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Photoelectrochemical Characteristics of Semiconductor- 
Metal/SPE/Metal Cells 

Kohei Uosaki* and Hideaki Kita 
Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060, Japan 

ABSTRACT 

A solid polymer electrolyte (SPE) photoelectrochemieal cell, semiconductor-metal/SPE/Pt, is proposed as a new device 
to convert solar energy to electrical and/or chemical energy. The photoelectrochemical characteristics of TiO~-Pt/SPE and 
TiO2-Au/SPE were studied as well as those of the whole cell systems TiO2-Pt/SPE/Pt and TiO~-Au/SPE/Pt. By above 
bandgap energy illumination of the TiO2-metal side, negative photovoltage and anodic photocurrent were observed, as re- 
ported at TiO2 electrodes. In whole cell systems, i.e., TiO~-Pt/SPE/Pt and TiO~-Au/SPE/Pt, the conversion of light to electric- 
ity was achieved without using electrolyte solution. 

The conversion of solar energy to chemical and/or  
electrical energy by photoelectrochemical (1, 2) and 
la~hotocatalytic (3, 4) methods has been studied very 
~ s i v e l y .  Both methods have advantages and dis- 
advantages. In the photoelectrochemical method, the 
products can be obtained separately. That is par -  
t icularly useful when water is decomposed photo- 
electrochemically. Electricity can be generated, but the 
presence of electrolyte is essential in this system. On 
the other hand, the photocatalytic method does not re-  
quire electrolyte, but the products, e.g., oxygen and 
hydrogen, are generated in the same compartment. 
Thus an extra separation process is required and no 
electricity can be obtained. 

The advantages of a solid polymer electrolyte 
(SPE) in water  electrolysis (5), organic electro- 
chemistry (6), and fuel cells (7) have been well 
recognized and the application of SPE to photoelec- 
trochemical cells should also be advantageous. Re- 
cently, Skotheim and LundstrSm have constructed 
all-solid photoelectrochemical cells using poly(e thy-  
lene oxide) as the SPE (8). 

Here, we propose a new type of SPE photoelectro- 
chemical cell that contains layers of a semiconductor 
as a sensitizer, a metal, an ion exchange membrane 
as an SPE, and a metal. We report  the photoelectro- 

* Electrochemical Society Active Member. 
Key words: energy conversion, semiconductor, photoelectro- 

chemistry, solid polymer electrolyte. 

chemical characteristics of TiO2-Pt/SPE and TiO2- 
Au/SPE as well as those of TiO2-Pt/SPE/Pt  and 
TiO2-Au/SPE/Pt.  By using this type of cell, even 
electrolyte-free photoelectrolysis of water may be 
possible, as shown in Fig. 1. 

Experimental 
Nation 315 perfluorinated cation exchange mem- 

brane was used as an SPE material. The deposition 
of metal on the SPE was carried out by the electro- 
;less plating method suggested by Takenaka and 
Torikai (9, 10). After  a swelling treatment in boil-  
ing water for 30 min, the membrane was set as a 
separator in the cell shown in Fig. 2. The upper 
compartment was filled with a metal  salt  (H2PtC16 
or HAuC1D solution and the other compartment was 
filled with an NaBI~ (1M)-NaOH (1M) solution. 
NaBH4 diffused through the membrane and reduced 
the metal salt to the metal  on the membrane surface 
at the upper compartment. After  several hours, the 
solution of the upper compartment became colorless, 
suggesting most of the salt  was reduced, and the 
surface of the membrane at the upper compartment 
became black. The amount of metal  deposited was 
4-12 m g .  cm -2. Hereafter this configuration is called 
P t /SPE or Au/SPE. In some cases, after washing the 
membrane thoroughly with distilled water, the other 
side of the membrane was also coated with a metal 
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Fig. 1. Schematic diagram of proposed SPE photoelectrochemical 
cell. 

in the  same way. At  laest  one side of the  m e m b r a n e  
was coated wi th  p la t inum.  This configuration is cal led 
P t / S P E / P t  or A u / S P E / P t .  The side coated with  
e i ther  P t  or  Au wil l  be cal led side t and the side 
a lways  coated wi th  P t  wil l  be cal led side 2 in the 
res t  of this paper .  Side 1 was fu r the r  coated wi th  
TiO~ b y  drops of a TiO~ (Merck, Anatase)  powder  
suspension (2g TIO2/25 cm 3 dis t i l led wa t e r ) ,  fo l low-  
ing the method  used b y  Davidson et al. for the coat-  
ing of P t  wire  wi th  TiO2 (11). The m e m b r a n e  was 
then dr ied in an oven at  70~ for 15-20 hr. Af te r  this 
t rea tment ,  most  of the  TiO~ powder  came off but  
some remained  on the meta l .  This configurat ion is 

(B) i ( A )  

m e m b r a n e  

Fig. 2. Schematic diagram of the cell used far the electroless 
plating of SPE. Solution (A) is a metal salt solution and solution 
(B) is an NaBH4(1M)-NaOH(1M) solution. 

cal led TiO~-Au/SPE,  TiO2-Pt /SPE,  T iO2-Au /SPE/P t ,  
or T iO2-P t /SPE/P t .  

The (photo)e lec t rochemica l  character is t ics  of TiO.~- 
P t / S P E  and TiO2-Au/SPE elect rodes  were  s tudied  in 
the  cell  shown in Fig. 3. 

A potent ios ta t  (Nikko Keisoku,  NPGS-301S)  was 
used to control  the e lectrode potent ia l .  A p l a t inum 
wire  and  a s i l ve r / s i l ve r  chlor ide  electrode were  used 
as a counter  and a re ference  electrode,  respect ively.  
The work ing  electrode,  TiO~-Pt o r  TiO2-Au, is disk 
shaped  and 2.5 cm in d iameter .  A gold r ing was used 
as a cur ren t  collector.  

The photoe lec t rochemical  character is t ics  of  whole 
cells, T i O 2 - P t / S P E / P t  and T iO~-Au/SPE/P t ,  were  
s tudied  in a cell  shown in Fig. 4. 

Results 
The cyclic vo l t ammograms  of P t / S P E  and TiO~.- 

P t / S P E  in 0.5M H2SO4 are  shown in Fig. 5. I t  is clear  
f rom the figure that  the e lec t rochemical  charac te r -  
istics of P t / S P E  are  s imi la r  to those of a P t  electrode.  
The rea l  surface area  of P t  was calcula ted as ca. 1125 
cm 2, i.e., the roughness  factor  was ca. 230, f rom the 
a rea  of  the  oxide  reduct ion peak-. By compar ing  the 

N f ) 
I L I 

j ,, 

I 
RE (AglAgCl) CE(Pt) 

hp 

Fig. 3. A cell used for the measurements of (photo)electrochemi- 
cal characteristics of TiO2-Pt/SPE and TiO2-Au/SPE electrodes. 
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Fig. 4. A cell used for the measurements of photoelectrochem~cal 

characteristics of TiO2-Pt/SPE/Pt and TiO2-Au/SPE/Pt. 
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Fig. 5. Cyclic voltammograms of Pt/SPE( ) and TiO2-Pt/SPE 
(---) in 0.5M H2SO4. Sweep rate was 30 mV �9 sec-L 

area  of the  oxide reduct ion  peak  in the  cyclic vol t -  
a m m o g r a m  of T iO2-Pt /SPE wi th  tha t  of P t /SPE ,  the  
coverage of the P t  sur face  by  TiO2 was ca lcula ted  as 
ca. 35%, i.e., a significant por t ion  of P t  was st i l l  ex -  
posed, as observed wi th  TiO2-coated P t  wire.  The 
cyclic vo l t ammograms  of T iO2-Au/SPE in 0.5M I-I~SO4 
before and a f t e r  photoe lec t rochemical  measurements  
a re  shown in Fig. 6. F rom the cyclic vo l t ammogram 
of A u / S P E  which  is not  shown here,  the rea l  a rea  
of Au  was  ca lcula ted  as ca. 100 cm 2, i.e., roughness  
fac tor  was ca. 20. By compar ing  the cyclic vo l t ammo-  
g ram of A u / S P E  and tha t  of  TiCh-Au/SPE,  the cov- 
e rage  of Au  surface  by  TiO2 was ca lcula ted  as 75%. 
The cyclic vo l t ammogram of T iO2-Au/SPE af te r  the  
photoe lec t rochemical  measurements  shows tha t  the 
na tu re  of gold on the SPE changed and indeed a 
change in the  appearance  of the m e m b r a n e  surface 
was observed.  Thus a be t t e r  method  for  deposi t ing 
Au  on the SPE should be developed.  W h e n  the TiO2- 
meta l  s ide was i l lumina ted  b y  a 500W Xe l amp  
through  an in f ra red  absorbing  filter, a negat ive  photo-  
vol tage was developed,  as observed wi th  Pt  wire  
coated with  TiO2, and is shown in Fig. 7. The t ime 
course of photovol tage  of TiO2-Pt i l lumina ted  b y  360 
nm monochromat ic  l ight  is also shown in Fig. 7. The 
photovol tage  was smal l  and the  t ime constant  was 
la rge  when the e lect rode was i l lumina ted  with  mono-  
chromat ic  l ight.  The wave length  dependence  of 
the  photovol tage  is shown in Fig. 8 and is s imi la r  to 

, , , I 
0 0.5 1.0 1.5 

Potential / V vs. Ag/AgCI 

Fig. 6. Cyclic voltammograms of TiO2-Aa/SPE in 0.SM H2504 
before ( ~ )  and after (---) photoelectrochemical measurements. 
Sweep rate was 100 mV �9 sec -1. 
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Rg. 7. Photoeffect on the potential of TiO~-Pt on SPE in IM 
NaOH illuminated by 500W Xe lamp with infrared absorbing filter 
( ) and by 360 nm monochromatic light (---). 

tha t  of Pt /TiO2 powders  (12). These  resul ts  suppor t  
the v iew tha t  the photoresponse was due to absorp -  
t ion of  l ight  by  TiO2. ~ o d i c  photocur ren ts  were  also 
observed  potent ios ta t ica l ly .  A typica l  pho tocur ren t -  
t ime re la t ion  at  T iO2-Pt /SPE is shown in Fig. 9. 

The pho tocur ren t -po ten t i a l  re la t ions  a t  TiO2-Pt /  
SPE and TiO2-Au/SPE are  shown in Fig. 10 and are  
qui te  different  f rom those of TiO~ electrodes.  I t  is 
clear  that  the photocur ren ts  were  s t rong ly  affected by  
the ~mderlying metals.  There  are  peaks  in the r e l a -  
t ions and the peak  potent ia ls  coincide with  those at  
which  oxides of the  meta ls  are  formed.  

The resul ts  r epor ted  so far  are  a l l  for  T iO2-Pt /SPE 
and for T iO~-Au/SPE and not  those for  whole  cell  
systems,  i.e., T i O ~ - P t / S P E / P t  or  T iO2-Au/SPE/P t .  Fo r  
the whole  cell  systems,  both  compar tments  of the cell  
shown in Fig. 4 were  filled wi th  dis t i l led  water ,  not  
an e lec t ro ly te  solution, and then the wa te r  in the P t  
side (side 2) of the compar tmen t  was d ra ined  off. 
This compar tmen t  was then fi l led wi th  N2 gas. When  
the TiO2-metal  side (side 1) and the P t  side (side 2) 
were  connected b y  an e lec t rometer  and the TiO~- 
meta l  side was i l lumina ted  by  l igh t ,  the potent ia l  of 
TiOe-meta l  became more  negat ive  than  that  of Pt. 
When the  two sides were  connected with  a res is tor  of 
finite resistance,  a pho tocur ren t  (TiO2-metal  as an 
anode and Pt  as a cathode)  was observed.  Thus the  
conversion of l ight  to e lect r ic i ty  wi thout  e lec t ro ly te  
solut ion was achieved.  A typica l  t ime course of the  

o 

,~o 
o" 

~ / cm 
o 

o > 
~  o 

.c 

o o 
\ 

0 ' ~  
300 350 400  

W a v e l e n g t h / n r n  

Fig. 8. Photovoltage-wavelength dependence of TiO2-Pt/SPE in 
IM NaOH. The photovoltages are not calibrated for photon num- 
bers. 
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Fig. 9. A typical photocurrent-time relation of TiO~-PffSPE in 

IM NaOH at 0.SV (vs. Ag/AgCI). 

photocurrent is shown in Fig. 11. The larger the re- 
sistance, the larger the time constant of this process. 
The wavelength dependence of the photocurrent, 
which is shown in Fig. 12, again confirms that photo- 
currents were due to the absorption of light by 
TiO2. After the measurements, TiO2 remained on 
the metal surface as shown by the reflection spec- 
trum in Fig. 13. 

The cell performance of TiO~-Pt/SPE/Pt cell was 
determined by changing the resistor which connected 
the TiO2-metal side to the Pt side and is shown in 
Fig. 14. The characteristics o f  the cells were rela- 
tively poor compared with those of TiO2 electrodes 
(13). 

The quantitative detection of the reaction product 
by using a membrane polarographic detector (MPD) 
(14) was tried but failed because of too low an 
efficiency. 

By adding ethanol to the water of the TiO2-metal 
compartment, the photocurrent increased by several 
times but by not as much as observed in photo- 
catalytic systems (15, 16)�9 

Discussion 
When the TiO~-metal side (side 1) of the TiO2- 

metal/SPE was illuminated by light of greater than 
bandgap energy, electron-hole pairs was generated 

TiO~ 
he-- - - - ->p+ "t- e- (sidel)  [I] 

~\ l o. 

20 ~.~ ~/ /~ 

10 / 
x s 

' , , , 

0 -015 0 5 1.0 1.5 2.0 
Potential/ V vs. Ag/AgC[ 

Fig. 10. Photocurrent-potential relations of TiO~-Pt/SPE in tM 
NoaH ( ~ - - )  and in 0.5M H2SO4 ( - - •  and of TiO2-Au/ 
SPE in 0.5M H2SO4 ( ~ O ~ ) .  

1.0 

0.8 

0.6 

0.4 

0.2 

Light O'[f 

, Light Oh 
0 I I I I 

200 400 600 800 1000 
T i m e / s e c  

Fig. | l .  A typical time course of photocurrent of H20/TiO2-Pt/ 
SPE/Pt/N2 cell when H20/TiO2-Pt side was illuminated by 360 
nrn monochromatic light. 

where p+ and e -  are the hole and electrons gener- 
ated at side 1 by the light�9 In analogy to ordinary 
photoelectrochemical systems, the holes oxidized water 

H z O + 2 p  +-> VzO2+2H + (sidel) [2] 

When the circuit was open, the electrons accumu- 
lated on side 1, the Fermi level of TiO~-metal was 
raised and the potential of TiO~-metal became nega- 
tive by the illumination as shown in Fig. 7. In the 
potentiostatic condition, electrons could be removed 
from TiOe-metal through an external wire and anodic 
photocurrent was observed, as shown in Fig. 9. The 
reason for the effect of the metal substrate on the 
photocurrent potential is not clear, but the coin- 
cidence of phot0current peak potential with oxide 
formation potential suggests that change of the p o -  

1.0 

0.8 

0.6 

0.4 

0�9 

0 , 
300 350 400 

Wavetength / nm 
Fig. 12. Photocurrent-wavelength dependence of H20/TIO~-Pt] 

SPE/Pt/N~ cell. 
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Fig. 13. Reflection spectrum of TiO~-Pt/SPE after" the photoelec- 
trochemical measurements. 

ten t ia l  d i s t r ibu t ion  at  T iO~-meta l (ox ide)  in terface  
has some effect on the relat ions.  The re la t ive ly  large  
exposure  of meta l  subs t ra te  is a complicat ing factor.  

In  whole  cell  systems,  i.e., T i O - A u / S P E / P t  and 
TiOf -P t /SPE/Pt ,  react ions  [1] and [2] also occurred 
and, at open circuit ,  e lectrons accumula ted  at the  
T iOf-meta l  side (side 1) and the potent ia l  of TiOf- 
me ta l  became more  negat ive  than tha t  of P t  (side 2). 
When  the TiOa-meta l  and Pt  were connected with  a 
res i s to r  of finite resistance,  e lect rons  flowed th rough  
the  resis tance and H + moved  th rough  the SPE to P t  
of side 2 as confirmed b y  anodic photocurrent .  One 
of the possible  react ions  at  side 2 was the  hydrogen  
evolut ion  reac t ion  

H + ~ e- --> z~ H2 (side 2) [3] 

Thus a possible ne t  react ion is photodecomposi t ion 
of wa te r  

hv 
H~O , , > H~ + ~/2 O3 [4] 

However ,  in the  p r e s e n t  expe r imen ta l  condition, this 
react ion did not  take  place  as the potent ia l  of the  
TiOf-Pt  side was much more  posi t ive than the re-  
vers ib le  hydrogen  e lec t rode  po ten t i a l  as shown in 
Fig. 7. 

The compar ison be tween  the pho tovo l t age  genera ted  
by  500W Xe  lamp i l lumina t ion  and the one gener-  
ated by  360 nm monochromat ic  l ight  suggests  that  the 
poten t ia l  of TiO~-Pt m a y  become negat ive  enough 
to proceed th rough  reac t ion  [4] by  increas ing the 
in tens i ty  of l ight.  The react ion which seemed to 
take  place at  side 2 in the presen t  expe r imen ta l  con- 
di t ion was the reduct ion of oxygen due to the smal l  
amount  of oxygen  in side 2 despi te  the n i t rogen purge  

~ O2 + 2H + -~ 2 e -  -~ HfO (side 2) [5] 

The l igh t -e lec t r i c i ty  conversion efficiency was also 
ve ry  low, poss ibly  for  severa l  reasons. The shor t -c i rcu i t  
react ions at  the T iOf-meta l  surface (side 1), such as 
oxygen  reduct ion  and hydrogen  evolut ion reactions,  
consumed electrons at  side 1 and, thus, reduced  the 
conversion efficiency 

H+ + e -  --> ~/z H2 (side 1) [6] 

60 

z~0 

20 

xsx\ 
X 

X \ 

60 

L,O 

20  

0 L - - - ~  ~ - - - ~ - - - - - ~  0 
1 2 3 z, 5 

iph / JJA 

Fig. 14. Photovoltage (Eph)-output power (Wph)-photocurrent 
(iph) relations of H20/TiO2-Pt/SPE/Pt/N~ cell under illumination 
of 500W Xe lamp with infrared absorbing filter (Toshiba, IRA-20). 

�89 02 -~ 2H + -t- 2 e -  --> H~O (side 1) [7] 

The use of  a meta l  which is an inact ive  ca ta lys t  for  
react ions [6] and [7] as a subs t ra te  m a y  improve  the 
efficiency. The ra te  of react ion [2] seemed to be s low 
and the recombina t ion  react ion [8] effect ively com- 
peted with  react ion [2] and reduced  the conversion 
efficiency 

p+ + e - - >  recombina t ion  (side 1) [8] 

The increase  of the pho tocur ren t  by  the addi t ion  of 
e thanol  suppor ts  this a rgument .  The prevent ion  of 
react ions [6], [7], and [8J and the accelera t ion  of r e -  
act ion [2] would increase not  only  the  l igh t -e lec -  
t r ic i ty  conversion efficiency but  also the  e lec t rochemi-  
cal potent ia l  of the e lect ron at  the TiOf-Pt  side, i.e., 
the  poss ib i l i ty  of e l ec t ro ly t e - f r ee  photoelect rolys is  of 
water .  

I t  must  be  noted tha t  most of the photoe lec t ro-  
chemical  and photocata ly t ic  systems p resen t ly  ava i l -  
able can be constructed as SPE photoetec t rochemical  
cells, e.g., R u ( b p y ) s C I f - M / S P E / M  (17) and Ru-  
(bpy)aC12-RuOe-TiO~-M/SPE/M (18) where  M is 
the  meta l  subst ra te .  

Conclusion 
The SPE photoelec t rochemical  cell is proposed as 

a new device to convert  solar  energy  to e lec t r ica l  
a n d / o r  chemical  energy.  The conversion of l ight  to 
e lec t r ic i ty  wi thout  the  in te rvent ion  of an e lec t ro ly te  
solut ion was achieved in T i O f - P t / S P E / P t  and TiOf- 
A u / S P E / P t  cells. An increase of l ight  in tens i ty  wi th  
a smal le r  contr ibut ion of shor t -c i rcu i t  react ions at  
the  T iOf -meta l  sur face  m a y  make  e l ec t ro ly t e - f r ee  
photoelect rolys is  of wa te r  possible,  a l though it w a s  

not  a t ta ined  in this work.  
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Electrochemical Solar Cells with Layer-Type Semiconductor Anodes 
Stabilization of the Semiconductor Electrode by Selective Polyindole Electrodeposition 

L. Fornarini, F. Stirpe, and B. Scrosati* 

Istituto di Chimica Fisica, University of Rome, Rome, Italy 

ABSTRACT 

The electropolymerization of indole has been investigated on pla t inum and molybdenum diselenide electrodes. When 
performed in the dark, the electropolymerizati0n is selectively directed to the surface defects of the semiconductor.  The 
effect of this surface t reatment  is investigated and discussed. The results indicate that  the electropolymerizat ion of indole 
effectively blocks the defect sites and produces a stable improvement  on the output  characteristics ofphotoelectrochemical  
cells with layer-type semiconductor  anodes. 

Photoe lec t rochemical  cells based on l aye red  semi-  
conductors  (i.e., MoSe2 or WSe2) have both good solar  
to e lect r ica l  ene rgy  conversion efficiency and s tabi l i ty  
against  photocorrosion (1). However ,  t he  per formance  
of these cells is l a rge ly  influenced by  the surface mor -  
phology of  the semiconductor  (2-5).  Crysta ls  wi th  sur -  
face defects, such as steps be tween  the van der  Waals  
layers ,  show poor photoresponses.  The unsa tu ra ted  
atoms at  the edge of a step have dangl ing bonds ex-  
posed to the electrolyte ,  in t roducing new surface  s tates  
close to the conduct ion band. These states act as r e -  
combinat ion centers  and promote,  by  tunnel ing  of the 
m a j o r i t y  carr iers ,  back react ions of pho togenera ted  
redox species. Moreover,  the contact  of a surface 
para l l e l  to the c-axis  wi th  the e lec t ro ly te  creates a new 
electr ic  field which dr ives  the pho togenera ted  carr iers  
t oward  this region where  they  eventua l ly  recombine  
(2-5). 

Consequently,  large  effort is p resen t ly  devoted to 
the s tudy of surface t rea tments  capable  of control l ing 
these undes i red  morphologica l  l imi ta t ions  (4, 6). Bard 
et al. (7) have proposed s tabi l iz ing the semiconductor  
surface by  da rk  e lec t ropolymer iza t ion  of o -pheny l e ne -  
diamine,  specifically d i rec ted  toward  the b lockage of 
the defect ive sites. Such a selective action is favored  
by  the fact tha t  only  the surface defects of the semi-  
conductor  a l low passage of apprec iab le  cur ren t  in the 
dark.  

* Electrochemical Society Active Member. 
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Fol lowing  this direction,  we  have s ta r ted  a sys te-  
mat ic  s tudy  on e lec t rocrys ta l l iza t ion  and e lec t rodeposi -  
t ion processes on l aye red  semiconductors .  In  a previous 
work  (8), the feas ib i l i ty  of select ive electrodeposi t ion,  
in general ,  has been analyzed  and discussed. In  this 
paper ,  the effect of this type  of surface  t r ea tmen t  is 
fu r the r  inves t iga ted  by  examin ing  the  polyindole  
e lect rodeposi t ion on a s ing le -c rys ta l  mo lybdenum di-  
selenide photoanode.  

Experimental 
The mo lybdenum diselenide,  MoSe2, crysta ls  were  

k ind ly  provided  by Dr. F. L~vy of the Polytechnic  of 
Lausanne.  The semiconductor  crystals  were  a t tached  
wi th  a conduct ive s i lver  paste  to a brass  cur ren t  col- 
lector.  This was then pot ted  and sealed wi th  epoxy  
resin on a Teflon holder.  The countere lec t rode  was a 
p l a t i num wire,  sp i ra l ly  a r ranged  a round  the semicon-  
ductor  photoanode.  

'Convent ional  th ree -e lec t rode  glass cells have been 
used for the e lect rodeposi t ion and output  character is t ic  
studies. These s tudies  were  pe r fo rmed  by  control l ing 
the vol tage wi th  a potent ios ta t  dr iven  by  a function 
genera tor  and  recording  the cu r ren t -vo l t age  curves 
wi th  an X-Y recorder  or  a computer ized  acquisi t ion 
data  system. 

A halogen lamp was used to i r r ad i a t e  the  photo-  
electrodes.  The i l lumina t ion  in tens i ty  and un i fo rmi ty  
were control led  by a l ight  in tens i ty  meter .  


