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Semiconductor Electrodes . 27. The p- and n-GaAs-

N ,N’-Dimethyl-4,4’—B i pyridin ium System.

Enhancement of Hydrogen Evolution on p-GaAs

and Stabilization of n-GaAs Electrodes.

Fu—Ren F. Fan , Benjamin Reichman and Al l en J. Bard

Department of Chemistry

The University of Texas at Austin

Austi n , Texas 78712

(ABSTRACT)

The photoelectrochemical (PEC) behavior of N ,N’ —dimethyl-4,4’-

bipyridin ium (methyl viologen , MV2~) at p- and n-type GaAs electrodes in

aqueous solutions was studied. The reduction of MV2+ at i rradiated p-GaAs

occurs at potenti al s “.450 mV less negative than those found at a Pt electrode.

The catalyzed reaction of the photogenerated MVt with water to produce hydrogen

by irradiation of p—GaAs was demonstrated and the use of the MV-system as an

intermediate in the photoassisted generation of hydrogen at semiconductors

with high hydrogen overpotentials suggested. The photooxidati on of MVt at

n-GaAs occurred at potentials “..O.8 V less positive to those where the oxida-

tion takes place at Pt. PEC cells of the form n-GaAs or p—GaAsfMV 2~,MV~/M

were also constructed .
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2 j
INTRODUCTION

Attempts to promote the photodecomposition of water at semiconductor

electrodes are based on the reduction of protons to hydrogen at p-type and

the oxidation of water to oxygen at n-type materials. In the design of such

systems difficulties arise from instabi lity of the semiconductor electrodes

themselves under irradiation and low rates of hydrogen or oxygen evolution

at the semiconductor surfaces. The large band gap n-type semiconductors which

are stable and provide the needed overpotential for oxygen evoluti on , e.g.,

Ti02 ~ or SrTiO 3 
2 , do not utilize solar energy very efficiently. The use of

p—type materials in such cells has been less studied . Generally the effi-

ciencies of p-type materials are low and they are apparently poor photocathodes

for hydrogen evolution .3

We recently discussed the behavior of p-GaAs in aqueous solutions containing

a number of redox couples and showed that stable operation of photoelectrochemical

(PEC) cells for the conversion of’ radiant to electrical energy was possible. 4

A number of studies have described the production of hydrogen by reaction of

the radical cation of N ,N’-dimethyl-4,4’-bipyridinium (also known as methyl
2 + .  . . 5viologen , MV ) wi th protons in the presence of a suitable catalyst (e.g., Pt02).

CH3 
- ~~~~~~~~~~~~~~ 

- CI1 3

MV2~
In such systems the radical cation , MVt, is generated by reaction with a suitable

reductant in the presence of light. Since this reductant (e.g., triethanolam ineSa)

is irreversibly decomposed , such processes may not i nvolve net storage of rad iant

energy (i.e. they may be photocatalytic rather than photosynthetic6). However

they do demonstrate the applicability of the MVt/catalyst system for hydrogen
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generation . The photoreduction of MV2~ at p-GaAs would provide the MV
t without

the need of a consumable reductant and thus provide a path to hydrogen evolution

at the semiconductor. The process is illustrated in Fig. 1. A similar strategy

utilizing p-Si has recently also been suggested by Wrighton and co-workers.7

We report here the photogeneration of hydrogen at p-GaAs with such a system.

• A second aspect of the research discussed here pertains to stabilizati on

of n-GaAs and PEC cells based on this material. Stabilization of n-GaAs with

respect to photoanodic decompositi on has been accompl i shed either by the additi on

of a suitable redox couple (e.g., Se27Se~~, Te27Te~~) to aqueous solut ions,8

or by the use of aprotic media , such as acetonitrile , as the solution phase.

This stabilization is based on the relative energetics and kinetics of the

semiconductor decompositi on reaction with respect to the capture of photo-

generated holes by the reduced form of the solution coupl e.9 We demonstrate

in this paper that the MV2~/MVt couple can play the role of such a stabilizing

redox system for n-GaAs in aqueous solutions and that regenerative (photovoltaic)

PEC cells showing stable performance can be devised .

EXPERIMENTAL

The single crystal p-GaAs , obtained from Atomergic Chemi cals , had an acceptor

concentration of 3 x 1018 cm 3. The ohmic contact was made by electroplating Au

on the polished rear side of the single crystal. The crystal was then mounted

as previously described.4 The single crystal n-GaAs (Atomergic Chemicals) had

a donor concentration of about 2 x io 18 cni3. The ohmi c contact was made by

electroplating In and Au successively and then heating at 400°C under H2
for 2 hours. The crystal was then mounted as described for p-GaAs .4 Both GaAs

electrodes were etched for 10-15 sec prior to the experiments in concentrated

H2S04:30% H202:H20 (3:1:1) followed by 6 M HC1 for 10-15 sec. The MVC12 used

1111k 
_________ _____________ ~~~~~~ 
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was from K & K Rare and Fine Chemicals and solutions were prepared with

triply di stilled water.

The potentiostatic electrochemical measurements were done with a PAR Model

173 potentiostat using a saturated calomel electrode (sce) reference electrode

and a platinum coil or gold foil as a counter electrode. Nitrogen was passed

through the soluti on before the experiments and above the soluti ons during the

experiments . The voltages and currents of two-el ectrode photocells were measured wi th

a Keithley Model 179 TI~4S Digital Multimeter. In the experiments where hydrogen

gas was col lected , the counter electrode chamber was separated from the p-GaAs

chamber by a medium porosity sintered-glass disk to prevent oxidation of the

MV1~ at the counter electrode. In the two-electrode regenerative photocells,

either a gold foil (area, “.40 cm
2) or a mercury pool (area, “..lO cm 2) was used

+as a counter electrode . These electrodes were also used to generate MV~

coulometrically before the regenerative photocel l measurements.

A 450 W Xe lamp or a 1.6 mW He-Ne laser was used as the light source for

the electrochemica l measurements . Neutral density fi l ters were used to vary

the intensity of the light . A 1.6 kW Xe lamp was used for the hydrogen collec-

tion experiment. The light was water filtered to eliminate heating because of

the near IR light ; and further filtered by 420 nm cut-off fi l ter to elimi nate

any UV irradiation of the solution .

In the experiments where hydrogen gas was collected , the electrochemical

cel l was a conventional three electrode cell (with the counter electrode separated

from the main compartment) wh i ch was carefully sealed with high vacuum grease

(Aplzon N), and connected to a graduated buret containing Hg. The system was

checked for leaks prior to the experiments, by pressurizing with hydrogen from an

external tank and checking for any decrease of pressure . N2 was then bubbled

through the solution while the cell was open to atmosphere. The cell was then
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closed and the height of the mercury in the buret marked . Hydrogen generation

could be observed by the decrease of the mercury level in the buret. After

these experiments, the gas was collected into an evacuated tube which was

connected to the system, and was analyzed by gas chromatography (Aerograph-

Varian Autoprep Model A-700, l 3X Linde Molecular Sieve 40-60 mesh column with

thermal conductivity detector).

RESULTS AND DISCUSSION

Electrochemical behavior of p-GaAs/MV2t The cyclic voltammetri c behavior

of MV at p-GaAs and Pt electrodes is shown in Fig. 2. Consider first the

behavior of a Pt electrode in a soluti on of 1 Fl KC1 at pH 2.5 wi th and without

• 
• 

0.074 M MV2~ (as chloride salt) (curves d ,e,f). In the absence of MV2~ a smal l

wave , presumably hydrogen evolution , occurs at ‘~-0.35 V vs. SCE , with the back-

ground current hydrogen evolution occurri ng at -1.0 V. In the presence of

the reversible reduction of MV2~ to MV~ occurs with = -0.66 V vs.

sce (curve d), with the peak for the irreversible reduction to MV at -1.03 V

(curve e) found on scanning to more negative potentials. The unusual be-

havior on reversal following the MVt reduction is probably caused by a

surface effect and has been observed previously. 10 The cyclic voltammogram

at an i rradiated p-GaAs electrode in the absence of MV2+ (curve a) shows only

a very smal l cathodic current, probably connected with a very low rate of

hydrogen evolution . Upon addition of MV 2~ to the solution , a large increase

in the photocurrent in the cathodic region is observed (curve b). This photo—

current can clearly be attrib uted to the reduction of MV2~ to the purple MV
t,

as can be observed by the blue-purple color streaming from the electrode surface,

according to the reaction

______________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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+ e ~~±. MVt (1)

The anodic current due to the oxidation of the MVt back to

the original MV2+ occurs on scan reversal both i n the dark and in the l ight ,

but in the light the oxidation occurs at somewhat less positive potentials.

In the dark only a very small current connected with the reduction of MV2+

is observed at p-GaAs (curve c). As is clear from a comparison of curves b

and d , the reduction of MV2~ occurs at p-GaAs at potentials significantly posi-
2+ +tive of the reversible MV /MV~ potential at Pt. The photoreduction at p-GaAs

starts at about -0.2 V vs. sce (and peaks at “..-0.5 V) so that an “underpotential ”

of about 0.45 V is achieved . Moreover , the direct photoreduction of MV2+ on

p-GaAs occurs at potentials which are positive of those where hydrogen evolution

is observed on Pt, ~nd indeed somewhat positive of the reversible hydrogen

electrode potential at this pH , -0.39 V vs. sce. A comparison of the peak cur-

rents on Pt and illuminated p-GaAs shows that the limiting current densities

for MV2~ reduction are essentially equal thus demonstrating that the rate of
2+reduction at p-GaAs is limited by mass transfer of MV to the electrode surface.

When the p-GaAs electrode was held at potentials where MV2+ can be reduced

and exposed to light , a l arge current was observed initially but it decayed

rapidly to a small steady-state current. This steady-state current

was larger , when the soluti on was stirred. This decrease in the current can be

attributed to several sources: (a) the onset of a back-reaction associated

with the oxidation of the MV~ at the semiconductor electrode back to the MV
2
~;

(b) absorption of light by the colored MV~ generated at the electrode surface;

(c) depletion of MV2~ at the electrode surface.

Photoassisted hydrogen evolution. As mentioned above , it is known that

MVi can reduce water to produce hydrogen in the presence of a suitable hetero-

geneous catalyst:

_______  _ _
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+ 
platinized p

~~2 2+MV • + H20 > MV + OW + ½H2 (2)

The photoreduction of water directly at p-type semiconductor electrodes

is slow and inefficient (e.g., Fig. 2a), because these material s have hig h

hydrogen overpotential s. However, the generation of MVt at i rradiated p-GaAs

at potentials positive of the reversible hydrogen evolution potential suggested

that by using a suitable heterogeneous catalyst in the solution , bul k generation

of hydrogen at p-GaAs , with MV~ as a mediator , should be possible. In this

process the MV1 is oxidized back to MV2~, so that there is no net consumpti on

of the methyl viologen species , and some suitable oxidation process occurs at

the counter electrode. To carry out this scheme we assembled a cell to collect

and measure the evolved hydrogen gas. The solution was 1 M KC1 containing

0.074 H MVC12 wi th 20 mg of platinized A1 203 powder (10 weight % of Pt) added

to “.~25 ml of solution as catalyst. The soluti on was stirred continuously duri ng

the experiments . With the p-GaAs (area, ~0.3 cm
2) exposed to the 1.6 kW Xe

l amp and hel d at a bias potential of -0.6 V vs. sce , irradiation was continued

for 3 days during which time 0.5 cm3 of H2 gas (1 atm. , 25°C) was collected and

clearly identified by gas chromatography . In identical experiments conducted

with solutions not containing MVC1 2, only traces of hydrogen (“..O.002 cm
3, 1 atm.,

25°C) were found. In the experiments made with solutions containing MVC1 2, the

initial current (“..8 mA/cm2) at -0.6 V , dropped quickly to a steady state current

of “~O.5 mA (~l.5 mA/cm
2) and remained constant at this level (within + 10%).

During this 3 day illumination , the p-GaAs electrode was biased at -0.6 V for

only totally about 1.5 days and it was disconnected from the potentiostat for

the other 1.5 days during which time no current flowed through the cell. Moreover ,

after the prolonged experiments , the cyclic voltammograms both on the i rradiated

p-GaAs and on the Pt disk were essentially the same as those taken before the 

-——‘--~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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experiment. This shows that (a) the concentration of MV2+ doesn ’t change during
2+the extended irradiation and the photogerierated MV is oxidized back to the MV

while reducing the water, wi thout any side reactions ; and (b) the p-GaAs is

stable duri ng this process for at least 3 days under illumination . Although it

was clear from these experiments that a great enhancement in the hydrogen evolu-

tion rate at p-GaAs is achieved by using the MV 2~ system , we couldn ’t obtain

quantitative results which describe the real maximum efficiency for hydrogen

production with this sytem. This is mainly attributable to the relative ineffi-

ciency of the catalyst we used , Pt/A1203, for the reaction of MV
t with water.

Thus , after about 30 m m .  from the start of the irradiation of the p-GaAs , the

solution began to turn blue-purple and the intensity of the solution color

gradually increased . This demonstrated that the rate of generation of MV~

(“..l.5 mA/cm2) was higher than the rate of reduction of water by MVt This accu-

mulation of MVt in the solution decreased the efficiency , because it absorbed

some of the light and also enhanced the back reaction (i.e., surface recombina-

tion). When the concentration of MVt became high , the photocurrent decreased ,

and the circuit had to be disconnected until the blue color dissipated and the

steady state current returned to the original value. A better efficiency for

hydrogen producti on could probably be achieved with the catalysts recommended

elsewhere .5’~ Even under these unoptimized condition , however , the enhancement

tn the rate of production of H2 compa red to solutions not containing MVC12 was

striking. For solutions not containing MVC 1 2, the steady state photocurrent at

-0.6 V was only ~0.0l mA (“.‘0.03 mA/cm
2) and only traces of H2 were collected for

the same periods of irradiati on . Attempts were also made to generate MV~ in a

two electrode system without using an external electrical supply. This should

be possible wi th a counter electrode with a redox potential negative of that
2+ .where photoreduction of MV occurs . With a Cu wire as a counter electrode ,

~

- -“—--~ ~~~~~~~~
- —~~~~-- --- - -.- -~ - • .. - - . -~~~~~~ - --— ‘----

~~~~~
-—.
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we could construct a PEC cell in which a current flowed during i rradiation of

the p-GaAs in a direction consistent with the p-GaAs being the photocathode

(MV2+ reduction ) and the Cu the anode. However , the short-circuit photocurrent

in this cel l was only 1.5 iiA and the open-circuit photovolta ge only 50 mV ,

since the potential of the unpoised Cu electrode was probably mainly contributed

by the Cu/Cu 2~ or Cu/Cu
t couples rather than by the more negative Cu/Cu 20 or

Cu/CuO couples at pH 3.

Electrochemi ca l behavior of n-GaAs/MV 2.
~ The standard potential of the -:

MV2~/MVt couple as determined on platinum is at a value consistent with stabili -

zation of an n-GaAs electrode. While excellent stability and good efficiencies

have been demonstrated wi th n-GaAs in selenide -containing e1ectrolytes ,8b~
8c

alternate solution redox couples for this and other semiconductor electrodes are

also of interest. The oxidation of MV~ at an n-GaAs electrode under irradiation

is shown in Fig. 3. In this experiment the solution conta i ned 70 mM MV 2~ and

4.5 mM MV~ (generated by coulometric reduction of MV2~ on large area gold foi l

electrode) and the photoanodic current for F4V~ oxidation started at about -1.5 V

vs. SCE , which is abou t 0.8 V negative of the reversible MV 2~/MVt potential . The

photodecomposition of the n—GaAs occurs at about -0.5 V vs. sce in this solution.

A regenerative photovoltaic cell based on an n-GaAs photoanode , a Au or Hg

cathode and a solution of 0.07 M MVCI 2, 0.005 Fl MVC 1 and I Fl KC1 was constructed

and showed stable operation for at least 2 hours . Au and Hg cathodes were selected

over Pt because of their higher hydrogen overpotentials. These electrodes are as

reversible as Pt for MV2~/MV~. The open -circuit photovoltage was 0.4 V

and short-circuit photocurrent was 0.21 mA (i.e., 1.3 mA/cm2 of n-GaAs

electrode ) in a stirred solution under i rradiation with the full power of the

450 W Xe lamp . The short-circuit photocurrent and the open-circuit photovoltage

of the cell depended strongly , however , on the light intensity as shown in Fig. 4.

The photocurrent-photovo l tage characteristic of this cell , as shown in Fig. 5,

yields a fill factor of 0.31 . Although the photocell was stable in the MV 2~/MV~

~olutlon . this redox couole has severa l disadvanta cies. First, the deeD color of
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solutions containing MVt absorb visi ble light strongly, so that either low con-
• centrations of MV ’r must be employed , wi th ensuing mass transport limite d currents

at the n-type semiconductor , or thin l ayer photocells must be constructed .

Moreover, wi th high concentrations of MV~, some instability of the solution

became apparent ,lOb probably because of the occurrence of the disproportionation

reaction :

2 MVt ~± MV
2
~ + MV (3)

producing a small amount of the neutral amine species which is known to be

unstable in aqueous solution)0 Minimization of this side reaction also re-

quires lower concentrations of MVt in the photocell.

Photovoltaic cells based on p-GaAs/MV 24. Regenerative photoce lls based

on the MV24/MVt couple , p-GaAs as the photocathode and Hg as an anode were

also investigated . As shown in Fig. 5, the fill factor of a p-GaAs/l.0 M KC1 ,

73 mM MV~~, 0.5 mM NVt/Hg PEC cell is about 0.4. A Hg electrode was used here

to prevent the Pt-catalyzed oxidation of MVt. The light intensity dependence

of the open-circuit photovoltage and the short-circuit photocurrent of the cell

is shown in Fig. 6. The quantum efficiency at 632.8 nm was about 13% without

correcting the solution absorption. The power efficiency of this cell at this

wavelength under light intensity “.~50 mW/cm
2 is estimated to be about 0.5%.

While these efficiencies are rather low , they only represent initial values with

no attempts at optimizing cell design. They could clearly be increased signifi-

cantly by decreasing the optical path length through the solution to the p-GaAs

from the value (about 0.5 cm), used in this test cell.

CONCLUSIONS

The results reported here for p-GaAs , along with those of Wrighton et. al .

on p—Si ,7 wi th the methyl viologen system , suggest that this redox couple could

provide a useful intermediate to the production of hydrogen with semiconductor

electrodes. Since these small band gap materials will not provide holes with

sufficiently positive potentials to oxidize water , the intermediate oxidized

‘—‘~--~ --..—•——-“~~ —•..~ -—~~~ -———•‘— --—.•‘ -— • ‘~•- —~~~~ “-—.—-— ‘ — — ~-•—-•~ --- •-_‘•‘—.~ • ‘ ••- -•~—‘—~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ••- ——.—. .— —• —~- -- -.~ —— —-—--••.-— -•
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form produced at the counter electrode will have to be reduced in a second

PEC cell , with oxygen evolution at the counter electrode. This “dual photocell”

approach to water photodecomposition has been dis cussed elsewhere.6’11 In this

context it is important to find a suitable counter electrode reaction with the

p-GaAs/MV2~ system to allow efficient operati on wi thout external bias . This

couple also may prove useful in PEC photovoltaic cells with n-type semiconduc-

tors, although the intense color of the MVt species and the possibility of slow

decomposition via disproportionation are disadvantages.
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FIGURE CAPTIONS

Fig. 1 Representation of hydrogen generation scheme .

Fig. 2 Cyclic voltamograms at Pt and p-GaAs at 0.1 V/sec in solutions of

I M KC1 , pH 2.5. (a) p-GaAs , irradiated ; (b) p-GaAs , irradiated ,

with 0.074 M MV2~; (c) as (b) in the dark; (d)( e)  Pt with 0.074 Fl MV 2
~~

(f) Pt with 1 M KC1 (pH 2.~ ).
+ .Fi g. 3 Photo-oxidation of MV . at i rradiated n-GaAs (450 W Xe l amp). Solution

contained 0.07 M M V 2
~ and 5 mM MV~ , and scan rate was 0.1 V/sec .

Fig. 4 Open circuit photovoltage and short-circuit photocurrent as function

of light intensity (450 W Xe l amp ) for PEC cell n-GaAs/0.07 MMV 2
~,

5 mM MVt, 1 H KC1/Au , with stirred solution .

Fig. 5 Performance characteristics of GaAs/MV PEC cells. (a) p-GaAs/73 nil

MV2~, 0.5 nil MV
t, 1 M KC1/Hg ; (b) n-GaAs/69 nil MV2~, 5 mM MV~, 1 Fl

KC1/Au . Solutions were stirred .

Fig. 6 Open circuit photovoltage and short circuit photocurrent as function

of light intensity (He-Ne laser , 1.6 mW , 632.8 nm) for photocell of

Fig. 6(a).



____________________________________ — ~
— — ~—-- - -— —~~~--~~~~~~~~ —~~~~~~~

P - GaAs / Electrolyte /Cata lyst (suspended )

_  

:: +~~~~~~~~~~~

sc::
h)’~~~Eg (bah1d gap)

• 
~0

A - 
_ 

•



— 
;
__ _____ •___ •_ __ •_  - ‘1

(9

H 
~~~~~~~~~~~ . ~~~~~~~~ ~~~~~



~ -

~~~

cat hodic0 
anodi c

Curr ent Density

N .

Id
Cu,

o ~
I

S.

—

I—

4’
0

0 -
I

V

• - --~~~~~~

---
~~~~~~~~ ~~

• —--

~~~~~~~~~~~~~~~~~
-=•

—-• •- • --• , -
~~

•- •- 
~~

- .
~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~



!pr -• -. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0
/

/
/

E0 . 2 / - O.4~~7 — i 5’

0. /~~—~~~

- 0.3 ~

0.1 -/ o
,
/ 

- 0.2

/
I

_ ::
<

0.0 0.2 0.4 0 6  0.8 1.0
RelatIve Light Intensity



r~ ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1.9 3 4

1.5 - - 3.0 
/

.• 

•

\~ ,.f.=o.4o

E 10.. ~~ - 2 0 ~~

I 

H

~~~~ 
f.f. 0.31

l~~~~J CD
0

0.5 - - 1.0~~

• 1 2 \
0 0  I 1 0 0

0.0 0.2 o’~~
Photo volta ge , v

- • •~~~ •.—~~ - -



• -~~~~~~~~~~~~~~~~~~~~~~~~~~~
-
~~~

-- • -
~

- _

Open-cir cu it Photovo ltag e , V
o CD N 0 

- 
- -

N — — 0 0
U U U U

0 0 0 0 0 0’
~~

~~ii ‘;UaJJfl3Ol0Ild ; !n3J !3- J0~IS



- . 472:GAN :716:ta ui
78u472—608

TECHNICAL REPORT DISTRIBUTION LIST, GEN

Copies Copies —

Off ice  of Naval Resea rch Defense Documentation Center
800 North Quincy Street Building 5 , Cameron Station
Arling ton , Virginia 22217 Alexandria , Vir ginia - 

22314 12
Att n : Code 472 2

U.S. Army Research Office
ONR Branch Off ice P.O. Box 1211
536 S. Clark Street Research Triang le Park , N.C. 27709
Chicago , Illinois 60605 Attn: QW—AA— IP •

Attn : Dr. George Sandoz 1
Naval Ocean Systems Center

ONR Branch Office San Diego , California 92152
715 Broadway • 

Attn : Mr. Joe McCartney
New York , New York 1&003
Attn: Scient ific Dept. 1 Naval Weapon s Center

China Lake , California 93555
ONR Branch Offic e Attn : Dr. A. B. Amater
1030 East Green Street Chemistry Division
Pasadena , California 91106
At tn: Dr. R. J. Mar cus 1 Naval Civil Eng ineering Laboratory

Port Hueneme , California 93401
ONR Area Offi ce Attn: Dr. R . W. Drisko
One Hallidie Plaza , Suite 601
San Francisco , California 94102 Professor K. E. Woehier
A ttn: Dr. P. A. Miller 1 Department of Physics & Chemistry

Naval Postgraduate School
ONR Branch Office Monterey, California 93940
Building 114 , Section D
666 Summer Street Dr. A. L. Slafkosky
Boston , Massachusetts 02210 Scientific Advisor
Attn : Dr. I.. H. Peebles I Commandant of the Marine Corps

(Code RD— l)
Director , Naval Research Laboratory Washington , D.C. 20380
Wa shin gton , D.C. 20390
Attn : Code 6100 1 Office of Naval Research

800 N. Quincy Street
The Assistant Secretary Arlington , Virginia 22217

of the Navy (R ,E&S) Attn: Dr. Richard S. Miller
Department of the Navy
Room 4E736 , Pentagon Nava l Shi p Research and Development
Washington , D.C. 20350 1 Center

Annapolis , Maryland 21401
Commander , Naval Air Systems Command Attn: Dr. C. Bosmajian
Department of the Navy Applied Chemistry Division
Washington , D .C. 20360
A ttn: Code 310C (H. Rosenw isser) 1 Naval Ocean Systems Center

San Diego , California 91232
.~ttn: Dr. S. Yaa~moto , ~1ari~ie

Sciences Div i sio n

• • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

472 :GAN :7 16 :t am
78u472—608

TECHNICAL REPORT DISTRIBUTION LI ST , 359

No. No.
Copies Copies

Dr. Paul Delahay Library
New York Univers i ty  P. R. M allory and Company , Inc .

Department of Chemistry Northwest Indust r ia l  Park
New York , New York 10003 1 • Burlington , Massachusetts  01803

Dr. R. A. Os teryoung Dr. P. J. He ndra

Colorado State Un iversity Un ivers ity of Fouthhampton
Depar tment of Chemistry Department of Chemistry
Fort Colli ns , Colorado 80521 1 Sout hhamp ton S09 5NH

Uni ted Ki ngdom
Dr. E. Yea ger
Cas e Western Reserve University Dr. Sam Perone
Depa r tment of Chemistry Purdue Un iversity
Cleveland , Oh io 41106 1 Depart ment of Chemistry

Wes t Lafayett e , Indiana 47907
Dr. D . N. Benriion
Universi ty of California Dr. Royce W . Murray
Chemica l Engin çering Department University of North Carolina
Los Angele s , California 90024 1 Depart ment of Chemistry

Chapel H i l l , North Carolina 275 14
Dr. R . A. Ma rcus
Cal i fo rn i a  Ins t i tu te  of Technology Naval Ocean Systems Center
Department of Chemistry San Diego , Cal ifornia 92152
Pasadena , California 91125 1 At tn : Technical Library

Dr. J. J. Auborn Dr . J. H. Ambrus 
•

Bell Labo ratories The Electrochemistry Bra nch
Murray Hill , New Jersey 07974 1 Ma terials Division , Research

& Technology Depar tmen t
Dr. Adam Heller - Naval Surface Weapons Cent er
Bell Tel ephone Laboratories White Oak Laborato ry
Murra ry H i l l , New Jersey 07974 1 Silver Spr ing , Maryland 20910

Dr. T. Katan Dr. G . Goodman
Lockheed Mis siles & Space Globe—Un ion Incorporated

Co , Inc.  5757 North Green Bay Avenue -

P . O .  Box 504 Milwaukee , Wisconsin 53201
Sunnyvale , Cal ifornia 94088 1 -

Dr . J. Boech ier
Dr. Joseph Singer , Code 302— 1 Electroch imica Corporation
NASA—Lewis At tention : Technical Library
21000 Brookp a rk Road • 2485 Charleston Road
Cleveland , Oh io 44135 1 Mountain View , California 94040

Dr.  b .  Brummer Dr. P. P.  Schmidt
EIC Incorporated Oakland Un iversity
Five L e ,~ S t r e e t  Depar tment  of Chemistry
Cambrid ge , M a s s a c h u s e t t s  02139  1 Rochester , Michigan 48063

- -- —— -~~~~~- - •~~~ -~~ — -~~~~~~~~~~~~~ -~~ •—- — —
~~~~

—•--•.•



_
~~~~~~~~

- • -_‘__ -T-~ 
_

~~~~~~~~~~~~
‘
~~

-,- - -

~~~~~~~

- ‘ , - •,‘—

~~

• - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-472:GAN:7 16: tam
- . 78u472 — 608

TECHN ICAL REPORT DI sTRIBuTI0 : 1 LI ST , 359

Cop ies

H. Richto l
is try Department
se laer Polytechnic Institute
, New York 12181 1

A. B. E l l i s
is try Department

‘ersi ty of Wiscons in
son , W i s c o n s i n  53706 1

N. Wrig hto ri
is t ry Department
ac huse t t s  Inst i tute  of Technology
ridge , Massachuset ts  02139 1

y E . Plew
1 Weapons Support Center

3073 , Bu ilding 2906

~e, ind iana  47522 1

tuby
( STOR )
E Street
ingt on , D .C .  20545 1

Aaron Wo ld

~n U n i v e r s i t y
i r tment  of Chemistry
‘idenc e , Rhode Is land 02192 1

R . C. ~hud ac ek
sw-Ed ison Company 4

on Ba ttery Division
Offic e Box 28

m f i e l d , New Jersey 07003 1

J . B  d
~er of Texas
Lrt of Chemistry

, Te ss 78712 1
M. M . Nicholson
tronics Research Cente r

~vel1 International
Miraloma Avenue
eim , California 92803 1

M. G. Sceats
er sity of Rochester
rtment of Chemistry
ester , New York ])~627 1



1

02192 1

003 1 .

1

r

1

1

_ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _


