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ABSTRACT

A convenient method of nrepnarinc compounds in the system wo3 xe is

described and the photcelectrolvtic tehavior of UOB_ and wos-xe ancdes

has been investigated. It was found that the substitution of small amounts

of fluorine for oxygen in H03 does not affect adversely its photoelectrolyvtic

behavior. Moreover, substituted fluorine increases the stability of electrodes

of ’.-:’O3 when used for the photoelectrolysis of water.
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INTRODUCTINN

There has been considerable interest recently in the search for stable
electrode materials for use in photoelectrolysis. This process is cne in
which water is decomposed into hydrogen and oxveen when a suitable semiconductor,
placed in an electrochemical cell, is illuminated with energy greater than

1

the band gap, creating electron-hole pairs: Under appropriate conditions,

DY

these electron-hole pairs can be separated and used as oxidizing and reducing

5 2

species.
The requirements of such a stable electrode material are indeed stringent.

The material must be chemically inert and should have a band gap that

utilizes an optimum of the solar spectrum (A1.6 eV). In addition, the

semiconductor must be conducting and when placed in an electrolvte it sheuld

have sufficient band bending to separate the photogenerated electron-hole

on of bands relative to the electrochemical scale nust

e

pairs. The posit

¥ s = > . 3 -
bte such that oxidation of 07/0, and reduction of H /H, can take place.

2

The degree of band bending and the position of the bands can be controlled
to some desree by varying the pH of the electrolyte used in the cell and by
the application of an external bias. It is known that the conductivity of such
materials can be altered by chemical substitution or dopins procedures. Therefore,
the pronerties which are most difficult to control and, thus, more critical
Aare the magnitude of the band gap and the material's chemical stability.

To date, the only materials which have been used successfully have been
. N ; g :
troad band oxides. These oxides were made conductive by removing small
amounts of oxvyren. Since there is some questicn as to the long term stability

»f these defect structures in a highly oxidizing environment ! it was of

intrrest to comnare the relative stability of defect oxides to those of oxvfluorides.

=] -
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The use of uo3 as a statle electrcde in photoelectrolvsis has been
; 5 5 8 SR
resorted Dy several investigators. BRButler, et. al have indicated

that 90, is an n-type semicenductor with a band zao of 2.7 eV¥. Experiments

~
performed with sinrle crvstals in a 1.0Y sodium acetate solution showed
soontaneous photocurrent (i.e. no applied tias) with no decay in photocurrent
or visible deterioration of the electrode surface even after passage of

: 2 iy £ ; s
anproximatelv 75 coulcmbs/cm™. Thev indicated that an appreciable applied

bias was necessary before photedecomposition of water was observed. lHodes,

9 ety s 3 d e
et, al found similar results with polverystalline films of W 3 prepared
by either the oxidation of tunzsten metal films or the decomposition of

. i oy S : o e a
ammonium tungstate. Hardee and 3ard nave crepared WO, films hy three

diffsrent metheds. Unlike Kodes, et. al, thev found that the films prepared by
the oxidaticn of the metal were not stable on repeated cycling cf the electrcde.
Unfortunately, the electrode surfaces were deep blue rather than vellow-green.
This color difference is indicative of either reduced HO3 or hydrozen bronzes
of the typne H Woa

It was therefore desirable to examine more clcsely the photcelectrolytic
hehavior of Y0 for various amounts of x. It was also of interest to
determine the effect on stability of substituting fluorine for oxveen in

10, , rather than creating defects.

2

EZPERIMENTAL

Tunpsten oxide was prepared by heating high purity (99.99%) tungsten
foil (0.,010") under flowing oxvpen for 24 hours at 1000°C. Defect tungsten
nxide films were made bv heating the Y0, samples in evacuated sealed silica tubes

in the presence of freshly ground titanium at temperatures of 100°C to 800°C for

mmgw-n' S —

%

3




2 to 24 hours.ll

A convenient method for substituting flucorine has been used to synthesize
members of the svstem WOS_X?X. In this process the freshly oxidized WO3 was
placed on a oure tungsten foil which sits in a tungsten boat. The boat was
then placed in one zone of a two zone furnace. It was determined that the
ontimum temperature of this reaction zones should be 650°C. Potassium biflucride
was placed in a nickel boat and Inserted in the second zone cf tha furnace.

This zone was maintained at 400°C which was sufficient to allow for a slow
thermal decomposition of the KHFZ. Variation in the fluorine content was
achicved by varving the temperature of the reaction zone. The entire reaction

chamber consisted of a nickel tube with stainless steel Swagelok fittines

welded to beoth ends.

The reaction tube was purned initially with argon at rcom temperature,
After 30 minutes tha gas flow was stopped and the temperature of the two
zones was raised to operating corditions. It was found that uniform
samples were nade under these static conditions. After 4 hours the
reaction tube was removed from the furnace and flushed again with argon until
room temperature was achieved. During the purging procedures the argon was
bubbled through a 9 HaOH solution. All reactions were carriaed out in a well
ventilated hood.

The crystal structures of all of the samples were determined from powder

x-ray diffraction spectra using either !fg0 or Ca0 as an internal standard.

The scans were taken with a Philips llorelco Diffractometer, using CuKa radiaticn

o -
(1.5405A) at a rate of 1/4° 20 nin 1.

Resistivity measurements were made by ultrasonically soldering indium leads

s s

on the polvervstalline samples and using the standard four-orobe van der Pauw

k2 : : .
que . OCotical bhand zap measurements were made by making ¥3r windows ]

Poe

techn

R N 0 SRS R0 e . - S N T A Rl e W
" . 2 i L
" e . - anct




M

which contaired finely sround oxide or oxvfluoride intimatelvy mixed and the
absorption spectra were taken on a Carwv 14 spectrophotcmeter.

Photoelectrolvtic measurements were made by first soldering an cxide or

oxvrluoride sample to a Pt wire which was sealed in a pvrex tube. All but the

x
b

face of the film was then coated with an electricallv insulatinz resin
(icerostop, !ichigan Chrome and Chem. Co.). The electrode was then placed
in a silica cell which was filled with 0.2 sodium acetate. A platinized
Pt foil with approximately 5 times the geometrical surface area of the oxide
and oxvfluoride films was used as the counter electrode. The electrodes were
3 illuminated by either the full output of a 150-% Xenon lamp or the output of
a Yodel 7155 monochromator (Criel Corroration). Absolute lirht intensity
measurements were made using a Pyroelectric Radiometer (ilodel RK 3440, Laser
Precision Cerp.). The current vs wavelensth curves were corrccted for
intensity variaticns bv normalizing the spectral outnut of the lamp-mono-
chromator system to 40 nm and usine the resultins values to correct the
measured photccurrents. All measurements were made with the electrolyte
in equilibrium with air.

Stability against recoxidation was determined bv heating the films in a

7 stream of flowing oxXygen at a rate of 100°C/hr to 1000°C and the weight change

monitored with a Cahn Electrobalance.

knalysis for fluorine in the wos xe samples was made by dissolving anproxi-

¥ mately 0.2¢ of the samples in 9 M NaOll, adjusting the pH to 5.5 with a sodium

e

acetate/acetic acid buffer and measurineg the fluoride ion concentration using
a fluorine specific electrode (lodel 94-09, Oricn Research, Inc.). By the use of
a specific olectrede, T~ ion concentrations of 24 ug./liter could be determined

with a reoroducibility of + 2%, From the weisht of the samples analyzed, the

value of % in the NOJ x?x samples can ke reported with an accuracv cquivalent to

R it st aies - : . . : ~,M..M-,‘__,,.:j
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RESULTS AND DISCUSSION

1. Crvstallocraonhv

There have been conflicting reports concerning the structure of pure

w03.l3'l° It was found that woa prepared by oxidizing completely tungsten

foil could best be indexed on a triclini

16

c system similar to the one reported

by Roth and Waring. It transforms to a monoclinic phase upon the removal

7
of small amounts of oxygenl or

. 18
or sodium,

the addition of small amounts of hydrogen

Whereas the system 0 (0<x<1) is moncclinic throughout the entire
] 3-x g

7 = : S
ranfe .l the system HO3—K‘X (0<x<1l) undergces the followinc transitions:
DAy rar L s S 28590
triclinic + monoclinic -+ orthorhombic =+ tetragonal -+ cubic. The
structural properties of the WO, _F_ prepared in this s

) tudy are summarized
3-x"x

in Table I. It can be seen that the structure remains triclinic for very small

(x=0.0079) amounts of substituted fluorine in the systen woa XFK. When the

<

amount of substituted fluori s x=0.0177 the structure has undersone the

transition to the monoclinic phase and when x=0.0663 the resulting phase

is orthorhombic. These are consistent with results of previous investigators.

2. Resistivitv and Ontical Pronerties

) 8
The resistivity of the pure w03 samples were between 10 and 10~ Q-cm.

B et 4 = -1
The resistivities of the WOS x samples ransed between 1,2x10 Q-cm - 7x10 & {-cm

and the resistivities of the U03 xe samples ranred between 100 Q-cm - 5 Q-cn.

Absorption measurements indicated that the band gap of %0, and all WO, T

3 3-x"x
2

samples was 2.65 ¢+ 0.10 eV, Th

e

1 his is consistent with previous investipations. '

bl

p)
-

21,

-~
-

2
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3. Photeoelectrolvtic Prorerties

In Figure 1 are plotted the photocurrents vs appliaed voltaze (SCE reference)

for several VO samples. easurements were made with the electrolvte in

3-x

eauilibrium with air. As can be seen the largest nhotocurrent is reached

for the WO3 - sample having tne lowest resistance, with the photocurrents

of the remaining samples decreasing as the resistance i-:-reases. These

rasults are consistent with the only effect beinz a change in the overall
cell resistance.

The photocurrents for two triclinic samples of woa _{I—“< are shown Vs.

Q

applied bias in Fifure 2, the measurements teinc made with the electrolyte
in equilibrium with air. Although photocurrents were observed for all of
the tungsten oxvfluorides studied,the moncclinic and orthorhombic compositions

(:20.0177) show more ccmplex behavior.

The spectral response of the "0, V? samples shown in Fizure 3 were obtained
: ' 3-% % >
with an applied bias of 0.5V. The photocurrents nlottad here were normalized
for clarity by takine the ratio of the photocurrent at a given wavelength to
the maximum photocurrent obtained (i.e. at 400 nm). The actual photccurrents
2 <
at 400 nm are for x = 0.0079 I=16.06uA/cm”™ and for x = 0.0083 I=6.07uA/cm .

The colors of the materials varied frem a light green for the x=0.0072 sample

to darker green for the x=0.0083 sample

4, Stability

Stability of the VO3 < and WﬂB K?x sannles was investirated by three
nrocedures: Stability acainst reoxidation, stability apainst hydrolvsis or

dissolution, and stability in a workins cell arrancement.
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Figure 4 shovs

&

the rasults of the

reoxidaticn experiments. It can be

. . » e P . 2 |
that while Y0, readily veoxidizes at 230-300°C, the YO, V? sample was ]
3-x : I=% x : 1

|

stahle to 600°C, inmplyine an increased stabilitr to reoxidation. |

indicates that the composi

study can te represented bv the formula W F

samples was

Tda a3 7 7 4o
weAC1lL1TY

. .

air, was determined by biasing the electrode at 0.5 volts with resvect to the

platinum

and monitoring the changes in photocurrent with time. Tt

the slightly »educed W0

samnles wern less stable.

with the photocurrcnt decreasins by 30% over a period of 2 hours.

(2]

onzistent with

SR——

napriods up

'10“:5"’\1.'

e A A A i g

J————————

also clear that the thermal gravimetric data shown in Figure 4

eaquivalent

in a workin

cathode, Illuminating then with

the results
he triclinic samples of %0
to 46 hours (V700 coulombs). In addition, there was no

lons and no visible chanre on tha surface ot

ion of the cxvfluoride samples prepared in this

If the composition of the

of the stoichiometry WO, _F , then there would have Leen a

of %x-y. It can ke seen

methed is such that values of x

sined

were nade oV blacing Sanblies

t 90°C Ffor 350 hours.

¢ cell, with the electrolvte in equilibrium with

.

full outnut of a 150 vatt Xenon lam:

found that while

was

films gave stable photocurrents, the nore reduced

"y

fhe most reducad samole (xv0.03) was verv unstable
This is

r R {11,
found by Hardee and Zard . On the other hand,
i

rave stable photecurrents of 2ma/ecm” for

J-%x x
significant

the electredes ,

S—
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CONCLUSIONS

The photoelectrolytic behavior of %0, < ard WOS x?x has been investigated.
o= - <

It was found that substituting fluorine for oxysen in H03, in small amounts,

does not affect adversely the photoelectrolvtic behavior of W03 but increases

the stability of the compound when used as an electrode for photocelectrolysis
of water. A safe and easily controlled method of preparing W 3 x?x was

described.
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FIGURE CAPTIQNS

Photocurrent vs apnlied hias for several woa " samnles

i M 2 ! H=
in 0.24 .Zaczdao2 (pti=7.3).

-

4

Photocurrent vs applied bias for several wos "

samnles in 0.2 NaC,H,0, (pH=7.8).

A

Ylormalized Scectral Pesponse of WO, T in 0.2H

MaC,t,0,. Eg=optical band gap (2.7 ev7.

Stability against reoxidaticn for WO3 # and UO3 x?x
in flowing oxveen.




. M i o G i

- FHOTOCURRENT orF W
==X
Ly —t—t—t—f—t—t——t—t—f—t— — —— ——t— - —————t—}-
- -y
~ » o 0.7 Dim-cn u T
:— 21 T
3 1 + 16 pun-cn + 1
ﬂ. 3 © IS oot n * : -+
WHM x B30 put-cn v
s T ¢ IBIO0 pnne-2n & g T
= 2+ ; T
L1l + +
, [y 4 f 0 + ]

L y ! :

ol o
-/\_ -+ + 3 .4..
ﬂu — ko T 4} o < -+
i 4 . o . ¥
m“ -+ ” T 9 " " A <4
- 9] x M A D 2ol 4 ¢ @ '
A ...lll....l».n ; Am. At f e p—p e e —f e —p— | — —t ————}-

~@.5 2 H.5 [ B T m
BiHS VOLTHEE




FHOTOCURRENT orF WO P
e B

B N e LA e s e e M S s e desses e M ol e v e Jnc e e
- lﬁ
T i 1 4
{ s - T
L 5 - B X = 0.0079¢2) -
- |¢. .
F,\ -4 n + -+
N + 4+ X = 0.0093¢Z2) +
I T 2 1
x Yy <+ o +
2. - -4
: +
N - <+
+ = : 8
—.Qt.. lf + -+
e b = U i
~ 3 1 0o 3
Lol 1 + 1
LE k] 4
4 + % {
v 2 +
~4- + -
& T i 1
- 4 1
C] e # I
it + T m
(L T = B
: ) At —— ——t ——t— | — ———— ————— —— —— ﬂ

il 5 1 k. _ | o 2
Bifs VHLESHEE




m e S

Lo +—+—1 et — | -t | = —  aim o
X = Pl L1
[T m n +
mom
Dj—lr. m m e
4 = o o 9 1 . "
k — . . -
wv 1 o
m R 1 n T -
2 £ ® o 3 e + o
P i
0 \\\\\ L1
s a - . o
Lo < \.\\
Ul A T

i P

C
\
WRVELENETH (nNp)

F
1
|
i
I
I
1
J[
HE

m R4] o B8 a




4 o T
5 R
THERMAL STABILITY
n.u t—f—t—t——p— |—t — t— t—— f——— — t— }——p—+—+
N, ¢ WO, o 1
11 n.5 4+
X : + WO, . FOR X < o.ol +
s ¥
JI
I oY a Wi,  F, FOR X = D.ol 1
I . o o ¥
Ll 4
=< n.d T
= 3
h.?2 = L 4
Lol + 1
11] E 1
vxnm_ + 1
o = + % 4
P . + & *+ g X o] 0D o o mM
o o n 4
A .OLll:llTlli_iltlfllll p—t—t—t—t—f —t +—t
% ya1%1Y% AN GHA =12}% 92]%1%)

TEMPERATURE (M¢)




" TECHNICAL REPORT DISTRIBUTION LIST

No. Copies

Office of Naval Research
Arlington, Virginia 22217
Attn: Code 472 2

Office of Naval Research
Arlington, Virginia 22217
Attn: Code 102IP 1 6

ONR Branch Office

536 S. Clark Street

Chicago, I1linois 60605

Attn: Dr. Jerry Smith 1

ONR Branch Qffice

715 Broadway

New York, New York 10003

Attn: Scientific Dept. 1

ONR Branch Office

1030 East Green Street

Pasadena, California 91106

Attn: Dr. R. J. Marcus 1

ONR Brancn Office

760 Market Street, Rm. 447

San Francisco, California 94102
Attn: Dr. P. A. Miller

ONR Branch Office

495 Summer Street

Boston, iMassachusetts 02210

Attn: Or. L. H. Peebles 1

Director, Naval Research Laboratory
Washington, D.C. 20390
Attn: Code 6100 1

The Asst. Secretary of the Navy (R&D)
Department of the Navy

Room 4E736, Pentagon

Washington, D.C. 20350 1

Commander, Naval Air Systems Command
Department of the Navy

Washington, D.C. 20360

Attn: Code 310C (H. Rosenwasser) 1

No. Copies

Defense Documentation Center
Building 5, Cameron Station
Alexandria, Virginia 22314 12

U.S. Army Research Office

P.0. Box 12211

Research Triangle Park, N.C. 27709
Attn: CRD-AA-IP 1

Naval Ocean Systems Center
San Diego, California 92152
Attn: Mr, Joe McCartney 1

Naval Weapons Center
China Lake, California 93555
Attn: Head, Chemistry Division 1

Naval Civil Engineering Laboratory
Port Hueneme, California 93041
Attn: Mr. W. S. Haynes 1

Professor 0. Heinz

Department of Physics & Chemistry

Naval Postgraduate School

Monterey, California 93940 1

Dr. A. L. Slafkosky
Scientific Advisor
Commandant of the Marine Corps (Code RD-1)
Washington, D.C. 20380 1 3§

Office of Naval Research
Arlington, Virginia 22217
Attn: Dr. Richard S. Miller 1




TECHNICAL REPORT DISTRIBUTION LIST

No. Copies

Jr. Paul Delahay

New York University

Department of Chemistry

New York, New York 10003 1

Br. R. A, Osteryoung

Colorado State University
Department of Chemistry

Fort Collins, Colorado 80521 1

Dr. B. Yeager

Case Western Reserve University
Department of Chemistry
Cleveland, Ohio 41106

Dr. D. N. Bennion

University of California

Energy Kinetics Department

Los Angeles, California 90024 1

Dr. R. A. Marcus

University of I11inois

Department of Chemistry

Urbana, Illinois 61801 1

Dr. J. J. Auborn
Bell Laboratories
Murray Hill, New Jersey 07974 1

Dr. Adam Heller
8ell Telephone Laboratories
Murray Hi1l, New Jersey 07974 1

Dr. T. Katan
Lockheed Missiles & Space Co., Inc.
P.0. Box 504

Sunnyvale, Californfa 94088 1
Dr. Joseph Singer, Code 302-1
NASA-Lewis

271000 Brookpark Road

Cleveland, Ohfo 44135 1

Jr. S. B. Brummer

EIC Corporation

55 Chapel Street

Vewton, Massachusetts 02158 1

Mr. Frank Murphy

iTE Laboratories

10 Sylvan Road

Yaltham, Massachusetts 02154 1

.No. Copies

Library

P. R. Mallory and Company, Inc.
P. 9. Box 706
Indianapolis, Indiana 46206 1

Dr. P. J. Hendra

University of Southampton

Department of Chemistry

Southampton S09 5NH

United Kingdom 1

Dr. Sam Perone

Purdue University

Department of Chemistry

West Lafayette, Indiana 47907 1

Dr. Royce W. Murray

University of North Carolina
Department of Chemistry

Chapel Hill, North Carolina 27514 1

Naval Ocean Systems Center
San Dfego, California 92152
Attn:  Technical Library : 1

Dr. J. H. Ambrus

The Electrochemistry Branch

Materials Division, Research & Tech. Dep
Naval Surface Weapons Center

White Oak Laboratory

Silver Spring, Maryland 20910 1

Dr. G. Goodman

Globe-Union Inc.

5757 North Green Bay Avenue
MiTwaukee, Wisconsin 53201 1

Dr. J. Boechler

Electrochimica Corporation

Attention: Technical Library

2485 Charleston Road

Mountain View, Califormia 94040 1

Dr. P. P. Schmidt

Oakland University

Department of Chemistry

Rochester, Michigan 48063 1

®md



o TECHNICAL REPORT DISTRIBUTION LIST
No. Copies No. Copie

_Dr_Aaron Wold Mr. D. L. Warburton
Srown—tntverstty— The Electrochemistry Branch
-Bepartment-of- Chemistry—— Materfals Division, Research & Tech.
Providences—Rhode—lstand—02832— 1 Dept.

Naval Surface Weapons Center
Dr. R. C. Chudacek White Oak Laboratory
McGraw-Edison Company Silver Spring, Maryland 20910

: Edison Battery Division
Post Office Box 28
Bloomfield, New Jersey 07003 1

Reliability Analysis Center
ATTN: I. L. Krulac
Griffiss AFB, N.Y. 13441 1

i ania

T —




