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In v iew of the o f t en - repea ted  (and genera l ly  t rue)  
s ta tement  about  the easier  reduct ion  of polyhal ides  
than  monohal ides  (7), the  or iginal  repor t  of von S tack-  
e lberg  and S t racke  (2) tha t  me thy lene  chloride, 
CH2CI2, at  the  DME in d ioxane -wa te r  is reduced  at  
--2.33V whereas  me thy l  chloride, CHsC1, wi th  its sin- 
gle chlor ine  is easier  to reduce,  at  --2.23V, is some-  
wha t  surpris ing.  We have found tha t  this unusual  
o rder  of reduct ion  is also t rue  in anhydrous  DMF at 
the  DME. ,5 Consider ing the order  of the  ha l f -wave  po-  
tent ia ls  of CH3C1 and CH2C12 at the  DME, and the 
c lear ly  discrete  reduct ion  of me thy lene  chlor ide  pr io r  
to methyl  chloride that  we have discovered at the  
carbon electrode,  i t  seems highly  possible that  me rc u ry  
is chemical ly  involved  before  or dur ing the po ten t ia l -  
de te rmin ing  step at the DME in the e lec t roreduct ion  of 
me thy l  and methy lene  chlorides. This suggestion is in 
accord with  a number  of repor ts  of chemical  in terac-  
t ion of m e r c u r y  wi th  organic bromides  (8).  
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Semiconductor Electrodes 
I. The Chemical Vapor Deposition and Application of Polycrystalline 

N-Type Titanium Dioxide Electrodes to the Photosensitized Electrolysis 
of Water 

Kenneth L. Hardee* and Allen J. Bard** 

Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

A number  of invest igat ions on photoeffects on semi-  
conductor  electrodes have been repor ted  (1, 2). Most 
studies have been concerned wi th  single c rys ta l  semi-  
conductor  ma t e r i a l s ,  a l though some polycrys ta l l ine  
semiconductors,  e.g., SnO2 (3-6),  have also been used. 
Recent ly  the photosensi t ized e lec t ro ly t ic  oxida t ion  of 
wate r  on n - t y p e  TiO2 single crys ta l  e lectrodes has 
been descr ibed (7-9). In the absence of i l lumina t ion  
the hole concentra t ion in the valence band of n - t ype  
TiO2 is ve ry  small, so that  no apprec iable  anodic cu r -  
rent  flows for the oxidat ion of water,  even at ve ry  
posi t ive potent ia ls  (9). When  the electrode is i r r ad i -  
a ted wi th  l ight  wi th  energy grea ter  than  the bandgap  
energy (ca. 3.2 eV), holes are formed in the valence 
band (VB) by  exci ta t ion of e lectrons to the conduc-  
t ion band (CB). Under  anodic polar iza t ion  the bands 
in the semiconductor  are bent  in such a direct ion tha t  
the CB electrons migrate in the external circuit to the 
counterelectrode while the VB holes move to the sur- 
face where they combine with water' molecules pro- 
ducing oxygen 

H.~O + p+ (VB) -> ~ 02 ~ H + [1] 

* E l ec t rochemica l  Soc ie ty  S t u d e n t  Member .  
** E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
K e y  w o r d s :  s e m i c o n d u c t o r  e lec t rodes ,  o x y g e n  e v o l u t i o n ,  photo-  

e lectrochemistry.  

Unlike  many  o ther  semiconductor  mate r ia l s  (e.g., ZnO, 
GaAs) ,  TiO2 is s table  wi th  respect  to dissolut ion under  
these conditions. These photoass is ted  e lectrolyt ic  p roc -  
esses are  obviously  of in teres t  wi th  respect  to the con- 
version of l ight  to chemical  and e lect r ica l  energy.  For  
pract ical  applications,  however,  low cost po lyc rys ta l -  
l ine electrode mater ia l s  wil l  p robab ly  be requ i red  for  
large area  electrodes.  Moreover,  var ia t ion  of the com-  
posi t ion of the semiconductor  (e.g., to change the 
bandgap  or the donor or acceptor  levels or to a l te r  the  
surface states) leading to changes in spect ra l  sens i t iv-  
i ty  or e lectrochemical  behavior,  can be accomplished 
more easi ly dur ing the p repa ra t ion  of such po lyc rys -  
tal] ine mater ials .  Mollers, Tolle, and  Memming (10) 
have recent ly  repor ted  measurements  of photocata ly t ic  
deposi t ion on po lycrys ta l l ine  TiO2 in 1M H2SO4 solu- 
tions. We repor t  here  detai ls  of the  p repa ra t ion  of n -  
type  TiO2 electrodes by  chemical  vapor  deposi t ion 
(CVD) onto t i t an ium meta l  subst ra tes  and a compar i -  
son of the photoassis ted anodic oxida t ion  of wa te r  on 
CVD and single crys ta l  n - t y p e  TiO2. 

The CVD technique employed  was based on the 
method of Fitzgibbons,  Sladek,  and Har twig  (11), who 
studied dielectr ic  thin films of TiO2 for so l id-s ta te  
devices and in tegra ted  circuit  applicat ions.  This tech-  
nique involves the  react ion of a t i t an ium a lkoxide  and 
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water to produce TiO2 and an alcohol. By util izing 
vapors generated in a flask and delivered to the reac- 
tion site by a carrier gas, the reaction can be con- 
trolled in both rate and location. An alkoxide that pro- 
duces a low boiling alcohol permits a low temperature  
of deposition; the only requi rement  is that  the tem-  
perature is sufficient to boil off the resul t ing alcohol 
so that it will  not be incorporated into the film. The 
reaction can be directed toward any suitable substrate 
simply by positioning the delivery tubes. 

Experimental 
The n- type  TiO2 on a Ti substrate was produced in 

the following manner  (Fig. 1). Tetra- isopropyl  ortho- 
t i tanate from Eastman Organic Chemicals was heated 
in a flask in a water  bath mainta ined at 80~176 Dry 
ni t rogen (passed through CaC1.2 and molecular  sieves) 
was used as a carrier gas; it was passed over the 
t i tanate and then through a delivery tube to the sub- 
strate. The tip of the del ivery tube was located about 
2.5 cm above the Ti substrate. Pure  Ti was used as the 
substrate and was heated to about 150~ on a hot plate. 
The water vapor source also used ni t rogen as the car- 
rier gas. The water  vapor was carried to the substrate 
through a tube parallel  to the t i tanate delivery tube. 
Similar results could be obtained employing only 
water  vapor from the air; however, an auxil iary water  
vapor source allowed shielding of the substrate from 
air currents  which disrupt uni form film growth. To 
allow the development of a full space charge region 
in the semiconductor electrode, which can be as large 
as 10,000A, depending upon carrier density, fairly thick 
TiO2 films are required. Fitzgibbons et al. (11) re-  
ported that  attempts to use continuous CVD to pro- 
duce films thicker than 4000-5000A resulted in  crack- 
ing of the films, but  that  heating the films between 
deposition allowed thicker films to be produced. The 
following CVD procedure was thus adopted. 

The Ti substrate was cut into 1 • 1 cm squares, 
polished using very fine emery paper, and finally buf-  
fed to a mirror  finish with a polishing wheel and 
rouge. This step was necessary to achieve good ad- 
herence of the TiO2 and to promote growth of thicker 
layers. Unbuffed Ti (although polished with emery 
paper or etched in HF) gave films that  were dull  and 
nonuni form in appearance and which yielded much 
lower photocurrents.  It was also difficult to achieve 
thicker films on unpolished mater ial  since flaking or 
formation of white powdered TiO2 occurred when re- 
peated depositions were attempted. A convenient  film 
growth rate was established by adjust ing the flow rates 
of the ni t rogen over the t i t an ium isopropoxide and 
water while watching the growth of interference rings 
on glass with white light. The polished Ti substrate 
was then placed under  the nozzles and growth allowed 
for a given time period (typically about 2 min  for the 
formation of two complete sets of interference r ings).  
The substrate was then  held in a bunsen  burne r  flame 
for 3-4 min  during which time the Ti tu rned  red hot, 
the interference rings disappeared, and the surface 
took on a uniform, shiny, b lue-gray  appearance. After  
the flame treatment ,  the substrate was cooled in air 
briefly, then  re tu rned  to the deposition apparatus for 

TJ~0C3HT~ ~ - -  

W ~  
B , t h - - - - +  

H e , I  

further  CVD. Electrodes with between two and nine 
2-min coatings were produced. The TiO2 film thick- 
nesses for these electrodes ranged from about 1.4 to 
7~, respectively. 

The electrodes obtained by the above procedure 
showed a high resistance. They were placed in 10 -5 
Torr  vacuum at 600~ for 11/2 hr. This t rea tment  
causes oxygen vacancies in the TiO2 structure and 
produces n- type  mater ial  with a much lower resist- 
ance. A copper wire was attached to the cleaned back 
of the Ti piece with silver epoxy cement (Epoxy 
Products Company),  and the piece was mounted in a 
glass tube with silicone rubber  cement (Dow Corning 
Corporation) so that only the surface covered by the 
T i Q  was exposed to the solution. 

The single crystal n - type  TiO2 was produced by 
National Lead Company and was given a similar vac- 
uum- t rea tment .  Ohmic contact was made with indium 
by ultrasonic welding, and it was mounted  in glass 
using silicone rubber  cement. 

Some experiments  were also at tempted with TiO2 
produced anodically by oxidation of Ti substrates in  
15% H2804, 2% Na3PO4, 5% Na2HPO4, saturated 
H~BO3, or 50:50 ethylene glycol saturated oxalic acid 
solutions (12)~ A 1 X 1 cm Ti piece was anodized for 
several hours in the electrolyte with greater than 10V 
applied. A metallic blue coating appeared immediately,  
but  it changed little with time. These deposits are 
probably very thin, since production of the insulat ing 
TiO2 film slows down or stops the anodization process. 

All electrochemical measurements  were performed 
with a mult ipurpose ins t rument  constructed from 
solid-state operational amplifiers previously described 
(13-15). Current -potent ia l  curves were recorded with 
a Moseley Model 7005A X-Y Recorder. The electrode 
was i l luminated through a quartz window in the cell 
wall. The counterelectrode was Pt  and the reference 
electrode was a saturated calomel electrode (SCE). 

I l luminat ion  was accomplished with a 200W mer-  
cury lamp (PEK-I l lumina t ion  Industr ies) .  Either the 
full polychromatic output  of the lamp was used, or the 
light was passed through a circular graded filter. 

Results and Discussion 
Current -potent ia l  curves for both single crystal and 

CVD TiO., (n- type)  in  the dark and under  i l luminat ion 
in a 0.5M potassium chloride solution buffered at pH 6 
are shown in Fig. 2 Curves at other pH's, from 1N 
NaOH to 1N H2SO~ are very similar to these on both 
the single crystal and CVD material,  but are shifted in 
the negative direction 58 mV per uni t  increase in pH. 
The anodic region in the dark is characterized by a 
very low current  unt i l  a certain breakdown potential  
when a marked current  rise occurs. For the CVD TiO2 
this current  rise occurs at potentials of about 2V vs. 
SCE and probably represents tunne l ing  or film break-  

0 

~ 2 

~ '~ ~ 

E { v v s s C E }  

Fig. 2. Current density vs.  potential for (a) single crystal Ti02, 
Fig. I. Diagram of deposition apparatus and (b) CVD Ti02 in 0.SM KCI solution buffered to pH 6. 
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down; this region was not investigated further.  A sim- 
i lar  current  rise, at somewhat less positive potentials, 
was noted by MSllers et al. (10). This effect appears 
similar to that observed when Ti is anodized, where 
the TiO2 formation and passivation region is followed 
by breakdown. The single crystal TiO2 shows no such 
current  rise unt i l  potentials beyond 10V. On the re-  
verse scan, or a cathodic scan from the open-circui t  
potential, in  the dark, the potential  rise occurs when 
hydrogen evolution commences, as evidenced by the 
appearance of gas bubbles on the electrode. 

When the electrodes are i l luminated with either 
polychromatic l ight or wavelengths corresponding to 
energies greater than  the bandgap (e.g., 370 rim), 
anodic current  and bubble  format ion on the electrodes 
is observed. The saturat ion oxidation current  density 
under  i l luminat ion  is a function of l ight intensi ty and 
is somewhat smaller  for the CVD TiO2 than  for the 
single crystal material.  The higher C.D. observed with 
the single crystal mater ial  probably reflects the dif- 
ferences in structure between the CVD TiO2, which is 
a mixture  of polycrystal l ine anatase and ruti le (11), 
and the rut i le  single crystal. Thus, there may be better  
efficiency in light absorption, and hence generat ion of 
holes, as well as fewer hole-electron recombinations 
in the single crystal material.  On the reverse scan into 
the negative potential  region following oxidation under  
i l luminat ion  a cathodic current  larger than  that  ob- 
served in  the dark is observed. This is a t t r ibuted to 
the reduct ion of oxygen formed dur ing  the anodic 
scan, and is absent in  scans into the cathodic region 
alone in the presence of light in deaerated solutions. 
In solutions containing dissolved air, a small  cathodic 
wave is observed in this region on an init ial  cathodic 
scan. The wave observed on reversal  from a photo- 
sensitized oxidation is about 4 times larger, suggesting 
that  some of the oxygen produced anodically is ad- 
sorbed at the TiO2 surface or that  a saturated solution 
of oxygen is formed near  the electrode surface. 

The shift in the location of the photosensitized oxi- 
dation wave with pH is the same for both single crys- 
tal and CVD TiO2. A plot of EL, the potential  where 
the photocurrent  commences vs. pH  (Fig. 3), shows 
that  both electrode materials fit the same l inear  cor- 
relation, with ~ E L / ~ p H  -- 58 m V / p H  unit .  The spectral 
sensitivities of both materials, shown by photocurrent  
vs. wavelength plots (Fig. 4), are also vi r tual ly  ident i -  
cal. 

The CVD TiO2 is very stable at open circuit, to solu- 
tions ranging in pH from 0 to 14 (1N HeSO4 to 1N 
NaOH), as is the single crystal material ;  no noticeable 
decreases in saturat ion current  densities occurred with 
prolonged immersion. The CVD TiO2 is also mechani-  
cally stable, and withstands gentle polishing with very 
fine emery paper, al though scraping the surface will 
destroy the film. Prolonged exposure of the CVD TiO2 
to positive potentials, with and without light, showed 
no noticeable changes in  the appearance of the coating 
or max imum current  density. Prolonged cathodic 
evolution of hydrogen occasionally produced small  

�9 : , : :  . . . . . . . . .  
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Fig. 3. EL vs. pH for single crystal and CVD Ti02 
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Fig. 4. Photocurrent vs. wavelength at potential of -]-0.775V 
(vs. SCE) for (a) single crystal Ti02, and (b) CVD Ti02. Curves are 
uncorrected for mercury lamp emission and transmittance varia- 
tions of circular graded fiher. 

blisters or flakes on scattered portions of the surface. 
This may indicate poor adhesion of the TiO2 film to 
the Ti substrate in these areas, perhaps because of 
some contaminant  on the substrate prior to deposition. 

A brief study of the photosensitized oxidation of 
water on a TiO2 film produced by anodization of Ti 
was under taken  to compare its behavior to that  of the 
CVD material.  Small photocurrents  were observed on 
the anodized Ti, but  the current  densities were about 
30-40 times lower than that of CVD TiO~. The shift in 
potential of the anodized Ti at open circuit upon ex- 
posure to light (ca. --0.10V in 1M KC1) was also 
smaller  than that  observed for CVD or single crystal 
TiO2 (ca. --0.50V in 1M KC1). This behavior suggests 
that the T i Q  film formed on anodization of Ti is of 
insufficient thickness to support a full space charge, 
and it may also differ s t ructural ly  from that  of CVD 
TiO2. 

The CVD deposition technique can also be used to 
deposit TiO2 upon glass [see also Ref. (10)], suggest- 
ing possible applications as a t ransparen t  electrode 
material,  par t icular ly  in the region of negative poten-  
tials where SnO2 electrodes sometimes are not useful. 
Moreover, the good stabili ty of these CVD TiO2 elec- 
trodes may make them useful in other electrolytic 
processes, for example, for photoassisted oxidations or 
reductions of organic materials in nonaqueous solvents. 
These applications are cur rent ly  under  investigation. 
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D I S C U S S I O N  

- S s  

This  Discuss ion  Sec t ion  inc ludes  discussion of papers  appearing  in  
the Journal of The Electrochemical Society,  Vol. 121, No. 8 and  12; 
A u g u s t  a n d  D e c e m b e r  1974. 

The Electroreduction of Oxygen and Hydrogen 
Peroxide on Sodium-Tungsten Bronzes 
J.-P. Randin (pp. 1029-1033, Vol. 121, No. 8) 

J. McHardy: 1 The paper under  discussion largely 
bears out the findings of earlier workers 2 but  two ob- 
servations do call for comment. The first is that the 
presence of p la t inum in a bronze crystal did not in-  
crease its electrocatalytic activity for oxygen reduction 
and the second is that the log i vs. E curve for hydro-  
gen peroxide reduction passed through a maximum. 

In  the 8 years since Sepa et al. 3 first reported sodium 
tungsten bronze to be an electrocatalyst for oxygen re- 
duction, many  publications have appeared on this and 
related subjects. 2 Several workers 4-7 were able to 
reproduce Sepa's results, but  only by incorporating 
p la t inum in the bronze crystals. Other papers also re- 
ported beneficial effects of p la t inum upon electrocatal- 
ysis although Randin  cites two of them s,9 as evidence 
that p la t inum had no effect. Detection of the electro- 
catalysis is not a simple mat ter  because the l imit ing 
current  density for oxygen reduct ion is quite low (10- 
100 times lower than the diffusion controlled current  
observed at large overpotentials) and can easily be 
masked, e.g., by corrosion currents. 

Comparison of Randin 's  data with these of workers 
who did reproduce Sepa's results reveals differences 
both in condition and technique. Most significantly, 
Randin used more concentrated acid ( tending to ag- 

z P r a t t  & W h i t n e y  Ai rc ra f t ,  Ma te r i a l s  E n g i n e e r i n g  and  Resea rch  
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ence, P h y s i c a l  C h e m i s t r y , "  Ser ies  2, B u t t e r w o r t h s ,  L o n d o n  (In 
Press) .  
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7 j .  O'M. Bockr i s  and  J. McHardy ,  This Journal, 120, 61 f1973). 
s j .  M. F i s h m a n ,  J.  F. Henry ,  and  S. Tessore,  Elcctrochim. Acta,  

14, 1314 (1969). 
0 B. Broyde ,  J. Catalysis, 19, 13 (1968). 

gravate corrosion problems) and l imited his measure-  
ments  to relatively high current  densities (--~10 -5 A /  
cm-2) .  In my own work, 7 p la t inum-induced  electro- 
catalytic activity was observed only after reducing 
corrosion currents to 10 -6 A/cm -2 or less and even 
then it was confined to current  densities below 10 -5 
A / c m -  2. 

Turn ing  to the second point, I would draw at ten-  
t ion to the work of Voinov and Tannenberger  TM who 
also examined the reduction of hydrogen peroxide on 
tungsten bronzes. Despite differences in the interst i t ial  
element (they used CexW03 and Yb~W03) kinetic 
data at the rotating electrode were quite similar. Un-  
like Randin, however, Voinov and Tannenberger  re- 
ported no maximum in the log i -E curve. The dis- 
agreement  casts some doubt on Randin 's  in terpre ta-  
tion of the max imum and raises the possibility that 
it may have been an exper imental  artifact. 

J.-P. Randin91 Among the various published inves-  
tigations in which oxygen reduction reaction on so- 
d ium-tungs ten  bronzes was studied, only McHardy's 
work 7 and the paper under  discussion include a de- 
tailed quant i ta t ive evaluation of the effect of p la t inum 
incorporated by using a p la t inum anode (or crucible) 
during the preparation of the bronzes by electrolysis 
of a polytungstate melt. Other workers also reported 
various effects of platinum incorporated by extended 
potential cycling in acid solutions containing Pt metal 
ions 8 or by electrodeposition from chloroplatinic acid. TM 
The latter methods gave relatively high surface con- 
centrations of Pt as compared to the low bulk con- 
centrations (in the ppm range) involved in the study 
under discussion. These studiesS,t2 are therefore not 
relevant to the specific criticisms of McHardy. 

It is evident from both McHardy's work 13 and from 
our own 14 that a significant corrosion current is ex- 

lo M. V o i n o v  and  H. T a n n e n b e r g e r ,  in  " F r o m  Elec t roca ta lys i s  to  
Fue l  Cel l s , "  G. Sands tede ,  Edi tor ,  p. 101, U n i v e r s i t y  of W a s h i n g t o n  
Press,  Seat t le ,  W a s h i n g t o n  (1972~. 
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