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Semiconductor Electrodes 
XXXVI. Characteristics of n-MoSe s, n- and p-WSe 2 Electrodes in 

Aqueous Solution 

Fu-Ren F. Fan* and Allen J. Bard* 
Department oS Chemistry, The University of Texas at Austin, Austin, Texa~ 78713 

ABSTRACT 

Capacitance and voltammetric measurements were employed to investigate 
the electrochemical and photoelectrochemical (PEC) behavior of n-WSe2, 
p-WSe2, and n-MoSe2 single crystal electrodes in aqueous solutions contain- 
ing various redox couples (Br-/Br2, I-/Is-, Fe(CN)64-/Fe(CN)63-, Fe2+/ 

Fe 3+, HV+/HV 2+, and MV+/MV 2+, where HV is heptyl viologen and MV is 
methyl viologen). In supporting electrolyte (0.5M Na2SO4), the conduction 
bandedges of MoSes and WSe2, determined from the capacitance measure- 
ment, are at --0.14 and --0.44V vs. SCE, respectively, and the valence band- 
edge of WSe2 is at 0.93V vs. SCE. A bandgap of 1.4 eV for WSe2 was deter- 
mined either from the photocurrent action spectrum or from the capacitance 
measurement. The specific effects of iodide on the capacitance and voltam- 
metric behavior of layer-type compounds are compared. The characteristics 
of several PEC cells are also described. 

The appl ica t ion  of semiconductor  e lec t rode  photo-  
e lec t rochemical  (PEC) cells (1) for the  ut i l izat ion of 
solar  energy  for  the product ion of e lect r ic i ty  or chemi-  
cal species depends  on the  d iscovery  of inexpens ive  
and abundan t  mate r ia l s  wi th  an energy  gap which  
matches  the solar  spec t rum and which are  capable  of 
s table  operat ion.  Thus there  has been  an act ive search 
for  new semiconductor  mate r ia l s  for PEC cells which  
meet  these requirements .  

Tr ibutsch  (2) in t roduced  the concept  of using l a y e r -  
type  electrodes (e.g., MoS2, MoSe2, WSe2) for such ap-  
pl icat ions and a number  of recent  papers  (3-8)1 have 
descr ibed  PEC cells based on these mater ia ls .  These 
cells show quite good efficiencies and good s tabi l i ty  in 
aqueous and acetoni t r i le  solutions containing redox  
couples wi th  reasonab ly  posi t ive redox  potent ia ls  
(e.g., I - / I a - ) .  Wrighton  and co-workers  demons t ra ted  
that  MoSe2 and MoS2 can even photo-oxidize  chlor ide 
in h ighly  concent ra ted  aqueous LiC1 solutions (3). 

The behavior  and efficiencies of these cells depend 
s t rongly  on the na ture  of the e lect rode surface (4-8).  
A wide range  of scat ter  in the e lectrochemical  p a r a m -  
eters  (e.g., f la tband potent ial ,  VFB) and the PEC be -  
hav ior  is r epo r t ed  f rom different  laboratories .  These 
different  resul ts  are  appa ren t l y  due to the significant 
s ample - to - sample  var ia t ions  in the morphology of c rys-  
tals. For  example ,  the presence of exposed edges in the 
van  der  Waals  surface ( •  C-axis )  has been shown to 
lead  to significant da rk  anodic currents  at  n - t y p e  elec-  
t rodes and lower  pho tocur ren t  efficiencies (4c, 8b).  

In  this report ,  we  descr ibe  the vo l t ammet r i c  and 
impedance  measurements  of some care fu l ly  selected 
and we l l -behaved  n-MoSe2, n -  and p-WSe2 single 
crystals .  Some phys ica l  proper t ies ,  e.g., VF~ and the 
bandgap,  Eg, of WSe~, obta ined  b y  different  techniques 
are  compared.  The specific effect of iodide on the onset  

* E l e c t r o c h e m i c a i  Soc ie ty  Ac t ive  M e m b e r .  
K e y  w o r d s :  c a u a c i t a n c e ,  v o l t a m m e t r y ,  i m p e d a n c e ,  pho toe l ec -  

t r o c h e m i c a l  behavior, solar ceils. 
1 A solar power conversion eff ic iency of  10.2% has  b e e n  reported 

for a cel l  b a s e d  on  n-WSe~ a n d  I-/I3- s y s t e m s  (5) .  

photopotent ia ls  of l a y e r - t y p e  compounds is compared  
wi th  VFB obta ined  by  capaci tance measurements .  We 
also discuss the per formance  of severa l  solar  cells com- 
posed of n-MoSe2 and (ha logen /ha l ide )  r edox  couples. 

Experimental 
The semiconductors  used, n-MoSes, n -  and p-WSe2, 

were  single crystals  generous ly  dona ted  by  Dr. B a r r y  
Mil ler  and Dr. F r a n k  DiSalvo, Bell  Laborator ies .  The 
deta i led  procedures  for selecting, mounting,  cleaning, 
and etching the single crystals  and  p r epa r ing  the 
ohmic contacts a re  s imi lar  to those prev ious ly  re -  
por ted  (4). The electrodes s tudied here  showed m i r r o r -  
l ike surfaces wi th  no obvious edges and pits  on the  
surfaces when examined  at  a magnificat ion of 100• 
They produced negl ig ib ly  smal l  da rk  oxidat ion  cu r -  
rents  ( <  1 #A cm -2) in 0.5M Na2SO4 be tween  --0.5 
and 1V vs. SCE. Typical ly,  the e lect rode areas of the 
semiconductors  were  0.03-0.2 cm 2. If  not  o therwise  
mentioned,  the exposed surface is the van der  Waals  
surface ( •  C-ax is ) .  

A convent ional  three-e lec t rode ,  s ing le -compar tmen t  
cell was used for all  exper iments .  The e lect rochemical  
cell (volume ,-~ 25 ml)  contained P t  disk and semicon-  
ductor  work ing  electrodes and was fi t ted wi th  a flat 
P y r e x  window for i l lumina t ion  of the semiconductor  
electrode. A p la t inum foil (N 40 cm 2) was used as the 
countere lec t rode  in the vo l tammet r ic  and i m p e d a n c e  
measurements .  An aqueous sa tu ra ted  calomel  elec-  
t rode (SCE) was used as the reference  electrode.  

The vo l t ammet r i c  exper iments  and the solar  cell  
measurements  were  pe r fo rmed  wi th  the  same apparatus 
and procedures  as repor ted  prev ious ly  (4). The l ight  
source used in the s tudy of the PEC effect was an Oriel  
Corpora t ion  (Stamford ,  Connect icut)  450W Xe 1amp. 
Exper iments  designed for specific wavelengths  em-  
p loyed an Oriel  7240 gra t ing  monochromator  wi th  a 
20 nm bandpass.  A red  fi l ter (590 nm cut -on)  was used 
with  the  Xe lamp. The rad ian t  in tens i ty  was m e a -  
sured wi th  an EG & G (Salem, Massachuset ts)  Model 
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550 Rad iomete r /Pho tomete r .  Neu t ra l  dens i ty  filters 
w e r e  used to v a r y  the  i n t e n s i t y  of  t h e  l ight.  

Al l  impedance  measurements  were  carr ied  out  wi th  
an aqueous 0.5M Na2SO4 solution, i f  not  o therwise  
mentioned.  The e lec t r ica l  c ircui t  a l lowed the appl ica-  
t ion of a var iab le  potent ia l  at  the semiconductor  e l ec -  
trode with respect  to the  reference  electrode.  The im-  
pedance  was measured  be tween  this work ing  e lec-  
t rode  and a large  ( ~  40 cm~) counterelect rode.  The  
appl ied  potent ia l  was cont ro l led  potent ios ta t ica l ly ,  and 
the  capaci tance was measured  as the  90 ~ quadra tu re  
s ignal  f rom a lock- in  amplif ier  (Pr ince ton  Appl ied  
Research, Model  HR-8)  wi th  exci ta t ion by  an ex te rna l  
a -c  genera to r  via  the  potent iostat .  The ampl i tude  of 
the s inusoidal  wave  super imposed  on the d-c  bias po-  
ten t ia l  was ~ 5 mV. The measured  capaci tances  w e r e  
ca l ib ra ted  by  rep lac ing  the e lec t rochemical  cell b y  a 
set  of s t andard  capacitors.  The quan t i ty  measured  was 
the equiva lent  series capacitance,  C, since the  diss ipa-  
t ion fac tor  ~RC, where  ~ is the  angu la r  f requency  a n d  
R is equ iva len t  series resistance,  was much s m a l l e r  
than  un i ty  for  al l  systems s tudied here,  as shown in 
the resul ts  below. The measured  impedance  values  
were  not  changed when  the countere lec t rode was 
pa r t i a l l y  l i f ted  out  of the solution; thus the  counter -  
e lec t rode  d id  not  contr ibute  signif icantly to the  re -  
por ted  capacitances.  Al l  impedance  measurements  w e r e  
per fo rmed  in the dark.  

Reagent  grade  chemicals  were  used wi thout  fu r the r  
purification. Al l  solutions were  p r e p a r e d  f rom t r ip ly  
dis t i l led wa te r  and were deoxygenated  for at  leas t  30 
min wi th  purified n i t rogen before  each exper iment .  Al l  
exper iments  were  car r ied  out  wi th  the  solut ion under  a 
n i t rogen atmosphere.  

Results 
Impedance measurements.~The capaci tance of an 

electrode as a function of f requency  and potent ia l  was 
a useful  indica tor  of the e lect rode quali ty.  The n-MoSe2 
and n-WSe2 electrodes were  subjec ted  to impedance  
measurements  in suppor t ing  e lec t ro ly te  solutions, if  
not  otherwise  ment ioned,  at  d-c  bias potent ia ls  where  
the  res idual  cur rents  were  negl ig ib ly  smal l  ( <  1 ~ k  
c m - 2 ) .  Thus the measured  value of C is the equiva len t  
different ia l  capaci tance of the interface,  wi th  no f a r a -  
daic contr ibut ion.  I f  the presence of the oxidized form 
of a r edox  couple was required,  i ts concentra t ion was 
kep t  as low as possible to p reven t  subs tant ia l  r educ-  
tion current ,  which might  d is tor t  the  Mot t -Scho t tky  
plots. 

The value  of the f la tband potent ial ,  VFB, was deter -  
m i n e d  f rom the in te rcept  of the  plot  of 1 /ce  vs. poten-  
t ia l  accord ing  to t he  Mot t -Scho t tky  equat ion (9) 

,.( ~- = - IV-V~l--- [i] 
eeo~e~ eo 

In this e q u a t i o n ,  is the  die lect r ic  constant  of the  semi-  
conductor,  co is the pe rmi t t iv i ty  of free space, n is the  
donor density,  riD, for n - t y p e  and the acceptor  density,  
hA, for p - t y p e  semiconductors,  eo is the absolute  va lue  
of the  charge  of the electron,  T is the  absolute  t em-  
perature ,  and k is the  Bol tzmann constant.  

n-MoSe~.--As shown in Fig. la ,  a t  f requencies  be -  
tween  1 and 10 kHz, a l inear  C -2  vs. V re la t ionship  
was observed over  a considerable  potent ia l  range.  
Since the  capaci tance a t  these potent ia ls  is f r equency  
independent ,  the in te rcept  of the Mot t -Scho t tky  plot  
gives the f latband potent ia l  a f te r  correct ion for the  
the rmal  t e rm in Eq. [1] and the poten t ia l  drop across 
the Helmhol tz  double  l aye r  (i.e., for  the contr ibut ion  
of capaci tance of the Helmhol tz  l aye r ) .  The f la tband 
potent ia l  of this  n-MoSe2 e lec t rode  was ~0.0V vs. SCE 
at  p H  4.5. 
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Fig. la. C -2  vs. V at different frequencies for n-MoSe2 electrode 
in aqueous solution of 0.5M Na2SO4 at pH 4.5: (['7) 1 kHz, ( O )  3 
kHz, (A)  10 kHz. Electrode area, 0.030 cm% 

If we take  the die lect r ic  constant  pe rpend icu la r  to 
the  C-axis,  ~_L' as 6.8 (10), 2 the  slope of the  Mot t -  

Schot tky  plot  yields nD ~, 1.2 • 10 17 cm -~. Wi th  this 
va lue  of the donor dens i ty  of the MoSe~ single crystal ,  
the locat ion of conduct ion bandedge,  Ec, was ca lcula ted  
f rom Eq. [2] (9), assuming tha t  the donor impur i t ies  
a re  comple te ly  ionized. Since Nc > >  nD (see below) 

nn = Nc exp [-- (Ee -- EF)/kT] [2] 

in which EF is the Fermi energy and Ne is the density 
of the effective states in the conduction band, which 
is given by 

( 2~rlVIe*kT ) ~/~ 
Ne = 2 h2 [3] 

where h is the Planck constant and Me* is the effective 
mass of electrons in the conduction band. With the 
assumption Me* ~ Mo (II), s in which Me is the mass 
of a free electron, Nc was estimated to be ~ 2.5 X 
10 TM cm -3. Thus, Ec was ,~ 0.14 eV above the VFB Fermi 
level energy, i.e., the conduction bandedge is located 
at a potential ,~ -- 0.14V vs. SCE. 

The frequency independence of the capacitance im- 
plies that no oxide layer was on the surface of MoSe2. 
The presence of an oxide layer often leads to frequency 
dispersion in the measured capacitance values because 
of dielectric relaxation in this layer. 

As shown in Fig. Ib, the flatband potential of the 
n-MoSe2 electrode was independent of pH, at least in 
the range studied (0-8). This finding further confirms 
the absence of an oxide layer on the electrode surface. 

The fiatband potential of the n-NIoSez electrode 
shifted to a more negative potential when iodide was 
present in the solution (Fig. 2a). Moreover, addition 
of a small amount of triiodide (0.25 mmole) shifted 
VFB to an even more negative potential. However, 
bromide had no effect on VFB (Fig. 2b). These results 
parallel those obtained by the voltammetric measure- 
ments which are described later. We can also estimate 
the resistivity, p, of this n-MoSe2 electrode from the 
mobility, ~e, of electrons and the free electron density, 
he, based on Eq. [4] 

p ~-- 1/(eon~e) [4] 

Here we neglect the contribution from the minority 

The e value os MoSe~ was assumed close to that of MoSm The 
_L 

e l  of MoS2 has been reported by Evans et aL (10). 
Here we assume that electrons in MoSe2 have similar effective 

mass to that in WSe~ (11). 

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



VoL I28, No. 5 SEMICONDUCTOR ELECTRODES 947 

~L 

N " 
o 

24. 
1 t 

8 

o i I 
.2 0 .8  

Potent ia l .  

% 

a\  

\o 

0.4 0 . 0  

V vs. SCE 

-0 .2  

Fig. lb. C - 2  vs. V at different pH for n-MoSe2 electrode in 
aqueous solution of 0.5M Na2SO4 at 2 kHz; (]-1) pH 0.5, ( O )  pH 
2.5, (L~) pH 4.5, ( O ) pH 8.0. 

charge carriers. With  #e = 10 ,~ 50 cm~ V-1  sec-~ 
(12) and the assumption that  the donors are completely 
ionized, p can be est imated to be 1 ,~ 5 s 

n - W S e z . - - T h e  general  behavior  for n-WSe2 elec- 
trodes was similar  to that  of the n-MoSe~ electrode 
described above. At frequencies be tween 0.2 and  2 kHz, 
a l inear  C - 2  vs .  V relationship was obtained over a 
considerable potential  range and the capacitance was 
essentially f requency independent  (see Fig. 3). Thus, 
Vfb of this n-WSe~ electrode was ~ --0.32V vs .  SCE. 
Assuming that  �9 ~ 10 for WSe~ (13), 4 we estimate 

J_ 
a donor densi ty of this electrode of ,~ 2.0 X 101~ cm-% 
According to Hicks (11), Me* -~ Mh* ~ Mo; hence N~ 
was ~ 2.5 • 1019 cm -a  and  Ec was ~ 0.12 eV beyond 
the VFB Fermi  level energy. With ~e ---- 100 ,,~ 150 
cm2 V-1 sec-~ for the n-WSe~ single crystals (12), 
the resist ivity of this n-WSe2~ is 0.1 ,~ 0.2 ~-cm.  

p - W S e 2 . - - A s  shown in Fig. 4a, p-WSe2 electrodes 
show quite different capaci tance-potent ial  curves from 
their  n-counterpar ts .  With potentials positive of 0.05V 
vs.  SCE, a l inear  C -2 vs.  V relat ionship was observed 
at frequencies of 1-10 kHz (Fig. 5a). For potentials 
more negat ive than  0.05V vs.  SCE, frequency dispersion 
of capacitance occurs. The capacitance at -- 0.2V vs .  

An approximate value was t a k e n  h e r e  s i n c e  the exact dielec- 
tric constant at t h e  f r e q u e n c y  r a n g e  s t u d i e d  i s  unknown (13). 
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Fig. 2a. C - 9  vs. V at 2 kHz far n-MoSe2 electrode in aqueous 
solution of 0.SM Na2S04 without containing iodide and triiodide 
(A) ,  in the presence of 1.0M diodide ( O ) ,  and in the presence of 
1.0M iodide and 0.25 mmoies triBdide (F-I). 
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Fig. 2b. The effect of bromide on the Mott-Schottky plots on n- 
MoSe2 in aqueous solution of 0.5M Ha2S04 at 2 kHz: (Z~) no 
bromide, ( O )  ].0M bromide. 
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0 , [ ]  
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Potential,  V vs. SCE 

Fig. 3. The Mott-Schottky plots at different frequencies for 
n-WSe2 electrode in nqueo"s solution of 0.SM Na2SO4 at pH 4.5: 
( O )  200 Hz, (1"1) 500 Hz, ( � 9  2 kHz. Electrode area, 0.049 
cm 2. 

r 

o 

SCE for p-WSe2 follows a ( f r equency) -2  dependence 
at frequencies > 2 kHz. The origin of this f requency 
dispersion is still  not  clear, bu t  might  involve the 
presence of interface states or the onset inversion 
coupled with a faradaic process. Fur the r  investigations 
are required to expla in  this behavior. 

o!Q V vs. SCE 
0.8 0.4 0 - 0.4 

Fig. 4a. The capacitance-potential curves for n- and p-WSe2 
electrodes at 5 kHz in aqueous solution of 0.5M Ha2SO4 at pH 
4.5. 
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V vs. SCE 
~r2 0 8 0 .4  0 -0 4 

i I ] i r 

2 " ' "  

Fig. 4b. Capacitance vs. potential plot for n-WS~ electrode, 
type E. The potential was scanned beginning at point "s" at 5 mV/ 
sec in the direction indicated by the arrows, f = 200 Hz. The 
dotted line indicates the expected capacitance for an electrode 
following the Mott-Schottky relation. 
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Fig. 5a. C -9  vs. V at different frequencies for p-WSe2 electrode 
in aqueous solution of 0.5M Ha2SO4 at pH 4.5: (A) 1 kHz, ( ~ )  
2 kHz, (r-f) 5 kHz, ( Q )  10 kHz. Electrode area, 0.050 cm ~. 

Since f requency  dispers ion is found on ly  at  po ten-  
t ials  negat ive  of 0.0V vs.  SCE which is wel l  negat ive  
of VFB, i t  has essent ia l ly  no effect on the Mot t -Scho t tky  
plots  as shown in Fig. 5a. VFB Of this p-WSe2 elect rode 
was thus ~ 0.72V vs. SCE. If  6 ~ 10 for  WSe2 (13), the 
acceptor  densi ty  of this e lect rode can be  es t imated  as 
~- 5 X 101~ cm-a .  The dens i ty  of effective states in the 
valence band  of WSe2, Nv, the  energy  of the valence  
bandedge,  E~, and the res is t iv i ty  of this p-WSe2 are  
shown in Table I. As found wi th  n-MoSe2, ~TFB of 
p-WSe2 is pH independen t  (Fig. 5b) in the pH range  
studied. 

The capac i tance-po ten t ia I  plots  which correspond 
wel l  to tha t  expected of the  semiconductor  space charge  
capaci tance (e.g., wel l -behaved  Mot t -Scho t tky  plots  

Table I. Impurity densities, bandedges, effective densities of states 
in the conduction, and valence bands and resistivities of MoSe2 

and WSe2 samples* 

n-MoSes WSes 

n ( c m  -3) 1.2 • 10 ~ 2.0 • 1017 ( n )  
5 x l ip  5 ( p )  

Ec ( V  v s .  S C E )  - 0 . 1 4  - 0 . 4 4  
Ev ( V  v s .  S C E )  1.26 0.93 
N~ (cm -s) -- 2.5 x 10 TM 

N .  (cm-~)  - -  2.5 • 101" 
p ( ~ - c m )  1 ~ 5 0.1 ~ 0.2 ( n )  

5 ~ 10 ( p )  

" In aqueous  so lut ion of  0.50M Na~SO~. 

"= 4 ~ A /  

0.8 O.6 O,4 0.2 0.O 
P o t e n t i a l ,  V vs. SCE 

Fig. 5b. The pH effect on the Mott-Schottky plots at 5 kHz for 
p-WSe2 electrode in aqueous solution of 0.SM Na2SO4: (O )  pH I, 
(A) pH 4.5, ( O )  pH 8. 

and f requency independence)  found wi th  edge- f ree  
e lect rode ma te r i a l  (e.g., Fig. 4a for n-WSe~) can be 
contras ted  wi th  tha t  found wi th  ma te r i a l  which con- 
tains some edges and discontinui t ies  on the surfaces 
[designated " type E" in previous  studies (4c)] .  For  
type  E n-WSe~ electrodes,  discontinuit ies  a re  seen in 
the  capaci tance plots (Fig. 4b) as wel l  as hysteresis  
effects and f requency  dispersion. Thus capaci tance plots  
a re  useful  in dis t inguishing e lec t rode  mate r ia l  which  
produces  low da rk  currents  and efficient PEC cells 
f rom less efficient ( type  E) mater ia l .  

V o l t a m m e t r i c  b e h a v i o ~ ' . - - E l e c t r o c h e m i c a l  and PEC 
behavior  of n -  and p-WSe2 electrodes have been re -  
por ted  prev ious ly  (4). The fol lowing resul ts  ma in ly  
involve  n-MoSeg, electrodes.  The vo l tammet r ic  behavior  
of iodide at  n-MoSe2 and P t  is shown in Fig. 6. Wi th  
or  wi thout  I -  in the  solution, in the da rk  a negl ig ib ly  
smal l  background  cu r ren t  was observed (curves a and 
b) .  Under  i l lumina t ion  with  s lowly  chopped red  l ight  
(wave length  - -  590 nm) ,  an anodic photocur ren t  com- 
mencing at  0.5V vs.  SCE (curve c) was observed in 
the suppor t ing  e lec t ro ly te  conta ining 0.50M H2SO4. No 
cathodic photocur ren t  was found, as expected for  an 
n - t y p e  mater ia l .  In  the presence of 1.0M NaI, the onset  
photopotent ia l ,  Von, shif ted to a much more  negat ive  
potential ,  --  0.26V vs.  SCE (curve d) .  The addi t ion of 
iodine (0.10M) to the  solut ion shif ted Von to s l ight ly  
more  negat ive  potent ia ls  (,,~ --0.30V vs.  SCE) (curve 
e) .  Note tha t  the specific effects of iodide and t r i iodide  
on Von para l l e l  the i r  effects on the VFB de te rmined  
from impedance  measurements .  The cur ren t -po ten t i a l  
curves on Pt  (curve f) and  n-MoSe2 in an I - / I 3 -  
solution y ie ld  a n  "underpoten t ia l "  for I -  pho to -ox ida -  
t ion at  n-MoSe2 Von - -  Vredox ,  O f  - -  0.59V. This value  
agrees fa i r ly  wel l  wi th  the expe r imen ta l  open-c i rcu i t  
voltage, Vow, of an n-MoSe2/I~, I - / P t  PEC cell de-  
scr ibed below. 

The vo l tammetr ic  da ta  and photopotent ia ls  of o ther  
redox couples on n-MoSe2 electrodes are  summar ized  
in Table II. For  redox couples wi th  s t andard  potent ials ,  
V o, much more  negat ive  than VFB, no photoeffect  was 
observed.  The Von for the redox couples wi th  VFB < 

V o < 0.29V VS. SCE (except  for I - / I s - )  are nea r ly  in  ~- 

dependent  of the redox  couples and are  close to ~TFB 

(--, 0.0V vs. SCE).  For  redox couples wi th  0.50V < V o 
1.0V vs. SCE, Von depended  on the  pa r t i cu la r  species 

and va r ied  f rom N 0.25V for B r -  to N 0.50V for 
background  oxidat ion.  The pho to-ox ida t ion  of com- 
pounds wi th  V o more  posit ive than  for  wa te r  oxida t ion  
is uncer ta in  because of the  background  photoreact ion.  
I t  is in teres t ing  to compare  the reduct ion of var ious  
oxidants  on n-MoSe2 electrodes in the  dark.  As shown 
in Fig. 7, reduct ion  of b romine  (curve a) and Fe  3+ 
(curve  b)  occurs at  potent ia ls  negat ive  of 0.SV vs.  SCE 
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Fig. 6. Voltammetric curves of n-MoSes and Pt in 0.5M No,SO4 
and 0.5M H2SO4. Scan rate, 10 mV/sec. Light source, 450W Xe 
lamp with a 590 nm cut-on filter. (a) Dark cyclic voltammogram 
on n-MoSes. (b) Dark cyclic voltammogram on n-MoSe2. Solution 
contained 1.0M Nal. (c) Voltammetrlc curve under illumination by 
chopped red light on n-MoSe2. No iodide or iodine in solution. (d) 
Current-potential curve under illumination by chopped red light on 
n-MoSes. Solution contained 1.0M Nal. (e) Same conditions as in 
(d) but solution contained 1.0M Nal and 0.10M iodine. (f) Cyclic 
voltammogram on Pt. Solution contained 0.10M Nal. Initial potential 
at --0.10V vs. SCE. 

(well positive of VFB). However, iodine reduction 
occurs only at potentials well negative of 0.1V vs. SCE 
(curve c). The reduction of ferricyanide (curve d) 
occurs at a potential ,-~ 0.25V vs. SCE. Under irradia- 
tion these significant cathodic currents would consti- 
tute a back-reaction of a photogenerated oxidant 
which can affect the performance of the solar cells, as 
described below. 

Photovo~taic cell measuremen t s .~Regenera t i ve  semi- 
conductor/liquid junction solar cells were fabricated 

ad i 
,d 

a ~ / ~  V vs. SCE 

0i2 (b) ~'A (c,d) (a) 

cathodk 

I" 00 1.2 0 "01,4 
anodlc 

Fig. 7. Voltammetric carves in the dark on n-MoSe~ electrode in 
0.50M Na2S04. Scan rate, 10 mV/sec. (a) Solution contained 1.0M 
NaBr and O.02M bromine. (b) Solution contained 0.10M Fe 2+, 
O.02M Fe 3+, and O.50M H2S04. (c) Solution contained I.OM Nal 
and 0.10M iodine. (d) Solution contained 0.1M Fe(CN)64- and 
O.1M Fe(CN)68-. 

by immersing the semiconductor electrode and a suit- 
able counterelectrode in an aqueous solution contain- 
ing the appropriate redox couple. 

The n-MoSe2/iodide,  t r i iodide/Pt  sys tem. - -Photovol ta ic  
cells were set up with an n-MoSe2 photoanode and a 
platinum foil cathode immersed in a solution contain- 
ing 1.01VI I - ,  0.025M I3-, and 1.0M H+. The action 
spectrum of the short-circuit photocurrent, iss, is shown 
in Fig. 8. The bandgap of WSe~ and MoSe2 can be de- 
termined from the (~h~) 2 vs. hv plot (for a direct 
transition) or the (~]hv)'/2 vs. hv plot (for an indirect 
transition) near the bandedge region (14). ~] here is 
the quantum efficiency (proportional to ~ss) and h~ 
is the photon energy. As shown in Fig. 9, both (~hv) 2 
vs. hv and (~hp)~/2 vs. hv plots give fairly good straight 
lines. The nature of the fundamental optical transition 
is thus ambiguous as simply determined from the 
action spectrum. However, the determination of E~ 
from the capacitance measurements, as discussed later, 
is helpful in deciding on the value of Eg. 

The i - V  characteristics of this cell under irradiation, 
shown in Fig. 10, yields a fill factor of 0.53. The light 
intensity dependence of the open-circuit photovoltage 
and the short-circuit photocurrent of the cell is shown 
in Fig. 11. Irradiation of the n-MoSes crystal with the 
full visible (longer than 590 nm and infrared filtered) 
output (150 mW/cm2) from a 450W Xe lamp focused 
onto the photoelectrode surface yielded a constant iss 
50 mA/cm 2 and an open-circuit photovoltage ~0.59V. 
The photocurrent and photovoltage were essentially 
the same and the electrode surface showed no apparent 
change during the experimental period (~8 hr). 

Table II. Voltammetrlc data, onset photopotential* and underpotential at n-MoSe2 

E x p e r i m e n t a l  T h e o r e t i c a l  
u n d e r p o t e n t i a l ,  unde rpo t en t i a l , *  * * 

Redox  couple  Vo (V v s .  SCE)** Von (V v s .  SCE) AV = Vo~ - V o (V) AV' = VFB -- V ~ (V) 

CI-/CI~ (pH = 0) 1.12 - -  --1.12 
H20/O2 (pH = 0) 0.99 0.50 -0-.49 --0.99 
Br- /Br2  (pH = 0) 0.82 0.25 - 0 . 5 7  -0 .82  
F e ( I I ) / F e ( I I I )  (1N H2SO~) 0.53 0.30 -0 .23  -0 .53  
I-/I2 (pH = 0) 0.29 - 0 . 3 0  -0 .59  -0 .59  
F e ( C N ) 6 4 - / F e ( C N ) 6  ~- ( p H  ffi 6) 0.22 0.02 -0 .20  --0.22 
F e ( I I ) - E D T A / F e ( I I I ) - E D T A  (pH = 5) --0.15 0.0 No No 
HV§ (pH = 5) -0 .48  NO pho toe f fec t  - -  - -  

MV+'IMV2+~ ( p H  = 2.5) --0.66 No pho toe f f ec t  - -  

* T h e  onse t  p h o t o p o t e n t i a l  Von here  is  defined as t he  p o t e n t i a l  at which  1% of the l i m i t i n g  or  m a x i m a l  p h o t o c u r r e n t  is observed.  
** Vo = s t a n d a r d  po ten t ia l .  

"** VFB is b a s e d  on t h a t  o b t a i n e d  f r o m  t h e  i m p e d a n c e  m e a s u r e m e n t .  I t  is - 0 . 3 V  vs. SCE for I-/Is-  and 0V f o r  o t h e r  r e d o x  couples.  
HV = h e p t y l  v lo logen  (1,1'-dlheptyl-4,4' b ipy r idy l ) .  
MV = m e t h y l  v io logen  (1,1'-dimethyl-4o~'-bipyridyl).  
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Fig. 8. Action spectrum of the short-circuit photocurrent for on 
n-MoSeg/1.0M Hal, 0.05M I /Pt solar cell. The spectrum has been 
corrected for tho solution absorbance. 

The n-MoSe~/bromide,  bromine/P$ 8ys tem. - -When  a 
solut ion containing 1.0M B r - ,  0.02M Br2, and 1.0M H + 
was used as the  e lectrolyte ,  a lower  open-c i rcu i t  photo-  
vol tage  (0.52V), and a lower  fill fac tor  (0.25) w e r e  
found (Fig. 10) (15). 5 However ,  the  shor t -c i rcu i t  
pho tocur ren t  was h igher  ( ,-60 mA/cm~) unde r  the  
same in tens i ty  i r rad ia t ion .  This difference is p robab ly  
a t t r ibu tab le  to the  lower  l ight  absorbance  b y  the B r - ,  

S o l a r  c e l l s  w i t h  h i g h e r  f i l l  factors but lower open-circuit 
v o l t a g e s  have been reported by A n g e t  aL (15 ) .  
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Fig. 9a. (xlh~) 2 vs. h~ in aqueous solution containing 0.SM 
Na2SO4, 1.0M Hal, and 0.05M iodine. Here ~ is the quantum effi- 
ciency and h~ is the photon energy. (a) n-MuSe2; (b) n-WSe2. Elec- 
trodes are biased at 0.2V vs. SCE. 
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Fig. 9b. (~lhv) I/~' vs. hv for (o) n-MoSes; (b) n-WSe2. Same condi- 
dions as in Fig. 9a. 

Br9 solution. The l ight  in tens i ty  dependence  of the 
shor t -c i rcu i t  pho tocur ren t  and  the open-c i rcu i t  photo-  
vol tage  is shown in Fig. 12. 

Discussion 
The (n-MoSe~/solution) inter]ace.--A model  for  the  

behavior  of the n-WSe2/so lu t ion  in ter face  in  aqueous 
e lec t ro ly te  has been discussed prev ious ly  (4). A s imi -  
la r  model,  i.e., the recombina t ive  model,  is appl icable  
to exp la in  the  vo l t ammet r i c  behavior  of n-MoSeg, in 
var ious  redox  electrolytes .  VFB of the  n-MoSe2 e lec-  
t rode  de te rmined  f rom the impedance  measu remen t  is 
,-~0.0V vs. SCE. When  no specific adsorp t ion  occurs, the 
expected  most  negat ive  Von value  was obta ined  for 
redox  couples wi th  0 --~ V o ~ 0.5V vs. SCE. (The I - / I a -  
couple involves adsorpt ion  effects and  is discussed 
later . )  Fo r  r edox  couples wi th  V o more  posi t ive than  
0.SV, however,  Von occurs at  more  posi t ive potent ials .  
This can be  ascr ibed to the  effects of da rk  reduct ion  
of the  oxidized form of redox  couples. Recal l  tha t  con- 
s iderable  da rk  reduct ion of  the  Fe  (CN)6 ~-  takes  p lace  
at  a potent ia l  ,-,0.3V posi t ive of  VFB (Fig. 7). The r e -  
duction of I3-  occurred at  more  nega t ive  potent ia ls  
p robab ly  because the  bandedges  shif t  w i th  specific ad -  
sorpt ion as suggested by  the impedance  measurements  
and  the vo l t ammet r i c  exper iments .  Fo r  the  couples 
wi th  Vo more  posi t ive than  0.SV vs. SCE, e.g., Fe2+/  
Fe  ~+ and B r - / B r 2 ,  the  reduct ion  occurred  at  a po ten -  
t ia l  ,~0.SV vs. SCE. This posi t ive shif t  of the  zero cur-  
ren t  or  onset  po ten t ia l  might  involve  induced posi t ive 
surface charges. The posi t ive shif t  of Von is a t t r ibu ted  
to the da rk  reduct ion of photogenera ted  species. There  
are  severa l  different  mechanisms by  which  such da rk  
reduct ion can occur at  an n - t y p e  ma te r i a l  at  potent ia ls  
s ignif icant ly posi t ive of tha t  for  VFB (i.e., of the energy  
of the conduction bandedge)  in  the  suppor t ing  e lec t ro-  
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Fig. 10. Performance characteristics of n-MoSe2 based PEC cells. 
450W Xe lamp fitted with a 590 nm+cut-on filter was used as the 
light source. (a) n-MoSe2/0.SOM Na2S04, 0.SOM H2S04, 1.0M Nal, 
0.05M I/Pt. (b) n-MoSe2/0.50M Na~SO4, 0.50M H~S04, 1.0M NaBr, 
0.02M Br/Pt. 

lyte solution. One involves a recombinat ion model and 
the existence of filled surface states or in termediate  
levels at energies wi thin  the bandgap which can be 
emptied by electron donation to solution oxidants (or 
by photogenerated holes in the valence band)  (16). 
The lack of detection of such states in the capacitance 
plots and the lack of significant dark anodic current  
implies that  such states are very "slow" with respect 
to emptying via the conduction band. An al ternat ive  
mechanism involves positive charge inject ion into the 
surface states (via solution species or photogenerated 
holes) causing a shift in the conduction bandedge 
toward more positive potentials and allowing electron 
t ransfer  directly from the conduction band. This la t ter  
mechanism should result  in  a shift in  VrB in  the pres-  
ence of the redox couple; determinat ion of such a shift 
by capacitance measurements  are made difficult by  
the interference of faradaic reactions in determinat ion 
of the actual  space charge capacitance. Invers ion could 
also cause such a shift in the bandedge (8); however, 
the location of the Fe~+/Fe 2+ couple is such that  in -  
version would not  occur at these potentials. A sche- 
matic representat ion of the energetic s i tuat ion at the 
n -MoSeJso lu t ion  interface, neglecting any  band  bend-  
ing and specific surface interactions, is shown in  Fig. 
13. A direct - t ransi t ion bandgap of 1.4 eV6 is taken 
here based on the agreement  of Eg determined from 
the action spectrum and the capacitance measurements  
for WSe2 electrodes, discussed later. 

Photovoltaic cells based on n-MoSe2 electrodes.--The 
n-MoSe2/ I - ,  I 3 - / P t  system shows a Vo~ of 0.59V which 
is identical  to the value predicted either from the ex-  
perimental ,  hV, or the theoretical, hV', underpotent ia l  
0.59V, as shown in Table II. For  the n -MoSea /Br - ,  

An indirect transitmn bandgap of 1.1 eV has been reported 
(8c). An Eg of 1.4 eV has also been reported (7). 
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Fig. 11. Open-clrcuit photovoltage and short-circuit photocurrent 
as functions of light intensity. Same light source as in Fig. 10. 
Same solar cell as used in Fig. |0(a). 

Br2/Pt system, the Voc of 0.52V was close to AV, 0.57V; 
however, it was much smaller  than ~V', 0.82V. This 
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I:ig. i3. Schematic representa. 
tion of the energetic situation at 
the n-MoSe2/solution interface. 
Ec = conduction bandedge; Ef 
= Fermi energy corresponding to 
flatband potential; Ev -- valence 
bandedge; Eg = bandgap. 
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discrepancy can be attributed to the dark reduction 
processes or to a shift in the bandedges toward posi- 
tive potentials because of induced positive surface 
charges. Besides this striking difference in Voc between 
I - / I 3 -  and Br- /Br2 system, the fill factors for these 
two systems were also quite different, probably again 
because of the effects discussed above. 

Eg of WSe~.--As shown in Table I, Ev and E~ of WSe2 
in aqueous solution correspond to 0.93V and --0.44V 
vs. SCE, respectively. The uncertainty of Ev and Ec 
due to the uncertainties in the dielectric constant taken 
here is less than 20 meV. Thus Eg of WSe2 is ,-, (1.4 
___ 0.05) eV. This agrees fairly well with the direct 
transition bandgap determined from the action spec- 
trum of the photocurrent. 
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