
Semiconductor Electrodes 
XXXIII. Photoelectrochernistry of n-Type WSe in Acetonitrile 

Henry S. White, Fu-Ren F. Fan, and Allen J. Bard* 
Department o5 Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

The photoe lee t rochemica l  behavior  of n - t ype  WSe2 single c rys ta l  e lectrodes 
in acetoni t r i le  solut ions containing severa l  redox couples (I- /Is- ,  B r - / B r 2 ,  
C1-/Ct2, th i an th rene  ~ R u ( b p y ) 8  2+/a+ was invest igated.  Elect rodes  wi th  
discontinui t ies  in the van der  Waals '  surface show la rge  da rk  currents  a n d  
recombina t ion  of electrons wi th  photo-oxid ized  solution species. P r e t r e a t m e n t  
of such a surface wi th  C1- passivates  these d a r k  active sites and  increases  the  
pho tocur ren t  density.  The observed photopotent ia ls  a t  WSe2 for redox couples 
wi th  potent ials ,  Vredox, more  posi t ive than  0.5V vs. SCE show behavior  con-  
s is tent  wi th  F e r m i  level  pinning;  the  onset potent ia l  of photocur ren ts  in-  
creases l inea r ly  wi th  increas ing Vredox while  the  photopoten t ia l  remains  con- 
stant.  The energy  posi t ion at  which  pinning occurs depends  on the densi ty  of 
surface states and the concentra t ion of solut ion species. The  character is t ics  
of a photovol ta ie  cell  based on the n - W S e 2 / C l - ,  C12- /P t  sys tem is also d e -  
scr ibed .  

The per formance  of photoelec t rochemical  devices for 
conversion of solar  to chemical  and e lect r ica l  energy  
can be cr i t ica l ly  l imi ted  bY processes occurr ing via  
in te rmedia te  energy levels at  the semiconductor / l iqu id  
in ter face  (surface  s ta tes) .  Surface  recombina t ion  and 
Fe rmi  level  pinning are  two such processes tha t  gen-  
e ra l ly  are  de t r imen ta l  to efficient energy  conversion. 
In  e i ther  case the  photoelec t rochemical  resul ts  a re  
somewhat  different  f rom expecta t ions  based on the 
ideal ized model  (1) of the  semiconductor  e lec t rode /  
solut ion interface.  A number  of invest igat ions  of the 
dependence  of potent ia l  d i s t r ibu t ion  (2) and charge 
t ransfe r  kinet ics  (3) on surface s tates  have been car -  
r ied  out. The surface  p r e t r e a t m e n t  or modification 
procedures  can influence the d is t r ibut ion  and dens i ty  
of surface states a t  energies  located wi th in  the band-  
gap and thus cause changes in the  e lec t rochemical  
behavior  (4, 5). 

Recently,  Tr ibutsch  and co-workers  have in t roduced  
photoelec t rochemical  cells based on l a y e r - t y p e  t r an -  
si t ion meta l  dichalcogenides  (5). These and la te r  in-  
vest igat ions (6-11) have shown tha t  the  observed pho-  
topotent ia ls  in aqueous (5f, 9) and nonaqueous (6-8) 
solutions are  smal le r  than  the  expectat ions  based on 
the ideal  junc t ion  model.  Lewerenz  (~0) and Tr i -  
butsch  (11) and co-workers  have also recent ly  inves-  
t iga ted  the  role of surface morphology  on conversion 
efficiencies of l aye red  semiconductors  in aqueous so- 
lutions. We repor t  here  an inves t igat ion of n - t y p e  
WSe2 electrodes in acetoni t r i le  (MeCN) solutions. The 
effect of the  na ture  of the  surface and p r e t r ea tme n t  
procedures  on the e lec t rochemical  response and a pho-  
tovol ta ic  cell  based  on the photogenera t ion  of ch lor ine  
at  n - t y p e  WSe2 immersed  in an MeCN solut ion con- 
ta ining C1-/C12 is described.  

Experimental 
Semiconductor e~ectrodes.--N-type WSe2 single crys-  

tals  were  generous ly  dona ted  b y  Dr. Ba r ry  Mil ler  and 
Dr. F r a n k  DiSalvo of Bell  Laborator ies .  Elect r ica l  con- 
tacts were  made  to the back  of each crys ta l  by  rubb ing  
I n / G a  a l loy into the crys ta l  to which  a copper lead 
was contacted wi th  s i lver  epoxy cement  (Al l ied  P r o d -  
ucts Corporat ion,  New Haven, Connect icut) .  A clean 
new crys ta l  face ( •  C-axis)  was exposed b y  st icking 
adhesive  tape on the f ront  side and gent ly  pul l ing  off 
the  top surface layer .  To ob ta in  e lect rodes  wi th  only 
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the van  der  Waal ' s  surface ( • C-axis )  exposed,  a v e r y  
minute  surface area  was carefu l ly  chosen tha t  was f ree  
from any edges or face defects; these are  known  to 
provide  recombina t ion  centers  (10, 11). Such elec-  
t rodes are  des ignated  " type  S" in this  paper .  No e lec-  
t rodes were  p repa red  wi th  only the surface II C-ax is  
exposed, since the crysta ls  were  only  ~1-2  m m  thick 
along this p lane  and are  difficult to mount  wi thout  
leaking.  Electrodes were  p r e p a r e d  f rom severa l  c rys-  
tals  tha t  had vis ible  edges (discont inui t ies  in the  
otherwise  smooth van der  Waal ' s  p lane)  exposed to 
the  solution. These electrodes are  des ignated  " type  E." 
Scanning e lec t ron micrographs  of type  S and type  E 
WSe2 electrodes a re  shown in Fig. 1. The surface de -  
fects represen ted  roughly  5%-10% of the  to ta l  surface 
area  of type  E electrodes.  

The crys ta l  sides and back  and the copper lead were  
comple te ly  covered wi th  5 min epoxy  cement;  this 
was then  covered wi th  si l icone rubbe r  sealant  (Dow 
Corning Corporat ion,  Midland,  Michigan) .  For  long-  
t e rm s tab i l i ty  measurements  involving s t rong oxi -  
dants, such as C12, the  e lect rode was covered wi th  a 
p reac t iva ted  photo-cure  epoxy  cement  tha t  is used in 
den ta l  res tora t ive  work  (Caulk  Nuva-F i l ,  D.A., Mi l -  
ford, De laware ) .  The exposed areas  of the crys ta l  
faces in both types of e lectrodes were  be tween  0.010 
and 0.07'0 cm 2. 

Unless noted otherwise,  before  each expe r imen t  the  
electrodes were  etched in 12M HC1 for 15-30 sec, 
r insed thoroughly  w i th  dis t i l led water ,  and dr ied  un-  
der  vacuum for 1 hr. The electrodes were  then s tored 
inside an  He-fi l led d ry  box (Vacuum Atmospheres ,  
Hawthorne ,  Califo.rnia) and  used wi th in  one day.  

Chemicals.--All elect rochemical  grade t e t r a l k y l a m -  
monlum salts were  purchased  f rom Southwes te rn  
Chemical  Company (Austin,  Texas) .  T e t r a b u t y l a m -  
monium perch lora te  (TBAP) ,  t e t r a b u t y l a m m o n l u m  
bromide  (TBABr) ,  t e t r a m e t h y l a m m o n i u m  chloride 
(TMAC1), and t e t r a bu ty l a mmon ium iodide (TBAI)  
were  crys ta l l ized  at  least  twice f rom ace tone-e ther  
and dr ied  under  vacuum for 2 days. Te t r ae thy l ammo-  
n ium chlor ide  (TEAC) was recrys ta l l ized  f rom MeCN- 
e ther  and dr ied  as above. Thian threne  ( T h )  (Aldr ich  
Chemicals)  was e i ther  subl imed three  t imes  or rec rys -  
ta l l ized f rom benzene twice. R u ( b p y ) ~ ( C 1 0 0 2  was 
p repa red  and purif ied as prev ious ly  descr ibed (12). 
Af te r  purif icat ion the  reagents  were  s tored inside the 
d ry  box. I~ (F isher  Scientific Company) ,  Br2 (MCB),  
and CI~ (Matheson Gas Company)  were  used wi thout  
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Fig. 1. Scanning electron mi- 
crographs of WSe2 electrodes: 
(a) type E; (b) type S. Magnifica- 
tion 100•  

fu r the r  purification.  MeCN was purif ied and dr ied  as 
prev ious ly  descr ibed (13) and s tored inside the d ry  
box. 

Electrochemical apparatus.--Voltammetric measure -  
ments  were  made in a two-compar tmen t  cell (30 ml)  
equipped wi th  an opt ica l ly  fiat Py rex  window. The 
work ing  and reference  electrodes were  separa ted  f rom 
the aux i l i a ry  electrode,  a P t  flag (~8  cm2), by  a me-  
d ium-poros i ty  frit.  Along with  the semiconductor  e lec-  
trodes the ma in  compar tmen t  contained a P t  disk (0.025 
cm 2) sealed in glass tha t  was used to check the pur i ty  
of the e lec t ro ly te  and to locate the  potent ia l  of the 
reference  e lect rode wi th  respect  to the potent ia l  of a 
known  revers ib le  redox couple. The  reference  elec-  
t rode was a pol ished s i lver  wire  inside a glass cy l in-  
dr ical  compar tmen t  containing only the suppor t ing  
e lec t ro ly te  and separa ted  f rom the main  solut ion b y  a 
med ium-poros i ty  frit. Al l  potent ia ls  repor ted  here  are  
referenced to an aqueous sa tu ra ted  calomel e lect rode 
(SCE).  Single compar tment ,  two-e lec t rode  cells, also 
equipped wi th  opt ical ly  flat Py rex  windows, were  used 
as photovol ta ic  (solar)  cells. 

The electrochemical  cell  and solutions were  p re -  
pa red  before  each exper imen t  wi th in  the  d ry  box. Al l  
ground glass joints  were  sealed wi th  s i l icone-based 
vacuum grease to pe rmi t  the cell to be removed  from 
the iner t  a tmosphere  for study.  When  the exper iment  
requi red  opening of the  e lec t rochemical  ceil  outside of 
the  d r y  box, prepur i f ied  N2 was b lown  over  the  top of  
the solut ion unt i l  the cell was reclosed. 

The cyclic vo l t ammograms  were  obta ined wi th  a 
Pr ince ton  Appl ied  Research (PAR) Model 173 poten-  
t ios ta t  and PAR Model  175 Universa l  p rog rammer  and 
recorded on a Houston Ins t ruments  Model 2000 X-Y 
recorder .  Capaci tance measurements  were  made  using 
a PAR Model HR-8 lock- in  amplifier.  Solar  cell  cur -  
r en t -vo l t age  curves were  made by  measur ing  the vo l t -  
age across a var iab le  load resis tance wi th  a Kei th ley  
Model 179 TRMS digi ta l  mul t imeter .  

The l ight  source used for photoelec t rochemical  s tud-  
ies was an Oriel  Corpora t ion  (Stamford,  Connect icut)  
450W xenon lamp. A red  filter was used to e l iminate  
wavelengths  below 590 nm. Neut ra l  dens i ty  filters 
(Oriel  Corpora t ion)  were  used to v a r y  the l ight  in-  
tensity.  The full,  f i l tered xenon l amp  power  output  w a s  
,~150 m W / c m  2 as measured  with  an E. G. and G. 

(Salem, Massachuset ts)  Model  550 r a d i o m e t e r / p h o -  
tometer  and a Scientech 361 power  meter .  

Results 
Capacitance measurements and cyclic voltammetry 

in the absence of redox couple.--Capacitance measure -  
ments  on severa l  n-WSea electrodes in MeCN conta in-  
ing only TBAP (0.2M) resul ted  in two dis t inct  types  
of behavior .  The capaci tance vs. potent ia l  curve of a 
type  S electrode,  Fig. 2, closely resembles  behavior  
typical  of a fa i r ly  la rge  bandgap  n - t y p e  semiconductor ,  
where  at  potent ia ls  posi t ive of the  f la tband potent ial ,  
V F B ,  the space charge region is deple ted  of e lectrons 
and contains ionized donors at  some constant  concen- 
t r a t ion  (1). This region extends  up to potent ia ls  of 
1.3V vs. SCE. At  potent ia ls  more  negat ive  than  --0.4V, 
the capaci tance becomes constant  indica t ing  the onset  
of degeneracy.  The vo l tammet r ic  behav ior  of the same 
electrode in MeCN-0.2M TBAP is shown in Fig. 3. In  
the  da rk  a smal l  current ,  ~0.2 m A / c m  2, begins at  0.6V. 
Under  i l luminat ion,  the photocur ren t  begins at  ,~0.5V 
and increases s teadi ly  at  more  posit ive potentials .  At  
,~I.0V, the  pho tocur ren t  is ~1.0 mA/cm% On the reverse  
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Fig. 2. Differential capacitance curve for type E and type S WSe2 
electrodes in MeCN containing 0.2M TBAP. Scan rate, 5 mV/sec; 
applied a-c voltage, 5 mV rms. Frequency, 1000 Hz. 
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Fig. 3. Voltammetric behavior of type S and type E electrodes in 
MeCN-0.2M TBAP. Scan rate, 100 mV/sec, except for chopped 
light scans, 10 mV/sec. 

scan, under  i l luminat ion,  a smal l  cathodic current ,  ,,,0.2 
m A / c m  2, begins at  0.0V. This same cathodic cur ren t  is 
observed if  the l ight  is tu rned  off on t h e ' r e v e r s e  scan 
and increases wi th  more  posi t ive switching potentials .  
The anodic pho tocur ren t  and induced da rk  cur ren t  are  
p robab ly  due to the  oxida t ion  and r e - r educ t ion  of the 
crys ta l  surface caused b y  traces of H20 in the ace toni -  

t r i le  (Se). F u r t h e r  purif icat ion of the solvent  by  add i -  
t ion of A1203 signif icantly reduced these currents .  

The capaci tance behavior  of a type  E WSe~ electrode,  
also shown in Fig. 2, is typical  of e lect rodes  wi th  dis-  
continuit ies  in the  van  der  Waal ' s  surface. The branch  
toward  negat ive  potent ia ls  is s imi lar  in shape to the  
type  S electrodes.  However ,  at  potent ia ls  more  posi-  
t ive than  0.7V, the capaci tance increases sharp ly  indi -  
cat ing e i ther  deep surface states, invers ion of the space 
charge region, or  the occurrence of a faradic  process. 
As Tr ibutsch has a l r eady  pointed out (Se), invers ion  of 
the space charge  region in  a semiconductor  wi th  a 
bandgap  of 1.4 eV is un l ike ly  wi th in  this potent ia l  
region. If  space charge invers ion due  to the rmal  act i -  
va t ion  of electrons into the conduct ion band  were  re-  
sponsible for  this increase  in capacitance,  both  t y p e  S 
and type  E electrodes should show this behavior .  The 
vo l t ammet r i c  behav ior  of the  same crys ta l  ( type  E) in 
a b lank  solut ion is shown in Fig. 3. A da rk  anodic cur -  
ren t  is observed tha t  is app rox ima te ly  five t imes l a rge r  
than on the type  S e lect rode (compare  at  1.0V). Under  
i l luminat ion,  a pho tocur ren t  begins at  --0.3V and is 
fa i r ly  constant  unt i l  0.TV where  a sharp  increase  in an-  
odic currents  begins.  The net  pho tocur ren t  dens i ty  at  
1.0V is ~0.6 m A / c m  2, which is ~60% the cur ren t  den-  
s i ty  at  the  type  S electrode.  The VFB values  and donor 
densit ies of these crys ta ls  -were es t imated  f rom the 
capaci tance measurements .  Mo t t -Scho t tky  plots for  
the two crysta ls  descr ibed above are  shown in Fig. 4a 
and 4b. The resul ts  for severa l  crysta ls  a re  s u m m a r -  
ized in Table  I. VFB, for  WSe2 in MeCN, es t imated  by  
ex t rapo la t ing  to the poten t ia l  where  1/Csc 2 ~ 0, was 
a lways  in  the  range  of --0.2 to --0.4V vs. SCE. The ap-  
pa ren t  donor  densities,  riD, for type  E electrodes were  
3-7 t imes la rger  than  for type  S electrodes.  As can be 
seen in the Mot t -Scho t tky  plots, the apparen t  capaci-  
tance values  were  h igh ly  dependent  on the f requency  
of the  appl ied  a l t e rna t ing  voltage.  F requency  d isper -  
sion of the  capaci tance due to die lect r ic  r e laxa t ion  
should be negl igible  in a cova len t - type  ma te r i a l  l ike  
WSe2. I t  is possible tha t  the  dispers ion observed here  
is due to smal l  changes in the effective e lec t rode  sur -  
face due to corrosion. The values  of •D l is ted in Table I 
are  f rom measurements  in the range 500-1000 Hz. A 
value  of 10 for the dielectr ic  constant  of WSe2 was 
used in all  calculat ions (14). 
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Fig. 4. Mott-Schottky plots of (a) type S and (b) type E WSe2 electrodes in MeCN-0.2M TBAP. (O)  200 Hz, (A) 500 Hz, (11) 1000 Hz 

Downloaded 13 Feb 2009 to 146.6.143.190. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



1.048 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  May I981 

Table I. Estimates of flatband potentials and donor densities for 
n-WSe2 

VFB 
Crystal ,  WSe~ ( V  v s .  SCE) nD ( c m  -S) 

T y p e  S -0.22 1.3 • 10 is 
-0.36 2.0 • 10 TM 
-0.42 1.8 x 10 TM 

T y p e  E - 0 . 2 6  8.5 • 10 ~s 
--0.4* 5.6 • 1019 

* Measured vs. Ag q u a s i - r e f e r e n c e  e l e c t r o d e  and c o r r e c t e d  to  
SCE w i t h  a c c u r a c y  of  ------0.1V. 

Voltammetric behavior o] various redox couples at 
n-WSe2.--Types S and E electrodes showed distinctly 
different vol tammetr ic  behavior.  Recall  that  type E 
electrodes are "those that  have visible edges or discon- 
tinuities in the van der Waal 's plane exposed to the 
solution. These edges have been associated with  the 
face paral le l  to the main C-axis (11 C-axis)  (15) where  
empty  conduction band orbitals are exposed to the so- 
lution. The results are summarized in Tables II and III. 

Oxidation of I -  and B r - . - - T h e  type S electrode 
shows negligible dark current  in the vicini ty of I -  oxi-  
dation on Pt  (Fig. 5a). Upon il lumination, the poten-  
tial for onset of photocurrent ,  Von, was 0.0V and at-  
tains a saturat ion current  at ,,,0.2V. The chopped l ight  
vo l tammogram clearly indicates that  l i t t le  back- reac-  
tion (reduction of photo-oxidized products) occurs be- 
yond the onset potential. The dark current  at the type 
E electrode in the presence of I -  (Fig. 5b) was smaller  
(i.e., about one- ten th)  than in the blank solution 
(Fig. 3). Von was ,~0.07V more negat ive than the Von 
at the type S electrode. This difference in onset poten-  
tial is approximate ly  the difference in the measured 
flatband potentials for these crystals. The max im um  
photocurrent  densities were  about the same for both 
type S and type E electrodes. However ,  on scan re-  
versal, a much larger  reduct ion peak centered at 
--0.07V was found with the type E electrode. 

The oxidation of B r -  (as TBABr)  on WSe2 followed 
behavior  s imilar  to that  found for I -  (Fig. 6a and 6b). 

Table II. Voltammetric data for various redox couples at WSe2 

Pt* Type S** Type E? 

Couple Vp~ Vpc Yonset Ypc Vonset Ypc 

I-/I2 0.35 0.1 O.00 - -  - 0.07 - 0 . 0 8  
Br- /Br2  0.69 0.25 0.05 - 0.35 0.02 - 0.12 
C1-/CI~ 1.09 0.82 0.55 - -  0.21 - 0.0'2 
ThO/+ 1.26 1.20 0.60 0.76 0.67 0.75 
Ru (bpy)  $2/s+ 1.33 1.27 0.91 0.96 - -  - -  

* All  va lues  in V vs. SCE; Eonset = potential of photocurrent 
onset .  

** U n d e r  i l luminat ion;  n e g l i g i b l e  dark anodic  c u r r e n t s  at t y p e  
S e lec trodes .  

t Under illumination; no wel l -de f ined  peaks  in dark except 
for  t h i a n t h r e n e  ox idat ion ,  Vpa = 1.35V; Vpc = 1.15V. 

Table III. Comparison of current densities at type S and type E 
WSe2 electrodes in solutions containing various redox couples 

Current ,*  m A / c m e  

Type S Type E 

Redox Illumi- Illumi- 
couple Dark* nated Dark nated 

I- <0.1 0.66 <0.1 0.71 
B r -  <O.1 5.0 <0.1 1.1 
C1- <0.1 6.0 0.1 2.0 
T h  <0.1 3.2 2.4 2.4 

* Dark current m e a s u r e d  at p o t e n t i a l  of oxidation peak on Pt. 
Photocurrent measured at peak potential for type E electrodes. 
M e a s u r e d  at current plateau forfi_ype S electrode except for Br- 
w h e r e  9,photo WaS m e a s u r e d  at  0.8V. 

The V ~  for the type E electrode was about 30 mV 
more negat ive than for the type S electrode. A m u c h  

la rger  difference existed, however ,  in the total photo- 
current  densities. The current  density at the type S 
electrode was about 4-5 times larger  than that  at 
type E. 

Oxidation o] C1- . - -The  vo l tammetr ic  behavior  f o r  

the oxidat ion of C1- at the two WSe2 electrodes are 
shown in Fig. 7a and 7b. At  the type S electrode, Von 
is 0.55V. Again, no dark current  or back-react ion is 
seen at this electrode. The oxidation of C1- on the type 
E electrode is s t r ikingly different. Von was 0.34V more  
negat ive at this crystal. This difference in onse~ poten-  
tial cannot be accounted for by the small  difference in 
flatband potential  (,-,50 mV).  The cyclic vo l tammo-  
gram at the type E electrode shows a large reduction 
peak centered at 0.17V in ~he dark on scan reversal.  
This peak probably corresponds to the reduction of 
chlorine generated in the dark on the anodic scan. Un-  
der i l lumination, this reduct ion peak occurred at a po- 
tential  about 0.2V more negative.  No reverse  reduction 
peak was observed in the dark on the type S electrode 
since no dark anodic current  flowed. However ,  under  
i l lumination,  a similar  cathodic current  was observed 
at potentials more negat ive than 0.0V. 

Thianthrene.--The vol tammetr ic  behavior  for the 
oxidation of th ianthrene  (Th) at the two WSe2 crystals 
is shown in Fig. 8a and 8b. While under  i l lumination, 
the onset potential  and waveforms are almost identical  
at the two electrodes; in the dark a str iking difference 
exists. With the type E electrode, a large quas i - revers -  
ible peak is located at approximate ly  the same poten-  
tial as on Pt. The current  density in the dark is equal 
to the photocurrent  density. On the type S electrode, 
no dark anodic current  is observed. On scan reversal  
following an anodic scan under  i l lumination,  a cathodic 
peak is observed at both type E and S electrodes. 

Oxidation of thianthrene in the presence of hal ide.-  
The photo-oxidat ion of Th wi th  small amounts of hal-  
ide species (10-15 raM) added to the solution was 
studied to determine  the effect of halide ions on the 
photoelectrochemical  behavior  of WSe2. The cyclic 
vol tammograms obtained in the dark at the type E 
electrode in mixed Th/ha l ide  solutions is shown in Fig. 
9. The previously observed dark quasi - revers ib le  wave  

+ 
due to Th oxidation and T h '  reduct ion is noticeably 
absent in the presence of I - ,  B r - ,  or C1-. A compari-  
son of the cyclic vo l tammograms under  i l luminat ion of 
th ianthrene alone and wi th  ei ther  I -  or B r -  in solu- 
tion shows li t t le change in the peak potentials due to 
Th photo-oxidation.  In the presence of CI- ,  however ,  
these peaks, which were  centered around 0.75V vs. 
SCE, are absent (Fig. 10), and instead, a new pair  of 
oxidation and reduct ion waves centered at 0.52V ap- 
peared. These peaks were  not present  in solutions con- 
taining C1- alone and therefore  are assigned to the 
oxidation and reduct ion of Th. From these results, it 
appears that  C1- induces a 230 mV shift  in Von for the 
oxidation of thianthrene.  To demonstrate  that  this ef-  
fect results f rom the interact ion of C1- with the sur-  
face discontinuities, the exper iment  i l lustrated by Fig. 
11 was undertaken.  A fresh type E electrode was pre-  
pared and the dark and photo-oxidat ion of Th was 
observed (curves a, b).  The electrode was then re-  
moved and dipped into an MeCN solution of 7.0 
mmoles TEAC1 in the dark wi thout  any externa l  elec- 
trical connection. After  30 sec, the electrode was re-  
moved, rinsed thoroughly wi th  MeCN, and placed back 
into the original  Th-conta ining solution. The result ing 
cyclic vo l tammograms (curves c and d) showed an 
immedia te  decrease in the dark current  and a nega- 
t ive shift (~180 mV) of the onset potential for photo- 
current. The maximum photocurrent for Th oxidation 
increased by about 25% following this surface treat- 
ment. This improved photocurrent-potential curve re- 
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Fig. 5. Voltammetric behavior of iodide in MeCN containing 0.2M TBAP and TBAI. (a) Type S, [ I - ] ,  10 mmoles; (b) type E, [ I - ] ,  15 
mM. Scan rate, 100 mV/sec, except for chopped light scan at 10 mV/sec. 

mained unchanged for at least 30 rain of continuous 
cycling. When a similar experiment  was carried out 
with a type S electrode, no changes in  the dark oxida- 
tion current  (which was negligible) or the photocur-  
rent  was found by a C1- pretreatment .  Note that the 
decrease in dark current  for the type E electrode on 
t rea tment  with C1- takes place without  any possibility 
of photo-oxidation occurring dur ing the exposure of 
the electrode to C1- so that the formation of a l ight-  
induced complex between the electrode and C1- is un -  
likely. The observed effect can be ascribed to in ter -  
actions of the C1- with surface discontinuities leading 
to 'modification or passi:cation of these sites. 

Photovoltaic cell based on W S e J C I - ,  Clz, (MeCN)/ 
Pt . - -Schneemeyer  and Wrighton have previously re- 
ported photovoltaic cells based on the generat ion of 
CI~ at i l luminated  MoS2 (6) and MoSe2 (7) in MeCN. 
Similar  cells employing type S WSe2 photoanodes were 
constructed to test the efficiency and stabil i ty of this 
material .  The i-V characteristics for several electrodes 
in  cells saturated with TEAC1 and with C12 bubbled 
through the solution are shown in  Fig. 12. The open- 
circuit photovoltage, Vor and short-circuit  photocur- 
rents, isc, for several electrodes are listed in Table IV. 

At low photovoltages the photocurrents at several 
electrodes appear remarkab ly  high, represent ing quan-  
tum efficiencies of 1 (or even more) under  short-cir-  
cuited conditions. A sharp drop in  photocurrent  
(~30%-40%) is observed with increasing load resist- 
ance in the first 100 mV of the photo i-V curve (Fig. 
12). To de termine  if these unusua l ly  high c u r r e n t s a r e  
due to a photoinduced corrosion process, a WSe2 crys- 
tal (11.5 rag) was placed in contact with a Pt  electrode 
and immersed in  a 2.0M TEAC solution saturated with 
Cl2. After  60 hr under  i l luminat ion  (,-,80 mW/cm ~) the 
crystal remained unchanged with no weight loss (~0.1 

mg).  While this exper iment  may not reproduce the 
actual conditions of a PEC cell, photoinduced corrosion 
does not  appear to be the major  cause of the high 
short-circuit  currents. O~her causes for this., result, 
such as the focusing or scattering of the incident  radi-  
ation onto the very small  area electrode by the sur-  
rounding glass or sealant  to cause a higher effective 
light flux on the electrode, have been considered. Prob-  
ing experiments  with the small  beam of an He-Ne 
laser show that this is a small effect. At this time, the 
actual cause of these anomalous currents  is unclear.  

Voc depended strongly on the amount  of C12 bubbled 
through the solution. The highest Voc values listed for 
the 1.9M C1- solutions (Table IV) were produced by 
optimizing the C1-/C12 ratio. No at tempt was made to 
measure exactly the amount  of C12 dissolved in  the so- 
lution. As shown in  Fig. 13, Voo drops considerably as 
excess C12 is added to. the solution. In  a regenerat ive 
photocell with an iner t  metal  electrode and without  an 
external  power supply the photocurrent  can be l imited 
by either processes at the photoanode or at the metal  
cathode. Thus, at low concentrations of C12 the photo- 
current  was l imited by mass t ransfer  to. the p la t inum 
cathode, while at high C12/C1- ratios, the photovoltage 
was l imited by the solution redox potential  (as dis- 
cussed below). When the photocurrent  did not increase 
with higher concentrations of C1- or C12, addit ion of 
C1- to the solution increased Voo. The isc value in-  
creased steadily with C1- concentrat ion up to 1.6M. 
Addit ional  increases in C1- concentrat ion had no effect 
o n  i s c  o r  ] 7 o c ,  

In  a 1.gM CI -  solution, Voc approached a constant  
max imum value at light intensities --~30 mW/ c m 2. The 
short-Circuit photocurrent  increased l inear ly  with l ight  
intensi ty  up to 120 m W / c m  2, where it also reached a 
saturat ion value. 
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Fig. 6. Voltammetric behavior of bromide in MeCN containing O.2M TBAP and 10 mM Br- .  ia) Type S; (b) type E. Scan rote, 100 mV/sec 
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Fig. 8. Yoltammetric behavior of thianthrene in acetonitrile solution cantaining 0.2M TBAP and 5 mM Th. (a) Type S, (b) type E. Scan 
rate, 100 mY/sec except for chopped light scan at 10 mV/sec. 

I r radia t ion of the WSe2 photoanode with the ful l  
output  from a 450W xenon lamp (>590 nm and inf ra-  
red filtered) focused onto the electrode surface yielded 
the isc and Voe values listed in  Table IV. Maximum 
power efficiencies under  these conditions were esti- 
mated to be 7%-10.5%. No atempts were made to cor- 
rect for solution absorption ov reflections at the cell 
windows or the electrode surface�9 However, since the 
same photocurrent  was found at ,~80% of this l ight 
intensity,  the power efficiencies at lower intensities 
would be ~2% higher. 

The stabil i ty of n-WSe2 (type S) against  possible 
attack by C12 generated at the surface was tested by 
allowing the photovoltaic cell to run  for several hours 
(Fig. 14). After  7 hr, the short-circuit  photocurrent  
had decreased by  --4% from its original stable value 
of 146 ~A. This corresponds to 3.7C of charge passed 
which represents an amount  of charge sufficient to con- 
sume an appreciable par t  of the 10 mg crystal, if cor- 
rosion were occurring. The electrode surface appeared 
unchanged after 7 hr. 

Table IV. Characteristics of several photovoltaic cells: n-WSe2 
(type S)/(MeCN), CI - ,  CI2/Pt* 

Fil l  P o w e r  isc 
Elec- Conc. f a c t o r  effi- ( m A /  Voc 

t r a d e* *  TEAC1 ( m a x )  c iency  cm 2) ( m V )  

A Said. 0.27 6.4 70 510 
A 1.9M 0.24 5.6 65 540 
B Satd. 0.26 10.4 125 480 
C Satd. 0.23 7.6 120 410 
C 1.9M 0.28 10.3 96 575 
D Satd. 0.20 7.3 90 544 

* I r r a d i a t e d  w i t h  l igh t  >500 rim. T h e  p o w e r  ou tpu t  of t h e  
l amp  w a s  150 m W / c m  ~. 

** E lec t rodes  A-D w e r e  d i f f e r e n t  type  S crys ta ls .  

Discussion 
Dark and photocurrents. - - T h e  large differences in  

dark currents  on the type S and type E electrode can 
be understood by a modified model used by Gerischer 
et al. for dark currents  on MoS2 (15). In  this model, 
the d-orbitals  paral lel  to the C-axis, in  addit ion to 
forming the conduction band  in  the bulk  material ,  are 
assumed to provide surface states at discontinuities of 
the type E electrode at energies in  the upper  par t  of 
the bandgap (11). Facile electron transfers can take 
place from the electroactive species into the conduc- 
t ion band  via these mediat ing d-orbitals.  When the 
exposed surface is free from edges, the layer  of Se 
atoms block overlap be tween  the conduction band  and 
molecular  orbitals of the species. In  this case, electron 
t ransfer  in  the dark via the conduction band  is allowed 
only by thermal  excitat ion or by tunnel ing.  This 
model seems to fit the behavior  found for the oxidation 
of Th at WSe2. In  the dark, a small  current  (<0.2 
m A / c m  2) is observed on the type S electrodes. This 
dark current  is no larger  than the current  observed 
for the same electrode in  a solution containing only 
support ing electrolyte (0.2M TBAP).  At the type E 
electrode, a large, mass t ransfer  limited, dark cur ren t  
is observed for Th oxidation indicat ing that  the current  
is not controlled by the number  of dark oxidation sites 
on the crystal surface. Under  i l luminat ion,  both elec- 
trodes show similar  vol tammetr ic  responses, with 
slightly higher photo.currents observed on the type S 
electrode. Thus for the type E electrode, the existence 
of the surface states allows Fermi  level p inning  and 
electron t ransfer  to occur at potentials close to the 
s tandard potential  of the redox couple. However, for 
a type S electrode, there are much lower densities of 
surface states near  the conduction band. Fast electron 
transfer  reactions do not occur in the dark for couples 
with potentials much more positive than the flatband 
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current; same conditions of Th and C I -  in mixed solution. 

potential. However, even with type S electrodes, Fermi 
level p inning  at the bottom part  of the bandgap may 
occur, as discussed later. 

The photo-oxidation of halide species shows a 
slightly more complicated behavior. At the type S elec- 
trode, the dark anodic current  in the presence of hal-  
ides is about the same as the small  dark current  ob- 
served in  a solution containing only support ing elec- 
trolyte. However, at the type E electrode, the dark 
current  in the presence of halides is much smaller  than 
that  in the b lank solution. Tributsch et al. have pre-  
viously proposed an interact ion of I -  with the surface 
in aqueous solutions (5f). The decrease in the dark 
oxidation currents  on the type E electrode on the addi-  
tion of halide ions s imilar ly  suggests a strong in ter -  
action of I - ,  B r - ,  and C1- with the surface states, 
composed of empty d-orbitals  along the exposed edges. 
deactivating these previously dark active sites. This 
is confirmed by the decrease in the dark currents  for 

+ 
Th oxidation (and Th" reduction) by the addit ion 
of I - ,  B r - ,  or C1-. 

The total photocurrent  densities for the oxidation 
of C1- or B r -  are 3-5 times larger at the type S elec- 
trode. Apparent ly  while the dark active sites at the 
exposed edges are ineffective for the dark oxidation 
of B r -  or CI- ,  they remain  rather  efficient at t rapping 
electrons and reducing photogenerated C12 and Br2. 
The total photocurrent-densi ty  for the oxidation of I -  
at the two electrodes was approximately the same. 

The difference in behavior  between B r -  or C1- and 
I -  probably reflects the stronger interact ion of I -  with 
the electrode surface. The decrease in background cur-  
ren t  after t rea tment  with halide (compare the dark 

currents  at type E electrode before and after addition 
of I - ,  B r - ,  C1-) is important,  since this current  is 
presumably  caused by oxidation of the surface lattice 
in  the presence of trace amounts  of H20 in the ace- 
tonitri le (5e). Suppression of the crystal oxidation is 
equivalent  to stabilization of these photoanodes and 
may be the reason for the stabili ty observed in  the 
aqueous iodide (5e, 9) and nonaqueous chloride (6, 7) 
cells employing layered materials.  Fur ther  experi-  
ments are necessary to demonstrate  if the halide pre-  
t reatments  are sufficient for long- term stability. 

Pho topo ten t i a l s . - -From differential capacitance mea-  
surements,  V~-B of n- type  WSe2 (both type S and E) in 
MeCN/TBAP alone was --0.3 _ 0.1V vs. SCE (Table 
IT). The bandgap of these samples, determined from 
the action spectrum, is N1.4 eV. After correction for 
the difference be tween Fermi level and the conduction 
bandedge, this places the edge of the valence band at 
,-~I.0V vs. SCE. This is in  good agreement  with the flat- 
band potential  of p- type WSe2, -~-I.0V vs. SCE, mea-  
sured in MeCN (16). 

The difference in potential  for oxidation at Pt  and 
i l luminated WSe2 (i.e., the photounderpotent ia l )  vs. 
the s tandard potential  for several redox couples is 
shown in Fig. 15. The s tandard potentials taken for I - ,  
B r - ,  and C1- are the average of the reduction and oxi- 
dation peak potentials at Pt. The Van for I -  and B r -  
is approximately 0.2-0.3V positive of the measured flat- 
band potential. This positive value of Van suggests re- 
combinat ion is occurring and this can be at t r ibuted to 
the band of surface states lying directly below the con- 
duction bandedge. 

For couples with s tandard potentials more pos- 
itive than 0.5V vs. SCE (C1-/C12, T h / T h  +, and 
Ru(bpy)82+/3+) the photopotential  (V ~ - - V a n )  b e -  
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comes a lmost  constant  a t  a va lue  of ~0.4-0.5V. This 
l imit ing value  can best  be unders tood by  Fermi  level  
pinning (2a) a t  surface states located app rox ima te ly  
0.5 eV above the va lence  bandedge.  Von for redox 
couples wi th  V ~ more  posi t ive than  0.SV vs. SCE 
should increase l inea r ly  wi th  increas ing V ~ For  cou- 
ples wi th  V ~ at  potent ia ls  negat ive  of the sur face-s ta te  
level  (~0.SV),  Von is constant  and  the photopotent ia l  
should increase as V ~ becomes more  positive, as seen 
in Fig. 15. F u r t h e r  evidence for the  presence of sur -  
face states is the  h ighly  dependent  na tu re  of the photo-  
vol tage developed in the n -WSe2 /CI - ,  C12(MeCN)/Pt  
cell upon the C12/C1- ra t io  (Fig. 13). Based on the 
ideal  model  of the semiconductor -so lu t ion  interface  
(1), Von should be  at  VFB and the P t  e lect rode would  
be poised by  the redox couple so tha t  a h igher  photo-  
vol tage is expected wi th  h igher  C12/C1- ratios,  i.e., a 
higher  C1JC1-  shifts the s o l u t i o n  redox  potent ia l  to 
more  posit ive values  whi le  the bandedges  r e m a i n  
unaffected. However ,  the  exper imen ta l  resul ts  do not  
conform to this behavior .  Upon addi t ion  of C12, Voc 
ac tua l ly  decreases (see Fig. 13). This could be a t t r i b -  
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Fig. 14. Short-circuit photocurrent of WSe2/CI- (1.9M), CI2/Pt 
PEC cell as function of time. Electrode area, 0.015 cm 2. 
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uted to a higher surface recombination rate at the 
higher CI2 concentration. 

The shift in onset potential for Th oxidation at the 
type E electrode in the presence of C1- can also be ex- 
plained by Fermi level pinning as shown in Scheme I 
(a). As the applied potential is biased in a positive 
direction, C12 is initially generated and the Fermi level 
is pinned at the redox potential of C12/C1- or, more 
likely, somewhat between the V~ of the two redox 
couples. The result should be a more negative onset po- 
tential for thianthrene oxidation as is observed in Fig. 
10. I - / I 2  does not affect the onset potential for thi- 
anthrene oxidation, since at the potential where the 
Fermi level is pinned, i.e., at the standard potential of 
I - / I2 ,  the valence bandedge and the bottom surface 

(a) (b) 

Ec 
E F J S.S. 

I S.S. 

CI-/CI 2 

ThlThC 

i_/i 2 

j ThlTh~ 

no photooxidation of Th 

facile photooxidation of Th 

Scheme I. Ec, conduction bondedge; EF, Fermi level; Ev, valence 
bandedge; S.S., surface state. 

+ 
states are well beyond the potential of T h / T h '  [see 
Scheme i (b) ]. 

Conclusion 
The results presented here indicate that the surface 

morphology of WSe2 single crystals is a critical factor 
in determining their performance characteristics in 
photoelectrochemical cells. Both the photocurrent and 
photovoltage are dependent on the discontinuities in 
the surface plane. The application of layer- type semi- 
conductors toward efficient solar conversion devices 
will depend on the abili ty to passivate recombination 
centers located at these surface discontinuities. Halide 
pretreatment can improve the photoresponse for the 
oxidation of thianthrene. Surface pretreatments with 
other electron-donating species may passivate recom- 
bination to a larger degree and is under investigation. 
The correlation of the density of surface states (surface 
discontinuities) with the observed photopotential lends 
support to the role of Fermi level pinning (2). Fur-  
ther results are required before an unambiguous re- 
lationship can be drawn between the density of surface 
states and the observed pho~opotential. 

The stabili ty and efficiency of the nonaqueous 
n-WSe2/CI-,  C12/Pt photovoltaic cell confirm the orig- 
inal predictions of Tributsch (Sa) on the performance 
of layered materials. 
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Semiconductor Electrodes 
XXXIV. Photoelectrochemistry of p-Type WSe in Acetonitrile 

2 

and the p-WSe -Nitrobenzene Cell 
2 

G. Nagasubramanian and Allen J. Bard* 
Department of Chemistry, University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

The photoelectrochemical behavior  of p- type  WSe2 single crystal electrodes 
in acetonitri le solutions containing a number  of redox couples [e.g., N,N,N',N'- 
t e t r amethy l -p -pheny lene  diamine ( +  1/0), methyl  viologen ( +  2 / +  1), n i t ro-  
benzene (0 / - -  1), phthaloni t r i le  (0/ - -  1) ] was investigated. For couples with po- 
tentials in the bandgap region (ca. --0.4 to +I .0V vs. SCE), a l inear  increase 
of the photopotential  with V r e d o  x w a s  observed. Couples located at more nega-  
tive potentials (i.e., above the conduction bandedge) also showed a photoeffect, 
with the photopotential  p inned at ,-~ --0.95V; this was ascribed~ to surface state 
p inn ing  or inversion. A PEC cell of the form p-WSe2/PhNO2, MeCN/Pt  is de- 
scribed. Trea tment  of the p-WSe2 electrode with iodide was shown to improve 
the efficiency of such cells. 

In  the preceding paper, the behavior  of n- type  WSe2 
in acetonitri le (MeCN) solutions wasd i s cus sed  (1). 
WSe2 and other layer- type  semiconductor materials,  
first proposed by Tributsch for photoelectrochemical 
(PEC) applications (2), have been extensively invest i-  
gated recent ly (3-8). The results with n - W S e J M e C N  
were consistent with a flatband potential  of ,-, --0.3V 
vs. SCE and the existence of surface states which pro- 
vide sites for surface recombinat ion and lead to Fermi  
level pinning. Studies of p- type WSe2 in MeCN were 
under taken  to confirm the location of the bandedges in 
WSe2 and to ascertain if the behavior of a number  of 
redox couples at this mater ial  was consistent with a 
p inn ing  model. 

A second goal of this work was the construction of 
a PEC cell for conversion of solar to electrical energy 
uti l izing this material.  Past  research involving PEC 
cells in nonaqueous solvents such as MeCN have shown 
that  while high stabil i ty can often be at tained in such 
systems, the max imum light intensit ies that can be 
util ized are often l imited by the low concentrations of 
the electroactive materials  in  the solution (9). How- 
ever, n i t robenzene (PhNO2) is miscible in all propor- 
tions with MeCN and should be a reasonable oxidant  at 
a .p - type  semiconductor electrode. Cells with p-WSe2 
and PhNO2 which appear stable and show mono- 
chromatic efficiencies ~4% are described here. 

Experimental 
Chemicals.--Nitrobenzene (PhNO2) was purified fol- 

lowing the procedure of Marcoux et at. (10). PhNO2 
was first passed through an activated a lumina  column 
and then vacuum distilled. MeCN was purified as pre-  
viously described (11). The other redox couples were 
purified by recrystallization. All compounds were 
stored inside a helium-fil led Vacuum Atmosphere Cor- 

* Electrochemical  Society Act ive  Member. 
K e y  words: capacitance, vol tammetry,  solar cel l s .  

poration (Hawthorne, California) glove box. Polaro- 
graphic grade, t e t r a -n -bu ty l  ammonium perchlorate 
(TBAP),  dissolved and recrystallized from ethanol, 
thrice, and dried under  vacuum (~10 -5 Torr) for 3 
days was used as support ing electrolyte. The cell em- 
ployed was a conventional  single compar tment  cell of 
25 ml capacity containing the p-WSe2, a Pt  working 
and counterelectrode and a quasi-reference electrode, 
which was an Ag wire immersed inside the solution and 
separated from it by a medium-porosi ty  glass frit. The 
potential  of this electrode was checked against  an aque-  
ous saturated calomel electrode (SCE) at regular  in ter -  
vals and was found to be constant. All potentials, 
unless specified otherwise, are given in V vs. SCE. 

The p-WSe2 single crystal generously donated by 
Dr. B. Miller and Dr. F. DiSalvo, Bell Laboratories, was 
used as the electrode. This was selected, after carefully 
verifying under  microscope that the surface was quite 
free of exposed edges. A clean new crystal surface 
(•  C-axis) was produced by attaching adhesive tape 
and peeling off the surface layer. Gold was electro- 
plated on one side of the pellet and the contact was 
found to be ohmic. A copper wire lead for electrical 
contact was attached to the gold-coated side with silver 
epoxy cement (Allied Product  Corporation, New 
Haven, Connecticut) and was subsequent ly  covered 
with 5 rain epoxy cement. The assembly was mounted 
into 7 mm diam glass tubing and was held in position 
with silicone rubber  sealant (Dow Corning Corpora- 
tion, Midland, Michigan),  which also served as an effec- 
tive seal against the seepage of electrolyte solution to 
the rear of the semiconductor electrode. The exposed 
area of p-WSe2 was 0.05 cm 2. The surface of the elec- 
trode was etched before use with 12M HCI for 5-i0 sec 
and then rinsed thoroughly with distilled water  and 
dried. The area of the Pt  cylindrical  wire, used as a 
counterelectrode, was 0.15 cm 2. 
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