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ABSTRACT

The electrocatalytic activities of sodium tungsten bronzes, including
high purity crystals, platinum doped crystals, and platinum plated crys-
tals, have been measured for oxygen reduction in écid solution. In addi-
tion, a survey of the electrocafalytic activities and general elecfro-
chemical properties of other alkali tungéten bronzes, thaliuh tungsten
bronze, and tungsten trioxide were investigated and compared to sodium
tungsten bronze. All measurements were done on single crystals. Pure
have a slight catélytic activity for oxy-

-14 A/sz.

sodium tungsten bronzes and WO3
gen reduction. The exchange current density is approximately 10

Doping the cubic sodium tungsfen Bronze with up to 800 ppm of plati-
num glightly increased the catalytic activity of the crystals, but the
effect was noticeable only at very low current densities. Platinum pre-
electrolygis of the solution was shown to contaminate thé crystal surface
with significant amounts of platinum. For fhe platinum plated bronze:
crystals, nb synergistic effect between the platinum and the bronze was
_observed for 9Xygen reduction. However, different plafinum plating.
methods gave more than an order gf magnitude difference in catalytic
activity, with the same amount of platinum. ThekplatfnumvwasAdeposited'
on the.bronze gufface in different forms by'the different plating methqu.
One possible form of highly dispersed'plgtinuh on a bronze surface‘is the
formation of a platinum tungsten bfonzef prw03.

Hydrogen tungsten bronzé is formed in the surface layers of all the

bronzes at potentials below +0.2 V (NHE)} and the reaction is completely

reversible.



xXvi

One possible form of highly dispersed platinum on a bronze surface is the
formation of a platinum tungsten bronze, Ptxw03.
Hydrogen tungsten bronze is formed in the surface layers of all the

bronzes at potentials below +0.2 v (NHE), and the reaction is completely

reversible.



CHAPTER 1. INTRODUCTION

Energy shortages in fhis decade havé-prompted many scientists to
AFocus éttention upén the subject of'the solid-liqufd interface. The
technological importance, as well.as the intéresting features of the
solid-liquid interface, and the physical processes‘which can be'hade fo
occur there, have combined to make: this subject one of the'fastest growiné.
areas of'researchvin the scientific éommunity. The work_described here -
“involves the Usejéf the solfd-liquid intérface'to convert storedAchemicai
energy to electricity.. The common term for such a device is ''fuel cell'.
The major portion of this study WasAdiEected towards the development of
efficient é]ectrodés for a Eydrogen-oxygen fuel cell. Such research
required a combination. of experimental techniques from the fields of

electrochemfstry; solid state physics; and surface physics.

Electrocétélysis

The process of éharge transfer frém electrode to electrolyte is not.
well understood, especially  for such comp\icafed reactions as the hydrogen
and oxygen reactions which occur in a hyd;ogen-oxygen fuel cell. Such
reactions proceed swiftly only if cataiyzed, and the process of electro-
catalysis at an elebtrode-solution interface is very difficult to describe
theoretically. Today}s reSéarchers in the field of electrocatalysis have
~6hly general guidelines to aid them in their attempts to produce a more
efficient oxygen electrbde; WOlfram'éL_gl; (1) have presented a model of

the d-electron surface states of transition metals in perovskite structured

compounds. The model describes the role the d-electrons play in several



catalytic processes, such as the disassociative adsorption of H2 gas
molecules, and the chemisorpFion of OH ions from ;queous solutions.
Hopefully, this theory can be extended to include catalyfic steps in the
oxygen reaction in acid electro]ytes; Oxygen is generally thought to
adsorb in the end-on configuration (2) on most materials, with one oxygen
molecule dangling above the electrode surface. A model for a reversible
oxygen electrode in alkaline electrolytes has been presented by Tseung
and Bevan (3). This model requires the flat, or side-on, adsorption of
02 molecules. Tseung and Bevan have reported reversible behavior for

the oxygen reaction on antiferromagnetic materials above the Néel tempera-
ture.

The'oxygen'reaction is extremely slow. The reason for the small rate
constant is the inability of most electrodes to break the oxygen-oxygen
bond (2, 3, 4). Materials on which oxygen would adsorb in a way which
would facilitate this process are expected to be good catalysts for the
oxygen reaction. For the most part, the method of research has been to
test all materials that meet at least two requirements: stability in
acidic or basic solutions, and high enough electrical conductivity to
supply eléctrons to the reaction site. Much of the basic research done to
date has, therefore, been concerned only with understanding the kinetics of
the oxygen reaction on a few metals, mostly the noble metals. The pro-
blem is complicated by the large number of steps involved in the oxygen
reaction and the different paths that the reaction may follow on different

‘metals. The most probable reaction paths are listed in Chapter 2. The

overall reaction is



02(9) + 4T+ e 3 2H20(l) E® = 1.23 volts

Oxygen gas is consumed in a fuel cell at fhe oxygen electrode, while
it is evolved at the oxygen electrode in an electrolysis cell. A
schemafic diagram of a hydrogen-oxygen fuel cell is shown in Figure 1.1.
The aBove reaction proceeds to the left in an electrolysis cell and to
the right in a fuel cell. E°-is the theoretical equilibrium potential,
or rest potential, of this reaction as measured against a hydrogen
electrode in the same solution. A diagram of the current-potential re-
lationships at both electrodes in the fuel cell are shown in Figure 1.2.
Since a log scale is used, the magnitude of the current density is
plotted. The parameter of interest, when current is drawn or driven
through the electrode, is the deviation of the potential from E°. This
parameter'is termed the oVervoltage, or overpotential, for both positive
and negative deviations from the equilibrium potential. The over-
po;entia}s at the oxygen electrode, in this case polished platinum metal,
are'much‘greater than at-the hydrogen electrode. The current-potential
relationships of both e]ectrodes combine to give the outpuf curve for a
‘fuel cell, shown in Figure 1.3'with a linear current scale. An
electrode’'s value as an‘oxygen electrocatalyst is usually determined by
comparing its ovérpotehtials, as a function of current density, to the

overpotentials measured on a platinum electrode.

-The Tungsten Bronzes
Few electrically conducting materials are stable in acid solutions

at the potentials where oxygen reduction proceeds. Even fewer conductors
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the current drawn from the cell ,



meet a third, more unusual <criteria that it must catalyze the oxygen
reaction. For this reason, the announcement of Sepa, Damjanovic, and

Bockris (5) that the sodium tungsten bronzes Na WO (0 < x < 1) met all

3
three requirements, especially the third requirement, caused considerable
“excitement among workers in the field of electrocatalysis.

Sodium tungsten bronzes are part of a general class of nonstochio-
metric compounds with the formula MXWO3 where M is a metal and 0 < x < 1.

WO3 is a semiconductor with a band gap of 2.6 eV (6) and has a monoclinic
structure. Additions of different amounts of metal atoms, such as the
alkali elements, result in a large number of different crystal structures
with differing electronic properties. The compositions and structures

of a number of bronzes are shown in Figure 1.4. For x > 0.5 NaxWO3 has a
nearly cubic structure, with one of the crysfal axes only slightly

longer than the other two. This phase will still be referred to here

as the cubic phase. The unit cell of the cubic bronze structure consists
of a tungsten atom at the cube center, oxygen atoms on the cube faces,
and the sodium atoms at the cube corners. .The oxygen atoms forﬁ an
octahedra aroundlthe tungsten atom, so the compound is composed of

corner bonded W06 octahedra surrounding the sodium atoms. In general,

| Magneli (7) has shown thét the cubic structure consists of four octahedra
surrounding an alkali metal M, and the tetragonal-| and hexagonal
structures consist of five and six-member octahedra rings, respectively,
surrounding the alkali atom M. All the‘hexagonal crystais ére metals.

Na_WO is a metal for x > 0.25 and a semiconductor for x < 0.25.

3

The metal-semiconductor transition occurs at the tetragonal-! to
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Figure 1.4, Compositions and crystal structures for some tungsten bronzes (8). The cubic
sodium tungsten bronze was the primary subject of this investigation, but lithium,
potassium, rubidium, and thalium tungsten bronzes were also examined



tetragonal-1! structural transition. In the metallic phases, each sodium
atom contributes its 3s] electron to the conduction band of the
crystal (9, 10). Recently, the band structures of cubic wo3 and Nawo3
haQe been calculated (11) and are found to be nearly identical. A rigid
. band model may, therefore, be used for different sodium concentrations.
Recent investigatfons (12, 13, 14) have shown that anodization of

Naxwo in acid solutions removes sodium atoms to -a depth of several

3
hundred angstroms,’leaving a semiconducting layer of low x value Naxwo3
on the surface. After anodization, a reversal of the electrode polarity
causes the surface to change color from a light green to a deep blue.

" This color change has beeﬁ shown to be due to the movement of hydrogen
into the gmpty sodium sifeﬁ (13, 14). The electronic properties of wa03

are similar to those of the other bronzes (15).

After Naxwo was announced to be an excellent electrocatalyst for

3
oxygen reduction, several workers tried to reproduce those results.
~Experimenfs by Broyde (16) did not reproduce‘the spectacular results.
Only limited catalytic activity for oxygen reduction was demonstrated on
powdered Bronzes, includiﬁg sodium, cerium, and nickel tungsten bronzes.
A subsequent papef by Fishman;'Henry, and Tessore (17) showed that traces
of platinum on the sodium tungsten bronze surface were needed to produce
the high catalytic activity. For their experiments, they found tha;
vpiatfnum could be deposited on the hraonze by diésolving minute traces

of Pt from a large Pt eléctrode in the same test cell. Bockris and

McHardy (18) then claimed that only 400 ppm Pt doping of the bronze

produced Pt Tike behavior for oxygen reductidn. They assumed that the
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surface concentration of Pt was the same as the bulk concentration.

Their findings suggested that a synergistic effect for oxygen reduction
existed in the platinum~bronze system.” However, the findings of Bockris
and McHardy (18) on Pt doped single crystals were discounted by Randin (13)
and by Weber and Shanks (14) with Pt dopings of up to 1000 ppm and

800 ppm respectively.‘ Recently, the results of Bockris and McHardy were
reproducedAby Appleby and Van Drunen (20). Platinum pre-electrolysis

was usedvto clean the solutions Qsed in their experiments, as it was in
Bockris and McHardy's experiments, but possibilities of Pt contamination
were not ;onsidered by either group. A number of other papers have

dealf with oxygen reduction on pure bronzes (21, 22, 23) and on Pt coated
bronze powders (24), but not on Pt doped single crystals. An extensive
review of the electrochemistry and general properties of sodium tungsten .

bronzes is given in the review article by McHardy and Stonehartv(ZS).

Purpose of the Study

These large discrepaﬁéies'in the literature indicated a need for a
careful study of the eléctrocatalytic éctivity and surface properties of
the tungsten bronzes. All possible factors affecting the catalytic
activity of the sodium tungsten bronzé system need to be carefully con-
trolled and studied. These factors include: levels of electrolyte
impurities, effects of sodium depletion at the crystal surféce, effects
of surface treatments such as polishing and cleaning, and effects of Pt

doping of the crystals and Pt deposition on tHe’crystal surface.



11

CHAPTER 2. THEORY

The steady state current-voltage curves of the hydrogen and oxygen
reactions on platinum electrodeé were'shown in Figure 1.1, As the cur-
rent through the electrodé-glectrolyte interface is increased,
the deviation of the potential from the equilibrium values also
increases. The exponential dependence of i on n is characteristic of
all redox couples. The exponential region of faster reactions, such as
the hydrogen reaction, is much shorter and less apparent than in slow
reactions. In fact, by definf;ion, a fast reaction is one that can
maintaiﬁ near equilibrium potentials until the higher current densities
are reached.‘ At the highest current densities, large.deviations of n
“occur due to diffusion limitations of charge carrier concentrations in
the electrolyte at the electrode surface (26, 27, 28). A resistive
contribution to the overpotential ‘is alwéYs present, but is negligible
for sufficiently concentrated electrol?tes (0.1 M or greater).
Resistive and diffusional contributions to the overvoltage can be made
hegligible by_uging a concentrated electrolyte, but the remaining con-
tribution, called the activatioﬁ overpoténtial, depends mainly on the
electrode itself and not on the electrolyte. The scienée of electro-
catalysis deals directly with the subject of the activation ovérpoten-
tial and the physical parameters that determine its magnitude. -

The name activation overpotential arises from the exponentlal
dependencé éf the current on the oVe;pqtential; An exponential

dependcnce implies some sort of activated process. At the solid-
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liquid interface, the electrical conduction mechanism changes abruptly
from electronic conduction to ionic conduction. For this reason, an
activated process must come into play because of differences in the
electronic energy levels in the electrolyte and in ;helelectrode.

Charge will not flow freely even between equal energy levels because

the energy levels are in botential wells on both sides of the interface.
The charge carriers ﬁust.be activated tﬁermally or by applied potentials
to pass ove; the potential barriers. Tﬁe role of a catalyst is to lower
these potential barriers.

At a metal-metal interface, electrical charges flow freely between
the two métals until the Fermi levels are equal. However, at a metal-
electrolyte interface, charge carriers cannot flow feadily from one
medium to the othér, resulting in a charge build-up at the interface.
This charge build-up produces the well-known.elegtrified interface or
electrical “doublg layer' region. The metal-solution potential differ-
ence is dénoted by A4¢ and is an unmeasurable quantity. Only changes in
A¢ at an interface, and differences between-A¢'s af different electrodes,
can be measured (27). The usual scale of emf's is obtgined by defining
Ap to be zero for the hydroggn reaction at equilibrium at a metal elec-
trode.

When an external potential is applied to an electrode, A4 is changed
and a current will flow across the interface. The mathematical form of
the current-potential relatfonship may be derived from very general
considerations (27, 28). tLet AG be the activation energy for the

process associated with the transfer of an electron from an fon in
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. solution to an available state in the electrode. AG contains both chemical

and electrical barrier contributions to the activation energy.

AG = AG, + BAde 2.1

~ The rate of an activated process is then gfven by

e l;_TAe—AG/kT - 2.2
“where

k = Boltzmann's constant

‘T = temperature in degrees Kelvin

e = charge on an electron

h = Planck's constant

B = fraction of double layer field the electron must traverse.

‘Since only changes in A¢ may be Teasured, let

A = A n 2.3

+
equil

where n is the deviation of A¢ from the equilibrium value due to an

applied potential. So AG may be written as

A6 = AG_, .+ Bed} +-Bne 2.4

hem equil

The forward current through the interface is
i = K c,.F 2.5

where A is the concentration of participating ions in the solution at

the interface. Combining equations 2.1 through 2.5, we have
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T - Tée-Bne/kT . | 2.6

For the reverse reaction

. Tae(lis)ne/kT | . 2.7

All of the constants have been grouped together as 76 and ?6, and have the
dimensions of electrical current. With no applied potential, T must equal

' T at equilibfrium, so

1 =1 . 2.8

The physical significance of equation 2.8 is that in'dynamic equilibrium,
the forward and reverse reactions are occurring at the same rate. i s
a measure of that rate and is called the exchange current. The total

current through the interface is given by

- i‘é(e(l-s)e n/kT _ -Be n/kT) 2.9

Equation 2.9 is called the Butler-Volmer equation after the early re-
searchers whose work led to these ideas. Usually the value of 8 is close

to 0.5. When B equals 0.5, equation 2.9 becomes

s as en
i= 2|o sinh KT ‘ | 2.10

The exchange current io can be measured experimentally. For slow

reactions (small io), large overpotentials are needed to drive the reaction,

that is, n > E%. Equation 2.9 can then be wrltten

S



nza+blogi 2.1

The exchange current is determined by the intercept a, and B can be found
from the slope b. Equation 2.11 is called the Tafel equation and data

plotted in the form of equation 2.11 are usually called a Tafel plot. For

Be

fast reactions (large io) n << T and equation 2.9 may be written-as
C s Bne _ 2.12

o kT

The exchange current may then be found from the slope of the graph if 8
is known. Experimental measurements are possible in both the linear and
exponential regioné for many reactions.

Simple derivations such as this one cannot predict a value for either
io or B. A microscopic theory is needed. Detailed theories of simple one
electron transfer reactions have been developed (29 -+ 34), but usually
i0 is left as an adjustable parameter because of the difficulties in-
volved in the calculations. The theory of Levich et al. correctly
predicted a direct proportionality of io to the density of states at the
fermi level (N(Ef)) of the metal, and an exponential- dependence of io on
‘ temperature. However, an exchange integral involving the interaction of
the ion in solution with the electrons in the solid was not calculated
and was left as an adjustable parameter to io (32).

Equation 2.9 has been derived for only simple, one step, one electron
transfer reactions, but the equation can be generalized for multistep
reactions involving many steps, each of which may or may not involve a

transfer of electric charge. The generalization is valid only if one of
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the steps is much slower than the other steps. This situation of one
"'rate determining step' is a common one in electrode reactions. Simple
redox reactions are obviously controlled only by the rate of electron
transfér since that is the only step in the reaction. More complicated
reactions, which iﬁvolve the adsorption of molecules, breaking of chemical
bonds,'and formation of final products, have a large number of possible
rate determining steps. The step which will be rate determining often
cannot be predicted and must be found experimentally.

Generalization of the Butler-Volmer equation for multistep reactions
requires the assumption of a rate-detgrmining step (rds) which is much
slower than any of the other steps. The rds need not be an electron trans-
fer step. Complete details of the derivation of the generalized Butler-
" Volmer equation are given in the texts by Bockris and Reddy (27) and
Erdey Griiz (28), and only the final result will be given here. The total

current is again given by a sum of anodic and cathodic currents:

i=7-7
=i (exp [(E\—TY'- rB)%.%] - exp [-(%+ rB)'—T%]). 2.13
where
n = total number of electrons transferred in the reaction
Vv = number of times the rds must be repeated for the overall
reaction to occur once (stoichiometric number)
Y = number of charge transfer steps preceeding the rds
B = fraction of double layer field an electron must cross
r=1if the rds is an electron transfer step

r=20if the rds is a chemical step



-~ Now let
<—-_n-y_
o= < rf
-y
a—\)+rB
so _ .
o ne/kT  -a ne/kT
i=i0(ea»ne - ¢ & Nesikdy 2.14

. ] ->
Equation 2.14 is the generalized Butler-Volmer equation with & and o
-analogous to 1-8 and B respectively. The sum of S and & is not always

unity but is easily seen to be n/v, so

n

V= 2.15
o+ a

. Equation 2.14 can be used with the experimentally determined tafel slopes,

- along with the pH a‘nd’pO2 dependence of the reaction rate to determine the

,mechaﬁism of the oxygen reaction (27, 35, 36).

The Oxygen Reaction

The overall reaction in acid solutions is usually written

+ , _
R he . =
02 - bH + le ph 2H20 EO 123

Four electrons must be transferred from the electrode to some intermediate
chemical species in.the sdlution during the course of the reaction. The
total number of steps in the oxygen reaction varles with the_modél assuﬁed
for the reaction path. The mosf likely‘réaction path on most materials,
8iscussea by Hoare (4), and more recently by Yeéger (2), is the ''peroxide

path''. The reaction steps are listed:
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"i) M (adsorption site) + 0, 2 MO, adsorption
ii) (OZ)ads te 2 (02 )ads electron transfer
i) (0,)) +H+->(H0) ti ith H'
i | 2 Vads > 2) ads . reaction Wf
iv) (HOZ)ads +te 2 (HO2 )ads ~ electron transfer
) (HO.T) + H' > (H.0.) tion with H'
v 2 H pe 2997 2ds reaction wi

Step v is the production of hydrogen peroxide. The completion of the re-
action requires that the electrode also be a good catalysf for the re-
duction of HZOZ to water. Several reaction paths are possible for the

reduction of H 02 to water (4, 28). The overall reaction is

2

2(H 2H20 + 0

292) ads 2 2

Even though step ii is regarded as the rds, the slow reaction rate for 02

reduction is in part due to the formation of H 02, which leads to higher

2

electrode overvoltages. A catalyst on which 0, is dissociatively adsorbed

2
would allow for the direct reduction of oxygen atoms to water. Instead,
‘on present catalysts, the 0-0.bond is not broken until after the formation
of H,0, (37).

Step ii is probably the rds since n depends on temperature and partial
pressure of 0, (4), and satisfies equation 2.15 for v. Step ii must be

repeated four times so the stochiometric number v is 4, which implies 3

must equal 0.5. Experimentally determined values of o are close to 0.6.

Exchange currents of simple one electron transfer reactions are

approximately proportional to the density of states at the Fermi level of
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the electrode. Reactions are characterized as ''simple'' when the condition
of a very weak interaction exists between the reactant and the electrode.
A strong interaction between an ion and an electrode would probably slow a
reaction which involves only the arrival of an ion at the surface, trans-
fer of electrical charge, and the random departure of the ion with that
charge. A reaction such as én electron transfer to an oxygen molecule is
less probable and requires a strong interaction between the 02 molecule
and the electrode. This is just another way of saying the feaction must
be catalyzed. |In such a case, the property of an eléctrode material that
determines the reaction rate may not be the number of electrons available
for transfer, but may be the nature of the reactant-electrode interaction
that permits the reaction to proceed. Thus, binary and ternary compounds,
many of them semiconductors, are being investigated for use as oxygen
electrodes because of their properties that méy catalyze the oxygen re-
action. Semiconductors offer a large number of catalytic surfaces that
are stable\in acidic or basic solutions. The interaction of reaction

intermediates with band gap surface states on semiconductors has recently

been discussed by Gerischer (38).

Non-Steady-State Techniques
As is often the case in physical research much information can be
gained from dynamic, as opposed to static or steady;state, measurements.
A number of dynamic current-voltage measurements and their theoretical
i-v relationships are available fo researchers studying the solid-liquid
interface. Either the current or potential may be arranged to vary with

time according to a variety of waveforms and the resulting potentials or
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currents monitored and recorded. Various waveforms employed include sine-
wave, sawtooth, square, and triangular waveforms. A powerful technique
in this clasé of measurements is linear sweep cyclic voltammetry, normally’
. referred to just as cyclic voltammetry (CV). The experimental arrangement
involves a triahgular waveform for the electrode potential with the re-
sulting current being monitored on an x-y recorder or oscilloscope, de-
pending on the scan rate. Cyclic voltammetry is an extension or modifi-
cation of the simpler linear potential scan experiment. ‘The latter tech-
vnique invoives only a linear voltage sweep between two given potentials
_while monitoring the electrode current. In the cyclic voltammetry ex-
periment, the potential is swept linearly from one potential to another
and back again. The number of cycles used depends on the information
desired about the electrode or the solutlon.

~Cyclic voltammetry is employed to study two general types of electrode-
electrolyte interactions: one is the study of redox reactions which can
be ;ade to occur at the interface, and the other is the study of changes
in the electrode surface itself which are caused by interactions with the
electrolyte. 'An example of the first type would be the use of CV as a
probe to detect tréces of an electro-active species in the solution. iAn
example of the second type would be using CV to study the formation of an
oxide layer on the electrode surface. In general, the first type involves
an inert electrode being used as a probe to study the solution, while the
second type of experiment involves the study of the properties of the elec-
trode itself in a certain electrolyte. Furthermore, an unknown reaction
occurring at the' electrode surface can be experimentally distinguished as

belonging to the first or second class of reactions, usually by immediate
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examination of the CV curves. Redox reactions produce diffusion limited
~currents while the surface reactions are limited by the range of zero to
to one monolayer coverage. These two physical processes and sometimes
the kinetics of the reaction determine the shape of the i-v curve obtained
by CV. A good example of a CV curve is shown in Figure 2.1. The current
on the return sweep (cathodic or negative current) is usually plotted be-
Tow the anodic sweep for easy comparison of the anodic and cathodic sweeps.
Four parameters can be obtained from curves such as this: the peak
currents lpa and 'pc on the anodic and cathodic sweeﬁs, and the potentjals
at which these peaks occur, Epa and Epc' A derivation of the mathematical
form of these i-v curves is quite long and tediéus so only a summary of
‘the results will be éiven here, starting with the diffusion limited pro-
" cesses. Mathematical details and extensive references (for diffusion
limited CV) are given in'the excellent review articles by Brown and
Large (39) and Adaﬁs (40).

Assume that the oxidized form of a reversible redox couple is pre-
sent in a.sblution which is already made cohducting by a supporting elec-
trolyte. The reaction o;cﬁring as the potential is swept forward and back

is
0 + ne 2 R
The time varying potential V(t) can be written as

V. - St 0<t<t
i - ="r

v(t)

V. - 25t +St to>t
] . r -_ r
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Figure 2.1. CV.curve taken in high purity test cell (Appendix A) on a large (20 em?) Pt foil.
The well-defined peaks and the absence of peaks due to any other reactions are
indicative of the high purity of the experimental system
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whefe Vi is the starting potential, tr corresponds to the peak of the tri-
angular wave, and S is the potential scan rate. The current function is
derived by solving Fick's law of diffusion, using the Nernst equation to
relate the potential to the concentrations of 0 and R. Provided that the
reaction occurs fast enough, the current is proportional to the flux of
reactants diffusing to the electrode surface. A reaction which meefs this
~condition is termed a ''reversible' reaction because electrochemical equil-

ibrium is maintained at the electrode.

2
aC(x,t) _ 3 C(xét) 2.16
at ~3x

o . RT CO ' !
_E.= E- + - ln-E— ‘ ‘ 2.17

3G 0,t) |
i(t) =lnFA D_~3X.—— ] ‘ ) 2.18

" where

Co(x,t) = concentration of the oxidized species 0 -
Cr (x, t) = concentration of the reduced species R
D0 and DR are the diffusion coefficients of 0 and R respectively

F. = Faraday's constant

R = gas constant
A = area of the electrode
n =

number of electrons transferred in the reaction.

The current as a function of time is found to be

| M | .
& TO_nF : . :
() = nFA ¢ (%) T xan) - | 2.9

RT
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where

* B
Co = bulk concentration of oxidized species 0

nFS
RT

The fuﬁction x(at) must be obtained by a numericé1 technique, and a table
with values of x(at) for 5mV increments in (at) has been published by
ﬁicholson and Shain (41). The form of the curve is contained entirely in
x(at) and the magnftude of the current at any potential is determined by
the constants in equation 2.19. However, no information is contained in
the form of the curve since the form i§ the same for all curves. The peak
currents and the potentials at which the peaks océur contain the desired
information. The peak current for the forward potential sweep is given by
¥

o S5 372 3 .
Ipa 2.69 x 10”7 n?'“A D0 CO S | 2.20

On the reverse scan ipc has the same ‘'value. The peak current ip is pro-

S
w

portional to the original concentration CO of the oxidized species 0 in
the solution and also is proportional to the square root of the potential
scan rate S. The following relationships hold for a reversible volta-

metric i-v response:

vV _ =V = Eg-mv at 25°C and is independent of S

pa pc n

E _and E__ are independent of S
pa pc

%

ip/S is independent of S

Ipa/lpc = 1, independent of S
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The 59mV separation of the current.peaks is a result of a diffusion limited
processiand.in no way represents én activation energy fcr the reaction.
The number 59 is determined by (log é) %I at 25°C.

Slower reactions that cannot maintain electrochemical equilibrium as
the potential is changed are controlled both by thc diffusion limited
current and by charge transfer klnetlcs Such reactions are termed quasi-
reversible. There is no distinct physical difference between a reversible
_and‘a quasi-reversible'teaction other than the .exchange current, io’ for
such a reaction is so small that é‘diffusion limited current is not ob-
tained until high potentials are reached on the voltage scan. .In the
theoretical analysis, the Butler-Volmer equation is used in place of the
Nernst eqdation to relate the concentrations CO(O,t) and CR(O,t) to the
electrode potential. The magnitudes of the concentrations are contained
in'the constant io, so.the Butler-Volmer equation, equation 2.14, is re--

written as

anF(E(t) E°) _Q a)nF(E(t) ~£°)

] - RT _ RT
i(t) = ntA CO.(O,t) ks nFA CR(O,t)kSe

where ks is the charge transfer rate constant for the reaction. The follow-

ing relationships hold for a quasi-reversible i-v résponse:

59

- EpC approaches == - mV only as S ~» 0

E
pa

Ip/.SJ‘f is virtually independent of §

ipa/'pc =] only if a = 0.5

Reactions for which the rate constant is extremely small are called

. irreversible reactions. The anodic and cathodic current peaks are widely
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separated in potentiél and sometimes no current flows on the reverse scan,
depending on the degree of irreversibility of the reaction. The peak
current fs still proportional to S% however. The theoretical analysis of
the problem is simpler than for the quasi-reversible case because the re-
verse reaction can be neglected and only one térm of the Butler-Volmer
equation is needed. This same approximation was used to derive the Tafel
equation (2.11).

Cyclic voltammetry was not used as a,tool'to study the electrode
surface itself until éfter the paper by Will and Knorr (42) who studied
the adsorption of hydrogen aﬁd oxygen on platinum. Surface CV explores
the process whereby some species is chemisorbed onto the electrode surface.
Current ceases to flow éfter the surface is entirely covered by the adsor-
bate or completely stripped of it on the reverse scan. The CV plot in
Figure 2.1 is a good example of such a process. A rigorous mathematical
analysis of CV for surface reactions was given by Srinivasan and Gileadi
(43). The equations that govern the i-v characteristics are the forward
and reverse components of the Butler-Volmer equation (2.14) multiplied by

the surface coverage fractions 6, and (l-eA). If the surface reaction is

A

A"+ M>MA |, + ne
< ads
then
T = nfk (1-6,)c. ePVF/RT 2.21
A'"A
T o ot 0 .~ (1-B)VF/RT g.zz
7.

[ >0 as 6, > i,andT+0aseA+o
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The covefage fraction eA is found by integrating the total current

o = frtdt
A Q

2.23

where Q is the charge corresponding to full’éoverage by A.

Since the adsorbed layer essentially ''stores'' charge, it can be
throught of as contributing to the electrode capacitance. This capacitance
is called the adsorption péeudo-capacitance. So the electrode capacitance
is composed of the double layer charging capacitance Cd.]., and the ad-

sorption pseudo-capacitance CA. Usually Cd 1.5 CA. By definition

{ =99 _dq dV
dt dv ° dt

]
a.lja.
<

w

C-S (by definition of the capacitance C)

SO

i=2¢C S+ C,S

In

CAS o | 2.24

By these general considerations it is easily seen that the current
at éll times is directly proportional t§ the scan rate S, and the pré-
portionality constant is the adsorption pseudocapacitance. The form of
'the capacitance curve then deterhines the form of the cﬁrrent function.
A detailed ;alculatidn; usiﬁg equations 2.21 + 2.23; yields for a re-
versible reaction: |

-VF/RT
QF K] e

P=— — - S

RT (e-VF/RT + K])Z
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o2 ¥ ) ‘ » 2.25

K, = 2.26

17

<
]

- %Iln K

x4+ ixy

GA is equal to 0.5 at the current peak. The reverse scan is identical

for a reversible reaction.

For an irreversible reaction, the reverse current can be ignored,

that is, only equation 2.21 or 2.22 is used, but not the sum. In this

case
1 =-I_.QLF. s :
e s o 2.27
6 =1-1=0.63
P e ’
v = R4, Q&F  RT s ' 2.28

p  OF  RT oF

' In this case, the forward and revérse.scans_are not alike. The peaks are
shifted to higher potentials with increasing scan rate, and a ep equal to
. 0.63 means that a current ﬁeak is not symmetrical about Vp.

For the quasi-equilibrium case, the peak current is proportional to
the scan rate S, as in the two previous cases, and the peak potential
shifts, but the shift'is a function of sweep rate. At high sweep rates,
the quasi-equilibrium case displays the functional characteristics of the
irreversible case.

_In all of the above considerations, any mutual interactions of the
adsorbed species were ignored. This approximafion may not be valid foEA
many adsorbed particles. A repulsive interaction between adsorbed parti-
cles‘will both broaden the current peak, lowering ib; and shift the peak

potentials, Vp, to higher values of the poteﬁtial (4b) .
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CHAPTER 3. EXPERIMENTAL

Crystal Growth

Afl measurements in this study were done on single cr?stals of the
tungsten brbnzes. The alkali tungsten bronze crystals were prepared by
.the electrolysis of a fused salt of the respective alkali tungstate and
tunggten trioxide as described by Shanks (8). For the'sodiﬁm tungsten
bfonze crystals grown, a seed cfystal was not needed. Crystal grqwth |
was'initiéted from the tip of a gold wire drawn up a few millimeters
, from the end of a 2 mm 0.D. quartz tube. Single crystals, approximately
2 cm on én edge, were hormally obtained with a composition of Na0.7w03.
Platinum doping was achiéve& by the use of a Pt anode in the melt. The

cfystal used for the electrochemical studies contained 800 ppm Pt as

- determined by mass spectroséopic analysis.

Sample Preparation

.For the electrochemical studies, these érystals were either cléaved
or cﬁt on a high speed diamond saw into smaller pieces,:a typical sample
size being 4 mm x 4 mm x 6 mm. The cleaved crystals were cleaned in
bo}1ing conduétivity water; but the crystals cut on the diamond saw
‘ redufred a more elaborate cleaning procedure. A special wax (Aremco
,Prédﬁcts, Inc. éfystal bénd“509 adhesive) was used to mount the crysfals
on the diamond saw, and mineral oil was used to cool the blade. These
Eontaminants,Were removed ffrst by boiling ethyl acetate, followed by
Hot concentrated NaOH and finally by-boiling conductivity water. The

samples cut-on the diamqnd saw were then either polished, or one end
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was cléaved away to ensure a fresh, pure bronze surface. Polishing was
performed after the crystal was mounted in teflon. Teflon mounting was
performed using the method described by Nagy and McHardy (55). Sample
" mounting and electrical connection are illustrated in Figure 3.1.

The polisﬁing procedure consisted of mechanical polishing on micro-
cléth with alumina powder down to 0.05 um particle size. Immediately
before insertioh into the cell, all samples were washed with acetone,
then with isopropyl alcohol. The final cleaning was done with an
isopropyl vapor phase degreaser. The area of each sahple was determined
from a photograph of the mounted crystal, with no corrections being made
for surface r0ughnes§. After {nsertioﬁ into the cell, the potential on
each electrode was cycled'betwéen -0.1'V and 1.6 V NHE for approximately
twenty minutes to further clean the surface. Only small changes in the

cyclic voltammetry curves were observed during this time.

Platinuﬁ Deposition

To test for a synergi;tic effect wfth Pt, a series of samples with
inéreasing surface concentrations of Pt was made by plating in dilute
chloréplatinic acid. A rotating electrode system was used for plating
all samples, with a rotation speed of 900 rpm. The plating voltage was
+0.120 V NHE and the plating times ranged from a few minutes to 3.5
hours. A base solution of 0.3 M HC} was used to provide a high con-
. ductivity for the plating solution. Cleaved samples were not used for
plafing because SEM photographs revealed large (1 um) P£ plaéelets

formed on the crystal, so all samples were polished before plating.
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However, it was noted that Pt black deposits would not adhere to a
fresh, thorouéhly cleaned bronze surface. Therefore, all samples to be
blatinized were first anodized at 1 mA/cm2 anodic until the potential
reached 9 volts. The potential required approximately 9 hours to reach
9 volts. With this procedure, any amount of Pt from a fraction of a
monolayer to Pt black could be plated onto the crystals.

The plating current was not at all indicative of the amount of
platinum that adhered to the crystal. - Auger anélysis of platinized
crystals revealed several orders of magnitude less platinum on the
crystal surface than the amount calculated from the plating current.
Fortunately, the amount of platinum on the crystal surface was found to
be proportional to the piating time, up to a certain critical time after
which platinum black rapidly formed on the surface. Apparently, a more

5

di]hted solution than the 7.5 x 10° MH PtC]6 solutidn used would have

2
been sufficient.:

Platinum was depositéd on séveral additional samplgé by two other
‘methods. Both methods involve the i£_§i52_dfssolution of a Pt electrode.
With the first method, a large (20 cmz) shiny Pt electrode was used as
the counter electrode for cycling a preanodized bronze electrode petween
-0.2 V and 1.8 V NHE for approximately 12 hours. The sweep rate Qas
100 mV/sec. After using this procedure on two bronze electrodes, the
sol#tion was analyzed fér Pt by an inductively coupled plasma method.

The solution was found to contain 0.093 ug/ml of Pt, and the original

.solution volume was 100 ml. The second method was a variation on the

first, in that the large (20 cm2) Pt electrode itself was cycled between
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0.0 V and 1.50 V NHE using the hydrogen-gold counter electrode. The Pt
electrode was cycled for 3.5 hours in helium saturated 0.1 N HZSoh
solution. Oxygen was then passed into the cell and a bronze electrode
lowered into the solution. An anodic current. of 400 uA/cm2 was passed
for 1.5 hours, and then a cathodic current of MOO.uA/cm2 Qas passed. The
initial cathodi; potentials‘wefe low, but quickly increased with time,

on the order of a few minutes.

Test Cell and Distillation Unit

Research in some éreas of electrochemistry requires ultra high purity
experimental conditions before reliable information.;an be obtained
_(46).  The most notabie‘problem area in this regard is the electro-
chemistry of oxygen. The corréct rest potential of 1.23 volts vs. H.E.
for oxygen reduction in aéid solutions can be.obtained only under
incredibly stringent conditions of purity and on carefully prepared
electrodes (47-49). Fortunately, a good Tafel plot, with the correct
‘slopé'and‘exchange current; can be obtained. under somewhat less>$tringent
conditions, but thg problem is still ser?ous;

A common practice that has come into being is that of "pre-
electrolyzing' the solﬁtion, usually with lafge'platinum electrodes
(35). However, it is now known that trace amounts of platinum are
dissolved from these electrodes (13) and can even plate out onto the
test electrodes (17). |If the electrode being studied is also platiﬁum,
then no problém shoulq result,-But such a situétion ]imits the use of

pre-electrolysis to a minority of experiments. Therefore, a cell of



34

sufficiently high purity must be constructed which will permit studies
of oxygen reduction to be performed without the use of pre-electrolysis.
Such a cell must also be connected to a high purity water distillation

unit that permits the in situ distillation of water and solution

preparation.

A review of the literature indicates the features necessary for a
high purity still. The recommended construc£ion materials are glass,
preferably quartz, and teflon (50, 51). Oxyden can be bubbled through
the system to oxidize the organic impurities in the water and to carry
off any dissolved gases in the water (46, 51). The oxygen bubbles also
prevént bumping of the distillate. An efficient spray trap (52) and a
throaf heater (51) are recommended for high pur%ty stills. The‘spray
trap i;,an important component of commercially available high purity
stills such as the Barnstead brand stills. Feed water for the high
purity stfll should be water distilled from a potassium permanganate-
‘potassium hydroxide'solution. The permanganéte is a very strong
oxidizer and attacks the organic imburities present in ordinary ''tap
distilled'" or deionized water.

Technical details of the still are given in Appendix A.

The electrochemical cell used was a three compartment cell con-
structed entirely of quartz and teflon. The counter electrode was a
gold foil with H2 gas bubbled over it. A paltadium hydride electrode
(53) was used as a reference electrode. The Pd-H electrode was con-
stantly checked against a saturated calomel reference electrode since

its potential tended to drift for long times after recharging with

J
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hydrogen. Thus all potentials given here are referenced to the normal

hydrogen electrode using the relation

Ve = Vscp * 0-242 V

Since the effects of traces of Pt were being investigated, no Pt elec-
trodes touched the solutions used for studies on the bronzes, except
where intentional Pt contaminatéon was desired. For this reason, the
standard pre-electroly;is of the sblution was not carried out. The
details‘of the test cell are given in Appendix A. |
Extensive effofts‘were made to purify the gases bubbled into the
cell. '"Zero oxygen'' with <0.2 ppm total hydrocarbbns (THC) was passed
throQgH a quartz tube of platinized asbestos at 450°C, then over moist
KOH and then through two traps containing Linde 13X molecular sieve.
When an ‘inert atmosphere wés needed, .99.998 percent pure ''zero helium'
(<0.5 ppm THC) was passed over hot copper tgrnings and through two

liquid N cooled cold traps also containing Linde 13X molecular sieve.

2
The gas handling éystem was constructed entirely of acid cleaned stain-
less steel aﬁd pyrex tubing, with Fischer‘and Porter glass-teflon valves
and 5. S. Swagelock tubing connectors.

The degree of cleanliness of the system is indicated in Figure 3.2
fby a cyclic voltage scan on a high purity Pt electrode. The Pt elec-
trode waé mounted in teflon and polished in the same manner as described

‘ above for the bronze samples. Well defined hydrogen adsorption and

desorption peaks, and platinum oxide formation and reduction peaks are

observed. No impurity oxidation peaks were observed at lower sweep
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rates ‘or when the solution was stirred. Rest potentials on tHe Pt test
electrode in fresh solution were normally around 0.98 volts NHE. The
only solution used in the cell for this study was 0.1 N stoh (pH 1.2)

mixed in situ from Apache Chemicals 99.9999% pure (distilled in Vycor)

sulfuric acfd.

Experimental Techniques

Three experimental techniques were used to study the catalytic,
eleétrochemicai, and chemical properties of the tuﬁgsten bronzes. The
catalytic activity of a sample for the oxygen or hydrogen reaction was
determined from the Téfel pléts of the currént-potentia] data. General
electrochemical properties of the bronzes, including stability to cor-
. rosion or dissolution, were studied by linear sweep cyélic vol tammetry.
Chemical compositional analysis of the electrode surfaces was performed
by Auger Electron Spectroscopy. In'addition, SEM photographs helped
reveal the surface morphology for the cases of cleaved, polished, and
platinum-plated samples.

Data for the Tafel plots on all samples were obtained galvanosta;-

3 A/cm2 to 10_8

ically, in the current density range 10 A/cmz. Currents
were generated with a very stabje, constant current power supply
(Appendix B). All .samples required from 2 to 5 hours at each data point
to reach a steady state potential. Steady state was defined to be a
potential drift of-less than 1 mV/10 min. True steady state conditions

were checked by allowing 9.hours for the steady state condition to occur

on approximalely 1/6 of all data points. Also, thc first point was
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allowed at least eight hours to reach steady state. This procedure
insured reproducible curves. Data were taken by starting at high currents
and deéreasing the current by halving it for each succeeding point. For

a valid comparison to pure Pt, the Tafel plot on the Pt sample was
obtained in e%actly the same manner. For this reason; the Tafel plot
shown for Pt is somewhat different than the data usually seen in the
literature. A Keithley model 640 elect}ometer was used to measure the
pptentials, while its output was read on a Dymec model 2401A five digit
integrating DVM. All potentiodynaﬁic scans and Pt plating were done

with a PAR modelvl73/l76 potentiostat/galvanostat. All measurements

were made at 25°C *+ 2°C. The term galvanostatic refers to constant
currentAmeasurements for which'the current is held fixed and the potential
is allowed to reach a steady-state condition. For potentiostatic
measurements, the potential across thé interface is held fixed and the
current is allowed to reach a steady state. A schematic diagram of the
constant current arrangement is shown in Figure 3.3. Only one elec£rode
is studied at a time, the other electrode being.used only out of the
necessity of completing the e?ectrical circuit. This '"'other' electrode

is usually called the ''counter electrode' from the German name gegen-
electrode. The two electrodes are often put in separate compartments,
separated by a porous membrane. The membrane prevents any contamination
of the test compartment by chemical species produced at the counter
elecfrode, for example molecular hydrogen. Most experimentally measured
potentials are obtained by‘means of a comparison to a third, or reference,

electrode. In the arrangement shown in Figure 3.3, the physical
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parameter being measured is the voltage drop across the test electrode-
electrolyte interface. Electrical connection to‘the back of the electrode
is generally a simple matter, although an ohmic contact must be made if "
only a 3 probe experiment is used. Electrical connection to the electro-
lyte side of the interface is made by a reference electrode through a
glass capillary. Ohmic,tontaétsAcan'never be made to an electrolyte,
becadse any metal probe will have a potential drop across the interface.
Thelnext best thing is a standard, reproducible contact potential, so all
potentials are known to within a constant. Several standard reference
electrodes are commonly used, but all can be referenced to the hydrogen
electrode; whichvis defined as the zero on the emf scale.

The.Auger depth profileé of the platinized crystals were carried
out withla Phi-Electronics Iﬁdustries, Inc. Auger Electron Spectroscopy
unit. Thé‘primary electron beam current Qas‘S pA at b keV with a spot
diameter of 50 uym. Elemental abundances'were determined from the peak
to peak AES signals after correction for the Auger sengitivity factor
for each element. The Auger énalysis was carried out during continuous
sputtering of the crystal surface by argon ions at 2.5 keV generated by
a 3M Minibeam ion guh. To eliminate any crater edge effects, the ion
beam was rastered over a 3 mm2 area, and the Auger electron beam was
cente}ed in this area.  The sputtered depth was calculated by assuming
an average sputtering yiefd of two for sodium tungsten bronze. At the
start of analysis, sputtering was carried out slowly, using a 30 nA ion
beam, which gives a calculated sputtering fate.of-l R/min. At greater

depths, where. the concentration profiles were éhanging more slowly, the
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sputtering was performed at increasingly higher rates.

Sodium and o*ygen are very difficult constituents to analyze with
Augef»spectroscopyAbecause of uncertainties in their sensitivity factors.
To obtain an accurate yalue of the sensitivity factor, an elemental
sample must first be anaiyzed, but this becomes difficult for elements
- such as sodium or oxygén. Compounds having one of these elements as a
component are usually used as standards, but considerable changes in the
surface composition of the compound can occur by_electron beam induced
desorption or by preferéntial sputtering‘if an ion beam is used to
sputter clean the surface. The problem of preferential sputtering
inevitably arises if a depth profile of the sample is performed. Our
meésurements on the sodium tungsten bronzes consistently gave too low a
value fér both the sodium and oxygen concentrations on cleaved Nao.7w03
samples.v.Oxygeh stochiometries of 2 to 2.5 and sodium x values of 0.5
were generally observed, indicating that the surface was depleted of
" these elements.

An Auger spectrum taken on a clean. sodium tungsten bronze witﬁ an
x-QaIue of 0.7 is shown in Figure 3.4. The recorder traceAshown is the
derivative of the electron spectrum N(E.) emitted from the sample which
was bombarded with a primary electrqn beam of several thousand electron
volts. The numbers in parentheses are the Auger liné energies in
electron volts. fhe elastic peak lies at the far end 6f the spectrum
and is not shown. The carbon signaf shown is small, indicating a very
clean surface on this sample. Oxygen has oné peak at 510 eV,'and sodium

has one peak at 990 eV. Tungsten has several peaks, both at low and
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high energies. The low energy peaks lie at 38 eV and 48 eV, and there
is é doublet at 163-179 eV. Tungsten has two major high energy peaks,
one at 1736 eV and the other 1796 eV. A spectrum for platinum is not
shown here, but the two prominent peaks for platinum are at 64 eV and
1967 eV.

For any element, the low energy peaks are very surface sensitive
- because the escape,depth:for léw energy electrons is only one or two
monolaYers. The best resolution in a depth éroffle and the most accurate
surface coverage determinations are obtained by monitoring the low energy

lines.
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CHAPTER 4. RESULTS AND DISCUSSION

Oxygen Tafel Plots

Steady-state current-voltage (i-v) measurements of the oxygen
reaction have been performed on several alkali tungsten bronzes, with
special emphasis on the sodium tungsten bronze system. All steady-state
results are presented in the form of Tafel plots, which were discussed in
Chapter 2. The alkali tungsten bronzes studied were hexagonal thalium,
rubidium and potassium tungsten bronzes, cubic lithium and sodium
tungsten bronzes, tetragonal lithium and sodium tungsten bronzes, and
monoclinic sodium tungsten bronze. The monoclinic crystal may be referred
to as WO3 although it has a sodium x-value of 0.02. All measurements
were performedlin 0.1 N sulfuric acid for valid comparison to the work of
other investigators, particularly Bockris and McHardy (18), and to reduce
corrosion currents to a minimum. In most figures shown here, a Tafel

plot for 0, reduction on Pt is shown for comparison with the bronzes. A

2
variety of Tafel plots for Pt can be found in the literature because of
different procedures of measurement and of different purities of the
solution. Most steady-state data on Pt involves a two to five minute
wait between data points. Prolonged cathodic polarization for 02 reduc-
tion probably results in the buildup of hydrogen peroxjde in the
solution, which results in a lowering of the observed potentials (4).
Each Tafel plot for the bronzes required two or three days because of a

three to four hour wait for steady state to occur at each point. Com-

parison with Pt becomes difficult because Pt is more sensitive than the
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bronzes to the buildup of impurities in the cell during a two day Tafel
measurement. Since the qell was rather well sealed, and ultrapure
solutions could normally be stored for several weeks in the storage flask,
the impurity was probably hydrogen peroxide which was produced during
oxygen reduction. The high rest potentials of 1.00 V RHE could not be
reprodﬁced after one day of measurements, and after two days of measure-
ments, large deviations in potential occurred at the higher current
densities on Pt. The data on Pt is shown in Figure 4.1. The solutions
were not pre-electrolyzed, so the slope was less than the normal 100
mV/decade due to traces of impurities remaining in the solution. For
all of the data presented here, the potentials are referenced to the
normal hydrogen electrode (NHE). In 0.1 N HZSOh’ the theoretical rest
potential of the oxygen reaction is 1.158 V NHE and is -0.072 V NHE for‘
the hydrogen reaction. "

Tafel plots have been obtained for 0, reduction on a large number of

2

pure, platinum doped and.platinized sodium tungsten bronze crystals.
Several important i-v features of pure bronze and Pt doped bronze crystals
have been found which were not reported by earlier investigators. Data

for pure cubic NaxWO are shown in Figure 5.2, along with a typical Tafel

3

plot for platinum. A definite break in the Tafel line for the bronze

> A/cmz,:where the potential dropped abruptly towards

“occurred at 4 x 10~
the hydrogen reaction. This current density appears to be the limiting
rate of oxygen reduction on a pure sodiuﬁ tungsten bronze surface. In
the lower current region, the Tafel slope was 110 mV/decade and the

exchange current density was approximately 10"“ A/cmz. At the high
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current densities, the slope is 200 mV/decade, in agreement with the
results by Randin (19). Based on the extremely high overvoltages in this

5

region (i > 4 x 10~ A/cmz), Randin concluded that the sodium tungsten

bronze does not support 02 reduction. However, by viewing the results at
the lower current densities, it is obvious that pure sodium tungsten
bronze does exhibit some catalytic activity for'oxygen-reduction. Tafel

7

behavior to current densities below 10 A/cm2 indicated a very small
corrosion rate'on the bronze ;urface. Extended anodization of the
crystal surface at.l mA/cmz, until the potential reached 9 volts, did not
greatly affect the catalytic activity.. A slight increase in catalytic
act%vity was observed (higher potentials) in fhe fOW current region, But
the break in the Tafel line occurred at lower current densities, so the
effect was not due to a simple increase in surface area. There was no
observable difference between the Tafel plots of polished crystals and
cleaved crystals.

Samples of Na doped with 800 ppm Pt also hav¢ a limiting cur-

0.7\403
5

- rent density of 4 x 10 A/cmz, as shown in Figure 4.3. A second
threshold was observed on these crysta]s at 10-6 A/cm2 and we attribute
this effect to the presence of the Pt fncorporated into the sample qgring
crystal growth. Prolonged anodization of these crystals (I mA/cm2 until

V reached 9 volts) definitely improved their catalytic activity‘at the

low current densities. After anodization there was an increase in
potential at.the low current densities and a shift in the second threshold

6

from 1 x iO-G A/cm2 to b x 10 A/cmz. The 800 ppm Pt had no effect at

the higher current densities. Platinum doped samples, which did not
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receive the isopropyl vapor-phase degreasing and the cyclic voltage scans
before the measurements, did not exhibit the break in the Tafel plot at
IO-,6 A/cmz.

The effect of Pt pre-electrolysis on the performance of a Pt doped
crystal is shown in Figure 4.4, Extensive Pt pre-electrolysis of the
solution tended to deposit traces of Pt on the samples, especially on
preanodized samples. Both curves shown in Figure 4.4 are for the same
preanodized 800 ppm Pt doped bronze crystal. After Pt pre-electrolysis,
the potentials were higher at all current densities. Platinum concentra-
tions of 800 ppm cannot be detected by our Auger spectroscopy system, but
after Pt pre-electrolysis Pt was detected on the surface of.this sample
on the order of one percent Pt coverage. These results are given in the
section on Auger analysis. An undoped crystal was affected in a manner
similar to the doped crystals; the potentials were higher at all current
densities, as shown in Figure 4.5, but not as high as for the Pt doped
crystals. Evidently, more platinum is deposited from the soluiion on a
doped crystal than on an undoped crystal.

A major difference exists between a Pt contaminated pure bronze and
an 800 ppm Pt doped bronze. The curves in Figure 4.3 and 4.5 are
strikingly different, at both the low and high current densities.
Ptatinum contamination of a pure bronze by Pt pre-electrolysis increased
the catalytic actlvity at all current densities, but produced no threshold
at.10-6 A/cmz. Doping the bronze with 800 ppm Pt had no ettect on the
potentials at the high current densities. These results indicate that

the platinum may be incorporated in different forms on the surface by the
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fwo methods. Platinum pre-electrolysis was done with a large (20 cmz)
shiny Pt foil anode‘and a‘gold cathode using 20 mA of current for 24
hours, then witﬁ 5 mA con;inuous pre-electrolysis during the measurements.
Tafel plots are'shown in Figure 4.6 for three. types of sodium
tun;steﬁ bronze crystals: a pure bronze, an 800 ppm Pt doped bronze, and
the same pure bronée after it was used in solution which was pretreated
by cycling a large Pt electrode from 0.0 V to 1.5 V NHE at 100 mV/sec for
3.5 hours. Later analysis by Auger spectroscopy revealed a Pt coverage
of approximately 3% on the crystal s;rface. None of the samples were
anodized and the Auger analysis showed that the sodium content on the
surface was equal to the bulk value. For current densities above
10-6 A/cﬁz, the Pt doped crystal behaved like a pure bronze; but at lpw
current densities, approaching the rest potential, the Pt doped crystal
behavgd like the Pt contaminated crystal. The Pt doped crystal has less
Pt on the surface than the Pt contaminated crystél by a factor of 40, yet
it'still has the same rest potential. Thus? thé Pt doping of the brbnze

produced a definite electfocatalytic effect for 0, reduction, although

2
the effect was rather small.  Experiments were then performed to deter-
ﬁine whether or not the electrocatalytic activity was directly propor-
tional to the Pt coverage fraction 8 on the crystal surface.

Sodium tungsten bronze crystals, plated with varying amounts of Pt,
were tested for 02 reduction and later.analyzed with Auger Spectroscopy
to measure the Pt coverages. Platinum was deposited on several crystals

by each of the three techniques discussed in Chapter 3. Only crystals

plated from chloroplatinic acid had to be polished and anodized before
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plating. However, anodizing the crystals seemed to accelerate the Pt

deposition process when the in situ plating procedures were used. The

three Pt deposition methods will be referred to as methods a, b, and c.
Method a consisted of plating from dilute chloroplatinic acid, while

methods b and c were variations on an in situ process of slow dissolution

of a large Pt foil. |In method b, the Pt foil was u§ed as a counter elec-
trode to cycle the potential of tHe bronze crystal from -0.25 V to 1.25 V
at.loo mV/sec. Method c consisted of cycling the Pt foil itself from
0.00 V to 1.5 V at 100 mV/sec for several hours, and then using the
bronze sample .in the same solution.

Tafel plots for the Pt plated crystals are shown in Figures 4.7 to
4L,10. The data for fwo of the crystals were shown in Figures 4.4 and
4.6.‘ A true steady-state céndition was- allowed to occur for all the data
presentedbiﬁ these graphs. This condition is important, since consider-
ably different potentials are obtéined if fast measurements are made. A
typical example of this difference is shown in-the top graph of Figurg
4.8. A stable steady-state condition could be obtained on the platinized
bropzes because they were not as sensitive as Pt to the buildup of H202
in the cell during the course of a two day Tafel measurement. This
observation is supported by the results of Randin (19), who reported
- good catalytic activity of undoped bronies for the reduction of HZOZ'

ExcHange currents could not be determined from the Tafel plots
because the low Tafel slopes and high overvoltages on many of the samples

made extrapolation to zero overvoltage a very inaccurate procedure. The

current density‘af 0.5 V was arbitrarily picked as a measure of the
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Figure 4.8.

The top graph illustrates the difference between quick
measurements and true steady-state measurements that allowed
at least 3 hours per point.

The middle graph presents successive 0, Tafel plots for a
crystal plated by a technique that gave very good activity
for 0, reduction.

The bottom graph presents two oxygen Tafel plots for a

.crystal that was anodized before plating, as usual, and. then

anodized again after the first Tafel measurements. Platinum
was detected by cyclic voltammetry after the first Tafel
measurements, but none was found after the second anodization,
either by cyclic voltammetry or by the SEM. The Auger
analysis revealed a Pt coverage fraction of only 0.007, yet
the catalytic activity is good
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Figure 4.9.

POTENIAL V vs. NHE
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The

samples were: W 371B#5, e 365C#2, V 380A#5, O 371B#8. The two crystals plated from

the counter electrode had the lowest Tafel slopes and the highest catalytic
activities of all the samples
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catalytic activity Qf.the crystals. For most crystals, the Tafel lines
passed through 0.5 V, but short extrapblations were necessary for samb]es
with a high catalytic actiVity. A list of the platinized bronze crystals,
With the current density at 0.5 V, and the Pt coverage fraction 6 for
each crystal, is éiven in Table 4.1. The information in this table can
be best examined by making a log-log plot of catalytic activity (i at
0.5 V) versus the Pt coverage. fhis graph is presented in Figure 4.11.
Although there is considerable scatter in the intermediate points, the
points ét both extremes suggest a straight line fit to the data. A line
drawn through the points which fits the extreme points and passes through
the clustef of points has a slope of 1.5. A least squares fit for a
straight line gives a lower slope of 1.2, due to the large amount of
scatter iﬁ the points for intermediate Pt coverages. The scatter causes
the least squares fit line to deviate substantially.from the data pojnts
at both extremes. A slope of 1.0 on the log-log plot would imply that
the catalytic activity is directly proportional. to the Pt coverage 6 on
the crystal surface. |

Bockris and McHardy reported a synergistic effect of Pt with the
bronze (18), with the catalytic activity proportional to the cube of the
Pt.coverage. Bockris and McHardy did not measure the Pt coverages, but
aséumed that the gurface Pt concentrations were equal to the buTk concen-
trations of Pt in the crystals. Other results, reported here (see Figure
4.6 and the Auger analysis results), indicated that this assumption was
invalid, and‘that Bockris and McHardy's samples probably had higher Pt

coverages than they thought. The Tafel results reported here.show the
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Table 4.1. Pt coverages and catalytic activities of
the Pt .plated samples.

Sample Pt/W ratio® eb | i(uA) at 0.5V
376A#k4 0.0025 0.00085 0.47
376A#1 0.01 0.0033 - 3.1
376B#1 0.16 o.osd 17
371B#3 0.01 0.0033 ‘ 25
371B#8 0.013 0.0043 25
376A#3 0.03 ~ 0.0 125
376A#k 0.14 o.oug | 50
376A#7 0.02 o.oos? 120
380A#3 0.05 0.016 150
376A#10 0.08 0.026 150
376A#2 0.22 ©0.068 150
376B#2 0.16 0.050 ‘ 370
376A#11 0.25 0.077 1,400
365C#2 0.67 o.jé 2,500
371B#5 2.20 0.42 10,000 -
Pt - 1.00 10,000

%pt/W ratio: determined from Auger analysis,
except the first two, which were estimated from phe
plating times.

be = x/(3 + x), where x = Pt/W ratio. The

number 3 arises from the approximation of a WO, -
surface stoichiometry, due to oxygen desorption
during the Auger analysis.
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catéiytic activity is:proportional to the Pt coverage to the 1.5 power or
less. Due to the experimental error in méasuring 8, and the wide scatter
in the catalytic activities, no synergistic effect can be claimed for.O2
reduction by a Pt-bronze system. However, the wide variation of Pt
coverages, on samples with the same catalytic~activity; may be a signifi-
cant result in itself. These variations in the measﬁrevat coverages were
much greater than the experimental error {n the Auger analysis. Samples
with more than an order of magnitude difference in Pt coverage have the
same catalytic-activity. The errors in meésuring the Pt coverage by
Auger analysis were much less than an order of magnitude, and were
usually 50% or less. Several samples with about the same measured Pt
coverage had one to twb orders of magnitude difference in the measured
catalytic activity.

These differences in catalytic activify for‘a given Pt coverage, and
vice versa, imply that the Pt is present in different physical forms on
différent<crystals, one form being more cafalytical]y active than the
‘other form. The symbols used for the points ‘in Figure.h.ll indicate the
procedure by which Pt was deposited on the crystal surface. Several
trends are noticeable. Samples represented by points on the right side
and beneath the line were plated in chloroplatinic acid solutions at
0.120 V NHE. These samples have a lower catalytic activity pér unit
amount of Pt than do the samples above the least squares fit line.
Scanning electron microscope photographs révealed thé-presence of Pt
crystallites on the bronze surface. Tafel plots for five of these

samples are shown in Figure 4.7. Most of the other points on the graph
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inAFIgure 4.11, to the left and above the line, either had no Pt particles
visible to the SEM,.or the Auger depth analysig indicated that any Pt
partfcles'on these samples wouldAhave been too small to be seen by the
SEM. Two crystals plated at 0.040 V in chloroplatinic acid were excep-
tions in this case. SEM photographs showed that Pt particles were present
- on crystals plated in this manner. However, one of these crystals
(sample 376A#7) was reanodized, a process which was shown by the cyclic
vbltammetry curves, and later by the SEM, tobhave_removed the Pt particles
without changing the catalytic activity. The catalyfic activity can be
evaluated from the Tafel plots in-the bottom graph of Figure 4.8.
Immediately after plating, sample 376A#7 exhibited high catalytic
activity, and a 5 to 10 perceﬁt Pt coveFage was indicated by the cyclic
voltémmetry curves. After reanodization, the Téfel plot was essentially
unchanged, but no Pt was detected by the cyclic voltammetry or the SEM,
and the Auger analysis gave a Pt coverage of only 0.7 percent. These
results indicate that the catalytic activity may not be due to the Pt
particles that are highly visible on tﬁe SEM, but that the activity is
due to a different form of Pt on the crysfaT surface.

More evidence for the existence of two forms of Pt on the bronze
surface was obtained in a careful study of two Na0.6w03 crystals.
Crystal 376B#1 was piafed at 0.120 V for 3.5 hours, and crystal 376B#2
was plated at 0.040°'V for 90 minutes; the other platihg conditions wére
exactly the same. Both.crystals were anodized_to 6.0 V before plating.
Later, the Auger. analysis showed equal Pt coverages on the two crystals.

Scanning electron microscopy photographs revealed large (3,000 R dia.)
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Pt particles on 376B#1, with the Pt particles ;overing about 10 percent
of the crystal surface. The Pt partic]es were roughly spherical in shape,
so the total area of the Pt was perhaps 30 percent of the geometric sur-
face area. Smaller particles (1,200 R dia.) were seen on sample 376B#2.
The two samplés were then. characterized by three e]ectrochemical measure-
ments: Tafel measurements for both the hydrogen ahd oxygen rééctions;
and cyclic voltammetry (CV) measurements.

The CV curves for sample 376B#1 showed a Pt coverage of 20 to 30
percent, while only a 5 to ld percent Pt coverage was indicéted on sample
376B#2 (see the section on cyclic voltammetry). Current-voltage measure-
ments for ‘the hydrogen reacéion were taken in the linear, or low over-
voltage region, and these results are shown in Figure 4.12. The.exchange
currents were found from thé slopes of lines by using Eduation.2.12. The
Aexchange currents were not expected to be directly proportionél to the
amount of Pt on the crystal, because a syneréistic effect of the Pt- |
bronze §ystem has been reported for the hydrogen réaction (54). The
exchange currents were higher than a direct proportiona]fty to thé Pt

coverage.would predict; however, the H, measurements helped determine

2
;he relative amounts of Pt on the two crystals. The exchange currents
are in rough agreement with the amount of Pt found by the CV curves. The
electrochemical measurements of the Pt coverages differ from the Auger
.and SEM results, but there is a good reason why ;his could be so. The
electrochemical methods measure the average Pt coVerage over the entire

crystal surface, while the SEM and Auger methods sample only a tiny spot

" on the surface. In fact, both the Auger and SEM detected no Pt in
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several spots on sample 376B#2. So in fact,Athe electrochemical methods

(CV and H, Tafel plots) may give the better measure of Pt on the crystals.

2
Oxygen Tafel plots were then obtained for.these two crystals, and a large
difference in their catalytic activity for Oé reduction was found, but in
reverse order to the amount of Pt on each sample. Oxygen Tafel plots for
these two crystals are shown in Figure 4.9. The current densities at

0.5 V were 17 uA/cm2 and 370 uA/cm2 for samples 376B#1 and 376B#2 respec-

tively. The results of all measurements are summarized in Table 4.2.

“ Table 4.2. Comparison of samples 376B#1 and 376B#2.

Auger analysis: equal platinum coverages
Cyclic voltammetry: 1/4 PtO ratio

H2 measurements: 1/2 io ratio

02 measurements: 22/1 0 ‘catalytic ratio

2

The difference iﬁ the oxygen catalytic activity of the two samples cannot
be explained simply by the size aifference of the Pt particles on the
~surface. These results may be explained by the presence of two forms of
Pt on the crystal surface: the Ia;ger Ptrcrystaliites and another, more
active, form of Pt on the surface. Both samples had roughly equal
amounfs of Pt present in the form of Pt crystallites, but sample 376B#2
must have had both forms of Pt on its surface, whlle sample 376B#1 had
only the Pt crystallites.

The existence of a different form of Pt, on the surface of a sodium

tungsten bronze, is supported by the results of Fishman et al. (17) who



69.

platinized some bronze crystals by using a Pt counter electrode to cycle
the poténtial of the bronze crystal in an acid solution. Their crystals
were assumed to be platinfzed bécause the crystéls were activated as
cétalysts‘for 02 réductioﬁ. ~Fasf ﬁotential scans (CV measurements) on
the crystals failed to_reveal the presence of Pt, so Fishman et al.
‘concluded that the Pt was incbrporated in the bronze in a form distinct
from the Bulk metal state. Of the crystals représented in.Figure 4.1,
the ones wifh the highest Pt coveragés and the'highést catalytic activi-
ties were platinized by the method -of Fishman et al. The Tafel plots
for these two crystals are shown in Figure 4.10.

There would seem to be only two possibifities for a distinctly
different-form of Pt on the bronze surfacé: small clysters of Pt atoﬁs,
of a chemical compound involving the Pt atoms. The existence of sméll
clusters of Pt atoms seems unlikely, due to the method of Pt deposition.
Al) of the larger Pt particles on a given'crystal'are of a fairly uniform
size, a common occurrence in the deposftioh'of metals by electrochemfcal
'platiqg. Small clugters of the metal, initiated during the plating
~ process, grow continuously larger until the plating potential is removed.
If instead of Pt clusters, a new chemical compound is forimed on the
.bronze surfaée, this compbund would very likely be a platinum tungsten
bronze (PtyWOB). Formation of a platinum tungsten bronze would result
in the Pt donating the 6s] electron to the bronze conduction band,

similar to the sodium 3s] electron in Naxwo . The d-electrons would

3

_ remain localized in the bronze, as they are in metallic platinum. The

band structure of cubic.PtWO3 has been calcu1ated, and a large peak in
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the density of states occurs near the Fermi level (55). This peak is due

to ‘the highly localized Pt d-electrons. The existence of the compound

Pt WO_ on the surface of cubic Na_WO
y 3 X 3

mental results given here, but instead, the formation of platinum tungsten

has not been verified by the experi-

bronze on the surface of cubic Naxwo is postulated as a possib]é explana-

‘ 3
tion of these results. To our knowledge, no electrochemical measurements
have been performed on PtyWO3. The results of 02 measurements on Ptywo3

may help verify or deny the existence of PtyWO as the highly active form

3
of Pt on the sodium tungsten bronze surface.

No mechanistic studies were done for the oxygen reaction on any of
the Sampies, both‘platinized and pure bronzes. The pure sodium tungsten
bronzes and even the Pt doped bronzes have such a small catalytic
activity that such measurements would probably yield no meaningful num-
bers. The platinized crystals may be Similar to those of Bockris and
McHardy (18), so their results can brobably be applied to our crystals in
this caséu Bockris.and McHardy studied the mechanism of oxygen evolution
and reduction on'their platinized samples, and found tﬁat the first
electron transfer step was the rate determining steé. They concluded
that thisvstep was probabl*lthe same as that postulate& for other elec-

" trodes in acid solution:

+ -
02 + H + e - (adsorbed intermediates)

Oxygen reduction was studied on several other tungsten bronzes to
determine if the crystal structure or the alkali ion has any effect on
the electrocatalytic activity of the bronzes. As the results in Figures

4,13 and 4.14 show, there is little difference between any of the
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crystals in the bronze system. Potassium tungsten bronze is the one
exemption, and it apparently does not catalyze the oxygen reaction at
all. The overpotentials are extremely high at all current densities,
and the rest potential is -0.2 V NHE, compared to +0.4 V for the other
bronzes. The i-v curves for the rubidium and thallium bronzes are very

similar to the curves for NaXWO » which were shown in Figure 4.2,

3
Data shown in Figure 4.14 were not obtained in the high purity
electrochemical system, but in an older cell undgr moderately pure
conditions. On most samples, the data were iaken in a smaller range of
current densities because the electrode potentials leveled off at the
lower current densities. However, the data are sqfficiently good to see
and tetragonal NaXWO

3 3

Naxw03, and that doping the cubic Naxwo3

has no effect on the i-v curves. Cubic lithium tungsten bronzes gave

that WO have the same catalytic activity as cubic

with large amounts of vanadium

lower potentials at all current densities.

Oxygen Evolution and Anodic Behavior

Oxygen evolution was shown to be impossible at reasonable potentials
on all Pt-free tungsten'bronze crystals. The best anode was the as-
grown surface of a rubidium tungsten bronze. A steady-state potential
of 3.8 volts was recorded at 1 mA/cm2 on this sample, which is still
quite high'compared to 1.9 V on platinum at the same current density,
but it is the best of any bronze. When a bronze crystal is pulled from
the melt at 800°C, considerable differences between the alkali content

at the surface and in the bulk can be created, so the exact nature of
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that particﬁlar crystal was unknown. - All polished or cleaved crystals,

including Rb did not support oxygen evolution. Anodic i-v curves

0.3"03
for several crystals of‘the bronze system are shown in Figure 4.15. A
polished rubidium tungsten bfonze crystal had anodic i-v curves similar
to the curve shown for héxagonal potassium tungsten bfonze. The large
currents, at low potentials, were shown by cyclic voltammetry to be
supported by corroSion of the crystal gurface, and not by oxygen evolu-
tion. For thg other broﬁzes, potentials of up to 9 V were not uncommon
at anodic current densities of 1 mA/cmZ. However, there seemed to be a
lot .of variability among cubic sodium tungsten bronzes, as shown by the

two different i-v curves for similar Na crystals. Sodium was

0.7wo3
removed from the surfaces of these crystals when anodic potentials were
applied. ihis fact was established by Auger'dgpth analysis. The
positive sodium ions are apparently pulled out of the crystal by the
high electric fields present at the interface. After the sodium is
removed from,the crystal, an n-type §emiconducting layér remains on the
crystal surface (12; 56). When positive potential§ are applied, as in
"oxygen evolution, the majority carriers a}e swept away from the.crystal-
solution interface, resulting in diode-like beﬁaviof. The semiconductor-
electrolyte interface has all the properties of a Schottky semiconductor-
metal interface. AMott-Schéttky plots have been obtained for anodized
sodium tuhgsten bronzes by Bockris and McHardy- (12) and by Randin (56).
Confusing results were~reborted by Bockris and McHardy, including

several values for the flat band potehtial and a sharp decrease in donor

concentration as the potential is raised above 1.1 V NHE. Randin
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Anodic current-voltage characteristics of some tungsten bronze crystals. The

surfaces are depleted of the alkali metals and have become n-type semiconductors.

The semiconductor-electrolyte interface acts like a Schottky diode
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reported a flat band potential of 0.6 V NHE and a sharp increase in
donor concentrations above 1.0 V NHE. Our measurementé on anodizéd
cubic sodium tungsten bronzes consistently gave Mott-Schottky plots

identical to those of Randin, and so our data will not be reproduced here.

Hydrogen Tafel Plots

Exchange cu?rents for hydrdgen evolution on anodized cubic sodium
tuhgsten bronze cry;tals were measured in H2 saturatgd solutions. The
results, shown in Figure L.16, agree with the previously reportgd results
of Vondrak and Balej (57), Sepa et al. (58), and Mannan (59), when one
" takes into account the éxtremely low x-value of the anodized bronze.
The exchange current density for a metallic bronze surface was reported
by these résearchers to be 10”5 A/cmz. From Figure 4.16, the exchange
current density for an anodized bfonze_is about 10—7 A/cmz; This is to
be compgred toAthe high exchange éurrents of &10_3 A/cm2 on the platinized
bronze samples (Figure h.lz)f Obviously, not much platinum is needed to
activate the sodium tungsten bronze crystals to catalyze the hydrogen
reaction, but the amount of data is insufficient to determine if a

synergistic effect definitely exists in the Pt-bronze system for the

hydrogen reaction.

SEM Studies
Scanning electron microscopy provided a direct visual study of the
bronze surfaces which were used in the électrochemical studies. The SEM
' picturesAwere needed to reveal the forms in which platinum was deposited

-on the bronze surface, as well as to provide an approximation of surface
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areas and corrosion rates of the crystals.

Evidence froh the cyclic voltammetry data on cubic NaXWO3 indicated
small corrosion rates at high anodic potentials, implying that this
particular bronze surface is fairly stable against anodic corrosion in
acid solutionsf' The scanning electron microscope (SEM) pictures gave
more evidence to support this contlusioﬁ. The ‘SEM picture in Figure

L.17 shows the surface of a polished Na0 6WO crystal which was anodized

3
to 9 V at a current density of | mA/cmZ. This particular crystal was

no£ electrochemically cleaned by potential cycling, nor was this crystal
used in the high purity test cell. Consequently, considerable foreign
matter remained on the surface and can be seen in the photograph. There
are few corrosion etch pits or other rough features caused by the
anodizationvprocess. A few po]ishihg,scra;ch marks are barely visible

in the photograph. Piatihﬁm deposition'by electrochemical plating from

a dflute chloroplatinic acid (HZPtCI6) solution was first attempted with
cleaved crystals, but the SEM photograph revealed large (2-3 um) Pt
platelets growing perpendicular to the surface. Crystals wh%ch were to
be Pt platgd were therefore first polished, anodized, and mounted on a
rotatigg electrode arrangement to provide a more even Pt distribution.
Samples 376B#1 and 376B#2 were plated in this manner and SEM photographs
of their surfaées are shown in Figures 4.18 and 4.19 respectively. These
crystals ‘are the éamples discussed earlier which had roughly equal Pt
‘coverages, but the sample with slightly less Pt (376B#2) had a much
-greater catalytic activity for 02 reduction (see Figure 4.9). A lower

magrification photograph of sample 376B#1 is shown in Figure 4.20 to
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Figure 4.17.

SEM photograph of a polished Na WO3 crystal which was
anodized to 9.0 V NHE. Considerable”amounts of foreign
matter are present on this sample, but otherwise the sur-
face is quite smooth and shows no evidence of corrosion.
The magnification is 40,000X
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Figure 4.18. SEM photograph of a polished and anodized Na crystal
(376B#1) which was Pt plated at 0.120 V NHE o 7 % x 1072 M
chloroplatinic acid. The Pt was not deposited uniformly,
as this photograph revealed small (3,000 ] diameter) Pt
particles on the surface. The magnification is 40,000X
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Figure 4.19. SEM photograph of a polished and anodized Na crystgl
(376B#2) which was Pt plated at 0.040 V NHE |n x 10
chloroplatinic acid. Platinum particles 1,500 in dlameter
were found on this surface. The magnlflcatlon is 40,000X
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Figure 4.20. Same surface as in Figure 4.18 but at a lower magnification.
In this photograph, the lighting is enhanced to show the
features of the bronze surface instead of the platinum
particles. Magnification is 12,000X
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give a better indication of the Pt particle size distribution and
coverages. The individual particles on the surface were shown to be Pt
by using the SEM electron beam as a microprobe while monitoring the x-ray
output lines. Photographs of other crystals plated in the same manner
revealed similar platinum particles. The average particle size in

Figure 4.20 is 3,000 ﬁ, and those in Figure 4.19 average 1,500 R in
diameter. Later Auger analysis of these crystals agreed rather well with
the visual observation that the crystals have approximately equal Pt
coverages. The fact that sample 376B#2 was the much superior oxygen
catalyst implies a difference exists between these two crystals that is
not readily seen in the photographs.

Platinum particles were not present on all crystals which exhibited
high catalytic activities. Sample 376A#7 was prepared in the same
manner as sample 376B#2. After plating and testing for catalytic
activity, sample 376A#7 was reanodized to 9 volts. The catalytic
activity remained the same after the reanodization (see Figure 4.8),
but the SEM photograph shows no Pt particles. The SEM photograph is
shown in Figure 4.21. The surface fs rather rough with many etch pits,
but no Pt particles are visible. Auger analysis gave a Pt coverage of
0.07 percent. Cubic sodium tungsten bronzes with a catalytic activity
close to that of pure Pt were prepared by using a Pt counter electrode
in the same compartment to sweep the potential on the bronze repeatedly
“from -0.25 V NHE to 1.8 V NHE. These samples were cleaved crystals, and
the SEM photograph_of one of these crystals (365C#2) is shown in Figure

L4.22. No Pt particles are visible in this photograph eitlher, even
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Figure 4.21. SEM photograph of an anodized, platinized, and reanodized
Na, ,WO, crystal (376A#7). No Pt particles remain, but the
0.6 : : d 5 x
surface”is quite rough with many corrosion pits. The
catalytic activity of this surface was very good. The
magnification is 40,000X
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Figure 4.22.

SEM photograph of an anodized and platinized Na, WO
si

crystal (365C#2). Platinum was deposited in
transport from a large Pt foil. The Pt coverage is 22
percent, but no Pt particles are visible. The magnifica-
tion is 40,000X
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though the Auger analysis revealed a Pt coverage of 22 percent. The
exact form in which the Pt exists on the surfaces of these samples is
still unknown.

All of the platinized crystals have rather rough surfaces, with
numerous etch pits, particularly sample 365C#2. However, in the case of
sample 365C#2, 12 hours of cyclic voltage scans were needed to deposit
the Pt. The other samples were subjected to numerous voltage scans and
i-v measurements for complete sample characterization. The surface
roughening is probably due in most part to the cyclic voltage scans.

An anodized sodium tungsten bronze, with no platinum, is a poor
catalyst for the hydrogen reaction, as was shown by the cathodic H2 Tafel
plot in Figure 4.16. Rather large, negative potentials were obtained at
the higher current densities; which undoubtedly created a high x-value
hydrogen tungsten bronze in the sodium depletion layer. (For details of
the hydrogen tungsten bronze formation, see the section on the cyclic
voltammetry results.) The effect of these large, negative potentials on
the bronze surface are shown in Figures 4.23 and 4.24. The striking
features of these photographs are the cracked sodium depletion layer,
which is flaking off the surface in some spots, and the extremely smooth
surface of each flake. There are no etch pits and not even the remains
of any polishing scratches. Other pictures with a magnification of
40,000X also show a very smooth surface on each flake. Vondrak and Balej,
in their paper on hydrogen absorption by sodium tungsten bronzes (60),
reported the development of deep cracks in the surfaces of crystals which

were subjected to long polarizations at -0.8 v NHE.
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Figure 4.23. SEM photograph of the cracked surface on a strongly reduced
Na0 6W0 crystal which had been previously anodized. Aside
from thé cracks, the surface is very smooth except for the
small round particles which are of unknown composition. The
magnification is 6,000X
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Figure 4.24. SEM photograph of a different spot on the same crystal
pictured in Figure 4.23. Here the cracks can be seen to be
only in the sodium depletion layer which is flaking off the
crystal. The magnification is 6,000X
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Auger Analysis

Augér Electron Specfroscopy (AES) was used to determine the surface
chemical composition of the anodized and platinized alkali tungsten
bronze crystals. The analysis was‘performed‘by Dr. A. J. Bevolo of the
Ames LaboratoryAin the surface analysis laboratory. Most of the work was
concerned with the sodium tungsten'bronze system.. The first objective
was to measure the sodium content of an anodized sodium tungsten bronzé
surfacei Other workers (12, 13, 56) have studied th¢ semiconducting
surface layer of anodized bronze crystals, but good profiles of sodium
content as a function of depth have not been reported. Depth profiles
for two crystals, anodized to different potentials, are shown in Figures
4.25 and 4.26. The first crystal was anodized with 0.5 mA/cm2 for 3
hours, during which time. the potential slowly rose to 5.5 V NHE. Sodium
was depleted to a.depth nf approximately 800 R, although fhere was no
sharp cutoff in the sodium concentration. The x value at the surface
was about 0.25. "The second crystal was anodized with 1 mA/cm2 for 9
hours, and the final potential was 9.0 V NHE.. The abscissa on this
graph (Figure 4.26) is in units of the sputtering time, but to a good
approximation, 1 m%nute norresponds to 1 angstrom with the sputtering
parame;ens used for this depth profile. Sodium depletion extends to a
depth of 1,500 R. The bulk sodium.xnvalué for this cfystal was known to
ne 0.6, so the x-value in the depletinn region near the surface is
about 0.1, Theseinumbefs were consistently measured on crystals
anodized UnQer the same conditions. Consldering the high potentials

‘needed to create the depletion layer, reports of depletion layers over
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100 um thick (25) must be viewed with considerable skepticism. The ion
microprobe results of Bockris and McHardy (12) indicated depletion layers
over 1,000 ] thick on samples anodized to only 2 volts. In view of the
consistency of our measurements, a 1,000 R-depletion layer formed by
only 2 volts seems unreasonabiy high.

Platinum coverages on the platinized and Pt contaminated crystals
‘were also measured by AES. The first such samples examined were the Pt
doped‘crystals used in the Pt pre-electrolyzed solutions. Platinum was
shown to have plated out onto tﬁe bronze crystal from the solution. A
Pt doping of 800 ppm (0.08%) is below the limits of the Auger sensitivity
and no Pt was detected on the surface of such a crystal. ‘An Auger trace
at the highest instrumental gain is shown in Figure 4.27 for such a
crystai.: No Pt peak appears near 1967 eV, which is the position of the
high energy Pt Auger transition.- Hawever, a definite Pt Auger signal,
shéwn in Figure 4.28, was obtained on a,simi]ér crystal after it was
used in é Pt pre-electrolyzed solution as both an anode and a cathode.
The tungsten 1796 eV and Pt.1967 eV Auger linés have about equal sensi-
tivities, so eqﬁal signals at gains of 1 and 100 respectively, indicate
a Pt/w rativof 0.01 on the surface or a Pt coverage of about 0.3%. The
value of 0.3% is arrived at by assuming a surface compos}tion of WOZ,
due to electron beam induced oxygen de;orption. The measured oxygen
content on the surface was always much too low and usually corresponded
to oxygen stochfometries of 2 or less. The assumption of a surface of
WO2 is only a rough épproximation, but was used consistently to determiﬁe

the Pt surface coverages from the Pt/W ratios.
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All of the platinized spdium tungsten bronze crystalé were analyzed
to measure the surface Pt covefages, and a depth profile was performed
oﬁ some crystals to find the thickness of the Pt deposits. A typical
depth profile for a crystal plated from chloroplatinic.acid is shown in
Figure 4.29. The scale on the ordinate is relative. The data plotted
as a function of depth were taken directly from the measuréd peak to peak
Auger line intensities.and were not normalized at each depth.' For the
latter reason, the tungsten appears to increase with increasing depth
only because the carbon and Pt are decreasing. The sputtering ion beam
was 30 nA and an average sputter rate of 2/incident ion was assumed for
the tungsten bronzes. With these parameters the sputtering rate was
about | 3/min, so the scale on the abscissa can be read In angstroms.
Integration of the Pt profile gives approximately 2 ug/cm2 of Pt on the
surface.

The Pt 6h‘eV line intensity dropped to zero long before the 1967 ev
line does, which implies a serious Pt knock-on problem. The high ion
energies used in sputtering drive some Pt atoms into the crystal inétead
of sputtering them away. The low energy Pt line is not detected from
these atoms because they are below the surface of the crystal. A 5 keV
argon ion beam was used to depth profile this sample, but on subsequent
samples a low ion energy (2.5 keV) was used and the problem was much
less serious. An extended depth profile of this sample was shown in
Figure 4.25 to give an indication of the sodium depletion layer. From
the profile in Figure 4.25 the oxygen desorption problem is quite

noticeable in the sodium depletion layer.
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Platinum can be deposited on nonanodized bronze crystals, as the
depth profile in Figure 4.30 shows. Although the sodium Auger 1line
intensity drops sharply near the surface, this is not an indication of
-a sodium depletion layer, because the tungsten line intensi£y drops just
as rapidly. All intensities are lower at the surface due to the carbon
layer on -the surface. This sample was used as an anode with 1 mA/cm
anodic currents, but the potential never exceeded 3 V and no sodium was
depleted from the surface of the crystal. The Tafel plot for this
platinized crystal was shown in Figure 4.6, and the Pt coverage was
approximately 0.03. Apparently the Pt stabilizes the bronze surfacé
against anodic dissolution by providing a competing reaction, that of
oxygen evolution. An interesting feature of this depth profile is the
way the oxygen Auger intensity parallels the sodium line intensity.

This same phenomenon was observed with the depth profile shown in Figure
k.26; The reason for this trend is not known.

Sodium tungsten bronzes with x values 0.25 < x < 0.5 have a
tetragonal crystal structure and are metallic conductors. A sodium
depletion layer 1,200 R thick was found on a tetrégonal Nao.hswo3
crystal which had been anodized to 5 V NHE.

The Auger analysis revealed no depletion layers on the hexagonal

crystals of potassium, tha[]ium and rubidium tungsten bronzes. The
thalfiumALungsten broﬁze crystal had been anodized to 5.0 V. The
existence of a detectable tha]fium depletion layer is implied by such a
high overvoltage. At least a small alkali depletion layer was expected

on the potassium and rubidium tungsten bronzes, because of the results
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of Remeika et al. (61). Remeika and coworkers were able to raise the
superconducting transition temperatures of powders of these crystals by
.etching them in acid solutions at 100°C. The etching process was shown
to reduce the alkali content in the powders by a factor of 1/3 to 1/2.
However, tﬁe EyélicAvoltammetry results on single crystals show that the
surfaces of these crystals are subject to anodic corrosién, and that as

a depletion layer is created, this layer also dissolves at high anodic
potentials. So this combinatioﬁ of results, some contradictory, imply
that the surface layers on anodized hexagonal tungsten bronzes are either
only partially depleted of metal atomg, or that the depletion layer s

rather thin, on the order ot 100 R or less.

Linear Swéep Cyc]ic.Voltammetry

Important electrochemical information about the bronze surfa;e was
obtained by using the technique known as linear sweep cyclic voltaﬁmetry.
The electrochemical properties were found to depend both on the crystal
structure and the alkali metal of an alkal[ tungsten'bronze. Two
electrochemical processes were studied by this technique. These
processes~wére the anodic dissolution of the bronzes, and the formation
of hydrogen tungsten bronzes on their suffaces at certain potentials.
The cubic sodium tungsten bronze has been studied for both of these
reactions (13, 56, 60), but little or no data hés_been‘reported for the
other tungsten bronzes. Several questi&ns still remain concerning the
hydrogen b}onze formatjon on cubic Ngxw03, and the crystal structure of

the sodium depletion layer on this compound. -Even though hydrogen
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bfonze formation has been studied on cubic NaxW03, the x-value of the
resulting hydrogen bronze (wa03) has not been determined. Since the x-
value is unknown, the electronic state of the surface (semiconducting or
metallic) is also unknown. Therefore, cyclic voltammetry (CV) curves
| , monoclinic

for cubic and tetragonal Na W0, cubic and ‘tetragonal Lixwo

3’ 3
Na0.02w03, and hexagonal thallium, potassium, -and rubidiﬁm tungsten
bronzes were obtained and will be presented here.

The CV curve for an anodized Na0.9w03 crystal is shown in Figure
4.31. This same curve was reported by Randin et al. in a comprehensive
study of the surface properties of cubic Naxwo3 (13). The large peaks

centered around 0.15 V were shown to be due to charge transfer for the

formation of hydrogen tungsten bronze and its reverse reaction:

+ -
xH + wo3 + xe wao3 41

The potentials at which the peak currents occur approach a differ-
ence of 60 mV és the sweep rate approaches zero. This behévior is
typical of a reversible, but diffusion-limited reaction (39, 40). For
a diffusion Iimited reaction, the peak current ip should be proportional
to the square réot of the sweep rate S. However; for the curves shown
in Figure 4.31, ip is not proportional to S%, but is almoét'proportional
toS. |If ip is proportional to S, a surface reaction is occurring,
which is limited only by the activation energy for the reaction, and the
surface caverage fraction 6 (43, L4).

Randin and coworkers were able to show that a surface reaction

(reaction 4.1) was occurring, but that it was limited by diffusion in
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The redox reaction at 0.15 V is the formation of hydrogen
tungsten bronze in the sodium depletion layer. The reaction
is reversible and the surface undergoes no net change. No
anodic corrosion currents were observed at anodic potentials
up to 2.0V
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the solid state. Hydrogen atoms (or ions) are the diffusing particles,
moving through the crystal to fill the empty sodium sites. All cubic

Naxwo crystals which had a significant sodium depletion layer exhibited

3
the CV curve shown in this figure. Cubic crystals with x-values ranging
from 0.6 to 0.9 were examined.

Freshly polished crystals of cubic Naxwo have CV curves of the

3
same form as those for anodized crystals, but the peak currents are an
order of magnitude smaller at similar sweep rates. The CV curve for
such a crystal is shown in Figure 4.32. These curves are further
evidence that the large current peaks, centered around 0.15 V, are due
to reaction 4.1, because a hydrogen bronze can be formed at 0.15 V only
if empty sodium sites are available for the hydrogen atoms to occupy.
Some sodium is probably lost from the surface just by etching from the
acid, and by the CV experiment itself when potentials above 1 V-are
reached on the CV.trace. The amount of sodium depleted by these
processes is much smaller than the amount of sodium lost by anodizing
the crystal to 5 or 10 volts, and the differences in the current peak
heights in Figures 4.31 and 4.32 are obvious.

On both anodized and unanodized crystals, the current approaches
zero as fhe potential approaches more positive values. Extended
potential scans out to 2.0 V show that no‘reactions occur in this
potential regiOn, or more specifically the .cubic NaxWO3 surface does not
dissolve at these high potentials. Also, the integrated current on the

positive going scan equals the integrated current on the reverse scan.

This equality implies that a totally reversible reaction is occurring,
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with no net change of the bronze surface. However, the first scans on
all freshly polished crystals exhibited a corrosion current above 1.2 V,
which disappeared after several voltage cycles. An example of a first
CV scan is shown in Figure 4.33. The corrosion reaction above 1.2 V is
probably the removal of sodium atoms fromAthe first few layers of

unit cells near the crystal surface. The first few CV traces on some
crystals did not have well~-defined peaks, but only broad current maxima.
A broadened current peak implies a‘hindered reaction. One explanation
of the broadening is simply a dirty surface, but the curve shown in
Figure 4.33 was consistently observed on samples obtained from a large
crystal with an x-value of.0.75. On most samples, the peaks sharpened
up after several voltage scans. The reason for the difference is
unknown. After a strong anodization (5 V or greater), all cubic

sodium tungsten bronzes exhibited the curve shown in Figure 4.31.

The hydrogen bronze formatipn peak (cathodic current peak) in
Figure 4.33 is only a shoulder on a larger background current, which
introduces the question of the origin of this background current. One
possibility was hydrogen evolution, but the high overvoltages on the
hydrogen Tafel plot (Figure 4.30) show that thls backyruund current

“cannot be hydrogen evolution. The extended cyclic voltammetry scan in
Figure 4.34 shows this to be the case. Hydrogen evolution does not
begin until around -0.6 V, and a second reaction is occurring, with a
broad peak around -0.3 V. This second reaction could be greatly
enhanced by first holding the crystal at a lower potential than -0.3 V

for several hours. The effect of reducing a crystal at -0.7 V for 3
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hours is shown in Figure 4.35. (This crystal had been anodized to 2 V
in a previous experiment.) Marked changes in the CV curve show that the
reduction process has changed some physiéal property of the bronze
surface. The positive curfent peak at -0.3‘V is now much larger than
the peak at +.15 V. Anodizing the crystal did not restore the crystal
to its original state, that is, the reduction process céused irreversible
changes to occur on the crystal surface." fhis conclusion was reached by
examining the CV curves taken after anodizing the crystal to 7 V, and
these curves are shown in Figure 4.36. The anodization process increased
the peak heights at 0.15 V as usual, but the reaction at -0.3 V still
remains.

The top halves of the curves shown in Figﬁre 4,36 are almost
identical to the curves obtained by Vondrak and Balej in their study of
hydrogen absorbtion by sodium tungsten bronzes (60). Contrary to Randin
(13), and to the conclusions reached here, -they did not attribute the
current peak at 0.15 V to hydrogen bronze formation,Abut attributed only
the peak a; -0.3 V to that process. All researchers aéree that a strong
reduction of a sodem tungsten bronze crystal results in a severe
blistering or cracking of thelcrystal surface. Such stresses must be
associated with changes in the crystallographic properties of the
crystal and are obviously irreversible. SEM photographs of such a
surface were shown in Figures 4.23 and 4.24. The CV curves in Figure
4.36 indicated that the stresses on fhe crystal have caused a permanent
change in the crystal which allows more hydrogen to enter the crystal at

=0.3 V. In their study of hydrogen absorption in the bronze, Vondrak
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and Balej (60) studied freshly polished crystals with x-values of 0.3
to 0.9. From their results, they calculated that all empty sodium sites
were filled with hydrogen when the crystal was held at -0.80 V. Cracks
wh{ch appeared on the crystal surface wereAprobany caused by the
stresses which accompanied the filling of the lattice with hydrogen.

No results have been reported in the literature for hydrogen filling
as a function of potential, or why there are two separate potentials
associated with the formation of the hydrogen tungsten bronze on the
Naxwo3 surface. Both of these questions can be answered from two
observations that have been made. First, éiclet et al. studied the
reduction of powdered WO3 on a mercury eleétrode (62). By x-ray
analysis of the powders, they found that orthorhombic Ho']wo3 was formed
at potentials near +0.340 V, and that either the tetragonal | or cubic
phase, corresponding to 0.33 < x < 0.5, was formed at potentials near
-.136 V. The resolution of their equipment was inhsufficient to give an
exact x-value,for the latter compound. The second clue to the nature of

the two reactions on the surface of Naxwo is a simple visual observa-

3
tion made during CV scans on all the anodized cubic sodium tungsten
bronzés. The normal color of this surface is a light green. As the
electrode potential passes 0.15 V on the cathodic scan, the surface
turns dark blue and highly absorbing in appearance. When the potential
passes through the region of the current peak around -0.3 V, the surface
turns a light red violet and highly reflecting .in appearance.

Hydrogen tungsten bronzes have crystallographic and electrical

properties similar to the other bronces (15). The crystal structure is
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cubic for x > 0.50, tetragpnal I for 0.33 < x < 0.50 and tetragonal ||
for 0.15 < x < 0.50. The range of x values for the orthorhombic phase
is not known, but is probab]y limited to low x values as it is for
NaXWO3 (see Figure 1.4). Crystals of the orthorhombic énd tetragonal 1|1
phases are semiconductors, and crystals of the tetragonal | and cubic
'phéseS'exhibit metallic conductivities. So with the above observations
on the color Ehanges, and the results of Siclet et al., the two current
peaks on the CV curves can be ascribed to the formation of the semicon-
ductiﬁg and metallic phases of wa03.
The semiconducfing transition may occur at a slightly different

3

cubic. A comparison of CV curves for several tungsten bronzes indicates

value than x = 0.33 if the sodium depleted region of cubic NaxWO is also

that-the surface yayers oﬂ cubic Naxwo3 do retain the cubic structure.
First of all, anodizing the cubic crystals changed only the current peak
heights on the CV curves, but nét their shapes. Cyclic vpltammetry
curves for tetragonal Nao.%wo3 and monoclinic W03 are shown in Figures
4.37 and h.38; The cﬁrrent peaks which were so sharply defined on cubic
Na*W'O3 are much broadened, indicating that the electron transfer is
slower and hindered by #ome repulsive interaction. The different crystal
structure méy hinder the diffusion of hydrogen through the crystal.
Vondrak and Balej reported data that suppofts this hypothesis (60).

Their current peaks ét -0.3 V were an order\of magnitudg smaller for

tetragonal Nao h5w03 crystals than for cubic Na crystals. Very

O.SWO3

slow cycfic voltage scans on monoclinic WO, are shown in Figure 4.39.

3

On the two slowest scans, the two current peaks on both the anodic and
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Figure 4.37. CV curve for a tetragonal sodium tungsten bronze. The current peaks associated with
hydrogen bronze formation are smaller, broader, and shifted to more cathodic
potentialg, which means that the reaction is hindered
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are completely broadened out,oigaicgting that the reaction is hindered even more
than on tetragonal NaxWO3
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reaction at 0.15 V '
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cathodic scans were very broad, but still discernible. The cathodic
peaks occurred at roughly the same potentials as on cubic Naxw03, but on
the return scans the peaks were shifted to higher potentials. The anodic
and cathodic current peaks for each reaction were separated by much more
than 60 mV (300 and 400 mV), which indicates that a quasi-reversible |
reaction is occurring. The current peaks on anodized tetragonal Lixwo3
(Figure 4.40) were even further separated, showing almost irreversible
behavior for the hydrogen bronze formation. The high potential of 1.2 v,
needed to remove all of the hydrogen from the crystal, suggests that
wa03 on the anodized, tefragonal lithium tungsten bronze surface may be
stable in air or vacuum, and its properties studied by other techniques
such as SIMS. There is no ébvious reason why the anodized tetragonal
lithium tungsten bronze should hold the hydfogen so firmly.'

Analogous to the CV curves for cubic Naxw03, the curves for cubic

LixWO3 have sharper, more well-defined peaks than the tetragonal Lixw03.

The CV curves for cubic Lio hwo are shown in Figure k.41,

3
Three tungsten bronzes with hexagonal crystal structures were
examined by cyclic voltammetry, and despite their physical similarities
such as crystal structure, lattice parameteré, and electronic properties,
they each displayed distinctly different CV curves. The three bronzes

Potassium tungsten

studied were K Rb0.3W03, and TI

Wwo._, Wo, .
0.32773 0.33773
bronze is rather unstable in acld solutions, exhibiting large corrosion
currents at poténtials above 1.2 V. Reproducible CV curves could not be

obtained with a freshly polished surface, so only the curve for an

anodized surface is presented here. The CV trace is shown in Figure 4.42..



200
100

-100
-200

pwhA/cm2

-300
-400
-500

Figure 4.40.

As grown tetragonal LiyWOz 0.25<x<0.30 -
anodized |
a)l4.8mV/sec.
b) 7.4mV/sec. -

L1 1 L 1 1 [ | 1 1
-0b -0.2 02 06 1.0 1.4 1.8
POTENTIAL V (NHE)

CV curves for an anodized tetragonal Li, W03 crystal. The two hydrogen tungsten
bronze formation peaks are visible, but the distinguishing feature of these curves is
the wide (> 1.0 V) separation of the anodic and cathodic peaks. Before anodization,
all the hydrogen.was removed in the first peak at 0.30 V

1

9Ll



4+ 4
2 -
0
I . . '. | |
g 2 As grown cubic Li WOz x=0.4 7
(24
3 4l a} 1I90mV/sec. i
 E b) 114 mV/sec:
-6 c) 38 mV/sec. -
_8 — -—
-0 -
1 | | 1 ] | ] |

-02 00 02 04 06 08 O 12 14 16
POTENTIAL V(NHE)
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cubic crystal are more well-defined than those on the tetragona? crystal
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CV curve for hexagonal potassium tungsten bronze. The hydrogen tungsten bronze
formation peaks are very flat, and widely separated in potential, so the reaction
is nearly irreversible as on W0, and Lixw03. Hydrogen evolution occurs at -0.6 V.
The sharply rising anodic curve”is not 0, evolution, but dissolution of ‘the
crystal
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Potassium tungsten bronze had a rest potential (in 0.1 N solutions) of
-0.10 V and did not catalyze the oxygen reaction at all. Hydrogen
tungsten bronze was formed on the surface of wa03, but the CV peaks
were very flat and widely separated in potentiai, which indicates a
nearly irreversible rédox reaction. Hydrogen evolution occurred at‘
-0.6 V. |

" The CV curves in Figures 4.43 and 4.44 show that hydrogen tungsten
bronze is formed on the surfaces of freshly polished rubidium and
thallium tungsten bronzes near -0.1 V. Both rubidium and thallium
tungsten bronzes have better defined current peaks than potassium
tungsten bronze. The peaks on the curves for Rbo.3w03 are narrower than
those on the cubic Naxw03, indicating a fast, reversible reaction. The
overall reaction is probably the same on all the bronzes, the reaction

on the bronze surface (reaction

being the reversible formation of wa03
L.1). '

ngnificant corrosion currents were observed at hjgh anodic poten-
tials on both rubidium and thallium bronzes. 'Anodization did not increase
the magnitude of the current peaks for the rubidium tungsten bronze, but
the current peaks were broadened. The current peaks for Tlo.33W03 were
broadened after anodization and doubled in magnitude.

These various CV curves for different crystals show that a bronze
crystal with a certain alkali metal and crystal structure can be easily
identified in most cases by its cyclic voltammetry curves. Two important

conclusions can be drawn from this observation. First, in the case of

cubic NaxWOB, the fact that anodized and nonanodized crystals have CV
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CV curves for hexagonal rubidium tungsten bronze with a fresh polished surface. A
weak reaction occurs around 0.2 V and is only a shoulder on the dominant peak at
-0.2 V. These two reactions are probably the same as on cubic Na,W03. The
increasing current at anodic potentials is due to corrosion
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CV curves for hexagonal thalium tungsten bronze. Only one, broad reaction occurs on
the cathodic scan and two broad peaks can be seen on the anodic scan. Slight anodic
dissolution is indicated by the slowly rising currents at high potentials
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curves of the same form, different from all other bronzes, implies that
the sodium depletion layer does not collapsé to a different crystal
structure, but remains cubic. Second, the stability of a bronze surface
in acid solution does not depend solely.on the stability of the WO6
octahedra of wﬁich the crystal is composed, but is dependent on the
crystal structure and the alkali ion of that bronze crystal.

A very interesting brqnze surface encountered in this study was the
as-grown surface of a Rb0.3w03 crystal. The CV curves for this surface
are shown in Figure 4.45. At high anodic potentials, the current
rapidly approaches zero, plus the integrated currents on the forward and
reverse scans are equal. These characteristiqs imply that the surface
is very stable to anodic dissolution. Hydrogen tungsten bronze was
formed at -0.25 V and -0.35 V as indicated by the two well-defined
current peaks at those potentials bn the cathodic scans. The hydrogen
was removed quickly and easily during the narrow current peak at -6.15 vV
on the anodic scan. These potentials were obtained by extrapolating to
scan fate of zero mV/sec. After the cryétal wés anodized to 4 V, the
peaks were broadened, but the peak heights were unchanged. The fact
that the peak heights were unchénged implies that no rubidium depletion
layer was forhea by the anodization process. This cry;tal surface was the
most stable surface studied of any of the bronze crystals.

Any chemically active surface constituent will Eeveal its presence
on the electrode surface by some reaction peak on a CV curve. Platinum
has a prominent cathodic peak between 0.6 and 0.7 V (see Figure 2.1) due

to the reduction of a surface oxide. Metallic Pt on the surface of a
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Figure 4.45. CV curves for an as-grown surface of a hexagonal rubidium
' tungsten bronze. The current approaches zero at high anodic
potentials, and the integrated currents on the cathodic and
anodic scans are equal, so the surface is quite stable.
Hydrogen tungsten bronze is formed at -0.25 V and -0.4 V,
and is removed in one reaction on the anodic scan
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bronze can Be detected by monitoring the CV scan in the stated potential
region. CV curves for two Pt plated bronze crystals are shown in Figures
4.46.and L.47, with an expanded current scale in the region of Pt0
formation and reduction. The presence of the Pt is also revealed by the
hydrogen evolution reaction at -6.075 V. These two samples were

studied in the same solution over the same range of potentials. Hydrogen
evolution and hydrogen bronze formation occur-at identical potentials on
the two crystals, but the PtO peaks occur at different potentials, 200 mV
apart. These two samples also had greatly different catalytic activities
for the oxygen reaction (see Figure 4.9). The sample with the highest
O2 activity was the crystal with the smaller Pt0 peak, shown in Figure

L. 46, In a earlier discussion of the Tafel results, Auger analysis and
SEM photographs (summaiized in Table 4.1), it was postulated that the Pt
was present invdifferent forms on:the two crystals. The shift in the

Pt0 reduction peak may perhaps be taken és additional evidence of dif-
ferent chemical states of the platinum. However if the PtO reduction
peak shift is taken as evidence of such, the existence of Ptxwo3 on the
surface must be excluded, because the SEM photographs revealed Pt
particles on both surfaces (see Figureé k.19 and 4.20), and the Pt0O
reduction peaks are undoubtedly associated with those Pt particles.

" The discovery of more active forms of Pt for oxygen catalysis is a
significant discovery, but the present work has only served to establish
the existence of these different Pt forms on the bronze surface. The
nature of the different forms of Pt on the bronze surface, and the role

played by the bronze in the catalytic process, should be further
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investigated. Perhaps then these differences in catalytic activity may

be understood.
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CHAPTER 5. SUMMARY AND CONCLUSIONS

Cubic sodium tungsten bronze was found té be a poor catalyst for.the
‘oxygen reaction, having an exchange current density of IO-]h A/cmz, and
a limiting current density of 4 x 10_5 A/cmz. The Tafel slope was
110 mV/decade and the rest potentials were consistently near 0;5 v NHE.
Tungs;en trioxide and the other alkali tungsten bronzes, except potassium
tungsfen brﬁnzes, had similar steady-state i-v characteristics.
Potassium tungsten bronze did not catalyze the oxygen reaction at all.

The similarities between the activities of WO, cubic Naxwo , and the

3 3
other alkali tungsten bronzes indicates that the activity is determined
by the w06 octahedra, of which all the bronze crystals are constructed.

Doping the cubic Naxwo crystals, with up to 800 ppm of platinum,

3
imprpved the i-v characteristics only at very low current densitles

(i 5_10-6 A/cmz). When the platinum doped crysfals were anodized so

. that the surface became a semiconducting oxide, the i-v characteristics
wére improved some more. The rest potentials.were 50 mV higher, and the
catalytic effect of Pt doping was increased to current densities of

b x 10-6 A/cmz. Previous results reported in the literature, claiming
high catalytic activity for Pt doped sodium tungsten bronzes, were
shown to be due to Pt contamination from the pre-electrolysis electrodes,
and not to the Pt doping.

A large number of cubic Naxwo crystals were plated with Pt and

3

tested as cathodes for oxygen reduction. Catalytic activities as high

as that for pure platinum were obtained, but no synergistic effect was
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found for the Pt-bronze system. However, several crystals plated with
Pt by different methods had greatly différent catalytic activities with
the same amount of Pt on the surface. It was postulated that the Pt was
deposited in different physical forms by the different plating methods,
resulting in different catalytic activities. fhe formation of platinum
tunggten bronze (Ptxw03) on the sodium depleted surface js suggested as
a possibility for one of these different forms of active platinum. |If
Pt;(wo3 is not formed on thé crystal surface, the role played By the
oxide layer in activating the crystals as catalysts is still annown.
Previous anodic treatment of the samples was a prerequisite for the
deposition of small amounts of Pt on the crystal surface in a finely'.
dispersed form.

Anodizéd sodium tuﬁgsten bronzes were shown by Auger depth profiling
tb have a greatly depleted sodium contént on the crystallsurfacé. The
sodium depletion layer Qas 1,500 R thick for samples anodized to 9 V,
with a sodium x-value of between 0.05 and 0.1. The cyclic voltammetry
curvgs,provide‘strong evidence that the'sodiuﬁ depletion layer on

Naxwo retains the crystal structure of the bulk.

3
Hydrogen tungsten bronze is fbrmed in the sodium depletion region
of .a sodium tungsten bronze crystal at loﬁ potenfials. The hydrogen
bronze is formed in two steps, one at 0.15 V and one at -0.3 V, corre-
sponding to the formation of semidondudting énd'metallic hydrogen
‘tungsten bronze. Hydrogen tungsten bronze was found to form at low

potentials on the lithium tungsten bronzes and the three bronzes with

hexagonal crystal structure also. The reaction occurred at slightly
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different potentials on the different bronzes, but the overall reaction

is still the reversible formation of HXWO Each tungsten bronze

3"
crystal exhibited a unique cyclic voltammetry curve, due to the different
hydrogen brénze formation potentials, and different current peak shapes
for that reaction.

The three bronzes wifh hexagonal crystal structures (rﬁbidium,
thalium, and potassium tqﬁgsten brohze) were found not to be as stable
in acid solution as the other bronzes. |In particular, large corrosion
currents were observed on hexagonal potassium tungsten bronze above
1.2 V. No significant alkali depletion layers were found by the Auger
analysis on these hexagonal bronze crystals. Apparently, when the
alkali atoms are removed, the remaining hexagonal W0, structure is

3
unstable towards anodic dissolution,
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APPENDIX A. HIGH PURITY ELECTROCHEMICAL EXPERIMENTAL SYSTEM

Technical Details of the Still

The distillation unit is.shown in Figure A.1. This apparatus con-
sists mainly of quartz with Fischer and Porter teflon seals and stop-
cocks. The various valves and waste drains are of pyrex constructibnbas
is the acid flask and automatic burette. All other components are quartz.
The boiling and receiving flasks are ea;h seven liters in volume, large
_enough to allow for two or even three distillations of the first charge
of water without opening the system to the atmosphere. Two separate
charges may first be diétilled to fill the receiving flask the first
time. Repeated distiilations are possible because the boiling flask may
be drained without opening it to the atmosphere, rinsed, and refilled
through a drain from the receiving flask. The entire system is always
kept under a positive pressure (v 4 cm of water) of high purity oxygen.
Water used to fill the boiling flask should already bé of the best
“conducfivity water' quality in order to prevent contaminat%on of all
parts of the'still.' (The term ''conductivity water' arose from the work
of earlier researchers who determined the conductivity of dilute electro-~
lytic solutions.) The advantages of aiquartz and ;eflon still are lost
completely in fedistilling ordinary tap distilled water. Feed water used
in this still is taken from a Barnstead tin block "conductivity still"
and has a specific conductivity of 5 x 1077 (Q-Cm)-l. |

The first charge of water, 5 to 5% liters, is held at low bofl for

15-20 hours, while oxygen is bubbled through the still. After the slow
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Figure A.l. Quartz and teflon still for in-situ distillation of high
purity water. All stopcocks and water lines were also of
.quartz and teflon construction
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boil, the water is broughf to a vigorous boil to remove as many impurities
as possible from bofh the water and the surfaces of system components
further along the line. After 20 to 30 minutes of the hard boil, the
sécondary condenser is‘tu}ned on and the stopcoék on the stillhead is
opened to the receiving flask. Condenser start up must be very slow to
avoid the rapid condenéatfon‘of steam and subsequent formation of a
partial vacuum in theAsystem. A partial vacuum will draw outside air
and impurities into the system. The first condenser is a vertical
refluxing condensgr which is used only if a vigorous boil is desired for
long periods of time without collecting any water. Normally the refluxing
condensef is not used because some volatile impuritie$ may be continual]y
refluxed also. |

An efficient spray trap must be used in any distillation process to
prevent the carryover of tiny mist particles formed by bursting bubbles
of steam in the boilfng flask. On this still a quartz tube filled with
" crushed quértz chips effectively eliminates any mist carryover. The
spray trap is Between the two condensers. The top of the spray trap is
fitted with a throat heater to eliminate the creep of soluble impurities
along the Otherwise moist surface into the final condenser and receiving
flask. Eleven liters of wager are first distilled in two separate dis-
tillations to fill the receiQing flask wifh six liters of water. The
boiling flask is then drained without being opehed to the atmosphere,
rinsed_three times with a little water from the'receiving flask and
filled with thé remalning water. Theventire distillation procedure is

then repeated, resulting in two or three liters of high purity water.
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After distillation, the distilled water from the receiving flask is
mixed with acid from the automatic burette in a separate one-liter quartz
flask. The mixing flask drains directly into the main compartment of the

electrochemical test cell.

The Electrochemical Test Cell

The complete cell is shown in Figure A.2. Except for the reference
electrode compartment, the test cell is composed entirely‘of quartz and
" teflon. Three compartmént cells are standard equipment for much of the
electrochem}cal work done'today. This cell is based on a staédard design
with several modifications for greater experimental flexibility and con-
venience. An important feature of this cell design is the teflon cell
cap with teflon-to-glass tubing seals, shown in Figures A.3, A.L, and A.5.
These tubing seals provide an excellent airtight seal with only fingertip
tightening. The size 71/60 tapered cell cap and the seals were turned
from solid teflon rods. Téflon (TFE fluorocarbon) machineslbeautifully
with the correct tools, and is flexible, giving an airtight seal. The
_ teflon cell cap can be made more compact than a 71/60 glass joint, re-
sulting in a cell with less dead air space. Six 6 mm tubing seals are
fitted on the top of the cap for solution inlet and electrode supports.
AGas inlet and exit is made through the two side ports. For sample
.loading, the cell is opened at the 75/60 joint by slightly heating the
teflon cap with a heat gun. Samples are loaded from beneath, the cell
cap being clamped permanently In position. Gas lines are disconnected

quickly at two ''tapertite' Chemplast brand teflon tubing connectors.
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Figure A.2.
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Electrochemical test cell showing Pd-H reference electrode on the left and the

double jacketed hydrogen counter electrode compartment on the right. The test

compartment in the middle is a 71/60 quartz joint with a lathed teflon cap, and
six (not all shown) teflon tubing seals

Set
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Figure A.3. Teflon to glass tubing seal. The cap and body were turned
from KEL-F and teflon rods.
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@ % Gas Exit Tube Seal
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to Fit F&P Smm
Joint

"~Gas Inlet

Figure A.5. Top view of the cell cap. The six holes are for the six
tubing seals. Gas inlet and exit ports are on the side
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The reference electrode compartment is separated from the main cell
by a closed high vacuum stopcock and lug;in capillary. Maintaining
ultra high purity conditions required the use of a Pd-H reference elec-
trode, shown in Figure A.6. The c.e. compartment, shown in Figure A.7, is
separated from the main cell by a quartz fritted disc. The disc is con-
tained in a machined teflon plug which replacés the F&P teflon seal. A

gold foil of 20 cmz area, immersed in an H, saturated compartment,

2
provides an inert auxillary or ''counter' electrode. The hydrogen prevents
gold dissolution when thé c.e. is subjected to anodic potentials. Con-
tamination of the main cell with hydrogen is prevented by isolating the
c.e. in an inner c.é. compartment, shown in Figure A.8.

With the Fischer and Porter 9 mm and 15 mm quartz-teflon joints, the
r.e. and E.e. compartments may be detached from the test compartment.
This featﬁre,allows for easier cleaning of the cell, independent altera-
tions of any one of the three compartments, and easy replacement of the
luggin cabillary and quartz fritted disc. |

The main or test compartment of the cell is constructed from an inner
71/60 ground quartz joiﬁt, Figure A.9, and is fillgd with approximately
120 ml solution for most‘expefiments. .Total volumé of fhe cell is 400
cm3. The test compartment is.of sufficient size that a large platinum
or gold.electrode may be held.by one éf'the five sample holders to serve
as a counterelectrode during capacitance or photol&sis studies. One
hundred ml is a -small enough volume of solution that pre-electrolysis

can be performed in 36 hours using the large Pt foil as an anode and the

gold c.e. as the cathode, if pre-electrolysis is desired. The solution
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Figure A.6. Palladium-Hydride reference electrode of the design by
. McHardy (53)
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__—KEL:F Cap with % -28 Thd.
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Figure A.8. Inner counter electrode compartment. A gold foil can be
. inserted from the top and suspended by a gold wire (not
shown) . The wire seal is made by two viton O-rings and

then hydrogen is bubbled from the bottom up onto the gold

foil :

. .
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2 mm Quartz - Teflon
Stopcock

Figure A.9. Test compartment of the cell, made from a 71/60 quartz joint
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in the test compartment may be vigorously stirred with a 1% magnetic
.stirring bar. Two-millimeter teflon-quartz stopcocks provide drainage
for the test and c.e. compartments.

Any of three different gases (02, H,, He) may be independently

27
bubbled into the test compartment and the inner c.e. compartment. The
gas bubbled into the outer c.e. compartment is always the same as the
gas passed through the test compartment. Extensive efforts were made to
purify the gases bubbled ‘into the cell. '"Zero oxygen' with <0.2 ppm
total hydrocarbons (THC) was passed through a quartz tube o% platinized
asbestos at 450°C, then over moist KOH (to remove COZ) and then through
two traps containing Linde 13X molecular sieve. When an inert atmosphere
was needed, 99.998 percent pure ''zero helium'' (<0.5 ppﬁ THC) was péssed
over hét copper turnings and through two liqﬁid Nz cooled cold traps
also containing Linde 13X molecular sieve. The gas handling system was
constructgd entirely of acid cleaned stainless steel and pyrex tubing,
with Fischer and Porter glass-teflon valves and S. S. Swagelock tubing
connectors.,

All parts of the still and cell were cleaned by soaking at least
24 hours in a 50-50 mixture of sulfuric and nitric acids before the
final assembly. Each part was then rinsed at least six times with con-
ductivity water from a Barnstead tin block still. All gas lines for the
system were also cleaned with acid, the stainless steel by etching with
nitric acid, and the borosilicate glass tubing by the method just
described. Stainless steel tubing was used as the connections to the

gas cylinders. The remaining tubing is of borosilicate glass. No glass
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Figure A.10. Gas purification and valving system for the helium, hydrogen, and oxygen gases

used in the experiments
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blowing’was performed‘affer cleaning the parts. All glass tubes were
connected with swagelock brand s.s. tubing conhectorg with teflon
fer;ules.v All parts of the still are connected. by Fischer and Porter
teflon-quartz "solv-seal" joints. |

The equipment described here was cqnstructed in two air exhaust
hoods for.safety during the use of hydrogen gas. Photographs of the gas
purification trains and the still ana cell aré shown in Figures A.11

and A.12.
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Figure A.11. Photograph of the gas purification trains for the helium,
hydrogen and oxygen gases used in the experiments
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Figure A.12. Photograph of the high purity quartz still and electro-
chemical cell. The boiling flask for the still is at left
center, storage flask at center top, solution mixing flask
on the upper right, with the cell below it
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APPENDIX B. WIDE RANGE-CONSTANT CURRENT POWER SUPPLY

Introduction

The first electrochemical experiments conducted consisted of the
measurements of ‘d.c. currents and voltages for various full cell and half
cell reactions. Today, a'wide range of instruments is used, involving
"many a.c. and pulsed techniques. However, d.c. measurements still are
used to obtain several important electrochemical parameters such as ex-
éhange currents and transfer coefficients of various electrochemical
reactions. |

Of particular interest today, due to dgmands for better fuel cells,
is the oxygen electrode and its d.c. current-voltage characteristics.
If the galvanostatic method of measurement fs employed, the constant
current power supply used must contain several important features.
Firs;ly, room temperature studies of oxygen réductfon at an electrode-
solution interface require a very wide rang; of current densities. The
Tafel plot for oxygen reduction on platinum extends from 10—8 A/cm2 to
1073 A/em?. |

~Besides producing very low current densities, the d.c. current

~source should be very stable both as a function of time and of large
variations in the load. ‘The first feature is required.because the time
required for a steady-state potential to occur can be as long as several
hours.' Any noticeable change in current will perturb the interface, thus
prolonging even further the attainment of a steady-state condition. The
second feature is required because chemical changes on the electrode

surface in time greatiy change the voltage drop across the interface.
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Technical Details

The circuit schematichdiagram is shown in Figure B.1. This circuit
produces a constant current through a load by maintaining a constant
voltage across any of the current range resistors RI through R8. The
load is connected to the shielded ""high output' and '"low output" termi-
nals and is in series with the current range resistor selected. The
shields are connected to chassis ground.

The voltage applied to a range resistor is sensed by a high-input-
resistance voltage follower. The output of the voltage follower is
connected to the inverting input of a pA741 op-amp. The non-inverting
input of the same op-amp is connected to the wiper of the ten turn pot
R10. RI10 produces the voltage level we wish to apply to a current range
resistor. Thé,voltage levels at the two inputs are then compared by the
op-amp and the difference is amplified with a gain of 100. This ampli-
fied signal is again amplified by a second pA741 op-amp with a gain of
100 for a total gain of 10,000. Since the feedback signal is connected
to an inverting pin of the op-amp, the amplified signal acts to decrease
the difference signal to a negligible value. The differeﬁcé in voltage
levels at the "+'" and ''-" inputs of the pA741 op-amp on the right must
be kept small because this difference is the error between the intended
voltage from R10 and the actual voltage at the ''low output'' terminal.
The differeﬁce signal is difectly prbportional to the load requirements
and so cannot be compensated by any zero offset or other calibration
techniques. A high gain is, therefore, essential in obtaining an

accurate output current.
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Figure B.1. Circuit schematic diagram for the wide range constant current power suppTy
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The device -is calibrated when the voltage output at the ''low
monitor'' equals the value on the dial of the ten turn pot RI10. Nominal
values of R11 and R12 are chosen to produce approximately one volt
across R10 and the calibration procedure consists only of fine adjustments
on RIl. The circuit then produces any voltage between 0 and *1 volt
(+0.5%) across any of the current range resistors. Each range, therefore,
produces between 0 and %!-amps, x=1,2, ... 8. For accuracy, only
voltages between 0.1 V a:d 1.0 V are used. The accuracy of the device is
determined mainly by the accuracy of the current range resistors. The

range resistors R, through R6 are wire wound and metal film 1% resistors,

1
but each resistor was checked and found to be within 0.5% of the stated
value. The 100 MQ and 1000 MQ resistors are electrometer input resistors
with a stated accuracy of il%.. The actual current flowing through the
range resistors was checked with a 100 @ standard‘resistor.on the high
current ranges and with an electromefer on the low current ranges. The
accuracy on all ranges is about £1%.

The range selector switch must have a very'high resistance between
poles, such as the Leéds and Northrup 12 point selector switch with
acrylonitrile styrene shaft and body. Likewise, the voltage follower
in the feedback loop must have a very high input resistance so as not to
perturb the small cﬁrrents on the lowest ranges. A FET input Op amp
with a specified minimum resistance of 10]] ohms was used in the circuit
shown here.

A high gain amplifier, as this ins;rument, with direct feedback

will invariably oscillate under some or even all load conditions. To
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prevent oscillations, 0.1 uf ceramic capacitors C, and C2 are placed

]
across the 100 K@ feedback resistors R13 and R18. ThisAarrangement is
essentially a low band pass filter. Still, transients which occurred
with device turn-on caused the 40 J Op amp to latch permanently at 15 V.

The back-to-back 50 uF electrolytic capacitors C_, and Ch completely

3
eliminated this problem. Electrolytic capacitors were used because of
their small size so they could be placed on a plug-in circuit card with
the rest of the circuit.

The additfon of the feedback and stabilizing capacitors destroys
the frequency response of the device for medium and high frequencies,
but this loss is unimportant for a constant currént power supply. Low
frequency load drift and 60 Hz power line interference are éasily
counteracted by thls circuit and do not change the load current.

The physical layout of the circuit is shown in Figure B.2. The
circuit is constructed on a standard plug-in circuit card with copper

contacts. A schematic of the power supply and chasis wiring is shown

in Figure B.3.

Performance
The device described above has been tested on all current ranges
and is now used continuously in the type of measurements described in
the introduction. This instrument has worked very well on all current

10 A to 10_2 A, with no problems whatsoever.

ranges from 10”
This power supply eliminates the need for the separate measurement

of the current, a process which usually requires an electrometer for the
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Figure B.2. Component layout on a plug-in card for the circuit
shown in Figure B.1
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sméiler burrents. éven ;hough neither side of the sample is held at
ground, a differential input electrométer_is not needed because‘the
voltage on the low side of the sample is already well-knowh. The voftage
level at the ''low moni tor" te}minaf ﬁéver'deviates moré than 0.5% from
the stated value 6n tﬁe R10 poténtiométer Aial. The noise level'ét the
"low monitor' terminal is <0.2 mV peak to peak as determined with an
oscilloscope with a 1 mV/cm inéut range. The voltage drift at the same
terminal is lesé than 1" mV from week to.week or between periods of non-
usé. Tﬁeicalibration and,méhitoring of the-instrumént was performed with
alDymec mode 1 ZMOIA'integratjng digita] voltmeter and a(Keithley model.

640 electrometer.
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