-0.3V posit ive of Vonse t, 

The vo l t ammet r i c  behavior  of the semiconductor  
electrodes in I - / I 3 -  and F e ( C N ) 6 4 - / 3 -  solut ions af ter  
OPD polymer iza t ion  was character ized by  da rk  cath-  

I I I I I I I I 

0 2 0.0 - 0.2 - OA 

V v s  SSCE 

Fig. 6. Voltammetric response under chopped illumination for 
the electrode represented in Fig. 4. n-WSe2 in 1.9M Nal, 0.SM 12 
(borate buffer, pH 9.1) before (A) and after (B) OPD dark oxida- 
tion. Inset shows i-t response under chopped illumination at fixed 
potential (--0.1V). Input power of 450W xenon lamp was 150 mW/ 
cm 2, scan rate = 10 mV/sec. 
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mV/sec) ,  but  decreased by ,-,90% on the second scan 14 
indicat ing blockage of the photoactive surface. The 
integrated current  for the oxidation of OPD cor- ~ 12 
responded to a surface coverage of ca. 3 • 10 - s  mol /  ~ 10 
cm e (based on a l e -  oxidation and assuming that  none 
of the oxidation product  dissolved). The vol tammetr ic  
response of this electrode in  0.7M Fe(CN)6 ~- solution 
showed a 95% decrease in photocurrent  as compared 
to a measurement  made before a photopolymerization. 

Photoelectrochemical cells (PEC's) . --The results of 
several photoelectrochemical cells tested before and 
after OPD oxidation are listed in  Tables II and I I I .  
The i -V  curves, along with isc (short-circui t  photocur-  
~ent) and Vo~ (open-circuit  photovoltage) as a func-  
t ion of l ight in tensi ty  for three PEC's are shown in 
Fig. 7-9. As expected from the vol tammetr ic  behavior,  
increases in  isc and /or  Voc were observed for these cells 
after OPD oxidation with largest improvements  occur- 0.7 
r ing for electrodes that ini t ia l ly  performed ra ther  
poorly. A 30-50% increase in n, the power conversion 0.6 
efficiency, represents the general  range of improvement  
due to pretreatment ,  al though an increase in ~ as high ?~ 0.5 
as 317% was observed for the Fe(CN)~ 4- /~ -  cell o 

0,4" 
shown in Fig. 7. '5 

Plots of short-circui t  photocurrent,  isc, and open- A 03  
circuit  photovoltage, Voc, as a function of l ight intensi ty  
provide addit ional  insight into the effect of OPD oxi-  o 0.2. > 
dation. In  the n -WSe2 /Fe (CN)6~- /~ - /P t  cell repre-  
sented in Fig. 7, isc saturates at the relat ively low light  0.1- 
in tensi ty  of 30 mM/cm 2, before OPD polymerization. 
After t rea tment  the photocurrent  increases l inear ly  
with l ight  in tens i ty  to 55 m W / c m  ~ before saturat ion 
ensues. Voc for the same electrode increased by 0.1V 
after polymerization, al though the saturat ion value was 
reached at re la t ively low light intensi ty (15 mW/ c m 2) 
regardless of the surface treatment .  The fill factor for 
this cell increased from 0.15 to 0.36 after t reatment .  

The OPD pre t rea tment  is also beneficial with other 
layered semiconductors, such as n-MoSe2. The charac- 
teristics of an n-MoSe2/ I - ,  I ~ - / P t  PEC represented in 
Fig. 8 show a different effect of OPD dark oxidation. 
Init ial ly,  the current  showed a l inear  increase with 
light intensi ty  up to the full  lamp output  (80 mW/ c m 2) 
and iso increased slightly after polymerization. How- 
ever, before polymerization, Vor did not reach a l imit-  
ing value even at full i l luminat ion intensity,  whereas 
after OPD oxidation, it saturated at quite low light 

x ~ a ~ a  A 
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Fig. 7. Photocharacteristics of n-WSe2/0.7M K4Fe(CN)6, 0.05M 
K3Fe(CN)6 (borate buffer, pH 9.1)/Pt PEC. (A) i-V curve before 
( O )  and after (A )  dark OPD oxidation. Intersection of dashed 
lines indicates the maximum power point. (B) Open-circuit photo- 
voltage and (C) short-circuit photocurrent as a function of light 
intensity before ( O )  and after (A )  OPD dark oxidation. Input 
power of He/Ne laser at 637.8 nm = 80 mW/cm 2. 

intensity,  20 mW/ c m ~, al though at a sl ightly lower 
value. The fill factor for this cel l  however, increased 
from 0.40 to 0.52. 

Finally,  the characteristics of an n -WSe2 / I - ,  I ~ - / P t  
PEC are depicted in Fig. 9. In  this case, while Voc was 

Table II. Effect of OPD polymerization on &c and Voc 

i~ (be.fore) ~ (after) Vo~ (before) V~ (after) 
Electrode Solution (mA/cm 2) (mA/cm-") % Increase (V) (V) ~ Increase 

W, Se2 No. 1" 0.7M Fe ( CN ) 64- 8.0 12.5 56 0.35 0.44 2s 
WS~., No.  2 ~ 0.TM Fe (CN) ~4- 6.3 6.3 0 0.39 0.49 26 
WSe~ No.  3" 0.7M F e ( C N ) o  ~- 3.8 12.0 216 0.45 0.47 -t 
WSe2 No.  4"* 1M I-/0.05M I~- 43 44 2 0.64 0.64 0 
WSe.2 No.  5r 1M I- /0 .06M Is- 0.55 1.3 136 0.21 0.39 86 
WSe~ No.  6" 1M I-/0.05M Is- 5.6 7.5 33 0.29 0.40 38 
WSe~ No. 7* * ll~I I- /0 .05M I~- 22.8 28.3 24 0.52 0.55 6 
WSe2 No.  8"* 1M I- /0.05M Iz- 40.5 61.6 52 0.54 0.56 4 
MoSe2 No.  1" 1M I-/0.05M I~- 10.5 14 18 0.48 0.45 - 6  

* Irradiation with 1.6 m W  H e / N e  laser  ( ~ 8 0  m M / c m 2 ) .  
"* Irradiation with 450W xenon lamp (focused power ~150 mW/cm-"). 
f Irradiation with sunlamp (~60 mW/cm~). 

Table III. Effect of OPD polymerization on fill factor (f.f.), quantum efficiency (~), and power efficiency (~1) 

r (%) r (%) v (%) v (%) Relative 
Electrode Solution f.f. (before) f.f. (after) (before) (after) (before) (after) change (r 

WSe2 No.  1 Fe  (CN)  6t-/8- 0.18 0.36 20 30 0.6 2.5 317 
WSe2 No.  8* I- /I~-  0.34 0.32 45 69 5.0 7.4 28 
WSe~ NO. 7" I- /I3-  0.33 0.33 25 32 2.6 3.4 31 
WSe2 No.  6 '*  I- /I3-  0.33 0.37 14 19 0.7 1.4 100 
MoSe2 No.  1" * I - / Is -  0.40 0.52 24 34 2.5 3.9 56 

* H e / N e  laser .  
* * 450W xenon lamp, 
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Fig. E. Photacharacteristics of n-MoSe~/1.0M Nab 0.05M I~ 
(borate buffer, pH 9.1)/Pt PEC. (A) i-V curve before (O )  and 
after (A) dark OPD oxidation. Intersection of dashed lines indi- 
cates the maximum power point. (B) Open-circuit photovoltoge and 
(C) short-circuit photocurrent as a function of light intensity be- 
fore ( O )  and after (A) OPD dark oxidation. Input power of He/ 
Ne laser at 632.8 nM --  80 mW/cm 2. 

not significantly affected by OPD oxidation, a large 
increase in isc was observed. The i -V  photocurve re- 
vealed a large increase in iphoto at photovolt.ages less 
than 0.4V after OPD oxidation. This same effect can be 
observed in the vol tammetr ic  response, Fig. 4 and 6. 

The stabil i ty of the semiconductor/OPD electrodes 
was tested in PEC cells operated at short circuit  in 
I - / I 3 -  solutions. No decrease in isc or Voc was observed 
after 20 hr of cont inuous operation a t  near  the maxi -  
mum power point. 

Discussion 
The surface recombinat ion and energy losses occur- 

r ing at imperfections in the van der Waal's plane of 
layered semiconducting materials has been discussed 
in several recent papers (1-7). Transi t ion metal  atoms, 
exposed to the solution by surface defects, allow the 
back reaction of the photogenerated products to occur 
(dark reductions at n - type  materials)  resul t ing in de- 
creases in the solar conversion efficiency (3, 5-7). 
These defects may also act as direct recombinat ion 
centers of phor charge carriers (electron- 
hole pairs) (2) al though this process is less discernible 
from the vol tammetr ic  response. 

The flatband potential,  VFB, of n-WSe2 samples mea-  
sured in aqueous solutions is --0.3 to --0.4V vs. SCE 
(4). As shown in Fig. 3-5, ,a relat ively large dark cur-  
rent  due to reduct ion of I3- or Fe(CN)s  3- is observed 
on unt rea ted  samples at potentials positive of this 
value. The magni tude  of these currents at a cont inu-  
ously i l luminated  surface is not measurable  from the 
experiments performed here since only a net  photo- 
anodic current  is observed, However, because the sur-  
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Fig. 9. Phetocharacteristics of n-WSe2/1.0M Hal, 0.05M 12 
(borate buffer, pH 9.1)/Pt PEC. (A) i-V curve before (O )  and 
after (A) dark OPD oxidation. Intersection of dashed lines indi- 
cates the maximum power point. (B) Open-circuit photovoltage 
and (C) short-circuit photocurrent as a function of light intensity 
before (O )  and after (A) OPD dark oxidation. Total input power 
of 450W xenon lamp = 150 mW/cm% 

face concentrat ion of the photogenerated oxidized 
product  is higher than the bu lk  cvncentrat ion and this 
product can be reduced at surface imperfections, con- 
siderably higher cathodic currents  would be expected 
under  i l luminat ion than those measured in the dark. 
The effect of OPD polymerizat ion clearly is to block 
this back reaction and thus produce a larger net anodic 
photocurrent.  In this manner ,  the polymeric product 
due to OPD oxidation acts as a selective sealant, block- 
ing the approach of solution species to the dark electro- 
active sites (surface states) within the bandgap, Fig. 1. 

While Fig. la  depicts a simplified view of the overall  
reactions involved in  recombinat ion processes, the 
rate of back reaction will  be clearly dependent  on the 
density and energy distr ibution of surface levels as 
well as on the kinetics for charge transfer. Since a 
quali tat ive correlat ion exists (2, 3, 5) between the 
degree of surface imperfection and the dark and photo- 
response of these electrode materials, it can be safely 
ascertained that  the lower- than- idea l  efficiencies for 
solar energy conversion is due, at least in part, to re-  
combinat ion reactions associated with those surface 
states. Limited band-bend ing  within the space-charge 
region due to Fermi level p inning  (5, 13) or inversion 
(14) is .an addit ional source of energy loss in these 
materials. We address the former problem by the use 
of materials that can selectively block these recom- 
binat ion sites and thereby minimize losses associated 
with them. 

Since the improvement  in performance is based on 
the blockage of surface states upon dark oxidation at 
an n- type  material,  there ,are some restrictions on the 
potential  required to initiate the polymerization. If 
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the energy level for polymerization (Epo~) is above E~, 
then dark oxidation on the photoactive surface may be 
possible with subsequent blockage of useful surface. 
If Epol is too far below the energy level of the surface 
states, Ess (i.e. the polymerization occurs at too posi- 
tive potentials), dark oxidation via surface states may 
not be possible. Thus, the optimum energies (eV) for 
the oxidation reaction producing polymer lies at Ess 

Epol ~ Ec. The polymerization of OPD at n-WSe2 lies 

within this energy range (i.e., within the upper third 
of the bandgap). Clearly other materials that undergo 
electrochemical polymerization may also be suitable 
candidates for study. 

This approach may prove to be a way for improving 
the efficiency of not only single crystal layered materi- 
als but also of polycrystalline ones. Work along these 
lines is thc subject of current efforts in our laboratories. 

Acknowledgment 
The assistance of Dr. Michael Schmerling in obtain- 

ing electron micrographs is gratefully acknowledged. 
This work was supported by the National Science 
Foundation (CHE 8000682) ,and the Solar Energy Re- 
search Institute. 

Manuscript submitted July 30, 1981; revised manu- 
script received Sept. 28, 1981. 

Any discussion of this paper wiU appear in a Dis- 
cussion Section to be published in the December 1982 
JOURNAL. All discussions for the December 1982 Dis- 
cussion Section should be submitted by Aug. 1, 1982. 

Publication co~ts of this article were assisted by The 
University of Texas at Austin. 

REFERENCES 
1. See (a) A. J. Bard, F.-R. F. Fan, A. S. Gioda, G. 

Nagasubramanian, and H. S. White, Discuss. Far- 
aday Soc., 70, 19 (1980); (b) B. A. Parkinson, A. 
Heller, and B. Miller, J. AppL Phys., 33, 5231 
(1978); (c) B. A. Parkinson, A. Heller, and B. 
Miller, This Journal, 126, 954 (1979) and refer- 
ences therein. 

2. H. J. Lewerenz, A. Heller, and F. J. DiSalvo, J. Am. 
Chem. Soc., 102, 1877 (1980). 

3. (a) W. Kautek, H. Gerischer, and H. Tributsch, Bet. 
Bunsenges. Phys. Chem., 83, 1000 (1979); (b) 
S. M. Ahmed and H. Gerischer, Electrochim. Acta, 
24, 703 (1979). 

4. F.-R. F. Fan, H. S. White, B. L. Wheeler, and A. J. 
Bard, J. Am. Chem. Soc., 102, 5142 (1980). 

5. H. S. White, F.-R, F. Fan, and A. J. Bard, This Jour- 
nal, 128, 1045 (1981). 

6. D. Canfield and B. A. Parkinson, J. Am. Chem. Soc., 
103, 1281 (1981). 

7. B. A. Parkinson, T. E. Furtak, D. Canfield, K. Kam, 
and G. Kline, Discuss. Faraday Soc., 70, (1980). 

8. (a) R. N. Adams, "Electrochemistry at Solid Elec- 
trodes," p. 360, Marcel Dekker, Inc., New York 
(1969); (b) H. Y. Lee and R. N. Adams, Anal. 
Chem., 34, 1587 (1962). 

9. A. M. Yacynych and H. B. Mark, This Journal, 123, 
1346 (1976). 

I0. W. R. Heineman, H. J. Wieck, and A. M. Yacynych, 
Anal. Chem., 52, 345 (1980). 

11. (a) P. A. Kohl and A. J. Bard, J. Am. Chem. Soc., 
99, 7531 (1977); (b) F.-R. F. Fan and A. J. Bard, 
ibid., 102, 3677 (1980). 

12. P. Peerce and A. J. Bard, J. Electroanal. Chem. 
Interracial Electrochem., 112, 97 (1980). 

13. L. F. Schneemeyer and M. S. Wrighton, J. Am. 
Chem. Soc., 102, 6964 (1980). 

14. W. Kautek and H. Gerischer, Bet. Bunsenges. Phys. 
Chem., 84, 645 (1980). 

The Nature of Passivation of Lead Sulfide during Anodic 
Dissolution in Hydrochloric Acid 

Balasubramaniam Dandapani* and Edward Ghali* 
Department of Mining and Metallurgy, Lava~ University, Quebec, Canada G]K 7P4 

ABSTRACT 

Effective electrowinning of lead directly from its sulfide ore requires 
a fundamental understanding of its electrodissolution process. Studies made 
on the anodic dissolution of PbS in hydrochloric acid have shown that there 
are obstructions to the electrodissolution due to some passivation. Detailed 
surface examination (SEM-EDAX and x-ray diffraction studies) is conducted 
to determine the nature of the passivation products at various potential re- 
gions. It has been shown that crystalline sulfur, lead chloride, and lead sulfate 
are responsible for the observed phenomena. 

Studies on the anodic dissolution of lead sulfide are 
very important as they give a fundamental under- 
standing of the processes involved in developing 
methods for effective electrowinning of the metal from 
its sulfide. So far, much emphasis has been given on 
the perchlorate medium (1-8) for such dissolution 
studies. The industrial application of this highly 
oxidizing medium is not that attractive due to the 
accompanied formation of the insoluble oxides of 
lead. Attempts have been made in other media like 
fluoboric (9, 10), fluosilicic (10, 11), sulfuric (11, 12), 
hydrochloric (13, 14), and recently in sulfamic (15, 
16) acids. Among these, fluoboric and fluosilicic acids 
have been eliminated by the investigators concerned 

* Electrochemical Society Active Member. 
Key words: electrowinning, electrodissolution, 

SEM. 
polarization, 

(9-11) due to the fact that lead sulfide develops pas- 
sivation in the earlier stages of the studies thus ob- 
structing further observations. Similarly very little 
anodic dissolution is reported in a sulfuric acid (11) 
medium due to the very low solubility of the product, 
lead sulfate (ksp 1.06 • 10 -s  at 25~ (17). 

Sulfamic acid is attractive as a medium due to the 
high solubility (18) of the dissolution product, lead 
sulfamate, and the high dissolution rate (of lead sul- 
fide) observed (15, 16). However, it creates problems 
due to slow hydrolysis (19) of the acid at room tem- 
perature (to ammonium bisulfate and then to am- 
monium sulfate) and also by the direct anodic oxida- 
tion of lead sulfide to lead sulfate (15, 16) especially 
at higher anodic potentials. This makes the sulfamic 
acid less productive industrially. Hydrochloric acid, 
on the other hand, is more viable due to the reason- 
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