
Research and Development Technical Report
* :-ECOM- 3586

--

_ • ELECTROLYTIC PREPARATION AND EVALUATION

OF TUNGSTEN BRONZES

John A. Christopulos -r °, -'

AUG 91• "
i i June 1972 - ---

* DISTRIBUTION STATEMENT

Approved f3r public release. byi A, TA I

distribut•,-• unlimited. INFOR;.aATIO ECHNICAL
a U S I ý.. "•Tnee.t of Com-merce

S i,.- d VA 22151

UNITED STATES ARMY ELECTRONICS COMMAND- FORT MONMOUTH. N.J.

k. _=N



I Ie.,.',,•,.-I[0 N 0 T I C E S

. .. ... ...... ... .. " .. .......

... R. A .. .... ... ..- . - -

Disclaime"s

The findings in this report ae not to be construed as an
official Depa-iment of the Army position, unless so desig-
anged by other authorized documents.

Tb* citation of trade names and names of manufacturers in
this report in not to be construed as official Government
indorsement or approval of commercial producis or services
referenced herein.

Disposition

Destroy this report when it is no longer needed. Do not
retaN it to the originator.

II

!~



Security Classification

DOCU~MENT CONTROL DATA.- R &D
i ,( S e c u r ity c l a s si fi c a t i o n o f ti tl e , b o d iy o f a b s e f t a nt. ' d i nd ou n j a cn o ta l i o n m u s t b e e n t e r ed . hvh c t h e o er a l* ' - " i l s ~ ~ i d

I ORIGINATING ACTIVITY (Cooporate euthor) IZIL REPORT SECURITY CLASSIFICATION

US Army Electronics Command Unclassified
Fort Homnouth, New Jersey 0770O3 bGOU

£3. REPORT TITLE

ELECTROLYTIC PREPARATION ANID EVALUATION
OF TUNGISTEN BROt&ES

d. DESCRIPTIVE NOTES (rype of rep'. and loclualve dotes)

Technical Report ____________________________
S. AUTIIOR951 (First name. middffle Initial. last name)

John A. Christopulos

C. REPORT DATE 78t. TOTAL NO0. OF PAGES 7b. NO. or REPS

June 1972 18 8
It I. CONTRtACT OR GRAtT NO. IM. ORIGINATORUS REPORT NtUMUERtS)

b.PROJECT NO. 176 62705 A 053 BCOI4-3586

c. Task No. -02 9b. OTHER REPORT MaulS (A#W *Off atbrI8 ewt7 C beael~

£Work Unit No. -071
10. DISTRIBUTION STATEMENT

Approved for public release;
distribution unlimited

$I- SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

US Army Electronics Cinmnd
Attn: AESEL-TL-PR
Fort Monmouth, NewsJersey 07703

13. ASSTRACT

Mtixed sodium-iron tungsten bronzes were electr'olytically prepared from melts of
tungstic oxide, sodium tungstate, and ferrous tungsta;e. -,Ario experlaeuts
indicated that these bronzes corrode at less than 10-0g nrý-l in IF j% and
1.25 x lo-3 g lir'1 ca-2 in 1F KON under an oxygen pressure of 1 ztm-.) ¶The corrosion
rate in IF KOH appeared to be directly proportional to the oxygen partial pressure.
Results of' gal'vanostatic steady-state ex-periments for oxygen electroreduction in
acid sojlut ions are in agre-ment vith existing knowledge that the rate determining

Astep (:ds)is a charge transfer step. in KOR, r.d.s. is not a simple charge
transfer but some other process.,

DD Fw?.v.el473 UEPsACSO 00 "ORt" %473. A ~W.C

Secadty alsltataitmu



I-

14. LtMK A LINK a LINK CKEY WORDS 
•

RhOLE wY ROLE MY ROLE WT

f oxygen Electrode
Corrosion Tungsten BronzeI2.

IA

MR

I A-

° Al

HISA-Fm-18o4-72

B'"



Page

IINTRODUCTION 1

EXPER2IENTAL PROEDRE 1

SPreparation of Bronzes 1

Corrosion Stability of Bronzes 7

Oxygen Electroreduction on Bronzes 7

DISCUSSION AND REULTS 10

Preparation of Bronzes 10

Corrosion Stability of Bronzes 11

Oxygen Electroreduction on Bronzes 14

SUMMARY AND CONCLUSIONS 17

AACKNOWLEDGENT 17

REFERENCES 17

FIGURES

1. Structure Tungsten Bronze bylO• X=o 2

2. Crystal Preparation Cell 3

3. Galvanostatically Grown Bronze (Maltiple-Crstal) 5

41. Potentiostatically Grown Bronze (Single-Crystal) 6

5. Galvanostatic Test Cell 8

6. Galvanostatic Test Circuit 9

7a. Bronze Before Imnersion in IF KOH 13
Tb. Bronze After 25 Hours in IF KOH 13

8. Voltage vs Log i in IF HCL0 4  15

9. Voltage vs Log i in IF KOIH 16

TABLES

I. Composition of Bronzes: Na., Fey, Niz, 3 10

II. Chemical Corrosion Rates of Bronzes 12

iii
I

___ -



ELECTROLYTIC PREPARATION AND EVAIAUATION
OF TUJNGSTEN BRONZES

INTRODUCTION

Metal-air batteries and fuel cells have potential applications as power

sources for Army communication and surveillance equipment. The need of a

low-cost air-cathode for these systems is important since the present air-

cathodes use expensive platio-m or platinum alloys which increase unit cost.

The difficulty of finding suitable catalysts for air-cathodes lies in the

fact thet most electronically conductive materials corrode at potentials at

which oxygen is reduced (1.23 V vs SHE in an acid solution). The question

of chemical and electrochemical stability, therefore, appears to be of

primary importance in selecting suitable substitutes for presently used

precious-metal catalysts. The tungsten bronzes offer promise of satisfying

some of the requirements for an oxygen electrode1 with properties such as

good electronic conductivity and fair cheuical stability over at least a
limited pH range. The tngen r e are nonstoichiametric compounds

with the eapirical formula, MVWO;, in which X is an alkali metal (Na) and

x has a value of between 0 and 1. The tungsten bronze, Ns'xWO, is known to

have perovskite structure (Fig. 1). The cell is a body-centered cube with

tungsten at the center and orthogonally surrounded by six oxygen atoms at

the face centers. The corners of the cuý'e are the eight interstitial sites

available for, but not completely cccupied by, scdium atoms.

The tungsten bronzes have shown to be good catalysts for oxy•wgen electro-

reduction in acid electrolytes-l'5 Their performance can bg improved by

doping with trace amounts of tantalum and zirconium oxides.

This report describes a study of the electrolytic preparation of mixed

sodium-iron-tungsten bronzes and their cbhical and electrochemical proper-

ties during oxygen reduction in both acid and alkaline solutions. The

technique for the electolytic preparat on of these bronzes is similar to

that employed by others except that "dopaint" additives were introduced

into the melt as tungstates instead of oxides.

EXPERIMWTAL PROCEDURE

Preparation of Bronzes

The assembled cell is shown in Fig. 2. The cell consisted of 57 mm

outer-diameter quartz tubing (A), 16" long, rounded at the bottom, and a

ground-glass flange 'at the top. Attached is a side arm tube with a bali

joint for outlet gas, located near the flange. High purity alumina

crucible (B) (McIanel ACNIOO) was used for the melt and was placed at the

Sbottom. The top (C) of the cell was made of pyrex and contained four stan-

V-dard tapered. 19/38) Joints equipped with gas-tight Teflon swagelo1

fittings. This top contained a ground glass flange joint which was sealed

with Apiezon wax to the lower quartz flange assembly. A small blower fan

was projected toward the wax seal to prevent its melting during the heating
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process in the furnace. All electrodes, one thermocouple, and the gas
inlet were inserted into the cell through the Teflon. swagelok fittings.
The cell was heated in a vertical furnace and the temperature controlled
to ±3 0 C by a West control unit (Model J.P.). A chromel-alumel thermocouple
sheathed in alumina was used for temperature measurements of the melt.
Reagents t.onsisted of sodium tungstate (99.9%), tungstic ox'ide (99.9%)
(both obtained from Fisher Scientific Company), and ferrous tungstate
(99.9%) obtained from Alfa Inorganics, Inc. These reagents were dried at
1100 C for 24 hours prior to use. Prepurlfied argon was obtained from Air
Products.

Sodium iron-tungsten bronze was prepared by weighing 88.25 g Na2W04
(58.8 mole %), 46.5 g WO3 (39.24 mole %), and 3.03 g FeWO4 (1.96 mole %)
into an alumina crucible (B). The alumina crucible was placed into the
quartz tube (A) and the tube sealed. The assembly was then placed into
the vertical furnace and heated slowly, approximately 3 hours, to 735-750C
at least 150C higher than the fusion point of melt. When the reagents
fused, the cell was flushed continuously with argon at a rate of 10-15 cm3

per minute. The thermocouple, sheathed completely in alumina, was well
immersed into the reagents in the crucible from the beginnirn since these
reagents contract upon melting. Two gold wires (.020" outside diameter
(o.n.)), protected with quartz tubing, were then immersed iDto the melt
and a constant current of 6 mA was passed through this melt for 28 hours.
A bronze of multiple crystals was formed at the cathode (Fig. 3). A few
smaL1 crystals of 1.5 mm cube were cut from the cathode using a diamond
wafering machine. These cut crystals were used as seeds for potentiostatic
growth of larger crystals. The original cathode bronze was then reimmersed
and subsequently used as a reference electrode. A bronze seed was attached
to a flattened platinum wire (.010" O.D.) by winding the wire around the
seed. Larger crystals of 5 mm cube were first drilled using a S.S. White
"airbrasive" unit producing a hole of .02" d!am and then attached to a gold
wire (.02" 0.D.) by stringing and beading (melting) the end of the wire.
If the seed were not a perfect cube, the potential was again cathodically
adjusted to give a current of 2 mA until all the imperfections were filled
in with bronze. Otherwise, the seeded cathode was lowered into the melt
(contact was checked by using a conductivity bridge in conjunction with the
immersed anode) and the bronze grown by maintaining the cathode potential
at -78 mV with respect to the reference electrode using a Tacussel
Potentiostat PRT 10-0.5. The anode again was gold foil (2 cm2 area)
attached to a gold lead. A Tacussel Generator GSTP 2 was used to offset
the potential in conjunction with the potentiostat. Two Keithley 602
alectrometers were used to measure the potential and the current. Cathode
vý-rsus anode measured -1.153V and the anode versus reference measured
+1.075 V. After 24 hours, a perfect bronze cube had grown (Fig. 4). This
crystal was reddish-brown in color and measured 5 mm on the side. The
melt was washed from the cryutal by boiling in distilled water. The
platinum or gold lead was then sheathed with heat-shrinkable Teflon tubing
to the point of contact with the bronze. Bronzes preparei in this fashion
were used for both oxygen electroredu.ction and corrosion studies.

4
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Corrosion Stability of Bronzes

The rate of corrosion of the tungsten bronzes was determined gravimet-
rically in an oxygen or air saturated solution of either acid or alkali.
The corrosion tests were performed in the same test cell (Fig. 5) as the 1

oxygen electroreduction studies. The cell consisted of a single cylindri-
cal Teflon compartment (250 ml capacity) with provisions for passing gas
through or over the electrolyte. The cylind&-cal Teflon top is securel
to the compartment with a Teflon gasket and six (6) stainless steel screws
to insure gas-tight seals. The bronzes to be tested were all cubes of
approximately 1 cm2 (geometric area), immersed in the solution, and s-s-
pended frao the top by a Teflon sheathed platinum or gold wire. This test
cell was operated with a constant gas rate through the solution of 1 cam3

sec-1 at 20 ±10_C. The acid or alkaline solution was always saturated with
either oxygen or air. The length of time of any one experiment in alkali
was between 22-48 hours. All experiments in acid solution required at
least 100 hours duration to obtain measurable results. Before and after
each experiment, the bronze electrode was first washed three times with
distilled water and then oven dried at IIOC until a constant weight Is
observed (±0.05 mg). The tungsten bronzes were not found to be hydrodeopic
but were thermally stable within the temperature range (20-ll10C) utilized;
therefore, minimum protection fran the atmosphere was required during
drying or gravimetric measurements. The rate of corrosion was defined as
the loss in weight (grams) of the bronze on imersing in acid or alkaline
solution divided by both the time (hours) of the experiment and the geo-
metric surface area (cm 2 ) of the brone.

Oxygen Electroreduction on Bronzers

The experimental cell for oxygen electroreduction studies is illus-
trated in Fig. 5. The Teflon cell (250 ml capacity) consisted of a central
"bronze working electrode (1 cm2 ), an adjacent ITagin capillary with closed
stoTrck connecting either a saturated calomel or hydrogen reference elec-
tirode for potential monitoring, and an =closing cylindrical gold foil
counter electrode (1-1/2" high x 2" diameter). The temperature, measured
by a mercury theranueter, was maintained at 20 W1C.

¶ The acids employed in these studies were O.AF HCiO,._ and Ir C&0•. All
solutions were made with triply distilled water. Extensive purification
was employed using aonstant potential preelectrolysis at large surface
platinum electrodes (1.65 V between electrodes) for at least 16 hours at
20%C prior to the experiment. The purified electrolyte was transferred

& to the test cell in situ to avoid contact with the atmosphere. The alknlk
used was reagent grade 1F KOH without further purification. The gases
used were purified oxygen an~d air fra Air Products. In addition, all
gases were bubbled through a solution identical to that in the cell prior
to passage, thus maintaining a constant electrolyte composition. Both the

Stemperature of the cell and the prebubbler were at 20*C.

7.
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The galvanostatic test circuit employed is illustrated in the block
diagrom shown in Fig. 6.

CEI

v --

A, V - Keithl.ey 602Eectrceter

B - Battery plus Resistors, Voltage Offset "

P- D.C, Power - Northhi~ls XLectronics Model CS-1l

RE- Mydrogen Reference Electrd I

CE- Cylindricalo Foi

WE- Bro•ze Working Electrode

FIG. 6. GALVANOSTATIC TEsT CIRCUIT

The geo-etric area of all bront,, was use& vithot any corrections
e'- urfs.-Te rmzghness. Before each experimental run, the bronze vorking

electrodes vere rinsed in triply distilled vater. 7he quasi-steady state
m - crmena were performed as follow: current was gradually increased
cathodically frcu 1o-T A at 2 minute lntervals to 10l3 A, then retrogressed
to+0"T A. Nx, the current was Inessas in the sae w.y anodically frm
10j1 A to 10-J A then retrogressed to 10 A. Plots of voltage vs log i
were prepared to obtain the necessary kinetic parawters for oxygen
electroreduction.
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DISCUSSION AND REULTSL

Preparation of Bronzes

Table I lists the compositions of prepared bronzes with their corre-
sponding melt compositions.

Table I. Composition of Bronzes: Nax, FeY Nitz, WO3

Melt Composition Lattice
Crystal Tem. 0FeWO 4  Bronze Composition Constant

NO. &C WMole 4 x y zA

0 735 40 0 .689 .. .. 3.841

1 735 39.24 1.96 .69.) .002 .04 3.842

2 750 39..24 2.20 .690 .003 -- 3.842

3 745 39-24 1.96 .689 .002 3.841

4 T40 39.24 2.20 .690 .004 -- 3.842

The compositions of the crystals and melts were obtained from ission
spectroscopy. The crystal structure was elucidated by X-ray diffraction
studies. Te formation of the Na.667Wo bronze is apparently favored
during reduction and adsorption at te c&hode. wo factors which may
influence this bronze formation are its greater electroconductivity and
symetry when compared to bronzes vith less sodium content.3 The fomation
of this bronze may be explained by the following electrode reactions:

Soathoe: (NO 3)4 + NaO.wo1 + 2e 3- N WC 0•-)

-2tt 0to 667 3n 2

1/29 +02 + 2e (2)

735!CM&1 /Overall: 2W3, + a W + 2e 0..N6 7  0 21' 12 (3)

The sodium content determined by X-ray diffraction6 is close to the sodium
content of 0.667 according to the above mecbaznism. S3everal mechanisms for
tungsten bronze preparation were proposed by E. Banks, et al.7  Crystal

No. 1 is a mixed bronze (Na.69 e.0 0 2 Ni 04WO ) which was prepared from a
melt containing only the Jopant iron (Ec0O ; the nickel was added from a

10

- - ~ -=~*A
-~~-~--~P ~ - --- ,- ~ -



gold-plated nickel foil anode. Attempts to add nickel or iron through an
unprotected nickel or iron wire anode were unsuccessful. Only two differ-
eat melt compositions with FeWO4 additive were used to prepare crystals
numbers 1-4. Attempts to increase the FeWO4 composition above 2.2 mole
were unsuccessful. in the process of depositing a crystal at the cathode,
it was necessary to maintain the temperature at least 150C higher than the
fusion temperature. The reason being that solid reagent sometimes occluded
in the bronze thereby spoiling the crystal. All crystals prepared had
resistivitis in the range 5.6 - 6.0 x l03 c at 25oC, and a density of
6.62 - 6.6T g9 c-3 at 200C.

Corrosion Stability of Bronzes

Factors which required close control during corrosion experiments were
the rate of aeration and convection, temperature, and electrolyte cmposl-
tion. Even with close control of all of these factors., an additional
factor, time of immersion, had to be resolved before sample bronzes in
duplicate vould show a percent difference in weight loss less than ±5%.
This minim'm immersion time was experimentally determined to be abou;
12 hours in alkali. Acid solutions required at least 100 hours of imer-
sion before gravimetric measurents could be taken. The reason for
erratic corrosion results with short imersion time (<c 12 hours) in
alkali may be related to nonhomogeneity of bronze surfaces. If intersti-
tial sodi-am or iron at the surface is less than that in the bulk cryital,
there appears to be an initial increased attack on the WO matrix:

3

HO + 2011- W0-4,-2 + H. o (4)
3 42

This proposed corrosion reaction would soon stabilize itself with either
uniform dissolution of sodium or some other diffusion process in cortrol:

4 Nawo 4 io- + 0I 4 o + H o + Na (5)
32 4&O1~ (5

Table II lists the chemical corrosion ratf... of prepared bronzes in IF HC&O4
and IF KOH. Each value reported is an avere of two runs. The length
of time of an experiment in IF HC201 was between l1T-1ui hours and in
IF KOH vas between - hours. The re•s.l,•,in show that the
rate of corrosion in acid is less than 10-0 g CU hr- Sam positive
influence of oxygen pressure on the rate of corrosion is also shown. A

Sclose inspection of the crystals after exposure (144 hours) to acid
revealed a white surface film, probably tungstic acid; this film could
possibly explain the reduced corrosion rate. The results in alkaline
solution indicate that the corrosion of tungsten bronzes is almost directly
proportional to the oxygen pressure. !Me bronzes corroded at approximately
2.5 x 10-4 g emft-4- 1 under 0.2 atm pressure of oxygen, and 1.2 x 10-3 g
cm-2hr-1 under 1 atm pressure of oxygen.
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Table 11. Chemical Corrosion Rates of Bronzes

Corrosion Rate, g h o1 2 at 20*C

MUSTAL 02 02 02 02
NO. P =.2 ata P = 1.0 atm P=,2 ata P -1.O atr

0 5.7 x 1ol7 1.8 x 10-6 2.56 x 1o-1 1.28 x 1o-3

1 NON UNIMFO•IECOMPOSITION

2 4 x .6-T 8.7- x o-7 2.42 x 1o-3 1.13 x 1o-3

3 5 x 1o- 1.1 x lo"5 2.4 x 1o"4 103 x 1o-3

4 5 x 10o" 8.7 x 2o- 2.54 x &10 1.2.1 x 103

*Aeration i m3 seo"1

Figures Ta and 7b show a bronze crystal before in• •ed in 1y EM aud
after 25 hours, respectively. 2he central portion of the crystal In
Figure 7b van protected with Teflon during the eperlmet. Attmpts to
measure the corrosion effect of electrical currents on the boes in
acid. vee umuecessful lnamch as they ahoved. little or no dif-emmee
frcm that of cheosl. corrosion. In alkali, hovewe, the results =i=-
cated that, upon applying a contant cathodic curret of -1 x 1W4 A -2
(.45 V vs BE) under ge pressure of 1 ata, the rate of omToslon for
No. 3 borze v 3x103 g br-lo- 2 . At donble this cuman d•ity,
-2 x 10 A c%7 (.34 V ie IM), the rate of corrosio for No. 3 brome
vas hal-ed to 1.48 x l0o-bir -' 2. AnOdic c"rts of +1 -A cli-2
(.68 V vs HE) produced a corrolo rate 2.2 x 10"3 g brlcm"2. Upon
doubling this murrent to +2 x 10- A o 2 (1.59jv ve SF),_pe corrosion
rate va adin reduced to ept r 1 x 0- g £kh"=

12
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FIG. 7b. BRONZE AFTE 25 HOURS IN 1.? KOH
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Oxygen Electroreduction on Bronzes

Bronzes Numbers 0, 2, 3, and 4 all behaved similarly in acid solution
during oxygen electroreduction and evolution. Figure. 8 shows a typical
steady state Tafel curve where cathodic ourrelt density ic was much less
than iL the limiting curent djnsity (5 x 10- A cm- ,. The points
plotted at ie < 5 x L0"' A cm" were not included in the curve since trace
impurities (ppa) in the electrolyte can influence these current densities.

The results of steady state experiments on prepad bronzes in acid
solutions are summarized. The open circuit voltages of these bronzes
ranged frm 0.4 - 0.52 V versus hydrogen reference in the same sol-.tion.
The nature of this open circuit voltage appears to be a mixed potential
composed of some oxygen reduction process coupled with an anNic process.
The anodic process has been attributed to sodium dissolution,O however, it
could be an anodic reaction encompassing the complex (WO3) bronze matrix.
The Tafel slopes ( orV/ log ic)T,p pH for oxygen electroreduction at
constant temperature, oxygen pressure, and pH were approximately -120 mV
for all bronzes except bronze number 1, which decomposed rapidly in acid
solution. The electrochemical rerction orders ( log ic/ 1og P(O2))T,V,pH
wvre collectively close to 1; actual values were between I.i - 1.3.
Previously mentioned data plus the relationship of (ýlog ic/ 6PH)V p T= -1/2
appear to verify the results found by Bockris et al. concerning most
tungsten bronzes.

These specific kinetic parameters indicate that the rate determining
step J u oxygen electroreduction on tungsten bronzes in acid is a charge
tranL,!er step which can be expressed by the rate equation:

i = = Z ( 2 ( )l2 e VFRT (6)

iwhere i = A n 2

ZF = sec mole:- of products

V = rate of product moles cm-2 sec-

k = rate constant at-i ei-c-I molesl/2 ca7/2

P(0 2 ) = pressure of oxygen, atm

(c1 .) = concentration of hydrogen ion mole ca-3

-2 VF/Rr = cathode Tafel slope, &V/ /log i

A typical steady state Tafel curve of prepared bronzes during oxygen
electroreduction in alkali is shown in Figure 9. The open circuit was low
and varied between .39 - .52 V versus a hydrogen electrode in the same
solution. The cathode Tafel slopes ( V/'ýlog ic)T.P.H ýt constant
oxygen pressure of 1 atm and constant pH were -8 mV."' 9is value is
interpreted to mean that some process other than simple charge transfer

14
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is occurring. Since the rate of corrosion in alkali was so great,
1.25 x io-3 g hr-l cm72, no further kinetic parameters were determined.

SUM(ARY AND CONCLUSIONS

The electrolytic preparation of mixed sodium-iron bronze was accom-
plished using a melt comuposition of approximately 39.24. mole %51
58.& mole % Na2W04, and 1.96 mole % FeIM)j at 735-750-C undr an ;ý;on
atmosphere- These bro ~es were La ly stable in percbloric acid ahoving

of galvaziostatic steady state experiments performed in acid are in agree-
ment with other workers in that the rate determining step for oxygen
electroreduction is a charge transfer step. M

Thbe steady state results for oxygen electroreduction in potassium
hydroxide were Misked by the excessively high corrosion rate of the
tungsten bronzes and, thus, could not be itretdas simple charge
transfer.

It is concluded that these tungsten bronzes are not stable enuhto
be used as cathodes for oxygen electroreduction in alkaline solutions.
However, other bronzes (]ý ,5POý),, vbich are stable in alkaline solutions.,
should be examined as support or substrate for the optimization of precious
metal (catalyst) loadiag.M

Ole author wishes to express appreciation to mr. jesf w. NqelichaMp
and Mr. Donald W. Eckart for their contributions to this wokIn the
fields of Buission Spectroscopy and X-ray Diffraction, respectivey.
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