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the Li ama lgam case. S imi la r  behavior  of potent ia l  
dr i f t  in nonaqueous cells was observed in PC (1, 21), 
DMSO (22, 23), DMF (24), and N - M F  (25). True cell 
potent ia ls  were  obta ined by  ex t rapo la t ing  to zero t ime 
in fo rmamide  (26, 27). The genera l  agreement  wi th  
the previous  re l iab le  da ta  justifies the  ex t rapo la t ion  
procedure  in the  presen t  work.  

In  conclusion, this  f r agmen ta ry  s tudy  establ ishes 
the  feas ibi l i ty  of using p ropy lene  carbonate  for  t h e r -  
modynamic  measurements  of the  a lka l i  meta l  ama l -  
gams. 
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Hydrogen Production under Sunlight with an 
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An electrochemical  photocel l  has been repor ted  (1) 
which consists of t i t an ium dioxide  ( ru t i le  type)  single 
crysta l  as an anode, and p l a t inum as a cathode. The 
photocel l  works  under  i r rad ia t ion  with  light, leading 
to oxygen evolut ion on the anode and hydrogen  evolu-  
t ion on the cathode. Quantum efficiencies of the  cell 
increases wi th  an increase in the a lka l ine  concentra-  
t ion in the t i t an ium dioxide anode compar tment  and 
in the acidic concentra t ion in the cathode compar t -  
ment  (2). However ,  the use of po lycrys ta l  or amor -  
phous t i t an ium dioxide  in place of its single crys ta l  is 
desi red from the prac t ica l  s tandpoint  of real iz ing a 
large  scale e lect rochemical  photocell .  

K ey  words:  hydrogen  production,  e lectrochemical  photocell,  t i ta- 
n ium oxide film. 

Among the var ious  methods of forming oxide film 
on metal ,  the  fol lowing three  methods  were  s tudied 
in the  present  work:  (i) e lectrochemical  format ion  of 
oxide film on metal ;  (ii) the rmal  format ion  of oxide 
film in an electr ic furnace;  and (~ii) the rmal  format ion  
of oxide film by s imple heat ing.  

Electrochemical ~ormation of oxide film on titanium 
metal.--Formation of anodic oxide film on t i t an ium 
was carr ied out potent ios ta t ica l ly  or galvanostat ical ly .  
The e lec t ro ly te  solutions used were  basic (1.0M 
NaOH) or acidic (0.5M H2804). Photoelect rochemical  
behavior  of the oxide film electrodes was inves t iga ted  
using a 500W xenon lamp. M a x imum photocur ren t  
under  anodic polar izat ion of the oxide electrodes was 
about  one- ten th  of that  on the single c rys ta l  ru t i le  
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electrodes. Electric resistivity of the semiconductor is 
desired to be as low as possible in order to effectively 
separate electrons and holes formed by irradiat ion 
with l ight  in  the space charge layer of the semiconduc- 
tor surface. Moreover, the thickness of a photosensitive 
layer  necessary to absorb light quanta  is about 1,000 

10,000A. Therefore these low quarLtum efficiencies 
may be at t r ibuted main ly  to the high resistivity of the 
oxide film and part ly  to its thickness being insufficient 
to absorb all incident light quanta, since the thickness 
of the oxide film was estimated to be about 3000 
5000A from its interference color. 

Thermal formation of oxide film by means of an 
electric furnace.--Oxide films were thermal ly  formed 
on the t i tan ium metal plates at various temperatures  
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Fig. 1. Current-potential curves under irradiation in relation to 
the temperature of heating of 5 min. (1) Ti metal,'(2) 1200~ 
(3) 1300~ (4) 1400~ (5) rutile single crystal. 

in an electric furnace to which oxygen was supplied. 
The anodic photocurrents obtained with these oxide 
film electrodes were near ly the same as those films 
formed electrochemically. On the other hand, when a 
reducing atmosphere was mainta ined during the oxide 
formation in the electric furnace, the anodic photocur-  
rents slightly increased.  In  the case of TiO2 single 
crystal, photoelectrochemical behavior  depends on the 
degree of the reduction treatment ,  because its electric 
conductivity related to the amount  of the oxygen va-  
cancies in the crystal may govern the probabil i ty  of 
the recombinat ion between the electrons and holes 
created by the i r radiat ion with l ight (3). Fur the r  de- 
tailed investigations will be reported elsewhere. 

Thermal formation of oxide by a gas burner.--A 
plate of t i tan ium was heated in a fire of town gas. 
Oxide could be easily formed on t i t an ium metal. Tem-  
perature of fire on Meker burner  or Bunsen burne r  
was varied between 1100 ~ and 1400~ Thickness of 
the formed oxide film seemed greater than those 
formed by electrochemical oxidation or thermal  oxida- 
t ion in the electric furnace. Anodic photocurrents  on 
these oxide electrodes were near ly  as large as those 
obtained with the single crystal futi le electrode. Figure 
1 shows current -potent ia l  curves in  1M NaOH in rela-  
t ion to the tempera ture  of heat ing for 5 min. These high 
photocurrents  might be due to both the thickness of 
the oxide being enough to absorb the incident light 
quanta  and the low resistivity of films. The crystal 
s tructure of the oxide was found by x - r ay  diffraction 
analysis to be the ruti le type. Observation of the sur-  
face by an electron microscope revealed that the oxide 
was not a perfect crystal l ine structure. In  the present  
experiments,  the t i t an ium oxide films formed in  a 
flame temperature  between 1300 ~ and 1350~ for 
several minutes showed good photoelectrochemical be-  
havior. 

Fig. 2. The geometrlc arrangement of the electrochemical photo- 
cell. (1) Anodes coated with titanium dioxide film, (2) platinum 
black cathodes, (3) agar salt bridges, (4) gas burettes, (5) am- 
meter. Anolyte: 1M NaoH, catholyte = 0.5M H2SO4. 
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Fig. 3. Hydrogen evolution by the electrochemical photocell 
under the sunlight. � 9  Total amount of hydrogen evolution, @: 
hourly evolution. 
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Hydrogen production under the sunlight.--As de- 
scribed above, the t i t an ium oxide electrodes made by 
these three methods showed different photoelectro- 
chemical behavior, even when they were irradiated 
with the light of the same intensity.  These differences 
are probably  due to the electric conductivi ty of the 
oxide films, and par t ly  to the thickness of the films. 

It is possible to prepare, by a simple heating, t i ta-  
n ium dioxide film on t i t an ium metal  plate which shows 
pronounced photoelectrochemical activity. The anodes 
studied were prepared by heating the t i t an ium metal  
with a surface area of 85 • 100 mm with nine Bunsen 
burners.  Figure  2 shows the geometric a r rangement  of 
the electrochemical photocell using twenty  anodes 
coated with t i tan ium dioxide film. The cell consisted 
of five p la t inum cathode and t i tan ium dioxide anode 
units  in  which four anode plates of the above d imen-  
sion were connected in parallel.  The cell contained al-  
kal ine solution in the anodic compartments  and acidic 
solution in the cathodic compartments.  Separation be-  
tween the anodes and cathodes was made with an agar 
salt bridge saturated with potassium chloride. In this 
arrangement ,  a potential  drop through the solution or 
the salt bridge was not found. The total anodic surface 
area (Fig. 2) was about 0.17 m 2. Figure 3 shows the 
relationship between the operation t ime and the vol- 
ume of the hydrogen collected under  i r radiat ion with 
the sunlight  on a clear summer  day. The in tensi ty  of 
the sunlight  measured by means of Toshiba Photocell 
I l luminometer  SPI-1 was about 110,000 lux from 11 
A.M. to 2 P.M. We collected 1.1 l i ter per day using this 
photocell (6.6 liters of H~ per m 2 of t i t an ium dioxide).  

The combustion heat of this hydrogen is calculated to 
be 20 kca l /m 2 per day. The mean  incident  energy of the 
sunlight  at the surface of the earth in Japan was re-  
ported (4) to be about 3000 kca l /m 2. As we measured 
the characteristics of the photocell in August, the in -  
cident energy of the sunlight  might be larger than the 
mean  one. The energy conversion efficiency of the pho- 
tocell to the total sunlight  energy is estimated to be 
more than 0.4%. As the energy ratio of the sensitive 
region of the t i t an ium dioxide against the over-al l  
spectral region of the sunlight  may be below 10%, the 
quan tum efficiency in the intr insic absorption region 
becomes much larger. 
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Intricate-Pattern ECM on Ferrous Alloys 

Mitchell A. LaBoda* and James P. Hoare* 
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In  the electronics industry,  the necessary circuit 
components  are fabricated from various metals sup-  
ported on a variety of substrates by generat ing the 
required, highly intricate pat terns in the metal  through 
a photomechanical method known as pa t te rn  etch ma-  
chining (1-5). In  a parallel  development,  another metal  
removing process known as electrochemical machin-  
ing (ECM) (6, 7) has been investigated and evaluated 
which is based on controlled, high rate, anodic cor- 
rosion reactions. The ECM process can be used in  a 
n u m b e r  of operations including plunge cutting, sizing, 
finishing, deburr ing and electrochemical grinding;  but  
perhaps, the greatest advantage of this process is its 
speed in a replication application. This report describes 
the details of this ECM method and some of the under -  
lying electrochemistry involved. 

Experimental 
The ECM fixture is composed of the cathode tool, the 

anode work piece, and all cell housing parts which are 
required to obtain a proper and uni form flow of elec- 
trolyte between the electrodes. In  Fig. 1, the assembled 
fixture used in  pa t te rn  ECM is shown; whereas in Fig. 
2, a cross-sectional view of the fixture assembly is 
given. Essentially, the fixture consists of two machined 
blocks of brass separated from one another  by an 
insula t ing layer of epoxy plastic. In  operation, the two 
halves of the fixture were held together with insulated 
"C"-clamps and made leak-proof  wi th  an "O"-ring. 

The cathode.--The top half  of the fixture (50 mm • 
150 m m  • 20 mm) serves as the cathode. Two cross- 
hatched pat terns (19 m m •  31.75 ram) of 12.6 l ines /cm 

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  ECM,  f e r r o u s  a l loys ,  P a t t e r n  ECM,  NaC10~ electrolyte. 

(32 l ines/ in.)  were etched to a depth of 0.13 mm in 
the fiat ground face of the brass block by a photo- 
mechanical  method. Next, a layer  of epoxy (2 m m  

Fig. 1. The fixture for pattern ECM with anode holder and anode 
sample panel at left and machined cathode at right. 


