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ABSTRACT 

The photoe lec t rochemical  behavior  of po lycrys ta l l ine  p-Cu~O in aceto-  
n i t r i le  solut ions conta ining a number  of redox  couples [e.g., phtha lon i t r i l e  
( 0 / - - 1 ) ,  n i t robenzene  (0 / - -1 ) ,  me thy l  viologen (-t-2/-4-1)] was invest igated.  
The p-Cu20,  grown by  oxida t ion  of Cu meta l  by  the rmal  methods  or anodiza-  
tion, showed s table  behav ior  unde r  opt ical  i r rad ia t ion  in these solutions.  The 
bandgap,  es t imated  f rom photoacoust ic  spectroscopy (PAS)  and the photo-  
cur ren t  act ion spec t rum Lu solution, was ~2.0 eV and the  f la tband poten t ia l  
was ~ -~0.16V vs. SCE. Scanning e lect ron micrographs  of the t he rma l ly  g rown 
samples  r evea l  we l l -deve loped  crys ta l l i tes  wi th  dist inct  boundaries .  A PEC 
cell  of the form p - C u 2 0 / P h ( C N ) 2 , M e C N / P t  was shown to have an overa l l  
op t ica l - to -e lec t r ica l  energy  conversion efficiency of only  0.05%. The low effi- 
c iency for  such a cell  is ascr ibed to rap id  recombinat ion  processes in  the bu lk  
semiconductor  and a t  the interface.  

Cuprous oxide (Cu20),  which crystal l izes  in a 
cupri te  s t ruc ture  is a ca ta lys t  of choice for a diverse  
va r i e ty  o2 chemical  react ions (1-4).  The optical  and 
e lect r ica l  p roper t ies  of p-Cu20 depead  upon the  con- 
ditions of p repa ra t ion  f rom Cu and 02, i.e., the t em-  
pera ture  and oxygen  pressure  (5). Severa l  workers  (6- 
11) have s tudied the electr ical  proper t ies  of s ingle 
crystals  of this ma te r i a l  and demons t ra ted  tha t  it  is a 
p - t y p e  semiconductor  whose hole conduct ivi ty  can be 
a t t r ibu ted  to copper ion vacancies which act as accep-  
tors for electrons f rom the valence band. Recently,  
Tr ivich et al. (12) s tudied sol id-s ta te  photovol ta ic  cells 
based on this ma te r i a l  and  repor ted  an overa l l  con- 
vers ion efficiency of opt ical  to e lectr ical  energy ap-  
proaching 1% and s ta ted that  efficiencies of 6-12% 
should be possible. Aqueous photoelec t rochemical  
(PEC) cells involving p-Cu20 have also been descr ibed  
(13-14). In  these cells the p-CueO photocathode is un-  
s table  and under  i r rad ia t ion  is reduced  to Cu meta l  

Cu20 + 2H + + 2e-> 2Cu + H~O [1] 

S imi la r  ins tab i l i ty  was observed wi th  CuO electrodes 
(15). In  an aprot ic  solvent  such as acetoni t r i le  
(MeCN),  however ,  such a reduct ion react ion is less 
favorable  because of the unava i l ab i l i ty  of protons. 
Since the bandgap  is 1.9-2.0 eV, and the  repor ted  effi- 
ciencies for photovol ta ic  devices appea red  in teres t ing  
and the ma te r i a l  is inexpensive,  abundant ,  and capa-  
ble of being read i ly  produced in th in  film form, we  
under took  a s tudy  of the PEC proper t ies  of p-Cu20 
p repa red  by  the rmal  and anodic oxidat ion of meta l l ic  
copper in MeCN. The polycrysValline compacts were  
p repa red  by  heat ing a Cu pla te  in a i r  to minimize the 
gra in  bounda ry  effects encountered  in the case of s in-  
t e red  powder  compacts  (16). Studies  of the  PEC be -  
havior  of p-Cu20 were  car r ied  out wi th  MeCN con- 
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ta ining severa l  redox couples including phthaloni t r i le ,  
P h ( C N ) 2 ( 0 / - - 1 ) ,  ni trobenzene,  PhNO2(0 / - -1 ) ,  and  
methy l  viologen MV ( ~ 2 / ~ 1 ) .  Photocathodes  of p-  
Cu20 were  shown to be s table in these solutions under  
intense optical  i r radiat ion.  However ,  the overa l l  opt i -  
ca l - to -e lec t r ica l  energy  conversion efficiencies in the 
PEC cells based on this ma te r i a l  were  low ( <  0.1%). 

Experimental 
Chemicals.--The procedures  for the  purif icat ion of 

chemicals  and solvent  (MeCN) are  given e lsewhere  
(17). Al l  compounds were  s tored inside a hel ium-f i l led  
Vacuum Atmosphere  Corporat ion (Hawthorne,  Cal i -  
fornia)  glove box. Pola rographic  grade,  t e t r a - n - b u t y l  
ammonium perch lora te  (TBAP) ,  dissolved and re -  
crys ta l l ized  f rom ethanol  thr ice and dr ied  under  vac-  
uum ( <  10 -5 Torr)  for three  days, was used as sup-  
por t ing  electrolyte .  The cell employed was a conven-  
t ional  two-compar tmen t  cell of 25 ml capaci ty  conta in-  
ing the p-Cu20,  a P t  counterelectrode,  and a quas i -  
re ference  electrode which was an  Ag wire  immersed  
in the solut ion and separa ted  f rom the main  compar t -  
ment  by  a med ium porosi ty  glass f l i t .  The potent ia l  of 
the e lectrode was checked against  an aqueous sa tu-  
ra ted  calomel  e lectrode (SCE) at  r egu la r  in tervals  and 
was found to be constant. Al l  potent ia ls  repor ted  here, 
unless specified otherwise,  are  given in V vs. SCE. 

P - C u 2 0  w a s  prepa red  by  the method of Trivich et al. 
(12, 18). A Cu plate, 0.8 m m  thick (Alfa  Vent ron) ,  was 
cut to a 2 • 2 cm square,  pol ished wi th  A120~ (0.5 ~m), 
washed with  acetone, and r insed thoroughly  wi th  
double  dis t i l led water .  The plates  were  dr ied  and 
hea ted  in a muffile furnace at  about  900~ for 24 hr. 
Subsequent ly ,  the furnace t empera tu re  was raised to 
1030~ and the samples were heated for an addi t ional  
160 hr. The furnace t empera tu re  was then reduced to 
500~ and at  this t empera ture ,  the samples  were  an-  
nealed for a day, before quenching them in air  at  room 
tempera ture .  Upon quenching, the CuO laye r  formed 
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at the surface peels  off, exposing the Cu20 s in tered  
compacts. The res is t iv i ty  o,f the ma te r i a l  af ter  pol ishing 
wi th  an ul trafine emery  pape r  was ,-~ 30-40 ~ cm. An  
ohmic contact  can be formed by  e i ther  e lec t ropla t ing  
the back  wi th  gold or pa r t i a l  reduct ion  in an H2 a tmo-  
sphere at  100~176 for 30 min. A copper  wi re  lead 
formed the e lect r ica l  contact  and was a t tached to the 
gold-coated  side wi th  s i lver  epoxy  cement  (Al l ied  
Product  Corporat ion,  New Haven, Connect icut) .  This 
contact  was subsequen t ly  covered wi th  5 min epoxy  
cement.  The assembly  was mounted  into 7 mm diam 
glass tubing and was held  in posi t ion wi th  a silicone 
rubbe r  sealant  (Dow C orning Corporatio.n, Midland,  
Michigan) ,  which also served as an effective seal  
against  the seepage of e lect rolyte  solut ion to the r ea r  
of the semiconductor  electrode.  The exposed a rea  of 
p-Cu20 was 0.14 crn 2. The etching procedures  are  given 
below. The mate r i a l  produced b y  the Cu-a i r  react ion 
was shown to be  Cu20 by  x - r a y  diffraction. The x - r a y  
diffraction pa t te rns  corresponded to those repor ted  in 
the  l i t e ra tu re  (ASTM card Index No. 5.0667). 

The p-Cu20 films formed by  anodic polar izat ion of 
a Cu electrode were  grown under  e i ther  l inear  po ten-  
t ia l  sweep or  constant  cur ren t  condit ions in aqueous 
NaOH solutions, mainly,  fol lowing the procedures  de -  
scr ibed  by  Marchiano et al. (19) and Ashwor th  and 
Fa i rhu r s t  (20). The p r e t r ea tmen t  of the Cu electrodes 
pr ior  to oxida t ion  descr ibed in the above papers  was 
employed.  Prepur i f ied  N2 was bubbled  for 1 hr  th rough  
the NaOH solutions, p r io r  to and dur ing  the exper i -  
ments, and  an i'q2 a tmosphere  was main ta ined  over  the 
solutions dur ing  the  anodizations.  The potent ia l  sweeps 
were pe r fo rmed  at scan rates o~ 0.02, 0.2, or 1.0 mV/sec  
wi th  the ini t ia l  potent ia l  a t  --0.8V (for 0.02 mV/sec)  
or --1.20V (for 0.2 and 1.0 mV/sec)  vs. SCE. The gal-  
vanosta t ic  runs were  pe r fo rmed  at  the cur ren t  densi -  
ties repor ted  in Ref. (20). 

Apparatus.--A Pr ince ton  App l i ed  Research (PAR) 
Model 173 po~entiostat and PAR Model 175 Universa l  
p rog rammer  were  used in  al l  exper iments  wi th  posi t ive 
f e e d b a c k / R - c o m p e n s a t i o n  employed  to compensate  for  
~olution resis tance and in te rna l  res is tance of the  elec-  
trode. The i -V curves were  recorded  on a Model  2000 
X - Y  recorder  (Houston Ins t ruments ,  Austin,  Texas) .  
In  solar  cell exper iments ,  the  photovol tage  and photo-  
cur ren t  be tween  the work ing  e lect rode and counter -  
e lectrode as a function o~ load resis tance were  mea -  
sured wi th  a Ke i th ley  Model  179, TRMS Digi tal  Mul t i -  
meter .  The l ight  source was an Oriel  Corpora t ion  
(Stamford,  Connect icut)  450W xenon lamp. Differ-  
ent ia l  capaci tance was measured  wi th  a PAR Model 
HR 8 lock=in amplifier.  Al l  of these solutions were  p re -  
pa red  in the glove box and the cel l  then sealed and re -  
moved for the exper iments .  

Etchants.--(A) For  t he rma l ly  grown p-Cu20,  the 
fol lowing etchants  were  t r ied:  (1) 12M HNO3, (2) 6M 
HNO~, (3) H2SO4:H202:H20; 3:1:1 (by  vo lume) ,  (4) 
HNO3: HsPO4: acetic acid; 17: 41.5:41.5 (by  vo lume) .  In  
etchants  (1), (2), and (3),  the  etching t ime was l im-  
i ted to 10-15 sec while  for (4) the  samples  were  kep t  
immersed  for  15 min. Procedure  (1) exposed we l l -  
developed large  Cu20-crys ta l l i tes  whi le  (2) and (3) 
showed smal l  Cu20 crystal l i tes .  P rocedure  (4) p ro-  
duced a smooth and shiny surface. (B) The anodica l ly  
produced films were  etched wi th  e i ther  (1) 0.01M or 
(2) 0.1M HNOs for 1-2 sec. 

Results and Discussion 
Capacitance measurements.--The locat ion of the e n -  

ergies  corresponding to the edges of the valence and 
the conduct ion bands,  Ev and Er respect ively,  of the 
semiconductor  e lectrode wi th  respect  to solut ion energy  
levels,  is useful  in the selection of appropr ia t e  redox 
couples for opt imizing PEC cell performance.  These 
are  usua l ly  found by  de te rmina t ion  of the f la tband 
potent ial ,  VFB, by  measuremen t  of the e lect rode capaci -  
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tance as a function of app l ied  potential .  If  this capaci -  
tance corresponds to the semiconductor  space-charge  
capacitance,  "V'FB and the acceptor  densi ty  (NA) can 
be computed  f rom Mot t -Scho t tky  plots (21-23). F rom 
these values,  the known or es t imated  effective mass 
of charge car r ie r  and the bandgap,  the band posit ions 
(i.e., Ec and Ev) can be located.  

A dielectr ic  constant  of 7.11 (24) and an effective 
mass of charge  carr iers  0.84mo (25) was employed.  
The bandgap  was measured  by  two me thods  which 
are descr ibed in the next  section; the va lue  de te rmined  
f rom the photocur ren t  action spec t rum was employed  
in the locat ion of the  bandedge.  The capaci tance of 
p-Cu20 was measured  in MeCN containing TBAP as 
suppor t ing  e lec t ro ly te  at  different  f requencies  f rom 
100 to 5000 Hz; Mot t -Scho t tky  plots a re  given in Fig. 
1. The VFB value  de te rmined  at  low frequencies  (100 
and 500 Hz) was located -~ 20 mV posi t ive of tha t  a t  
h igh frequencies (2 and 5 kHz) .  Hence, an average  
value was taken  for computat ion.  These plots were  es- 
sent ia l ly  the same af te r  repea ted  exper iments  over  
severa l  hours and were  unaffected by  the addi t ion  of 
the reducib le  compound phtha loni t r i l e  to the solution. 
F r o m  these plots we es t imate  VFB as + 0.16V vs. SCE 
and NA ------- 4.9 X 1016 em -3. 

Bandgap.--The bandgap  energy,  Eg, of p-Cu20 was 
de te rmined  by  two independen t  methods:  F r o m  the 
photoacoustic spec t rum of the sample  in a i r  (26) and 
f rom the pho tocur ren t  action spec t rum in MeCN/  
TBAP, Ph(CN)2.  The resul ts  of these exper iments  are  
shown in Fig. 2(a)  and (b) .  Note that  a plot  of (~]hv) 2 
vs. hv gives a s t ra ight  line, suggest ing tha t  the  optical  
t rans i t ion  in Cu20 is direct  and  yields  an Eg of 2.00 
eV. The photoacoustic spec t rum signals an onset  of 
l ight  absorpt ion at  638 nm, corresponding to an E~ ---- 
1.94 eV. The bandedge  energies  were  ob ta ined  by  as-  
suming the F e r m i - D i r a c  equat ion 

NA = Nv [1 4- 2 e(Ev-E~)lkT] - 1  [2] 

Nv = 2 (2~mp*kT/h2) 8/~ [3] 
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Fig. I .  Mott-Schottky plot of p-Cu20, in MeCN containing 0.1M 
TBAP supporting electrolyte. O = 100 Hz; [ ]  = 500 Hz; ~ --= 
2000 Hz; and /x ~ 5000 Hz. 
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Fig. 2b. Absorption spectrum of p-Cu20 (photoacoustic tech- 
nique) (curve 2). Corrected action spectrum of the short-circuit 
photocurrent of p-Cu20 (curve 1). Curve 3, background action 
spectrum of the 2.5 kW xenon lamp. 

where Nv is the densi ty of states in the valence band;  
E~ is the Fermi level energy (corresponding to VFB); 
and rap* is the effective mass of holes. This yielded the 
position of the VB edge about 0.1 eV below the Fermi 
level, i.e., at + 0.26V vs. SCE. From the value of Eg, 
2.0 eV, Ec is placed at -- 1.74V vs. SCE. These levels 
are shown in Fig. 3, along with the potentials for the 
solution redox couples employed in this study. 

Cyclic v o l t a m m e t r y . m T o  study the photoinduced 
electron transfer  to reducible molecules in solution, the 
cyclic vol tammetr ic  (CV) response at p-Cu20 in the 
dark and under  i l luminat ion was compared to that  ob- 

E f  . . . . . . . . . . . .  

. . . . . . . .  1 . 7 4  

.Ph (ce)2 * _ 1.72 

P h N 0 2  --1 3 3  

--  .2 
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- -  0 . 4 3  

. . . . . . . . .  0 . 0 0  
. . . . . . . . .  §  

. . . . . . . . .  + 0 2 6  

Fig. 3. Schematic representation of the energetic situation at 
p-Cu20/solufion interface along with Vredox of various redox 
couples investigated in this work. CB ~ conduction bandedge; 
Ef ~ Fermi level; VB ~- valence bandedge; Ph(CN)2 
phthalonitrile; Ph(NO2) ~- nitrobenzene; AB ~ azobenzene; AQ 
- -  anthraquinone; BQ - -  benzoquinone; MV 2+ ~ methyl viologen 
dication. 

served for these systems at a p la t inum electrode. At 
plat inum, near- revers ible  CV behavior  is observed, so 
that  the redox potential  of the couple can be obtained. 
The procedures and interpretat ions general ly followed 
previous studies from this laboratory (17, 27-29). 

The range of s tabil i ty for the electrode in  the ab-  
sence of an added redox couple was determined from 
the CV behavior  of p-Cu20 in MeCN containing TBAP 
alone, as shown in  Fig. 4(a) .  The dark current  was 
very small  up to -- 1.8V vs. SCE. Under  i l luminat ion,  
no photocurrent  was observed up to -- 1.5V. However, 
at more negative potentials a small and unstable  photo- 
induced cathodic current  was found, which probably 
involves reduction of the Cu20 electrode perhaps in -  
volving trace impurit ies (e.g., H20) in the solvent. 

The addition of a reducible substance to the MeCN/ 
TBAP solution general ly  did not produce an appreci- 
able increase in the dark cathodic cur ren t  for poten-  
tials up to -- 1.60V, demonstrat ing the expected ab-  
sence of dark electron transfer  to solution species at the 
p- type semiconductor/ l iquid interface. Under  i l lumin-  
ation, however, the photogenerated electrons at ener-  
gies corresponding to the conduction bandedge  can 
t ransfer  to solution species, and significant photocath- 
odic currents are produced. For example, the CV re-  
duction of phthalonitr i le  [Ph(CN)2] on Pt, given in 
Fig. 4(b) ,  shows a reversible wave for the reduction 
to the radical anion at -- 1.72V vs. SCE. On p-Cu20, 
only a small  dark reduction current  is seen (Fig. 4c). 
However, under  i l lumination,  significant cathodic cur-  
rent  flows with the onset at potentials more positive 
than those for reduction at Pt (Fig. 4d). Note, how- 
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Fig. 4. Voltammetric curves of Pt and p-Cu20 in MeCN contain- 
ing 10 mM (Ph(CN)2; 0.1M TBAP (supporting electrolyte). Light 
source, 450W xenon lamp. Scan rate = 50 mV/sec. (a) C-V curve 
an p-Cu20 in dark and under illumination in MeCN containing 
0.1M TBAP only; (b) cyclic voltammogram at Pt; (c) dark voltam- 
metric curve on p-Cu20; (d) C-V characteristics under chopped 
light in p-Cu20 before generating radical anions, in the dark; (e) 
C-V characteristic curve of p-Cu20 under continuous illumination; 
(f) same as in (a-e) but after electrochemically generating anion 
radicals; (g) C-V curves on p-Cu20 in dark after electrochemically 
generating anion radicals; (h) transient i-t curves of p-Cu20. The 
electrode was biased at - -0.5V vs. SCE; (i) same as in (a-e) but 
after irradiation for 6 hr, p-Cu20 electrode was biased at - -0.3V 
vs. SCE. 

ever, that  a l though there  is a considerable  "underpo-  
tent ia l"  for the s ta r t  of the reduct ion  of Ph(CN)2,  the 
cathodic pho tocur ren t  r ises r a the r  s lowly wi th  po ten-  
t ia l  and only a t ta ins  a l imi t ing va lue  at  ,~ --0.9V. This 
slow rise in cathodic photocur ren t  can be a t t r ibu ted  to 
apprec iab le  oxida t ion  of the photogenera ted  reduced  

species, Ph  (CN) 2 - ,  at  potent ia ls  be tween  the onset po-  
ten t ia l  and  the l imi t ing  one. This oxidat ion  of the  r e -  
duced form is appa ren t  f rom the  reverse  scan (Fig. 
4e), where  the  cur ren t  crosses the zero cu r ren t  axis at  
more  nega t ive  potent ia ls  than  the or iginal  onset po ten-  
t ia l  and  the  presence of photogenera ted  rad ica l  anion, 

P h ( C N ) 2 -  causes an anodic cur ren t  flow. S imi lar ly ,  if 
the ini t ia l  scan is car r ied  out  wi th  a solut ion tha t  con- 
tains both  pa ren t  and rad ica l  anion, the  onset potent ia l  
occurs at  more  negat ive  values, ,-, --0.6V vs. SCE (Fig. 
4f). Moreover,  as the  concentra t ion of rad ica l  anion is 
increased,  the onset potent ia l  also shifts t oward  more  
negat ive  values.  In  Fig. 4g is shown the effect of r ad i -  
cal anion on the behav ior  of p-Cu20 in dark.  The da rk  
oxida t ion  cur ren t  begins at  --0.6V. Thus the back- 

oxidat ion  of P h ( C N ) ~ '  leads to the observed  shape of 
the pho tocur ren t -po ten t i a l  curve and the fact  that  the 
photocathodic  cu r ren t  remains  smal l  up to --0.SV vs. 
SCE, even though the onset  of pho tocur ren t  occurs 
near  the f ia tband potential .  The presence of surface 
recombina t ion  or  back- reac t ion  be low --0.SV vs. SCE 
is also demons t ra ted  by  the t rans ient  pho tocur ren t -  
t ime behavior  of p-Cu20 in MeCN containing TBAP, 
Ph(CN)20/-1  (Fig. 4h).  Upon i l luminat ion,  the ca th -  
odic cur ren t  shows a sharp  increase,  bu t  then r ap id ly  
drops off as radical  anion accumulates  at  the e lectrode 
surface. When the l ight  is tu rned  off, the cur ren t  drops 
and an anodic cu r r en t  spike appears ,  represen t ing  
oxidat ion  of rad ica l  anion. At  more  negat ive  potent ia ls  
(e.g., --0.9V), only  a flat photocathodic  cur ren t  t r an -  
s ient  appears ,  wi th  no anodic da rk  t ransient .  Af te r  
continuous i l lumina t ion  for  6 hr, wi th  the  p-Cu20 
electrode held  at  --0.3V vs. SCE, the CV behavior  was 
essent ia l ly  unchanged  (Fig. 4i), thus demons t ra t ing  the  
s tab i l i ty  of the semiconductor  electrode.  The behavior  
of p-Cu20 with  Ph(CN)2  was typica l  of t ha t  found 
wi th  o ther  redox  couples. F r o m  the  locat ion of the  en-  
e rgy  levels of these couples wi th  ;espect  to the band-  
edges (Fig. 3), one would predict ,  based  on the ' " ideal"  
model  of the semicunductor / l iqu id  interface,  tha t  a l l  of 
the couples would be pho toreduced  wi th  the potent ia l  
of the onset of pho tocur ren t  Von, located near  VrB. This 
was found to be the case for  solut ions in i t ia l ly  con- 
ta ining only the  oxidized form of the couple.  The 
values of Von and V r e d o x  a r e  given in Table I. In  all  
cases apprec iab le  photocur ren t  flowed only at  poten-  
t ials  s ignif icant ly more  negat ive  than  Von. The l imi t -  
ing quan tum efficiency for  the  photogenera t ion  of 

P h ( C N ) 2 : ,  defined as the  rat io  of the  cu r r en t  (in 
e lec t rons / s -cm 2) to the  absorbed  l ight  flux (in pho-  
tons/s-cm2),  wi th  the p-Cu20 e lec t rode  held  at a po-  
ten t ia l  of --  1.0V where  the  l imi t ing  cu r ren t  is a t -  
tained,  was es t imated  at  500 nm. This va lue  of ). cor-  
responds to an energy  grea te r  than  the  bandgap  of p -  
Cu20. The 500 nm rad ia t ion  was obta ined  by  in te r -  
posing a J a r r e l - A s h  Company (U.S.A.) monochromator  
between the PEC cell and the xenon lamp (2500W 
opera ted  at  1600W); the monochromat ic  l ight  was fo- 
cused on the p-Cu20 electrode.  The photocurrent ,  r e -  
corded on a Model 2000 X - Y  recorde r  (Houston In -  
s t ruments ,  Austin,  Texas) ,  was 0.70 #A/cm 2. The PEC 
cell was then rep laced  and the monochromat ic  l ight  in-  
tensity,  measured  by  a r ad iomete r /pho tomete r ,  Model  
550-1 (Electro Optics Division) was 14.6 ~W/cm 2. These 
values  y ie ld  a monochromat ic  quan tum efficiency of ,~ 
10.5%. 

Effect of p re t rea tmen t . - -The  nature  of the e lect rode 
surface pre t rea tment ,  e.g., via etching, is known  to af-  
fect the  behavior  and  PEC per formance  of SC elec-  
t rodes (30, 31). Four  different  e tchants  were  used in 
this work,  descr ibed in the  expe r imen ta l  section. Elec-  
t rodes t rea ted  wi th  etchants  (2), (3), or  (4) gave large  
da rk  currents  as compared  to those wi th  1 (12M 

Table I. Voltammetric data and onset potential of photocurrent 

E l e c t r o d e  = p -Cu20 ,  VFB = + 0 . 1 6 V  VS. SCE,  NA = 4.87 X 10~e/cm ~ 

Vredox Von 
R e d o x  V v s .  V v s .  V v ~  = 

c o u p l e  a S C E  S C E  i Vredox -- Von i 

Ph (CN) ~(oI-~) - 1.72 + 0.02 1.74 
Ph ( NO2 ) (oi-i> - 1,33 + 0.03 1.36 
AB(O/-1) - 1.28 + 0.04 1.32 
AQ(O/-z) - 0.96 + 0.04 1.00 
BQ(O/-1) -- 0.53 + 0.06 0.59 
MV+-~/+z - 0,43 0.00 0.43 

a A b b r e v i a t i o n s :  P h ( C N ) 2  = p h t h a l o n i t r i l e ;  Ph(NO.~)  ~ n i t r o -  
b e n z e n e ;  A B  = a z o b e n z e n e ;  A Q  = a n t h r a q u i n o n e ;  B Q  = b e n z o -  
q u i n o n e ;  M V  = m e t h y l  v i o l o g e n .  
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HNO~) (Fig. 5). Generally, electrodes that showed 
surfaces with large crystallites and grain boundaries, as 
produced by etching with 12M HNO3, showed a better  
PEC performance than those with smooth and shiny 
surfaces [e.g., as produced by etchant (4) ]. 

Anodically grown Cu~O films.--The PEC behavior of 
p-Cu20 anodic films depended upon the electrochemi- 
cal conditions employed for growing the oxide film and 
the pretreatment  of the Cu electrode before film for- 
mation. The films produced in aqueous NaOH solu- 
tions by linearly scanning the potential showed better  
photoresponse than those prepared by galvanostatic 
oxidation. Among the Cu electrode pretreatments tr ied 
[etching with 6M HNOs, etching with FeC13 in EtOH, 
electropolishing (20), or electropolishing with etching 
in FeCla], etching with HNO3 produced electrodes 
which showed the largest photoeffects. Etching, with 
either FeC13 or the electropolished surfaces, yielded 
Cu20 films which showed a poor photoeffect. For films 
grown by linear scans, the photoresponse depended 
upon the potential scan rate, v, for film growth. Films 
grown at very small v (0.02 mV/sec) exhibited better  
PEC behavior than those grown at higher scan rates 
(0.2 and 1.0 mV/sec). In the linear scan experiments, 
the formation of Cu20 was characterized by a peak 
obtained at --0.4 to --0.5V vs. SCE (20). To avoid 
conversion of the Cu20 to CuO, the potential was not 
scanned beyond --0.35V vs. SCE. Current-potential  

0:0 

b 

I 

~nnJ~ 

V v= sOE .2mA 

L+) / (,~) 
~ . 2 V  

Fig. $. Current-potential characteristics under chopped light on 
p-Cu20 in MeCN containing 0.2M PhNO2, 0.]M TBAP (supporting 
electrolyte). Light source, 450W xenon lamp. Scan rate, 50 mV/ 
sec. (a) p-Cu20 treated with 12M HNO3; (b) p-Cu20 treated with 
6M HNOs; (c) p-Cu20 treated with H2SO4: H202:HaO = 3:1:1; 
(d) p-Cu20 treated with NHO3:H3PO4; acetic acid = 17:41.5:4.15. 
n', b', c', and d' are in the dark. 

curves in the dark and under chopped illumination for 
p-Cu20 films (grown at 0.02 mV/sec in 1M and 5M 
NaOH) in MeCN/TBAP containing Ph (CN)2 are given 
in Fig. 6. The photoresponse was clearly much greater 
for films grown in 5M NaOH. The beneficial effect of 
slow scan rate and higher NaOH concentration is prob- 
ably caused by the formation of a less random and 
thicker film (20). Some improvement in the onset po- 
tential and photocurrent was achieved by etching the 
anodic Cu20 film with 0.01M HNO8 for 1-2 sec. Etching 
with a more concentrated HNO~ solution (0.1M) de- 
stroyed the photoeffect, presumably because dissolution 
of the CueO film occurred. Films grown in I0M NaOH 
gave a photoresponse similar to those grown in 5M 
NaOH at 0.02 mV/sec: Generally, however, the photo- 
currents at the anodic films were much smaller than 
those at the thermally grown material  for similar solu- 
tion and illumination conditions. 

p-Cu~O/MeCN PEC cells.--The CV behavior can be 
used as a guide for the construction of PEC photovol- 
talc cells, where the open-circuit  potential of the semi- 
conductor ideally (in the absence of recombination) 
approaches VFB and the metal counterelectrode is at 
Yredox. Although the photocurrents found in the CV ex- 
periments with p-Cu20 were rather small, the behavior 
of actual  two-electrode photovoltaic cells is of interest 
because observed responses under these conditions in- 
sure that the effects seen are not merely caused by con- 
ductivity changes under illumination and allow an esti- 
mation of the actual power conversion efficiency of 
such devices. From the energy level diagram (Fig. 3) 
and the voltammetric measurements (Table I) ,  cells 
containing Ph(CN)2 would be expected to show the 
highest open-circuit  voltage, Voo, and the best per-  
formance. The following cell was constructed: p-Cu20/ 

MeCN, TBAP (0.1M), Ph(CN)~ (10 re_M), Ph(CN)2 
(0.1 mM)/Pt .  The p-Cu~O photocathode (0.14 cm 2) and 
the Pt gauze (40 cm ~) counterelectrode were spaced 
about 1.0 cm, with the p-Cu20 electrode about <0.1 
cm from the cell window. The i-V characteristic of 
such a cell, obtained with different load resistances, is 
shown in Fig. 7. The open-circuit  photovoltage was 
0.3V, the short-circuit photocurrent density was 0.4 
mA/cm 2, and the fill factor was 0.51. Note that this 
open-circuit  voltage is considerably lower than the 
value predicted from voltammetric measurements con- 
ducted with solutions in the absence of appreciable 

Ph(CN)2- .  It is, however, about the same as that 
found with solid-state p-CueO cells (12). From the 

T)o.O5rnA o n n rl~0. CATHODIC) n ~ . ~ )  

-,   llllllll 1ILL'" 

O~3 -0,2 ~ / I )  [j ]J u U ''t u ~ " L"(b') 

V vs.  SCE 

Fig. 6. Current-potential characteristics under chopped light on 
p-Cu20 (anodically oxidized) in MeCN containing 10 mM PhCN2; 
0.1M TBAP. Light source, 450W xenon lamp. Scan rate, 50 mV/ 
sec. (a) p-Cu20 prepared in 1M NaOH; (b) p-Cu20 prepared in 
5M NaOH. a' and b' are in the dark. 
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Fig. 7. Photocurrent-photovoltage characteristic of the cell p- 
Cu20/MeCN, 10 mM Ph(CN)2; 0.1 mM Ph(CN)2 ~ TBAP, 0.1 M/  
Pt various load resistances. Irradiation source, 450W xenon lamp. 

data  in Fig. 7 and the l ight  flux of 120 m W / c m  2, the  
overa l l  op t ica l - to -e lec t r i ca l  energy  conversion effi- 
ciency, uncorrec ted  for  absorpt ion  and ref lect ivi ty 
losses, was ca lcu la ted  to be ,-~0.05%. This low va lue  can 
p robab ly  be a t t r i bu ted  to rap id  recombina t ion  p ro -  
cesses both  wi th in  the bu lk  p-Cu20 and at  the  i n t e r -  
face. The currents  were  not  l imi ted  by  mass t ransfer  

and were  unaffected by  st irr ing.  The P h ( C N ) 2 -  was 
in ten t iona l ly  kep t  at a low concentra t ion to decrease 
the l ight  adsorpt ion  by  this in tense ly  colored species 
and to minimize  the  back- reac t ion  at  the p-Cu20 sur- 
face. The photocur ren t  as a funct ion of t ime is shown 
in Fig. 8. The pho tocur ren t  was fa i r ly  s table for at least  
6 h r  a t  which  t ime the expe r imen t  was terminated .  

Scanning e lect ron micrographs  of different  t he rma l ly  
grown specimens af ter  e tching or  pol ishing are  given 
in Fig. 9. Samples  e tched wi th  HNOs (Fig. 9a) showed 

0-4 
ol 

O,2 

- -  �9 �9 �9 �9 �9 �9 �9 Q �9 �9 �9 �9 g �9 �9 i Q �9  �9 �9 Q �9 

1 
t i m e / h  

Fig. 8. Plot of photocurrent-output density of the cell p-Cu~O/ 
MeCN, I0 mM Ph(CN)2, 0.1 mM Ph(CN)2~; TBAP = 0.1 M/Pt as 
a function of time. Light source, 450W xenon lamp. 

wel l -deve loped  crys ta l l i tes  wi th  dis t inct  boundaries .  
While  some of the crysta l l i tes  were  ra the r  large,  zones 
of smal le r  crys ta l l i tes  were  also found. There  was no 
m a r k e d  change in the morpho logy  of p -Cu20 surfaces 
af ter  the PEC measurements  (Fig. 9b).  The surfaces of 
electrodes e i ther  pol ished wi th  A1203 (0.5 #m) or  
e tched wi th  HNOs: acetic acid: HsPO4 were  smooth 
(Fig. 9c, d) .  To test  if the smal l  crys ta l l i tes  and numer -  
ous gra in  boundar ies  found wi th  the 12M HNO3 etched 
samples  were  respo.nsible for  the low photovol tages  and 
efficiencies, an e lec t rode  was p repa red  in  which  al l  of 
the small  crys ta l l i tes  were  covered wi th  si l icone rub -  
be r  sealant,  leaving  only  a single la rge  crys ta l  exposed 
to the  solution. However ,  PEC measurements  wi th  this 
e lec t rode  showed no appa ren t  increase in e i ther  the 
photovol tage  or  pho tocur ren t  density.  This suggests 
tha t  there  may  be inheren t  pro.blems in the efficiency of 
poCu~O i.tself, and tha t  m a r k e d  improvemen t  in the 
efficiency wi th  this ma te r i a l  m a y  be difficult. 

Conclusions 

The p-Cu20 photocathode is s table  in MeCN con- 
ta ining a number  of different  redox  couples under  i r r a -  
diation. The photopotent ia l ,  Vph, equal  to (Vredox --  
Von), increases  l inea r ly  wi th  Vreaox, wi th  a slope near  
one. The onset of pho tocur ren t  is located, for al l  cou- 
ples invest igated,  near  the flatband. P r e t r e a t m e n t  of 
the e lect rode plays  an impor t an t  role on the PEC per -  
formance of p-Cu20,  and etching wi th  12M HNO8 was 
found to give a reasonable  pho tocur ren t  and smal l  
da rk  cathodic current .  The 12M HNO3 etched surface, 
which looks mat te  and po lycrys ta l l ine  wi th  dis t inct  
gra in  boundaries ,  exhib i ted  be t t e r  PEC behavior  than  
the one which was shiny and smooth (e.g., p roduced  by  
an HNOs: acetic ac id :  HsPO4 etching) .  

The overa l l  conversion efficiency of op t ica l - to -e lec -  
t r ica l  energy for the  PEC photovol ta ic  cells was low, 
< 0.1%. A br ief  compar ison  of the  l iquid junct ion  pho-  
tovoltaic cells wi th  the  so l id-s ta te  cells is in order.  Un-  
der  s imi lar  i r rad ia t ion  intensit ies,  the Schot tky  ba r r i e r  
Cu /p -Cu20  cells under  the best  condit ions are  repor ted  
to show an efficiency of 0.8% (12). The observed open-  
circuit  photovol tage  (0.30V) and fill factor  (0.39) are  
comparab le  to the values  in the l iquid junct ion cells, so 
that  the lower  efficiency can be t raced  to lower  shor t -  
circui't photocurrents .  Indeed,  even in the sol id-s ta te  
cells, encapsula t ion of the cell  wi th  epoxy  is requ i red  
for op t imum performance.  This encapsula t ion not  only  
reduced reflection losses but  also decreased the ob-  
served  da rk  current .  Moreover,  the res is t iv i ty  of our  
p-Cu~O was ~ 3-4 t imes that  of the Cu20 used in the 
sol id-s ta te  cells and, in the absence of more promis ing  
efficiencies, we did not  find i t  wor thwhi le  to a t t empt  to 
opt imize the  semiconductor  mater ia l .  In  general ,  the 
low photocurrents  and efficiencies in the l iquid  junc-  
t ion cells p robab ly  can be a t t r ibu ted  to r ap id  surface 
and bu lk  recombinat ion  of the pho togenera ted  charge 
carriers .  On the basis of these resul ts  and the  fact tha t  
efficiencies > 1% have not been repor ted  for so l id-s ta te  
cells, unless a significant improvement  in the mater ia ls ,  
characteris t ics ,  and efficiency can be obtained,  p-Cu20 
does not  seem to be a promis ing candidate  for PEC 
solar  energy conversion devices. 
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Fig. 9. Scanning electron mi- 
crographs of p-Cu20, thermally 
grown samples differently 
etched: (a) Etched with 12M 
HHOs, before PEC measurement. 
(b) Etched with 12M HNO3, 
after PEC measurement. (c) 
AI203 (0.5 ~m) polished. (d) 
Etched with HHO~:HsPO4:acetic 
acid = 17:4.15:41.5 by volume. 
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