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A B S T R A C T  

The  p h o t o e l e c t r o c h e m i c a l  r e sponse  of  e l ec t rodes  of  s ingle  crysta ls  of  the  l ayer - type  c o m p o u n d  n-ZrSs p repa red  by 
vapor  t ranspor t  in Fe3+/Fe s+, ferrocyanide/ferr icyanide,  and iodide solut ions was invest igated.  The  f latband potent ia l  (VFB) 
of  the e lec t rode  in 1M NaC1 and 0.032M HC1 solutions,  e s t imated  f rom i m p e d a n c e  measurements ,  was -0 .40V vs. SCE at 
pH 1.5 and shif ted towards  more  negat ive  values  by 54 mV/uni t  pH change  to pH 12. A two-e lec t rode  pho toe lec t rochemi-  
cal cel l  wi th  a n-ZrS2 anode  and P t  gauze  ca thode  in a 0.10M FeC12, 0.10M FeC13, and 1.0M HC1 e lec t ro ly te  gave  a short-  
c i rcu i t  p h o t o c u r r e n t  of  15 m A / c m  s and  an open-c i r cu i t  p h o t o v o l t a g e  of  0.4V u n d e r  x e n o n  l amp  i l l umina t ion  (ca. 100 
mW/cmS). 

We d e s c r i b e  h e r e  t he  a p p l i c a t i o n  of  n - t y p e  ZrS2 as an 
e l ec t rode  in p h o t o e l e c t r o c h e m i c a l  (PEC) cells. T r i b u t s c h  
was  the  first  to p r o p o s e  the  a p p l i c a t i o n  o f  l aye r - t ype  
c o m p o u n d s  as s e m i c o n d u c t o r  e l e c t r o d e s  for P E C  stud-  
ies (1), and a n u m b e r  of  d i f fe ren t  c o m p o u n d s  have  b e e n  
s tud ied ,  e.g., MoSs, MoSes,  WS2, WSes, ReSes,  ReSs,  and  
MoTes [(2-14) and r e fe rences  therein] .  U n l i k e  t he se  o the r  
mater ia l s ,  the  va l ence  band  for ZrS2 is c o m p r i s e d  of  an- 
ion  p- l ike  orb i ta l s  (15-17) and is no t  p r e d i c t e d  to be  as sta- 
b le  t o w a r d  p h o t o c o r r o s i o n .  M a n y  of  t h e s e  m a t e r i a l s  a re  
read i ly  syn thes i zed  as s ingle  crysta ls  and have  b a n d g a p s  
t h a t  m a t c h  the  solar  s p e c t r u m .  The  su r f ace s  of  l ayer  
c o m p o u n d s  can  also f r e q u e n t l y  be  p r e p a r e d  in a rela-  
t i v e l y  d e f e c t  f ree  f o r m  by  p e e l i n g  of f  a top  layer .  T h e s e  
f resh  su r f ace s  o f ten  s h o w  a v e r y  low d e n s i t y  of  su r f ace  
s ta tes  (3, 18-20). 

One  p rev ious  s tudy  of  n-ZrS~ s ingle  crys ta l  e l ec t rodes  
has  a p p e a r e d  (21). In  th is  w o r k  T r i b u t s c h  s h o w e d  tha t  
En-ZrSs  cou ld  give r ea sonab ly  h igh  anodic  p h o t o c u r r e n t  
dens i t i e s  in HC1 and N a O H  solut ions ,  bu t  p h o t o c o r r o d e d  
to p r o d u c e  a layer  of  su l fur  on its surface.  In  the  p r e sen t  
s tudy ,  we  r e p o r t  g r o w t h  o f  an n-ZrSs c rys ta l  by  v a p o r  
t r a n s p o r t  and  the  P E C  b e h a v i o r  of  n-ZrS~ e l e c t r o d e s  in 
Fe3+/Fe 2+, f e r r o c y a n i d e / f e r r i c y a n i d e ,  and  i o d i d e  solu-  
t ions .  T h e  n-ZrSs  c rys ta l  s h o w e d  low d a r k  a n o d i c  cur-  
rents  and capac i t ance  m e a s u r e m e n t s  a l lowed  e s t ima t i on  
of  the  f la tband po ten t i a l  (V~) and d o p i n g  densi t ies .  The  
e f fec t  of  pH  on V~B was inves t iga t ed  and e s t ima tes  of  the  
b a n d  e n e r g i e s  w e r e  m a d e  f rom t h e  V~B v a l u e s  and  the  
b a n d g a p  ene rgy  (Eg). 

Experimental 
Sing le  crys ta ls  of  n - type  ZrSs were  g rown  by the  v a p o r  

t r a n s p o r t  m e t h o d  (22, 23) w i t h  i o d i n e  as t h e  t r a n s p o r t  
a g e n t  u s i n g  the  f o l l o w i n g  p r o c e d u r e  (24). 3.5g of  ZrS2 
(Alfa P roduc t s ,  99%) were  p laced  in a t h o r o u g h l y  c l eaned  
and  d r i e d  fu sed  q u a r t z  a m p u l  (20 cm leng th ,  2.5 cm id) 
and  e v a c u a t e d  for  18h to 10 .4 torr .  The  a m p u l  was  t h e n  
filled wi th  He and Is was  q u i c k l y  a d d e d  (0.25g). The  am- 
pu l  c o n t e n t s  w e r e  c o o l e d  u n d e r  l i q u i d  n i t rogen ,  evacu -  
a ted  for 30 min,  and f lame sealed.  This  was t h e n  p laced  in 
a t h r e e - z o n e  f u r n a c e  ( L i n d b e r g ,  W a t e r t o w n ,  WI). The  
crys ta l  g r o w t h  zone of  t he  tube  was  hea ted  to 1100~ for 
48h w h i l e  m a i n t a i n i n g  the  o t h e r  end  of  t h e  t u b e  (con- 
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t a in ing  the  ZrS~) at 750~ The t e m p e r a t u r e  of  the  g rowth  
zone  was s lowly  dec reased  to 800~ whi l e  tha t  of  t he  ma- 
ter ia l  zone  was ra ised to 1000~ This  t e m p e r a t u r e  gradi-  
en t  was m a i n t a i n e d  for 36h, af ter  w h i c h  the  fu rnace  was  
sw i t ched  off  and a l lowed  to cool  to r o o m  t empera tu re .  A 
large  n u m b e r  of  s ingle  crystals ,  s o m e  of t h e m  as large as 
1 cm 2, w e r e  ob t a ined .  P o w d e r  x - ray  d i f f r a c t i o n  (Ph i l ips  
E lec t ron ic s  Inco rpora t ed )  w i th  CuK~ rad ia t ion  and a Ni 
f i l ter  was  ca r r i ed  ou t  on t h e  ZrS~ to con f i rm  the  s t ruc-  
ture .  The  p o w d e r  pa t t e rn  o b t a i n e d  m a t c h e d  tha t  of  t h e  
A S T M  card  file for  ZrS2 (11-679), wh i l e  s h o w i n g  v e r y  
sharp  l ines  and  ind ica t ing  tha t  the  ma te r i a l  was crystal-  
l ine. O h m i c  con tac t  to the  crys ta ls  was m a d e  by r u b b i n g  
In -Ga  al loy on one  side. A c o p p e r  wire  was a t t ached  wi th  
s i l ve r  pa in t  ( A c m e  C h e m i c a l s  and  I n s u l a t i o n ,  N e w  Ha- 
ven ,  CT) to t he  In-Ga al loy s m e a r e d  crys ta l  surface.  Sili- 
cone  sea lant  (Dow Corn ing  732 RTV) was  used  to m o u n t  
the  e l ec t rode  at the  end  of  a glass t u b e  and  to seal  off  the  
s i l ve r  p a i n t  c o v e r e d  sur face ,  t he  back ,  and  the  e d g e s  of  
t he  crys ta l .  The  e l e c t r o d e  area  e x p o s e d  to t he  s o l u t i o n  
was  0.02 cm s. B e f o r e  each  e x p e r i m e n t ,  t he  e l e c t r o d e s  
w e r e  f resh ly  pee led  wi th  tape,  i m m e r s e d  in 1.0M HC1 for 
30s, and t h o r o u g h l y  w a s h e d  wi th  water .  

All  chemica l s  were  r eagen t  grade.  Tes t  so lu t ions  were  
p r e p a r e d  wi th  Mi l l ipore  wa te r  and deae ra t ed  wi th  ni t ro-  
gen  for l h  be fo re  the  e x p e r i m e n t .  A c o n v e n t i o n a l  s ingle  
c o m p a r t m e n t  cell  wi th  a flat P y r e x  glass w i n d o w  for illu- 
m i n a t i o n  of  t he  s e m i c o n d u c t o r  e l e c t r o d e  was  used .  A 
s a t u r a t e d  c a l o m e l  e l e c t r o d e  (SCE) w i t h  a s a t u r a t e d  KC1 
agar  b r idge  and a large area  P t  gauze  e l ec t rode  were  used  
as r e f e r ence  and  coun te r e l ec t rodes ,  r e spec t ive ly .  A 450W 
Xe l amp  (Oriel Corpora t ion ,  S t amford ,  CT) s e rved  as the  
l ight  source.  The  l ight  was passed  t h r o u g h  a 10 cm th ick  
w a t e r  ba th  to f i l ter  t he  IR  c o m p o n e n t s  b e f o r e  r e a c h i n g  
t h e  e l e c t r o c h e m i c a l  cell.  T h e  i n t e n s i t y  of  t he  l i gh t  was  
m e a s u r e d  by  a p o w e r  m e t e r  (Coheren t ,  M o d e l  210). The  
e l e c t r o d e s  w e r e  i l l u m i n a t e d  w i t h  a w h i t e  l i gh t  i n t e n s i t y  
o f  100 mW/cm ~. 

C u r r e n t - p o t e n t i a l  (i-V) c u r v e s  w e r e  r e c o r d e d  w i t h  a 
P A R  Mode l  173 po ten t io s t a t  f i t ted wi th  a P A R  Mode l  176 
c u r r e n t  fo l lower ,  a P A R  M o d e l  175 p r o g r a m m e r ,  and  a 
M o d e l  2000 X-Y r e c o r d e r  ( H o u s t o n  I n s t r u m e n t ,  Aus t in ,  
TX). The  scan rate  used  was 20 mV/s. The  ac i m p e d a n c e  
s tud ies  were  car r ied  out  wi th  the  s a m e  i n s t r u m e n t s  and 
p r o c e d u r e s  as d e s c r i b e d  p r e v i o u s l y  (20) o v e r  f r e q u e n c y  
ranges  of  100-2000 Hz. The  ac t ion  s p e c t r u m  was r e c o r d e d  
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Fig. 1. Mott-Schottky plots for n-ZrS2 electrode in 1.0M NaCI and 
0,032M HCI at p H =  1.5 at the frequencies indicated, 

us ing  chopped  light (87 Hz) and an Oriel 7240 grat ing 
monochromato r  with a 20 nm bandpass  to select the 
proper  wavelength.  The electrode potent ia l  was held at 
the equ i l ib r ium solut ion potent ia l  (0.24V vs .  SCE for 
0.10M K~Fe(CN)~ and 0.10M K4Fe(CN)~), The modula ted  
pho tocur ren t  was detected with a PAR Model 5206 
lock-in amplifier, and the photocur ren t  ampl i tude  and 
phase angle determined.  A plot of pho tocur ren t  magni-  
tude  vs .  wavelength yielded the act ion spec t rum after 
normalizing to the lamp spectrum and correcting for so- 
lut ion absorbance.  The radiant  light intensi ty in this ex- 
pe r iment  was measured  with an EG&G (Salem, MA) 
Model 550 radiometer/photometer .  X-ray photoelectron 
spectroscopy (XPS) measurements  were performed with 
a Vacuum Generators ESCA Lab II system using MgKa 
radiation. 

Results 
E f f e c t  o f p H  o n  VF~.--To study the effect of pH on the 

V~B for n-ZrS2, capaci tance (C) measuremen t s  were 
carr ied out in chloride and phosphate  buffer  solutions.  
Plots  of 1/C ~ vs .  V [Mott-Schottky (M-S) plots] in 1.0M 
NaC1 and 0.032M HC1 solution at pH 1.5 are shown in Fig. 
I. Some frequency dispersion of the capacitance was ob- 
served at all pH values, Because the 1/C ~ vs.  V lines at dif- 

0.4 
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V redox 

0.0 0.2 0.4 0.6 
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Fig. 3. i-Vcurve for n-ZrS= electrode in O.1M each FeCI~ and FeCI~ in 
1.0M HCI under 100 mW/cm ~, chopped white light illumination, Scan 
rate: 20 mV/s, 

ferent  f requencies  converge at a point  on the potent ia l  
axis, the plots can be used to estimate V w  (25). The VFu vs.  
pH plot (Fig. 2) indicates that the V~ of n-ZrS2 shifts by 
ca .  54 mV for a un i t  change in pH. Tr ibutsch  (21) also 
found evidence for a shift in Vv ,  with pH. Although good 
M-S plots could not be obtained with those samples, the 
photocur ren t  curves were shifted along the potent ia l  
axis for 1M HCI compared to 0.5M NaOH. This shift, esti- 
mated from the difference in potent ials  for photocur-  
rents at half  the saturation value, corresponded to about  
27 mV/pH unit. The large shift in VvB with pH found here 
for ZrS~, which approaches tha t  found with oxide semi- 
conductors,  can be contrasted with the behavior of other 
layer-type (Group VI metal) compounds .  For example,  
n-MoS2 shows a shift in photocurrent  onset  with pH that 
is more p ronounced  in s t rongly alkal ine solut ions (26). 
However,  M-S plots of n-MoSe2 and p-WSe~ indicate  es- 
sentially no change in V~ with pH (3). 
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Fig, 2. Flatband potential (V~B) of n-ZrS2 electrode vs. FH 
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Fig. 4. Mott-Schottky plots for n-ZrS2 electrode in O.1M each FeCI~, 

FeCI3, and 1.0M HCI at the frequencies indicated, 
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Fig. 5. Power curve for o two-electrode cell with n-ZrS2 photoanode 

and a platinum gauze cathode in 0.1M each FeCIz and FeCI3 in 1.0M 
HCI under 100 mW/cm 2, white light illumination. 

To inves t iga te  the dependency  of VrB with  pH for 
n-ZrS2, XPS  measu remen t s  were  carr ied out by com- 
par ing virgin  ZrS2 crystals to those which  were  used as 
e lec t rodes  for capaci tance  measurements .  These  mea- 
surements  clearly demonstra te  the formation of an oxide 
layer on electrochemical ly  cycled crystals. The sulfur 2p 
peak  (162.0 eV) was greatly d imin ished  and the Zr 3d.~j2 
and 3d~/2 peaks (181.5 and 184.0 eV, respect ively ,  for 
ZrSz) both shif ted by 2.0 eV to h igher  b ind ing  energies  
on the electrochemical ly cycled crystals. These observa- 
tions are consistent  with an oxide layer formation, which 
could cause the pH-dependent  VrB. Such shifts in V~B for 
oxides  are well  documen ted  in the l i tera ture  (27). The 
XPS  data also suggest that  for ZrS~ simply immersed  in 
the dark in aqueous solution, sulfur atoms on the surface 
are rep laced  by oxygen;  we observed  no peaks for any 
other  sulfur species on the surface, i.e., elemental  sulfur, 
Sx -2, or SO~. Note that  ox ide  layer fo rmat ion  probably  
occurs  upon  immers ion  of  ZrS2 in the solutions,  s ince 
the capacitance measurements  were made over a poten- 
tial range where  there  was very  l i t t le dark anodic  cur- 
rent.  I l lumina t ion  of the e lec t rode  with the potent ia l  
held in the deplet ion region for several minutes  does re- 
sult  in a vis ible  layer of sulfur  on the surface, as previ- 
ously reported (21). 

P E C  in Fe 3+n+ so lu t ions . - -The  M-S plots for an n-ZrS2 
e lec t rode  in 0.10M each ferric and ferrous chlor ide  in 
1.0M HC1 at five different  frequencies  are shown in Fig. 4. 
Again f requency  dependence  of  C is observed  with the 
lines converging on the X-axis. The est imated Vrs, -0.23 
vs. SCE, is close to that for 1M HC1 in the absence of the 
Fe 3+s2+ system. The i -V curve  for this sys tem under  100 
mW/cm 2 chopped  whi te  l ight  i l luminat ion  is shown in 
Fig. 3. The onset  of  anodic  pho tocu r ren t  occurs  more  
than 400 mV negative of the redox potential  of  the Fe ~+/2+ 
system (Vredo~). The current  density (c.d.) at V~do, is ca. 15 
mA/cm 2. The potent ia l  for pho tocur ren t  onset  is more  
pos i t ive  than VFB by about  0.2V. The slow rise of  the 

A 

t -  
O 

? 
L L  

X 

0.8- 

0.6- 

0.4 

0.2 

" I I I 

-0.6 -0.4 -0.2 

V ( volts ) vs. SCE 
Fig. 6. Mott-Schottky plots for n-Zr52 electrode in O.]M each 

K3Fe(CN)6 and K4Fe(CN)6 (pH = 7.0) at the frequencies indicated. 

pho tocu r ren t  to the saturat ion probably  can be attrib- 
uted to high recombinat ion rates or slow heterogeneous 
kinetics. As will be shown later, the doping level of this 
mater ia l  is high (ca. 1 x 10 TM cm-3). This would  lead to a 
relatively narrow space charge region and significant re- 
combina t ion  of  carriers genera ted  in the low electr ic  
field zones of the semiconductor.  

A two-electrode cell with a 0.02 cm 2 area n-ZrS2 anode 
and a large Pt  gauze cathode,  both immersed  in 0.1M 
FeCI~, 0.1M FeCt~, and 1M HC], was cons t ruc ted .  The 
pho tocur ren t -vo l t age  curve  for this cell, at 2 mV/s scan 
rate, under  100 mW/cm ~ whi te  l ight  i l lumina t ion  is 
shown in Fig. 5. The cell gave a shor t -c i rcui t  photocur-  

,~176 t 
80 

,~ 60 Vredo x 

V 
"- 40. 

20 

,,nn~l 
I 1 1 

0.0 0.2 0.4 0.6 

V ( volts ) vs. SCE 
Fig. 7. i-V curve for n-ZrS2 electrode in O.1M each K3Fe(CN)6 and 

K4Fe(CN)6 (pH = 7.0) under 100 mW/cm 2, chopped white light illumi- 
nation. Scan rate: 20 mV/s, 
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Fig. 8. Mott-Schottky plots for n-ZrS2 electrode in l .OM KI (pH = 
3.5) at the frequencies indicated. 

rent  of 0.33 mA and an open-circuit  photovol tage of 0.4V. 
The fill factor was about 0.25. As seen from the i -V curves 
of  Fig. 3, the open-c i rcu i t  pho tovo l t age  was lower  than  
that predicted from V~B (-0.23V vs. SCE) and V,~do~ (0.46V 
vs. SCE). This probably can be at t r ibuted to the cathodic 
dark reac t ion  at potent ia ls  negat ive  of - 0 . 0 5 u  and per- 
haps slow hole transfer from n-ZrS2 to Fe  2+. 

Fe(CN)63-/4- s o l u t i o n . - - T h e  M-S plots for n-ZrS~ elec- 
t rode  in a solut ion of 0.10M each K~Fe(CN), and 
K3Fe(CN)~ at pH = 7.0 for five different f requencies  in the 
range 100-2000 Hz are shown in Fig. 6. The VFB is found to 
be -0.75V. Note that the VF~ in the presence of the redox 
couple  is again very near  the value  pred ic ted  in its ab- 
sence  (Fig. 2). The i -V  curve  under  100 mW/cm 2 whi te  
light, chopped i l luminat ion is shown in Fig. 7. The onset 
of  pho tocu r r en t  occurs  about  0.3V more  nega t ive  than 
V~e~o~ (+0.24V vs. SCE) at m u c h  less nega t ive  potent ia ls  

I I ! ! 

0.0 0.2 0.4 0.6 
V ( volts ) vs. SCE 

Fig. 9. i -V curve for n-ZrS2 electrode in 1.0M KI (pH = 3.5) under 
100 mW/cm :, chopped white light illumination. Scan rate: 20 mV/s. 
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0.2 

- 0, Vre ox  

0.2 0.4 0.6 

V ( volts ) vs. SCE 
Fig. 10. i -V curve for n-ZrS2 electrode in 1.OM KI and 1 0  mM Is (pH 

= 3.5) under 100 mW/cm 2, chopped white light illumination. Scan rate: 
20 mV/s. 

than VvB, and only slowly rises to sa tura t ion (beyond 
Vredox), again probably  because  of slow hole t ransfer  ki- 
netics or large recombinat ion rates. A photocurrent  den- 
sity of 1.3 mA/cm 2 at Vredo, is observed. 

I o d i d e  s o l u t i o n s . - - T h e  M-S plots for n-ZrS~ in 1.0M KI 
solut ions  at pH 3.5 for five di f ferent  f requenc ies  are 
shown in Fig. 8. The VvB, -0.52V vs. SCE, is again near  
the value in iodide-free solutions at this pH. Addit ion of 
10 mM Is to the 1.0M KI solution also did not  cause a shift 
in V~B. This lack of effect of I-  and I3- on n-ZrS=, in con- 
trast  to other  layered mater ia ls  (3) was also found by 
Tr ibu t sch  (21) from pho tocur ren t  onset  measurements .  
This lack of I-/I2 effect  can perhaps  be a t t r ibu ted  to ox- 
ide layer formation that  occurs on ZrS2 in aqueous solu- 
tions. The shift  in VFB for o ther  layered mater ia ls  in the 
p resence  of  I~- requi res  specific adsorp t ion  on the sur- 
face (3). This adsorption might  be decreased by the oxide 
layer. The i -V  curve  for a 1.0M KI solut ion is shown in 
Fig. 9. The pho tocur ren t  onset  is approx imate ly  0.35V 
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Fig. 11. (a) Photocurrent action spectrum plotted as quantum ef- 
ficiency (4) vs. photon energy (hv} for n-ZrS2 in 0.1M each K3Fe(CN)~ 
and K4Fe(CN)6 corrected for solution absarbance (open circles) and (b) 
(d~h~) 1/~ vs. hv for determination of the bandgap, E~ (diamonds). 
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Fig. 12. Band scheme for ZrS2 

negat ive  of the solut ion redox potent ia l  wi th  a 
photocurrent  densi ty of 14 mA/cm 2 at that  potential. Ad- 
di t ion of 10 mM I2 to this solut ion causes the photocur-  
ren t  dens i ty  to drop to 3 mA/cm 2. Moreover ,  a ca thodic  
current  appeared in the i-V curve (Fig. 10). This is caused 
by the reduct ion of  iodine at the electrode surface and is 
seen with this system in the dark. The decrease in photo- 
current  in the presence of I2 is probably mainly attributa- 
ble to the absorp t ion  l ight  by the colored solution,  with 
some I2 reduc t ion  occur r ing  at the less pos i t ive  poten- 
tials. Note also that the shape of the i-V curve for the I-/I2 
system is similar to those of Fe 2+/3+ and Fe(CN)~ 3-/4-. 

Action spectrum and energy levels . --Knowledge of VFB 
and Eg allows calcula t ion of  an energy  level  d iagram 
showing  the "location of the conduc t ion  and va lence  
bands. This information is useful in the determinat ion of 
redox couples for photoelect rochemical  (PEC) cells. The 
action spect rum for n-ZrS2 in Fe(CN)~ 3-/4- is given in 
Fig. l l a  and a plot of (r 1/2 vs. h,,  where ~ is the quan- 
t um eff iciency and h~ is the photon  energy,  is g iven in 
Fig. 1lb. From these plots a value for the indirect  gap en- 
ergy, Eg, of 1.82 -+ 0.05 eV for ZrS~ is obtained. This value 
agrees well with that  reported previously by other types 
of measu remen t s  (16, 17, 28), but  is s l ight ly larger  than 
the prev ious  es t imate  (1.68 eV) from pho tocu r ren t  mea- 
su remen t s  (21). A shor t -c i rcui t  quan tum eff iciency of 
>20% at 2.6 eV was obta ined (without  cor rec t ing  for 
reflective losses from the mirrorl ike surfaces of the crys- 
tals). 

The M-S data yield VFB = -0.75V VS. SCE at pH = 7.0. A 
donor  dens i ty  of  t • 10 TM cm -3 was es t imated  f rom the 
slope of the M-S plots in Fe(CN)63-/4- where  there is little 
f r equency  dispersion.  A value  of 2.5 • 10 ~9 cm 3 for the 
effect ive density of states in the conduct ion band can be 
calculated by taking the effective mass of the electrons, 
m~*, to be ca. me, the  mass of  the electron.  With these  
values, hEr, the calculated difference in energy between 
the conduc t ion  band and the Fe rmi  level  is very  small,  
ca. 0.02 eV. F rom this the band scheme  is der ived (Fig. 
12) with E~, the conduct ion bandedge,  at -0.77V vs. SCE 
and the E~, va lence  bandedge,  at 1.05V vs. SCE at pH = 
7.0. 

Conclusions 
Large single crystals  of  n-ZrS2 can be prepared  by 

vapor  halogen transport  techniques.  This material  shows 
low dark currents  and reasonable  pho tocur ren t s  in 
ferrous/ferr ic ,  fe r rocyanide/ fer r icyanide ,  and KI solu- 
t ions,  a l though suffer ing  from slow rise of  the photo- 
current  to saturation (i.e., a poor fill factor) and an open- 
circuit  photopotent ia l  that  is smaller than that predicted 
from VFB and Vredox- VFB shifts by ca. 54 mV for a unit  pH 
change and was unaffected by I3 . 

Acknowledgment 
We thank Professor  T. Mallouk for his help and use of 

his x-ray facil i t ies and Dr. K. A. Pear l s t ine  in obta in ing 
the XPS data. N. C. thanks ICSU/UNESCO for the award 
of Dis t ingu ished  Fe l lowship  in Sc ience  and to Director  
of CECRI for the grant of one year leave. The support  of 
this research by the Nat ional  Sc ience  Founda t ion  
(CHE8304666) is gra teful ly  acknowledged .  The X P S  in- 
s t rumen ta t ion  used in this research was suppor ted  in 
part by the National Science Foundat ion (CHE8201179). 

Manuscript  submit ted Jan. 1, 1986; revised manuscr ipt  
received June  6, 1986. 

The Univers i ty  o f  Texas  at  Aus t i n  assisted in meet ing 
the publication costs of  this article. 

REFERENCES 
1. H. Tributsch, Ber. Bunsenges. Phys. Chem., 81, 361 

(1977). 
2. H. D. Abruna, G. A. Hope, and A. J. Bard, This Journal, 

129, 2224 (1982). 
3. F.-R. F. Fan and A. J. Bard, ibid., 128, 945 (1981). 
4. J. Gobrecht, H. Tributsch, and H. Gerischer, ibid., 125, 

2085 (1978). 
5. S. Prybyla, W. S. Struve, and B. A. Parkinson, ibid., 

131, 1587 (1984). 
6. K. Rajeshwar, J. Appt. Electrochem., 15, 1 (1985). 
7. J. V. Marzik, R. Kershaw, K. Dwight,  and A. Wold, J. 

Solid State Chem., 51, 170 (1984). 
8. B. L. Wheeler, J. K. Leland, and A. J. Bard, This Jour- 

nal, 133, 358 (1986). 
9. H. Tributsch, Ber. Bunsenges. Phys. Chem., 82, 169 

(1978). 
i0. K. Kalyanasundaram, Solar Cells, 15, 93 (1985). 
11. J. Gobrecht,  H. Gerischer,  and H. Tributsch,  Ber. 

Bunsenges. Phys. Chem., 82, 1331 (1978). 
12. W. Kautek and H. Gerischer, ibid., 84, 645 (1980). 
13. H. Tributsch, Struct. Bonding, 49, 127 (1982). 
14. L. F. Schneemeyer  and M. S. Wrighton, J. Am. Chem. 

Soc., 101, 6496 (1979). 
15. J. A. Wilson and A. D. Yoffe, Adv. Phys., 18, 193 (19~9). 
16. A. R. Beal, J. C. Knight, and W. Y. Liang, J. Phys. C, 5, 

3531 (1972). 
17. H. P. Hughes and W. Y. Liang, ibid., 10, 1078 (1977). 
18. H. S. White, F.-R. F. Fan, and A. J. Bard, This Journal, 

128, 1045 (1981). 
19. G. Nagasubramanian,  B. L. Wheeler, and A. J. Bard, 

ibid., 130, 1680 (1983). 
20. G. Na'gasubramanian, B. L. Wheeler, G. A. Hope, and 

A. J. Bard, ibid., 130, 385 (1983). 
21. H. Tributsch, ibid., 128, 1261 (1981). 
22. H. Schaffer, "Chemical  Transport  Reactions," Aca- 

demic Press, Inc., New York (1964). 
23. R. Kershaw, M. Vlasse, and A. Wold, Inorg. Chem., 6, 

1599 (1967). 
24. C. N. R. Rao and K. P. R. Pisharody, Prog. Solid State 

Chem., 10, 207 (1979). 
25. E. C. Dutoit, R. L. Van Meirhaeghe, F. Cardon, and 

W. P. Gomes, Ber. Bunsenges. Phys. Chem., 79, 1206 
(1975). 

26. H. Tributsch and J. C. Bennett ,  J. EIectroanaI. Chem. 
Interfacial Electrochem., 81, 97 (1977). 

27. For  example,  see: (a) M. A. Butler  and D. S. Ginley, 
This Journal, 125, 228 (1978); (b) D. E. Scaife, Sol. En- 
ergy, 25, 41 (1980); (c) P. J. Boddy and W. H. Brattain, 
This Journal, 110, 570 (1963). 

28. D.L. Greenaway and R. Nitsche, J. Phys. Chem. Solids, 
26, 1445 (1965). 

Downloaded 03 Feb 2009 to 146.6.143.190. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp




